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ABSTRACT

A total of six extragalactic objects have been detected isatfaery high energies (VHE).
They are BL Lac objects, a sub-group of active galactic natiaracterized by intense non-
thermal radiation. The VHE spectra of two of these, 1ES 1859+and 1ES 2344+514,
were measured in this work. Similar to the other four BL Laesedted, their VHE spec-
trum and flux level is highly variable and shows a broadbaretspm characterized by
two emission peaks: one in X-ray, the other at GeV to TeV drsrgFor one of these,
1ES 1959+650, simultaneous observations were carriedtathar wavelengths and for
the first time, a VHE flare without increased X-ray flux levelsnacorded. For the other
object, 1ES 2344+514, no simultaneous X-ray observatiogr® waken, making further
modeling impossible.

VHE gamma-ray astronomy can establish important uppetsion the density of the
extragalactic background light (EBL). If one can somehowsgmwhat the source spectrum
is, then one can infer the EBL density from the measured aditgon in the spectra. As
the VHE spectra of BL Lac object are very similar, the zeraithen assumption was made
(and justified) in this work that they are actually the saniffeknces in attenuation arising
solely due to the different distances to the objects. Theeupmits derived here are not
very constraining, but they do question one particular $&BL measurements that are
very high in the near infrared waveband. Galaxy formatiordeis are typically not able to
reproduce this high density.

The analysis of VHE spectra is still being developed; in padause of the new array of
four telescopes, VERITAS, being built at the moment. MoG#ato simulations are used in
this work and changes in the simulation software had not ae@mparison to the previous
version until this work. Differences were identified thatgatt the energy reconstruction.
A method was developed to calibrate the absolute energg bgalutomatically identifying

cosmic-ray muons recorded by the telescope.
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version until this work. Differences were identified thatgatt the energy reconstruction.



A method was developed to calibrate the absolute energg bgalutomatically identifying

cosmic-ray muons recorded by the telescope.
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CHAPTER 1

INTRODUCTION

Astrophysical observations of the electromagnetic spettrieyond the visible range began
with the discovery of the universal radio and microwave lgaiokinds. Since then, many
techniques have been used to uncover the photon spectrumengrgies from radio to
PeV; they depend on frequency and flux level. At photon eesrfigher than a few eV,
corresponding to visible light, the Earth’s atmospherepgague and observations must be
carried out either from satellites or indirectly with ogldelescopes or particle detectors
on the ground. The ground-based detectors measure segaadation produced as the
primary gamma rays are absorbed in the atmosphere. Fromfthedd to radio frequencies
above 30 GHz, the atmosphere emits and absorbs radiatamgstr Thus, the atmosphere

presents both an obstacle and an opportunity for obsenadtastrophysics.

1.0.1 Imaging Atmospheric Cherenkov Technique

Gamma rays with energies up to 40 GeV have been observed byGIRET satellite,
but at higher energies the flux is so low that the small detesta does not collect enough
photons for a meaningful measurement. In addition, at thiggeer energies, the secondary
cascade caused by gamma rays in the detector on the saedliteot contained fully, so
that the gamma-ray energy cannot be determined accurat@stunately, at these very
high energies (VHE), gamma rays produce particle showettsarmtmosphere that can be
detected from the ground by their emitted Cherenkov raaiiagee App. B. These detectors
are called atmospheric Cherenkov telescopes and havedaligetion areas on the order
of 100,000 m, much larger than the 0.1%of the largest high-energy satellite, EGRET,
flown to date.

By directly imaging the Cherenkov light produced in pasidir showers, imaging
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atmospheric Cherenkov telescopes (IACT) have the capabilidistinguish between the
compact images produced by primary gamma rays and the fratgohémages produced
by the much more numerous cosmic rayEhis is illustrated in Fig. 1.1 where the particle
air shower development for an initial gamma ray and an igtiaton are shown. Charged
particles moving through the atmosphere with a speed grdate the local speed of light
produce Cherenkov light. The Cherenkov light is emitted maarow cone pointing along
the direction of the charged particle. The opening anglecimses with the density of air
and reaches 124t sea level. The Cherenkov light from all particles in thevsér is imaged
by a telescope on the ground. The image in the white circlp (FL) represents the picture
produced on the focal plane of the telescope, where the Gkavdight is color coded
according to particle species that produced it. The image® wroduced by a Monte-
Carlo computer simulation of the air shower developmengréhkov light emission, and
imaging by the telescope. As there is no man-made partidel@@tor in space that can
produce gamma rays with those energies, simulations arssamgal tool in relating what
is measured on the ground with the initial particle typeediion, and energy.

The imaging of Cherenkov light from air showers makes it gaesto discriminate
gamma rays from cosmic rays based on the shape and othenation such as timing of
the shower front. Cosmic rays are much more numerous thamgarmays; they represent
a background about 500 times as large as the rate of gammalesgsted from a strong
source such as the Crab Nebula. This source is so well sttita¢ts has become regarded
as the “standard candle” in VHE gamma-ray astronomy. Intaglao makes it possible to
produce a map of the arrival direction of gamma rays. Eachligghoan be reconstructed
with about 0.2 directional accuracy and with sufficient statistics, tharse location and
size can be measured with an accuracy surpassing that oftaerogh energy detector,
such as those on satellites or ground-based air showersarray

Another key feature of IACTs is their capability to reconstr the energy of the pri-

1In this work, cosmic rays include protons, atomic nuclet atectrons, but not gamma rays.
>The local speed of light is the speed of light in vacuum didibg the index of refraction.
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FIGURE 1.1. Particle air shower produced by a gamma teft)(and by a protonr{ght).
The angular distribution of Cherenkov light on the grounshswn in the white circle. The
Cherenkov light is color coded according to which partiggeses produced it. The energy
of the gamma-ray is roughly 1 TeV, that of the proton aboufl@$8.

mary particle with the help of Monte Carlo simulations. Thiakes it possible to measure
the gamma-ray spectrum and is of great importance in urateistg the mechanism that
produces VHE gamma rays. Spectral variability has been uned®n time scales as short
as 30 minutes.

Easier than measurements of spectral variability, howes&r measurements of the
absolute gamma-ray brightness of a source, which, when magtea prolonged period of

time, produce a light curve of the object. The rapid varipteen from some types of



25

active galactic nuclei, called blazars, still awaits a é&xdplanation.

1.0.2 History of VHE Astronomy at Whipple

The method of detecting VHE gamma rays with an IACT was eistiaédl with the detection
of the Crab Nebula (Weekes et al., 1989). Measurements of e emission from the
Crab Nebula by many experiments are consistent with eadr atid no time variability
has been found. Itis lucky that the first VHE gamma-ray soto¢® detected with this new
method was the Crab Nebula; what would the reaction from sti@aomical community
have been if a blazar had been claimed as the first detectitnitwirapid on/off flaring
activity?

Blazars are extragalactic super-massive black holes withofpposing jets of high en-
ergy particles. One of these jets is directed at us and pexittte VHE gamma rays
through an unknown mechanism. One example is Mrk 421; it lesshlletected by the
high-energy satellite experiment EGRET and was considarmgdod candidate for detec-
tion in VHE gamma rays. It was discovered at these energitstive 10 m telescope at the
Fred Lawrence Whipple observatory (Punch et al., 1992) sigmificant variability of the
lightcurve has been found on time scales as short as 15 rsinAitgecond blazar, Mrk 501,
from which VHE gamma rays were discovered, (Quinn et al. 6)9®as not seen initially
by EGRET. This established VHE gamma-ray astronomy as apemntent field.

VHE gamma-ray spectral analysis began with the measureofahie Crab Nebula
(Vacanti et al., 1991). This established the productionlraatssm of VHE gamma-rays as
a combination of acceleration of electrons to energies UuptoeV followed by Compton
up-scattering of infrared/optical seed photons to the Vid§me of10'? eV and above.
This general mechanism is the most widely used explanaiothé VHE gamma-ray pro-

duction.
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1.0.3 Present Status and Outlook

Presently, only four major IACTs are in operation worldwidee Whipple 10 m telescope,
HESS, CANGAROOQO I, and MAGIC. The capabilities, as well & tscientific goals,
of these instruments overlap; however they are physicattptied in different parts of the
world and not in direct competition with each other. HESS @#NGAROO cover the
southern hemisphere, while MAGIC and Whipple observe théheon hemisphere. The
sensitivity of some of these instruments is shown in Fig. 1.2

Observations are being carried out on galactic and extaagealsources. Known VHE
sources include active galactic nuclei, supernova rensnamd an X-ray binary system.
Simultaneous observations at other wavelengths are miygsatzheduled to provide a more
detailed look at the broad energy spectra of these sourt¢essdarch for new sources is a
slow process because of the small field of view (FOV) thatehestruments have. Never-
theless, two objects have been discovered by IACTs thatareeen at lower energies.

The next (third ) generation of IACTs is now coming online. These consist feéva
IACTSs operating together in an array and combine the proesieepts of large optical tele-
scope, imaging camera, and stereoscopic observationsoverpents have been made in
the optics (larger field of view, improved angular resolajiand in the electronics (FADC,
10-50 times higher data rates). The additional informatgamed by stereoscopic ob-
servations of air showers improves the energy reconstmaif gamma-ray showers and
provides enhanced differentiation between gamma-ray asthic-ray primaries. The in-
creased background rejection, especially of the cosnyica@n component, improves the
low energy sensitivity of these instruments; a 50 GeV tho&imight be possible. The
GLAST satellite, to be launched in 2006, will cover the enyeigpm 0.1-100 GeV. This
will allow simultaneous measurements of energy spectra®eemplete decades.

HESS and CANGAROO are the first operational examples, eatthami array of four

- 12 m telescopes. VERITAS, currently being built, will besestially of the same design.

3The first generation were non-imaging Cherenkov telesgopleite the current Whipple 10 m telescope
is a second generation system that uses a high resolutioeraam
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HESS is already showing that more exciting new discoveridisbe made in this field.

Upgrade plans for these third generation instruments agady considered to decrease the

energy threshold and flux sensitivity even further.
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FIGURE 1.2. Sensitivity of some past, current, and future VHE gannayaobservatories.
Figure from Weekes (2003a).

1.0.4 Organization of the Thesis

The rest of the Introduction gives a short outline of majajthenergy astronomy experi-

ments, results, and challenges. The Whipple 10m telessapesicribed in chapter 2. This

is followed by a discussion of the spectral analysis metmodhiapter 3 together with a

comparison of the Crab Nebula spectrum during differeneobeg seasons. The VHE

gamma-ray spectra for two blazars, 1ES 1959+650 and 1ES+5344 are derived in

chapters 4 and 5, respectively. A discussion of the exteagjal infrared background is
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presented in chapter. 6 together with derivation of uppeait on the optical and infrared
EBL density.

1.0.5 A Noteon Units

Sl and cgs units will be used throughout with the speed ot kgt to 1 when convenient.
Spectral energy distributions will be presented in/a or equivalently,EQ%, representa-
tion.* In this representation the spectrum results in a flat curventhe energy density per

logarithmic energy bin is constant. To illustrate this the particle density bg(lg‘gLE), then

the energy density per decade of energy id%ﬁ)g(JYE) = 1/(EElanf([)))dE = In(10) E29%. This
commonly employed way of displaying the spectrum rests endiservation that most

astrophysical processes scale logarithmically with enperg

1.1 Gamma-Ray Observatories

The term gamma ray is generic and describes photons of efrenglyabout 100 keV to
well above PeV, oil0'® eV. To explore this wide energy range, various types of detec
are used,; it is these detectors which define the energy regifa®. 1.1 shows the energy
range and corresponding detector type. Throughout theegariergy range of observational
gamma-ray astronomy, the interest lies in galactic ancagaiactic sources some of which
have relativistic outflows.

Differences in the scientific objectives arise over thigéaenergy range because LE to
ME gamma rays are produced mainly from nuclear emissionlenthe to VHE gamma
rays are produced by astrophysical particle acceleratmh as black holes and pulsars.
Another subject covered throughout the entire gamma-rageas the origin of the dif-
fuse extragalactic background radiation. In the X-ray megjiit has been measured with

high precision and a significant amount of the radiation camxtplained as coming from

4], is the spectral radiation intensity, it is related to thectrz energy density,, by I, = Uy = ﬁ%,

which for a thermal source equaﬁﬁf—g’l 2 The representationd,,, A, ande2n, are equivalent.

hy .
ekT —1
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Band Abbreviation Energy Range Detector
Low/medium LE/ME 0.1-30 MeV  Satellite
High HE 0.03-100 GeV Satellite
Very High VHE 0.1-100 TeV  Ground-based:

- Cherenkov telescope

- Air shower array> 10 TeV
Ultra High UHE >0.1 PeV Ground-based:

- Air shower array

- Fluorescence detector

TABLE 1.1. Gamma-ray energy bands and method of detection. Adidmm Weekes
(2003Db).

discrete objects in the universe. At higher energies, tleedainties in the measurements
are larger(or non-existent) and it is not known whethermitecand diffuse sources that we
see can account for the radiation. If a significant amounadfation cannot be accounted
for, then it leaves the possibility open for radiation to bequced by, as yet, unknown

mechanisms and/or particles.

Several excellent reviews cover the field of HE/VHE gammaastronomy, see for
example Weekes (1988); Ong (1998); Weekes (2003b). Thistehwill only give a brief
review of the most important observational techniquesanatsed in the field of gamma-
ray astronomy. Observations of cosmic rays are not integst the context of astronomy
because charged particles lose their directional infaionah interaction with the galactic
and extragalactic magnetic fields. However, the technigsed to detect energetic cosmic
rays and gamma rays are the same and hence will be mentioned.

The Earth’s atmosphere is opaque to most forms of radiatayrt from the radio
band there is only a small window in the optical where it is@tncompletely transparent.
The column density of the atmosphere is about 1040 §tonsea level; this is equivalent
to almost 1 m of lead. In describing interactions of gammas ray convenient distance
measure is the radiation length. This is the mean distaneevavich a high energy gamma

ray or electron loses all but 1/e of its energy due to pair pobidn or bremsstrahlung.
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One radiation length in air is 37 g/énthus the atmosphere is about 28 radiation lengths
thick. Fig. 1.3 shows a simplified model of an electromagnshiower. Fluctuations in
the energy distribution and the interaction length are igdan the cartoon model. An
electromagnetic shower develops by successive interactibsecondaries produced either
through pair production of gamma ray interacting with thdiation field of a nucleus,

or through bremsstrahlung radiation from the charged mastand positrons. Increasing
numbers of particles are produced in the shower until theggnef the secondaries drops

below the pair production threshold ®f»2. This makes the atmosphere a good calorimeter

primary cosmic ra

FIGURE 1.3. Left: Development of an electromagnetic showRight: Possible ways a
particle shower can develop from a hadronic primary. Figaken from Horan (2001).

because an initial gamma ray will deposit all its energy i& #tmosphere by production
of secondary particles which subsequently produce radigtiat can be detected on the
ground. Fig. 1.4 shows the various ways by which gamma raydealetected; these will
be elaborated on in the following sections.

In contrast to the simple particle production occurring leceromagnetic showers,
hadronic showers produce a myriad of particles, see Fig. A.8osmic ray (CR), usu-
ally a proton, interacts in the atmosphere, producing maunal and charged pions. #&
decays almost immediately into a pair of photons that itéten electromagnetic shower.
The ™~ participate in nuclear interactions and produce muonstrim&s, and electrons.
Due to the cross sections for these interactions, the shbe@ymes much broader than

EM showers and, in addition, they have a significant compboigpenetrating muons.
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Cosmic or Gamma R

Satellite

FIGURE 1.4. Methods of measuring cosmic and gamma rays. Figuretedidpm
Bernlohr (1999).

111 Satellites

At energies below 10 GeV, gamma rays produce air showersingthfficient amounts of
secondary radiation to be detected on the ground. Hencenai®ons must be carried out

with detectors above the atmosphere. The energy rangeembbgrsatellites is generally



32

0.1 keV to 10 GeV. At higher energies the photon flux is so loat tihe detector size
becomes impractically large for satellites.

Commonly used methods for detection of gamma rays withlgateare

e Proportional counters ( 0.1 - 100 keV). Gas-filled chambleas tneasure the amount
of ionization produced by particles passing through thenhe Pparticles can be

tracked by arranging the chambers in an array.

e Spark chambers (30 MeV - 10 GeV): Gamma rays proddge ~ pairs in a lead ab-
sorber and these produce ionization trails in a gas fillednddea. Alternating layers
of absorber and ionization chambers allow reconstructidhe particle direction to
within 1°. A calorimeter, located at the final stage, measures thédataunt of

energy from the secondaries.

In addition, satellites are shielded by a scintillationedédr which allows them to reject
triggers caused by charged primaries passing through ttectde A few satellites are
mentioned below from which data is used in following chapter

The Compton Gamma Ray Observatory (CGRO) was launched ih 499 was oper-
ated for nine years. Four instruments on board had an orderaghitude improvement
in sensitivity over previous telescopes and covered thetrelmagnetic spectrum from 30
keV to 30 GeV. In order of increasing energy these are: Bursi Aransient Source Ex-
periment (BATSE), Oriented Scintillation SpectrometeipExment (OSSE), the Imaging
Compton Telescope (COMPTEL), and the Energetic Gamma Ragriirent Telescope
(EGRET). EGRET was the largest gamma-ray telescope wittfaatige collection area
of about 1600 crfyi.e. 15 in by 15 in. EGRET detected two classes of objectsgsland
AGN. However, the legacy of EGRET is a large number (170) oflentified objects for
which no firm counterpart at other wavelengths could be dstadal.

At X-ray energies, NASA in 1978 launched the second High gyekstrophysical
Observatory (HEAO-2). It was renamed Einstein after lavenoth lasted until 1981. It was

the first imaging X-ray telescope with arc-second resotutiod a field of view of tens of
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FIGURE 1.5. Sources detected by EGRET. Figure courtesy of Fegd#j20

arc minutes. The sensitivity of its four instruments, cavgrthe energy range from 0.2 -
20 keV, was several 100 times better than previous instrégsnénvas used to image faint
and extended sources. The Einstein Slew Survey (Elvis,e1202) was constructed with
data from the Imaging Proportional Counter (0.1-4 keV) whantelescope was slewing
from one source to the next. The final catalog was completd®@2 and covered 50% of
the sky.

The ROSAT (Rontgen Satellite) X-ray observatory was ldag@acin June 1990 and
lasted until February 1999. It completed a sky survey as a&l series of pointed ob-
servations. It carried two coaligned instruments: an Xtedgscope with position sensitive

proportional counter (0.5-3 keVy ZOV) and the Wide Field Camera (0.2 keV,BOV).

1.1.2 Atmospheric Cherenkov Light Telescopes

That Cherenkov light produced by cosmic-ray particle shewentributesl0—* of the
light of the night-sky was first noted by Blackett (1948). Aostexplanation of Cherenkov

radiation is given in App. B. Cherenkov radiation producgdalgamma-ray shower looks
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similar to the short trail of a meteor burning up in the nigky;sexcept that one has to be
very close (120 m) to the impact point on the ground and ugeltectors (about 3 ns) to
see it.

The first measurements of the Cherenkov light associated exitensive air showers
were done by Galbraith and Jelley (1953a) using a single PMfheafocal point of a
small parabolic mirror and microsecond electronics. Treggrd found that the properties
of the detected light were consistent with Cherenkov raoiiat i.e. a broad lateral light
distribution on the ground, with density peaked at aroundénd extending over 125 m
from the shower core (Jelley and Galbraith, 1953), thatitite Is concentrated in a narrow
angular cone of about’2that it is polarized, and a light spectrum that peaked in the b
(Galbraith and Jelley, 1953b).

The first images of Cherenkov light produced by extensiveoapheric air showers
were taken by Hill and Porter (1961) using image intensif@apled to photographic
plates. The energy threshold of their detector was aboutT@d0and no sources were
detected. Jelley (1967) gives an extensive review on thesamements of Cherenkov radi-
ation from air showers at that time.

Today, the most successful ground-based gamma-ray detecéomaging atmospheric
Cherenkov telescopes (IACT), which directly record thegesof Cherenkov light and can
discriminate electromagnetic from hadronic shower wi#0.5% efficiency. A list of some
IACTs is given in Tab. 1.2. Details of IACTs can be found in tegiews by Aharonian
and Akerlof (1997); Catanese and Weekes (1999) and refesetierein. IACTs have
a small field of view,<5°, and low duty cycle of only about 15% because observations
can only be made during clear moonless nights (about 1306shy@ar). IACTs have a

large collection area of about 100,006,rhigh angular resolution<0.1°, and an energy

SOther possibilities are bremsstrahlung radiation andatmth associated with recombination following
ionization (fluorescence). Galbraith and Jelley (1953bntbthat bremsstrahlung radiation is similar in its
angular distribution and polarization to Cherenkov lightt that it is only10~> in intensity. Photons from
fluorescence are emitted isotropically, are not polarizedi the total amount of radiation produced is only
10~2 compared to Cherenkov radiation (Galbraith and Jelley 3b95
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resolution A\ £/ E) of about 50%.

A single IACT is limited at low energies{ 50 GeV) by the cosmic diffuse electron
background that produce electromagnetic showers idétticggamma rays and by muons
produced by cosmic rays. Arrays of IACTs can successfuligielate the local muon
background, and achieve higher energy resolutrehQ%) and better angular resolution.
The first operational examples of IACT arrays were HEGRA dral % Telescope Array.
Currently operational systems are HESS and CANGAROO, wthidefuture VERITAS
array is under construction.

Another type of non-imaging Cherenkov detector are arrdyelescopes which mea-
sure the density and temporal distribution of Cherenkofatlign the ground. These are
usually converted Solar furnace facilities and have a venwyénergy threshold, around 50
GeV. Examples of this type are STACEE and CELESTE. Howeyxeadron separation is
difficult to achieve with these instruments and therefosy thave low sensitivity to gamma

rays.

1.1.3 Extensive Air Shower Experiments

Extensive air showers, so called because of the wide disioib of secondary particles
arriving on the ground, can be detected directly on the giddundifferent kinds of instru-
ments; some examples are shown in Fig. 1.4. They all requa@irecidence of several
particle detectors to discriminate large showers from tla@yrhundreds of single uncorre-
lated particles arriving on the ground. The area over whiehsecondary particles from an
air shower are spread grows with energy. Therefore, depgrah the energy, hundreds of
detectors are spaced tens to hundreds of meters apatrt.

Advantages of these detectors over IACTs are their 1 sr fielieav and almost 100%
duty cycle. However, compared to IACTs their energy thrédh® high and hadron re-
jection is poor. Particle detectors, especially those \aitimreshold around 1 TeV, have

potential advantages in the detection of gamma-ray bunstsiaexpected sources.



36

Group Lat. | Long. | Altitude | Operating | Eijresh

[°] [°] [m] Period [TeV]

Whipple 10 m | 32N | 111W 2320 1967- 0.3
Whipple 11 m | 32N | 111W 2320| 1994-5 0.5

HEGRACT-1 | 29N | 18W 2200 1992-2002 0.5
HEGRA 29N | 18W 2200| 1998-2002 0.5
CANGAROO| | 31S| 136E 160 | 1992-99 15
CANGAROO Il | 31S| 137E 160 | 1999-2004 0.4
CANGAROO Il | 31S| 137E 160 2004-
Durham Mark-6 | 31S| 145E 260 | 1995-2000, 0.25

CAT 42N 2E 1650 | 1996-2001f 0.25
CELESTE 42N 2E 1650 | 1995-2004| 0.03
CrAO GT-48 | 45N | 34E 600 1975- 1.0

Telescope Array| 40N | 113W 1600 | 1996-2000 0.6
STACEE 35N | 105W 1700 1995- 0.1

HESS 23S| 15E 1800, 2004- 0.1

MAGIC 29N | 18W 2200| 2004-
VERITAS 32N | 112W 1800| 20067? 0.1

TABLE 1.2. A list of some Cherenkov telescopes. All, except thassoted with® have
imaging cameras. The energy threshold is usually statedeoith observations, but the
definition of threshold varies somewhat.



37

The TIBET air shower array has measured the Crab Nebula rspedAmenomori
et al., 1999) above 3 TeV. The Milagro detector operatinqadraergy threshold between 5
- 15 TeV has detected the Crab Nebula as well(Atkins et ab4P0Both arrays have also

detected emission from Mrk 421.

1.1.4 Air Fluorescence Detectors

Extensive air showers that are spread over a very large arebedetected by the UV and
visible scintillation light which is emitted by nitrogen rezules in the atmosphere when
charged patrticles pass near by. The light tracks are imageeleéscopes with cameras
made of PMTs. This method has been used by the Fly’s Eye empeti(Matthews et al.,
1991), and by a later version, HiRes, to search for gammaaiagsge 200 TeV. The Auger
project also operates fluorescence detectors in paralliés textensive array of particle

detectors.

1.15 FutureVHE Observatories

Some of the goals for the next generation of VHE observatare clear: improved sen-
sitivity, wider energy range, wider field of view (FOV). Howar, not all of these goals
can be combined cost-effectively into one telescope. Twlaularge FOV IACT is very
expensive, both in terms of the physical size of the teleseeqguired to achieve good op-
tical quality and in terms of the camera required. For thigpse, low energy threshold
extensive air shower arrays are superior as they can mathiéowhole sky with almost
100% duty cycle. One such proposed system is the High Atiltvdter Cherenkov array
(HAWC) that would have a 50 GeV energy threshold (Sinnis e28i04).

To extend the energy range even lower, an array of IACTs wiieY threshold located
at high altitude (5 km) is proposed (Aharonian et al., 2001is detector would comple-
ment the energy range covered traditionally by satellitgstp 40 GeV) with that of the
IACTs currently coming online (HESS, VERITAS, CANGAROO).
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At higher energies, extensive air shower arrays will be seglo improve their sensitiv-
ity in the PeV regime. So far only the charged cosmic-ray congmt have been measured

in this energy region.

1.2 VHE Gamma-Ray Sources

VHE gamma rays are produced near the most violent astrogdiysigions in the universe.
These are the environments of black holes, neutron staranbsystems, and most recently
discovered, the center of the Galaxy. Several types of VHEMga-ray sources have been
detected: blazars, pulsar wind nebula, and an X-ray bingstem. The firmly established
sources are listed in Tab. 1.3 and shown on a galactic sky mgjgi 1.6.

For most sources, VHE gamma emission can be described éiHeptonic models,
such as the Synchrotron Self-Compton (SSC) model (Marad&ii, 1992) or by hadronic
ones. For example, proton-initiated cascades (Mannhed®3)land proton-synchrotron
radiation (Mucke and Protheroe, 2001) are used to exph@arMHE emission component
of AGN. Measurements of VHE energy spectra are necessaiiffécemtiate between these
models.

In leptonic models, a source of ultra high energy electrars@ositrons is assumed to
exist. The interactions that produce VHE photons are (1psion of bremsstrahlung pho-
tons during scattering in the surrounding (hadronic) medi(2) inverse Compton scatter-
ing of low-energy seed photons, and (3) emission of synobmatidiation by deflection by
a magnetic field (Blumenthal and Gould, 1970). The partiogg@metry and order of these
processes sets the models apart. The simplest SSC modelezsasingle power-law elec-
tron spectrum that extends from keV to PeV energies. Therelex produce synchrotron
photons in randomly oriented magnetic fields. The syncbrophotons, generally in the
optical to X-ray band, are then scattered to TeV energiesityin inverse Compton scatter-
ing by TeV to PeV electrons. More complex models use multiygonent electron spectra

and time dependence, see for example (Krawczynski et @2)2@ptical seed photons
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Dist* | Object Type Detection$
1kpc | RXJ1713-394 6 SNR C¢ HESS
1.5kpc| PSR B1259-63 | Bin/SNR HESS
2 kpc | Crab Nebula SNR/PWN| W, HEGRA, CAT, C, Cr, 7T, HESS, $
8 kpc | SGR A* SNR? C?, W, HESS
0.030 | Mrk 421 HBL W, HEGRA, C, HESS, CAT, S
0.034 | Mrk 501 HBL W, HEGRA, CAT, 7T
0.044 | 1ES 2344+514 HBL W, HEGRA
0.047 | 1ES 1959+650 HBL 7T, W, HEGRA
0.116 | PKS 2155-304 HBL D, C?? CHECK FLUX, HESS
0.129 | H 1426+428 HBL W, HEGRA
? TeV 2032+413 un. id. Cr, HEGRA, W
? VHE J1303-63 un. id. HESS

TABLE 1.3. Definite sources of VHE gamma rays detected by Cheretdegcopes.
Adapted from Horan and Weekes (2004). These sources hder biten detected by two
independent observatories or are detections by HESS

@ Redshift or distance in indicated units.

b Type: HBL = high frequency peaked blazar, SNR = supernovanear) PWN = pulsar
wind nebula.

¢ Detection at> 5-0 unless otherwise stated. W=Whipple, C=CANGAROO, Cr=Came
D=Durham, 7T=7 Telescope Array, S=STACEE

4 Not compatible with other measurements.

¢ Detection ak 5-o.

could also come from nearby hot dust clouds.

Over the past three decades, the field of VHE gamma-ray astrgmas experienced
a number of false source claims that have cast some doubtlweredibility of the de-
tections. However, now with improved telescopes and irsgdainderstanding of the tech-
nique, the field has entered a time when astronomy can relaglifone, without the need
for an independent confirmation. The system of stereosdefg@scopes, HESS, is the first
operational example and has produced two unexpectedseduie first is the serendipi-
tous detection of an unidentified TeV source in the field ofwekiring observations of the
binary system PSR B1259-63.The second is a map of the VHEs&misf the supernova
remnant RX J1713-39; showing for the first time the shelltrce at these high energies.
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» 01E81959+7650 , ' - -
TeV2032+4,143 S RXJ17137 =39 VHEJ1303 63

s

A Gal Centerﬁ B TG Ly SRRERRE
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A Radio Galaxy <« Binary *+ Gal Center

FIGURE 1.6. Catalog of VHE sourcesSolid points indicate confirmed detections, while
opensymbols denote possible sources. The separation betweemitthern and southern
hemisphere is shown withthick dashed lineThe 10 m telescope is at a declination of 32
N and can observe the galactic center. Figure courtesy oé§ark modified from Horan
and Weekes (2004).

