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Abstract

The blazar Markarian 421 is an excellent laboratory for studying the physical
processes within the jets of active galactic nuclei. In this thesis, a multiwavelength
database has been compiled using data from the Whipple Observatory, the Milagro
Observatory, the Fermi Gamma-ray Space Telescope, the RXTE satellite, the Very
Long Baseline Array, the Metsdahovi Radio Observatory and the University of
Michigan Radio Astronomy Observatory. The Whipple data comprise 878.4 hours of
high-quality y-ray observations taken with the 10m atmospheric Cherenkov telescope
over the 14-year period 1995 — 2009; these observations constitute an unprecedented
database for examining the long-term very-high-energy (VHE) variability of this
source.

The level of variability at VHE y-ray energies was examined on timescales
from days to years. Over the 14-year period the annual mean rate is highly variable
with values ranging from 0.18 + 0.02 Crab units to 2.25 + 0.31 Crab units; a test for
constant rate gives a x* value of 2669 for 13 degrees of freedom. Within each season
the rate is highly variable from month to month with mean monthly rate from less
than 0.1 Crab to more than 4 Crab; on the basis of the 4 test, the most variable
season was 2003-2004 while the least variable was 1996-1997. The mean nightly
rate exceeds 2 Crab for ~6% of the nights on which the source was observed. On a
run-by-run basis (28 minutes), the rate is over 1 Crab for 30% of the runs and over
3 Crab for 5% of the runs. For the other energy bands, the level of variability is
found to be lower.

The various datasets were examined for correlations, both quasi-simultaneous
and with time delays. In particular, an investigation was carried out to determine
whether changes in the radio morphology of Markarian 421 can be associated with
the vy-ray emission. Over the 14-year timescale, a clear correlation was found
between the X-ray flux and the TeV flux for zero delay; such correlations have been
reported before but only on shorter timescales. No significant evidence was found for
correlation on any timescale either between the TeV emission and the flux in any
other energy band or between the TeV emission and the radio morphology. Searches
for periodicity in the X-ray and y-ray signals showed no evidence for periodic
behaviour on any timescale between 2 months and 7 years.
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Preface

“In the 1 year of the period Chih-ho, the 5™ moon, the day chi-ch'ou, a guest star
appeared approximately several inches south-east of Tien-Kuan. After more than a
year, it gradually became invisible ...”” ...and after more than 935 years it became
the standard candle for y-ray astronomy! This relatively new discipline looks at the
Universe through the last of the electromagnetic windows to open to us. | often think
about how many other windows may exist and how many other Universes! | feel
very lucky to have had the opportunity to have a look *“out there” through this
fascinating new window using the legendary Whipple 10m telescope, the first
ground-based instrument capable of detecting y-ray photons from astronomical
sources.

Cosmic rays were discovered during a series of balloon flights in 1912 by the
Austrian physicist, Victor Hess, marking the beginning of a new era of high-energy
astrophysics. It was another half-century before y-ray astronomy became possible.
The number of photons available to y-ray astronomy is very small, but nevertheless a
considerable amount of progress has been made during the last few decades. With
advances in technology, y-ray astronomy is now at an exciting stage with the
development of sophisticated instruments, including ground-based observatories
such as VERITAS working at higher energies and the successful Fermi space
mission at lower energies.

The original objective of this work was to analyse a few “well-known” y-ray
blazars in an unbiased way for an extended period. The decision to focus on a single
source and study Markarian 421 (Mrk 421) in detail was motivated by the large
amount of archival data available (recorded over many years of observations), the
relatively strong y-ray signals from this source and the vast coverage of observations
by other instruments from radio to X-ray, making it possible to investigate
correlations between different energy bands. This thesis deals primarily with the
long-term behaviour of Mrk 421, but strong, short, historical flares are also

Xvii



Chapter 1

Astrophysics of Active Galactic Nuclel

Active galactic nuclei (AGN) are galaxies in which a compact nucleus may outshine
the rest of the galaxy by a factor of as much as a thousand. Blazars are one of the
most extreme classes of AGN; they are the most luminous, and they exhibit the most
variability and the highest degree of radio and optical polarisation (see Section
1.2.2). Many blazars have been detected at X-ray and y-ray energies, where they also
exhibit high amplitude variability. The subject of this thesis is the investigation both
of the variability and of the correlations between different energy regimes for the
blazar Markarian 421 (Mrk 421). In order to put these studies in context, a brief
introduction to the astrophysics of AGN is given in the following sections, with
particular emphasis on the blazar subclass.

The physical processes responsible for the high-energy emission from blazars
are discussed in Section 1.3. Models for explaining the broadband emission from
blazars will also be described in this chapter, focusing on the implications relevant to
the results presented on this work.

1.1 Active Galactic Nuclei — An Overview

The first detection of radio waves from an astronomical object, the Milky Way, was
made in the 1930s (see Section 3.2.1). Subsequent advances, especially post-World
War |1, have identified a number of new classes of objects, such as radio galaxies and
pulsars. The discovery of the Cosmic Microwave Background Radiation (CMBR) in
1964 was a particularly significant event.

Radio galaxies and their relatives, quasars (quasi-stellar radio sources) and

blazars, are types of AGN that are very luminous at radio wavelengths. Quasars are
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enigmatic objects that, like stars, appear as points of light in the sky. AGN were first
identified in 1962 when the optical spectrum of 3C 273, previously catalogued as a
star, revealed that this object was not in our galaxy (Schmidt 1963) and the term
“quasar” was then coined. The most important characteristic of quasars is their
significantly high redshift, indicating that they are traveling away from Earth at
tremendous speeds, making them the most distant objects observed.

Seyfert galaxies are another type of AGN: weak radio emitters, usually spiral-
shaped, that reveal unusual emission lines from the nucleus (Seyfert 1943). Many
other different types of objects also belong to the AGN class of galaxies. A way to
classify these objects is described in the following section.

1.2 Taxonomy of Active Galactic Nuclei

From an observational point of view, AGN can be divided into objects that are radio-
loud (where jets dominate the luminosity of the AGN) and those that are radio-quiet
(where jet emission can be neglected). The radio-quiet objects can be further
categorised as Seyfert galaxies or quasi-stellar objects (QSOs); the radio-loud objects
encompass radio galaxies, quasars and blazars (see Figure 1.1).

Active Galactic Nuclei

Radio-quiet (~90%) Radio-loud (~10%)
Seyferts QSOs ngiii%s Quasars Blazars
Syl Sy 2 FR I FR1I SSRQs FSRQs BL Lacs
ﬂ\
LBLs IBLs HBLs

Figure 1.1 Classification scheme for AGN.
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Classification of Seyfert galaxies into types Sy 1 and Sy 2 depends on the width of
the optical emission lines, narrow or broad, respectively. The subclassification of the
radio galaxies, according to their radio morphology (Section 1.2.1), is based on the
measurement of the ratio R of the distance between the two brightest spots and the
overall size of the radio image: Fanaroff-Riley (FR I) with R < 0.5 and Fanaroff-
Riley (FR 1) with R > 0.5 (Fanaroff & Riley 1974). FSRQs and SSRQs are flat-
spectrum and steep-spectrum radio quasars, respectively (by convention a power law
radio spectrum is said to be flat when the spectral index « < 0.5 and steep otherwise).
Blazars are subclassified into BL Lacertae (BL Lac) objects and FSRQs. Mrk 421
falls into the category of BL Lacs, which are highly variable and are usually seen to
be devoid of optical emission lines. The different types of BL Lacs, based on
whether they were discovered in X-ray or radio surveys, will be discussed in detail in
Section 1.2.2.

It is difficult to estimate the numbers of AGN in the different subclasses shown
in Figure 1.1 because of large selection biases in the surveys that identify them.
However, it is likely that about 10% of the radio-loud AGN are blazars, and that BL
Lacs account for something in the region of 10% of blazars (see, for example, the
catalogue compiled by Véron-Cetty & Véron (2010)).

The energy produced by many AGN can vary on short time scales. The
luminosity of the broad emission lines and continua of some Sy 1 galaxies and QSOs
can change by a factor of two within a few days, weeks or months, while the TeV
emission from blazars has been seen to vary by an order of magnitude, with doubling
times on the scale of minutes.

The taxonomy of AGN, shown in Figure 1.1 is complex, with subdivisions
often being more historical than physical. As in biology however, taxonomy derived

from empirical observations can impose some order on the chaos.
1.2.1 Morphological Features in Radio-loud Objects
The primary features in a radio source are the core, lobes, hotspots and jets. Not all

of these features occur in all sources, and quite often the morphology is too complex

to provide an unambiguous separation into these parts. It is, however, convenient to
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view a radio source as being built up from them and consider any complex or ill-
defined features to be produced from disturbances in the source itself, or in
interaction with the ambient intergalactic environment (Kembhavi & Narlikar 1999).

A Dbrief description of these features is shown below.

. Cores

These are compact components, unresolved when observed with angular resolution >
0.1 arcsecond, and coincident with the nucleus of the associated optical object. They
usually have flat power law or complex spectra, which points to synchrotron self-
absorption, as explained in Section 1.4. The contribution of the core to the total radio
luminosity of a source varies from under 1% in some sources to almost 100% in

some quasars.

. Lobes
These are extended regions of radio emission. There are often two lobes
approximately symmetrically placed on opposite sides of the source. The lobes
sometimes contain regions of enhanced emission called hotspots (see below), which
are colinear with the central source. The lines joining the extended structure to the
central source are sometimes bent back, so that the opening angle is less than 180°.
The lobes often show rotational symmetry and have Z- or S-shaped
structures. These shapes are most naturally interpreted as being due to the precession

of the axes of the jets.

. Jets

These are narrow features that link the compact core to the outer regions. A jet can
be interpreted as radio emission from beams that transport energy from the AGN to
the extended regions (see Section 1.4). Radio jets occur on parsec as well as
kiloparsec scales and can be smooth or knotty. Jets are said to be two-sided when
they are seen on both sides of the central source (jet and counterjet). In the more
luminous radio galaxies and in all quasars jets are only one sided, while those in the
less luminous radio galaxies are two-sided. In blazars the counterjet is not usually

visible, since its radiation is beamed away from us (Lister & Homan 2005).
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. Hotspots

These are intensity maxima located towards the outer extremities of the lobes of
highly luminous sources. Hotspot have a linear size of ~1 kpc and a power law
spectrum which is steep (i.e., in the range 0.5-1) but generally flatter than the
spectral index of the lobe as a whole. This is consistent with the interpretation of a
hotspot as the place at which a jet from the nucleus hits the ambient medium,
producing a shock in which bulk kinetic energy of the beam is converted to random
motion. Jets too can be composed of a number of knots that appear as intensity
enhancements and it is difficult to distinguish between these knots and genuine
hotspots, yet the two have quite different physical significance. When a jet is
detected, one condition is provided so that hotspots can be distinguished from jet
knots; the hotspot must be further from the nucleus than the end of the jet.

1.2.2 Blazars and the BL Lac Subclass

It is now generally accepted that the same engine, fuelled by accretion onto a
supermassive black hole, powers all AGN (Urry & Padovani 1995), as shown in
Figure 1.2a. Accordingly, the observational differences between different types of
AGN are attributed to the different orientations of the objects as viewed from Earth
(Figure 1.2b) and to the different rates of accretion and masses of the central black
hole. Small, dense, fast-moving clouds of matter orbiting above or below the
accretion disk exhibit broad optical emission lines (Holt et al. 1980). Larger clouds
of matter, moving at slower speeds, and farther from the black hole, exhibit narrow-
line emission. A large torus of gas and dust resides outside both the accretion disk
and the broad-line emission region. This torus tends to obscure the accretion disk and
the broad-line region along most lines of sight.

Among AGN, blazars are the most powerful sources known. They show
emission across the entire electromagnetic spectrum in a broad continuum extending
from radio through y-rays. The radio emission is core-dominated with a flat spectrum
(see Section 4.2.1 for details), while the optical emission dominates any host galaxy.

In blazars, as in other radio-loud objects, jets emanate from the region near
the black hole, initially at relativistic speeds. Powerful magnetic fields exist in these
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jets, causing relativistic particles to emit synchrotron radiation (see Section 1.3.1)
from radio through to X-ray wavelengths. The jets are roughly perpendicular to the
accretion disk that surrounds the black hole, as shown in Figure 1.2. Blazars are
believed to have their jets more closely aligned (<10°) with the line of sight than any

other class of radio-loud AGN.

Narrow-line region

Broad-line e
region

Radio galaxy/
Seyfert 2

<___

Seyfert 1
Blazar

€)) (b)

Figure 1.2 (@) Artist’s impression of an AGN, showing the generally accepted model for its
physical structure (NASA/CXC/M. Weiss). Jets of high-energy charged particles accelerated
away from the black hole give rise to the observed non-thermal radiation. (b) Broad- and

narrow-line emission regions, and lines of sight for different classes of AGN.

With the exception of M87 (Aharonian et al. 2003; Acciari et al. 2008) and
Centaurus A (Aharonian et al. 2009), which are both FR | galaxies, all of the AGN
detected at y-rays energies fall into the blazar class and all of those detected at TeV
energies are members of the BL Lac subclass.

BL Lacs are characterized by extremely rapid time-variability: their optical
luminosities may change by up to 30% in just 24 hours, and by a factor of 100 over a
longer time period (Carroll & Ostlie 1996). BL Lacertae, the prototype of this AGN
class, had been mistakenly classified as a variable star in 1928, but was later shown
to be the optical counterpart of a peculiar radio source. The main property
distinguishing BL Lacs from other AGN is an almost complete lack of emission
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lines. Thus, in contrast to most other astronomical sources, BL Lacs have been
almost exclusively discovered at either X-ray or radio frequencies.

The spectral energy distribution (SED) of BL Lacs, when plotted as the product
of frequency and flux, vF,, versus frequency v, is characterised by two broad peaks
(see Figure 1.6). BL Lacs can be subdivided into two groups based on the waveband
in which the first of these peaks falls (Section 1.4): high-frequency-peaked BL Lacs
(HBLs) and low-frequency-peaked BL Lacs (LBLs) (Horan 2001). More recently, a
new class of intermediate-frequency-peaked BL Lacs (IBL), lying between HBLs and
LBLs, has been introduced.

1.3 Mechanisms of Gamma-ray Production

Electromagnetic energy can be emitted when charged particles are accelerated and
also during particle decay processes. In the astrophysical situation, radiative
processes related to the production of y-rays have been studied and described in great
detail. In this section, a summary of the most important mechanisms is presented.

1.3.1 Synchrotron Radiation

Synchrotron radiation is the main non-thermal emission process in astrophysics. To
produce high-energy photons by this mechanism, ultra-relativistic charged particles
moving in strong magnetic fields are required. When a charged particle travels at
relativistic speed in a static magnetic field, synchrotron radiation is emitted as the
particle spirals around the magnetic field lines. As shown in Figure 1.3a, the
radiation is beamed in the direction of the particle’s motion, and the observer sees a
pulse of radiation each time the beam passes through his line of sight. The pulse is
strongly polarized and the frequency spectrum is a continuum, with maximum

frequency depending on the particle energy and the magnetic field. The energy loss
for a given particle energy is proportional to y°, where y =1/\/1—v2 /c? is equal to

the ratio of the energy of the particle to its rest energy, mc?. While this mechanism
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does not contribute significantly to the direct production of TeV radiation, it is
extremely important in astrophysical contexts as a source of seed photons for
inverse-Compton scattering (Section 1.3.3).

1.3.2 Electron Bremsstrahlung

When an incident charged particle is deflected in the electric field of a nucleus, it
emits electromagnetic radiation (Figure 1.3b) whose amplitude is proportional to the
acceleration causing the deflection. In the classical case, the acceleration, produced
by a nucleus of charge Ze on a particle of charge e and mass m, is proportional to
Ze*/m (Weekes 2003). This acceleration (actually a deceleration) is called
Bremsstrahlung.

Magnetic field lines T/ ——_
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Figure 1.3 (a) Synchrotron radiation occurs when charged particles spiral around magnetic-
field lines. In both mechanisms, the direction of the radiation is tangential to the electron’s

trajectory. (b) Bremsstrahlung occurs when charged particles are deflected by atomic nuclei.

In the astrophysical situation, this process is most important for relativistic
electrons in the presence of atomic or molecular material, for example in supernova

remnants (SNR) and in the interstellar medium (Harwit 1988). The overall y-ray flux
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produced by electrons moving in an ionized gas will be proportional to the product of
the electron flux and the density of the ionized gas.

1.3.3 Inverse-Compton Scattering

When a photon of wavelength A interacts with a stationary electron, the photon may
transfer part of its energy to the electron, resulting in an increase AA in the photon

wavelength, given by

AL =L(1 ~cos6) (1.1)

where 6 is the angle through which the photon is scattered (Figure 1.4a) and m is the

electron mass. This is Compton scattering.

Low-energy
photon Low-energy

photon High-energy

High-energy photon

photon
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High-energy electron

Electron electron
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Figure 1.4 (a) Compton scattering: A photon scatters off a stationary electron, imparting
part of its energy to the electron. (b) Inverse-Compton scattering: a low-energy photon is

upscattered to higher energy by an electron, which loses energy in the process.

If the photon energy in the electron’s rest frame is small compared to the
electron rest energy, hv << m.c?, the effect reduces to Thomson scattering, which is

well described by classical electrodynamics. The differential scattering cross section

in that case is
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4

do, e )
10 =—2mfcz (1+cos 0) 1.2)
so the photons are redirected over a wide range of angles (equally forwards and
backwards), and the total cross section o, = 8mr; /3 is independent of photon energy
(ro = 2.82x10™ m is the classical electron radius).

If hv >>m,c?, the scattering is concentrated in the forward direction and the

outgoing energy in the electron’s frame is angle-dependent. In this case, the total
cross section is described by the more general Klein-Nishina formula:

(17x%) In(1+2x) +2(1+ x)(2x” - 2x - 1)
2(1+2x)" +8x%/3(1+2x)°

2
Oy =TT,

, (1.3)

where Xx = hv/mec2 Is the ratio of photon energy to electron rest energy.

Conversely, low-energy photons may be scattered to higher energies by
collision with relativistic electrons. This process, called inverse-Compton scattering
(see Figure 1.4b) is widely believed to be responsible for the observed X-ray and
y-ray emission from AGN.

1.3.4 Pion Decay

The decay of some elementary particles may result in the production of y-rays.
Accelerated protons colliding with other protons or target nuclei produce charged
and neutral pions, which are unstable (Figure 1.5). In particular, the neutral pion, =°,
has a half-life of 8.4 x 10™'s, and decays into two y-rays, each with energy 1/2m. in
the rest frame of the pion.

This process is important for the development of electromagnetic cascades in
the atmosphere (Section 2.2.2), and is also the basis for so-called hadronic models of
TeV y-ray emission in extreme astrophysical environments. Such environments
include shell-type SNR and the jets of AGN.

Neutral pions are rarely created at rest, and generally decay in flight. A x°

that decays while travelling at relativistic velocities can produce y-rays with energies

10
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in the GeV — PeV range in the “laboratory” reference frame. ldentification in
astronomical observations of the y-ray signature of pion production and decay
provides critical evidence for astrophysical proton acceleration, as recently
demonstrated in the case of the starburst galaxies M82 and NGC253 (Acciari et al.
2009a; Acero et al. 2009).

Nucleons

0

+ +
O-—oemmoe @O
Proton \ - R e v, +v,
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‘ —> . +V, 4V,
T
y-rays

Figure 1.5 Neutral pions, produced by high-energy proton collisions, decay into y-rays.

Decay of charged pions gives rise to muons and neutrinos.

1.3.5 Particle-antiparticle Annihilation

Mutual annihilation of a particle and its antiparticle can produce a pair of y-ray

photons. For example, an electron and positron can annihilate:

e"+e = y+y (1.4)

If the particles are at rest prior to the annihilation, both y-ray photons have energy
equal to the rest energy of the particle: for the example shown, the photon energy is
511 keV.

Annihilation processes are extremely important in the search for dark matter
in the Universe. The putative neutralino (o), the lightest supersymmetric particle and
the favoured candidate for weakly interacting dark matter, is its own antiparticle. The

process
XotXo = VY (1.5)

11
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with neutralino mass in the GeV-TeV range could then be expected to give rise to
quasi-monochromatic gamma radiation which would be a characteristic signature
indicating the presence of dark matter. Indirect searches for dark matter based on this
process have targeted environments such as dwarf galaxies and globular clusters
where a high density of dark matter is expected, although these searches have so far
proved unsuccessful (see, e.g., Acciari et al. 2010a).

1.3.6 Curvature Radiation

For a relativistic charged particle in an very strong magnetic field, synchrotron
radiation leads to rapid damping of the velocity component perpendicular to the
magnetic field, so the particle is essentially forced to follow the field lines. If the
field lines are curved, the particle then accelerates, resulting in emission of radiation
called “curvature radiation”. This process is expected to occur, for example, for
electrons in the intense magnetic fields close to the surface of pulsars (Gil,
Lyubarsky & Melikidze 2004).

1.4 Blazar Spectral Energy Distribution and Emission Models

The characteristic SED for a blazar shows continuum emission extending from radio
to y-ray energies, with two broad components. For more powerful blazars, the energy
output in the first (lower energy) SED component (attributed to synchrotron
radiation) peaks in the infrared to optical band, whereas for low-power blazars the
synchrotron peak is located at UV to X-ray energies (Fossati et al. 1998). The
location of the second peak is closely correlated with the synchrotron peak energy,
and for low-power blazars is expected to lie in the GeV-TeV region of the spectrum
(Grube 2007). The SEDs shown in Figure 1.6 are all for low-power blazars, with the
lower-energy component peaking above 10% Hz (photon energy > 4eV, wavelength
< 300nm), and the higher-energy peak well up into the GeV and TeV regions.

12
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Figure 1.6 The SEDs of four blazars (Mrk 421, PKS 2155-304, Mrk 501 and 1ES1959+650)

showing different spectral variability with different flux levels (Costamante 2004).

W Comae was the first intermediate-frequency peaked BL Lacertae object
(IBL) to be detected at TeV energies. A detection was made by VERITAS (Section
2.4) in 2008 (Acciari et al 2008). The SED of this source is shown in Figure 1.7a.

(@ (b)

Figure 1.7 (@) Quasi-simultaneous SED of WComae. (b) SED of 3C 279. Figure taken
from Urry (1999).
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The blazar 3C 279 has been detected by EGRET, high-energy instrument on board of
the space-based telescope Compton Gamma Ray Observatory (CGRO), at GeV
energies. This source is one of the best-monitored at lower frequencies. Its detection
by EGRET during the very low state in December 1992 (Maraschi et al. 1994) is
undoubtedly due to the fact that 3C 279 is one of the closest (redshift z = 0.538) of
the EGRET-detected flat-spectrum radio-loud quasars (FSRQs). Figure 1.7b shows
its SED.

Several models have been proposed to explain the overall SED of blazars.
The starting point for these models is a population of either high-energy
electrons/positrons (leptonic models) or high-energy protons (hadronic models).
These particles may acquire their high energy through reflection in inhomogeneous
magnetic fields at shock fronts, a process called Fermi acceleration. This is believed
to be the primary mechanism by which particles gain energy in astrophysical shock

waves within the jets of blazars.

. Leptonic Models

Synchrotron Self-Compton (SSC) and External Compton (EC) are leptonic models
with the non-thermal emission coming from a population of electrons and positrons
in the jet. The acceleration of the particles occurs in shock waves propagating along
the jet. The resulting energy spectrum from this process typically follows a power

law N(E)ec E-", where N is the number of particles of energy E and p is the spectral

index. The observed SED shape of blazars suggests an electron spectrum that
steepens with increasing energy.

SSC is a mechanism in which a population of high-energy electrons emits
synchrotron radiation (from the far IR or radio to the UV - soft X-rays) followed by
inverse-Compton scattering of synchrotron photons (interacting with the same
electron population) to TeV energies. The simplest SSC model is the one-component
version, where the radiation observed at any given moment is produced by a shock
moving along the jet of the blazar (Sikora & Madejski 2001). Here, the emission
region is assumed to be a single zone, with a homogeneous magnetic field, moving at
relativistic speed. The size of this region can be estimated from the variability time-
scale, as explained in Chapter 6 (Equation 6.1). Bloom & Marscher (1996) found

14
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that, for a SSC model, varying the magnetic field strength alters the flux in both the

synchrotron and self-Compton regime; below the Klein-Nishina limit (hv = m_c?),

the synchrotron and self-Compton cut-off energies are shifted, while above this limit
the influence of the magnetic field is suppressed.

The EC process is similar to what occurs in the SSC model except that the
dominant source of seed photons for upscattering in the inverse-Compton process is
ambient radiation, rather than synchrotron radiation from the jet itself. In order for
this process to dominate over the SSC mechanism, the energy density of the external
radiation must exceed the energy density of synchrotron radiation produced in the jet.
Several sources of external radiation have been considered, including: accretion-disk
photons directly entering the jet (Dermer et al 1992); disk radiation reprocessed by
emission-line clouds, dust and intercloud medium (Sikora et al 1994); and
synchrotron radiation re-scattered back into the jet by broad-line clouds (Ghisellini &
Madau 1996).

. Hadronic Models

In hadronic models for blazars, shock-accelerated protons and electrons give rise to
two different populations of particles, protons and electron-positron pairs, which are
responsible for the entire SED through synchrotron emission (Mannheim &
Biermann 1992; Mastichiadis 1996).

In this scenario, electrons cool via synchrotron radiation, explaining the radio
to optical continuum from low-density hot spots in the radio jets. Protons are shock-
accelerated to extremely high energy, and are immersed in this soft photon field.
These protons produce extremely energetic neutral pions, which decay into photons
(Equation 1.6) with energies ranging from ~keV to ~TeV.

0
p+p — 7 + other hadrons
o (1.6)
Tty

Two main families of hadronic models exist. The first involves beams of
protons with energies in excess of 10*° eV. The second requires beams of ultra-high-
energy protons, with energies greater than 10*° eV. Dar & Laor (1997) consider
clouds of gas with high column density crossing the jet of accelerated protons. The

15
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broad-line region is proposed here as the source of such clouds. The electrons and
positrons generated by the decay of charged pions then cool by synchrotron radiation
and inverse-Compton scattering to produce wideband emission (optical through to
TeV). Within the family of ultra-high-energy proton beam models, Mannheim (1993)
suggests that both electrons and protons might be accelerated by multiple crossings
of shock-waves in the jet. The protons can be accelerated to energies in excess of
100 TeV by this process. They can then lose energy by adiabatic expansion (proton
pressure decreases as the shock wave dissipates), synchrotron cooling, ionisation, or

interaction with photons in the region via
p+y = a’+p (1.7)

The neutral pion then decays into a y-ray pair, as in (Equation 1.6), and the y-ray
photons interact in the optically-thick jet to produce an electromagnetic cascade,
referred to as a proton-induced cascade. Both the lower and higher peaks in the
blazar’s SED can be explained by these cascades.

Although observations can challenge both leptonic and hadronic models,
neither can be convincingly ruled out. However, leptonic models (SSC and EC) are
usually favoured over hadronic models. One reason for this is the strong correlation
between observed X-ray and TeV fluxes. This correlation indicates that the same
population of electrons is responsible for both the synchrotron and inverse Compton
components of blazar SEDs. Moreover, the rapidity of the flaring exhibited by TeV
blazars (often on time scales as short as minutes) is difficult to explain using
hadronic scenarios as protons have considerably longer cooling times than electrons
(Toner 2008).

1.5 Markarian 421

At a redshift of z = 0.031 (distance = 127.2 Mpc; Crook et al. 2007), Markarian 421
(Mrk 421) is located in the constellation of Ursa Major (Figure 1.8) at RA: 11h 04m
27.3s, Dec: 38° 12' 32" (J2000), and was the first extragalactic source of very-high-
energy (VHE; Energy > 100 GeV) y-rays to be discovered. Mrk 421 was detected by
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the Whipple Collaboration in 1992 at the 6o level, with a flux above 500 GeV
approximately 30% that of the Crab Nebula (Punch et al. 1992).

Figure 1.8 Location and VLBA intensity image of Mrk 421 (at 15 GHz, MOJAVE) in Ursa
Major (J. Bayer, Uranometria, 1603).

Mrk 421 is categorized as a high-frequency-peaked BL Lac object (HBL),
where the synchrotron peak lies in the X-ray regime (See Figure 1.6). Historically it
has exhibited shifts in both the peak frequency and in the power of the first and
second components of the SED (Fossati et al. 2008). During 2005 and 2006, a
multiwavelength campaign of Mrk 421 was conducted, i.e., different instruments and
systems were involved to cover observations of this source in the radio, optical,
X-ray and y-ray bands.

Figure 1.9 shows the SED of Mrk 421 during this campaign. Two
representative dates were chosen, defined by the y-ray data as “high state” and
“medium state”; archival data were used where no contemporaneous observations
were available (Buckley 2000). The dashed purple lines in Figure 1.9 show the
synchrotron and self-Compton distributions for a model based on the parameters
listed in Table 1.1. As in previous studies (Krawczynski et al. 2001; Rebillot et al.
2006), it was necessary to use a high Doppler factor (6 = 90), a low magnetic field

(B~ 0.12 Gauss) and a very small emission region R (~70 gravitational radii) in
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order to match the observations. A very hard electron spectrum (~E *°) and low
acceleration efficiency were also required, with the mean free path for scattering ~20
times the Bohm limit and a shock velocity of 0.02c, resulting in relatively few shock
crossings (Horan et al. 2009).

Parameter Value
Doppler Factor, o 90
Magnetic field in the bulk frame, B 0.12 Gauss
Electron energy density compared with equipartition value 0.3
Electron spectral index 15
Size of emission region, R 70 Rsen
Electron mean-free-path compared with gyroradius 20
Cooling time at maximum electron energy 2.25 min
Acceleration time at maximum electron energy 2.25 min
Shock velocity in bulk frame 0.02c
Soft photon peak wavelength 1.0 pym
Mass of black hole 10® Mg

Table 1.1 The model parameters used on the SED plots shown in Figure 1.9.

In Figure 1.9, the black dot-dashed curves show a hypothetical blackbody
component peaked at 1 um and the corresponding external Compton component,
while the red solid line shows the sum of the SSC and EC models results, which, in
both cases, is in good agreement with the simultaneous optical, X-ray and y-data
(Horan et al. 2009).

Markarian 421 has been observed quasi-continuously with the Whipple 10m
telescope during the period from December 1995 to June 2009. Note that because of
its RA/Dec, Mrk 421 can only be observed at reasonable elevations from Arizona
between December and June, and only on dark, moonless nights. Following the
application of quality selection criteria (elevation > 55°, good weather and absence
of instrumental problems), the result is a total of 878.4 hours of high-quality data,
representing an unprecedented database for examining the long-term VVHE behaviour
of this enigmatic object. In this thesis, the results of analysing these TeV y-ray
observations are presented in Chapter 5. These results are then used to study the
long-term variability of the source, and to investigate correlations between the TeV

measurements and observations at other wavelengths.
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Figure 1.9 SEDs for Mrk 421. Data points in blue filled squares are from MJD 53763,
when the VHE emission was at a high level, while the green filled circles are from MJD
53852, when it was at a medium emission level. Archival data are shown in brown open
circles. The solid red curve in each plot represents a combined SSC and EC model, with
parameters (Table 1.1) chosen to reproduce the high emission state (top) and the medium
emission state (bottom). In both cases, the model provides a good description of the optical

to TeV data.
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Chapter 2

Ground-based Gamma-ray Astronomy

For photon energies above ~20 GeV, astronomical y-ray observations are possible
using ground-based telescopes. The y-ray photons are not detected directly, but rather
through their interactions in the Earth’s atmosphere, which essentially acts as the
calorimeter in the atmospheric Cherenkov technique. VHE y-ray photons initiate
extensive air showers (Section 2.2) in the upper atmosphere, and the charged
particles in these showers induce Cherenkov radiation (Section 2.3), which is
detectable from the ground with large optical reflectors (Section 2.4).

Unlike the distribution of cosmic rays incident on Earth’s atmosphere, the
flux of incident VHE vy-ray photons is not isotropic. Since y-ray photons are
uncharged, they are not deflected in the magnetic fields that exist throughout space
and so their trajectories point directly back toward their origin.

2.1 Historical Note

The seeds of ground-based y-ray astronomy were sown in 1953, when Galbraith and
Jelley, using a simple mirror-PMT arrangement, first succeeded in detecting
Cherenkov radiation from extensive air showers produced by cosmic radiation in the
upper atmosphere (Galbraith & Jelley 1953). Five years later, Morrison (1958)
suggested that y-rays in the cosmic radiation should be detectable at ground level in
this way, and the following year Cocconi produced optimistic predictions for the
detection of VHE y-ray photons using arrays of particle detectors (Cocconi 1960).
Subsequently, many ground-based y-ray telescopes were built in the 1960s with the
aim of detecting atmospheric Cherenkov radiation arising from y-ray photons. These
systems included the 12 light detectors operated by the Lebedev Institute at the
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2. Ground-based Gamma-ray Astronomy

Crimean Astrophysical Observatory (1960-1964), and the first large optical reflector
purpose-built for y-ray astronomy — the Whipple 10m telescope, installed on Mount
Hopkins (Arizona) in 1968 (see Figure 2.1). Unfortunately these systems did not
succeed in detecting any sources.

The development of the imaging technique (see Section 4.1.1) with the
Whipple 10m telescope over the next 20 years finally led to the detection of the Crab
Nebula in 1988-89 (Weekes et al 1989), ending the prolonged period of uncertainty
in the development of VHE y-ray astronomy.

Figure 2.1 The Whipple 10m telescope in 1968.

2.2 Extensive Air Showers

Among the high-energy particles reaching the Earth, mostly electrically charged
cosmic rays (protons and ionized atomic nuclei), there is a small flux of y-ray
photons. Such energetic particles initiate extensive air showers when they interact
with the atoms of the Earth’s atmosphere at altitudes of 10-20 km above sea level.

These air showers are cascades of particles (electrons, muons and hadrons) and y-ray

21



2. Ground-based Gamma-ray Astronomy

photons that propagate through the atmosphere until the energy of the cosmic
initiator has been dissipated. Of the particles in the shower, only muons and
neutrinos survive to sea level.

The development of the air shower is strongly dependent on whether it was
initiated by a hadron or by a y-ray photon. In particular, y-rays interact higher in the
atmosphere and the longitudinal spread of the shower is somewhat different in the
two cases (see Figure 2.2). This allows for the separation of showers induced by
hadrons from those induced by y-ray photons, and is the basis of the imaging
Cherenkov technique (Hillas 1985; Hillas 1996), described in detail in Section 4.1.1.

20km 7
320 GeV
photon
1TeV
proton
10km
1km 1km
Okm - 4———p» 4 —r

Figure 2.2  The development of y-ray- (left) and hadron- (right) induced showers. The top
panels show examples of the individual particles and radiation that are generated in the showers.
Images from Horan (2001) and Grube (2007).
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2. Ground-based Gamma-ray Astronomy

2.2.1 Gamma-ray-induced Showers

A y-ray-induced shower is produced when a high-energy y-ray photon enters the
Earth’s atmosphere and undergoes pair production: hv —e~ + e*. The relativistic

electron/positron pair subsequently loses energy through Bremsstrahlung, emitting
high-energy y-ray photons that can, in turn, undergo pair production. This cycle
continues, resulting in an exponentially growing cascade of particles and radiation,
until the mean energy of the electrons falls below ~100 MeV. At this point, energy
loss by ionization exceeds that due to Bremsstrahlung; cascade multiplication then
ceases and the particles are subsequently absorbed (Cranshaw 1963). As the
relativistic electrons and positrons pass through the atmosphere, they induce
Cherenkov radiation (see Section 2.3). This radiation is strongly beamed to within
about 1° of the arrival direction of the primary y-ray. The total amount of Cherenkov
light radiated is proportional to the total number of particles in the shower, which
depends on the energy of the initiating photon. Thus, the Cherenkov light behaves
like a penetrating component and provides a good estimate of the energy of the

primary y-ray.

2.2.2 Hadron-induced Showers

Hadron-induced showers are caused by the isotropic flux of cosmic rays incident on
the Earth. Cosmic ray particles are mainly protons, but also include nuclei of heavier
elements. When these particles collide with oxygen and nitrogen nuclei in the
atmosphere, cascades containing large numbers of elementary particles and radiation
are induced. The initial products include nucleons and kaons, but the cascade
consists primarily of charged pions, which subsequently decay into muons and

neutrinos, and neutral pions, which decay to y-ray pairs:

nt—ut+v,, T =2.6x10"%s
T +v,,  1=26x10"s (2.1)
7’ —=y+y, T=8.4x10"s
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2. Ground-based Gamma-ray Astronomy

where t is the decay lifetime. Muons do not interact strongly, they have lifetimes
~2.2x10° s and they travel close enough to the speed of light for relativistic effects to
be significant, so many of them penetrate to the Earth’s surface. The neutral pions 7°
rapidly decay into pairs of y-ray photons, which subsequently undergo e*e” pair
production. The secondary nucleons and charged pions continue to multiply until the
energy per particle falls below the threshold for multiple pion production (~1 GeV).
Since the pions are produced via the strong nuclear interaction, they can acquire a
large transverse momentum, and the lateral spread of hadronic showers is therefore

typically much greater and less symmetrical than that of y-ray showers.