121 Supernova Remnants

The Crab Nebula (Webster, 1994) is a plerion-type supernewaant (SNR); a neutron
star surrounded by the material from a supernova explosid®54 AD. The neutron star
rotates with a period of 33 ms, it is called a pulsar, and iscgurded by a plasma of pro-
tons and electrons. The broad band energy spectrum is shiowig.i 1.7 and explained
as follows: The rotating strong magnetic field of the pulsadpces a strong electric field
at the poles, creating an electric circuit in the plasma. dteelerated electrons emit syn-
chrotron radiation as they move in the magnetic field. Thisosfined to a small region

near the pulsar, but the exact location, whether at the palps (Harding, 1981) or at the
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outer gap (Cheng et al., 1986), is controversial. As thegruks spinning, we see syn-
chrotron radiation once per rotation. This pulsed emissxtends from radio up to about
10 GeV. In addition, two types of steady emission are produmethe interaction of the
energetic electron beam with the nebula. Electrons intéraa termination shock cre-
ated by the outward pressure of the pulsar with the left-ovaterial from the supernova
blast. Here, shock-acceleration boosts the electrons apaw PeV which then emit more
synchrotron radiation. In addition, the electrons produit¢E gamma rays through IC
scattering of low-energy synchrotron photons. No pulse@sion has been detected in the
VHE gamma-ray signal above 250 GeV (Lessard et al., 200@)tlz pulsed emission is
less than 10% of the DC signal above 60 GeV (de Naurois etG02)2

As the Crab pulsar does not have a companion to feed enewjt,iittgradually slows
down as it is powering the emission of the Nebula. The emitelthtion is steady on the
time scale of years and is used as the “standard candle” in &&t&nomy. It has been
detected by eight ground based Cherenkov telescopes og\ami energy range from 50
GeV to over 50 TeV (Weekes, 2003b). The spectrum can be appabed with single
power-lawF = Ny (E/TeV)~7, wherey ~ —2.5andNy ~ 3 x 107" TeV-! m2 s7!
(Weekes, 2003b).

The supernova remnant RX J1713.7-3946 was initially disoed by the ROSAT all-
sky survey and claimed as a VHE gamma-ray source by CANGAR@@d Il (Mu-
raishi et al., 1999, 2000). Muraishi et al. claimed a powev Epectrum with index
—2.84+,,0.15 %4, 0.20 (statistical and systematic errors) and a source posibampatible
with the location of the peak X-ray emission. HESS (Bergelgt2004) recently pro-
duced a resolved map of this SNR that shows several point$iéf §amma-ray emission.
Their preliminary spectrum over the whole remnant can beditvith a power law index
of —2.19 £, 0.09 +,, 0.15. Their detailed map and follow-up observations will alloov f
the first time spectral measurements across the shell gteuct

SN 1006 is a shell-type supernova remnant and was claimeldeb@ ANGAROO col-

laboration as a VHE gamma-ray source (Tanimori et al., 200t) a flux of 50% of the
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FIGURE 1.7. Spectral energy distribution of the Crab Nebula, netuding the pulsed
component from the Crab Pulsar. Figure from Horns and Aharo(2004).

Crab Nebula. Subsequent observations by HESS have plagped lipits at 10% of the
Crab flux (Masterson, 2004). As a side note: a point X-ray @@located 9 arc min north-
east of the center of SN 1006 has been spectroscopicalljifiedras a background QSO,
with a redshift of 0.335.

1.2.2 Blazars

Active galaxies, so-called because of their bright cerdaae with a nonthermal spectra,
comprise a few percent of all known galaxies in the univer$be emission originates
at the nucleus of the galaxy, i.e. the active galactic nic(@&GN), which are thought to
contain super massive black holeég? —10° M, (Barth et al., 2003). These nuclei outshine
the star light from their host galaxy across the entire wameb The host galaxies are

mostly elliptical. A generally accepted physical pictufeaa AGN is shown as a cartoon
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in Fig. 1.8. The accretion disk is heated in the inner regigririctional losses and can
radiate at ultra-violet to soft X-ray energies. Relatiidatly outflowing jets of particles
are emitted from the polar regions of the spinning black sig@ermer et al., 1997) and
references therein. How the jet is formed and what it is mdfie a matter of considerable
debate. Some have speculated that the spinning black hgleailaip the magnetic fields
of the galaxy and expel them along two narrow jets (Semenal.,€2004). Alternatively,
the energy might come from a small volume of space around ldek Inole itself, or the
jets may be produced by the hot accretion disk of gas thaalspirto the black hole. Only
through further observations at all wavelengths will timgortant question be resolved.
¢ » Narrow Line
* “Region

Broad Line
Region

Obscuring

Accretion
» Disk

FIGURE 1.8. Model of the physical structure of AGNs. Figure cowtesHoran (2001).

One sub-type of AGN, the BL Lac objects, named after theitqiype, BL Lacertae,
seem to have their jet of high energy particles aligned with lme of sight (Urry and
Padovani, 1995). These AGN are all radio-loud (Stocke ¢18P0), meaning their energy
output at radio wavelengths surpasses that at in the opégadn. BL Lacs are character-

ized by rapidly variable nonthermal radiation from radioAdE-bands, no (or very weak)
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emission lines with equivalent width less thamb5and a CA Il "break strength” smaller
than 25% (Periman et al., 1996).

The broad band spectrum shows a double peak; commonly bdli@ossati et al.,
1998; Ghisellini et al., 1998) to be produced by nonthern@h@ton and synchrotron pro-
cesses occurring in the jet (Dermer et al., 1997). In bothmmments of the spectrum,
strong and rapid variability has been observed. The firstpmmant extends from radio
wavelengths to the UV or X-ray band and is believed to be dusybtzhrotron emission.
It is characterized by strong radio/optical polarizationtbe order of 5-10%. The second
component peaks at GeV to TeV energies and is commonly leeliey be produced by
inverse Compton up-scattering of optical seed photons éytpulations of synchrotron
electrons. Optical seed photons could be the synchrotidiatran, as in the SSC model,
ambient photons produced by the accretion disk Dermer €1292), IR photons from hot
dust in the central region, or the cosmic microwave backgdo his means that different
VHE gamma-ray spectra can be produced by the same populstielectrons. See Ap-
pendix D for a study of the correlation between optical emisdine variability and the
VHE gamma-ray flux in Mrk 421.

BL Lacs are classified according to the location of the syoithn peak: if it is in the
far-IR to optical the object is a low-energy peak BL Lac (LBif)the peak is higher at
UV to X-rays, it is called a high-energy peaked BL Lac (HBLpu@®vani and Giommi,
1995). All AGN from which VHE radiation has been confirmed afgehe HBL-type and
have distinct X-ray/radio/optical colors (Perlman et 4B96). Costamante and Ghisellini
(2002) used this to predict BL Lac candidates for VHE emissio

A total of six confirmed AGN have been detected in the VHE regisee Tab. 1.3:
Mrk 421 Punch et al. (1992), Mrk 501 (Quinn et al., 1996), 1B84%+514 (Catanese et al.,
1998), 1ES 1959+650 (Nishiyama et al., 1999), PKS 2155-G@adwick et al., 1999), and
H 1426+428 (Horan et al., 2002; Aharonian et al., 2002a). Sijeetral energy distribution
(SED) of five of them together with a SSC model, is shown in Bi§. Their distance

is determined from the redshift, defined by= AX/\. However, this measurement is
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FIGURE 1.9. The spectral energy distribution of 5 BL Lac objectedetd at TeV energies.
The solid line shows a fit from a SSC model. Figure taken frorat@mante and Ghisellini
(2002). Missing from this plot is 1ES 1959+650 because tHg UHE detection at the

time of publication did not state a flux level.

complicated by the fact that blazars, by definition, do notehsignificant emission or
absorption lines (but usually some weak ones can be foundj.siall z, the physical

distance is given by‘iH—g, where H, is the Hubble constant (Weinberg, 1972). At large
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Object| Redshift| Distance [Mpc]| [x10%* m]

Mrk 421 0.031 131 3.9

Mrk 501 0.034 145 4.4

1ES 2344+514 0.044 190 5.7
1ES 1959+65Q0 0.047 204 6.1
PKS 2155-304 0.116 535 16.5
H 1426+428 0.129 601 16.8

TABLE 1.4. Distance of VHE blazars. The distance shown is the losiin distanceD,,
calculated withH,=70 km/s/Mpcf2y; = 0.3, 2, =0.7.

the proper distance must be found by integration using tlieecbcosmological model.

Tab. 1.4 lists the redshift and luminosity distahce

1.2.3 Binary System

PSR B1259-63 (B1259) is one of only two known radio pulsarsrinit around a main
sequence star, and it is the only such system from which VHEnga rays have been
detected. The Be-type companion star has a mass of about. 1énllthe orbital period
is 3.4 years, the geometry of the system is shown in Fig.1MBE gamma rays were
detected from the pulsar around the time of closest apprbgdhe HESS collaboration
(Beilicke et al., 2004a). This confirmed the prediction byk<et al. (1999) that electrons
and positrons from the shocked pulsar wind would inverse g@tomscatter optical photons

from the companion star near periastron.

1.2.4 Others

The Galactic Center (Melia and Falcke, 2001) harbors a suaessive black hole df.6 x
10° My, Sgr A*. Radio interferometry observations first discovered einis$rom the
compact objectin 1974. At optical wavelengths, a largeetan disk is obscuring the view

of the central region. Recently, VHE gamma rays have beesctit from the direction of

5The luminosity scales with luminosity distaneg,, as1/d%. In an expanding universe there are a few
ways of defining distances, but this is the most useful in¢brgext.
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FIGURE 1.10. The pulsar PSR B1259-63 near the time of closest agptoadhe compan-
ion star. Optical seed photons from the companion star aerse Compton scattered to
very high energies by the electron/positron pulsar windjufe taken from Beilicke et al.
(2004a).

Sgr A* by CANGAROO (Tsuchiya et al., 2004), Whipple (Kosack et2004), and HESS
(Aharonian, 2004); to pinpoint the location of the gammg-eaission from the galactic
center requires, as-yet unattained, arc-second resplufibe spectrum measured by the
HESS collaboration differs substantially from the resufgorted by CANGAROO, while
the Whipple results (after a reanalysis) are consisterit WESS.

VHE gamma rays have been detected from two objects for whadirm counterpart in
other wavelengths have been established. One of these i20&24+4143. It was first dis-
covered by the Crimea Observatory (Neshpor et al., 199%)Jater independently by the
HEGRA collaboration during a sky survey in the galactic gléAharonian et al., 2002c).
Observations using the Whipple 10 m telescope had been take€88-90 at the location
of Cygnus X-3, which is about O26&outh of the unidentified source. Using this archival

data, Lang et al. (2004) confirmed the location of this newsauHowever, the flux level
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measured by the three groups is at variance: Neshpor et akure it to be about as bright
as the Crab Nebula, Aharonian et al. measured 3% of the Crablal#ux, and Lang et al.
measured 12% of the Crab Nebula flux. This suggests that tireess variable.

The other unidentified source, VHE J1303-63, was seen by Hit@8g observations
of PSR J1259-63 (Beilicke et al., 2004Db). It does not appebetvariable.

The giant radio galaxy M87, is the first AGN detected at VHErgi®es that does not
belong to the BL Lac class (Beilicke et al., 2004c). Its canilack hole has a mass of
2 — 3 x 10° M, and it is at a distance of 16 Mpc (z=0.00436). The detectionatdhe 4
level with an integral flux £ > 730 GeV) of 3.3% of the Crab Nebula flux (Beilicke et al.,
2004c). Observations with the Whipple 10 m telescope plaitexaupper limit (E>400
GeV) at 8% of the Crab Nebula (Le Bohec et al., 2004).

The radio pulsar PSR 1706-44 was claimed as a VHE gamma-tageswith a flux of
about 50% of the Crab (Kifune et al., 1995; Chadwick et al98)9 Recent observations
by HESS have not shown evidence for gamma-ray emission. plaeg an upper limit at
3% of the Crab flux (Masterson, 2004).

Lastly, some more exotic sources have been suggested ieitzture:

e Dark matter annihilation in the halos of galaxies: The corfgest limits come from

observations of the Galactic Center (Horns, 2004).
¢ Neutralino annihilation, see (Valle, 2004) and referertbesein.

e Gamma-ray bursts, see Waxman (2004); loka et al. (2004) efiedences therein.
Perhaps not so exotic, as a 18 GeV photon has been alreadydbesried from
GRB940217 (Hurley, 1994).

e Primordial black holes (Halzen et al., 1991).
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1.3 VHE Flaresof Blazars

Over the last decade, multi-wavelength campaigns of Mrk,4Rrk 501, and
1ES 1959+650 have shown a correlation between the X-ray aitel lux. Flares at these
energies have been observed on time scales of half-houraksv®uring these flares, the
spectrum typically hardens as the flux increases. The exalation is difficult to estab-
lish as there is hysteresis and simultaneous X-ray and VHEtspare rarely measured.
Multi-wavelength observations of the other VHE blazars 84+514, PKS 2155-304,
and H 1426+428 have not been as successful because the VHEWIis very low. This
will change with the improved sensitivity of IACT arrays.

The synchrotron self-Compton (SSC) model has been usedpiaiging the majority
of observations, but the simplest model with one populaticgiectrons fails in explaining
the time-structure found in the flares. In the case of 1ES 186%rphan VHE flare with-
out activity in the X-ray regime was detected during June2@®Q@awczynski et al., 2004).
It is possible that a second population of UHE electrons peced the VHE gamma-ray
flare while the 3-25 keV X-ray spectrum remained unchangédodgh simultaneous mul-
tiwavelength observations, reverberation mapping (Bbett and Dermer, 1995) can give
clues on the structure of the jet and how it is connected t@adceeting black-hole system.

Remarkably, the temporal and spectral X-ray and VHE emispioperties of the six
blazars during flares are very similar (Krawczynski et al0£2). The X-ray synchrotron
peak ranges from0'® and10*® Hz with a peak luminosities betweén** and10* erg s!
sr-!. The black hole masses are also relatively simila*-10° M. It is possible that the
reason for this similarity lies in the fact that only the brigst VHE blazars are seen by the
IACTs at this time, but that there is a continuous populatibblazar spectra (Costamante
et al., 2001).

The following sections will describe the brightest VHE flapectra, shown in Fig. 6.9,
of four of the six blazars detected to-date. 1ES 1959+6501&812344+514 are treated in

detail in Chapters 4 and 5, respectively.
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131 Mrk421

The first VHE blazar to be detected was Mrk 421 (Punch et aB2)l@nd it is the best
studied of the six objects to date. Several extensive mudtielength campaigns have been
undertaken (Macomb et al., 1995; Buckley et al., 1996; Mdrast al., 1999). Rapid
X-ray flaring in connection with VHE activity has frequentheen seen (Buckley et al.,
1996; Maraschi et al., 1999). Other wavebands do not showralation with the VHE
level (Macomb et al., 1995), but see Buckley et al. (1996)f@ossible correlation with
the far-UV and optical bands. Such behavior could be exptaioy a SSC model with
variable upper cut-off energy of the relativistic electristribution. The higher energy
electrons would affect emission at both X-ray and VHE siam#tously while leaving other
wavelengths relatively unaffected.

The quiescent level of VHE emission from Mrk 421 above 350 GgVaround 0.2
times the steady flux from the Crab Nebula (0.3 gammamitGaidos et al., 1996). The
brightest flare recorded from any source occurred on May 851@%hen the gamma-ray
flux above 350 GeV was ten times as high as the steady flux frer@tab Nebula. During
this observation, the flux doubling time was about an hour.e®kvater, another flare was
recorded with a doubling time of less than 30 minutes (Ga&tas., 1996).

The most detailed spectrum was measured during an excafiyiatrong and long
lasting flaring activity in early 2001 (Krennrich et al., 200 see Fig. 6.9. The spectrum
could be well described by a power law with exponential dfitF ') oc £~/ with
E.=4.3+0.3 TeV (Krennrich et al., 2001). The cut-off energy is attrigdito gamma-ray
absorption by the extragalactic medium, see Sect. 1.4.

The 2001 flare data was used to study the correlation of flugtsgdendex with the flux
level (Krennrich et al., 2002; Aharonian et al., 2002b). &sidfound that a spectral hard-
ening occurs during periods of high flux and that a power lathwhne fixed exponential

cut-off energy results in a good fit, independent of flux level
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132 Mrk 501

Mrk 501 underwent a strong flare during February and June #8@ahe VHE spectrum
derived from these flares showed, for the first time, a demigfiom a power law (Samuel-
son et al., 1998), see Fig. 6.9. The flare spectrum reportatido¥iEGRA collaboration
for the same time period agrees with the Whipple measure(@draronian et al., 1999).
Similar to Mrk 421, the cut-off energy lies &. = 4.6 + 0.8 TeV for Mrk 501 (Krennrich
et al., 2001).

1.3.3 PKS2155-304

The HBL object, PKS 2155-304 (PKS 2155), first detected bya@@hck et al., 1999) and
confirmed by (Hinton, 2004). Recent observations by HES$nfeee et al., 2004) have
detected PKS 2155 at a significance level of 48om observations in 2002/3. The light
curve shows variability and the spectrum can be well fittec Isymple power law with in
—3.32 £ 0.06 over the entire energy range from 0.155 TeV to 8 TeV. Lemi¢d.€2004)

indicated that the shape of the spectrum did not seem to ehaitly flux level.

1.3.4 H 1426-428

H 1426+428 (H 1426), z=0.129, is the most distant blazar fvamch VHE gamma rays
have been detected (Horan et al., 2002; Aharonian et al2&800The emission level is
generally very low so that no particular flares can be idextdiin the data. However, as
VHE emission during flaring activity is much higher than dhgrithe quiescent state, most
of the photons collected may be associated with flares. Itfewasd by (Petry et al., 2002;
Aharonian et al., 2003a) that a power law with exponentilafidoes not fit the spectrum
well. But this should be treated with caution because oftkohistatistics and systematic

errors arising by combining spectra from two collaborasion
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1.4 The Diffuse Extragalactic Background Radiation

The photon spectrum incident on the Earth has been measwmmdMHz radio waves to
tens of GeV gamma rays. Once the contributions from localgahactic sources are identi-
fied and subtracted, one is left with a diffuse extragalduickground radiation (DEBRA),
see Fig. 1.11. Ressell and Turner (1990) further discussnesurements. It carries the
imprint of the evolution of the universe including star fation and black holes, and its
main characteristic is that it is isotropically distribdtacross the sky.

The most famous, strongest, and first component of the DEBRb tdetected was the
cosmic microwave background (CMB). It has been measurell exitellent precision to
correspond to 2.725 K blackbody radiation (Fixsen and Matk@02), a relic of the very
hot Big Bang. Cosmic rays with energy greater than.0'° eV interact with CMB photons
to produce pions (Greisen, 1966; Zatsepin and Kuzmin, 1966¢ resulting attenuation
introduced on the spectrum of UHE cosmic rays is currentipdpeneasured by several
extensive air shower experiments, see Sect. 1.1.3.

Second in intensity to the CMB, is the optical and infrareld)(kextragalactic back-
ground light (EBL). This portion of the EBL contains the ingdrof galaxy evolution since
the Big Bang. This includes the light produced during forimratnd preprocessing of stars;
all are areas of active research. However, due to the brayhgfound caused by our solar
system, this part of the EBL spectrum is difficult to measuithwptical telescopes, both
from the ground and from space.

VHE astronomy is in a unique position to place limits on theicgl/IR component
of the EBL. Blazars are extragalactic objects and due ta theich larger distance than
objects in our Galaxy, the spectrum measured from the Eanthadified by interactions
with the extragalactic medium. For example, if a gamma ray @i TeV energy collides
with an ambient 1 eV optical photon, the threshold for pragucof an electron/positron
pair is reached. If a pair is produced, then the TeV photohneil be observed, causing an

attenuation of the measured spectrum at that energy. Thistisa curse and a blessing,
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FIGURE 1.11. Spectral energy distribution of the extragalactickgaound light (EBL)
from radio waves to gamma rays. The top axis indicates the hike/ energy of the part-
ner photon to participate in pair-production with the EBlhelradio data for normal galax-
ies taken from Protheroe and Biermann (1996), CMB tempegdtam COBE (Fixsen and
Mather, 2002), infrared/optical data as described in Fid, 6ompilation of X-ray data
from Sreekumar et al. (1998), gamma-ray measurement froom&et al. (2004).

because this makes it difficult to determine the intrins&zak spectrum. But if one can
somehow ascertain what the intrinsic spectrum is, then phtiea photon density in the
extragalactic medium can be determined from the measutedattion. Chapter. 6 further

discusses direct measurements and the limits derived tnersgectra of AGN.
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CHAPTER 2

THE WHIPPLE1OM TELESCOPE

FIGURE 2.1. The Whipple 10 m telescope in its horizontal stow positi

The 10 m telescope at the Fred Lawrence Whipple observatagy,2.1, was con-
structed on Mt. Hopkins in 1968. It is located in southernzAna at an elevation of 2312
m, (Lat: 31.6804 N, Long: 110.8790W). The telescope is of a Davis-Cotton design with
240 mirror facets arranged on a spherical support structuradius 7.3 m. All facets have
the same focal length of 7.3 m. The mirrors are front-coated laave a protective an-
odization layer to extend the lifetime of the reflectanceltranviolet (UV). The telescope
is positioned on an elevation-azimuth mount. The cameradatéd at the focal point
and consists of ultra-violet (UV) sensitive photomultgsltubes (PMT). Over 35 years the
camera has evolved from a single PMT with°digld of view to a high-resolution imaging

detector consisting of 379 PMT each covering 0.@Pthe sky, see Fig. 2.2.
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Operation began in 1968 with a non-imaging camera that wgsaded to an imaging

camera in 1982.

1 Pixel: 1968-1976 37 Pixels: 19821987 109 Pixels: 1988 1993
1°f.o.v., 1° trigger 3.3°f.0.v., 2.3° trigger 3.75° f.0.v., 2.8° trigger
2 2 2
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FIGURE 2.2. Layout of the PMTs on cameras used on the Whipple 10 mdaee. The

PMTs contributing to the trigger (see Sect. 2.2.3) are showed. There were two versions
of the 109 1” PMT camera. One as shown used for regular obsenga the other with

solar blind PMTs used during periods of bright moon lightve ARTEMIS experiment

(Pomarede et al., 2000).



56

2.1 Typesof Observations

Typically, observations with the 10 m telescope are takeh thie gamma-ray source in the
center of the field of view of the camera for 28 sidereal misufghis type of observation
is called an on-source (ON) run. To determine the backgrdewel, another type of type
of run is taken with the source offset in right ascension (R¥)+30 sidereal minutes,
called an off-source (OFF) run. OFF observations are takberedirectly before or after
the ON run and cover the same region of elevation and azimaitheON run, but at a
slightly different time. Without the source in the FOV, ORInhs are used to measure the
CR background. This background depends on the sky conditienzenith angle of the
observation, and the condition of the telescope. More 3eta the CR-rate is given in
Sect. 2.3.

ON/OFF pairs have the most reliable background measureamehare used when the
gamma-ray source is weak and when a spectrum is to be deridedever, taking pair
observations results in only 50% on-source exposure tieaxjmg gaps in the light curve.
This is especially important for variable sources, suchlasars where one would like to
monitor the emission continuously. Therefore, if the gammmasignal is strong enough
so that the statistical error in the photon rate is smallanttihe systematic uncertainty in
the background rate, ON observations are taken withoutr@seonding OFF run. These
types of ON runs are then called tracking (TRK) runs. TRK okstons are also taken
when the night-sky is deemed by the observers to be posdiulglyg. Clouds in the field
of view are noticeable from fluctuations in the CR rate. An QBER is, in this case, not
feasible because it is known that the background rate isgthgn

The background level for TRK runs is estimated using a podDBF runs using the
tracking ratio method, discussed in Sect. 2.4.4. OFF rulestsal for this purpose are sim-
ilar to the TRK run in elevation}=-10°, and within about two months of observation time.
The latter requirement is due to the slowly decreasing ligidughput of the telescope.

If only TRK runs are available for a spectral measuremengauivalent tracking ratio
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method does not work, and one specific OFF run has to be paite@ach TRK. Selecting
these OFF runs requires a careful balance between seleatisghat are somehow alike
and maintaining an unbiased selection approach. A spegdimple is discussed in Sect. 4.

Another type of observation taken during a night is a 10 mightasky measurement
with the telescope pointed at zenith, a so-called zenith Tims measures the cosmic ray
rate and establishes the night-sky quality. There is a lasgty of zenith runs and the
data has been used in long term studies of the telescopeaparioe and recently also in a
gamma-ray sky survey.

For calibration purposes, each night thousands of evestsemorded with the cam-
era illuminated by a Nitrogen arc lamp for one minute. The#eolyen runs are used to
determine the relative gains of the PMTSs, see Sect. 2.4.1.

The accuracy of the telescope tracking system is checkeabsmally by pointing the
telescope directly at dim stars located at different elewstand azimuths. A current mon-
itor system is used to read out the anode current in the PMiEsgllly, only the center PMT
should show a higher current, but deflection of the telesstpeture and offsets during
the alignment procedure may cause an offset. If a offset ssoned, corrections can be
implemented in the telescope tracking software.

The sky conditions during observations are rated by thergbsas “A’, “B”, or “C”,
referring to clear sky, possible clouds, and definite cloutise amount of truth in these

subjective ratings has been quantified by Lebohec and H@RO&3).

2.2 The Data Acquisition System

The major components of the data acquisition system (DA3kaown in Fig. 2.3. Photons
that are incident on the PMT may produce photo-electronk (pke probability for this

to occur depends on the wavelength and the specific type of &déd, see Fig. 3.18. In
turn, the PMT produces an anode current linearly propodaiion the number of pe. The

currents are monitored and in case of over-current, the Wgdtage (HV) supply to that
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PMT is shut down by the observer. The signal from the PMT ise®pled to a ten-times
amplifier and then split equally between the trigger systathaacharge-to-digital converter
(QADC).! While the trigger system processes the signal, the othérgpdne split signal
passes through a 120 ns delay cable to the QADC.

Sources of photons that produce a current in the PMTs inclogs from the night-sky
background (NSB), Cherenkov light from cosmic rays and gamays; this is discussed
in Sect. 2.2.1. As the data acquisition rate is limited towt89-40 Hz, a trigger system
decides when to take a snap shot of the sky; the system isloksdan detail in Sect. 2.2.3.
When a trigger occurs, the signal from each PMT is integréde@0 ns and converted to
digital counts (dc) by the QADC. This information, along lwthe time and a trigger map,
is sent along the CAMAC backplane and recorded by a computer.integration time is
longer than the 3-4 ns duration of Cherenkov light(Hilla882), because of a 6 ns time
spread introduced by the optical geometry of the telesc8pes pulse degradation in the
cables, and the PMT rise and fall times.

A second trigger operating at a fixed rate of 1 Hz is suppliecalyiobal position
system (GPS) clock. Events triggered in this way are caltsteptal events and are tagged
in the data stream. Pedestal events are used in the datsiartalyneasure the dc off-set
in each QADC channel. This off-set is set in hardware to a kpwaitive value and is
necessary because the AC-coupled signal produces smalliveefuctuations while the
QADC can only digitize positive values. The fluctuationsarirom night-sky background

light, discussed in Sect. 2.2.1

2.2.1 Noiseand Background Light

The images acquired by the telescope contain three sournegse: (1) night-sky glow and
star light produce random fluctuations of the night-sky lggokind (NSB), (2) electronic

noise in the analog circuit, and (3) fluctuations in the gdithe PMT. The latter has not

LAnother splitter was installed in Fall 2002 to supply sigrial the SCARFACE experiment.
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FIGURE 2.3. Schematic of data acquisition system for 379 PMT camera

been measured but is assumed to be negligible. It is the pampicthe analysis, described
in Sect. 2.4, to filter out, or account for, the noise preserihe images. Contributions to
the total image recorded come from Cherenkov light, the signal due to the NSBygg,

and the signal in the absence of an analog input, i.e. thespedevel,D:
S =S¢+ Snsg + D. (2.1)

In the absence of Cherenkov light, fluctuations about theegtadl level occur due to the
NSB. Since these sources of light contribute to the finalaigrdependently of each other,
the noise is
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The electronics noise of the systea3,, was measured by Kwok (1989) to be 0.5 dc with
an approximately Gaussian distribution.

The noise due to the NSB is measured from the variation of giatlevents. These
are events for which an artificial trigger opens the QADC datedhe same duration as a
normal trigger. The arrival of photons from the NSB can becdbgd by a Poisson procéss
with mean ratev. The probability distribution fok photons to arrive during a time interval,

t,is
e~ (at)k
k! ’

where the mean and variance are both given by at.

p(k,t) = (2.3)

This means that the single pe noise rate, and therefore tBefINg and can also be es-
timated from the measured variation of the pedestal levehoh PMT. For example, during
March 1999 and using 1” PMTs, the average pedestal staneardtibn was 4.1 dc. This,
together with a conversion of 1.1 dc/pe corresponds to arageeof(4.1/1.1)? = 13.9 pe
per PMT per gate width. This estimate neglects the eleatsombiseg,, and noise in the
PMT resulting from the statistical nature of emission frdma photocathode and the dynode
chain (Engstrom, 1980). The anode noise current is incddaga factor,/1 + 1/(5 — 1),
where ) is the secondary emission ratio per dynode. Kwok (1989)roeted a factor
between 1.3 and 1.5 for the 37 PMT camera, resulting #1 2.2 — 1.8. With the newer,
and hopefully better, design of PMTs, the factor will be assd to be 1.3, resulting in
(4.1/(1.1 x 1.3))*> = 8.2 pe. Including the gate width of 20 ns, this gives 8.26.ns
= 0.41 pe ns! = 410 MHz. Estimates of the single photoelectron rate forMERITAS
telescope have been summarized by Ozlem and Ong (2002). nireitmg these to the
Whipple 10 m telescope, the decreased collection area agel Isolid angle amount to a
factor of (10/12)%(12/7)% = 1.9. With this conversion, estimates of the single pe rate are
322 MHz, 506 MHz, 575 MHz (high), and 288 MHz (low), considteiith the estimate

obtained here. The night-sky background contributes trge# source of current to the

2For a Poisson process, the probability for exactly one phtdarrive during a very short time interval,
t, is at.
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system.

The 10 m telescope has an effectiveirror area of about 69 fwhere each 1” PMT
views(2.54/730)2 = 3.8 x 1075 sr of the sky; therefore the mean NSB rate at the telescope
site is1.6 x 10'! pe m2 sr~! s~1. This value changes only slightly when the effect of the
lightcones is accounted for. The measured pedestal variaitbout and with light cones
is the same, though the collected amount of Cherenkov ligiteases. This indicates that
the light cones are reducing the stray NSB light from nearbgsand light reflected from
the ground, while increasing the solid angle subtended blg BMT.

An order of magnitude estimate of the NSB brightness can lagsobtained. Assum-
ing the energy of NSB photons triggering the 10 m is 2 eV andRNE quantum effi-
ciency is 25%, the brightness expressed inf representation ig.6 x 10'*/0.25x 2
eV xq. = 2.5 x 1077 W m~2 sr't. Fig. 2.4 shows the sky brightness measured above
the lower terrestrial atmosphere. At @M, the flux due to zodiacal light and faint stars
is abouts x 107 W m~2 sr !, in agreement with the estimate derived here. In the opti-
cal, the NSB flux increases rapidly with wavelength (Jel367); measurements can be
found in (Aharonian and Akerlof, 1997). This distributianfortunate, as the spectrum of
Cherenkov radiation increases &s?, producing most of the light in the blue part of the
spectrum.

To put the NSB in perspective, the amount of Cherenkov lightnfa 1 TeV gamma
ray can be estimated using Fig. 3.1 as 25 photons mt first sight, this would appear
to be undetectable; however the pulse is very sher ns, and the Cherenkov photons
are highly focusedy 0.7 FWHM. Thus, the flash has a brightness~of8 x 10! m~2
sr! s, oraboutl.2 x 107°> W m~2 sr-! assuming Cherenkov photons of energy 2 eV.
This is of sufficient brightness to be detected over the bemkgyl noise. However, at a
lower primary gamma-ray energy, the need is highlightedaftigger that can distinguish

between the highly collimated Cherenkov light and randowtphs from the NSB.

3This is the net mirror area minus obstructions and a 5% réaluat the overall reflectivity due to weath-
ering.



62

A different kind of background comes from the Cherenkoviigioduced by the much
more numerous air showers initiated by cosmic ray partisliéls their secondariesy, pt,
e, andu*. Events from these showers amount to about 99% of the ddtctad. Using
selection criteria described in Sect. 2.4, these partiatesfiltered out with about 99.5%
efficiency. At equal primary energy, cosmic rays producs {eserenkov light than gamma
rays on average, because CR showers contain heavier anthagyed particles. However,
the CR background is not entirely unwanted; it is used in tdération of the telescope

light throughput, see Sects. 2.3, 3.3.
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FIGURE 2.4. Overview of the sky brightness above the lower teni@sitmosphere. Figure
taken from Leinert et al. (1998).
2.2.2 Examplesof Events

Fig. 2.5 shows the pulse in one PMT when a camera trigger oeduil his event is most

likely due to a CR, as it is the main source of background. Tenisic width of the
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Cherenkov light front is about 3-4 ns, much shorter than tkeasared pulse. The broaden-
ing is caused mainly by the PMT characteristic and by theadigable. The pulse shows a
rise time of about 3 ns and a fall time of about 8-10 ns. Thears®fall time are measured
for the signal to go between 10% and 90% of the maximum. Alsdble is ringing stem-
ming from the capacitive circuit in the PMT socket. To cotlewst of the light from one

pulse, the light integration duration at the QADC is set t;m20

A 3.3ns
@: 100ps

Ch1 ~Width |
7.55ns

i

!

Chl Min
18.6mV

4

|
]

FIGURE 2.5. Example of the pulse in one PMT during a triggering event

Fig. 2.6 shows the 4 types of events that are recorded by lgsctgpe. At a rate of 1 Hz
pedestal events are taken, shown intthieleft The average pedestal level calculated over
the entire run is subtracted from the other events shown.s€hke of the brightest pixel is
given in the legend for each image byux1, the fraction of the area shaded in each pixel
corresponds to the brightness relativertaz1.

To distinguish genuine Cherenkov light from noise, the algn a PMT is required to
be above a noise level, see Sect. 2.4.1. The threshold ifisden terms of the pedestal
variation and depends on the location of the pixel in the gtomage. If a pixel is com-

pletely surrounded by other triggering PMTs it is called &tpre” threshold; if the PMT
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is on the boundary of the shower image it is called a “bounddgmeshold. The threshold
levels have been optimized for the detection of gamma rajfseaevels of 4.25 and 2.25
times the pedestal standard variation, see Sect. 2.4.t§lgjfferent values are employed
in the selection of muon events, see Sect. 3.3.2. The cgloriRig. 2.6 indicate pixels that
exceed the picture/boundary thresholds vitackred.

Also shown for each event is a fitted ellipse that has beenlzdéd from the distribu-
tion of pixel values in the image, see Sect. 2.4. The diraaifthe major axis is shown by
a line and indicates the most likely direction from which 8tewer originated. Unfortu-
nately, with a single telescope it is difficult to break thgeeeracy between the two sides
from which the shower could have come. It can been done withsammetry parameter
derived by comparing the location of the geometric and wigighmeans of the pixel val-
ues. However, this procedure is not very efficient because#imera is small and to do
better requires stereoscopic observations with at leaste®d¢opes or FADCs to measure

the arrival time of individual photons.

2.2.3 Trigger System

The purpose of the trigger is to discriminate between eveauised by genuine gamma rays
and noise or cosmic rays. One key difference between garagnevents and events caused
by other particles is that gamma-ray images are smalleravitigher photon concentration.
In addition, the NSB represents a steady source of noisentihat be minimized. The
trigger must be activated only when an image is likely not thueoise.

The trigger system, see Fig. 2.3, consists of constantidractiscriminators (CFD)
followed by two trigger systems that operate in parallel: @tiplicity trigger and a pattern
trigger. The CFD for a PMT triggers when a certain presettioscof the total pulse height
is reached. In this way, the trigger occurs independengofadiamplitude, so that small and
large pulses trigger at the same time. If instead a fixed timlestrigger were employed,

time jitter would be introduced from larger pulses triggeriearlier than small ones. For a
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FIGURE 2.6. Examples of events taken with the 490 PMT camera, byttbelinner 379
PMTs contain valid data. The light measured by each PMT nredsa represented by a
filled circle, such that a full circle corresponds to the htggt pixel. The amount of light in
the brightest pixel is listed as theax1 value in the legend. See text for explanation of the
colors used for pixels. The fitted ellipse from the standaralysis and the major axis are
shown ingreen/light grey Top left A pedestal event, no image cleaning is applied to this
kind of event, see texilop right A potential gamma-ray event that passes@hécklook
cuts. Bottom left A cosmic-ray eventBottom right A truncated muon event that had an
impact distance outside the rim of the telescope.
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more detailed description of the trigger system, see Bradéual. (1999).

The pattern trigger requires adjacent PMTs above a set threshold. This threshold is
set for a reasonable event rate, see Sect. 2.2.4. GammbeaagIs are more compact than
hadronic showers and produce images with light concemtiater fewer PMTs. A pattern
trigger is able to increase the ratio of triggers resultimgnf gamma rays over hadrons.
The number of nearest neighbors,can be set to 2, 3, or 4-fold coincidence. In the 490
PMT camera, the pattern trigger has been operated almdssésaly in 3-fold coincidence
mode. One draw-back of the pattern trigger is that the tinmiigrmation becomes blurred
through the complex hardware in the trigger module. Theesfa simple multiplicity
trigger set ton-1 threshold is used in coincidence with the pattern triggeprovide the
exact timing information for the QADC gates to opened.

NSB noise is strongly suppressed by the pattern trigges altows the energy threshold
of the telescope to be lowered. Fluctuations in the NSB ramigoaise PMTs above a fixed
threshold across the field of view. At any given time, n-nsareighbors must be above
threshold for a trigger decision to be positive. For the 38tera, the 3-fold pattern trigger
reduces the accidental trigger rate over a simple 3-foldiplidity trigger by (215 x 6 x
5455 x5 x4+61x4x3)/(331 x 330 x 329) ~ 1/4300. The numerator counts
the number of 3 nearest-neighbor combinations. This is dgnadding up the nearest-
neighbor combinations with 2 rings of neighbors, then theisle only 1 ring on the outside,
and lastly PMTs on the outer most ring of the trigger regioowdver, this over counts by
3! permutations because the firing order of the PMTs does rdtem The denominator
counts the number of possible combinations of choosing 30881 PMTs, again over
counting by 3!

Another cause of noise that is strongly suppressed by tlodd3shttern trigger is after-
pulsing in the PMT (Bradbury et al., 1999). Afterpulsing aasult from a light feedback
from the anode to the photocathode. The time scale for thigisransit time of the PMT,
about 10 ns. Another type of afterpulsing results from thezation of gas in the region

between the cathode and the first dynode. The ions may shrk@hiotocathode after a
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while and produce secondary current equivalent to sever@Epgstrom, 1980).

2.2.4 Ratesand Bias Curves

The CFD modules determine what voltage level from a PMT dtuiss a real signal to be
sent on to the trigger logic. For a uniform response of thearanthe same level is set for
all PMTs. This requires that the PMT gain are approximatelyat; a calibration is done
on a yearly basis. The trigger rate is limited by the read&vspeed of the computer to a
maximum rate of about 30 Hz. As the reference level sets tmenmim amount of light
that is considered a genuine signal, it also determines thearmam energy necessary for
gamma rays to cause a trigger. It is therefore necessary thes&rigger level high enough
so that the computer can keep up, yet as low as possible tevachilow energy threshold
for the detection of gamma rays.

To determine the appropriate CFD threshold level, the teles is pointed at zenith
during a moonless night and the trigger rate is measurecewhilying the CFD threshold.
In this way, the bias curve shown in Fig. 2.7 was measured ojuB®& 2003. The graph
shows the rate from the multiplicity trigger, set at 2-foloirecidence, and the rate of the
pattern trigger, set at 3-fold near neighbor. Aside fromitlfeeease of 2-fold to 3-fold coin-
cidence, the pattern trigger reduces the noise to a lowet.l&¢ low thresholds, the trigger
is due mostly to the NSB as well as some local muons and efectrédhough the NSB
noise dominates greatly at low thresholds, its spectrureegdy falling and is surpassed at
around 24 mV by cosmic rays that have a harder spectrum. Fhieithreshold level that
one would set the trigger at. The integral slope of 4103 in the CR-dominated region
above 24 mV is remarkably close to the known CR proton spiadlax of -1.7. The trig-
ger rate decreases at lower elevations because of absvirptlee atmosphere; see Sect. 2.3
for more detail on the CR spectrum measured with the 10 m utifferent conditions.

The horizontal axis in Fig. 2.7 is in units of mV which and ipagpximately linearly

proportional to energy. The exact conversion to energysueijuires Monte-Carlo simula-
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FIGURE 2.7. Trigger rate versus hardware threshold with 2-foldtiplitity trigger (cir-
cleg and with 3-fold nearest-neighbor triggesquare$. The integral power law slope is
indicated for the NSB-dominated trigger region and the @Rathated region. The trigger
level would be set at the intercept of the power law fits; iatkd bybluevertical lines, at
24 mV for pattern trigger and 38 mV for 2-fold multiplicityigger.

tions of cosmic-ray showers. As a simpler first step, the easien from photoelectrons to
mV can be worked out from Fig. 2.8. The voltage correspontiinfpe is

1 - 1.6x107¥C
pe  ge X

V=IR=
8x10™2s 1pe le-

x 50 Q x A. (2.4)

This assumes a single pe pulse width of 8 ns. The dc signal Irpmis given by

- ~19
1pexge >(1.6><10 C><A>< 1de

. 2.5
1 pe le~ 0.25 pC (2:5)

The combined amplifier gain, cable and signal splitter lesshas been measured period-
ically; it was 3.04 in 1995/6 and 4.68 in 2000 (Le Bohec, 200t)e PMT gaing in e~
per pe, for the 1995 camera configuration wast x 10°, derived from the 1.05 dc/pe ratio
determined of Mohanty et al. (1998), and x 10° in 2000/1, (Krennrich et al., 1999). The

corresponding conversion factors are listed in Tab. 2.1.
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Year| mV/pe| dc/pe
1995/6‘ 1.6 ‘1.05:&:0.10

2000/1| 5.1 3.3+0.3

TABLE 2.1. Conversion factors between the analog and digitalssgiuring the 1995/6
and 2000/1 observing season.

In going from the 1” PMTs of the 1995 camera to the 1/2” PMTsdugem 2000
onwards, the gain was increased to achieve roughly the saergyethreshold per PMT
while the photocathode area decreased by roughly a factér &f detailed study of the
conversion between photons received by the telescope anthéasured dc is given in

Sect. 3.3 using cosmic-ray muons.

\%
1p.e. k
PMT L_,‘ time
gain 8ns
Cable Amplifier 50 Q d.c.
loss J=1x10 ~input QADC ———=

Y 0.25pC=1 d.c.
50 Q
input

trigger system

FIGURE 2.8. Diagram of the conversion of a photoelectron (pe) todigé&al count (dc)
output. The combined amplifier gain and cable loss was meddor the 1995 and 2000
configurations (Le Bohec, 2002).
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2.3 Cosmic Ray Rate

The cosmic rays originate from outside the solar system apoesent a steady flfixCos-
mic rays are composed of about 95% hydrogen (protons) andt @86 He. The energy
spectrum of protons falls as a power law with differentialer -2.7 in the energy range of
the 10 m telescope. The production of Cherenkov light by shewitiated by gamma rays
and cosmic rays is very similar, though essential diffeesnexist that make a separation
between the two particle types possible. Cosmic rays tequidduce a more fragmented
shower with muons that easily penetrate to ground levels fiteans that the average depth
of Cherenkov light emission is lower for protons than for gaarays. Also, the wave-
front of arriving Cherenkov photons tends to be wider. Inemf these differences, the
CR background is still the closest to a calibrated beam dfgdes available to IACTs. The
Cherenkov light produced by cosmic rays is therefore usea ealibration tool to mea-
sure the relative performance of the telescope and to measanges in the atmospheric
conditions.

Other ways to monitor the night-sky are through extinctioeasurements with opti-
cal telescopes, infrared radiometers to detect heat egittorn water vapor and clouds in
the atmosphere, LIDAR observations to measure the disioibof pollutants in the atmo-
sphere, and radiosonde balloons that measure atmospheatons with altitude. Further
details are given elsewhere, see for example Bernlohr (RO8I0these methods have the
drawback that they do not give a clear indication of how mucanged conditions effect
Cherenkov observations without detailed modeling. Fongxa, a thin cirrus cloud at 20
km altitude may well be detrimental to an optical telescdqe the Cherenkov light reach-
ing ground level originates from about 5 - 10 km altitude asmthus not effected by such
clouds.

As the spectrum of high energy cosmic-rays incident on tipedfothe atmosphere is

constant, any changes in the measured CR spectrum are taagkshlnges in the atmo-

4At energies below 10 GeV modulations can occur from the seiad.
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spheric absorption and/or by changes in the telescope. dsmaic ray spectrum measured
by a Cherenkov telescope depends on the elevation of clowdldwst in the line of sight.
If absorption occurs only close to the telescope, e<gl km, the entire CR spectrum is
attenuated uniformly. A general attenuation can also basezhiy telescope efficiency,
caused for example by the PMTs or by degradation of mirrobhgisTit is hard to determine
exactly which parts of the telescope cause the change. Howiéelouds are localized to
high elevations above 10 km, low energy events that emit i@bsrenkov light at those
altitudes are suppressed relative to high energy CR pasticl

To derive the energy calibration of the CR spectrum requesdensive Monte-Carlo
simulation and the needed energy resolution is difficultdioieve with a single telescope.
For a relative measurement, this is not needed and instaatpées approach is taken here
with the definition of a single factor that measures the liginbughput with respect to a
reference run. This “throughput” factor is a relative measof the cosmic ray spectrum
(Lebohec and Holder, 2003). It is defined as the ratio of thasueed cosmic ray flux to

some reference observation. Taking the power-law CR spacis

AN

N(s)—E

= (s/s0)”%, (2.6)

wheres denotes the brightness of Cherenkov imageés;. It is this brightness that changes
due to the atmosphere, the observing elevation, and thectgde performance. Let the

reference spectrum be denoted/By, then the throughput factar, is defined by
Ng(s) = N(t s). 2.7)

This means that for the size spectrum measured on a particigat to agree with the

reference spectrum, an adjustment needs to be made in:thecale:

s__ts_

. ). (2.8)

SR S0
So that the throughput is defined by
t=—. (2.9)



72

For example, if measured images are brighter than thoseeimeference run, thehis a
number> 1.

Unfortunately, this method cannot be implemented exadlit & described here, be-
cause the measured:e spectrum is not a pure power law due to the telescope trigger a
the limited FOV Instead, &2-minimization routine is used to find the best fit between the
reference spectrum and the measured spectrum that haz¢recale multiplied by. Only
the region well above the threshold is included in this fitisTie implemented by binning
the size spectrum linearly between 200 dc and 7000 dc in steps of 17Thien, to avoid
the trigger region the? difference between the counts in the run and the referencalis
culated between 6 bins above the maximum, usually 1000 dty apmaximum of 6000
dc.

Fig. 2.9 shows theize spectrum of the commonly used reference run gt016531 taken a
70 elevation in “A” weather. Also shown is a run taken af 4%evation with a throughput
factor of 0.69:0.04.

10

— gt016531
-~ gt016307

Events / d.c.

i | | I| | L1 1111 I| |
0.00
00 1000 10000
Size [d.c.]

FIGURE 2.9. Measured cosmic-ragize spectrum of two observations taken in the year
2000. The data labeled gt016531 is the reference run. Thaicagay rate of events with
size > 1000 dc in the run gt016307 is 0.69).04 relative to the reference run.
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2.4 AnalysisMethod

The imaging technique allows gamma rays to be preferepntsalected out of the much
larger CR background. Several techniques have been dedkkopprocess the images
and reject them if they are not deemed to be caused by gamma Tgpically, there are
three steps involved in the analysis: (1) determine whiglelgicontain genuine signal, (2)
parameterization the image, and (3) cosmic-ray discritiona

Cleaning the image from noisy pixels has been tried usingméoundary thresholds
(Punch et al., 1991), island cleaning (Bond et al., 2003),\aith wavelets(Lessard et al.,
2002). Wavelet cleaning has improved sensitivity to lowrgpeevents compared to the
standard 10 m analysis.

The parameterization of the shower images has been dondisst{hsecond, and third
order moments, see for example (Hillas, 1985a). A diffeeggroach combining wavelets
and fractals has been tried as well (Haungs et al., 1999).

For selection of gamma rays and rejection of the cosmic-ekfground, usually se-
lection criteria are applied to the parameters. Theser@itae derived either empirically
through optimization of the signal from the Crab Nebula sotlgh guidance from Monte-
Carlo simulations. This method is relatively easy to impdertn Neural networks have also
been used in the gamma/hadron separation (Reynolds and,FP&fb). Initially, the re-
sults were somewhat disappointing, but advances in comppézd have shown that with
more parameters as input, neural nets can give greatly eeddrackground rejection.

A different approach was taken by Le Bohec et al. (1998) wisb@ver images are
fitted to simulated shower profiles and the selection andggnestimate is done simulta-
neously. The method was applied to the CAT telescope with geod results. However,
a draw-back is that the calibration of the shower profilesunexg accurate Monte-Carlo
simulations.

The standard method used in the analysis of data from the Hescbpe is described

below. It has been consistently successful and is the ¢ésiese, but new methods (neural
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nets and picture look-up tables) show increased backgreupdression by up to a factor

of two.

24.1 Cleaning and Flat Fielding

Pixels containing mostly noise are removed from the imagegdptying two sets of thresh-
old cuts based on their signal-to-noise ratio. The noisedasured for each pixel, from

the standard deviation;, of the signal in pedestal events. Also, at this point thermea
pedestal valueyed;, is determined and subtracted from all pixels. In the pedesticula-
tion pixels are required to contain a signaj, less than 74 dc because it is possible that
a cosmic ray coincided accidentally while a pedestal trigigeurred. Only pixels that

fulfill either of the following two criteria are selected aslbnging to the event:
1. s; — ped; > 4.250;, called an “image” pixel,

2. s; — ped; > 2.250; and it is the nearest neighbor of an image pixel; referrecsta a

“boundary” pixel.

All other pixels are ignored. Optimization of these thrdslsowas originally done a-
posteriori on the gamma-ray signal from the Crab Nebula.lolohg the installation of
a new camera, a re-optimization of these cuts was carried\usignificant difference in
the thresholds has been found and they have remained the same

In addition, PMTs are ignored if their pedestal standardaten is less than 0.6 or
more than 1.5 times of the median value. The median is catmlilanly for those PMTs
with 0.6 dc< o; < 200 dc. This procedure eliminates PMTs that were receiviogssive
star light or had their HV turned off during the run to avoighi damage.

The gain of a PMT depends strongly on the supplied high vel{aty); typically, a 1%
change in HV causes a 10% change in gain. The HV for all PMTdjissted on a yearly

basis so as to produce a uniform gain across the camera. darador small HV changes

SAll numeric values are specific to the 10 m telescope/DAQesysand have been derived empirically.
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over time, the camera is illuminated uniformly with a Nitergflash light on a nightly
basis. The bright light from the flasher triggers the DAQ toarel the events. The gain of
each PMTy;, is calculated relative to the mean brightness of each deeatl PMTs that
have a raw signal of less than 1024 dc, the maximum value @#&iRC, ands — ped > 50
dc. The former restriction eliminates “hot” pixels, thettatdead pixels. PMTs are ignored
completely in all events if the average gain is outside aoealle range.1 < (g;) < 3.5.
After turning off these PMTSs, the average gain for the renmgjrPMTs is renormalized
back to 1. The same gain correction, including the elimoratf pixels, is applied to all
data taken during the night.

After pedestal subtraction and flat fielding, the signal of IRMhat pass the cleaning

thresholds is); = (s; — ped;)g;.

2.4.2 Noise Equalization

Because images are cleaned relative to their NSB noise iaetnergy threshold of each
PMT depends on the sky brightness seen by it. The differesainohg thresholds also
effects the selection of image pixels and can distort the&ti@v image. In an ON/OFF
analysis, a bias may occur if one region of sky is brightenttie other, because fewer
events pass the cleaning thresholds in the brighter region.

To eliminate this bias, a software algorithm has been d@esldhat injects additional
noise into each image before the analysis stage (Cawle$)198is deteriorates the image,
but eliminates bias. The noise is drawn from a Gaussianloligiion and injected only into
the darker pixel of the ON or OFF run.

In the analysis of Monte-Carlo simulations noise addingaggrmed as well. Monte-
Carlo simulations are produced with a minimal amount NSBelrdtronics noise to make
them more generally usable. After noise addition, the meakNSB fluctuations are re-

produced in the simulation.



76

2.4.3 Parameterization

After image cleaning, flat fielding, and adding noise, imggmsmeters are calculated that
describe the shape, orientation, and brightness (Hilldé854; Reynolds et al., 1993). The
parameters describing the geometry are calculated frofirti@nd second order moments
of the light distribution, shown in Fig. 2.10. Parameterarecterizing the brightness are

the total amount of light in the imageize, and the three brightest pixels,ax1, 2, 3.

FIGURE 2.10. Illustration of an air shower event imaged by the wdgg on the camera.
The outline of a generic closed-packed PMT camera is showhdrbackground with
the Cherenkov signal represented by filled circles. The ghnamage is elliptical and its
orientation towards the center of the camera is labeled bypha).

24.4 Calculation of the Gamma-Ray Rate
The evaluation of the gamma-ray rate consists of the folgvaiteps:

1. For ON/OFF pairs, trim the file length to equal lifetimes.



Parameter | Supercuts1995 | Supercuts2000
width 0.073...0.15 0.05...0.12
length 0.16... 0.30 0.13...0.25

distance 0.5r..1.r 0.40...1.0
alpha <15 <15

length/size — <0.0004/dc
size >400 dc —_—
max1 >100dc >30dc
max2 >80 dc >30dc
max3 — >20dc
Pict. threshold 4.250 4.250
Bndr. threshold 2.250 2.250
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TABLE 2.2. Two set of selection criteria, called cuts, used tocteee CR background.
The cuts were optimized on the gamma-ray signal from the Gietiula for the observing
seasons 1995/6 and 2000/1.

2. Apply cuts to reject background.
3. Evaluate rate and significance.

Selection criteria, called cuts, are used to reject cosmycavents while retaining
gamma-ray showers. The criteria are listed in Tab. 2.2 far periods of operation. The
cuts were optimized empirically with data taken on the Crabda to maximize signifi-
cance of the detection and the gamma-ray rate Reynolds(&BaI3). TheSupercuts1995
were used with the 109 pixel camera, whilepercuts2000 has been used for all periods
of observation with the 490 pixel camera. The applicatiothefcuts rejects approximately
99.5% of the cosmic rays. About 60% of gamma-rays pass thegeial cuts alone, a
significant fraction of smalkize events is eliminated by the cuts eixe, maz1, 2,3 and
length/size.

After application of the cuts, the gamma-ray rate is evadaltf observations are taken
in the ON/OFF mode, the significanseof the signal, is evaluated from the ratio of source
countsNg to the noise, i.e. the fluctuatiany,. This is similar to the signal-to-noise ratio.

In the following, Nox andNorr denote the number of counts in the ON and OFF runs after
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all cuts have been applied to the data. Then
Ng = Nox — Norr (2.10)
and applying error propagation
TN = Onon F TNops- (2.11)
Assuming a Poisson distribution for the number of countsikexl from a steady source
Nox — Norr

S = . (2.12)
vV Non + Norr

Fig. 2.11 shows the distribution of tlépha angle after application of all other cuts for

some 2000/1 Crab data. The relatively flat distributiomifa in the OFF run shows that
the background is isotropically distributed, while the OlNrshows an excess of events

originating from the source located at the center of the came

Alpha Plot Analysis for aPr.56.90
2400 T T T T T T From 20001101 to 20010126
2300 ON/TRK 0 tracking files with 0 min.
19 ON/OFF pairs with 519 min.
2200
Significance Rate  +/-
c 2100 on-region: 15.40 3.04 0.20
2 2000 ctl-region: 0.36 0.12 0.33
£ 1900 . .
S Counts on-region off-region
e 1800 ON/TRK 6054 14673
1700 OFF 4474 14612
1600

0.13 <length < 0.25
RON 0.05 < width <0.12
1500 b 0.40 < distance < 1.0
1400 0 < length/size < 0.0004
0 10 20 30 40 50 60 70 80 90 size > 000
Alpha [deg] sizel > 30, size2 > 30, size3 > 20

FIGURE 2.11. Distribution ofalpha angle for the events in 19 ON/OFF pairs taken on
the Crab Nebula in 2000/1. The gamma-ray rate [mhjtogether with the significance are
displayed for the on-source regiafpha < 15°, as well as for the control region defined
by 20°< alpha < 65°.

In the case of TRK observations, the expected backgrounat ¢ésker must be deter-

mined differently. For this purpose, OFF source observatiwith similar elevation and
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telescope conditions are used in defining a ratj@f the number of events in treurce
region 0< alpha <15°, M. (OFF), to those in a control region 2& alpha <65,
M.y (OFF), with 0, = p\/MS;g(OFF) + M} (OFF). Itis important that the ratia is

calculated from a large number of OFF runs so that the reguithcertainty in the back-

ground estimate is small. The expected background couat T&RK run is given by
Norp = t My(TRK), (2.13)

M., (TRK) is the number of counts in the control region of the TRK rune Humber of

signal events is then evaluated similarly as before:
NS - Msrc(TRK) —1 Mct]<TRK> (2.14)

and applying error propagation

2 _ 2 2 2 2 2
ONg = Ohae T 7700, + Mz 07, (2.15)

where (TRK) has been suppressed for clarity and the signdees given by

Msrc —1 Mctl

S = .
\/Msrc + p2M0t1 + Mftl 0152

(2.16)

There has been some discussion in the literature as to howvrectly calculate the sig-
nificance when the background count has been scaled. Li and 883) find that Eq. 2.16
slightly underestimates the true significance whea 1; ¢t ~ 1/3 for 10 m data. The
correct calculation using the log-likelihood method canip@ done analytically when the

tracking ratio has uncertainty, and is therefore difficalbandle in practice.
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CHAPTER 3

SPECTRALANALYSIS

The measurement of VHE gamma-ray spectra with imaging gihg Cherenkov tele-
scopes (IACT) is possible because the Cherenkov light id galorimetric component of
atmospheric particle showers. IACTs have wide dynamicedrmgween about 50 GeV to
100 TeV; this is limited at low energies by secondary elewrfivom cosmic rays and at the
high end by the low flux of gamma rays received. In principhe, $pectrum of other parti-
cle types, such as protons and muons, could also be meabutesith a single telescope
the energy determination of showers initiated by nucleifigodlt.
The task of measuring gamma-ray spectra with a Cherenkbv iligaging telescope

can be separated into three parts:

e Generate Monte-Carlo simulations of gamma-ray showersdteas close to the

observing conditions as possible, see Sect. 3.1.

e Process the ON, OFF, and simulated (SIM) data in the same iwayding sky

brightness addition and parameterization, see Sect. 2.4.

e Estimate the gamma-ray spectrum through comparison of td€OBF data with

simulations, see Sect. 3.2.

3.1 Simulations

Computer simulations are used to predict the response ahagihg Air Cherenkov Tele-
scope (IACT) to the Cherenkov light produced by VHE gammaaia showers. The sim-

ulation is split into three sequential components

1. Production of an atmospheric particle shower from a VHEge ray.
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2. Cherenkov light emission by the charged particles arairtgethe emitted light to the

telescope.
3. Optical and electronic processing by the telescope.

In this work, a set of simulations typically consists of SI) gamma-ray showers with
energies chosen randomly from a power law spectrum. Theiledions were carried out
on a 20-node Beowulf cluster at lowa State University. Thegotation time is about 5
days during which about 130 MB of final pixel-level data isgwmoed. Intermediate data of

particle showers and Cherenkov photons are discarded.

3.1.1 Particle Shower Production

Simulations are an essential tool to study the interactiotoemic and gamma rays with
particles in the atmosphere. These air shower simulatiograms use, and in some cases
extrapolate far beyond, the available measurements ob-@estion to create secondary
particles from the primary cosmic or gamma ray. These semuees] in turn, are propa-
gated through the atmosphere where they may participatayimamber of interactions;
bremsstrahlung, pair production, multiple Coulomb scattg and ionization losses are
some of the more common ones for gamma-ray primaries. Tpi&®0,000 showers are
simulated.

Some air shower simulation programs in use today in the field©@Ts are KASCADE
(Kertzman and Sembroski, 1994), CORSIKA (Heck et al., 198981 MOCCA (Hillas,
1985b). The level of sophistication, especially for hadranteractions, and execution
speed, varies greatly between these. The cross sectiotigeforteractions of gamma rays
have been measured up to center-of-momentum energies o&200only, but QED is
much better understood than QCD and not much is left opentta{ation. For gamma-
ray simulations, particles in the shower are tracked uhgitfall below the threshold for

production of Cherenkov light.
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Here, Monte-Carlo simulations of particle showers areiedrusing the two versions
of the KASCADE code. The original version, referred to lasscade3, has been used
by Mohanty et al. (1998). A slightly modified versiokgscade?, is available as part of
the Grinnel-ISU package (GriSU, 2004) but has not seen dle@teomparison to the
previous version until this work. The main changes are inat@d bremsstrahlung and
pair production routines, and adjustment of the Earth’s me#ig field vector. Through
simulations of 1 TeV gamma rays, incident vertically 50 mnfrohe telescope, it was
found that the first two changes decrease the Cherenkovrigktved by 9% each, while
the change in the magnetic field decreases the intensity by 5%

In the spectral analysis, described in Sect. 3.2.4, thegiigamma-ray energy is re-
constructed from the amount of light received and the impatance of the shower. The
simulated gamma rays are used to calibrate this dependartgrease in the calculated
shower intensity means that measured gamma rays will beseemted with a higher en-
ergy. As the magnetic field effects the lateral distributtdrCherenkov photons, a simple

scaling cannot be derived by looking at one energy and imgliatance only.