2.3 Cherenkov Radiation

When a charged particle travelling through a medium moves faster than the local
speed of light, a wake of light is emitted. That is, v > c¢/n, where v is the velocity of
the particle, c is the velocity of the light, and n is the refractive index of the medium.

The geometry involved is shown in Figure 2.3 (Rolnick 1994).

f f Emitted Cherenkov light

-

- ==

~ Charged
/ N particle

X X Emitted Cherenkov light

Figure 2.3 Cherenkov radiation from a moving charged particle.
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2. Ground-based Gamma-ray Astronomy

The charged particle interacts electrically with the molecules in its immediate
vicinity, inducing polarization that varies as the particle passes, thereby causing the
molecules to radiate. Each finite element radiates a brief electromagnetic pulse
(Weekes 2003). In the forward direction, the wavefronts from each element along the
track will interfere constructively at an angle y (see Figure 2.3), determined from the

values of v and n according to

cos () = — (2:2)
nv
This is the fundamental Cherenkov radiation equation. Clearly, there is a threshold
velocity, v = ¢/n, and a maximum Cherenkov angle, = cos™(1/n), so the radiation
can only occur for n > 1, which covers the optical region of the spectrum for most
materials. It is these properties of well-defined emission angle and threshold velocity
that make Cherenkov radiation detectors so useful in particle physics.

Figure 2.4 shows schematically the emission of Cherenkov light in the
atmosphere. The refractive index of air depends on the local pressure and
temperature, but a good estimate at the altitude where most air showers are initiated
is n ~ 1.0001. This corresponds to a local speed of light, v ~ 0.9999c, and maximum
Cherenkov angle, w ~ 0.8°. The resulting light pool then has a radius of ~140 m at
sea level and ~100 m at the Whipple 10m telescope, situated at an altitude
Hy = 2320 m above sea level.

Ch k . .
?ir(;?t o Figure 2.4 Emission of Cherenkov
light in the atmosphere. The

Cherenkov angle, w, is given by

’ -
_S_e_a_I_e_v_e_l_______N______l_i_ljl___ Equation 2.2.
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2.4 Atmospheric Cherenkov Telescopes

The Earth’s atmosphere is opaque to y-ray photons. However, at energies above ~20
GeV, they produce extensive air showers of electrons and positrons along with more
lower-energy photons. Electrons and positrons whose speeds exceed that of light in
the atmosphere give rise to Cherenkov radiation that can be detected by ground-
based instruments, allowing the arrival direction and energy of the incident y-ray
photon to be determined.

The basic atmospheric Cherenkov telescope can be very simple. First-
generation systems consisted of just a single light detector, photomultiplier tube
(PMT), in the focal plane of a searchlight mirror coupled to fast pulse-counting
electronics. The basic elements are illustrated in Figure 2.5.

Cherenkov light

VvV V. V. V V V V Amplifier
| Trigger
| system

&> ety

PMT A/D converter
OR

Mirror D

Figure 2.5 Schematic diagram of a simple atmospheric Cherenkov telescope.
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If the integration time t of the photomultiplier pulse-counting system (shown
in Figure 2.5) is greater than the duration of the Cherenkov light pulse (3-5ns), the
ratio of the Cherenkov signal S, from an air shower, to the noise N, due to night-sky

fluctuations B, is given by (Weekes 2003)

s fjjc(x)g(x)A @
VB[ F) e QA o

M

=z |

where
. F(A) is the night-sky background flux,
. C(A) is the Cherenkov photon flux,
. s(A) is the quantum efficiency of the PMT,
* Q isthe solid angle of observation,
* tis the integration time (longer than the duration of the Cherenkov light
pulse),

e As the mirror area, and

* A1 and A, are the minimum and maximum wavelengths between which the

PMT responds.

The minimum detectable Cherenkov light pulse, and hence the threshold energy of

the minimum shower detectable, Er, is inversely proportional to S/N:

c(lx) i((i))it @4
Thus, the energy threshold is minimized by integrating for a time as close as possible
to the duration of the Cherenkov light pulse, and by maximizing the detector area and
the quantum efficiency of the PMTs.

For the signal to be identified as real, and not due to an extreme fluctuation in
the ambient light background, it is usual to require that S/N > 5 within the time

interval t. The identification of the light signal as coming from a y-ray induced
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shower rather than from a cosmic ray air induced shower is quite a different matter.
The development of the Cherenkov imaging technique (described in Section 4.1.1)
gave the first effective shower discriminator. An array of PMTs (rather than a single
PMT) in the focal plane of a large optical reflector constitutes a camera, which can
be used effectively to record a Cherenkov-light image of each shower. The Whipple
10m telescope presently operates with a 379-pixel, 2.6° field-of-view camera that has
been in place since 1999 (Kildea at al 2007). The camera is triggered when a preset
number (usually >3) of the PMTs detect a light level above a set threshold within a
short integration time (typically 15 ns). The light level in all pixels is then recorded
digitally and the image is analysed to determine whether it has the expected
characteristics of a y-ray shower with a point of origin at the centre of the field of
view (Weekes 2003). Discrimination against the background is based on the
geometry and physics of the shower. This method is explained in Section 4.1.1.

The atmospheric Cherenkov imaging technique can be significantly improved
by the use of multiple telescopes with separations of the same order as the lateral
spread of the Cherenkov light from the air shower. Stereoscopic detection of the
shower improves the angular resolution, flux sensitivity and energy resolution,
reduces the energy threshold, and provides better rejection of background cosmic ray
air showers. Such a system is implemented, for example, in the Very Energetic
Radiation Imaging Telescope Array System (VERITAS), a group of four 12-metre
aperture telescopes located at the base camp of the Fred Lawrence Whipple
Observatory (FLWO) in southern Arizona at an altitude of 1268 m (Figure 2.6). The
telescopes are separated by ~100 m, corresponding to the radius of the air shower
(~120 m) at that altitude. VERITAS was officially inaugurated in April 2007 (Horan
2007) and is dedicated to observations in the energy band 100 GeVV-30 TeV. It is at
least ten times as sensitive as the pioneering Whipple 10m telescope.

Three other arrays are operating at present. MAGIC, comprising two 17-
metre aperture reflectors, is located on La Palma in the Canary Islands; this system is
capable of operating at energies as low as ~25 GeV (Aliu et al. 2008). The H.E.S.S.
array of four 12-metre diameter telescopes is situated in the Khomas Highlands in
Namibia (Hofmann et al. 2005). The Japan-Australia collaboration CANGAROO
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operates a system of essentially three 10-metre diameter telescopes at Woomera in
the Australian outback (Kiuchi et al. 2009).

Figure 2.6 The Very Energetic Radiation Imaging Telescope Array System (VERITAS).

Figure courtesy of Criswell, FLWO.
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Chapter 3

Detectors

Gamma-ray photons are photons with energy above about 100 keV. Such photons do
not penetrate the Earth’s atmosphere. However, photons with energy above about 20
GeV interact with air molecules at an altitude of around 10 km and give rise to
showers of particles that move downward towards the ground (Section 2.2).
Cherenkov light is emitted by the charged particles that comprise air showers, and
the detection of this light forms the basis for the imaging technique (Section 4.1.1)
employed by all ground-based atmospheric-Cherenkov telescopes. Therefore, one
can observe y-ray radiation above about 20 GeV from the ground by using the
atmosphere as part of a detector, i.e., as a calorimeter. Below ~20 GeV, observations
must rely on satellite-borne detectors (Swift, INTEGRAL, AGILE, and now Fermi).

The location of optical and radio astronomy in the electromagnetic spectrum
coincides with the two principal transparent bands of the Earth’s atmosphere and
ionosphere. These transparent bands are commonly referred to as the optical and
radio windows. The radio window extends from a wavelength of about 0.5 mm to
20 m. The range of energy between VHE vy-ray radiation and radio waves is about 20
orders of magnitude. This range is so large that widely different instrumentation and
techniques are required. This chapter describes the instruments whose data has been
used in this thesis.

The Whipple 10m telescope was the first large ground-based instrument
purpose-built for y-ray astronomy. The design of the structure, optics and electronic
system of this telescope are discussed in Section 3.1. Some basic definitions of radio
astronomy and the main tools used in this field are presented in Section 3.2, along
with the description of the instruments that contributed to the results presented in this
thesis. Two space-based observatories are presented in Section 3.3: the X-ray
satellite, RXTE, and the high-energy y-ray satellite, Fermi; the instrumentation and

techniques applied to both satellites are described in that section. The Milagro
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Gamma-ray Observatory is a ground-based TeV detector that makes use of the
water-Cherenkov technique to detect Cherenkov radiation from secondary shower
particles in extensive air showers. An overview of the Milagro detector configuration

and trigger conditions is presented in Section 3.4.

3.1 The Whipple 10m Telescope

The Whipple 10m telescope (see Figure 3.1), built in Arizona in 1968, is currently
the fourth most sensitive ground-based y-ray system in the world, after VERITAS,
HESS and MAGIC. VERITAS can detect a source at 1% of the Crab flux in 25
hours, and has been estimated to be a factor of ten more sensitive than the Whipple
10m (Weekes 2008).

Figure 3.1 The Whipple 10-metre y-ray Telescope, circa 20009.

The Whipple 10m telescope consists of two main parts: the reflector and the
detector. The reflector comprises the physical and optical structure of the instrument.
The detector, which includes the camera and associated electronic components,
detects and records astronomical data. The characteristics of both the reflector and
the detector are discussed in detail in the following subsections.

The Whipple 10m telescope has undergone a number of changes during its
history (see Figure 3.4), including a major upgrade to the camera in 1999 (Finley et
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al. 2001). Since then, the sensitivity of the telescope has changed very little, although
there was some additional improvement during the 2007-2008 season. This was
achieved by applying offline pointing corrections (Section 4.1.2), re-focusing the
camera for the height of y-ray shower maximum (Section 3.1.1) and carrying out a
bias alignment of the mirror facets (Section 3.1.2). This section gives an overview of
the entire Whipple 10m y-ray system. A more detailed description will be given for
the most recent hardware updates (current monitor, laser pulser, CCD camera) and
for the work directly involved with this thesis.

3.1.1 Reflector and Camera

The reflector of the Whipple 10m telescope follows the solar-collector design
proposed by Davies & Cotton (1957), comprising a spherical tubular steel optical
support structure (OSS) with opening diameter 10 m and radius of curvature
f=7.3m. The primary dish is composed of 248 spherical front-aluminised glass
mirrors, each 61 cm across, 1 cm thick and hexagonal in shape. Each individual

mirror facet has radius of curvature 14.6 m, twice that of the OSS (see Figure 3.2).
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Figure 3.2 Davies-Cotton reflector design. The spherical dish has a radius of curvature half
that of the individual mirror facets. The instrument is anisochronous: parallel rays A and B

do not strike the focal plane simultaneously, due to the mirror separation d.
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The Davies-Cotton configuration gives smaller off-axis optical aberrations
than a parabolic design. One disadvantage for y-ray air shower detection, however, is
that, unlike a parabolic reflector, the structure is not isochronous. Rays striking
mirrors at different distances from the optic axis have different transit times to the
focal plane. For the Whipple telescope the spread of transit times is 6.5 ns (Kildea et
al. 2007).

Front aluminization is used for the mirror surface because of its superior
reflectivity in the blue and UV range — peak mirror reflectivity is typically around
90% at 310 nm and 85% from 280 nm to 450 nm (Roache et al. 2007), corresponding
to the peak in the Cherenkov light spectrum from a y-ray shower at about 325 nm.
All the mirrors together provide an effective reflecting surface of 75 m? Mirror
reflectivity is affected by washing, degradation (presumably due to wind-borne
dust/sand) and re-coating. Mirror re-coating would ideally be carried out every two
years, but the intervals have tended to be somewhat longer and not all mirrors are re-
coated at the same time, particularly since the inception of VERITAS. The effect of
re-coating on sensitivity can be seen in the plot of yearly Crab rate between 2002 and
2003 (Figure 4.17). Variation in the reflectivity from season to season is one of the
factors the Crab normalisation (Section 4.1.4) is intended to account for.

The telescope has an altitude-over-azimuth mount supported by a concrete
pedestal, with counterweights providing balance. A cylindrical focus box, containing
the camera, is held at the focal plane of the reflector by four steel arms (see Figure
3.3).

The camera consists of an array of fast-response, high-quantum-efficiency
photomultiplier tubes (PMTSs). The basic camera (Cawley et al 1990) was upgraded
during the course of the observations presented in this work. The different camera
configurations are illustrated in Figure 3.4. Initially the camera consisted of a single
PMT. The data used in this thesis start from 1995, at which time the camera
consisted of a closely packed hexagonal array of 109 PMTs (one-inch diameter),
each of which viewed a circular field of view (FOV) of 0.26° diameter, giving a total
FOV of 3°. The current Whipple camera has 379 half-inch PMTs with 0.12° FOV
each, giving a total FOV of 2.8°. Only the inner 331 PMTs contribute to the trigger

(see Section 3.1.3), so the effective FOV of the camera can be considered to be 2.6°.
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Figure 3.3 The physical structure of the Whipple 10m telescope. The 248 spherical mirrors

are mounted on a spherical OSS with a focus box held in position by a tetrapod arrangement.

The PMT spectral responses are chosen so as to match the Cherenkov light
spectrum, which peaks in the blue to near UV. Light-concentrating cones are
employed at the focal plane, in front of the PMTs, to improve the light-collection
efficiency of the camera (Figure 3.5). These “lightcones” help reflect photons, which
would otherwise be lost in the inter-pixel spacing, onto the photosensitive area of the
PMTs, and they also provide albedo protection against light from the night-sky
background (NSB) and from the telescope’s surroundings. Typical efficiency
improvements provided by light concentrators are between 30% and 40% (Kildea et
al. 2007).

For the last three camera configurations shown in Figure 3.4, the high voltage
(HV) to each PMT is supplied by an individual channel of a LeCroy 1458 HV
module, located on the telescope’s counterweights. Voltages are typically in the
neighbourhood of -900 V (cathode relative to grounded anode). Communication with
the HV modules is through custom control software, which sends commands via
Ethernet.

34



3. Detectors

19 Pixels: 1982—-1983
2.3°f.0.v.,2.3° trigger

2
1 000
0000
0 00000
0000
~1 (YY)
)

-2 -1 0 1 2

Figure 3.4 Configurations of various PMT cameras deployed on the Whipple 10m telescope
from 1968 to present. The brown pixels were/are included in the telescope’s triggering

electronics (Schroedter 2004).

Figure 3.5 Left: The 379-PMT camera (without lightcones) in the focus box of the
telescope. On the picture is partially visible one of the four arms, and Mount Wrightson in

the background. Right: The lightcone plate, which fits onto the front of the camera.
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The current camera of the Whipple 10m telescope was moved in February
2008, to bring it into focus for showers at a distance of 8 km from the camera,
corresponding to the height at which the maximum shower development occurs for
TeV y-rays. To do so, the camera was moved forward by about 0.9 cm. This resulted
in tightening of image parameters and some evidence for improvement in detected
Crab Nebula rate (Kildea 2008).

3.1.2 Point-spread Function Measurements and Bias Alignment

The procedure for the mirror alignment of the telescope is based on the fact that, for
a Davis-Cotton reflector, a light source at the 2f point, shining on the centre of any
mirror facet, should retro-reflect. If the light is transmitted to the facet via a beam
splitter, the return beam should then coincide with the beam reflected in the beam
splitter. The alignment is carried out by adjusting each mirror facet so that the light
from it does retro-reflect. This is done with the telescope stowed at its home position,
at elevation 0° and azimuth 0° (north).

The point-spread function (PSF) of the telescope is measured by directly
imaging stars onto the focal plane using a CCD camera mounted at the centre of the
OSS viewing the PMT camera. The size of the PSF depends on the quality of the
mirror alignment. ldeally, it should have a full width at half-maximum (FWHM) less
than the angular size of the individual pixels in the camera (i.e., 0.12° or less).
During observations, the PSF degrades due to a combination of two factors: gross
deformation of the OSS and individual mirror motion. These effects can be reduced
by the technique of bias alignment, whereby it is arranged that the mirrors will fall
into correct alignment at typical observing elevations. In a bias alignment, the mirror
facets are deliberately misaligned with the telescope in its home position so that they
come into proper alignment at elevation 65°, which is a typical observing elevation
(see, for example, Table 4.3). Bias measurements carried out by the author on
VERITAS Telescope 3 (T3) are described here; a similar procedure applies to the
Whipple 10m telescope.
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In order to perform a bias alignment, the movement experienced by each
mirror must be characterised. To do this, a small, lightweight laser unit is attached to
a mirror facet (see Figure 3.6).

Battery mount with
six lasers connected

Figure 3.6 Single laser module (left panel). The author built a special mount in order to
clamp the lasers independently of the battery packs (right panel). This helps to solve the
problem of modules slippage when the telescope is moved, which can lead to erroneous

results.

The laser beam is directed onto the focal plane of the telescope, where a white screen
has been attached, and a CCD image of the focal plane is obtained. The telescope is
then raised to the elevation of the desired best focus at 65°, and another CCD image
is obtained. This is repeated for all mirror facets on the reflector. Typically six mirror
facets were monitored at once (a frame), and then the lasers were moved onto a
different set of mirrors. A SBIG CCD camera model ST-402 XME, positioned at the
centre of the reflector, was used to take the images. The amount by which the laser
spot moves on the focal plane is measured by comparing the images taken at the two
different telescope positions. During all the bias measurement procedure, a reference
laser was permanently clamped to the positioner plate in the centre of the OSS. The
movement of each laser spot on the focal plane was calculated relative to this
reference one (see Figure 3.7).
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Figure 3.7 Bias measurements procedure.

Each frame, which consists of a set of three images at 0° — 65° — 0°, took
an average of 30 minutes to complete. Imaging at 0° a second time provides a
consistency check. The positions of each laser spot in the images were measured
using the SkyCat software developed at the European Southern Observatory
(Brighton et al. 2001). Table 3.1 shows typical results for one frame of T3.
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Mirror # | Frame x0 yO0 X65 y65 x0_B y0_B
356 4 495.6 334 490.4 120.4 495.1 341
340 4 528.5 232.4 532.5 320.4 528.5 232.4
339 4 396.5 367.5 396.8 448.5 395.8 368.2
357 4 266.4 261.8 267 347.6 266.2 262.3
350 4 342.1 169.5 342.8 253.2 343.3 168.7
358 4 285.4 69 286.8 157 284.7 69.8
Ref Laser | 4 389.3 209.3 389.2 303.2 389 209.6

Table 3.1 Pixel coordinates of the spots corresponding to mirrors in frame 4 and the
reference laser are shown in the table. (The coordinates are x0, y0: x and y at elevation 0°;
X65, y65: at elevation 65°; x0_B, y0_B: on return to elevation 0°.) The CCD camera has a

coordinate system of 765 pixels along the x-axis and 510 pixels along the y-axis.