3.1.2 Cherenkov Light Production

Cherenkov light is emitted from charged particles travgkaster than the speed of light in
the medium. In the simulation, Cherenkov photons are preddiom the shower particle
tracks according to Eg. 3.6. The Cherenkov light productiotie has essentially remained
the same since 1995, with the addition of photon emissiomgnm the GriISU code.

The number of photons detected by a Cherenkov telescopeswaitih the distance from
the shower core. This lateral distribution can be mappedoguytlacing the telescope at
increasingly larger radial distance, the impact distafroen the shower core. The impact
distance is measured in a plane perpendicular to the tglesaris, and should not be
confused with the angulalistance parameter derived from shower images. Fig. 3.1 shows

that the Cherenkov photon density on the ground is a functi@enith angle. For vertically
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incident gamma-rays, a significant amount of Cherenkou igheceived out to about 120
m; this distance increases with increasing zenith anglalmsethe shower is further away
and spreads over a larger area. Simulations were carrieavitlutboth, kascade3 and
kascade7, the later producing about 30% less Cherenkov light on toems independent

of elevation.

10000 T I T I T T p
o — kascade]
FNZA=0 ---- kascade]

A i

1000

Photon density [a.u.]

100O 50 100 150 200 250 300

Impact distance [m]

FIGURE 3.1. Lateral distribution of the Cherenkov light recordedtbe 10 m telescope
from simulated 1 TeV gamma-ray primaries. The vertical @is units of dc recorded by
the 10 m telescope. The Cherenkov photon density is appeigignl dc = 0.023 photons
m~2. Simulations were carried out withascade3 (solid line§ and kascade? (dashed
lines).

Another factor influencing the number of detected Chereniootons is the field of
view (FOV) of the camera. Cherenkov photons are emittedgit blevations with a very
low Cherenkov angles 0.8°, while at sea level the emission angle is about.1With
increasing gamma-ray energy, the shower develops furtbendn the atmosphere and
hence Cherenkov photons are imaged further out in the FQihdrat one energy, Fig. 3.2

shows the increase in the number of collected photons winget FOV.
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FIGURE 3.2. Lateral distribution of the Cherenkov light recordgdthe 10 m telescope
with a 2 (solid line) and 10 (dashed lingfield of view. Gamma-ray showers were sim-
ulated with primary energy of 0.3 TeV usirkgscade3. The vertical axis is in units of dc
recorded by the 10 m telescope. The Cherenkov photon dassafyproximately 1 dc =
0.023 photons me.

3.1.3 Telescope

The model of the telescope in the GrlISU simulation consiktaytracing the Cherenkov
photons to the front of the PMT, followed by production andgagation of photoelectrons
through the analog/digital electronics chain. The optiesraodeled precisely up to the
light cones, which are simply represented by an effectiweeiase in the photosensitive
area of the PMT cathode. The electronics is modeled at thgesphotoelectron level,
including a multiplicity trigger with a coincidence time mdow set at the actual width of
40 ns. The simulated trigger does not, however, include eatrigger installed in the
telescope in 1999. As the pattern trigger mostly suppre&# and coincidences due to
afterpulsing in the PMTSs, this would seem at first not be efflee simulation much. How-
ever, close to the trigger threshold the simulations aressarily inaccurate in triggering
on low energy events and a minimufite is imposed to eliminate events in this uncertain

trigger region. With the cuts used in the analysis, thisatffehe trigger rate by less than
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Pair | Elevation Throughput| Rate [mirr'] | Bkg. Rate [mirr!]
5106/4969 82°/81° | 0.91/0.914+0.07| 5.57 +0.51 —0.07 £ 0.30
5108/4982 75°/75° | 0.87/0.88+0.06| 9.47 4+ 0.62 0.54 + 0.38
5109/4988 70°/70° | 0.86/0.87+0.07 | 11.45 4+ 0.68 0.32 +0.37
5110/5144| 64°/66° | 0.80/0.80+0.08 | 14.01 +0.74 0.58 +0.42
5111/5237 60°/57° | 0.78/0.714+0.08 | 14.97 +1.64 —0.18 £1.15

TABLE 3.1. Flare data of Mrk 421 on 7 May 1996.

1%. In the conversion of photoelectrons to digital countsaléoration constant is needed;
it can be measured directly by inspection of the electronicgy indirect measurements,
see Sect. 3.3.

The telescope simulation used by Mohanty et al. (1998) digpadorm ray tracing or
photon arrival timing in the trigger decision. Instead, tekescope was modeled with a 10
m aperture and the arrival direction was convoluted with ass&n point spread function.
All photons were counted as belonging to the shower. As rsdiia simplicity is, for an
array of telescope operating in parallel, such as the f{MBERITAS array, photon timing
is important in making a trigger decision. Though only a st m telescope is used for

the measurement, the new, more complete, GriISU detecterisagsed for this work.

3.1.4 Comparison of Gamma-Ray Simulationswith a Strong Flare of Mrk 421

The purest sample of gamma rays measured to date with the é@stope comes from a
flare of Mrk 421 observed on May 7, 1996 (Gaidos et al., 1996)tsfpeak the flux was up
to ten times brighter than the Crab Nebula. This data setad bsre in a comparison with
simulated gamma rays. Simulated gamma rays should prochege parameters similar
to those measured from real gamma rays.

The Mrk 421 flare data consist only of TRK data, OFF runs wetecsed based on
similarity in elevation, throughput, and number of evemhigttpass)uicklook cuts in the
off-region, 20 < alpha < 65. A summary of the data is given in Tab. 3.1, the lightcurve is

shown in Fig. 3.3.
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FIGURE 3.3. Gamma-ray lightcurve of Mrk 421 on 7 May 1996. The queesdlux level,
shown by ahick ling, is about 0.1-0.3 gamma/min (Gaidos et al., 1996).

Histograms of several image parameters are shown in FigfoB.the measured raw
ON and OFF data sets. While events in the raw data are mosdyta@cosmic rays,
the gamma-ray signal is very strong and an event excess i@kheéata is clearly visi-
ble for alpha <20°and to some extend in thength andwidth histogram as well. To
increase the signal-to-noise ratio, a set of loose cuts \patied to reject more back-
ground events:alpha <18, length <0.4, width <0.2%, 0.3< distance <1.2°,
length/size < 0.00085 °/dc, andnax2 > 65 dc. After applying these cuts, the gamma-ray
excess is more easily visible, see Fig. 3.4.

The measured gamma-ray excess before and after cuts is pesnpasimulations in
Figs. 3.5 and 3.6. The simulations were carried out Withcade3, the PMT quantum effi-
ciency (a) Sect. 3.3, and the parameters listed in Tab 3e7alse Sect. 3.4.2. Simulations
usingkascade7 produced essentially the same results.

Focusing first on the uncut distributions, generally gooceament is visible for all
but thelength/size distribution. At large values, the measuredgth/size histogram is
dominated by the signal from single muons. These partialedyce large shower images

with little light in them. Thus, the measured negative esadargdength/size probably
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indicates a muon excess in the OFF data and is not relevardniparing the gamma-
ray signal. A Kolmogorov-Smirnov test reveals that thetance distribution agrees with
simulation at a probability level of 0.27, tliength distribution at 0.002, and all others at
less thanl x 10~°. This is not surprising as a large fraction of CR events aes@nt in the
data.

The gamma-ray spectrum was measured te-b&7 + 0.17 with combined statistical
and systematic errors (Zweerink et al., 1997), while theusittion here assumes a -2.5
spectrum. The histograms in Figs. 3.5 and 3.6 show an averasgell triggered energies.
However, Fig. 3.7 shows that some of the mean shower parasnetg/ with the primary
gamma-ray energy. Therefore, perfect agreement betweem#asured and simulated
parameter distributions is not expected.

However, when loose cuts are applied, differences areleisibtween the parameters
from measured and simulated gamma rays. In particular, gesored:/pha distribution
is broader compared to the simulation. As Mrk 421 is a pointrse of gamma rays, this
implies that the simulated point spread function of thedet@e was too narrow. Also, the
measuredvidth distribution is wider than the simulation predicts. Th&ith parameter is
a measure of the optics of the telescope, the primary ganagapectrum, and the broaden-
ing due to multiple Coulomb scattering. The Coulomb scattgroutine was verified in the
simulation, and as the measured gamma-ray spectrum isseyatlose to the simulated
spectrum, this means that the optical aberrations of tles¢elpe were underestimated.

The optical quality is measured by observing how well a stdamaged on the focal
plane; the resulting image is called the point spread fonc{PSF) of the telescope. In
1995/6, the PSF was measured to be OfuR-width half-max (FWHM) at 32 elevation
(Lewis, 1990). But the optical abberations were found tangfeawith observing elevation.
Image distortions are caused by flexure in the optical sugbarcture; this has been reme-
died in 2002 with the implementation of a bias alignment, Seet. C.3. Thus, the real
PSF may have been 0°150.18 at the average observing elevation of 70r Mrk 421,
see Fig. C.5. The optics of the 10 m was simulated here usintga BWHM PSF; details
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on how the simulation of the telescope optics can be chedjauhst direct measurements
are given in Sect. C.5. This value is underestimates anditldhbe possible to achieve
better agreement between the simulated and measurgd distribution by increasing the
PSF in the simulation. Theidth parameter is the RMS image size and the PSF is an RMS

error, so the needed increase of the PSF is the RMS diffefesisgecen measurement and

simulation: 1/(0.139°)2 — (0.129°)2 = 0.05°. By the same argument it follows that the
correct PSF to use in the simulationj§(0.14°)2 + (0.05°)2 = 0.148°, because the PSF is

an RMS value.

However, this does not necessitate new simulations bedheseut levels are quite
broad. The simulatedridth distribution is used to develop the cut level to discrimenat
against cosmic ray images in the data, see Sect. 3.2.2. ttievel is chosen at twice the
RMS value of 0.03 to 0.06 depending on gamma-ray energy, see Fig. 3.8. Howevee sinc
the difference between the simulation and measurementys0obl°, no significant error
is introduced by using the slightly smaller PSF in the sirtiala

The measured and simulatea.gth distributions are in agreemeritngth is a measure
of the longitudinal development of the shower

To conclude, the image parameters derived from simulatedgmrays were compared
with a very strong gamma-ray flare of Mrk 421. The simulatecapweter distributions
alpha, length, distance, andlength/size are in good agreement with the measured ones.
Only the simulatedvidth distribution is systematically too small, indicating thia¢ simu-
lation of the telescope optics was too optimistic. The repacof background is performed
by cuts onalpha, length, andwidth. As the cuts in the spectral analysis are chosen con-
servatively at 25,,5 centered at the mean, the mismatch in#hédth distribution is not
significant. The energy of an event is calculated fronkite anddistance, independent
of width or length. Thus, the small difference found here between simulatedeatual

gamma rays is acceptable and should not distort the recmtestr energy.
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3.2 Energy Spectrum Reconstruction

The gamma-ray energy flux is reconstructed through compamsth a Monte-Carlo sim-
ulated gamma-ray spectrum. The simulated gamma-ray aivesisaare used in all steps of

the analysis:
¢ Identify images produced by gamma rays and reject cosryigiaated showers.

e Estimate the energy of the primary gamma ray from the progsedf the recorded
light.

e Determine the gamma-ray flux.

Usually only one set of simulated gamma rays is needed tovguicsh all steps. Itis essen-
tial to the technique that the simulated spectrum be closkape to the measured spectrum.
Usually, a power-law spectrum with differential index of54s simulated initially. This

can then be adapted to other shapes through a weightingdanece

3.2.1 Raw Spectrum

The gamma-ray spectrum is measured from the differencesiomhsource and off-source
energy spectra. The raw spectra before cuts are due to 9%fogiroton showers, with He
and heavier nuclei constituting the remainder (besides/éing small amount of gamma
rays) (Mohanty, 1995). Because the primary cosmic-ray tspecis constant and well
known, it could in principle be used to evaluate the stabditthe atmosphere. To do this
in detail requires the reconstruction of the cosmic ray gnewxhich is difficult with a single
telescope because the fragmented images of hadronic shpvastuce large fluctuations
in the received light intensity. Using simulations, the rgiyeresolution of proton showers
was estimated to be about twice as uncertain, RMIS¢ £)> 0.3, as for gamma rays.
Instead, the only use of the raw spectrum is as a simple meastine relative throughput,
described in Sect. 2.3.
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3.2.2 Background Regection

Cosmic rays produce Cherenkov images that are more fragmeahie to the hadronic
cascade that produces many penetrating particles. This isportant difference to the
more compact Cherenkov images from gamma rays. Softwaeets® criteria, called
cuts, are applied to the parametersith, length, andalpha to eliminate most of the
cosmic-ray background. These cuts scale witte so that the fraction of gamma rays
passing the cuts is independentsdfe (Mohanty et al., 1998).

Fig. 3.8 illustrates how the cuts are derived for simulasidone at 70elevation for the
camera in the 1995/6 observing season. The cuts are latrruderiving the spectrum of
the Crab Nebula, Sect. 3.4.3. To begin, preliminary cutsapmdied to reduce the amount
of data and to reduce the uncertainty in the trigger respoaaethresholdmax2 > 65 dc,
length/size < 0.00085°/dc, 0.32< distance < 1.1°, andalpha < 15°. Thelength/size
cut is used to reject single muons. The parameter distabatare then binned in equally
spacedog(size) bins and the meany, and standard deviation of the distribution,are
calculated in each bin. The mean and standard deviationtéed fvith a second order
polynomial fit inlog(size). Forlength andwidth, the cuts include the parameter space
m £ t x o, while for alpha it is of the form O0< alpha < m + t x o, wheret is the
cut tolerance. The tolerance is usually chosen at thel@+el so that about 90% of the
simulated gamma rays pass all cuts relatively independevite.

The application of th&ize-dependent cuts on the raw parameter distributions of Crab
Nebula observations is shown in Fig. 3.9. Together, thetereject most of the cosmic ray
background, but explicit background subtraction thouglO&ifr-source observation is still
performed. The constant cut level 8tipercuts1995, illustrated in the figure by dotted
line, is optimized to the energy region where the most gamawya are collected by the

telescope which is close to the triggering threshold.
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FIGURE 3.8. Simulated gamma-ray parameter distribution&aofjth, width, andalpha

and derived cuts versusg(size) after application of loose spectral cuts. Ttetsare
simulated events, tHadue crosseshow the mean, while theolid linesshow the polynomial

fit through the mearDashed lineshow the actual cut chosen at a tolerance of two standard
deviations around the meabDotted linesshow cut level ofSupercuts1995.

3.2.3 Gamma-Ray Trigger Rate and Collection Area

The collection area of a Cherenkov telescope represen@réaeover which gamma rays
trigger the telescope. The collection area specifies thaexifty with which gamma rays of
different energy are detected by the telescope. The cullearea is much larger than the
physical mirror size because Cherenkov photons from gamayahowers that reach the
telescope are produced 5 - 20 km higher up in the atmosphepending on the primary
particle’s energy. With a typical°3field of view and a 10 km shower height, this corre-
sponds to a theoretically possibly area in excess of 200y/#0®owever, light attenuation
in the atmosphere and other inefficiencies limit this to aldd® to 1/4 of this value.

To determine the collection area, gamma-ray showers waralated with an impact
distance of typically 300 m. This corresponds to an areaof= 7(300 m)2. Let the

number of events that were simulated with a true endrggnd fall within a bin width
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FIGURE 3.9. Raw parameter distributions bingth, width, andalpha of Crab Nebula
observations taken in 1995/6 at arouncd @levation. Thedotsare measured events, the
blue crosseshow the mean of the data. The mean value of simulated ganys&gsrshown
with solid lines Dashed lineshow the gamma-ray cut for the spectral analy§isited
linesshow the cut level corresponding $apercuts1995.

Alog(E), be called/(E). LetT(FE) be the number of events that cause a trigger in the
telescope with energy and fall within the same bin width log(F). The effective area,
A(E), on the ground over which the telescope triggers occur is tfien by

T(E)
I(E)

Gamma rays were simulated coming from a -2.5 power law specénd observed at
an elevation of 70with the 1995/6 camera configuration. The raw trigger ratshiswn
in Fig. 3.10. Also shown is the rate of events passing splectita andSupercuts1995.
The peak of the trigger rate is often called the “energy thoé&s’, and lies at 0.56 TeV for
spectral cuts and at 0.74 TeV witupercuts1995. The peak energy fofupercuts1995
is higher because a minimusize of 400 dc ¢ 400 pe) is required, Tab. 2.2 , while the
spectral cuts only useax2 > 65 dc. The peak trigger rate moves to higher energies with

increasing zenith angle of the observation due attenuatitite atmosphere and the greater
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distance to the shower maximum.
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FIGURE 3.10. Trigger ratethin black ling for gamma rays observed at “76levation
from a -2.5 power law input spectrunbdld line). Also shown are the trigger rate after
application of spectral cutblue ling and afterSupercuts1995 (green ling

The collection areas corresponding to Fig. 3.10 are show#gn3.11.

3.24 Energy Estimation

The initial gamma-ray energy is estimated from the measuiee and distance of the
shower image. The estimated energy,;, is determined from the polynomial (Mohanty

et al., 1998):
log B = ay + ag x log S +ag x D +ayg x (log S)* + a5 x D? +ag x D x log S, (3.2)

whereS = size andD = distance. The coefficients of this polynomial,, are determined
by fitting the true energy of simulated gamma rays to theirgemparameters. The fit is
performed by minimization of both thems difference between the true and estimated

energy+/> (log E — log E.)?/n as well as of the bia¥_ (log E — log E.y)/n, Wheren

is the number of events. In performing the fit, the bias is emspted by a factor of 10 over
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FIGURE 3.11. Collection area for gamma-rays observed atétévation. in for spectral
cuts pold line) andSupercuts1995 cuts ¢hin line).

the y? difference. It is important for the energy estimator to bashiree, so that during
the flux calculation the number of events binned in estimateetgy bins is equal to the
number of events with the same true energy and no distoraimnmtroduced in the energy
calibration. The fit is performed over a limited energy rang®ere the relation between
E andsize is approximately linear; this is not the case very close #ttlgger threshold,
where fluctuations in the shower development are large, amdrg high energies, where
most of the shower light lies outside of the limited field oféwi of the camera.

As an example, Fig. 3.12 shows the result of estimating teeggrfor simulated gamma
rays at 70 elevation during the 1995/6 observing season. The enegpiuton is dis-

cussed in Sect. 3.2.5.

3.25 Energy Resolution

The energy resolution is the probability distribution foeasuring an energk. ., when the
true energy isk. This is measured from Monte-Carlo simulations by compgathre true

energy with the estimated energy. Fig. 3.12 shows in the lmgiéph the residualsyg F—
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Cut Mcarlo: After simplex fit to minimize bias+width:
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FIGURE 3.12. Top: Estimated energy vs. true energy of simulated evevitddle: Resid-
uals of the fit.Bottom:RMS deviation of(log(E) — log(E.s) shown by §) and bias ¢).

log E..;, and in the lower portion the mean and RMS difference withrgyne They are
relatively energy independent and histograms over the tetmpnergy range dfog E.; —
log ) and of (E., — F)/FE are shown in Fig. 3.13.

The energy resolution in logarithmic energy space is apprately normally dis-
tributed, reducedy? = 2.3, and has a Gaussian width of 0.17 and mean 0.025. The
corresponding RMS value is 0.18. Traditionally the energgotution is measured by
(E.ss — E')/E. This is shown in Fig. 3.13 together with two fitted functiodsGaussian,
width = 0.28, reduced? = 13, and a Breit-Wigner distribution of width 0.21, reduced

x? = 19. These distributions do not fit the energy resolution wek doi the long tail at
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large overestimated energies. The RM%(/ F) is 0.51.
To summarize, the energy resolution is best described byusgsn in logarithmic

energy space and for this work it will be quoted by its RMS eatuly.

500 1200
400 1000
800
£ 300 =
o S 600
* 200 *
400
100 200
0 0 444400004444
~050 051 152 25 3

-1 -05 0 0.5 1

Log|Eest]—Log[E] (Eest—B)/E

FIGURE 3.13. Left: Histogram of(log E.,; — log E) fitted with a Gaussiansplid ling).
Right: Histogram ofA £/ E over the energy range from 0.25-25 TeV fitted with a Gaussian
(solid line) and with a Breit-Wigner functiondashed. See text for explanation.

The energy resolution varies slowly with energy as shownhHgyRMS value in the

lower panel in Fig. 3.12. The energy resolution increasels lewer elevations as showers

tend to be smaller and more fully contained in the camera.

3.2.6 Flux and Spectrum Deter mination

The method of reconstructing the gamma-ray fluxq —! E~'] was outlined in Mohanty
etal. (1998). It uses a modified collection area that imghiciontains the energy resolution
function without recurse to folding the spectrum with theakition function. However, the
method differs from that described in (Mohanty et al., 199@)inning events based on
their estimated energy and not basedsore alone.

The following is a description of this method: The gamma-lay, F,,(£), from a

source is reconstructed by binning the excess number ot&veceived from the source,
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N(E.s), during a time¢, in bins of widthA log(E). This is multiplied by the fraction of
events per unit area that trigger the telescope, called tidifred area.

The modified area is calculated from the number of eveiits), that were simulated
with a true energyF and fall within a bin widthAlog(FE) and the number of events,
T(E.s), that cause a trigger within that bin and have an estimatedygit’.,, = E. This

is then divided by the areal,, that showers were thrown over. Therefore, the flux is given

by

N(E.)  I(E)
FnlB) = TR 1og(B) * AT (Bew) (3:3)
Fm(E) N(Eest> I(E) (34)

T Aot (k% B) " T(Eew)’
wherek = 2sinh(In 10 M’TM) is the bin width in linear space, explained in Appendix F.

An example of the collection area and the modified area is showig. 3.14.

15000 — - T
=—=a Collection area
B o-—- Modified collection are
125000— —
100000— A
NE - -
c 75000 —
e

z L i
50000 —
25000 —

P = | | 1 1 L1111l | 1

%.1 1 10
Energy [TeV]

FIGURE 3.14. Collection areasplid line) and modified collection arealéshed ling for
gamma rays observed at°7@evation with the 1995/6 camera configuration.

The bin width is chosen as small as possible while still nzanihg a good signal-to-

noise ratio. Scott (1979) determine that this optimal bidtvis

Alog(E) = 2 x 975 N=1/3 = 3.5%, (3.5)
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Confidence level
Simultaneous 40% | 68.3% | 90% | 95%
parameters
1(0.27| 1.00| 2.70| 3.84
2| 1.02| 2.30| 4.61| 5.99
31187 3.53|6.25| 7.81

TABLE 3.2. By increasing? from its minimum value by the stated amount, the confidence
level of 40%, 68.3%, 90%, and 95% is reached. This is listed f@, and 3 simultaneously
fitted parameters.

whereo is the Gaussian energy resolution width avds the total number of events: ON-
OFF after cuts.
A spectrum, usually a simple power-law, is then fitted to theasured flux. The spill

over of events into nearby bins depends on the energy specthis is accounted for

I(E)
T(Eest)

bin. Therefore, if the simulated spectrum deviates fromrtieasured spectrum, a new

by the term

which corrects for the number of misidentified events in eachrgy

spectrum is simulated that is equal in shape to the measpesdram and the analysis is
then repeated. This iterative method of calculating the tisnally converges within one

iteration. The method works well for power-law spectra, tarte must be taken for spectra
with a sharp cut-off feature. These might lead to unphydicatuations in the spectrum

on scales smaller than the energy resolution.

The statistical error in the fitted power law is determinedthg x> method. The 2
parameters, flux and spectral index, are varied about tipgimom value until the desired
increase iny? is reached (Lampton et al., 1976; Avni, 1976). In this way?amap is
produced with probability content determined from the clative x? distribution with 2
degrees of freedom. Tab. 3.2 lists in the second row the a@serény? required to reach
confidence interval (Cl) levels of 40%, 68.3%, 90%, and 95%0Ahown in the table are
the corresponding entries when one or three parameterdtac gimultaneously.

The systematic uncertainty on the spectrum is determineghyng the cut tolerance,

t, within reasonable bounds: between 1.5 and 2.5. In additiendc/pe ratio is allowed
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to vary by its uncertainty. Then, to evaluate the systematiertainty of the gamma-ray

spectrum, the spectral analysis is carried out again wemdw parameters.

3.3 Absolute Calibration using Cosmic-Ray M uons

One way of calibrating the light intensity received by the Pwf the telescope in terms of
the digitized signal, is through the light recorded from mwvents (Vacanti et al., 1994;
Jiang et al., 1993). Single muons are produced by intemr@etd cosmic rays of energy
1-100 GeV with the upper atmosphere. The mean lifetime ofmeu® 2.2us in their rest
frame which allows them to reach sea level before decayititeif travel near the speed of
light. The energy threshold above which muons and elecfpooduce Cherenkov light at
a particular height in the atmosphere is shown in Fig. 3.1bove threshold, muons that
are incident nearly parallel to the telescope axis and impache telescope aperture, are
imaged as a ring. Fig. 3.16 shows an actual muon ring correipg to this type of event.
The total amount of lightgize, detected from such a muon is comparable to that from a
high-energy gamma-ray initiated shower. However, thetlighm muons is spread over
very many of pixels, while gamma rays produce much more camipzages with only a
few tens of pixels containing all the light.

The recorded brightness can be calibrated in terms of thelateshnumber of incident
photons using muons, because the number of Cherenkov ghetoitted by a muon is
proportional to the angular radius of the ring image. In otherds, by comparing the mea-
sured photon count in a muon image with the expected countedefrom the measured
angular radius of the muon ring, the light throughput of thlescope can be calibrated.

Electrons, though copiously produced by cosmic rays in thaphere, do not produce
a ring image because they do not travel in a straight line &y Vong. Instead, they are
deflected by multiple Coulomb scattering as well as by thétEsamagnetic field and lose
energy through bremsstrahlung. The first two effects chamg@osition of the ring, while

the latter decreases the ring radius. This makes electragesinot at all ring-like, but
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FIGURE 3.15. The minimum energy required for muossl{d) and electronsdashed to
emit Cherenkov light.

more like large low-density spots.

An advantage of using muons to calibrate the light throughpthat it is a single factor
that scales the light intensity to be expected from gammahawers. Using muons, the
calibration includes to first order everything local to tleéescope: the local atmosphere
within 400 m of the reflector, the mirror reflectivity, the kigcone efficiency, the PMT
guantum efficiency, cable loss, impedance mismatch, agttgiming offsets that effect
the charge integration. Though a best effort is made to dechll parts of the telescope in
the Monte-Carlo simulation, the lack of information on tregigtion with time of all these
components necessitates the use of an overall scaling faxctbe interpretation of the
image brightness. Usually, the calibration is expressdadrms of the ratio of the number
of photoelectrons (pe) produces by the PMT photocathodeetdigital read-out, measured
in digital counts, dc, called the dc/pe factor. This calibsaonly the electronic part of the
detector; it does not include the changes in the light cbiigcgportion of the telescope.

Thus, it should be kept in mind that the muon calibration radttioes not produce a dc/pe
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2.0 ‘ ‘ ‘ ‘ ‘ Time: 246.478
Radius: 0.64°
L Sigma_r: 0.07°
Size: 1304.0 dc
DC/Radius: 2038 dc/°©
Length: 0.50°
Width: 0.40°

L Alpha: 44.7°
Distance: 0.15°
Max1: 46.6 dc
Mask: 0.12

FIGURE 3.16. A muon event recorded with the 490 pixel camera. Theuartnof light
measured by each PMT measured is represented by a fille@ such that a full circle
corresponds to the brightest pixel. The amount of light mlihightest pixel is listed as the
Maz1 value in the legend. Also shown is a fitted circle togethehwt$ measured radial
extendo,. See text for more details.
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ratio, but rather the overall light-to-dc factor. Howevan, attempt is made to take account
of the optics and thus to derive a dc/pe ratio.

The disadvantage of a muon calibration comes from the sormtegifierent received
spectrum of Cherenkov light from local muons compared tomannay initiated showers
10 km higher in the atmosphere. The somewhat uncertainapitinction and PMT
response in the ultra-violet (UV) region from 250 rim\ < 300 nm, leads to a systematic
error, see Sect. 3.3.4. Another shortcoming for diagngairposes is the inclusive nature
of the muon calibration. For example, it is not possible stidguish between deterioration
of the light cones or the electric cables, but separate tegst be performed.

The straightforward way to determine the dc/pe ratio is bgatimeasurement of all
components involved: from PMTs to the ADC module; this waslaxed in Sect. 2.2.4.

Another method to determine the dc/pe ratio is to measumgesielectron peaks for
each PMT. This is done by starting with a very high gain where ¢asy to see individual
photoelectrons and interpolating the dc value back to tiheahoperating voltage where

single pe are lost in the noise.

3.3.1 Model of Cherenkov Light Production by Muons

The differential number of Cherenkov photorg,, emitted per path length azimuthal
angle¢, and wavelength is given by (Leo, 1994)

d3N7 o« 1
dldxdé - ﬁznmz)’ (3.6)

where 3 is the speed of the charged particteis the fine structure constant, ands the
index of refraction. The factar/(5n[A]) = cos|d] is the cosine of the measured Cherenkov
angle. The index of refraction at 2.3 km elevation variesveein 200 nm and 600 nm from
1.0003 to 1.00025, introducing a variation of the maximune@hkov angleé) between
1.4° and 1.28. This variation is not very significant since an average kgmtaover many
hundred of photons over a small range of elevations. As omtypiete muon rings are used

here, the Cherenkov light comes from less than 500 m abovielaecope. The variation
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FIGURE 3.17. Mirror reflectivity measurement with freshly coatadéts golid line) and in
2003 for three uncleaned facetiaghed ling The entire telescope was recoated in 1998-9.

of the index of refraction over this altitude is negligibewell. Atmospheric absorption of
Cherenkov light occurs mainly in the ultra-violet below 2%, see Fig. 3.24. Its detailed
effect will be included in Sect. 3.3.3; here it will only seras a lower limit of integration
Amin. AN uncertainty of+50 nm is assumed in the lower limit. The conversion from the
number of incident photond’, to photoelectrons (pe) ejected at the PMT photocathode is
performed by integrating over the mirror reflectivity (\), Fig. 3.17, and the PMT quan-
tum efficiency@QFE(\). Fig. 3.18 shows QE specifications for the 1” Hamamatsu R1398
and the 1/2" R647-25 with UV-glass window and bialkali preztthode. Though, the pho-
tocathode is supposed to be same for both PMTSs, slightlgréifit specifications are in
existence. The reason(s) for the differences are uncléarefore, both, quantum efficien-
cies a) and b), will be used in the calibration to explore Hrege of systematic uncertainty
caused by them. As the upper limit of integration= 700 nm will be used because the
guantum efficiency is near zero at this wavelength.

Additional photon losses in the telescope and camera ardgaloessing facets and
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FIGURE 3.18. PMT quantum efficiencies for the 1” Hamamatsu R13981dAUR647-
25 with UV-glass window and bialkali photocathode. Sourtmeasurement indicated in
parentheses.

the PMT arrangement. There are always 11 facets missingtendaimera support arms
obscure about 1 ffor a total loss ofl 1 x 0.372 m? + 1.0 m? = 5 m%. Fig. 3.17 shows that
the mirror reflectivity had dropped by about 5% in 2003 refatio freshly coated mirrors.
These two effects reduce the effective mirror area(@fn))? = 78.5m? by about 12%. To
minimize dead space between PMTSs, they are tightly packadexagonal pattern. Light
cones cover the empty space between the PMTs to reflect sothe photons into the
photocathode that would otherwise have been lost. A detaibeount of the geometrical
losses at the camera is presented in Tab. 3.3 for the 109 ahdPBIMT cameras. The
efficiency of the light cones was determined by comparingctiemic ray spectrum from
10 min zenith runs with and without light cones. In all, exdihg M [\] and QE[)], a
photon randomly incident on the telescope with the 109 (8@8)era has & = 69% (48%)

chance of being detected.
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109 PMT Camera 379 PMT Camera

PMT spacing 33 mm 15 mm

Area per pixel 943 mnt 195 mnt

Cathode radius 12.55 mm 5.2mm

Cathode area 495 mn¥ 85 mnt

Throughput increase with cones 1.27 1.24
Effective cathode area 623 mnt 106 mnt

Effective cathode radius 14.14 mm 5.8 mm

Focal plane coverage 78% 54%
Geometrical light cone efficiency 0.28 0.18

TABLE 3.3. Arrangements of the 109 pixel and the inner 379 pixelthef490 PMT
cameras. The area on the photocathode that is covered vatbgdactric material is smaller
than the physical diameter of the PMT. The light cones irsedhe effective area of the
photocathode.

Cherenkov photol

Telescope

FIGURE 3.19. Impact geometry of a muon that can be imaged as a campigt Whether
or not it is imaged as a complete ring depends on the f.o.vhe@ttamera. The angle at
which Cherenkov photons are emitted relative to the diogctif the muon i9.
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The number of photoelectrons is given by

(3.7)

Performing the integral ovek with the mirror reflectivity M/ [\] measurement of newly
coated mirrors and the PMT quantum efficiencies a) and b):
o M QE
)\2
250nm=+50nm

K, = 448272 £ 95000 pe/m, K}, = 375201 4 85000 pe/m,

K= A (3.8)

where the error comes from the uncertainty\ip,,,. The integral over the path length
depends on the radius of the telescdpe- 5m, the impact parameter, and the angle of

incidences with respect to the telescope normal, see Fig. 3.19.

2n 114)
pe=KLa sin[9]2/ d¢/ dl. (3.9)
0 0

Consider only complete rings, then the impact parameterR. The integral ovet[¢], the
path length from which Cherenkov emission is captured bytelescope, is evaluated by

the law of sines

Pl Ilg
sin[f]  sin[m — 0 + ]

whereD[¢] is the distance in the plane of the telescope which captadiation from the

particle. Since) < 1.3° and¢{ < 0.5° for the 10 m telescope, this can be simplified in the

small angle approximation to
_ DI¢] coslf]
o= sin[d]

D[¢] is likewise found by the law of sines, see Fig. 3.20

(3.10)

Di¢] R r

sin[y] ~ sin[¢]  sinfa]’
with

Y=T—¢—a, a= Sin_l[% sin[@]].



111

So that
D[p.r] = R:Em = /R2 — r2sin[g]2 + r cos|d), (3.11)
and
pe = K Lo sin[f] cos[d] /O% d ¢/ R? — r2sin[¢]2 + r cos[¢]. (3.12)

The integral over can be expressed as
1"2

pe = K L« sin[f] cos[f]4 R E[R2

! (3.13)

where F is the complete elliptical integral. The impact locationtié muon on the tele-
scope,r, can be estimated by the azimuthal photon distribution endamera, requiring
a more lengthy calculation and parameterization of thetlaggtymmetry. Instead, here the

impact location is averaged to make this calculation sirapie tractable:

R
(pe) = Jy rdrpelr] fT}S Tgem (3.14)
o rdr
(pe) = K L« sin[f] COS[@]? (3.15)

Eq. 3.15 predicts that the total number of photoelectroas tthe camera should have re-
ceived is proportional to the muon ring rad#isThe data acquisition system records events
with a charge-to-digital converter. Theéze, measured in digital counts, dc, is proportional
to the number of photoelectrons, pe. For each muon ring atie dc/pe can be calculated

from the measuredize andd.

3.3.2 Sdection of Muon Rings

Muons can be selected from the data using selection cuts estdndard parameters
length, width, andlength/size. However, this is not very efficient and manual verification
of the images is still necessary. To facilitate the selectbmuons with high efficiency,

the following algorithm was developed.
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FIGURE 3.20. Angles used in the computation/ofo).

. Pedestal subtraction and flat fielding of all pixels, a<dleed in Sect. 2.4.1. The

resulting signal is in each pixel,isv; = (s; — ped;)g;.
. Calculate the pedestal noise level for each pixel

. Cleaning: keep image pixelif > P x ;. Also, keep those pixels that are neighbors
to 7 and have a signal larger thah x o;. All other pixels are setto 0. The cleaning

thresholdsP and B, are discussed below.
. Make a binary image (1/0) using all picture and boundaxglsi

. Create 45 ring masks of various sizes and positions. A roaskists of the values

+1 within the ring and -1 outside.

. Multiply the image with each mask. Keep the image if (bmnaicture *

mask)/(number of pixels within ring} 0.1.

. Fit a circle to the binary image, with origin located at atdncet° from the center,
Cherenkov anglé, and RMSoy, see Fig. 3.19.
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8. Keep the image if: a) it is fully contained in the came¢a+ 6 + 0o < 1.1°, b)
0 > 0.4°, c) there is at least one pixel in each octant of the ring, grat tkast half

of the pixels fall withinf + oy.

9. Sum all pixel values; that fall within § + 20, and correct for the fraction of PMTs

turned off.

An example of a muon-ring image selected with this algoritishown in Fig. 3.16, along
with the fitted parameters. The distribution @te vs. 6 is shown in Fig. 3.21 of muons
found in nineteen runs taken during the observing seasof/2@h the Crab Nebula. A
linear fit results insize = (1956 + 20)0 andx?_, = 1.17, where the intercept (0,0) was
chosen to correspond to the physical condition of no Cherefight emitted by muons at
or below their threshold energy. Relaxing this conditiod atlowing for non-zero intercept
results in the fisize = (—5+110)dc+(1950+150)0 andx?,, = 1.18. This fitis compatible
with zero intercept, but the error on the slope is much laeged hence only the fit with
zero intercept will be used.

The muon selection algorithm was developed and optimizgdtively by comparison
with a set of muon events that were selected by eye. Sevemahents on the algorithm

are:

e The purpose of applying 45 ring-shaped masks to the imageestidg for overlap

is a 5 times speed increase over fitting a circle to each image.

e A circle is fitted by calculating the mean distance of the [@Xeom some origin.
The best fit is achieved by picking a new origin until the vade of the distance
distribution is minimized. The final sum of pixel values degs slightly on the
width of the ring considered. Decreasing the widtloter 104 causes a 5% drop in

thesize. Likewise, increasing the thicknessfétat 30, causes a 5% rise in theéze.

e The image cleaning uses picture/boundary cleaning thteshB and B, different

from the standardupercuts values of 4.25 and 2.25. Here, the thresholds are op-
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FIGURE 3.21. Distribution ofsize vs. Cherenkov angle for muons found in 19 observa-
tions of the Crab Nebula during the 2000/1 observing seagdso shown is a linear fit
with zero interceptgolid line). For a linear fit with non-zero intercept, the 68% confidence
interval of independent parameter variations of the irgpt@nd slope are shown dashed

lines
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FIGURE 3.22. Left: Variation of thesize/radius ratio with picture/boundary thresholds
of muon events identified in 8.5 hours of observations takenhe Crab Nebula during
the 2000/1 observing seasomight: Variation of the number of muon rings with pic-
ture/boundary thresholds.

timized to selected the greatest number of muon rings whatepicking up noisy
pixels. Cherenkov light from muons is spread over a muchelaaggular area than
the compact images of Cherenkov light produced by gamms-tagnce muon im-

ages require lower cleaning thresholds to effectively ctetteem.

Fig. 3.22 shows the effect that varying the cleaning thriehbas on the number of
selected muon events and on tliee/° ratio. For this purpose, muon events were searched
for in nineteen observations taken on the Crab Nebula dune@000/1 observing season.
A larger range of picture thresholds was explored, but farityt on the two best picture
thresholds are shown. Based upon the highest number offiddmhuon events, the thresh-
olds will be set atP = 3.7 and B = 2.5 for all future muon selections. Additional detail

on the optimization of the thresholds is presented in S&c33.
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Year | QE | dc/pe from Eq. 3.15| dc/pe from simulations| Measured
1995/6| a) 0.74+0.17 0.84+0.07| 1.05+0.10
1995/6| b) 0.89%-0.20 0.95+0.08
2000/1| a) 1.86+0.42 2.6+0.19| 3.3+0.3
2000/1| b) 2.68+0.61 3.1+0.22

TABLE 3.4. dc/pe calibrations for 1995/6 and 2000/1 for two different PMT gtiam
efficiencies a) and b) shown in Fig. 3.18. The measured vaeesxplained in Sect. 2.2.4
and Tab. 2.1

Shown in Tab. 3.4, column 3, is th& /pe ratio calculated for the 1995/6 and 2000/1
observing seasons using quantum efficiencies a) and b). Asample, the calculation
for 1995/6 a) is shown in Eqg. 3.16. The error estimate of Ef5 3tems mainly from the
assumed 20% uncertainty in the lower wavelength cutoff.

de 780 420 de/°
== = 0.74 +0.17. 3.16
pe 1050 =+ 241 pe/° 0.74£0.17 (3.16)

3.3.3 Simulation of Muon Events

The theoretical model presented in Sect. 3.3.1 does notinédk@ccount atmospheric ex-
tinction or different arrival directions. Instead of inding those in a very detailed an-
alytical model, the GrISU simulation package (GriISU, 2004 used to determine the
calibration. Because this is the same software used to atmghmma-ray showers, it has
the advantage that if for example the telescope had too favorsiin the simulation, the
muon calibration would correct for this automatically.

By specifying a muon as the initial particle in the KASCADEogrer program, both the
Cherenkov photon production and the telescope model ad@d in the calibration. This
makes the calibration specific to the particular simulatised. Gamma-ray simulations
then need to be carried out with the same program.

The parameters used to simulate muons are listed in Tab. Kitons produce the

same amount of Cherenkov light witlascade3 andkascade7. This is because they do not
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Energy range 4 GeV -9 GeV
Differential index -1.65
Number of throws 5,000

Zenith angle 0°

Initial depth 663 g/cnt

Final depth 763 glcnd

Slice thickness 0.05 g/cm

Impact range Om-5m
Angular spread 0.5

Night sky backgroung 101 pe/(ns rhsr)
Trigger threshold 1995| 2-fold, each> 67 mV
2000 | 3-fold, each> 32 mV

Mirror reflectivity 0.95

PMT radius| 14.14 mm ?WHAT ABOUT 20007

TABLE 3.5. Parameters used in the Monte-Carlo simulation of mhomers.

produce a large number of secondaries and almost all of tkes@Ghkov light is produced by
the initial muon. Again, an optimization of the picture/lmiary thresholds was attempted
to maximize the number of muon rings while remaining una#édcby noise. This was
done for both years and for both QEs in Fig. 3.18 a) and b). BOO2L and QE a), the
size/° dependence on the boundary cleaning threshold for sintutatd real muon rings
is shown in Fig. 3.23. Both, simulated and real events shall &fsize/° with increasing
boundary threshold. This is due to preferentially thinnegs being selected. The number
of simulated muon events selected by the procedure shovigha geak using the values
P = 3.7and B = 2.5 as before. Thelc/pe calibration is presented in Tab. 3.4. The
error estimate includes statistical error, and systenetiors of 5% for the ring width,
see above discussion of the muon selection algorithm, andob%he picture/boundary
thresholds. The latter is a conservative estimate on themsic error introduced by

choosing different thresholds, see Fig. 3.22.
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FIGURE 3.23. Left: Variation of thesize/radius ratio with boundary threshold of muon
events elected from real datso(id) and of simulated muon eventddited. Right: Varia-
tion of the number of muon rings with boundary threshold idfexd in the datagolid) and
in the simulationsdotted. The picture threshold has been fixed at 3.7 for both graphs.
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FIGURE 3.24. The fraction of Cherenkov photons that generate aoglettron after
transversing the atmosphere for 0.5 km (solid) and 8 km (gld)sh

3.34 Differenceto Cherenkov Light from Gamma Rays

A problem associated with using muon rings to calibrate #tector, is that the detector re-
ceives a higher fraction of UV Cherenkov light from muongtifiam gamma-rays. This is
due to less atmospheric extinction for the shorter pathtlenthe distance muon-generated
Cherenkov light travels is less than 500 m, while simulagishow that Cherenkov light
from gamma-rays travels between 5 and 15 km. This introdadasgge difference in the
spectrum of Cherenkov light received by the telescope. Whisld not be a problem if the
atmospheric extinction, PMT quantum efficiency, and miredlectivity were well known.
However, since these are less well known below 270 nm, thieraibn is prone to system-
atic errors. Fig. 3.24 shows the fraction of photoelectipaserated by photons of different
wavelengths that travel 0.5 km, i.e. a muon-like spectrundl & km, a gamma-ray like
spectrum. The curves were produced by folding the atmogphgtinction with the PMT

guantum efficiency and the mirror reflectivity.



120

z.iﬂﬂ m o _

tt

* |+++H ﬂ

_ ]
|

PR IR AT NN T TR BT
5:.J[800 52000 52200 52400 52600 52800 5:
MJD

dc/pe
N
I

FIGURE 3.25. The dc/pe ratio from September 2000 through Novem0@8 2alibrated
for PMT quantum efficiency a).

3.3.5 Calibration from 2000 to 2003

From September 2000 through November 2003, the dc/pe sagbawn in Fig. 3.25 for
kascade3 and QE a). The dc/pe ratio dropped from 2:70.15 to 1.65+ 0.15. In Oct.
2003, the PMT gain was again raised to close to its initiall@aby increasing the high
voltage by 40 V. This raised the signal significantly abowe éectronic noise and made
the system more stable. The drop in the gain is mainly due terideation of the last
dynode. After operation for approximately 2600 hours dgtiimat time, it is expected that
the output current reduces loy7 + 0.1 (Ham, 2002). As the muon calibration method
includes the optical light throughput by default, variagan the dc/pe ratio may also stem
from weathering of the mirrors and light cones whose pergomoe is kept fixed in the

simulation.
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3.4 TheCrab Nebula Spectrum

The Crab Nebula serves as the standard candle in VHE gamnestt@nomy; no flux or
spectral variations have been detected by various groupg,GTITE. Because the spec-
trum of two new sources will be measured in the following dieepfor which new gamma-
ray simulations must be carried out, the spectrum of the Gletlula will be derived for ob-
servations spanning the same period of time. This will beexklagainst possible errors in
the simulation. The two sources for which new spectra wilideasured are 1ES 1959+650
and 1ES 2344+514, treated in chapters 4 and 5, respectively.

Though only two new source spectra will be measured from tiden in 1995 and
2002, the VHE spectrum of the Crab Nebula will be derived Foeé observing seasons:
1995/6, 2000/1, and 2001/2. The telescope was operatingtabde condition in 2000/1
and a large number of Crab Nebula observation were takers mbkes the data set ideal
for comparison between the shower simulation cades:ade3 andkascade7. Also, the
camera configuration was changed from 109 to 490 pixels le#ti895 and 2000, so that
new detector parameters can be verified with this data. Bet#800/1 and 2001/2, a loss
in telescope sensitivity was noticed. To correct for thisahbration presented in Sect. 3.3
was applied to the simulations and was verified by measunedrab Nebula spectra for

the 2001/2 season.

3.4.1 Observations

For 1995/6, allA weather data is considered. However, in 2000/1, Crab dké&ntander
all weather conditions are included to increase the gamayaignal. The Crab data were
taken above S&levation in stable weather conditions. Criteria for digbare raw rate
fluctuations of less than 1.5 sécand throughput values in line with “A” weather observa-

tions. A summary of the data is given Tab. 3.6.
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1995/6| 2000/1| 2000/1

Weather A A all
Exposure (hr) 17.9 8.6 12.3
Rate ¢/min) | 1.56 £0.06 | 3.0+ 0.2 | 3.2+ 0.2
Significance §) 25.3 154 18.5
o/vhr 6.0 5.2 5.5

TABLE 3.6. Summary of data taken on the Crab Nebula in the obsesgagons 1995/6
and 2000/1.

Zenith angle 20
Energy range 0.1 TeV - 100 TeV
Impact range Om-300m
Differential spectral index -2.5
Number of throws 500,000
Initial depth 1 g/cn?
Final depth 763 g/cni
Slice thickness 0.05 g/cm
Source extension 0°
Night sky background 101 pe/(ns rasr
Trigger threshold 1995/6| 2-fold, each> 40 mV
2000/1/2| 3-fold, each> 32 mV

TABLE 3.7. Parameters used for the gamma-ray simulation. Thetlirse entries are
chosen according to the zenith angle of the observationdagi/e optimal coverage in
energy and impact distance.

3.4.2 Simulation Details

Gamma-ray simulations were produced with bétlscade3 and kascade7, with the pa-
rameters listed in Tab. 3.7. Thie/pe ratio is calibrated with muons, see Sect. 3.3.3. For
kascade7, two PMT quantum efficiencies are used in the simulation$SH)values used

in all publications and b) the values distributed with GrlSde Fig. 3.18. Both are manu-

facturer specifications, but it is not known why they areetiint.
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3.4.3 Spectrum in 1995/6 and 2000/1

Before proceeding with the spectral analysis, preliminauys were applied to the data
and the simulations. To remove the low energy triggeringomegn 2000/1, the required
minimum value of the largest three pixel was 50 dc, 45 dc, a@hdel To improve the
energy resolution of the events, the angulattance is restricted between 004nd 1.0,
see Fig. 2.10. Alsoglpha was restricted to less than 45Therms energy fit difference
log[E] — log[E.] is 0.19, with energy resolutionns(££) = 0.58 and an average bias of
0.02. For the 1995/6 data, the following cuts were appligde, > 65 dc, length/size <
0.00085, 0.3 < distance < 1.1°, andalpha < 15°. Here, therms energy fit difference
log[E] — log[E.s] is 0.17, with energy resolutionns(5££) = 0.48 and an average bias
of 0.02. The spectra for 1995/6 and 2000/1 with PMT quantumiehcy a) are shown in
Fig. 3.26. Statistical errors as well as two kinds of systitrexrors are given. Systematic
errors are explored by varying thie/pe calibration within the tolerance given in Tab. 3.4
and by varying the cut tolerance By0.50 for length, width, and by +5for alpha. The
statistical error includes the 63% CI for a fit with two indegent parameters defined by
X2in + 2.3. The best-fit to the spectrum between 320 GeV and 13 TeV fob/BA8

dN
dE dt dA — (4.2 £ 0350t £ 0-dacjpe £ 0.3cur) X 1077
[ —2-3840.08at£0.024c /pe£0-02cut R (3.17)

TeV m?s’
with x2,,,,/ndf = 3.2/(9-2), where the number of degrees of freedomlisebated with ndf.

For 2000/1, the best-fit between 320 GeV and 13 TeV is

dN
dE dtdA — (2.8 4 0.250¢ £ 0.44e/pe £ 0.304) x 1077
5249009510t £0.034c/pe £0.01cut R (3.18)

TeV m? s’
with x2 . Indf = 5.3/(9-2). A summary of the Crab gamma-ray spectrutwben 320 GeV
and 13 TeV is presented in Tab. 3.8. Shown are the resulteddno years, each calculated

with both, kascade3 andkascade7. For the latter, two different PMT quantum efficiency

curves were used. Also listed are published results by Waigpd HEGRA.
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FIGURE 3.26. Gamma-ray spectrum of the Crab Nebula in 1995/6 an@/2@&ing quan-
tum efficiency curve a).

1995/6 2000/1
kascade3, QEa)| (42 +0.3) x 1075 25500 | (281 0.2) x 1075219200
kascade7, QE a) (5.4 4 0.3) x 1077 p~242+0.08 (3.540.3) x 1077251009
kascadeT, QE b) (5.4 4 0.3) x 1077 p~240+0.08 (3.8£0.3) x 1077 [—251£0.09
Whipple* | (3.12 + 0.40) x 10~ 72572012
HEGRA' (2.79 + 0.52) x 10~7 E-259£008

[ Whipple 1989 [ (3.41 £ 0.25) x 10~ 7E~ 238010 | |

TABLE 3.8. Gamma ray spectrum of the Crab Nebula between 320 Ge\8 Y in
1995/6 and 2000/1 as determined using different simulatidrhe errors for the spectra
calculated here are statistical only, while those of othdigations include statistical plus
systematic errors. The HEGRA spectrum was taken betweeV hiid 20 TeV.

“Mohanty et al. 1998

b Aharonian et al. 2000b



125

The spectral index is in good agreement between both yearshendifferent simu-
lations. However, the flux constant is systematically highel995/6 than in 2000/1. A
decrease in the TeV gamma-ray flux from the Crab Nebula ikelyli This leaves as the
cause for a decreasing flux constant a systematic error irfhe calibration. An increase
in thedc/pe ratio decreases the flux constant. This is because if a sietldhower at the
same energy makes a brighter image, the same measured simwévoks more like a
simulated shower with lesser energy. The 109 camera wasempsensitive to muons and
only the very brightest triggered the camera. However, igignlikely the cause of the
disagreement as the discriminator threshold in the sinwriatvas set at the same level as
the hardware trigger.

Both shower simulations reconstruct the spectral indexhef@rab Nebula spectrum
correctly; the difference is within the statistical errddowever, the flux constant calcu-
lated withkascade7 is consistently higher than withuscade3. This means thatascade?
increases the estimated shower energy by 10% and this muskée into account as an

additional systematic error. Further investigation irite thanges are in progress.

3.4.4 Spectrum in 2001/2

Of interest for the analysis of the blazar 1ES 1959+650 flaréune 2002 is the contem-
poraneous Crab Nebula spectrum. Unfortunately, this ipossible as the Crab Nebula is
only visible until April with decreased elevations begingiin February. By requiring the
dc/pe calibration to be approximately constant for all data, B®5 shows that the time
period is restricted to October through January. Thecklook analysis of the selected 39
pairs in A weather is shown in Fig. 3.27. The unusually lagger excess in thetl-region
(20°< alpha <65°) builds up steadily in time; it is not correlated with raweair pedestal
fluctuations, or with throughput. Thér/pe calibration was performed with muon rings
from the same 39 Crab ON/OFF pairs. Its value @R + 0.02dc/pe is compatible within

month-to-month variations from October through Januamgwa in Fig. 3.25. The fit
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FIGURE 3.27.Quicklook analysis of the Crab data taken in 2001/2.
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of the energy estimation function was done between 250 GeM2@nTeV with anrms
differencelog[E] — log[E..] of 0.19, energy resolutionms(42) = 0.62 and an average
biaslog|E] — log| E.s:] of 0.005. The spectrum of the Crab Nebula, Fig. 3.28, can teelfit
with a power law between 312 GeV and 13 TeV by

dN
dE dA dt

1

= (3.34+0.24) x 107 f—2-3440.07s S
TeV m®s

(3.19)

with x2 . /ndf = 2.6/(9 — 2). Only statistical errors have been calculated; the sysiema
uncertainty of the flux constant is estimatedtas6 and that of the index-0.04. Thus, the

spectrum is in agreement with other years, see Sect. 3.4.3.
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CHAPTER4

FLARE SPECTRUM OF1ES 1959+650

The BL Lac object, 1ES 1959+650 (1ES 1959), at a redshift @D, is the super mas-
sive black hole at the center of a galaxy, shown in Fig. 4.1wds discovered in 1993
by comparing the X-ray/radio/optical fluxes of objects i thinsteinlPC Slew Survey
(Schachter et al., 1993). 1ES 1959 was first detected at VIdEyEs by the Utah Seven
Telescope Array in mid-1998 (Nishiyama et al., 1999). Dagriviay 2002, it was seen in
a flaring state in the VHE energy regime for the first time by Whipple Observatory
(Weekes et al., 2002). During the following two months, tigeot was intensely mon-
itored by the VERITAS (Holder et al., 2003b,a) and HEGRA abtirations (Aharonian
et al., 2003b). Overlapping with the VHE observations weidia, optical, and X-ray ob-
servations (Schroedter et al., 2003; Horns et al., 2002yKzginski et al., 2003, 2004). See
App. E for an updates to the analysis presented in (Schroeté., 2003).
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FIGURE 4.1. Optical image of 1ES 1959 (indicated by arrow) on a 6’ biyedd of view.
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4.1 History and Spectral Energy Distribution

1ES 1959 is classified as a high-frequency peaked BL Lac witk-eay to radio flux ratio
log Figev/Fsau. > 5.5 (Urry et al., 2000). The host galaxy of 1ES 1959 is elliptiaéh
a half-width half-max radius af, = 6.64 4 0.13 kpc, assumingZ,=50 km s'* Mpc~* and
q0=0 (Urry et al., 2000). The host galaxy size was determineshfa fit of emission from a
point source, 1ES 1959, plus an elliptical galaxy convohsth the point spread function
of the telescope. The central black hole mass was derivea $tellar velocity dispersion
measurements to b&*" M, (Woo and Urry, 2002).

The spectral energy distribution of 1ES 1959 is shown in Big. Across the entire
spectrum it is an unresolved point source. Infrared andcaptadiation from the host
galaxy, shown by a thick line and labeled “Galaxy light” igF#.2, are relatively weak
compared to the emission from the jet. Near-contemporadata across the entire spec-
trum for the VHE flare on 4 June is shown bpen square#n Fig. 4.2. At radio wave-
lengths, the flux level did not change during the flare congh&mearchival data.

During two X-ray flares in 2000, a correlation was seen betvtbe hardness ratio and
the flux (Giebels et al., 2002). This suggests that the steadgsion is due to the large-
scale relativistic jet, while the flares are due to knots drdpmts as are commonly seen in
the jets of non-aligned AGN. The EGRET 95% confidence levpkufimit for 1IES 1959
is1.62 x 1077 cts cnT? s, E> 100 MeV (Hartman et al., 1999). The peak response for
most sources detected with EGRET lies at around 300 MeV, sdenee an upper limit at
300 MeV of abouf’.8 x 10~ !terg cnr?2.

4.2 Lightcurvein 2002

Observations on 1ES 1959 were taken with the Whipple 10msd¢efge from 16 May 2002
through 8 July 2002 (UT) for a total of 36 hrs. The light curverided from a tracking
(TRK) analysis withSupercuts2000 applied is shown in Fig. 4.3. Holder et al. (2003a)

applied a correction to the integral gamma-ray rate to actéor the loss of telescope
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FIGURE 4.2. Spectral energy distribution of 1IES 1959 along with\th&E spectrum ob-
tained with the Whipple telescope. Data taken from the Wailthg sources: 325 MHz radio
data from (Rengelink et al., 1997), 365 MHz from Texas radiosey (Douglas et al.,
1996), 1.4 GHz from Greenbank (White and Becker, 1992), G8& from Greenbank
(Gregory and Condon, 1991), 8.4 GHz from VLA (Patnaik et H892), galaxy photome-
try at millimeter wavelength from (Stevens and Gear, 19§8)axy photometrythick line
and point$ at K, H, and J-bands from 2MASS (Jarrett et al., 2003), gakxd nucleus
R-band photometry obtained with Hubble Space Telescopecamdcted for interstellar
reddening (Urry et al., 20000pen squaresdicate measurements (nearly) contempora-
neous with the VHE flare on 4 June flare (Krawczynski et al. 20@iangles upindicate
the time averaged spectrum in May while the source was infastage & 0.5 Crab). Also
shown are two other X-ray spectra from Krawczynski et alO@that indicate the range
of spectra observed during flares in Maypper curvg and during a quiescent VHE state
in mid June lower curvg. The upper limit at 300 MeV is from EGRET (Hartman et al.,
1999) averaged over several years. The VHE gamma-ray specturing the quiescent
state in 2000/1 and during flaring in May 2002 are taken frorhg@nian et al., 2003b).
The VHE flare spectrum on June 4 is derived in this work.
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sensitivity that was based on the measured backgroundHate, no correction is applied
to the data, but for the spectral analysis the simulatioasalibrated using the measured

brightness of muon rings, see Sect.. 3.3.
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FIGURE 4.3. Rate of gamma rays with energy greater than 670 GeV teetdoom
1ES 1959 during May through July 2002.

4.3 Flareand Background Data

The spectrum will be derived for the gamma-ray flare obsewedhe night of 4 June
2002, 52429 MJD. The detailed lightcurve is shown in Fig. 4During the 2 hours of
observations, no strong evidence for variability was fquhe x? probability for constant
emission is 8% (Holder et al., 2003a).

Holder et al. (2003a) also found that this gamma-ray flaredeakloped in less than
seven hours, the fastest change observed for this souragyiwaveband. Simultaneous
RXTE observations at the time of the VHE gamma-ray flare didreeeal any change in
the 2-10 keV flux or the 3-25 keV photon index (Krawczynskilet2003). The presence

of a VHE gamma-ray flare without X-ray activity cannot be miedeby a single electron
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FIGURE 4.4. The gamma-ray rate for the flare night in 5 minute binpiaken from Holder
et al. (2003a). The rates have been corrected for zenitreafgibservation and relative
telescope efficiency as described there.

population, but requires a two-component model (Krawckyesal., 2003). This the first
example of an “orphan” gamma-ray flare.