Once the movement of the mirrors with elevation is known, each mirror is
then deliberately misaligned while the telescope is at 0° elevation by an amount
equal in magnitude to the movement due to gravitational slumping, but in the
opposite direction (Schroedter 2004). Figure 3.8 shows the angular tilt of the mirrors
of the Whipple 10m telescope, due to OSS deformation. A file containing
information about the movement of each mirror is generated, called the bias file, for
use by the alignment program so that the slumping effect can be negated. When all
the mirror facets are adjusted following this procedure, the telescope’s optics fall into
optimum and correct alignment at an elevation of 65° (Toner et al. 2007).

Bias alignment was performed on all four VERITAS telescopes. To test the
alignment of the reflectors, PSFs at various elevations were measured by finding the
FWHM for a two-dimensional Gaussian function fitted to each star image, using the
SkyCat program. Figure 3.9 shows a set of images and PSF values obtained before
and after bias alignment of Telescope 1 (T1).
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Figure 3.8 Gravitational slumping effects as the telescope moves from horizontal to zenith
pointing. The arrows indicate the magnitude and direction of the resulting tilt for each

mirror. The results are derived from measurements such as those in Table 3.1.

Figure 3.9 PSF before and after bias alignment for T1. The values 31deg, 50 deg, 68 deg,
etc refer to elevation angles. The line labelled 0.15° shows the angular size of the PMTs

which comprise the camera on the VERITAS telescopes (Toner et al. 2007).
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After bias alignment, the PSF is found to improve at higher elevations. In the case of
the Whipple 10m telescope, a comparison of the PSF values is shown in Figure 3.10.
After bias alignment of the telescope, the value for the PSF is optimized for
elevations in the region of 60°-70°, at a value of ~0.11°, comparable with the PMT
diameter. Either side of this, the value varies only slightly in the region where most

observations are taken.
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Figure 3.10 PSF measurements for the Whipple 10m reflector. The spacing of the PMTs in

the imaging camera of the telescope is also indicated. Figure from Kildea et al (2007).

An alternative alignment system has recently been developed by the McGill
University group (McCann et al. 2009). Paraxial rays (for the telescope) striking any
mirror facet should be focused on the centre point of the focal plane. A planar
secondary mirror just in front of the primary focal plane deflects the light by 90°
onto a CCD camera positioned so that its distance from the primary is equal to the
focal length of the primary. This CCD camera views the entire reflector. The
reflected light intensity from each facet is monitored as the telescope is moved in a
raster scan about a bright star. For each facet the brightest reflection in the scan
reveals its orientation, and shows what adjustments are required to bring it in to
optimal alignment. This procedure has been successfully tested on the VERITAS
reflectors but has not yet been applied to the Whipple 10m telescope. This alignment
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procedure is easier to implement than the previous alignment method. Moreover,
mirror adjustments can be made during daylight hours, avoiding competition with
observing time (McCann et al. 2010).

A typical set of measurements on one of the VERITAS telescopes (PMT
angular diameter of 0.15°) gave a PSF result of ~0.055° FWHM at elevation ~60°
following bias alignment with the McGill system, compared with ~0.070° FWHM
using the older alignment system. This reduction in the PSFs of the telescopes has
improved the overall sensitivity of VERITAS, but it is not possible to quantify this
effect because other substantial hardware changes were implemented concurrently

with the new alignment technique.

3.1.3 Data Acquisition System

The major components of the data acquisition system (DAQ) at the Whipple 10m

telescope are shown in Figure 3.11.

LeCroy 3420
33 33
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379 PMT * 7Z> Trigger
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37 37
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Current OR
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Figure 3.11 Data Acquisition System.
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A photon incident on the PMT may produce a photoelectron (pe). The probability for
this to occur depends on the wavelength of the light and on the specific PMT
photocathode. Electron multiplication in the dynode chain of the PMT results in an
anode current linearly proportional to the number of photoelectrons. The anode
currents are monitored and in case of over-current, the HV supply to that PMT can
be shut down by the observer. The signal from the PMT is AC-coupled to an
amplifier with a gain of 10 and the output is sent in parallel to both the trigger system
and a charge-to-digital converter (QADC). While the trigger system processes the
signal, the other part of the split signal passes through a 120 ns delay cable to the
QADC. The trigger system is composed of two parts, one providing a decision on
whether or not to record an event, the other deciding when to start the recording.
Below is an overview of the main components of the DAQ.

. Amplifiers and Current Monitor
The 379 PMT signals coming from the camera are first amplified using customized
LeCroy 612A modules (see Figure 3.12).

24 outputs 12 inputs To current monitor To power

(@) (b)

Figure 3.12 The 12-channel LeCroy amplifier module. (a) Front view: each input is AC-
coupled to a signal coming from a PMT. There are two amplified outputs: one goes to the
QADC through delay cables and the other one goes to the trigger electronics. (b) Back view:
the signals from the 12 input channels are DC-coupled to the current monitor system,

through a ribbon cable plugged into the back of the module.
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There are 32 modules of this type, each containing 12 amplifiers. Each amplifier has
one input, for the AC-component of the signal, and two outputs, each with a gain of
10. One of the outputs is connected via a delay cable to a QADC, and the other is
sent to the trigger electronics. At the back of each amplifier module, a ribbon cable
connects the DC-component of the signals from 12 PMTs to a current-monitor
system.
The original current monitor at the Whipple 10m telescope consisted of two

ADC cards (Computer Boards 1401-2), each connected to twelve 16-channel analog
multiplexers. A digital value between 0 and 15 sent to each ADC card selects which

channel of each multiplexer is enabled. The 24 DC-coupled signals thus selected are

digitised, and the system moves on to the next set of 24 by incrementing the digital
value sent (Fegan 2006). A new current-monitor system was installed in September
2008, consisting of five National Instruments devices (NI USB-6225), one 7-port
USB 2.0 hub (D-Link DUB-H7) and a dedicated PC (see Figure 3.13).

D-Link DUB-H7
I I
=
HUb Current-monitor PC
NI USB-6225
‘DEV'IJ ‘ Dev2 ‘ Dev3| | Dev4 ‘Dev5 15-line ribbon cables
[[TTT1]] aamnnn R %
R EEHEEEE R EE R e
<< | <=L =L L | <L oo Ee: ||| L | | T <<<<<§<§<§<< o |

Figure 3.13 Schematic diagram of the current-monitor system. Modules Devl — Dev5 are
National Instruments USB-6225 devices.
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Each of the five NI devices (see Figure 3.14) is DC-coupled to ~80 signals coming
from the camera, through 15-line ribbon cables that come from the back of 6-8
amplifier modules. The NI modules are then connected to the PC via the USB hub.

Tracking
Interface

&

& *® " TRACKING INTERFACE

NI USB-6225

Amplifiers

Figure 3.14 Portion of the Whipple 10m electronics system, showing the tracking interface,

amplifiers and current-monitor system.

The anode current of each PMT is monitored using software installed on the
PC so that in the case of high current (due to bright stars in the field of view,
background light, etc), the HV supply to the PMT can be turned off by the observer
via the tracking computer (which controls the HV crates as well as the tracking

system of the telescope).

. Trigger Electronics
Sources of optical photons that produce a current in the PMTs include Cherenkov
light from y-rays and cosmic rays, and noise from the night-sky background (NSB).
In order to select Cherenkov events caused by y-rays or cosmic rays, and reduce the
number of false random events due to the NSB, a trigger system is used to determine
when data should be recorded.

The trigger system at the Whipple 10m telescope consists of constant-fraction

discriminators (CFDs), one for each of the inner 331 PMTs, followed by a pattern-
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selection trigger (PST) which is composed of two subsystems that operate in parallel:
a multiplicity trigger and a pattern trigger.

The CFD for a PMT triggers when a certain preset fraction of the total pulse
height is reached. In order to set the trigger at a fixed fraction f of the pulse height V,
each pulse is split along two paths. On one path, the signal is attenuated to fV, while
on the other path the unattenuated signal is delayed so that it can be compared with
fV. The trigger is generated when the unattenuated pulse reaches the level fV. In this
way, the trigger occurs independently of the signal amplitude V, so that small pulses
and large pulses trigger at the same time relative to the commencement of the pulse
(Figure 3.15b). This is in contrast to the case of fixed threshold, which results in time
jitter because larger pulses trigger earlier than small ones (Figure 3.15a).

Gamma-ray-induced showers are more compact than hadronic showers and
produce images with light concentrated in fewer PMTs. The pattern trigger uses pixel
geometry information to discriminate against random background patterns in favour
of compact candidate shower images. It requires signals in a minimum number, N, of
adjacent PMTs to exceed a set threshold (typically 32 mV) within a ~5ns coincidence
window. N can be set to 2, 3, or 4-fold coincidence but the normal operating mode is
N = 3. One drawback of the pattern trigger is that the timing information becomes
blurred through the complex hardware in the trigger module. Therefore, a simple
N-1 multiplicity trigger is used in parallel with the pattern trigger to provide the

precise timing information for enabling the QADCs.

. Signal-recording System

When a trigger occurs, the signal from each PMT is integrated for 15 ns and
converted to a digital count (d.c.) value by the QADC. This information, along with
the time and a trigger map, is transmitted along the CAMAC backplane and recorded
by the DAQ computer, as shown in Figure 3.11. The integration time is longer than
the ~4 ns duration of the Cherenkov pulse from an air shower (Hillas 1982), because
of the ~6.5 ns time spread introduced by the optical geometry of the telescope
(Section 3.1.1), pulse degradation of ~3 ns in the cables, and the rise and fall times of
the PMT response.
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Figure 3.15 Discriminator operation. (a) Fixed threshold: for two simultaneous input
pulses, the larger pulse reaches the threshold level and triggers the discriminator earlier,
introducing time jitter. (b) Constant fraction discriminator: with the trigger threshold at a
preset fraction of the pulse height (60% in the example shown), both pulses trigger the

discriminator at virtually the same time, largely eliminating jitter.

A separate, independent trigger signal at a fixed rate of 1 Hz is supplied by a
global position system (GPS) clock. Events triggered in this way are called
“pedestal” events and are tagged as such in the data stream. Pedestal events contain
no Cherenkov light, only NSB. They are used to measure the small steady offset
introduced into each QADC channel to take account of the fact that the AC-coupled
signal has both positive and negative fluctuations whereas the QADC can only

digitize positive values. See Section 4.1.1 for further details.
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For events that pass the hardware trigger, the QADC values are read out and
buffered by Hytec 1341 List Processors until they can be handled by the DAQ
software. The DAQ software, called GRANITE (Gamma-RAy New Imaging
TElescope), runs on the DAQ computer, a Digital Alpha machine (Figure 3.11).

3.1.4 Flatfielding System and Pointing Monitor

In practice, the hardware gains in different PMT channels will differ slightly so that
the same amount of light will produce different d.c. values for different pixels. In
order to achieve a uniform response across the camera, the response of each pixel
must be corrected to take account of these gain differences, a process referred to as
flatfielding. To implement this process, the camera is illuminated using a nitrogen
discharge tube (mounted at the centre of the reflector), which produces fast (~35 ns)
pulses with a nearly uniform light intensity at a rate of ~750 Hz (Grube 2007).
Flatfielding (“relative-gain”) coefficients are determined for each pixel by comparing
the d.c. value for the pixel with the mean d.c. value for all pixels, and these
coefficients are used to correct the spread in pixel gains.

A new flatfielding system was implemented on the Whipple 10m telescope in
May 2007. The nitrogen tube arrangement was replaced with a laser located inside
the telescope control building, from which light pulses are transmitted by fibre-optic
cable to illuminate a diffuser fixed at the centre of the reflector facing the PMT
camera (see Figure 3.16).

The laser calibration runs (or nitrogen runs) are generally taken with the
telescope in its stow position, but can be taken at any elevation provided there are no
bright stars in the field of view.

The pointing monitor is another important calibration instrument installed on
the Whipple 10m telescope. It consists of a Prosilica EC1380 CCD camera mounted
at the centre of the OSS and viewing the PMT camera. This CCD camera, based on
the Sony ICX285AL sensor, was installed on the telescope in 2008. It has gain
settings from 1x to 32x, exposure times from 10 ps to 10 s and an IEEE 1394
Firewire port through which it connects to a computer. Four LEDs fixed in the focal
plane allow the centre of the PMT camera to be precisely located in the CCD images.
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Figure 3.16 Flatfielding system. The diffuser illuminates the front of the camera uniformly
and is used to determine the relative gains of the PMTs. The mean d.c. values for the PMTs

are recorded and used to calculate the relative gains.

The pointing monitor has been used to find the pointing offset of the
telescope in order to apply corrections to the data (see Section 4.1.2 for further
details), and is also used for performing PSF and bias-alignment measurements.

3.2 Radio Telescopes

The purpose of this section is to provide a brief introduction to important quantities
and techniques used in radio astronomy, and to present the basic principles behind
radio telescopes and interferometers. In Section 3.2.4, a brief description is given of
the instruments that provided the radio data used in this thesis.

3.2.1 The Radio Window

In 1931 Karl Jansky was conducting experiments for Bell Laboratories related to the
production of radio-wavelength static from thunderstorms. During the course of his
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investigation Jansky discovered that some of the static in his receiver was of
“extraterrestrial origin”, an observation confirmed by Grote Reber in 1938 (Kraus
1966). By 1935 Jansky had correctly concluded that much of the signal he was
measuring originated in the plane of the Milky Way, with the strongest emission
coming from the constellation Sagittarius, the direction in which the centre of our
Galaxy lies. Jansky’s pioneering work represented the birth of a whole new field of
observational study, radio astronomy (Carroll & Ostlie 1996).

The Earth’s atmosphere is transparent to radio waves, in a frequency window
extending from ~15 MHz (A ~ 20m) to ~600 GHz (A ~ 0.5 mm), but these limits are
not sharp and can vary both with geographical position and with time.

The high-frequency cut-off occurs because the resonant absorption of the
lowest rotation bands of molecules in the troposphere fall into this frequency range.
There are mainly two molecules responsible for this: water vapour, H,O, with strong
absorption bands at 22.2 GHz and 183 GHz; and molecular oxygen, O, with an
exceedingly strong band at 60 GHz (note that these absorption bands are well below
600 GHz). At the lowest frequencies, the atmosphere ceases to be transparent
because free electrons in the ionosphere absorb electromagnetic radiation if the

frequency is below the plasma frequency v, which is given by

v N
L =8.79 S
kHz cm

(3.1)

where N is the electron density of the plasma. Electron densities in the ionosphere
depend on time of day and on solar activity, and therefore this low-frequency limit is
variable (Rohlfs & Wilson 2000).

3.2.2 Basic Definitions and Tools

Consider electromagnetic radiation falling on a flat area A at the surface of the Earth,
as shown in Figure 3.17. The infinitesimal power dW from a solid angle dQ incident
on a surface of area dA is
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where
dw

de

dA
dv

dW =1,cosO dQ dA dv

infinitesimal power, in W

brightness of sky or specific intensity, in W m? Hz™* sr™

infinitesimal solid angle of sky, in sr

angle between the normal to dA and the direction to d2, in rad

infinitesimal area of surface, cm?

infinitesimal element of bandwidth, in Hz.

Az

Normal to dA

Figure 3.17 Basic geometry for radiation of intensity I, incident on a flat area.

(3.2)

In general the specific intensity (or brightness) I, is a function of both the

position (in the sky) and of the frequency. It is a fundamental quantity of radio and

optical astronomy and is a measure of the power received per unit area per unit solid

angle per unit bandwidth (Kraus 1966).

total solid angle Qs subtended by the source

S(v) = fIv (Q,Cp) cosf dQ

Qg

o1

The total flux of a source is obtained by integrating Equation (3.2) over the

(3.3)
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S(v), called spectral flux density, is measured in units of W m? Hz. Since the flux
density of radio sources is usually very small, a special radio astronomical flux

density unit, the jansky (abbreviated Jy), is commonly used.
1Jy=10®Wm?Hz*=10%erg s* cm? Hz? (3.4)

To determine the total power W collected by the receiver, Equation (3.2) must
be integrated also over the effective area of the telescope, A, and over the frequency
interval Av (the bandwidth) for which the detector is sensitive, giving

W= [ [S(v) dv da (3.5)

A Av

If S(v) can be considered to be constant over the frequency interval Av, the
integral simplifies to give

W=ASAv (3.6)

Very few astronomical sources are as bright as 1 Jy, but even such a source
would produce a signal of only 10" W with a 100m-diameter radio telescope,
assuming that it is 100% efficient over a bandwidth of 10 MHz.

Astronomical radio sources can be classified into two categories: those which
radiate by thermal mechanisms and those which radiate by nonthermal processes. In
principle many different radiation mechanisms could be responsible for nonthermal
emission, but in practice one single mechanism seems to dominate, i.e., synchrotron
emission (Section 1.3.1).

The parabolic dish of a typical radio telescope reflects the radio energy of the
source to an antenna. The signal from the antenna is amplified and processed to
produce a radio map of the sky at a particular wavelength. Radio telescopes come in
many different configurations. Figure 3.18 shows a common type called the total
power radio telescope.

Details of the electronics have been omitted from Figure 3.18 in the interest of
providing a general understanding of the entire system.
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Figure 3.18 Simple superheterodyne total power radio telescope. The observing frequency

range is adjusted by tuning the local oscillator.

The total power radio telescope employs a receiver called a superheterodyne, in
which the radio-frequency (RF) amplifier is followed by a mixer that multiplies the
RF signal by a sine wave of frequency v, o generated by a local oscillator (LO). The

product of two sine waves contains the sum and difference frequency components.
2sin(2ﬂvw t) X sin(2m/RF t) = cos[2n(vw - VRF) t] - cos[ZJr(vw + VRF) t] (3.7)

The difference frequency is called the intermediate frequency (IF), we. The
advantages of superheterodyne receivers are that most of the amplification can be
done at lower frequencies (vie < vge), Which is usually easier, and that the vge range
can be controlled precisely by tuning only the local oscillator. Thus, back-end
devices following the untuned IF amplifier (e.g., multichannel filter banks or digital
spectrometers) can operate over fixed frequency ranges.