The flare data consists of 4 on-source observations witmonddiately following off-
source observations. This tracking (TRK) mode of obseowatiis used when a strong
signal is measured and the systematic error arising fromaaomtemporaneous off-source
(OFF) observations is expected to be small. Total on-saexpesure time was 92 minutes.

The selection of OFF runs was based on their similarity toltR& runs in date, eleva-
tion, throughput, pedestal fluctuation. In particular, CGif¢s were taken within 1 month
of the TRK observation, within®cof elevation, throughput factor within 0.05, and pedestal
fluctuations less than or equal to the TRK run.

A summary of the tracking data together with the selectedcmmemporaneous off-
source observations is given in Tab. 4.1. The table showeithird column the throughput
factor for the TRK and OFF runs; this is the background evaté due to cosmic rays
measured relative to a reference run with clear night sk Bl gamma-ray rate derived
with Supercuts2000, Tab. 2.2, and not corrected for throughput or elevatiorhsas in
column four. Additionally, the last column shows how welethRK and OFF runs are
matched to each other; it is the statistical significanceamkiground events between the
ON and OFF observation. These events are not part of the gaaynsignal and were

selected according to the criteria given in Tab. 4.1. Th&gamnd events cover the entire
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energy range considered in the spectral analysis. For a gwidh, the significance is
required to be less than 1&- For all four pairs the combined excess is 0g8neaning

the TRK and OFF runs are well matched to each other.

TRK/OFF | Elevation Throughput Raté | Matcht
22353/595 46°/50° | 0.51/0.52+0.04 | 4.82 £ 0.67 -0.60
22354/609| 48/51° | 0.55/0.544+-0.06 | 4.35 £+ 0.68 -0.02
22355/458 51°/52° | 0.59/0.57+0.05| 5.37 £ 0.66 1.19
22356/231| 52°/54° | 0.60/0.64+0.05| 7.32 £1.18 0.77

Total | 5.11 + 0.37 0.58

TABLE 4.1. Detailed look at flare data of 1ES 1959 on 4 June 2002.

@ Run number.

b Gamma-ray rate per minute afttpercuts2000, see Tab. 2.2.

¢ Significance of the cosmic ray event excess between the TRKO&#F run. Events se-
lected for this purpose are not part of the gamma-ray sigmékshould provide a relatively
unbiased estimate of the similarity between the obsematanditions. The criteria that
define this control region are: 28 alpha <65°, 0.£< distance <1.0°, max1 > 50 dc,
max2 > 45 dc, andmax3 > 40 dc.

4.3.1 Sky Quality

The weather was rated "B-" for the night because of wispy diohefore sunset. Usually,
such high cirrus clouds do not have a large effect on the gamamaetection rate. The
raw rate was stable for all runs and the throughput, Fig. #l in line with A weather

observations during May and June, though the throughputay Mas generally higher

than in June.

4.4 Description of the Monte-Carlo Simulation

Simulations of gamma-ray initiated atmospheric showers @detection by the telescope
were carried out with the Grinnell-ISU (GrISU) package, dth®n Kertzman and Sem-
broski (1994) and described in part in Mohanty et al. (1998he parameters used to

produce the simulations are the same as listed in Tab. 3ti,the exception of energy
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FIGURE 4.5. Throughput of flare data and "A” weather data in May anaeJu

range: 0.15 TeVE<100 TeV and zenith angle, 4lhe light-to-digital counts conversion
of the telescope was calibrated by comparison of simulatedrmmings with those found
in contemporaneous 1ES 1959 data, see Sect. 3.3. Its valué(Oof- 0.05 dc/pe is in
agreemerttvith 2.03 £ 0.05 dc/pe determined for the entire month of June, see Fig. 3.25.
To improve the energy resolution in the spectral analysis @nreduce bias due to
uncertainties around the triggering threshold the follogvioose cuts were applied to the
simulations and the data: 04 distance <1.0°, max1 > 50 dc, max2 > 45 dc, max3 >
40 dc, alpha <35°. For a Crab-like spectrum with differential index -2.5, ttiéerential
and integral trigger rates are shown in Fig. 4.7. The peaggént rate occurs at an energy
of 0.82 TeV for the spectral cuts, described below, and 08V With Supercuts2000.
With these cuts, 90% of the triggers occur above 0.62 TeV afid TeV, respectively. The
collection area, shown in Fig. 4.7, reaches 10% of its marinalue of 126,000 fhat an

energy of about 560 GeV for the spectral cuts.

1This factor includes changes of the telescope optics. Asetiage not part of the electronics chain, the
dc/pe value derived here cannot be compared directly witbrqtublished calibrations.
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FIGURE 4.6. Left: Trigger rate from a source with spectral index -2.5 aftercae cuts
(bold) andSupercuts2000 (thin). Right: Integral trigger rate normalized to 1.
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FIGURE 4.7. Collection area of gamma-rays at 4%evation in May/June 2002 for spectral
cuts (bold line) andbupercuts2000 (thin line).
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45 Event Selection and Energy Estimation

The spectral analysis is a combination of both, method 1 aogl idohanty et al. (1998),
see Sect. 3.2 and Petry et al. (2002). The method consistyigird) size-dependent cuts
onlength, width, andalpha, shown in Fig. 4.8, and fitting an energy estimation function
to the measuredize anddistance of simulated gamma rays. About 89% of the simulated
gamma rays pass all cuts relatively independentied. The fit results in an energy reso-
lution of rms(Alog E) = 0.17, rms(AE/E) = 0.48, andbias(Alog E') = 0.015. The fit
was performed over the energy range from 0.4 TeV to 40 TeV.|®tver limit is a com-
bination of the collection area fall-off with decreasingeegy and the energy resolution at
that point: 0.56 TeV/(1+0.48) 0.4 TeV. A cut-off at the upper limit is necessary because

of poor event statistics of the Monte-Carlo simulation.
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FIGURE 4.8. Parameter distributions and cuts versugsize) from Monte-Carlo simula-
tion at 49 elevation after application of loose spectral cuts. @besare simulated events,
theblue crosseshow the mean, while th&olid linesshow the polynomial fit through the
mean. Dashed lineshow the actual cut chosen at a tolerance of two standarctitavs
around the mearDotted linesshow cut level ofSupercuts2000.
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45.1 Spectral Reconstruction

To fit a functional form to the spectrum, the signal excessriadxd with logarithmic width
about equal to the energy resolutiah(log £') = 0.2 (Scott, 1979; Mohanty et al., 1998)
with the lowest bin starting dbg £ = —0.4 as discussed in Sect. 4.5 .

4.6 Flare Spectrum

For 1ES 1959, the number of excess events in each energy $simgaall cuts is shown in
Tab. 4.2.

Energy| ON OFF | ON-OFF | S Flux
[TeV] | [events]| [events]| [events] | [o] [TeV-im=2s7!]
0.50 136 50 86+14 6.3 | (6.89£1.10)x107°
0.79 205 81 124+17 7.3 | (1.86+0.26)x 10~
1.26 183 79 104+16 6.4 | (5.06:0.79)x 107
2.00 136 57 79t14 5.7 | (1.54+0.27)x10°7
3.16 93 27 66+11 | 6.0 | (6.76+1.14)x 102
5.01 35 11 24+7 3.5 | (1.32+0.38)x 108
7.94 17 4 1345 2.8 | (4.51£1.61)x10~°
12.59 4 1 3+2 1.3 | (5.92£4.36)x 10719
19.95 1 0 1+1 1.0 | (1.28+1.29)x 10710
Total 810 310 500+33.5| 14.9

TABLE 4.2. Statistics in each energy bin for the flare data.

Fig. 4.9 shows the flare spectrum with statistical error bére systematic uncertainty
stems from the combined statistical and systematic uriogrtaf the de/pe calibration,
estimated at 10%, see Sect. 3.3.3, and from the chosen evanickt. To explore the
uncertainty arising from the cut toleranceyill be varied aroun® + 0.5. The power law
fit to the spectrum over the energy range from 0.5 TeV to 20 TelMuding statistical{t)

and systematicsf/) uncertainties is given by

dN
dE dA dt

1

= (1.03£0.07, £ 0.1,) x 10702 TF008080050
( ! v) X TeV m?s’

(4.1)
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with x2,,../ndf = 7.5/(9 —2). Thex? probability that this data would randomly arise from
the power-law fit is 0.29. The statistical error represeh&sG8% confidence interval (Cl)
for a fit with one free parameter and the other parameter fregéts optimum value. The
68% CI with two simultaneous free parameters, definegy +2.3, is shown in Fig. 4.10
along with two other probability contours. Though thévalue of the fit is acceptable, a
power law fit exponential cut-off is also explored, shown ig..9 by a dashed line. This
cut-off parameterization has been frequently used to cheniae the absorption of VHE
gamma rays by extragalactic light. Though the attenuatniois an exponential shape
e~ 7, the optical depth- does not vary linearly with energy so that a cut-off foundhwit
this simple parameterization should be interpreted aseene for absorption, but not as a

physically quantitative statement. The power law fit witipexrential cut-off is

dN
dE dA dt

0.05 1

— (1.1040.0940. 10-6 o~ E/13+THTeV 2444014483 = (g9
(1.10£0.09+£0.05) x 10" e TeVm2s’( )

with 2 . /ndf = 4.4/(9 — 3), ax? probability of 0.62. The F-test probability of obtaining
this lowery? value randomly over the power law fit is 66%. The improvemesgtra pure
power law is not significant, but from Fig. 4.9 a slight dowmtof the flux above 10 TeV is
noticeable. The 95% asymptotic Cl of the cut-off energy asahly free parameter ranges
extends to 31 TeV, past the the available data. This, togefitiethe systematic uncertainty
of £5°, leads to the conclusion that no statement can be made dimekistence of an
exponential cut-off.

The selection of OFF runs for this analysis was based on aleasonable, but ad-hoc
criteria. To check the validity and possible systematiomrarising from this choice, two
other sets of OFF runs were also used in the spectral analysesset consisted of OFF data
that was well matched to the TRK runs by usistgpercuts2000 with 20°< alpha <65°
instead of the cuts described in Tab. 4.1. These cuts regtdevents to a slightly higher
energy range. The fitted power law spectra with and withopbeential cut-off were found
to be compatible within statistical uncertainties. Anathet of OFF runs was composed of

1ES 1959 TRK runs that had little or no signal in them, but watheerwise similar to the
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FIGURE 4.9. Differential flux spectrum of 1ES 1959 on 4 June 2002 tiogrewith a power-
law fit (solid) and a power-law fit with exponential cut-offgshed). Dotted lines on the
power law fit show the CI obtained by varying both parametertheir individual 68%
confidence interval.

June 4 data. This resulted in a similar spectral index, bth wireduced flux constant as
the OFF runs had a small amount of signal in them.

The HEGRA collaboration measured the spectrum of 1ES 19%5@glits quiescent
phase from 2000 through 2001 and during major outbursts ip & July 2002 (Aharo-
nian et al., 2003b). While 1ES 1959 was in a flaring state dugimights in May and July
2002, they derived a spectrum @f4 +2.2) x 10~7£~283£022 TeV-Im=2571 2 (d.o.f.)
= 1.9 (6) between 1.5 TeV and about 10 TeV, shown in Fig. 4.14ough the HEGRA
spectrum was derived over a different time period and exadutie June 4 flare, it is com-
patible with the spectrum of the “orphan” flare on June 4. TH&3RA spectrum is also
compatible with the Whipple 10 m spectrum measured duringfiaactivity in May 2002
(Daniels et al., 2004).

HEGRA also fitted a power law with exponential cut-off to thetal (5.6 + 1.6) x
107~ B/(4:2£1.5TeV) p—1.83£0.23 Tey—Im~2s71, 2 (d.0.f.) = 1.7 (5). The cut-off energy
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FIGURE 4.10. Confidence regions for the power law fit without expdiaicut-off with
probability content of 40%, 68%, and 90% for the simultareeaalues of the spectral index
and flux constant. Contour lines are drawnat, +1, 2.3, and 4.6.

measured by HEGRA is statistically compatible with no cfiitad all and thus with the
Whipple spectra.

During the quiescent phase, the spectrum was measured biRAEGbe (7.8 +2.5) x
1078 F—318£0.25 TeV—Im=2s7! 2 (d.o0.f.) = 0.22 (3), or with a power law with exponen-
tial cut-off and fixed spectral inde.0 4 2.2) x 10~ 8¢~ F/@T£L1TeV) =18 Tey—Iim=2g71
x2.4(d.0.f) =0.65 (3).

On a final note, Vassiliev (2000) introduced a smooth paranzestion of the optical
depth so that an analytic form of the EBL density can be ddriVéith the functional form
of the EBL spectrum proposed there, the 1ES 1959 spectrues@ithed byxp(—13.77+
0.07—(2.60+0.14) log E —(0.0840.08) log> E) TeV"'m~2s7!, y2,,(d.0.f.) = 6.01 (6); the
statistical errors are for the 68% confidence interval okjmehdent parameter variations.
The effect of absorption is represented by the two last aoeffis, they describe the change

in power law and the curvature. The curvature term is corbpatvith the mean value of
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FIGURE 4.11. 1ES 1959 spectra measured for two different flares eywhipple and
HEGRA collaborations.

0.17 suggested by Vassiliev from the flare spectra of Mrk 4%d Mrk 501 and less than
the upper limit of 0.3 derived through direct optical EBL ,maeements at 3;6m.
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CHAPTERS

FLARE SPECTRUM OF1ES 2344+514

The BL Lac object 1ES 2344+514 (1ES 2344), shown in Fig. 5a%,lbeen monitored by
the Whipple collaboration since 1995 (Catanese et al., 1998e object was observed
in a flaring state during the night of 20 December, 1995, wifignificance of 5.3, the
strongest flare from this object measured to date. At a rédsh0.044, it is one of five
active galactic nuclei (AGN) detected by the Whipple cotiedtion. Recently, the HEGRA

collaboration reported an independent confirmation ofgbigrce (Tluczykont et al., 2003).
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FIGURE 5.1. Optical image of 1ES 2344 (indicated by arrow) on a 6’ biyebd of view.

5.1 History and Spectral Energy Distribution

1ES 2344 (position J1950: RA 23h44m36.26s, DEC 51d25m3Pdtmaik et al., 1992))
was detected by the Einstein Slew Survey (Elvis et al., 189®)e energy range 0.2-4 keV.



143

The survey was constructed from data collected during th&®H2 mission from 1978-
1981. 1ES 2344 was identified as a BL Lac object from (1) itsrtitive radio/optical/X-
ray flux, (2) the absence of emission lines with observedvedgemt width greater than
5A, and (3) a CA Il "break strength” smaller than 25% (Perlmarak, 1996). These
criteria define an object with strong nonthermal emissioncivialmost completely masks
the thermal emission from the surrounding host galaxy. To& balaxy of 1ES 2344 is
elliptical with a half-width half-max radius of, = 7.12 + 0.02 kpc, assumingZ,=50 km
s~! Mpc~! andg,=0 (Urry et al., 2000).

The non-contemporaneous spectral energy distribution E® 2344 is shown in
Fig. 5.2. Across the entire spectrum, 1ES 2344 is an unredgboint source, a central
black hole of masg088+%-16 M . derived from stellar velocity dispersion measurements
(Barth et al., 2003). The earliest radio data was obtainetth&yJniversity of Texas Radio
Astronomy Observatory at 365 MHz during a sky survey from4:9883 (Douglas et al.,
1996). Radio observations followed at 1.4 GHz in 1983 (Conalod Broderick, 1985), at
4.85 GHz in 1987 (Becker et al., 1991) (Gregory and Condof11@erlman et al., 1996),
and at 8.4 GHz in 1990 by the VLA (Patnaik et al., 1992).

In the optical and far-infrared, observations of 1ES 2342l raasked by the thermal
emission coming from the host galaxy. The total photomeyrihie 2 Micron All Sky Sur-
vey (Jarrett et al., 2003) and by HST (Urry et al., 2000), laalaxy light” in Fig. 5.2,
lie well above the value expected by pure synchrotron eomissom the jet. Observations
with the Hubble Space Telescope (HST) in 1996 measured anR4{tréghtness of the nu-
cleus of 16.83-0.05 mag from a fit of a point source plus galaxy convolved h#hpoint
spread function of the telescope (Urry et al., 2000). Dudogtinued monitoring through
1998, the R-band brightness varied from 16.47 mag (Nilss@h ,€1999), and 17.00 mag
(Falomo and Kaotilainen, 1999), indicating optical varldi An optical monitoring pro-
gram in 2000/1 by Xie et al. (2002) found short time scale afaitity to be weak, with
maximum intraday variability oAV = 0.18 mag, AR = 0.1 including galaxy light. A

relatively large brightness decrease of 0.35 mag was oedenvthe V-band over 2 weeks
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FIGURE 5.2. Spectral energy distribution of 1ES 2344 along with\th&E spectrum ob-
tained with the Whipple telescope. Data taken from the Waithgy sources: 365 MHz from
Texas radio survey (Douglas et al., 1996), 1.4 GHz from Graak (White and Becker,
1992), 4.85 GHz from Greenbank (Gregory and Condon, 1994)81z from VLA (Pat-
naik et al., 1992), galaxy photometry at millimeter waveignfrom (Stevens and Gear,
1999), galaxy photometry at K, H, and J-bands from 2MASS¢fiaet al., 2003), galaxy
and nucleus R-band photometry obtained with Hubble Spalesdape and corrected for
interstellar reddening (Urry et al., 2000). X-ray obseivaty BeppoSAX (Giommi et al.,
2000), upper limit at 300 MeV from EGRET (Hartman et al., 1p9®Quiescent VHE
gamma ray flux during the period 1997-2002 from HEGRA (Tldeayt et al., 2003) and .

in January 2001.

1ES 2344 showed X-ray variability on the time scale of hoarthie 0.1 - 10 keV en-
ergy band during a week-long campaign in 1996 by the BeppoS#&llite (Giommi et al.,
2000). A follow-up observation in 1998 found 1ES 2344 to ba wrery low state, implying
a frequency shift by a factor of 30 or more of the peak synchroémission. This suggested
the interpretation that two distinct electron populaticostribute to the synchrotron emis-

sion; one steady low-energy component, the other exterfthngsoft to hard X-rays with
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rapid time variability. During the 1996 X-ray campaign, nsanultaneous VHE observa-
tions by the Whipple observatory did not result in a detectio

The EGRET 95% confidence level upper limit for 1ES 1958.#8 x 10~% cts cn?
s, E> 100 MeV (Hartman et al., 1999). The peak response for mostesuletected
with EGRET lies at around 300 MeV, so we derive an upper limi3@0 MeV of about
3.4 x 10~ terg cnr2.

The detection of VHE gamma rays from 1ES 2344 in December 1885 first re-
ported by the Whipple collaboration at the 1997 InternagloGosmic Ray Conference
(Catanese et al., 1997). Though the detection was at th&e®el, it was considered ten-
tative because follow-up observations through 1997 diddedect further evidence for a
signal nor had other observatories reported the object tm lzehigh state. Monitoring
from 1998 to 2000 however, showed again a small positive sx¢Badran, 2001), but
no flares were detected at VHE or X-ray energies. RecenttyHEGRA collaboration
reported an independent confirmation of this source (Tlkeoay et al., 2003). A sum-
mary of the VHE observations is given in Tab. 5.1. An earlispublished measurement
of the VHE gamma-ray spectrum covering the entire 1995/@Miisg season yielded a
spectrum of(1.14 4 0.50) x 1077 E~22+043 Tey~1 m=2 57!, statistical error only, with

x%/ndf = 3.2/2 (Bussons-Gordo, 1998a,b).

5.2 Flareand Background Data

The flare data consists of the 4 pairs summarized in Tab. 52 lightcurve shown in
Fig. 5.3. The total on-source exposure time was 110 minuldg table shows in the
third column the throughput for the ON and OFF runs, the bemkgd event rate due to
cosmic rays relative to a reference run with clear night skye gamma-ray rate derived
with Supercuts95 is shown in column four; this reanalysis is in agreement Wigttanese
et al. (1998). The last column shows how well the ON and OFIs mne matched, it is

the significance of the ON-OFF excess with events charaetkby 20< alpha <65°and
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Date Reference Exposure| S$* Integral Flux | Eipresn

[hr] [0] | [x107"m 257! | [TeV]

1995/6 Catanese etal. 1998 20.5 5.8 1.7+0.5 0.35
20 Dec. 1995 Catanese etal. 1998 1.85 |5.3 6.6+1.9 0.35
1996/7 Catanese etal. 1998 24.9 0.4 < 0.82¢ 0.35
Dec. 1997 | Aharonian et al. 2000a 15.8 NA < 0.29¢ 1.0
1997-2002 | Tluczykontetal. 2003 72.5 4.4 0.08 +0.03 0.8
1998 Konopelko etal. 1999 23.8 |3.3 < 0.09° 1.0

2000 Badran 2001 3.1 2.4 1.1 +0.1¢ ~0.4

TABLE 5.1. Worldwide VHE measurements of 1ES 2344.
“ statistical excess, part of the data listed in the above enti89.9% C.L. upper limit?
99% C.L. upper limit¢ statistical error only.

passing a set of loose cuts, see Tab. 5.2. This conttfl fegion is excluded from the
gamma-ray analysis and the significance gives an indicafitime statistical compatibility
between the ON and OFF runs over the entire energy rangedsyedi in the spectral
analysis. A good match is especially important for the last which was taken without
an immediate off-source observation. A separate OFF runseiested from 16 February,
1996 that was found to match well in elevation, throughpetestal fluctuation, and is

relatively bias-free in thet/-region.
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FIGURE 5.3. VHE gamma-ray lightcurve for 20 Dec. 1995, Figure takem Catanese
et al. (1998)
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ON/OFF | Elevation Throughput Raté | Matcht
4022/3 64° | 0.77/0.78+:0.08| 0.70 £ 0.28 -0.70
4024/5 55° | 0.68/0.714+0.08 | 1.04 +0.378 -1.33
4026/7 47 | 0.52/0.57+0.05| 0.91 +0.42 -0.98

4028/4490 37°/36° | 0.45/0.414+0.04| 1.54 +0.47 0.86
Total | 1.14 +0.20 -0.82

TABLE 5.2. Detailed look at data of 1ES 2344 taken on 20 Dec. 1995.

“ Run number.

b Gamma-ray rate per minute afttpercuts1995, see Tab. 2.2.

¢ Significance of the event excess for the TRK run over the OFFou a subset of the
data that is otherwise excluded from the gamma-ray speatidi/sis. This should provide
a relatively unbiased estimate of how well the TRK and OFFsmmatch. The criteria that
define thisctl-region are: 20< alpha <65°, 0.3 < distance <1.1°, size > 65 dc, and
length/size < 0.00085 °/dc.

5.2.1 Sky Quality

The weather was rated "A” by the observers; this is confirmethb overlap of the through-
put value with other ”A” weather observations made from @etcl 995 through April 1996
shown in Fig. 5.4.

5.3 Description of the Monte-Carlo Simulations

The observations cover a wide range of elevation with nedditilow gamma-ray rate. To
obtain the most optimized cuts and to maintain an accurateggrcalibration, the data
is combined at two average elevations of 4hd 58. The Monte-Carlo simulations of
gamma-ray initiated atmospheric showers and subsequesttia by the telescope were
carried out with the Grinnell-ISU (GrISU) package.

At 58° elevation, the parameters used to produce the simulatiertha same as listed
in Tab. 3.7, with the exception of zenith angle. At4devation simulations were carried
out over the energy range 0.3 Te¥(<100 TeV and a larger impact range of up to 350 m.

The light-to-digital counts conversion of the telescopeswalibrated by comparison
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FIGURE 5.4. Throughput of 1ES 2344 flare data and "A” weather obsemain 1995/6.
For clarity, the error bars are only shown for the flare data.

of simulated muon rings with those found in contemporaneCrah Nebula data, see
Sect. 3.3. Its value df.84 + 0.07* digital counts (dc) per photo electron (pe) is constant
over observing season, see Sect. 3.3.

To improve the energy resolution of the spectral analysisraduce bias due to uncer-
tainties around the triggering threshold the followingdeauts were applied to the simu-
lations and the data: 0.3 distance <1.1°, length/size <0.00085/dc, mazx2 > 65 dc,
andalpha < 25°.

At 41°, the differential and integral trigger rates are shown ig. 5.6 for a Crab-like
spectrum with differential index -2.5. The peak triggeeratcurs at an energy of 1.4 TeV
for spectral cuts, described below, and 2.1 TeV wWitlpercuts1995. With these cuts, 90%
of the triggers occur above 1.05 TeV and 1.67 TeV, respdgtilée collection area, shown
in Fig. 5.5, reaches 10% of its maximum value of 170,000atman energy of about 1.1

TeV for spectral cuts.

1This factor includes changes of the telescope optics. Asetiage not part of the electronics chain, the
dc/pe value derived here cannot be compared directly witbrqtublished calibrations.
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At 58°, the differential and integral trigger rates are shown ig. /5.6 for a Crab-like
spectrum with differential index -2.5. The peak triggeeratcurs at an energy of 0.69 TeV
for spectral cuts and 1.1 TeV withupercuts1995. With these cuts, 90% of the triggers
occur above 0.48 TeV and 0.75 TeV, respectively. The catiacrea, shown in Fig. 5.5,
reaches 10% of its maximum value of 136,000 at an energy of about 0.51 TeV for

spectral cuts.

5.4 Event Selection and Energy Estimation

The spectral analysis is described in Sect. 3.2 At, 4the energy resolution is
rms(Alog E') = 0.15, and the bias i%ias(Alog ) = 0.018. The fit was performed be-
tweenFE = 0.8 TeV and 40 TeV, the lower limit is a combination of theleotion area fall-
off with decreasing energy and the energy resolution atgbatt: 1.07 TeV/(1+0.39%) 0.8
TeV. A cut-off at the upper limit is necessary because of myant statistics of the Monte-
Carlo simulation.

At 58°, the fit results inrms(Alog E) = 0.15, energy resolutiomms(AE/E) = 0.45
andbias(Alog E) = 0.012. The fit was performed betweéri = 0.4 TeV and 25 TeV, the
lower limit is chosen at 0.51 TeV/(1+0.45)0.4 TeV.

The selection of gamma rays from the data is done by impositggan the parameters
width, length, andalpha. These "extended cuts”, or spectral cuts, are derived fioen t
Monte-Carlo simulation and scale witlize so that the fraction of gamma rays selected is
roughly size independent. Fig. 5.7 shows the parameter distributiodsla& mean value
after loose cuts up to the largeste observed in the dataAt 41°, 86% of the simulated
gamma rays pass all cuts shown in Fig. 5.7, relatively inddpet ofsize and at 58, 87%
pass all cuts. The simulations at°5&8e limited by statistics at high energies, making the
cuts somewhat inefficient. In particular, the upturn of ttigha-cut is unphysical, but it

still remains below 15 the canonical value dfupercuts.

2The largestize for the 4T data is10% dc and10*° dc for the 58 data.
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FIGURE 5.5. Left Trigger rate at 41 elevation {op) and 58(bottorm) due to a Crab-like
spectrum after spectral cuts (bold) afidpercuts1995 (thin). Right Integral trigger rate

normalized to 1.

5.4.1 Spectral Reconstruction

To fit a functional form to the spectrum, the excess is binmeldgarithmic energy bins.

Because of the very small signal, the bin width is chosen atetthe energy resolution
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FIGURE 5.6. Collection area of gamma-rays at°dlevation [eft) and at 58 elevation
(right) in 1995 for spectral cuts (bold line) attipercuts1995 cuts (thin line).

A(log E) = 0.3 (Petry et al., 2002).

5.5 Flare Spectrum

For 1ES 2344, the number of excess events in each energy teinadlf cuts is shown
in Tables 5.3 and 5.4 for the two elevation ranges. Flux ufipgts are given if the
gamma-ray significance is less tham in the energy bin. The upper limits are at the 98%
confidence level and calculated according to the methodithesicin (Helene, 1983).

The spectra for the two data sets centered arouridadd 58 elevation are shown in
Fig. 5.8. The error bars show the statistical error only.

The power law fit to the £1spectrum over the energy range from 0.8 TeV to 12.6 TeV

is given by
AN —7 17—2.541+0.175;£0.074y 1
N (5110, 412,) x 107 Twvwrs G

with x2.. /ndf = .2/(4 — 2). Thex? probability for this data to randomly arise from the

power-law fit is 0.9. The statistical error represents th&G®nfidence interval (Cl) for a
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FIGURE 5.7. Parameter distributions and cuts verkiggsize) from Monte-Carlo simu-
lation after application of loose spectral cufp 41° elevation,bottom 58 elevation.
Thedotsare simulated events, tidue crosseshow the mean, while treolid linesare the
polynomial fit through the meamashed lineshow the actual cut chosen at a tolerance of
two standard deviations around the meBotted linesshow cut level ofSupercuts1995.

fit with one free parameter while the other parameter frozets aptimum value. The 68%
Cl with two simultaneous free parameters, definedpy, + 2.3, is shown in Fig. 5.9.
The systematic errors are shown in Fig. 5.9 by crosses. Tleey @stimated by varying

the cut tolerancet, from its nominal value of 2, between 1.5 and 2.5, and by veyyhe
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Energy| ON OFF | ON-OFF| S Flux
[TeV] | [events]| [events]| [events] | [¢] | [TeV'm~2s7}]
1.12 55 30 | 2549 2.7 | (3.64E1.34)<10~"
224 | 86 51 |35+12 | 3.0 | (7.24:2.42)x 1073
4.47 35 20 | 15+7 2.0 | (9.82+4.85)x10~°
8.91 14 6 8+4 1.8 | (2.11£1.19)x107°
17.78 7 4 3+3 0.9 <1.19x107°
35.48 0 2 -2+1 -1.4 <1.43x 10710
Total 197 113 84+17.6| 4.8

TABLE 5.3. Statistics in each energy bin for the flare data neaetvation. Upper limits
are given at the 98% confidence level.