Single-dish radio telescopes have large collecting areas but relatively poor
angular resolution at long wavelengths. Nearly all discrete continuum sources are
extragalactic and extremely distant, so they are distributed randomly and
isotropically on the sky. Sky-brightness fluctuations caused by numerous faint
sources in the telescope beam (referred to as “confusion”) usually limit the

sensitivity of single-dish continuum observations at frequencies below ~10 GHz
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(Murphy 2009). Below that frequency, most continuum observations are made with
interferometers (see Section 3.2.3) rather than single dishes because interferometers
can synthesize much smaller beamwidths and hence have significantly lower

confusion limits.
3.2.3 Radio Interferometry

The angular resolution of a radio telescope is given by 6 ~ A / D, where 6 is the
smallest angular separation which two point sources must have in order to be
recognized as separate objects, A is the wavelength of the radiation received and D is
the diameter of the telescope (Rohlfs & Wilson 2000).

The resolution of a radio telescope can be improved by increasing the
diameter D. However, this may not be technically possible and/or financially
feasible. Therefore radio astronomers have increased the effective resolving power of
their instruments by combining the outputs of two or more separated telescopes. The
effect of this is similar to that obtained using the interference technique in the Young
double-slit experiment.

Figure 3.19 shows two radio telescopes separated by a baseline of distance d.
Since the distance from telescope B to the source is greater than the distance from
telescope A to the source by an amount L, a plane wavefront incident at angle 6 will
arrive at B after it has reached A. If L is equal to an integral number (L = n A, where
n=0, 1, 2, ...) of wavelengths, the two signals will be in phase and their
superposition will result in an intensity maximum.

The pointing angle & is related to d and L by
. L
sinf =— 3.8
q (3.8)

It is then possible to determine the source position precisely using the interference
pattern produced by combining the signal of two or more antennas (Carroll & Ostlie
1996). Angular resolution values as small as 0.1 milliarcsecond (mas) have been

accomplished using this technique.

54



3. Detectors

Wavefront from
the source

Figure 3.19 Radio interferometry.

3.2.4 Instruments

In this thesis, Mrk 421 radio data from the Metsahovi Radio Observatory and from
the University of Michigan Radio Astronomy Observatory (UMRAO) have been
used, and the results of the analysis are shown in Section 5.2. The Mets&hovi radio
telescope is a radome-enclosed paraboloid antenna with a diameter of 13.7 m (see
Figure 3.20, left) situated at 60 m above sea level in Kirkkonummi, Finland
(longitude 24°23'38" E, latitude +60° 13" 0.5"). Its 37 GHz receiver is a dual-horn
Dicke-switch receiver with a HEMPT (high-electron-mobility pseudomorphic
transistor) front end operated at room temperature (Terésranta et al 1998).

The data from UMRAO were taken using the 26m-diameter parabolic
reflector (Figure 3.20, right) with receivers operating in frequency bands centred at
4.8 GHz, 8.0 GHz and 14.5 GHz.
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Figure 3.20 The Metsahovi radio telescope (left) and the antenna of the UMRAO (right).

Milliarcsecond-scale images of Mrk 421 from the MOJAVE (Monitoring of
Jets in Active Galactic Nuclei with VLBA Experiments) survey, from the period
1995-2000, have also been used in this thesis and the results are presented in Chapter
5. MOJAVE is a long-term observational program to study the structure and
evolution of relativistic outflows in AGN (Lister & Homan 2005). The observations
are made at a frequency of 15GHz using the Very Long Baseline Array (VLBA),
which applies the interferometry technique using ten 25-metre radio telescopes at
various locations, eight of them in the continental USA and one each in Hawaii and
the Virgin Islands (see Figure 3.21).

The VLBA observations have radically changed the view of AGN jets,
making it possible to obtain high dynamic range, full-polarization images at regular
intervals, routinely obtaining a resolution better than 0.1 mas.
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Figure 3.21 The Very Long Baseline Array (VLBA).

3.3 Space-based Detectors

Space-based detectors carried by satellites or high-altitude balloons detect X-ray and
y-ray photons directly when they pass through the detector and interact with the
detector material. The resulting electron-positron pairs are used to determine the
energy and direction of the original photon. Satellite detectors typically include three
main components: a tracking chamber, a calorimeter, and an anti-coincidence shield.
The tracking chamber records the path of charged particles within the detector. The
tracks are used to identify electron-positron pairs and reconstruct the initial photon
direction. The calorimeter measures the energy deposited in the detector to determine
the initial photon energy. The anti-coincidence shielding is typically a scintillator
detector used to veto events caused by charged particles passing through the

detector.
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Space-based detectors have an advantage over ground-based detectors in
terms of exposure. They can be placed in orbits that allow year-long observation of
sources. The high-duty-cycle monitoring available to satellite instruments not only
avoids missing activity in transient sources but also eases coordination with
simultaneous observations in other wavebands. The biggest limitation of satellite
detectors has been the angular resolution. Although capable of monitoring a large
portion of the sky simultaneously, location errors have been on the order of a degree.
Most ground-based y-ray detectors and telescopes in other wavebands resolve
sources on smaller scales, which make it difficult to correlate observations.

In this work, data from two satellite detectors, RXTE and Fermi, have been
analyzed to carry out variability studies and to look for correlations with the Whipple
observations (see Sections 5.3.1 & 5.3.3). Technical details of these two instruments

are presented in the following subsections.

3.3.1 The Rossi X-ray Timing Explorer

Photons with X-ray energies (0.1-100 keV) are absorbed high in the Earth’s
atmosphere, so to detect them it is necessary to get above the atmosphere. X-ray
astronomy began in the 1960s with rocket experiments, and since then all major
X-ray observatories have been satellite-based.

The NASA-built Rossi X-ray Timing Explorer (RXTE) observatory was
launched in December 1995 and is still operational. Figure 3.22 shows a diagram of
the RXTE spacecraft. RXTE is in a circular low-Earth orbit with period ~90 minutes,
apogee 580 km and perigee 560 km.

RXTE has three non-imaging X-ray instruments on board: the Proportional
Counter Array (PCA), the High Energy X-ray Timing Experiment (HEXTE), and the
All-Sky Monitor (ASM) (Bradt et al. 1993). The PCA comprises of five proportional
counter units (PCU) detectors covering the energy range 2-60 keV with energy

resolution ~18% ( E/AE ~5.5) and total effective area 5200 cm? at 6 keV (Jahoda et

al. 1996; Jahoda et al. 2006). Higher energy (20-200 keV) X-rays are detected by the
HEXTE at a comparable energy resolution of 15%, but with much lower sensitivity
than the PCA (Rothschild et al. 1998). The PCA and HEXTE each have a 1° field of
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view. The ASM instrument consists of three proportional counter scanning shadow
cameras (SSCs) mounted on a motorized rotation drive. The ASM scans nearly 80%
of the sky during every orbit, providing long-term X-ray rate monitoring of ~350
sources in the energy band 1.2-10 keV (Levine et al. 1996). X-ray point sources are
identified in the wide 6° x 90° ASM field of view by shadow patterns in the slit
masked detector. The systematic uncertainties in the ASM rate are large (5%), and
only relative flux estimates are available for long-term (month timescale) monitoring
(Grube 2007).

Figure 3.22 Diagram of the RXTE Observatory, from Rothschild et al. (1998), showing the
five PCA Proportional Counter Units (PCUs), the two HEXTE cluster detectors to the left
and the ASM instrument on the right.

In this work, 13.5 years of RXTE ASM data from January 1996 to June 2009
have been used for variability and correlation studies. A series of 90-second
integrated data was derived from ASM archives and binned in ~21-day intervals to
reduce statistical errors. RXTE observations and results are described in Chapter 5.
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3.3.2 The Fermi Gamma-ray Space Telescope

The Fermi Gamma-ray Space Telescope (Fermi) is a new-generation high-energy
y-ray observatory designed for making observations of celestial objects in the energy
band extending from 8 keV to ~300 GeV. It was launched from Cape Canaveral
(Florida), on June 11, 2008. Fermi travels in a circular low-Earth orbit, at altitude
565 km with inclination ~24.7°. The observatory circles Earth every 90 minutes and
is able to view the entire sky in every three hours. The mission is designed for a
lifetime of five years with a goal of ten years of operations.

Fermi (see Figure 3.23) carries two instruments: the Large Area Telescope
(LAT) and the Gamma-ray Burst Monitor (GBM). The main instrument, the LAT
(Figure 3.24), has a field of view of ~2 sr (~20% of the entire sky). Within its 1.8 m
housing, it uses 880,000 silicon strips to detect y-ray photons in the energy range
from 30 MeV to ~300 GeV. The LAT has high sensitivity above 10 GeV, and is at
least 30 times more sensitive than any previous y-ray instrument flown in space. The
complementary GBM instrument is designed to detect gamma-ray bursts (GRBS)

over a wide range of timescales.

Anticoincidence

LAT Instrument Detector

(under the anticoincidence detector)

LAT Radiator

Solar Panels

GBM Instrument

Ku-Band Antenna

Figure 3.23 The Fermi Gamma-ray Space Telescope. Drawing courtesy of NASA.

The LAT data used in this thesis are the product of an intensive period of

observations of Mrk421 (January—June, 2009), as part of a multiwavelength
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campaign carried out with the Whipple 10m telescope in collaboration with a range
of other instruments (Chapter 5).

The four main subsystems of the LAT are: a tracker, a calorimeter, an
anticoincidence detector (ACD) and the data acquisition system (DAQ).

i3 anticoncidence
shield

T~ conversion [oil
v 2 ‘

e O FOr ™~ particle tracking

& - detecton

t
_\ calorimeler

Figure 3.24 The LAT has 16 towers of particle detectors, seen here (left) before the

installation of the anticoincidence detector. Each tower contains a tracker module and a
calorimeter module (right). The data acquisition system is located underneath the towers.

(Images from Fermi-LAT Collaboration.)

When a y-ray photon enters the LAT (see right diagram in Figure 3.24), it
first passes through the ACD without producing a signal. The y-ray photon interacts
in one of 16 thin tungsten sheets, converting into an electron and a positron. The
tracker uses silicon strips to measure the paths of the electron and positron, allowing
the arrival direction of the photon to be determined. The electron and positron enter
the caesium iodide calorimeter, which measures the energies of the particles, so that
the energy of the photon can be determined. The ACD makes it possible to reject

99.97% of unwanted events due to cosmic rays (Jenner 2008).

3.4 The Milagro Observatory

The Milagro Gamma-ray Observatory operated from June 1999 to April 2008,
continuously observing the sky overhead (FOV ~ 2 sr) twenty-four hours a day. The
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Milagro detector identified high-velocity charged particles coming from extensive air
showers (EASs), by using an array of PMTs to detect the Cherenkov radiation
produced by these particles in a large tank of water.

The Milagro Observatory was located in the Jemez Mountains near Los
Alamos, New Mexico, at an altitude of 2650 m. This altitude allows the detection of
EAS particles that do not survive to greater depths in the atmosphere. The Milagro
detector consisted of a large made-man pond of water, protected and shielded from
light by a polypropylene cover (See Figure 3.25). The pond measures 80 m x 60 m
and 8 m deep, and was instrumented with two layers of PMTs (Smith et al. 2001).
The top layer, 1.5m below the surface of the water, contained 450 PMTs distributed
in a rectangular grid and was used primarily to determine the arrival times and
directions of air shower particles. The bottom layer of 273 PMTs on a smaller grid
was placed 6 m below the surface and acted as an imaging calorimeter to detect
penetrating particles such as muons and hadrons (which deposit dense clumps of
energy in the detector) and distinguish them from electrons and y-ray photons.

Figure 3.25 Left: Aerial view of the Milagro installation (from Smith et al. 2007). Right:
Illustration of PMT placement in the pond (from Hays 2004).
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3. Detectors

Simple cuts on the measured quantities allow for removal of over 90% of the
hadronic background while preserving more than 60% of y-ray-induced showers. The
technique was verified through observations of Mrk 421 (Benbow 2001) and the
Crab Nebula (Sinnis et al. 2001).

The Milagro system operated with a trigger that required roughly 50 PMTs to
be hit within a 200 ns time window. Under normal operating conditions, this criterion
provided about 1500 triggers per second (Smith et al. 2001). EAS detectors such as
Milagro can operate continuously day and night and are typically not affected by the

weather. The Milagro detector achieved a sensitivity of 12c /,/yr on the Crab Nebula

with a median energy of roughly 12 TeV (Abdo et al 2007a). While this sensitivity is
considerably less than that of atmospheric-Cherenkov telescopes (ACTs) such as
VERITAS, H.E.S.S. or Whipple, instruments like Milagro are well suited to the
study of long-duration variability.

Its wide field of view (~2 sr) and high duty cycle (>90%) made the Milagro
detector an important survey instrument for a broad range of y-ray and cosmic ray
phenomena (Hays 2004). The effective area and energy threshold of Milagro were
dependent on zenith angle, due to the increased atmospheric overburden at larger
zenith angles which tends to attenuate the particles in the air shower before they reach
the ground. The sensitivity of Milagro varied slowly with zenith angle from 0° to
~30° and then decreased more rapidly (Atkins etal. 2005).
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Chapter 4

Reduction and Calibration of Observational Data

This chapter focuses on the methods used to treat the y-ray and radio data to extract
useful information from them. Similar principles are applied to the data taken in the
other energy bands covered in this work.

It is a fortunate coincidence in nature that while a y-ray photon itself may not
survive to ground level, the secondary products of its interaction with the atmosphere
do survive and can be detected with simple detectors (Section 2.4). There is then a
“y-ray window” in the atmosphere, extending from below 50 GeV to ~50 TeV
(Weekes 2003). The Whipple 10m telescope was the first large instrument capable of
recording signals within this window, and the techniques that are used to analyze the
raw data recorded by this telescope are described in Section 4.1.

The second part of this chapter is devoted to the radio data. An introduction is
given to the instruments used to obtain the data discussed in this thesis. An overview
of the morphological features of radio sources was given in Section 1.2.1; here we
focus on how to extract useful information from these features in the case of
Mrk 421.

4.1 Gamma-ray Data

The Mrk 421 y-ray data presented in this thesis were analyzed using the imaging
technique and analysis procedures described in Section 4.1.1. Since y-ray images are
known to be compact and elliptical in shape while those due to cosmic-ray showers
tend to be broader with more fluctuations, selection criteria (“cuts”) can be derived
from the imaging technique parameters such that approximately 99% of the

background images can be rejected.
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Two quantities which are important for analysis and calibration of the y-ray
data and which must be determined for each observing season are the tracking ratio
and the Crab Nebula rate.

The tracking ratio is defined as the ratio of the number of events passing cuts
in a “source region” to the number passing the same cuts in a “control region” for a
sample of data containing no source of y-rays (“darkfield data”). This quantity is
required in order to analyze the Mrk 421 data using the TRACKING method. The
values of the tracking ratio for all seasons within the period 1995 — 2009 were
calculated by analysing a large sample of darkfield data. The results are shown in
Table 4.2.

Crab Nebula data (a total of 242.4 hours of observations) from the same
period were analyzed in order to calibrate the overall telescope response for each
season. The results are discussed in Section 4.1.4. These results were used to convert

the Mrk 421 y-ray rates into equivalent “Crab units”.

4.1.1 Imaging Atmospheric Cherenkov Technique

The overall goal of an imaging Cherenkov telescope is the unambiguous detection of
y-ray radiation from celestial sources. However, the vast majority of the images
recorded by such a telescope (over 99% of them) originate from events which are
due not to y-ray photons, but to hadronic showers, radiation from single local muons
or sky-noise fluctuations. The key to the imaging atmospheric Cherenkov technique
is to record as much information as possible about each image and to exploit the
differences between y-ray images and background images so as to achieve maximal
rejection of the background events (Quinn 2005).

There are five principal steps in the analysis of data recorded with the
Whipple 10m telescope:

1)  Data selection

When selecting a database of observations to use for detailed analysis, a number of
factors must be taken into account, such as sky conditions, the elevation angle of the
source and the condition of the telescope system during the course of the
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observations. Only observations taken under very good atmospheric conditions, free
from hardware malfunctions and at elevation angles greater than 55° were used in the
Mrk 421 analysis presented in this thesis. For data taken at zenith angle 6,, the
observed event rate can be shown to be approximately proportional to cos(d,) (Le
Bohec & Holder 2003). If the observations are restricted to a narrow range of zenith
angles, as in this work (7° < 6, < 34°), the effect of zenith angle on the rates is
relatively small (Toner 2008).

2)  Image preparation

The light incident on each PMT in the camera produces at the anode a current pulse
which is converted to voltage. As explained in Section 3.1.3, when the data
acquisition system is triggered to “record an image”, this voltage is input to a charge-
to-digital converter (QADC), whose output is a number (digital count, d.c.)
representing the amount of light incident on the PMT. There is a separate QADC
channel for each PMT. The “raw data” of an image then consists of the set of these
d.c. values for all PMTs in the camera.

Due to the 15 ns QADC integration time (Section 3.1.3), the signal will
include some contamination from night-sky background. A small offset value, or
“pedestal”, is imposed on each QADC channel so that negative fluctuations in the
PMT signal still result in a positive QADC value when integrated over the gate time.
The pedestal of a channel is a measure of its mean integrated charge in the absence
of a Cherenkov signal. The d.c. value corresponding to the pedestal is determined
using randomly-triggered snapshots of the sky (i.e., not triggered by an air shower)
recorded at a rate of 1 Hz. The variance of the pedestal value for each channel gives
an indication of the night-sky background fluctuations for that channel. For a
Cherenkov event, the average pedestal value in each channel is subtracted from the
d.c. value recorded for that channel to derive the signal due the Cherenkov light.

Each PMT in the camera can be considered as a “pixel”. For an event
recorded by the telescope, some of these pixels will contain only background light
while others will contain a mixture of background and Cherenkov light. Each event
is “cleaned” on a pixel-by-pixel basis to suppress pixels containing only background
light. To be considered part of the picture (essentially the core of the Cherenkov

66



4. Reduction and Calibration of Observational Data

image), the signal recorded from a pixel must be at least 4.25 times the standard
deviation of the pedestal distribution for that pixel. To be part of the boundary for an
image, a pixel must have a signal that is at least 2.25 times the standard deviation of
the pedestal distribution and must also be adjacent to a pixel that is part of the
picture. These picture/boundary values (4.25/2.25) are derived from optimization of
the signal-to-noise ratio for Crab Nebula observations. Pixels which pass these
picture/boundary cleaning conditions together make up the image of the Cherenkov
event. All other pixels are treated as not belonging to the image, and their d.c. values
are set to zero for all subsequent analysis.

Following pedestal subtraction and image cleaning, each surviving channel
must undergo flatfielding, or gain normalization (Section 3.1.4), which compensates
for the differing gain of each PMT. The relative gain factors are calculated from laser
calibration data taken each night (Section 4.1.2).

3) Image parameterisation

Following pedestal subtraction, cleaning and flatfielding, the image of each event is
parameterised: assuming the image is elliptical in shape, a set of parameters is
calculated based on the shape (length and width), location (distance) and orientation
(alpha) of the ellipse (Hillas 1985). These parameters are collectively known as
Hillas parameters and are illustrated in Figure 4.1. In addition, image size is defined
as the total number of d.c. in the cleaned image, corresponding to the total light
content in all tubes that are part of the image, and is related to the energy of the
primary particle that produced the shower. Image asymmetry is a parameter
determined by the distribution of light along the major axis of the ellipse; y-ray
images tend to have more light in the direction in which the shower is pointing and

less in the direction from which it came.

4)  Gamma-ray selection
One of the most powerful methods for distinguishing y-ray images from those caused
by hadronic showers, muons or noise is selection based on image parameterisation.

The images produced by y-ray showers are compact whereas hadronic showers
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produce images that tend to be broader and individual muons give rise to ring-like

images or arcs in the focal plane.

LENGTH \ WIDTH

DISTANCE

Centre of camera O

Figure 4.1 lllustration of the main Hillas image parameters.

Consequently, length and width for y-ray events tend to be smaller than those for
background events (see Figure 4.2). The y-ray images from a source at the centre of
FOV will tend to point to the centre of the camera and so will have small values of
alpha, whereas background images will have their axes oriented randomly.
Appropriate selection cuts can therefore be applied to the data so as to reject
approximately 99% of the background images while retaining about 50% of those
generated by y-ray showers.

The data are subjected to a size cut which essentially acts as an energy filter.
This cut criterion will only pass events in which the two or three PMTs with the
highest signals have d.c. values above certain defined thresholds. This is similar to
the hardware trigger, rejecting small background events. Cherenkov light from
individual muons (from hadronic showers not detected by the telescope) that pass

close to the telescope can trigger the system. Images of such muon events tend to
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have less light per pixel than y-ray images and to be very elongated by comparison.
A length/size cut applied to the data reduces the number of such events (Moriarty et
al. 1997).

Degree
Degree

- o

o
)

o
o

Figure 4.2 Typical images recorded by the Whipple 10m telescope: candidate y-ray event
(top left), cosmic-ray (top right) and segment of the ring generated by a local muon (bottom).
Images from Dunlea (2001). Open circles represent the PMTs and the size of the filled
circles is a measure of the amount of light recorded in each PMT; “image” pixels are shown
in red and “boundary” pixels are shown in green. Blue circles correspond to pixels that fail

the picture/boundary criteria and are excluded in the subsequent analysis.

The optimum values of the parameter cuts are determined as those that give
the highest y-ray signal-to-noise ratio (significance) for Crab Nebula observations.
The optimised cuts developed using data from the 2000 observing season (following

the major camera upgrade in 1999) are referred as “Supercuts 2000 and have proven
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to be close to optimal for observations from all subsequent seasons. The list of

Supercuts 2000 parameter cuts used in this work is shown in Figure 4.4.

5)  Signal calculation
Even in the absence of a y-ray source, some proportion of the events recorded will
pass all of the selection cuts, implying that they are classified as y-ray events. The
rate of these background events, which depends on a number of factors including sky
brightness, elevation and weather, must be established in order to calculate the
statistical significance of any apparent excess of y-ray photons detected. Different
methods are employed to estimate this background depending on the observation
mode used (Horan 2001).

For data taken in “ON/OFF mode”, as described in Section 4.1.2, the y-ray
rate (r) and its statistical uncertainty (o,) are defined as:

r 2, = Nov ~Noer , VNow + Nore (4.1)

' t a t

where Non and Nogr are the numbers of events passing all cuts for the ON run and
the OFF run, respectively, and t is the duration of the observing run. The significance
(Sig) of any excess is then given by:

No _NOFF

. r
G, oy +Nory o
This significance represents the ratio of signal to noise, and is related to the
probability that the signal is real rather than a random fluctuation in the background
level.

Most y-rays from an object at the centre of the field of view will have small
values of the alpha parameter. Hence, the alpha distribution beyond ~20° should
consist of background events which mimic y-ray events. For “TRACKING mode”
observations (i.e., in the absence of an OFF run), events in the 20°-65° region of an
ON-source alpha plot can be used to estimate the background from the source
direction. This method is explained in detail on Section 4.1.3.
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4.1.2 Analysis Software and Pointing Corrections

The raw data from the Whipple 10m telescope were analyzed using a software
package that was originally developed at University College Dublin (UCD), and
subsequently modified and installed on site at the Fred Lawrence Whipple
Observatory (FLWO). This analysis software will be referred to hereafter as the
“Dublin Analysis”.

Each run (producing a raw data file) is taken in one of four modes: ON, OFF,
TRACKING or Nitrogen. An ON/OFF pair consists of two consecutive exposures:
the telescope is aligned with its optical axis pointed at the position of the source in
the sky (RA and dec) and moved to track this position for 28 minutes (“ON run”);
the telescope is then moved back to the same elevation and azimuth as at the start of
the ON run, and this position (RA and dec) is observed for 28 minutes without any
source, as a control region of the sky (“OFF run”). The OFF run provides a
background comparison for the ON run. In the TRACKING mode, no OFF runs are
taken, allowing the source to be followed continuously; in this case, the background
is estimated from the alpha distribution, as indicated above. In order to flatfield the
camera, the PMTs are illuminated with a nitrogen flash tube. Nitrogen runs are taken
each night so as to determine the response of the camera to a uniform stimulus (see
Section 3.1.4 for further details). In May 2007, the nitrogen tube was replaced with a
laser pulser (Figure 3.16).

The raw data are stored in each file in ZEBRA format (developed at CERN),
and consist of a set of data structures which hold all the information associated with
each camera event (y-ray or otherwise). The raw data files are given a . fz (ZEBRA
format) extension, and are named by consecutive numbers, prefixed with “gt” (e.g.,
gt035464 . Fz).

The Dublin Analysis Code

This code is designed to extract, parameterise and analyze the information stored in
the raw data files (UCD Data Analysis Manual). Figure 4.3 provides a functional
overview of the Dublin analysis procedure, beginning with the .fz files and

producing final output in HTML and/or eps format. The purpose of the each of the
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intermediate routines shown in Figure 4.3 is as follows. The xfastlook routine outputs
a postscript file which contains information about the run, such as number of events,
duration, raw data rates and tracking information, as well as a data file
(gtxxxxxx.hdf) in which the raw data have been converted to HDF (Hierarchical

Data Format).

gtxxxxxx.fz
gtyyyyyy .tz

-phdf -XC
-px -dat
xfastlook | ——> | xanalyze —> xcut E::$> xtabout
-ps
-hdf
-html

-ps
- Ixt

Figure 4.3 The Dublin analysis procedure in practice, where gtxxxxxx .z is the raw data
file and gtyyyyyy.fz is the appropriate nitrogen file. If an OFF run is taken, the input to

xfastlook also includes an OFF data file.

The xanalyze program performs Hillas parameterisation for each of the events in this
-hdf file; the output is either a file in HDF format (with a .phdf extension) or an
ascii file (with a .px extension) containing parameter values for each event in the
data run. The xcut program selects events that pass a set of predetermined cut values.
The xtabout program generates a summary of the results (see Figure 4.4) in
postscript, HTML or ascii format, along with an alpha distribution plot (Figure 4.5).

Pointing corrections

The accuracy with which the telescope tracks the position to which it is pointing is of
vital importance in the imaging atmospheric Cherenkov technique. The alpha
parameter depends completely on the position of the source in the field-of-view
(Kildea 2002). At the beginning of the season 2007-2008, the alpha plots generated
by the analysis appeared to be less peaked and the Crab Nebula rates lower than
expected, suggesting that there was a small offset in the telescope pointing. In early
2008, the author carried out pointing measurements on the Whipple 10m telescope in
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order to determine this offset so that corrections could be implemented in the Dublin
analysis code. A white screen was placed in front of the PMT camera and CCD
images of stars were taken at different elevations and azimuths (see Figure 4.6) using
the pointing monitor (Section 3.1.4).

observer@ecad.sao.arizona.edu Thu Dec 4 05:02:24 2008
CRAB

RA: 53500.8 DEC: 220109.6 (current)

Padding ON

Picture: 4.25 Boundary: 2.25

Cut Levels
Size: 0 999999 N
Trigger: 30 30 0
Frac3: 0.98
Width: 0.05 0.12
Lenigfl: 01> G2 _ L Supercuts selection
Length/Size:  4.00e-04 e » parameters
Distance: 0.40 1.00
Asymmetry:  -1000.00
Alpha: 15.00 . .
: Shape and orientation

Aperture 0.40 .
Aper. Center: 0.00  0.00 _J l selection

RAW [ TRIG | SH | OR | AP [SHOR | SHAP |[¢—— Various selection criteria
gt035464.phdf(on) | 17496 | 11767 | 1331 | 1280 314 268 121
gt035465.phdf(off) | 17693 | 11846 | 1306 | 1262 294 245 110
Significance| — excess | -1.050 | -0.514 | 0.487 | 0.357 | 0.811 [ 1.016 | 0.724
Rate 0.926 | 0.667 | 0.741 0.852 +—B467 #
Rate error 1.902 | 1.867 | 0.913 | 0.839 | 0.563
Date: 1081205 Elev: 611113.69 Dur(on): 27.00 Dur(off): 27.00
gt035466.phdf(on) | 22453 | 13921 | 1573 | 1574 359 322 147
gt035467.phdf(off) | 21434 | 13200 | 1393 | 1369 332 244 118
excess | 4.864 | 4.378 | 3.306 | 3.780 | 1.027 | 3.284 1.783
Rate 6.667 | 7.593 | 1.000 | 2.889 —+67+TP
Rate error 2.017 | 2.009 | 0.974 || 0.881 0.603
Date: 1081205 Elev: 740038.25 Dur(on): 27.00 Dur(off): 27.00
Total(on) | 39949 | 25688 | 2904 | 2854 673 290 268
Total({off) | 39127 | 25046 | 2699 | 2631 626 489 228
excess 292 | 23850 | 2.739 | 3.011 | 1.304 | 3.077 1.797
Rate 3.796 | 4.130 | 0.870 | 1.870 1—6-F4t p Total (2 ON/OFF runs)
Rate error 1.386 | 1.371 | 0.667 0.608 0.412
Pairs: 2 Dur(on): 54.00 Dur(off): 54.00

Figure 4.4 The Dublin analysis output file xtabout.ps, for two ON/OFF runs taken on
the Crab Nebula. The numbers shown in the rows labelled "excess" are the significance
values (Equation 4.2) for the different selection criteria. Subsequent analysis is based on the
results from the combined shape and orientation selection criteria (SHOR). All rates and

associated errors are given in y/min.

The telescope should have pointed directly at the star in each case, so that the image
should have been in the centre of the camera, at coordinates (0,0). The author used
the program xyExtract Graph Digitizer (Silva 2008) to determine the actual position
of the star on the screen in degrees relative to the centre of the PMT camera. This

software extracts data from a two-dimensional bitmap plot derived from a graphics
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file (scanned, PDF document, gif, jpg, etc) and allows positions on the plot to be

determined relative to any orthogonal and non-orthogonal reference system.

Figure 4.5 The output alpha distribution plot for the analysis shown in Figure 4.4.
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Star images at the focal plane of the Whipple 10m telescope. Pixel 0

corresponds to the coordinates (0, 0), Pixel 7 (-0.234, 0.030), Pixel 10 (0.026, 0.202), Pixel
13 (0.234, -0.030), Pixel 16 (-0.026, -0.202). The coordinate system is centred on the central

pixel of the PMT camera. The x axis is the horizontal direction of the camera and the y axis

is the vertical direction. Axes units are degrees.

The centre of each star image was obtained using the program ESO SkyCat (Brighton

et al. 2001). The x and y coordinates of the images were found to be clearly

correlated with the elevation angle of the telescope (Figure 4.7). However, there
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appears to be no correlation with the azimuthal pointing of the telescope (Figure 4.8),

so corrections were applied only for elevation.
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Figure 4.7 Star offsets versus elevation. Observing season 2007-2008.
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Figure 4.8 Star offsets versus azimuth. Observing season 2007-2008.
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The corrections were incorporated into the xanalyze program so that the code
effectively re-centred the camera as appropriate during the analysis (by adding an
offset to the x and y coordinates of the PMTSs) to correct for the mis-pointing. The
corrections clearly improve the alpha plots for a detected source (Figure 4.9): the
maximum number of events is obtained within the first bin, and the y-ray rate has

higher values and smaller error bars.

Figure 4.9 Alpha plots for Mrk 421 without and with corrections applied, left and right

respectively (exposure time = 1.4 hours).

To check the stability of the telescope pointing, a number of relatively simple
pointing checks are performed during each observing night. The procedure
necessitates moving the reflector to point at a reasonably bright star near the source
under observation. Anode current readings from the inner seven PMTs are then
recorded. If the telescope is pointing correctly at the star, the current readings are
reasonably symmetrical around the centre of the camera with maximum reading in
the central tube (Pixel 1). With poor pointing, the distribution of anode currents is
not symmetrical around the central tube, and the highest current may not even be in
the central PMT. Table 4.1 shows the current readings for some pointing checks
performed during the 2004—2005 observing season.

PSF measurements (see Section 3.1.2 for details) are used to provide a more
accurate measure of the instrument’s pointing, but these measurements are more
complex and so are not carried out on a nightly basis. The author proposed an
alternative method using the “barycentre” of the anode currents (as in Table 4.1, for
example), which provides a crude method of determining the offset for archival data
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so that corrections can be applied if necessary. Figure 4.10 shows the configuration

of the inner seven PMTs.

Elevation (°) C: C, Cs Cs Cs Ce Cs
30 111 26 19 24 125 164 58
40 105 19 22 28 102 118 41
42 139 21 24 36 159 143 28
45 60 11 15 27 87 50 21
54 122 22 12 31 111 96 26
61 172 21 20 35 85 103 34
63 80 26 22 20 26 50 36
71 52 17 15 14 22 35 30
75 48 20 15 16 18 35 31
80 133 37 14 16 35 108 114
82 147 29 16 17 35 115 128

Table 4.1 Pointing checks for the observing season 2004-2005. C; is the anode current (in
MA) in PMT number i (see Fig. 4.10 for numbering of PMTS5).

Figure 4.10 The inner seven PMTs of the camera and the star position.

The position of the star (the x and y coordinates), for a particular elevation, can be
calculated from the values in table 4.1 using the following equations
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C, X
X = '=7— (4.3)
C
7
Ci : yl
y="5—— (4.4)
C

where x; and y; are the coordinates of PMT number i, and C; is anode current reading
for this PMT. Figure 4.11 shows some images simulated using this method, for

comparison with those shown on Figure 4.6.
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Figure 4.11 Simulated star images at the focal plane.

The resulting x and y offsets are plotted as a function of the elevation in Figure 4.12.
In can be seen that in this case (for the observing season 2004-2005), the x-offset
decreases at higher elevations, opposite to the behaviour seen in 2007-2008. It is
worth noting that the precision of these measurements (~ 0.01°) is comparable with
that achieved using the CCD recording of star images.

The star images shown in Figure 4.6 indicate that during the 2007-2008
observing season, the telescope pointing was incorrect to the extent of about one
pixel diameter, and it was necessary to apply the appropriate correction in the
analysis. However, for the 2004-2005 season, the star images were much closer to
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the centre of the camera, and the offsets were small enough that corrections were

deemed unnecessary for that season.
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Figure 4.12 Star offsets versus elevation. Observing season 2004-2005.

4.1.3 Determination of the Tracking Ratio

As previously mentioned (Section 4.1.2), two different modes of observation are
employed at the Whipple telescope, ON/OFF and TRACKING (Catanese et al.
1998). In both modes, the data are usually taken in 28-minute runs. Unlike data taken
in the ON/OFF mode, a run taken in TRACKING mode does not have an

independent associated OFF control run which can be used to establish the
background level of y-ray-like events during the TRACKING run. These control data
are essential in order to estimate the number of events passing all cuts that would
have been recorded during the run in the absence of the candidate y-ray source. In

order to obtain a background estimate for TRACKING mode data, a tracking ratio is
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calculated by analysing darkfield data (Horan et al. 2002), consisting of OFF-source
data taken in ON/OFF mode along with observations of objects found not to be

sources of y-rays. A large database of these runs is analyzed and, in this way, the

level of background events passing all y-ray selection criteria can be characterised as

a function of zenith angle.

Under ideal conditions the alpha distribution is flat in the absence of a source;
with a source present, an excess is seen for alpha < 15°. Geometric effects due to
truncated events at the edge of the camera and effects due to pixels turned off (for
example, due to the presence of bright stars) introduce some structure into the alpha
distribution, but the shape of this distribution is reasonably constant in the absence of
a source (McEnery 1997). The tracking ratio (p) is defined, for darkfield data after
shape cuts, as the ratio of the number of events with 0° < alpha < 15° to those with
20° < alpha < 65°. These two intervals are treated as “source” and “control” regions
respectively (see Figure 4.13). For the example shown, the number of events in the
source region is Nsource = 2719 and the number in the control region is Ncontrol = 8132,
giving p =0.334+0.007.
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Figure 4.13 Alpha plot for the darkfield data from the 2004-2005 season. The total
exposure for this database was 11.2 hours. The regions of the alpha plot used for the

calculation of the tracking ratio are shown.

The values of the tracking ratios obtained for darkfield data for the observing
seasons 1995-1996 to 2008-2009 are presented in Table 4.2. The error on the
tracking ratio is calculated as
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N 1 1 1 1
O, = source + = + 4 . 5
N \/ N p\/ (4.5)

control source control source control

The darkfield data presented here are mostly OFF-source data from ON/OFF
observations of Mrk 421. In some cases, darkfield data from other targets have been
included in order to improve the statistics for seasons where not many OFF runs
were taken for Mrk 421. In such cases, the tracking ratio was determined using a
database composed of mixed runs taken in OFF mode for different targets such as
Mrk 501, W Comae and H 1426.