Energy| ON OFF | ON-OFF| S Flux
[TeV] | [events]| [events]| [events] | [¢] | [TeVim™2s7]
056 | 63 38 | 25110 | 2.5 | (1.29£0.51)x10°°
1.12 83 63 | 20+£12 | 1.7 | (1.27+£0.77)x 107
2.24 39 42 -3+9 -0.3 <3.91x1078
4.47 22 19 3+6 0.5 <1.46x1078
8.91 8 7 1+4 0.3 <3.62x107°
Total 220 174 | 44+19.8| 2.2

TABLE 5.4. Statistics in each energy bin for the flare data neaet&&ation. Upper limits
are given at the 98% confidence level.

energy calibration byt10%, see Sect. 3.3.3. The uncertainty in the energy callor
the most significant contribution to the uncertainty in thexftonstant. For example, a
10% change in the energy calibration leads to a 25% (30%)gehanthe flux constant if
the spectrum has a differential index of -2.5 (-3.0). In &ddj due to the large range of
elevation covered, a small systematic uncertainty on teraf 10-15% should be allowed
for when comparing the two spectra measured (Krennrich.e1999). The spectral index
is mostly effected by varying the cut tolerance. It shoulchb&ed that the systematic error
evaluated in this way is smaller than the statistical erfdris means that a good estimate
of the systematic error is not possible with this method enieless is does indicate the

relative importance of the two sources of error.
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FIGURE 5.8. Differential flux spectrum of 1ES 2344 on 20 Decembersl¥3bservations
around 42 (circles) and 58 (diamonds) elevation are shown together with power law fits
(solid lines). Shaded regions show the CI of the power lawditd were obtained by
varying both parameters to their individual 68% confidemterval.

The power law fit to the 58spectrum over the energy range from 0.4 TeV to 1.6 TeV
is given by

1
TeV m2s’

dN

RPN (1.9 £ 0.64; + 0.6,,) x 1077 B~ 33E0Tst=0Toy

(5.2)

and the confidence interval contours are shown in Fig. 5.9.

As the spectral indexes of the two spectra are compatibluld be possible to adjust
the flux of the 58 spectrum so that it overlaps, in a least-squares sensethetspectrum
at 4T elevation. This would make the flux constant for one of theespea free parameter.
However, as the statistical significance of the spectrun8aissvery small compared to the
spectrum at 471, combining the two would result in an, at best, marginal ioyvement of
the statistical error of the spectral index. Therefore gpectral measurement of 1ES 2344

derived here, is best represented by the gdectrum alone.
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and at 58 (dashed lines Also shown are the systematic error on the flux constant and
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CHAPTER 6

ABSORPTION OFVHE PHOTONS BY THEEXTRAGALACTIC
BACKGROUND LIGHT

In determining the gamma-ray source spectrum it is impottaoconsider what interactions
gamma rays participate in as they travel through space andtis modifies the spectrum.
The following section will outline the contribution and ative importance of the radiation

and matter densities to the absorption of gamma rays.

6.1 Propagation of VHE Gamma Raysthrough Space

As photons propagate through space, they may interact \tlitér garticles and are red-
shifted due to the cosmological expansion. Photon intienagin order of relative impor-
tance from low to high energies are: (1) Photoelectric ¢ff€®@) Compton scattering, (3)
Pair production, and (4) Photon-photon scattering. Negtebere are nuclear reactions
like v + n — p + e because the cross section and the matter density is very stagive

to the photon density. Unlike charged particles, photonsatosuffer from deflection by
magnetic fields, ionization or bremsstrahlung interactioihis makes them, along with

neutrinos, very penetrating and ideal for astrophysicakolations.

6.1.1 Magnetic Fields

Though the propagation of photons is not directly effectedniagnetic fields except at ex-
tremely high energies, VHE photons may produce secondasiopk whose propagation
direction depends on the presence of a magnetic field bechitseeffect on their progeni-
tors. The secondaries are the result of pair production bl Yhoton on the extragalactic
background light (EBL) and subsequent Compton up-scageri the EBL photons by the
et ande~. This modifies the VHE spectrum in three ways: (1) the secgnulaotons are of
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lesser energy where they pile up, (2) their direction hamghd making the source appear
larger at lower energies, and (3) secondary photons aroresg/hat later than the primary
photons because of the path difference and slower propegspieed (Biller, 1995). How-
ever, if the intergalactic magnetic field strength is of arde 10~'* G, then even for the
nearest blazar Mrk 421, essentially all secondary gamms aag redirected out of the
primary beam and hence would not produce observable segoptatons. The strength
of the extragalactic magnetic field is very uncertain, itldoe as large as0~° G or as
small as10=2° G or evenl0~2° G (Wang et al., 2004) if it were generated during the cos-
mological QCD or electro weak phase transition. (See HanVdiatebinski (2002) for a
review of cosmic magnetic fields.) (Biller, 1995) found thia time lag between primary
and secondary photons, produced by the electron/posionnaveling at less than the
speed of light, would be easily observable by the spectrushHisrdening then softening
followed by a return to the initial spectrum. As BL Lacs ohst at TeV energies are
highly variable objects that produce VHE flares on time scale 15 min (Gaidos et al.,
1996) and no such spectral variation has been observedhigh$y unlikely that secondary
photons are currently being observed. However, as the dacpphotons have energy of
1/1000(E,/1TeV)? (Wang et al., 2004), simultaneous observations of flaresroy the
GeV to TeV region by GLAST and VERITAS may be able to constthi intergalactic

magnetic field.

6.1.2 Photodlectric Effect

The photoelectric effect describes the ejection of a bolect®n from an atom by a pho-
ton. The outgoing electron has kinetic enel§yE. = hv — B.E., where B.E. is the
binding energy of the electron. The binding energy gengralhges from 5 eV to 100 keV,
itis 13.6 eV for Hydrogen. AE., = m, the cross section is of order'r? = 2 x 107*% m?

and proportional ta—3% and Z>. Thus, at TeV energies this contribution is negligible.
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6.1.3 Compton Scattering

Compton scattering is the interaction of a free electromwaiphoton. Because the density
of free electrons in intergalactic space is much less thamémsity of photons and atoms,

the effect is negligible.

6.1.4 Pair Production

The importance of pair production on the propagation of VHiEhgha rays was first noted
by Nikishov (1962). Pair productionyz.y +7rr — e +e~, can occur if the total energy in

the center-of-momentum frame s 2m.; for example, a 1 TeV gamma-ray colliding with
an infrared 1 eV photon. The opacity of the entire extragadgghoton spectrum for high-

energy cosmic rays was explored by Lieber et al. (1965); Gantl Schréder (1967). They
found that absorption of UHE gamma rays occurs mainly by thil8Csee also (Gould and

Schréder, 1966; Jelley, 1966).

For VHE gamma rays, photons with wavelengths betweem And 5Q:m are most
important. The mid-infrared energy density in the Solagheiorhood is~ 10 eV/cnt, in
the Galaxy~ 102 eV/cn?, and in extragalactic space about half that (Dwek and Slavin
1994). The nearest VHE blazar, Mrk 421, is located at a digtaxi 130 Mpc while the
size of the Galaxy isv 10 kpc and that of the Solar neighborhood<s 1 pc. Thus,
the extragalactic background light produces the most alisorfor extragalactic sources.
Unfortunately, it is difficult to measure and the wavelendépendence is not well known,
so that VHE source spectra cannot be accurately reconsttu¢he current status of EBL
measurements is given in Sect. 6.2.

VHE gamma-ray absorption may also occur near the sourdé igsther by pair pro-
duction on optical light emitted from the accretion disk loé tblazar or by dense clouds in
the line of sight. If gamma-ray absorption occurs externahe source by the uniformly
distributed EBL, then the spectra should contain an absorftature that depends only on

the redshift of the blazar. If however, a significant amouralmsorption occurs close to the
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source, then gamma-ray absorption may vary in connectitmsource activity in the opti-
cal region and thus indicating that it is not caused by theagalactic photon background.

Simultaneous optical and VHE observations may provide nmdcgmation.

6.2 Measurementsand Constraintson the EBL

The measurement of the EBL is important for VHE gamma-ragoasimy as well as for
the modeling of star formation and galaxy evolution. Curreeasurements of the EBL are
summarized in Fig. 6.1. The optical to near-IR emissionkp®gin the 1,m region and
extending to 2Qum is due to direct star light, while molecular clouds and degrocess
the optical light and emit in the IR to far IR region produciihg second peak, ~ 20-300
pm. Hauser and Dwek (2001) comprehensively reviewed measnes and implications
of the cosmic infrared background.

The optical to far-infrared EBL is difficult to measure besait is dwarfed by the much
brighter foregrounds caused by night-sky glow, diffusetdushe Galaxy, and the zodiacal
light caused by interplanetary dust, see Fig. 2.4. For exangmission by the zodiacal
dusk peaks in the 2bm region, orders of magnitude above the low EBL density is thi
wavelength. In the case of ground- or rocket-based obsengtinstrumental emission
also plays a significant role. This is complicated by the tlaat the only characteristic upon
which a detection of the EBL can be based is that it has to lie@ic. These difficulties
have precluded ground- and rocket-based measurementsiétacting the EBL at all.

Direct measurements are possible in the two windows of lasground around 1
pm and>100m (Hauser and Dwek, 2001). Recently, the Cosmic BackgrowdoEer
(COBE) satellite with its two instruments the Diffuse Irfed Background Experiment
(DIRBE) and the Far Infrared Spectrometer (FIRAS), hasaetethe EBL at 14(m and
240um, see Fig. 6.1. The possible detections at@0and 10Q:m (Finkbeiner et al., 2000)
are viewed as too high and are more controversial, requigwiged galaxy evolution mod-

els with larger dust content (Blain and Phillips, 2002). FIRAS measurement (Fixsen
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et al., 1998) shows that the CIB can be characterized betd28pm and 200Qum by a
modified blackbody spectrum of the forfh.34-0.4) x 107> (v /1) 64012 [ (18.5+1.2K),
with vy = ¢/100um. The isotropic optical and near-IR emission detected wighJapanese
IRTS satellite is considerably higher than integratedtlighm galaxies and theoretical pre-
dictions (Matsumoto, 2000).

Lower limits on the EBL density are placed by adding the flux yeit area received
from all galaxies down to a given flux limit. As galaxies ardyoone source contributing
to the EBL, these galaxy counts represent a lower limit onttitel EBL (Franceschini
et al.,, 1991; Armand et al., 1994; Pozzetti et al., 1998).hknmid-IR region, where the
foreground is particularly bright, Elbaz et al. (2002) walde to place a lower limit on the
15 um EBL density.

Upper limits can be placed on the EBL from direct measuremetith minimal back-
ground subtraction (Hauser et al., 1998). Also, upper Bneé&n be derived from fluc-
tuations in the measured light distribution, see Kashimskal. (1996); Kashlinsky and
Odenwald (2000).

6.2.1 Upper Limitsfrom Observations of VHE Blazars

A new method of deriving upper limits on the EBL density confiesn the spectra of
VHE gamma-ray blazars. As explained in Sect. 1.4, if one ktienintrinsic spectrum of
blazars, the EBL density could be derived from the measuttedi@ation of VHE gamma
rays. Stecker et al. (1992) suggested that simultaneoustG&®V measurements would
be able to determine intrinsic source spectrum and the EBIlside They applied this
method to infer an upper limit on the density through the detection of VHE gamma
rays from an strong GeV gamma-ray source, 3C 279.

The critical assumptions in deriving EBL upper limits are thtrinsic source spectrum
and the spectrum of EBL photons. Vassiliev (2000) lamergsassumptions used to by

some authors to derive upper limits. For example, the uppets on the EBL derived by
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FIGURE 6.1. Spectral energy distribution of the EBL. The top axidi¢ates the most
likely energy of the partner photon to participate in paioguction with the EBL. The flux
measurements and limits are taken from (Hauser et al., 1@@@&n circle}, (Finkbeiner

et al., 2000) dpen squargs Upper limits from fluctuation analysis by Hauser and Dwek
(2001) using the data from Kashlinsky et al. (1996); Kastkinand Odenwald (2000)
(starg. Tentative detection by (Miville-Deschénes et al., 20@pen diamonds (Lagache

et al., 1999)filled diamond}¥ (Dwek et al., 1998)dpen triangle pointing down (Fixsen

et al., 1998) ¢haded regionhear the CMB. Galaxy counts corresponding to lower limits
are shown withopen triangles pointing upnd are at 0,2m from (Armand et al., 1994),
from 0.36um to 2.2um from (Pozzetti et al., 1998), and at AB from (Elbaz et al., 2002).
In the infrared, thdilled circlesare from (Wright and Reese, 200@)led triangle pointing

up from (Wright, 2001), andilled triangles pointing dowrirom (Cambrésy et al., 2001).
In the optical, thdfilled squaresare from (Bernstein et al., 2002). Tlyeey linein the
optical/infrared is from (Matsumoto, 2000). The cosmic rawave background (CMB) is
shown by adashed line
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Stecker and de Jager (1993) conflicted with later measuresn€herefore, the limits were
revised (Stecker and de Jager, 1998) with a new EBL modeltadpredicted intrinsic
power law source spectra. In another case, Dwek and Sla9B4jlused the spectrum of
Mrk 421 to determine the EBL spectrum. Any claim to deterntime EBL from just one
VHE gamma-ray spectrum is certainly over-optimistic. A opnservative approach was
taken by Stanev and Franceschini (1998), where a flare of Nikib 1997 was used to
place upper limits on a piecewise-flat EBL, inv&, representation. Biller et al. (1998)
used this idea and derived upper limits with the assumpti@nontrinsic power law with
differential index -2, for Mrk 421 and Mrk 501. In both casésg intrinsic spectrum was
not well justified: the intrinsic spectrum was not specifigd 3tanev and Franceschini
(1998) and the flux normalization was not specified by Billkeale (1998). Mrk 501 was
also used to derive upper limits on normalization of two EBlages extending fror x
1073- 3 x 107! eV by Funk et al. (1998). However, this region of the EBL is ootered
by VHE gamma rays and it is unclear what the impact of this ufipgt is. In summary,
the claims of upper limits through VHE gamma-ray observatibave been over-optimistic
and one should be very cautious when deriving new ones.

However, this does not mean that VHE gamma-ray spectra tdoenased to derive
upper limits on the EBL. A new approach of deriving upper t&ran the EBL density uses
certain reasonable constraints on the intrinsic sourcetspa; such as that it should not
rise exponentially with energy and be consistent with thea)Xsynchrotron peak (Renault
et al., 2001; Aharonian et al., 2003a; Krennrich and Dwelg22®wek and Krennrich,
2004).

6.3 Extinction dueto Pair Production

Consider a single VHE gamma ray of enerdy, coming from a distant extragalactic
source. If the gamma ray makes a collision with another @artiit will not propagate

in a straight line and is lost to the observer who is severat Bipay. Pair production is the
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most likely type of inelastic collision in extragalacticase as the photon density, though
varying with wavelength, is much higher than the matter dgn&or the pair production
to occur, the total energy available must be greater than For VHE gamma rays with
energy between 100 GeV and 20 TeV, the low energy photon naust the range from
10 eV to 0.05 eV. The absorption of VHE gamma rays is descriyed very simple rate

equation involving only the channel
YTev + Yir — 6+ +e .

The number of VHE gamma ray8/, with energyE’ changes per unit timel¢, as

AN(E)
at

= —N(E)A\pycte (B). (6.1)

Eg. 6.1 is solved by expressiny in terms of the distancé! traveled by the photon:
dl/dt = c¢. For small redshiftz << 1, the relationdl/dz = ¢/H, holds so that the

number of gamma rays at redshifts given by
N(z,E) = Ny(E) e Ho "2 XE), (6.2)
This defines the optical depth
(2, E) = Hy''z M(E). (6.3)

The Hubble constant/, = 71 + 4 km s! Mpc™! (Bennett et al., 2003) witk/H, =
1.3 -10%° m. See Sect. 6.3.1 for an extension of this formalism to cdsgical distances.

The momentum distribution averaged pair production ratén units of T, is
NE)= (ov) = [ & ) 0(V5) v (6.4
= [an [ 5o 1) (V) v (6.5)
= oo [0 [C Pwwos 69

E(1—zx)

wheredQ) = d(cosf)de, cosf = z is the angle between the incoming particles, and

is the total energy. The lower limit of thép-integral is equal to the minimum photon
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energy required for pair production so that the cross se¢i@ompletely integrated over.
The relative speed between the interacting particlesis= c¢(1 — x). The comoving
photon momentum distribution of the EBL is given fyp) [E—3L~3sr~1]. Eq. 6.6 can
also be written in terms of the particle density per energywpime by substituting(e) =
47p? f(p) and making the replacement— e. Measurements and models of the EBL are
presented in Sect. 6.2.

From Eq. 6.6 it can be seen that if the photon density), is independent of, then
the optical depth is independent of the gamma-ray energy: X(E) ~ n only. This
corresponds to an energy density/de < e¢~!. On avF, plot, such an EBL spectrum

would fall asA—! and is quite possible in the optical / near-IR portion.

FIGURE 6.2. Schematic of electron/positron pair production bytphs.

The spin-averaged pair production cross sectignshown in Fig.6.3, is given (Breit
and Wheeler, 1934; Landau and Lifshitz, 1989) by

1 1+
o(v) = 51— v2)((3 - v!)log (5

) = 202 = 0?)), 6.7)

_'Ue

wherer, = ;”f = 2.8 x 10~ m is the classical electron radius andis the speed of

e

the electron or positron in the center-of-momentum (CMirfea Because the pair produc-
tion cross section is proportional ta{ 2], pair production of muons and tau-particles is

strongly suppressed relative to electrons. The spegds given in terms of the incoming
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FIGURE 6.3. Pair production cross section.

photon energies and the angle between thetn by

2m?
B \/1 ~ Ep(1 — cos(6))’ (6-9)

with m = 0.511MeV for electrons.

6.3.1 Extension to L arge Redshift

At arbitrary redshift,z, the optical depth is given by

(20, E / dz—/d?’pf 2,p) 0(\/8) Vper. (6.10)

1See Fig. 6.2. The energy of the electréf, needs to be expressed in terms of the initial photon ergrgie
This can be done by evaluating the kinematic invariaat (p; + p2)? in the lab frame for the two photons
and in the CM frame for the pair. The photons have 4-momépitapi) and (9, p3). Then,s; = 2p; -
p2 = 2pYp3(1 — cosh), whered is the angle between them. The 4-momenta of the electroitrpopair
in the CM frame arg(k?, k) and (k9, —k;). Then,s; = (k9 + k9,0)2 = 4(k%)2. Becauses; = sy,
(k)? = (1/2)pYp3(1 — cost).

) 'ko — \/ P =\/1——2m2 (6.8)

YeT R0 T pIp3(1 — cos(0))’
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However, evaluating Eqg. 6.10 for large redshift is difficbkécause the EBL density
evolution with redshift is not well known. The absorptionId-500 GeV gamma rays at

redshift< 3 including an evolving EBL was investigate in (Salamon atetker, 1998)

In the no-evolution (NE) model, itis assumed that the spéptioperties of galaxies are
constant in a co-moving frame. The starlight contributiorcs the formation of galaxies
is then summed up to the current epoch (Biller, 1995). The tewo evolution’ refers to
the spectra of young and old galaxies being the same.

A further simplification that is valid out ta <0.4 (Kneiske et al., 2002), is that the
EBL does not evolve at all and changes are only due to the sigranf the universe, i.e.
the EBL density changes from(p) to n(p)(1 + 2)3. In addition, the gamma-ray energy
increases by a factor dft + z). However, the energy of EBL photons is not redshifted,
as the gamma-rays interact with EBL photons that are co-ngpwiith their local frame
of reference. More sophisticated models, such as the NE Isyad&e the contribution of
redshifted EBL photons into account. However, simply dédening the EBL, as some
authors do, is incorrect as the EBL comes from more or lessteohlight sources since
Zmaz- Galaxies were not intrinsically brighter at higher At the moment, the evolution
model is irrelevant as all blazars detected so far at very leigergies are at < 0.15.
Implications of the EBL evolution on the gamma-ray absampfrom blazars are discussed
in (Kneiske et al., 2004).

For a homogeneous and isotropic universe with a Robertsalkef/Friedman metric

the distance-redshift relation is (Stecker, 1971)

g B c
dz  Ho(1+ 2)2(14 Qz)1/2

(6.11)

The total mass-energy density has been measured by Behaét{2003) a2 = 1.02 +
0.02, implying a flat and expanding universe. With these suligtitg the optical depth is
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given by
2re 20 12 +1 00 )
T(2 dz z de (1 —=z d o(ve), (6.12
(20, E) /0 (1+z) /_ (1 )/ L, pdpfp)o(w), (6.12)

A
0 1 E(1+2z)(1—=x)

2m?2

and the electron speed is giventyy= \/1 — B
The difference in using Eq. 6.12 and the simpler Eq. 6.6 toutate the optical depth
is less than 10% for the furthest detected VHE blazar H 1426=a1).129. In subsequent

calculations Eq. 6.6 is used.

6.3.2 Recovering the Source Spectrum

With respect to the emitted spectrum by the source, the meaddlux level is modified by:

1. Distance: The measured flux with respect to referencarlisti, is reduced by
d%/d% , wheredy,(z) is the luminosity distance calculated in the appropriatnoo-

logical model.

2. Rate: The time interval between successive arriving @its Doppler shifted by

At — At(1 + z).

3. Energy: The energy of arriving photons is redshifteddby- E/(1 + z). Also, the
energy bin width is decreased lyE — AFE /(1 + 2)

4. Optical depth: The fraction of gamma rays that are not didezbthrough pair pro-

duction on the EBL ig"(&m),

The measured fluxg,,,, is then given in terms of the flux emitted by the sourkg,by
AN,,(E,,)

En(Em) AE, AA, AL, (6.13)
_ ® AN(135) (6.14)
2 % (‘;—ﬁ)?AAe x (14 2)At,
do\2 AN(£5)
_ o T(Em) (%0 142
c (dL> AE.AA AL, (6.15)
d 2
_ B (Do
e ( dL> F.(En) (6.16)
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with E,, = E./(1 + 2).

6.3.3 Example: Monoenergetic EBL

The sensitivity of the gamma-ray spectrum to absorptiorneyEBL is best illustrated by
the toy model of a monoenergetic EBL, i.e. one that consislg of photons with one

energy. The absorption probability per unit length is gitgn

AE, €) = n(e)g /_ jl dz (1 — ) o(ve), (6.17)
where the constani(e) is the co-moving photon density.{3]. Note that the only de-
pendence on the EBL energyis throughv, = ¢(1 — z). The absorption probability per
unit length is plotted in Fig. 6.4 for various EBL energieagang from infrared to UV: the
density is taken uniformly as 1 cmi. Though gamma-ray absorption is most likely when
VEp ~ 2m,, there is significant absorption of gamma rays with enerdftbdour times
as much.

In general, knowledge of the optical depth is not sufficieninambiguously determine
both the shape and magnitude of the EBL density. If the EBL ifusnown over a finite
wavelength region, an infinite number of shapes are posdiiause of the limited energy
resolution of this method. The energy resolution is limigdhe width of the pair produc-
tion cross-section and the isotropic EBL photon distribatisee Eq. 6.12. If one assumes
a shape for the spectrum with only the overall normalizatedhas a free parameter, it is
possible to determine the best fit EBL flux througlyaminimization between the mea-
sured and modeled optical depths. However, this still sedie knowing the intrinsic blazar
spectrum, a feat not easily accomplished. Neverthelessdiyng reasonable assumptions
on the intrinsic flux, this method has been widely used tovgarpper limits for power-law
EBL spectra. Whether the EBL spectrum is a power law remailestipnable.

To avoid specifying the EBL spectral shape, upper limits loe EBL density can be
derived for a monochromatic EBL density. Eq. 6.17 shows itih¢his case the EBL den-

sity, n, can be taken out of the integral, greatly simplifying thé&cakation. As explained
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FIGURE 6.4. Absorption probability of a VHE gamma ray by a monoer&myEBL of
energye = 0.01 eV (123um, solid), 0.1 eV (12.3um, dashed), 1.0 eV (1.238m, dash-dot-
dot), and 10 eV (123 nm, dotted). The EBL photon density isi/c

below, this can then be used to derive upper limits on the E&hsdy if upper limits, or
measurements, of the optical depth are available.

A monoenergetic EBL absorbs VHE gamma rays with energy sigkawn in Fig. 6.4.
Conversely, contributions to the absorption of gamma rail asingle energyF, come
from a range of EBL wavelengths. EBL photons with energy 4m?/ E are most effective
in the absorption of gamma rays, but EBL photons with enegf o four times higher
contribute significantly as well. Physically, we know thiaetEBL spectrum is extended.
However, if we suppose the EBL is monochromatic and we igttereontribution of other
wavelength to the absorption of gamma rays, then the EBLityeatdhat single wavelength
will have to be much larger to reproduce a measured optigahdéhan if other wavelengths
are allowed to contributed as well. This means that the EBisig needed in reproduce a
measured optical depth is greatest, if there are only plsototn one wavelength; i.e. they

have to do all the absorption. If the spectrum were extentthea, the contributions by EBL
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photons with other wavelengths to the total absorptionceduhe density required at each
wavelength.

There remains the question, what EBL wavelength is usedtégmaating the gamma
rays? As a monochromatic EBL will always provide upper Isroh the true density, those
EBL photons that are most efficient in absorbing gamma ragsildhbe used. This will
give the lowest upper limits on the monochromatic EBL dendfig. 6.4 shows that EBL
photons with energy = 4m?/E produce the highest optical depth. If we did not chose
¢ = 4m?/E, the monochromatic EBL density needed to reproduce the unedoptical
depth would have to be substantially higher. This would gtdduce upper limits, but not
the lowest possible ones.

The measured optical depth,,, given by Eq. 6.3 can be expressed in terms of the

monochromatic EBL density using Eq. 6.17:

T c 11
Z;()_l = 71(6)5/_1 dz (1 — ) o(v.) (6.18)
TmHo
—nle) = : : 6.19
9 e (©19)
so that the upper limit (UL) is given by
4m? L(QHO
mon(E) = T 10 (6.20)

Eq. 6.20 gives the upper limit on the monoenergetic EBL dgras a function of the
measured optical depth,,.

As an example, Fig. 6.5 shows the steps in going from threesuned optical depth
for gamma-rays coming from a source at redshift 0.031, todéx@ved monochromatic
EBL densities. These monochromatic lines reproduce thesumed optical depth at the
measured gamma-ray energy, but additional absorptiorodyzed by the finite width of

the cross section.
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FIGURE 6.5. lllustration of the method used to derive upper limitstbe EBL density
through monochromatic lines. From the hypothetical meas$waptical depthléft), the
monochromatic EBL intensity is calculatemtiddle). As a check on the method, thight)
graph shows the optical depth produced by each monochrofGBLL line. Note that the
optical depth derived from each monochromatic line ovarestes the measured optical
depth everywhere except at the measured gamma-ray energy.

6.3.4 Example: Thermal EBL

Following the simple model of Nikishov (1962), the infrargdoton gas is assumed to be
isotropic and in thermal equilibrium at temperatdre= 0.5 eV, but with density reduced

by a factory,. With this assumption, the momentum distribution funct®given by

2
1) = Grpey . (6.21)

wherey, is the phase space occupancy. Nikishov (1962) assumed-aredhphoton energy
density ofl x 10° eV/m?, which requiresy, = 1.86 x 10~**. Such a rarefied gas is highly
unlikely to be in kinetic equilibriurh and a more realistic photon density is pursued in
Sect. 6.3.5. The probability that a VHE gamma ray is absobyatiis photon gas is shown
in Fig. 6.6 together with the effect this has on a power-lawrse spectrum. Compared to

the measured EBL shown in Fig. 6.7, the photon density is tgb hy a factor of 5-100

2Kinetic equilibrium means that the density of states is gibg the Bose-Einstein distribution.
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depending on the wavelength. Though this model is obviouslgrrect, it does illustrate
that the bump in the EBL aroundidn comes from direct star light, while the peak at longer

wavelengths comes from preprocessing of this star lightust dnd gas.
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FIGURE 6.6. Left: Probability that a VHE gamma ray is absorbed by a thermal I1€kba
ground at temperature T = 0.5 eV (5800 K), but with reducedgn@ensity of 0.1 eV/crh
Right: Power law emission spectrum with differential index -2s6l{d line) and the ob-
served absorbed spectrum for a source at0.047 (dashed ling

6.3.5 A RealisticEBL Mod€

Primack et al. (2001) presented a model for the EBL that wasl loy Aharonian et al.
(2003a) and is shown in Fig. 6.7. Although Primack et al. hagpgsed a number of
models, this is referred to as the Primack model in the falhgw With the exception of
giving an estimate of the optical depth at low gamma-raygiesiin Sect. 6.5, the Primack
model will be used solely as a base-line comparison.

The optical depth corresponding to this model is shown in 6i§. From the optical
depth, the monochromatic EBL density is derived accordmdeq. 6.20 and shown in
Fig. 6.8.
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FIGURE 6.7. The Primack modekflid line) and the blackbody EBL model of Nikishov
(1962) dotted ling together with measurements and upper limits as shown i1 Hig
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FIGURE 6.8. Left: Primack EBL modeldashed ling Middle: Predicted optical depth for
gamma rays coming from Mrk 421 (z=0.03Right Monochromatic EBL densitysplid
line) derived from the optical depth displayed in the middle graphis represents an upper
limit on the EBL density and is derived solely from the optidapth.
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6.4 Comparison of Blazar Spectra

The observed VHE spectra of Mrk 421 and Mrk 501 are best desdrby a power law

with exponential cut-off at low redshifts (Krennrich et,a&001). A more complicated
structure may be present in the spectrum of furthest oldjetg26+428 (Petry et al., 2002;
Aharonian et al., 2003a); this should be treated with cautiecause of limited statistics
and systematic errors from combining the spectra from twaborations. The brightest
flare spectra for each of the six blazars were discussed in E8@and are shown in Fig. 6.9.
The similarity of the spectra suggests that we make the lzenater assumption that the
same process is responsible for the VHE emission in all tA&dWd.

The power-law spectral index of each AGN flare spectrum isvshio Fig. 6.10. Be-
cause some curvature is present in the spectra of Mrk 421 akd01, the spectral index
is measured at two energies to estimate the systematic aisang from this choice. In
both cases, the increasingly steep spectrum with redshiigil fitted by a linear function
with spectral index at z=0 of -1:70.1 and 2.6-0.1. The reduceg? of the fits are 5.6 and
1.4 when the index is measured at 1 TeV and 2 TeV, respectively

This result is consistent with uniform attenuation by theLEBIig. 6.11 left, shows the
attenuation predicted by the Primack model. Also shownéssitectral slope at 1 TeV due
to the absorption; it becomes steeper for more distant ssur8ssuming that all blazars
have the same intrinsic spectrum, the source spectrum atedshift is then obtained by
choosing an intrinsic power-law index so that titedifference is minimized between the
measured index-redshift slope and predicted slope, Figright. The spectral index at
zero redshift predicted in this way is -1.62 and -2.2, whengbwer law fits are performed
at 1 TeV and 2 TeV, respectively. Considering the large degfeuncertainty in choosing
an energy at which to measure the spectral index, Fig. 6.pliesthat the intrinsic spectral
index is on the order of -2 to -1.8. This is consistent withgpectral index that is obtained
when the spectrum is fitted by a power-law modified with an egmtial cut-off feature for

Mrk 421 and Mrk 501. The power law spectral index for flareshadde objects is in the
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FIGURE 6.9. The very high energy flare spectra of six AGN. The shadgtbn shows

the fit and 68% CI for 2 independent parameters. Mrk 421 frorankirich et al. (2002)
(violet diamonds and lineMrk 501 from Samuelson et al. (1998ph&roon diamonds and
line), 1ES 2344+514f(ll circles and blue shaded regipnlES 1959+650dpen circles

and brown shaded regignH.E.S.S. spectrum of PKS 2155-413 in 20@8t(triangles and

red line) courtesy of Wystan Benbow (Raue, 2004), H 1426+428 fromyRattal. (2002)

(filled squares and green regipand Aharonian et al. (2003a)gen squares

range from -1.9 to -2.1 with cut-off energy around 4 TeV cstemt between both blazars
and independent of flux state (Krennrich et al., 2002; Ahiamoet al., 2002b).