Season No. of darkfields | Nsource | Necontrol Tracking Ratio (p) Error (op)
1995-1996 22 1213 4003 0.303 0.010
1996-1997 37 3815 | 12800 0.298 0.005
1997-1998 30 1258 3710 0.339 0.011
1998-1999 25 1133 4780 0.237 0.008
1999-2000 32 2586 8479 0.305 0.007
2000-2001 42 6645 | 20815 0.319 0.004
2001-2002 38 4044 | 12924 0.313 0.006
2002-2003 47 3089 | 10322 0.299 0.006
2003-2004 29 3956 | 11826 0.335 0.006
2004-2005 24 2719 8132 0.334 0.007
2005-2006 20 2266 6845 0.331 0.008
2006-2007 15 2030 6041 0.336 0.009
2007-2008 25 2719 8141 0.334 0.007
2008-2009 40 4350 | 12584 0.346 0.006

Table 4.2 Tracking ratios for Mrk 421 for observing seasons from 1995-1996 to 2008-
20009.

The tracking ratios with their respective errors are displayed for all seasons in
Figure 4.14. The average tracking ratio is 0.316 + 0.002. A test for a constant value
(Equations 4.7 and 4.8) was applied to this dataset and gives y*/dof = 183.7/13,
P = 2.95x10%, Such a probability is small enough to confirm that the tracking
ratios are not consistent with a constant value, so it is important to use the value for
each season rather than an overall average. There is much less variation after the

1999 upgrade, most likely due to the larger number of smaller pixels, while the
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elimination of the outer pixels from 2003 onwards appears to lead to a more stable
(though slightly higher) value. Changes in the tracking ratio can also arise from
changing levels of sky noise across the camera (for example, as a result of changing
telescope elevation), degradation and recoating of mirrors, variation in PMT gains,

problem pixels etc.
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Figure 4.14  The tracking ratios for the 14-year period 1995 — 2009. The blue line

represents the average for the entire dataset.

Non-statistical variation of the tracking ratio has serious implications when
searching for variability in TRACKING mode data (Section 5.1). However, there is
no evidence for any major systematic error affecting the tracking ratio within a given
season, and the tracking ratio shows little or no elevation dependence (Horan 2001).
Therefore, one can safely use the average value of the tracking ratio for each year.

For data recorded in TRACKING mode, the y-ray rate (r) and its statistical

uncertainty (o) are then given by:

2 202
feo - Non = P Noer +\/N0N + P Noge +0, Noge

r ¢ " (4.6)

where Noy IS the number of events that pass the alpha cut, Norr is the number of
events in the control region of the alpha plot, and t is the duration of the TRACKING

run. The significance is once again given by Equation 4.2.
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4.1.4 Observations of the Crab Nebula

The Crab Nebula is a steady, strong source of TeV y-rays (Weekes 2003), and is
considered as the “standard candle” for VHE y-ray astronomy using the atmospheric
Cherenkov technique. The birth of the nebula was recorded by early Chinese and
Native American astronomers in 1054 A.D., during which time it was visible in
daylight for several weeks (Clark & Stephenson 1977). Sometime around 1850 it was
observed by William Parsons, third Earl of Rosse, who subsequently named it the
“Crab Nebula” (it is referred to as M1 in the Messier catalogue). In modern times the
Crab Nebula has formed the basis for many exciting astrophysical discoveries over a
broad range of wavelengths. It was the first object identified as a supernova remnant
(SNR), and the first SNR connected with a central pulsar (PSR 0531+21). The Crab
Nebula was detected at TeV energies in 1989, at the 9c level, after 60 hours of
observation at the Whipple Observatory (Weekes et al. 1989). Multiwavelength
images of the Crab Nebula are shown in Figure 4.15.

«OPTICAL

INFRARED

Figure 4.15 Multiwavelength images of the Crab Nebula (Physics News Graphics, AIP).

From 1995 to 2009, the Crab Nebula was observed with the Whipple 10m
telescope almost every night during moonless periods from October to April. For the
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seasons from 2003 to 2009, when a single camera configuration (379 pixels) was
used and a consistent set of selection cuts applied (for elevation angles greater than
about 55°), the source was routinely detected by the Whipple 10m telescope at a
significance level of ~5c in one hour of observation with an average rate of
2.91 £ 0.06 y/min over the range 0.4-10 TeV. For comparison, the corresponding rate
for the full VERITAS array is ~10 y/min (~40c in one hour), due to the larger
collection area and lower energy threshold of VERITAS. The Crab Nebula data were
used to characterize the performance of the telescope, and the Mrk 421 data are
expressed as a fraction of the Crab Nebula flux, so that data from different observing
seasons, with slightly different energy thresholds, can be compared. There is
substantial overlap in the times of year when Mrk 421 and the Crab Nebula are
observable, so effects due to variation in telescope performance within an observing
season can be ignored. It should be noted that this simplistic scaling is strictly only
valid for a TeV energy spectrum close to that of the Crab Nebula (spectral index of -
2.49; Hillas et al. 1998). In so far as the Mrk 421 spectrum can be described by a
simple power-law function, the spectral index is also in the region of -2.5 (e.g.,
Krennrich et al. (1999) give -2.54 £+ 0.03). Although Mrk 421 has been known to
display spectral variability (Krennrich et al. 2002), the measurement uncertainties on
the flux points are such that the effect of spectral variability should not be significant
(Horan et al. 2009).

The TeV y-ray light curve for the Crab Nebula for the 2007-2008 observing
season is shown in Figure 4.16. Each data point on the graph is an average of the flux
for a single night. Since the Whipple 10m telescope can only operate during
moonless conditions, there is a period centred on full Moon each month when y-ray
observations are not possible, and for this reason there are gaps on the light curve
shown in Figure 4.16. The mean rate for that season was 2.79 + 0.17 y/min, based on
a total exposure time of 17.6 hours at an average elevation of 73°. This rate value is
used in Chapter 5 to express the y-ray rates from Mrk 421 during the 2007-2008
season in Crab units.

Table 4.3 shows a summary of the Whipple 10m observations of the Crab
Nebula between 1995 and 2009. In total, 524 pairs (524 ON runs and 524 OFF runs)
were selected, and a weighted mean rate (Equation 5.2) was calculated for each
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season. Only ON/OFF runs taken in good weather conditions at elevation higher than
55° were considered. Runs interrupted by hardware problems or with duration less

than 25 minutes were excluded from this database.

Rate (gamma/min)
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Figure 4.16 Nightly y-ray rate from the Crab Nebula from October 2007 to March 2008.
The mean rate for the season is represented by the red dashed line. The chi-square () test
for a constant rate, described later in this Section (Equations 4.7 and 4.8), has been applied to
this dataset. The resulting % value is 31.6 for 29 degrees of freedom, giving a probability of

34% (P2 = 0.34) that the rate is constant about the mean.

Season '\Fl’c;} rOSf ETxifnoes(uhr)e Els\\//aetriiiec) (Sfrl: ien) '/ dof | Py ﬁ;?,?g:
1995-1996 | 21 9.6 67 1.46 +0.08 | 21.6/17 | 0.20 | Quicklook
1996-1997 | 14 6.4 69 173 +015 | 16.3/12 | 0.18 | Quicklook
1997-1998 | 28 13.1 63 111 +0.08 | 17.5/14 | 0.23 | Quicklook
1998-1999 | 49 22.9 69 133 +0.06 | 32.8/31 | 0.38 | Quicklook
1999-2000 | 99 46.2 71 226 £0.08 | 50.0/43 | 0.22 | Quicklook
2000-2001 7 3.2 62 225 +031 | 11.3/6 | 0.08 Dublin
2001-2002 | 67 30.8 72 273 £0.09 | 83.5/66 | 0.07 Dublin
2002-2003 | 38 175 69 242 +010 | 50.5/37 | 0.07 Dublin
2003-2004 | 26 12.1 71 274 +016 | 23.2/16 | 0.11 Dublin
2004-2005 | 32 14.9 73 203 +013 | 23.6/24 | 0.48 Dublin
2005-2006 | 48 22.4 71 301 +012 | 335/31 | 0.35 Dublin
2006-2007 | 28 13.1 72 3.00 +018 | 25.8/20 | 0.17 Dublin
2007-2008 | 39 17.6 73 279 +017 | 31.6/29 | 0.34 Dublin
2008-2009 | 28 126 71 264 £013 | 250/21 | 0.25 Dublin

Table 4.3 Whipple 10m observations of the Crab Nebula during 1995-2009.
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Observations from 2000 onwards were analyzed using the Dublin analysis
code. However, this code was not set up to analyze data taken with older camera
configurations (Figure 3.4), prior to the 20002001 observing season. An earlier
analysis program (“Quicklook™), designed to analyze data runs as soon as they are
completed, was therefore used to deal with these camera configurations. The y-ray

rates obtained (shown in Table 4.3) have been plotted in Figure 4.17.
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Figure 4.17 Annual mean rates for the Crab Nebula data. The red dashed line represents the

average of the entire database.

The total exposure time of the entire database, taken over 14 years of
observations of the Crab Nebula, is 242.4 hours of good-quality data with average
elevation 70°, and the average y-ray rate is 2.00 = 0.03 y/min. For seasons prior to
1999-2000 the rates look rather low (Figure 4.17), but this can be attributed to
differences in camera configurations, numbers of PMTs employed and other
hardware differences, given the major camera upgrade that was carried out between
the 1998-1999 and 1999-2000 seasons (Finley et al. 2001). The change in analysis
software can be excluded as the cause of the change in rates, as the largest change is
seen between the 1998-1999 and 1999-2000 seasons (both of which were analysed
with Quicklook), whereas the change between 1999-2000 and 2000-2001 (when the
software was switched from Quicklook to the Dublin analysis) is negligible.

A consistency check (described below) for a constant rate was applied to this
database, using Equations 4.7 and 4.8, giving * = 623.8 for 13 degrees of freedom.
The resulting probability (P, = 6.62x10"%) is extremely small, implying that the
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measured y-ray rates are not consistent with a constant rate. Based on the premise
that the TeV flux from Crab Nebula is constant, the variation in observed y-ray rate
can be used to compensate for the hardware changes. This is the rationale for using
the Crab Nebula data to normalize the Mrk 421 observations.

Very recently, both AGILE and Fermi-LAT have observed flaring activity in
the MeV-GeV emission range from the Crab system (Abdo et al. 2011, Tavani et al.
2011), and there has been some controversy as to whether flaring occurs at TeV
energies as well (ARGO-YBJ ATel#2921, MAGIC ATel#2967, VERITAS
ATel#2968). In view of this, the stability of the Crab Nebula rates measured with the
Whipple 10m telescope within individual observing seasons has been critically
examined. For most of the observing seasons between 1995-1996 and 2008-2009,
the y° test indicates that the night-to-night rates are consistent with a constant rate for
each season (P,, > 0.05). However, for the season 20032004, a large +* value was
found (y*/dof = 55.4/20). This can be traced to four nights with exceptionally high
rate (~5 y/min) during the period November-December 2003; to avoid any
possibility of contamination by flaring activity (which is outside the scope of this
thesis), these “anomalous” points were excluded from determination of the seasonal
Crab rate in Table 4.3.

All the data used in these analyses were taken at elevation angles greater than
55°, where significant elevation effects are generally not seen. However, to ensure
that there was no elevation dependence in the Crab rates obtained, the Crab data for
each observing season were plotted as a function of elevation. The resulting plots for
three different seasons are shown in Figure 4.18. Each data point on the plots
represents the mean rate in a 1° elevation bin. The mean rate for each dataset is
shown as a horizontal line on each panel.

For each season, a chi-square (%) test for constant rate was applied. The *

value is calculated using the following equation:

T @)

i=1 o

where ri, oi is the y-ray rate and error from an individual data point, N is the number
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of data points and (r) is the average rate over the entire dataset.
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Figure 4.18 The Crab rate as a function of elevation for the seasons 1998-1999 (top left),
2005-2006 (top-right), and the 2007-2008 (bottom). The horizontal lines represent the mean

rate for each season.

Given a x? value and the degrees of freedom (dof), the one-tailed probability value,

P,2, of the % test is the area under the % distribution from the % value to infinity.

The formulas involved for the computation of P,, are detailed below

P, = } f(x, k) dx (4.8)
1 kopo_x
f(x,k)=ﬁx2 e? (4.9)
22 r(z)
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where f (x,k) is the %? distribution and k is the degrees of freedom (equal to N-1).
Equation (4.8) is the upper incomplete gamma function gammagq (x,a), with x = x%/2
and a = k/2, which can be used to calculate P,, (Press et al. 2007). Therefore, it
represents the probability that the rate is constant about the mean. The results for the

data shown in Figure 4.18 are summarized in Table 4.4.

Season Mean Rate (y/min) x° dof sz
1998-1999 1.41 +0.12 1.438 9 0.998
2005-2006 3.04 £0.22 2.238 9 0.987
2007-2008 2.73+£0.32 3.246 8 0.882

Table 4.4 The % values, degrees of freedom and probability for three observing seasons.

The results of the * test shown in Table 4.4 confirm that the Crab Nebula rates
obtained for each observing season are consistent with having no significant
elevation dependence above 55°, i.e., they can be fit with a straight line of slope zero.
The Crab Nebula rates shown in Table 4.3 are used to calibrate the Mrk 421 data for
each observing season between December 1995 and May 2009.

4.2 Radio Data

The strength of a radio source, as discussed on Section 3.2, is measured in terms of
spectral flux density, S(v). This is the amount of energy per second, per unit
frequency interval striking a unit area of the telescope. The flux density of most of
the radio sources is of the order of one jansky (Jy), where 1Jy=10%ergs™*cm?Hz™.
The second strongest radio source in the sky, after the Sun, is the galaxy Cygnus A.
At 400 MHz, its spectral flux density is 4500 Jy (Carroll & Ostlie 1996). Weak radio
emissions, with S(v) equal to few mJy, come from supernova remnants, short-lived
(t < 10" yr) stars and low-luminosity AGN (Condon et al. 1998).

As shown in Section 5.2, Mrk 421 data from the University of Michigan
Radio Astronomy Observatory (UMRAO) and from the Metsahovi Radio
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Observatory have been analyzed for this Thesis. Table 4.5 shows typical flux
densities from Mrk 421 obtained at those observatories over the last four years. In
spite of updates to instruments and electronics, the quoted flux values can be
considered robust because the measurements are always calibrated against standard
sources (see Section 5.2).

Frequency (GHz) Average Flux (Jy) | Minimum Flux (Jy) | Maximum Flux (Jy)
4.8 0.64 0.57 0.75
8.0 0.51 0.15 0.99
145 0.48 0.33 0.90
36.8 0.40 0.05 0.80

Table 4.5 Flux densities from Mrk 421 at 4.8 GHz, 8 GHz and 14.5 GHz from UMRAO,
and at 36.8 GHz from Metsahovi Radio Observatory.

The parabolic antennas of the UMRAO and Metséhovi radio telescopes have
diameters of 26 and 13.7 metres respectively. To obtain a greater resolution, in order
to study in detail the radio morphology of Mrk 421, much larger antenna-diameters
are needed. As explained in Section 3.2, remarkable resolutions can also be
accomplished using the technique of radio interferometry. In this work, analysis of
radio maps (two-dimensional intensity graphs) of Mrk 421 from the Very Long
Baseline Array (VLBA) has been also performed. The resolution of the

measurements is ~0.1 mas.

4.2.1 Measurement of Morphological Features

Several observational and theoretical clues suggest that jets in extragalactic sources
may be structured, with a fast core (spine) surrounded by a slower layer. The
existence of such a velocity structure has a strong impact on the observed emission
properties of jets. The spine-layer scenario can be used to interpret the observed TeV
emission from M87 (see Figure 4.19) and the rapid variability (down to a few
minutes) observed in some TeV Blazars (Tavecchio & Ghisellini 2008). M87 was the
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first non-BL Lac galaxy to be detected at TeV energies (Aharonian et al. 2003;
Beilicke et al. 2007; Acciari et al. 2008).

Lobe and Hotspots

\

Figure 4.19 Radio map of M87 produced by the Very Large Array (Biretta et al. 1999).

Figure 4.20 shows a sequence of Very Long Baseline Array (VLBA) images
and polarization measurements of the blazar BL Lacertae. The data reveal a bright
feature in the jet (knot) that causes a double flare radiation from optical frequencies
to TeV y-ray energies, as well as a delayed outburst at radio wavelengths (Marscher
et al. 2008). For other sources (including Mrk 421), no clear connection between

radio jet components and y-ray flares has been found (Piner & Edwards 2004).
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Figure 4.20 High-resolution radio images of BL Lac at 43 GHz (Marscher et al. 2008).
Radio maps of Mrk 421 show a morphological structure a few parsecs in
extent, with a compact nucleus and jet-like feature. Figure 4.21 shows an image of

Mrk 421 from the VLBA. The source is a core-dominated (the contribution of the
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core to the total flux density is ~85%) and the extended structure occurs on only one
side of the nucleus (one-sided jet); one of the reasons for this could be that the
double structure is oriented very close to the line of sight, so that the structures on

either side of the nucleus appear to be merged together.

1101+384

Relative R.A. (marcsec)

Figure 4.21 The VLBA radio map of Mrk 421 at 15 GHz. The contours show lines of
constant radio power. The distance to the source is 127.2 Mpc (Crook et al. 2007) and the

angular scaling conversion of this image is ~0.61 pc mas™.

The four high-dynamic-range observations of Mrk 421 at 22 GHz shown in
Figure 4.22 were taken throughout the year following the source’s unprecedented
high y-ray state in early 2001. No new components associated with the 2001 flare
were seen in the total intensity images.

A measure of “jet length” can be obtained on the basis of the distance from
the bright core to an outer contour. In this work, core-contour distance measurements
have been performed along a fixed direction for a set of radio images of Mrk 421,
taken at 1-month intervals between 1995 and 2001. The results of these

measurements will be shown in Section 5.2.
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Figure 4.22 VLBA images of Mrk 421 at 22 GHz (Piner & Edwards 2005). Contours show
the total intensity; the lowest contours are set to three times the rms noise, and each
successive contour is a factor of two higher. Colours show the fractional polarization (scale
at right). Locations of circular Gaussian components from model fitting are marked by

diamonds. The linear scale is 0.59 pc mas™.
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Chapter 5

Long-term Multiwavelength Observations
of Markarian 421

This chapter provides a detailed study of the multiwavelength properties of
Markarian 421 (Mrk 421) over an extended period of time. The behaviour of the
y-ray light curves between 1995 and 2009 will be presented in Section 5.1.1. Three
episodes of dramatic flaring activity observed during this period will be described in
Section 5.1.2.

Good-quality X-ray and Whipple 10m y-ray data exist for those 14 years,
while the data from the Milagro Observatory overlap for approximately half the time
and radio data are available for various intervals within the 14-year period. After the
launch of the Fermi satellite in 2008, an intensive monitoring campaign on Mrk 421
was carried out in 2009 using the Large Area Telescope (LAT); the Fermi-LAT
observations will be discussed in Section 5.3.3 in relation to the TeV y-ray
behaviour. Table 5.1 summarizes the observations carried out during the 14-year

period covered in this thesis.