It should be noted that the predicted spectral steepenitly imtreasing redshift de-
pends on the shape of the EBL. As Fig. 6.11 shows for the Pkr&&t. model, there is

a leveling-off at high energies, not a simple power law witp@nential cut-off as sup-
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FIGURE 6.10. Spectral index of power law fits to the hardest meadilaesispectra versus
distance of the VHE blazars. The index was measured at 1 [Bfy §nd at 2 TeV (ight)
for the curved spectra of Mrk 421 and Mrk 501. A linear fit to theta is shown in each
case.

posed above. The cut-off energy in this case would be refgto the initial downturn at
~ 0.6 TeV. At higher energies, the flux is so far diminished tihaasurements with VHE
telescopes do not yield a statistically significant resilbte that if the optical depth is
independent of energy, as is the caseué},()\) o« A~*, no change occurs at all in the
spectrum with increasing redshift. In the Primack moded thialmost the case between 2
TeV and 5 TeV, corresponding to the 2 +/5 EBL.

6.5 Upper Limitson the EBL Density from the Spectra of Blazars

The physical mechanism for production of the VHE gamma-eskyds generally accepted
as being due to inverse Compton up-scattering of UV/X-raadgghotons on high energy
electrons. The intrinsic spectrum of the source is thus smaod concave downwards; no

physical mechanism has been proposed that would produoganential rise with energy
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FIGURE 6.11. lllustration of power law spectra measured at 1 Te\Wfrine attenua-
tion predicted by the Primack mode. The attenuation, (solid lineg, is shown for the
blazars {op to bottom, solid lingavirk 421, Mrk 501, 1ES 2344, 1ES 1959, PKS 2155, and
H 1426. Thedashed lineshow the power-law spectra at 1 TeV. These become steefer wit
increasing source distance. No attenuation occuts-at), the horizontal line at the top of
the figure which corresponds to the intrinsic source spetamd could be any reasonable
shape.

or emission-like line features.

To determine the amount of absorption present in a measpesdram requires a priori
knowledge of the intrinsic source spectrum. Though the raeidgm for VHE gamma-ray
production has been modeled, important details that déterthe source spectrum are not
known: What is the mechanism? What is the electron or propattsum? What is the
magnetic field? What is the opacity in the vicinity of the ssfor gamma-rays to escape?

To place upper limits on the EBL density, the following sim@ssumption will be
made: The intrinsic spectral index of all blazars equal8;-fhis has been motivated in

Sect. 6.4. If the spectrum has not been measured down to ¥, 2Heeflux at that energy
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FIGURE 6.12. Spectral index of power law fits to the hardest meadilaesispectra versus
distance of the VHE blazars. The index was measured at 1 [&fy dnd at 2 TeV (ight)
for the curved spectra of Mrk 421 and Mrk 501. The predictidribee Primack model
for the steepening of the spectra is showndmynected red dotsThe predicted index
was evaluated at each source distance and produces an &treastelationship. For the
Primack model, the spectral index at zero redshift is a fesaipeter and is derived from a
best-fit to the data. The reduced for the fit in theleft figure is 5.7 and 4.3 for theght
figure.

can be predicted from a power law fit extrapolated from higkmeergies, and the small
amount of absorption present already at 0.2 TeV is estinfaded the Primack model.

The assumed spectral index of -1.8 is very hard and canneneéxhdefinitely. Harder
spectra are, in principle, possible, but physically thergpeutput must decrease with
energy at some point. Thus, there should be some downwavétoue in the intrinsic
VHE spectrum, so that by using a power law fit from higher er@srgwvhere the spectrum
is steeper, to extrapolate down to 0.2 TeV will likely ovemn@site the expected flux from
the source. The amount of absorption present at 0.2 TeV tuleabd from the Primack

model. The exact value of the optical at 0.2 TeV becomeshegsiitant at higher energies;
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already at 1 TeV it contributes only 10% to the total optiogpth. For example, the optical
depth at 0.2 TeV for Mrk 421 i8.9 + 0.4, where the error estimate comes from the EBL
measurement at 0.3 nm by Bernstein et al. (2002).

The expected flux for each blazar is shown in Fig. 6.13 by aethfhe. The absolute
flux levels have been adjusted to the distance of Mrk 421 usmigiverse square law and
show that the power output of the sources is similar. Thecaptiepth is the ratio of
expected flux to measured flux with the addition of the opfilegdth at 0.2 TeV

7= (F,/F,)+7(z,E =0.2TeV) (6.22)

and does not dependent on the overall normalization of thxeléel. The optical depth
calculated in this way for the six blazars is shown in Fig46.Also shown in the figure
is the optical depth calculated in the Primack model for cangon with the measured
values.

The monochromatic EBL flux derived from each blazar spectamtter the above as-
sumptions is shown in Fig. 6.15. For comparison, the valuthefmonochromatic flux
as calculated from the Primack model is shown in the figure @§ iror the most part,
the monochromatic flux values derived here agree with thex&k model; this suggests
that the true EBL density is close to this model. Differenbesveen the sources in the
derived monochromatic flux are likely caused by the intgrfiare spectra not being pure
power laws. Because of the large distances to the blazasshighly unlikely that non-
uniformities in the EBL could give rise to the observed diéfieces. The limits derived
from Mrk 421 and Mrk 501 are the lowest. To bring them highed am line with the
other sources, their intrinsic spectra would need to béntlidharder than -1.8. The good
agreement of the flux values derived for H 1426 with the Prikkmaodel is not surprising
because this model was used by the HEGRA collaboration t@aee intrinsic spectrum
being a pure power law spectrum (Aharonian et al., 2003ag. Shistematic uncertainty in
absolute energy calibration is 10%, directly correspogdaa 10% uncertainty in the EBL
wavelength in Fig. 6.15.
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FIGURE 6.13. The very high energy flare spectra of six AGN. The fluxdach source
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are normalized to the measured, or predicted, flux at 0.2 TeB¥top leftgraph indicates
the effect of the optical depth in attenuating the flux at twergies.
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Fig. 6.16 shows the derived 98% confidence level upper litagsther with other EBL
measurements and limits shown previously in Fig. 6.1. Timgeaof upper limits from
the six sources is indicative of the systematic error of thethod. The systematic error
stemming from the optical depth &t= 0.2 TeV is not shown. It is about 5% at 1 TeV and
decreases with wavelength.

The mid-IR limits on the EBL are monotonously decreasindgwitivelength and above
the limits inferred from fluctuation-analysis of the EBL byattser and Dwek (2001).

The upper limits in the optical to near-IR are in conflict wikie detections claimed by
(Matsumoto, 2000). An increase in the upper limits in thigoa would be achieved if the
intrinsic source spectrum had a bump in the 0.7-2 TeV regrahtbe optical depth at 0.2
pm is substantially higher. The measured gamma-ray speraeay flat in this energy
region and it would be an unlikely coincidence if a high EBLxfluere to exactly attenuate
a high gamma-ray flux to produce a featureless (flat) gammapactrum.

Matsumoto (2000) argues that his measurements are intemisigth galaxy evolution
models and much higher than what can be accounted for by thenaiion of galaxy
populations. Already at 2.2m the flux is higher than that claimed by (Wright, 2001) from
COBE and 2MASS data. It appears that zodiacal emission nmgdslthe main uncertainty

and responsible for the large fluxes.
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optical depth derived from the Primack model is shown lspkd line
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The top axis indicates the most likely energy of the partrietpn to participate in pair-
production with the EBL.
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CHAPTER 7

CONCLUSIONS

Observational very high energy gamma-ray astronomy hasrgezht progress in the last
few years. Initially, gamma-ray astronomy was motivatedh®s/mysterious origin of cos-

mic rays, but the detectors at that time were not sensitioeigin to measure this. Now,
with the advent of arrays of imaging Cherenkov telescopéis lew energy thresholds and
very good angular resolution, this underlying goal may besped again.

In the meantime, very high energy gamma-ray astronomy hableshed itself as an
independent field with the detection of galactic and extieg& sources, two of which
have not been detected at other wavebands. A total of siagadtactic objects have been
detected so far. They are BL Lac objects, a sub-group of@g@tactic nuclei character-
ized by intense nonthermal radiation. The VHE spectra ofdfitbese, 1ES 1959+650 and
1ES 2344+514, were measured in this work. Similar to therdihe BL Lacs detected,
their VHE spectrum and flux level is highly variable and shatsoadband spectrum char-
acterized by two emission peaks: one in X-ray, the other af t6€leV energies. For one
of these, 1ES 1959+650, simultaneous observations wetiedaut at other wavelengths
and for the first time, a VHE flare without increased X-ray flexel, was recorded. For
the other object, 1ES 2344+514, no simultaneous X-ray ohtiens were taken, making
further modeling impossible.

TeV gamma rays are very penetrating and can shine through ehdlse dust in the
Galaxy. But, on cosmological distances, pair productiothwiptical and infrared extra-
galactic radiation attenuates the flux. At first, this maynsee be only a negative effect.
The extragalactic background light (EBL) arises from ggléormation and is difficult to
measure directly because of bright foreground radiatiogimating within the Solar sys-

tem. VHE gamma-ray astronomy can establish important ujyméis on the density of
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the EBL. If one can somehow guess what the source spectruimeis,one can infer the
EBL density from the measured attenuation in the spectrah&¥HE spectra of BL Lac
object are very similar, the zeroth order assumption wasenfadd justified) in this work
that they are actually the same; differences in attenuatiising solely due to the different
distances to the objects. The upper limits derived here ar&eary constraining, but they
do question one particular set of EBL measurements thateaxehigh in the near infrared
waveband. Galaxy formation models are typically not ableepyoduce this high density.
The analysis of VHE spectra is still being developed; in padause of the new array of
four telescopes, VERITAS, being built at the moment. MoG#agto simulations are used in
this work and changes in the simulation software had not ae@mparison to the previous
version until this work. Differences were identified thatgatt the energy reconstruction.
A method was developed to calibrate the absolute energyg bgalutomatically identifying

cosmic-ray muons recorded by the telescope.

7.1 Limitations in Determining the EBL with VHE Gamma-Ray
Spectra

Only upper limits on the EBL density were derived in this wofk do better and measure
the EBL density, requires knowledge of the intrinsic anddbsorbed source spectra over
at least a decade of energy with very good accuracy. Reduocadbars on the measured
spectrum will be achieved with the new generation of telpesaoming online now. How-
ever, the mechanism for production of VHE gamma rays, anaddéme intrinsic source
spectrum, is still under considerable debate. Unless a¢lieal model is accepted or a
“standard candle” at cosmological distances is identifiéth & well understood gamma-
ray spectrum, the spectra from all these sources will onbyigle upper limits on the EBL
flux. Only through further observation at all wavelengthdl #fie gamma-ray production
mechanism be understood. The GLAST satellite, to be lauheh@006, will cover the
energy range from 0.1-100 GeV. Together with the low thré&$bbabout 100 GeV for the
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new arrays of imaging Cherenkov telescope such as HESS, M&Rland CANGAROO,

simultaneous flux measurements can be performed over abixad¢cades in energy.
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APPENDIX A

GLOSSARY

Adapted from Fegan (2004).

ACT — Atmospheric CherenkovTelescomgound-based gamma-raydetection tech-
nique utilizing the production of Cherenkovradiation byaaled secondaries (largely)e
in the extensive air-showers that result from interactibthe primary in the atmosphere.

AGN — Active Galactic Nucleysa galaxy with a powerful central core which is typi-
cally more luminous than the stars of the host galaxy conthid&N are sub-categorized
by their observational characteristics, such as the stieafyradio emission, variability
and presence or absence of broad emission line. In the uttiigedy of AGN, emission is
the result of accretion onto a super-massive black holeyaheus classes arising largely
through differences in the orientation with respect to the bf sight of the observer.

Blazar — Sub-class of AGN characterized by strong radio emissixineme variabil-
ity, polarization at radio and optical wavelengths, andrsgrcontinuum emission. Blazars
are classified as either FSRQ or BL Lac objects, distinguidiyethe presence (FSRQ) or
absence (BL Lac) of absorption and emission lines. It isgithat blazars are AGN with
a jet emanating from the core, oriented in the direction efabserver. They have a two
peaked emission spectra, with correlated synchrotronmaretse-Compton components.

BL Lac — A type of blazar characterized by the absence of absorpimmhemission
lines which makes the determination of redshift difficulb€lr featureless spectra at opti-
cal wavelengths mean that BL Lacs are usually identified ra@yxer radio energies. Tra-
ditionally BL Lacs have been classified as low-frequencyl() Br high-frequency (HBL)
depending on the energy of the peak of synchrotron emis3ioere is probably a sequence
of intermediate BL Lacs which are more difficult to identify ey do not stand out at radio

or x-ray energies. All extragalactic VHE gamma-raysourdetected to date are extreme
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HBLs.

CANGAROO — Collaboration between Australia and Nippon for a Gamma Ray O
servatory in the Outbaglarguably the most contrived of astronomical acronyms. ATA
experiment operating in the Australian outback. The grauppgrading their single tele-
scope to an array of four 10 m instruments.

CGRO — Compton Gamma-Ray Observatpsgcond in NASAs program of “great
observatories”. Launched in 1991 with four experimentsecimg the energy range from
60 keV to 30 GeV, it operated for nine years.

Chandra — Third of NASA's “great observatories”, an x-ray instruntamamed for
Subrahmanyan Chandrasekhar (1999-present).

DAQ — Data Aquisition System

DSA — Diffusive Shock Acceleratipacceleration of a charged particle which repeat-
edly crosses of a shock-front due to scattering in the plasma

EBL— Extragalactic Background Lightisually refers to the optical / infrared compo-
nent of the diffuse radiation permeating the universe.

EGRET — Energetic Gamma-Ray Experiment Teles¢c@menstrument on the CGRO
satellite, which operated in the energy range of 30 MeV to 890.3’he most successful
gamma-raymission to date, its many achievements includetbdéog of 271 point sources.
EGRET sources are conventionally prefixed by 3EG.

erg — unit of energy in the CGS system equalingy * J.

HBL — see BL Lac.

HE — High Energy in the context of this work, refers to the energy range asibés
to satellite based gamma-rayinstruments, 30 MeV to 30 GeV.

HEGRA — High-Energy Gamma Ray Astrononiuropean ACT and air-shower array
experiment on La Palma. The HEGRA group were the first to ssfaly employ the
stereoscopic technique to discriminate between gammsanaycosmic-rays.

IACT — Imaging Atmospheric Cherenkov Telescope

| C — inverse-Comptoscattering.
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ISM — Interstellar Medium low density material that permeates the regions between
stars in the galaxy.

LBL —see BL Lac.

MC — Monte Carlo

Mid-IR — 5-80um.

NSB — Night Sky Backgrounctonsists of star light and the faint glow produced by
charged particles in the upper atmosphere.

PMT — Photo-Multiplier Tube

PSR — prefix used frequently to designate pulsars, e.g. PSR-1650, pulsar at sky
coordinatesy = 19"59™, § = +65.0°.

Plerion — A supernova remnant with a central object.

PWN — Pulsar Wind Nebulasynchrotron nebula or plerion. A supernova remnant
which is being resupplied with high energy electrons by atre¢pulsar. The electrons
cool quickly through synchrotron emission. For examplee Trab Nebula.

ROSAT — Rontgen Satellitea German-US x-ray satellite which operated from 1990
to 1999. Its principal instrument, denoted HRI, operateithénenergy range of 0.12 keV to
2.4 keV. The main aim mission was the first all-sky survey vaitbensitivity 1000 higher
than that of UHURU. ROSAT sources are conventionally prefisg RX or 1RXS.

RXTE — Rossi X-ray Timing ExploreNASA x-ray satellite (1995-present).

SAX or Beppo-SAX, Satellite per Astronomia@an Italian x-ray satellite (1996—2002).

SED — Spectral Energy Distributiorthe power an instrument would receive as a func-
tion of frequency, given the assumption that its bandwidtbroportional to the frequency.

SNR — Super Nova Remnarttot material thrown off as blast wave in supernova ex-
plosion. Shocks formed in interaction with ISM may give riseparticle acceleration,
possibly resulting in a population of charged particledwveihergies up ta0'’ eV.

RMS — Root Mean SquareDescribes the width of a distribution. For a Gaussian
distribution, if the mean is zero, the Gaussian width eqtt@sRMS value.

TeV — Terra Electron-Voltsunit of energy equivalentte- 1.6 x 10~7J and1.6 erg.
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VHE — Very High Energyin the context of this work, the energy range of 300 GeV to
30TeV, accessible to ground-based gamma-rayinstruments.

VLA — Very Large Array interferometer consisting of 27 radio telescopes, eath wi
25 m diameter, near Socorro, NM. The array has four configunat the largest of which
spans an area of diameter 35 km.

XMM-Newton — X-ray Multi-Mirror mission, a high resolution, x-ray instrument op-
erated by the European Space Agency (1999-present).

XRB — X-ray Binary, a binary system consisting of a pulsar and a large companion
star. Often they are sub-classified as high-mass (HMXB)wt#ritass (LMXB).
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APPENDIX B

THEORY OFCHERENKOV RADIATION

The theory and applications of Cherenkov radiation areusised in detail by Jelly (1958).
Only, the essential results are summarized here. Chererdaiation is emitted by a
charged particle if it travels through a medium faster thengpeed of light in that medium.
The speed of lightin a medium is a collective effect and dbssrhow fast information can
travel. In an approximation, dipole radiation occurs frdm polarization of the dielectric
medium when a charged particle traverses it faster than tdium can respond to the

electric field!. The speed of light;,, in a medium of refractive index, is given by
cn = c/n, (B.1)

wherec is the speed of light in vacuum. A particle traveling at speddster than:,,, but
less thar, produces an electromagnetic shock wave, similar to a ssgrac shock wave
in air or water. From Huygen’s construction of construciiveerference, see Fig. B.1, the

opening angle of the conical wave front is
cos(f) = ¢, /v. (B.2)

The limits on# are defined byos(f) < 1 andv < ¢, that means;, < v < c¢. The
refractive index of air at sea level is 1.000285, varyingtsiy with wavelength, resulting
in a maximum opening angle of about 1?37

The number)V,, of Cherenkov photons emitted per units wavelengtper distancé
traveled by the charged patrticle, and per azimuthal angse(Leo, 1994)

d3N7 o c?
— = _—(1—- ) B.
dl d\ do )\2( vzn[)\]z) (8.3)

1This is related to the density effect, but here the emitteliataon is considered and not the energy loss
of the charged particle.
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particle moving wi
speed v

FIGURE B.1. Constructive interference of the emitted radiatiorvefeonts occurs along
a cone of opening angk® During a time,t, the particle moves a distan¢e, while the
radiation front advances by,,, hencecos(6) = ¢, /v.

For a typical optical detector that detects wavelengthebenh 350 nm and 550 nm, this
corresponds to 47506n?%(#) v/m, or about 30y/m in air. This also means that energy
loss due to Cherenkov radiation is negligible compared tansstrahlung radiation and

ionization losses (Blackett, 1948).
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APPENDIX C

OPTICS OF THE1OM TELESCOPE

This study of the telescope optics was carried out to (1) aw@the optical quality of the
telescope and (2) determine the parameters to use in théesiomuof the telescope optics
with GrISU.

C.1 Optical Properties

The Whipple 10 m telescope consists of a spherical optiggbau structure (OSS) with
10 m diameter. The radius of the OSS is 7.3 m and it supportst&l#® spherical mirrors
each of 7.3 m focal length and hexagonal in shape. A compsarereview of the optical

properties along with a comparison to a parabolic telesdgspgven by Lewis (1990).

C.2 Alignment

The 240 facets on the 10m telescope are aligned so that hgmt & star is focused to a
common point. However, the size of the 10 m telescope makepdssible to access and
adjust the facets while the telescope is pointing at a staesihe mirror must be adjusted
from the front. Therefore, the telescope is aligned in tlmwvgbosition. For a spherical
mirror, the incident and reflected rays of light are coinatieith each other if they pass
through a point located along the optical axis at a distameetthe focal length, the f
point. The facets on the 10 m telescope are arranged on aespieerFig. C.1. This means
an alignment can be performed by positioning a laser a? fheoint and adjusting a facet
so the beam is reflected back to thépoint.

Located at the f point, a distance of 14.6 m for the Whipple 10m telescopehes t

alignment instrument. The alignment instrument consibts steerable laser on a pan-tilt
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FIGURE C.1. Ray diagram for alignment of facets. There are aboutfadéts on the

telescope, but only two facets are shown for illustrativeppges. Laser alignment of the
innermost facets is not possible as the line-of-sight from2tf point is obscured by the
focal box.

unit (PTU) and a CCD camera. The telescope axis is pointedeaptism; a properly
aligned facet will point the laser directly back to thé point of the spherical telescope.
To verify the quality of the alignment, stars are directlyaiged on the focal plane. For
that, a paper screen is put in front of the PMT camera and tesdepe is pointed at stars
at various elevations. ldeally, a star is imaged as a singlet pvith Gaussian width equal
to the blur size of an individual facet. However, deformasof the telescope structure and
the facet mounts result in misaligned facets and causeiadditlurring. The images of

stars recorded in this way are referred to as the point sgteandion (PSF) of the telescope.
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C.3 BiasAlignment

The Whipple 10 m reflector was built in 1968 and designed toentagh energy gamma-
ray observations with light detectors of diameter. The measured point spread function
(PSF) was 0.12to 0.15 with a simple light detector at the focus. The current Wheppl
camera, which is heavier than the reflector was designedyfarfactor of two, has pixels
of 0.12 diameter; ideally the PSF of the reflector should have a FWid#4 fthan this.
Measurements of the PSF with the heavier camera showed b ofidt 18 above eleva-
tions of 60 where most observations are made. A study of the opticalgrtigs of the
reflector showed two causes of light spreading: gross deftvam of the optical support
structure and individual facet motion. These effects catebsened by a bias alignment,
i.e., intentional misalignment of the facets in the horizbmosition where the alignment
is performed so as to give an optimized image over the opgyatinge of elevation from
50° to 90°.

The motion of each facet with respect to the positioner axas measured with tele-
scope elevation. For that, a laser was clamped on a faceth@engasitions of the laser
spots on the PMT camera was recorded. The arrows in Fig. @& sine facet tilt that
occurs when the telescope moves from®30°, 60°, and 90 elevation. The deformation
of the OSS occurs mainly around vertical structural elemeflso, a general vertical shift
is visible; this is somewhat compensated by the verticaionadf the PMT camera with
respect to the positioner axis. In addition, the averagemtecing is subtracted before the

bias alignment is done.

C.4 Point Spread Function

The image on the focal plane generated by a star, a pointeasrcalled the point spread
image (PSI). Point spread images obtained without and whiagalignment are shown in
Figs. C.3 and C.4. The average full-width half-max (FWHM}twé light distribution with

elevation is shown in Fig. C.5. The FWHM was determined frofitted 2-d Gaussian to
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FIGURE C.2. Tilt of mirror facets when telescope is pointed fronvaléon O to 30°, 6C°,

and 90.

the PSI.

C.5 Simulation of the Telescope Optics

An important parameter for the telescope simulation withsudet is how well the light

from a star is focused by all mirrors on the telescope. One twaypompare the telescope
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FIGURE C.3. Point spread images at various elevations withoueliasirror alignment.
Measurement on 17 October 2001.
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© ®

FIGURE C.4. Point spread images when mirrors are aligned with bifisets. Measure-
ment from 7 February 2002.

simulation with measurement is by plotting the radial btigdss profile of the PSI. For the
measured PSI the image center was identified by fitting a 2tts&an profile and averag-
ing the brightness at a given distance from the center. Thalaied PSI was generated by
randomly throwing photons at the telescope and ray tradiegitto the focal plane. The

PSI brightness profile with and without bias alignment isvehan Fig. C.6 for low and
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FIGURE C.5. Measured point spread function without (thin) and wittick) bias align-
ment.

high elevations. When the mirrors are not bias aligned, rireegie breaks apart horizontally
into two sections. Simulated brightness profiles are showkig. C.7 alongside two mea-
sured profiles without bias alignment and in Fig. C.8 with tweasured profiles with bias
alignment. The bias alignment markedly improves contamne a single PMT. Without

bias alignment the measured radial profile cannot be fittéla twio global parameters any-

more because the PSI falls apart into at first two and at higlegation four separate parts.
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FIGURE C.6. Radial brightness profile of point spread images taketeaation of 32 and
76°before bias alignment and after bias alignment at elevatdat 32 and 73.
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FIGURE C.7. Simulated brightness profiles with the default valmeg-isudet (thick line)
and for two other cases that produce a better fit. Gray linesvghe point spread image
profiles without bias alignment at elevation of*3hd 76. Vertical line at 0.06 indicates
radius of 1/2” PMTs.
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FIGURE C.8. Simulated brightness profiles with the default valugudet (thick line) and
two other cases that produce a better fit. Gray lines showairg ppread image profiles
with bias alignment at elevations of 3and 73. Vertical line at 0.06 indicates radius of

1/2” PMTs.
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APPENDIX D

OPTICAL SPECTRA OFMRK 421 DURING EARLY 2002

To study if external photons from the surrounding galaxylddae the seed photons for
production of VHE gamma rays, simultaneous observations waken with the Whipple
10 m telescope and the FAST spectrograph on the 60” Whipldsdepe from January to
April 2002. Fig. D.1 shows the integrated spectrum If, foaewple, a Hydrogen emission
line becomes visible only during periods of of intense VHESS10N, it may be a sign that
seed photons are not due to synchrotron radiation, but @yedoud. In particular, the
correlation between the VHE flux and,Hwas measured. Data were taken with typical
integration times of 3x10 min per night, a few times per weel ahen flaring was re-
ported by 10 m telescope. Unfortunately, a good signaletigenratio on the opitcal spectra
required combining data from an entire month for a total ajwtliwo to four hours expo-
sure, Fig. D.2. This prevents a correlation to be estahbiisgietween the short time scale
VHE flare and the optical activity. On month-long time scale,variation in the strength
and equivalent width of the Hline was found, even though some VHE flare was seen for
Mrk 421. Fig. D.3 shows the VHE lightcurve for this period &tiger with the monthly
averages. The elevation range that this data was takenosbown in Fig. D.4. As most
of the data lies at high elevations, the energy thresholddtection of gamma rays is about

the same for all data.
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FIGURE D.1. Optical spectrum of Mrk 421 integrated from Januarptigh April 2002.
Shown in thetop leftis the flux calibrated spectrum [erg]s,&‘l] together with the rms
error (top right). A clope up of the region around,, is shown in more detail at tHsottom
left together with the rms errobpttom righ).
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FIGURE D.2. Monthly optical spectra of Mrk 421€ft) and RMS errorsr{ght) in units of
[erg s' A~1] during Januarytbp), February $éecond row, March third row), and April
(botton) of 2002.
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FIGURE D.4. Elevation distribution of data taken during Januanptigh April 2002 on
Mrk 421.
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APPENDIX E

ADDENDUM ON THE CORRELATION OFOPTICAL AND
X-RAY LIGHTCURVES FOR1ES 1959+65MURING
SPRING 2002

The results of multiwavelength observations for 1ES 198®+6onsisting of optical, X-
ray, and VHE gamma-ray data were presented by Schroedtér(@083). Based on the
data available at that time, evidence was presented for relabon between the X-ray
emission and the R-band optical photometry; with the optoaponent lagging by five
days, Figs E.2 and E.3. Some time later, additional optieéh decame available and
prompted a reanalysis. With the increased data set, they X-@gtical correlcation could
not be confirmed anymore. The nine addional R-band obsenstiover the time after
MJD 52438. The complete lightcurves for the three energylbamshown in Fig. E.1.

To test if a correlation exists between two sets of data, @mestart with the zeroth
order assumption of a linear correlation between two véggbandy = a + bz or equally
well betweeny andx = o' + b'y. The linear correlation coefficient (LCC) is defined as
(Bevington, 1992)

LCC = Vb (E.1)

The LCC = 1 for complete correlation and bdttandd’ are zero for no correlation. The
statistical significance of the signal was evaluated thihoagmparison with 100 time-
randomized versions of the data. As none of the VHE, X-ragl, @ptical data points were
taken truly simultaneously, the points in the lightcurvesrevbinned in 24 hr increments.
Also, the possibility of arbitrary time-lags between thergy bands was allowed for in the
analysis. Additional detail can be found in Schroedter e{24103).

Using this method, the LCC for different time lags betweendptical and X-ray bands

was calculated, see Fig. E.2. The most significant coroelaiccurs for a five day optical
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FIGURE E.1. Lightcurve of VHE, X-ray, and R-band brightness durivigy - July 2002.

time lag, the probability for this to occur randomlydsx 10-¢. With the new datakt-
tom plo) the correlation goes away. Fig. E.3 shows that the additioptical data is not
correlated with the X-ray data anymore.

Though, the correlation dissappeared with the additioatd,dt should be kept in mind
that for almost 2 months there was a correlation. Blazars laaapidly varying lightcurve
across the entire spectrum; thus it is not unexpected thafinds correlations from time

to time.
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APPENDIX F

LOGARITHMIC AND LINEAR BINNING OF HISTOGRAMS

In the calculation of the flux, the conversion between Iahamically spaced bins to linearly

spaced bins is needed; igY — ﬁ%). Let bins be equally spaced logarithmically with

separatiom log(£) and centered dbg Ec,, log E¢,, etc., see Fig. F.1. Then the linear bin
width, AF is given by

Alog(E) Alog(E)
2 2

AE=b—a = 108" — 1008 e (F.1)
1
= 2FEc¢,sinh(In 10 AO%M) (F.2)
1
= Fcxk, k=2sinh(In10 Ao;g(E% (F.3)

Alog(E)
| | _logE | 3 E
log(a) ' log(b) log(c) a ' b ' C
logEc,, Ec,

FIGURE F.1. lllustration of the conversion between logarithmigapaced and linearly
spaced bins.
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