Instrument Energy Range (eV) Period
UMRAO (1.8-2.2/3.0-3.6 /5.2-6.8) x 10 2005 — 2008
VLBA ~6x 107 1995 — 2001
Metsahovi (1.5-1.6)x 10™ 2002 — 2008
RXTE ASM (2 —10) x 10° 1995 — 2009
Fermi-LAT (0.01 — 100) x 10° 2009
Milagro ~12 x 10* 2000 — 2007
Whipple 10m (0.4 — 10) x 10" 1995 — 2009

Table 5.1 Details of the observations presented in this thesis.

Variability studies of these multiwavelength data are covered in this chapter and in
Chapter 6, where different methods will be applied to investigate the level of flux

variation at different time scales.
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5.1 TeV y-ray Observations, 1995 — 2009

In this section the y-ray data for Mrk 421, taken at the Whipple 10m telescope
between December 1995 and May 2009, will be presented. These data comprise a
total exposure time of 878.4 hours.

The Dublin analysis package described in Section 4.1.2 was used to reduce and
analyze the raw data from observations taken between 2000 and 2009. Observations
taken with earlier configurations of the Whipple 10m camera were analyzed using
the Quicklook package.

The Pattern Selection Trigger (PST) was installed at the Whipple 10m
telescope in 1998 (see Section 3.1.3) but was disconnected from the data acquisition
system in 2008 due to problems with the stability of event rates. Therefore, data from
the 1995-1996, 1996-1997 and 2008-2009 observing seasons were taken without
this “second-level” trigger. The consequence of operating without this trigger is that
more noise events will probably be recorded. Although these additional noise events
are readily excluded by the selection cuts applied during data analysis, they do have
the effect of increasing both the deadtime of the system and the amount of raw data
recorded. The increase in deadtime was partly offset by increasing the multiplicity
trigger requirement from three PMTSs to four PMTSs, while the increase in the amount
of data recorded was not important because additional storage capacity had already
been installed.

In order to analyze all the Mrk 421 data in a uniform manner, the Crab
Nebula flux for each observing season has been used for calibration (Section 4.1.4).
Observations of Mrk 421 taken in the ON or TRACKING mode were selected and
tracking ratios were used to analyze the data. If a sufficient number of Mrk 421
darkfield runs (OFF-source observations) were available, these were used to
calculate the tracking ratio for each season (Section 4.1.3), otherwise they have been
combined with darkfield runs from different sources.

Since y-ray observations can only be taken with the Whipple 10m telescope
on moonless nights, there are about six nights around the time of full moon each
month when no observations can be made. The periods (~21 days each) during which

the y-ray data are taken are referred to as darkruns. Typically, each observing season
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for Mrk 421 (from November/December to May/June, when Mrk 421 is observable)

spans from 6 to 8 darkruns.
5.1.1 Mean Nightly, Monthly and Annual Rates

The vy-ray rate, r, for any given exposure time, t, is determined as

r= % (5.1)
where N, is the number of y-ray events recorded in time t. The exposure time is
typically given in minutes and the rate in events per minute. For normalisation
purposes, the rate in events per minute is converted to “Crab units” by dividing by
the Crab Nebula y-ray rate (in events per minute) for the relevant observing season
(see Section 4.1.4).

If we have n independent measurements of the rate, r;, each with associated

error o, the best combined measurement is the weighted mean (7 ), given by

"
Ewir}
F=t——
Sw
i=1

(5.2)

where the weights w; are the reciprocals of the sample variances, w, =1/0;. The best

estimate of the error on 7 is
1

0; = ———
1/El/of

The statistical significance of a single measurement is given by S, =r./o,. If the

(5.3)

variances are the same for all measurements, the significance of the mean rate is

given by
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S = (5.4)

In this case, the error of the mean rate, o., can be calculated from S. =7/o..

As an example, consider the y-ray light curve for Mrk 421 during the season
2005-2006, shown in Figure 5.1 (top). Each point represents the mean y-ray rate
calculated for one night, corresponding in some cases to a single 28-minute run and
in others to multiple runs, up to a total duration of 4 hours. Only data taken in good
weather conditions and at high elevation angles (>55°) were used.

NN +
e

: LY

0.5 o
53690 53720 53750 53780 53810 53840 53870 53900
Modified Julian Day

35
30 F
25 L
20 [

15 , E

10 [ b f Ei

Gamma-ray Rate (Crab)

05 |

00 [

05 b L L I L L [ L P [ L L L

53690 53720 53750 53780 53810 53840 53870 53900
Modified Julian Day

Figure 5.1 Markarian 421 y-ray light curves for the 2005-2006 observing season. Top:
daily y-ray rate; Bottom: monthly y-ray rate. The dashed horizontal red lines represent the

mean y-ray rate for that season.
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Runs with duration less than 25 minutes (because of hardware faults or other
technical problems) were excluded from the dataset to minimise systematic errors by
ensuring that the mean rate for the night was always calculated using runs with
similar duration (~28 minutes). The y-ray rates plotted in Figure 5.1 have been
normalised by dividing the Mrk 421 rate in y-ray events per minute by the Crab
Nebula rate for the 2005-2006 season, namely, (3.01 + 0.12) min™’. The entire set of
75.1 hours of on-source data (i.e., TRACKING runs or ON runs analysed as
TRACKING data) for the 2005-2006 season gave a detection at a significance level
of 26.3c with an average rate of 2.83 + 0.11 y/min (~94% of the Crab Nebula rate for
that observing season). For each month (darkrun) of the 2005-2006 observing
season, the mean y-ray rate and its associated error were calculated using Equations
5.2 and 5.3, respectively; the results are shown in Figure 5.1 (bottom).

Variability is evident at significant levels in the light curves shown in Figure
5.1. A % test (as described in Section 4.1.4) was performed to compute the chance
probability, P,,, that the variation in y-ray rate is due to random fluctuations about
the average rate for the season. For the daily binned data plotted in the top panel of
Figure 5.1, the % value is 154.5 for 61 degrees of freedom (dof), corresponding to a
chance probability of 4.6x10™3, confirming that the y-ray rate is highly variable on a
timescale of one day.

As a further example, Figure 5.2 shows the daily and monthly y-ray rates
during the 2007-2008 season, to illustrate how the behaviour changes between
observing seasons. The Crab Nebula rate for this season was 2.79 + 0.17 y/min. Once
again, the light curve shows extreme variability: a % test applied to the daily y-ray
rates shown in the top panel of Figure 5.2 yields x%dof = 2228/85, giving a

probability P, < 10°%

that the daily rate is constant. Note that a pronounced TeV
y-ray flare was observed in May 2008. A description of that event and the finer
structure of the light curve will be given in the next section.

In addition to the day-scale and month-scale variability evident in Figures 5.1
and 5.2, the y-ray rate is highly variable from year to year. For example, the mean
y-ray rate for Mrk 421 for the entire 2005-2006 season is 0.94 + 0.05 Crab, while for
the 2007-2008 season the mean rate is 1.43 £ 0.09 Crab (the errors here include the

effect of the errors on the Crab Nebula rate for each season) The difference between
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5. Long-term Multiwavelength Observations of Markarian 421

these rates is 0.49 + 0.10 Crab, representing almost five standard deviations: the
probability that the rates are actually the same is ~5x107. A more complete
quantitative analysis of the variability exhibited by Mrk 421 during the entire
1995 — 2009 period will be presented in Section 6.1
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Figure 5.2 The light curve of Mrk 421 for the 2007-2008 observing season. Top: daily
y-ray rate; Bottom: monthly y-ray rate (the error bars are smaller than the size of the data

points). The dashed red lines represent the mean annual rate.
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Figure 5.3 shows the y-ray rate averaged over each darkrun (monthly) for five
years of data, from December 1995 to May 2000 (Quicklook analysis), while the
corresponding rates for the nine years of data from December 2000 to May 2009
(Dublin analysis) are shown in Figure 5.4.
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Figure 5.3 Mean monthly vy-ray rate for Mrk 421 between 1995 and 2000 (Quicklook

analysis). Each dashed line represents the weighted mean (Equation 5.2) for the season.
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Figure 5.4 Monthly y-ray rates for Mrk 421
from 2000 to 2009 (Dublin analysis) shown
with the weighted mean rate for the season
(dashed lines).
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The mean y-ray rate was calculated for each observing season and the results
are given in Table 5.2. The table includes the on-source exposure time and statistical
significance for each season, as well as the %* values and corresponding chance
probability P,z that the monthly averaged rate is constant within each season. The
annual mean rates for Mrk 421 are plotted in Figure 5.5. For the hypothesis that the
annual rate is a constant, equal to the overall mean rate for the complete 14-year
dataset, the %* value is 2669 for 13 dof, corresponding to a chance probability

P, <10°%,

Season Exposure (h) | Significance M?gpaz'[;%tgte le dof sz
1995-1996 51.8 360 0.32+0.02 110/5 3.2x10%
1996-1997 53.2 150 0.18 + 0.02 25/5 1.7x10™
1997-1998 52.1 24 o 0.51 +0.04 133/5 4.3x10%
1998-1999 45.2 196 0.44 +0.03 80/7 1.7x10"
1999-2000 38.7 26 0 0.89 + 0.05 284 /5 2.3x10
2000-2001 78.1 88 o 2.25+0.31 1880/5 <10
2001-2002 32.9 20 0 0.34 +0.02 7415 1.8x10™
2002-2003 45.0 46 o 0.59 + 0.03 365/5 8.3x107""
2003-2004 51.8 780 1.16 + 0.06 2418/ 4 <10
2004-2005 23.0 270 0.53 +0.03 351/5 1.3x107°
2005-2006 75.1 26 0 0.94 + 0.05 66/6 2.8x10™"
2006-2007 52.0 180 0.30 + 0.02 4717 6.0x10°
2007-2008 148.9 84 o 1.43 + 0.09 698/6 | 1.9x10™
2008-2009 130.6 390 0.46 + 0.02 99/5 6.9x10%°

Table 5.2  Summary of Whipple 10m telescope observations of Mrk 421 between
December 1995 and May 2009. Note that the error quoted for the rate includes the effect of
the error on the Crab Nebula rate for each season. P,, represents the probability that the

monthly y-ray rate is constant and equal to the mean annual rate.
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Figure 5.5 The y-ray light curve for Mrk 421 from 1995 to 2009, showing the mean rate for
each observing season. The horizontal red line represents the mean y-ray rate (0.74 + 0.01

Crab) for the entire 14-year dataset.

For observing seasons from 1995-1996 to 2004—2005, there exists a potential
for bias in the y-ray rates, because the observers were more likely to continue
observing the source if the first run of the night appeared to show a high rate and
significance. As a result, there may be a bias in favour of higher rates. From 2005—
2006 onwards, this bias is certainly not present, because the source was observed for
as long as possible each night, irrespective of the measured rate and significance. To
investigate the effect of such a bias, the y-ray data have also been analysed using
only the first run of each night. Three representative seasons (2000-2001, 2003-2004
and 2006-2007) were chosen in order to represent different annual y-ray rate levels
(high, medium and low). Figure 5.6 shows the light curves obtained using the two
datasets per each season. For the 2006-2007 season, the two light curves are in good
agreement, confirming the absence of bias in the observations for this season. For the
2000-2001 season, the light curve based on all the data appears to be higher and
more variable than that based on only the first run for each night; however, for the
2003-2004 season, the trend is opposite. This suggests that there is no significant
bias in the earlier datasets, and therefore the subsequent variability analyses have
been carried out using all the available data for every observing season.
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Figure 5.6 The y-ray light curves for Mrk 421 (monthly binned data). The black squares are
based on all the available data, while the green circles use only the first run of each night.
The corresponding mean rate for each season is indicated by the dashed black lines and the

solid green lines, respectively.
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5.1.2 Flaring Activity

Blazar flares are thought to be related to internal shocks in the blazar jet (Spada et al.
2001), or to the ejection of relativistic plasma into the jet (Mastichiadis & Kirk
1997). More recently, it has been suggested that the flares could also be associated
with magnetic reconnection events in a magnetically dominated jet (Lyutikov 2003)
and thus they could be similar to solar flares in this regard. The flares have been
observed over a wide range of timescales, from months down to less than an hour.
Mrk 421 has been known to demonstrate rapid, sub-hour flaring behaviour at keV
and TeV energies during the course of an outburst (Cui 2004; Gaidos et al. 1996)
indicating very compact emission regions (see Equation 6.1).

Observations of blazars have revealed that, at least during flares, they emit
most of their power in the y-ray band. For HBLs, it has been found that the peak of
the synchrotron emissions shifts to higher energies when the source gets brighter.
This was illustrated in Figure 1.6 (in Section 1.4) where the spectral energy
distribution (SED) of four blazars, derived during flaring and non-flaring periods,
was shown.

Many periods of intense variability in the VHE band have been observed for
Mrk 421. Historically, it has exhibited three major flaring episodes: in 1996 and
2008, bright TeV y-ray flares were detected with fluxes reaching a level of 10 Crab,
with doubling and decay times of a few minutes; in 2001, Mrk 421 went through a
prolonged high-state period during which the flux reached its highest level known so
far (~13 Crab), becoming the most intense source of TeV y-rays observed up to that
point.

Figure 5.7 shows the light curve of Mrk 421 during the 1995-1996 season,
when the source was relatively quiet apart from two remarkable outbursts of TeV
y-rays detected in May 1996 (Gaidos et al. 1996). The first of these occurred on May
7, when over the course of two and a half hours of observations the flux increased by
a factor of five and reached a maximum rate of ~10 Crab (30 times the average flux
for that season). A second flare of lower intensity, unusual for its very short duration,
occurred on May 15, when a rise and fall within ~30 minutes was observed, with
peak TeV flux ~14 times the average for the season (McEnery et al. 1997).
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7th May 1996 (9min bins)
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Figure 5.7 Mrk 421 in 1995-1996. The mean y-ray rate for the season was 0.32 + 0.01
Crab, with a significance of 36c¢ for a total exposure of 33 hours. The top panel shows the
temporal history of the flare event of 1996 May 7 (plotted in 9-minute intervals). The red

dashed line shows the annual mean rate.

Mrk 421 became much more active in 2001, with an exceptional bright long-
term y-ray flaring state lasting from January to May 2001 (see Figure 5.8 left panel).
In particular, a high TeV flux state in February/March 2001 gave a detection
significance of 37.4¢ for a 3.2 hour exposure. The source reached a maximum peak
flux of ~13 Crab on February 27.

In previous work, the energy spectrum of Mrk 421 in the 0.5-6 TeV was
measured with the Whipple 10m telescope on timescales of a month over a large
range of flux states. Since curvature is expected in the Mrk 421 spectrum above

1 TeV based on previous measurements, a power law with exponential-cutoff model
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(PLC) was fitted to the energy spectrum (Krennrich et al. 2002; Aharonian et al.
2005Db). The PLC model follows the form:

-a

aN .
dE ' °

E
1TeV

E

E

c

(5.5)

The position of the cut-off energy E. is highly correlated with the photon index o.
For the monthly energy spectra, the PLC model with fixed cut-off energy
E.=3.5TeV was chosen to test for spectral variability. The right panel in Figure 5.8
shows the TeV y-ray energy spectrum of Mrk 421 on monthly timescales from
November 2000 to April 2001. The spectrum hardened from a PLC photon index
a = 2.54 +£0.19 at the onset of the large flare to « = 2.00 = 0.06 at the peak flux state
in late February 2001. The spectrum then softened during the decay of the flare
event, as shown in the left panel of the monthly-binned light curve of Figure 5.8.
This month-scale flare provides evidence for a shift in the spectral energy
distribution to higher energies in the GeV-TeV band during the peak of the flaring
episode. For shorter flaring events, however, there is no clear correlation between the

TeV y-ray rate and the spectral shape (Grube 2007).
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Figure 5.8 The left panel shows the monthly-binned y-ray light curve of Mrk 421 and the
right panel shows the TeV energy spectrum (taken from Grube 2007) from Whipple 10m

observations during the 2000-2001 season.

The Mrk 421 monitoring program at the Whipple 10m telescope found the
source in a strong flaring state on 2008 May 2 (see Figure 5.2, top panel); VERITAS
observations were triggered and confirmed the high y-ray activity, which was
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announced via The Astronomer’s Telegram (VERITAS ATel#1506). Analysis of the
measurements shows a peak TeV luminosity approaching 10 times that of the Crab
Nebula (see Figure 5.9). The Crab Nebula flux for that year was 2.79 + 0.17 y/min.

2nd May 2008 (5min bins)

12 +

Duration = 108 minutes.
} Tracking ratio = 0.334 + 0.004

10

} Tracking analysis:

Mean night Rate = 15.26 + 0.55 y/min
Significance = 26.2 ¢

Gamma-ray Rate (Crab)

UT (hours)

Figure 5.9 Whipple 10m vy-ray light curve and alpha plot for Mrk 421 on 2008 May 2. The
dashed red line shows the mean rate for the 2007-2008 season. The gap in the plot arises
from two factors: firstly, the data run immediately before the gap was taken in ON/OFF
mode, and secondly, the telescope had already been slewed to observe another target before

the analysis of the Mrk 421 run showed that a major flare was taking place.

On the following night, May 3, Whipple and VERITAS again observed Mrk 421.
Figure 5.10 shows the light curves obtained on that night with the two systems,
binned in two-minute intervals. Figure 5.11 shows a plot of the Whipple y-ray rate
against the VERITAS y-ray rate (both expressed in Crab units), where the data have
been re-binned to various intervals between four minutes and twelve minutes. This
re-binning was carried out in order to reduce the statistical errors on the rates
(particularly for the Whipple measurements) without smoothing out the rate
variations to an unacceptable extent, and the placement of the bins was chosen to
align the average times of the bins as closely as possible between the two systems.
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Whipple

VERITAS

Figure 5.10 Mrk 421 y-ray rate on 2008 May 3 from Whipple and VERITAS observations
(top and bottom panels, respectively). Both light curves are binned in 2-minute intervals. The
gap in the Whipple data is due to an OFF run inserted in the observing schedule to help with

spectral reconstruction.

The solid red line (slope = 1) in Figure 5.11 is what would be expected if the rates
recorded by both systems were identical, while the dashed red line is the weighted
least-squares regression line. The rates recorded by the two systems are seen to be
fairly well correlated, as indicated by the R? value of 0.60. However, there is a
tendency for the Whipple rate to fall below the VERITAS rate at the higher fluxes.
This can be attributed to a number of factors, chief among them the fact that the last
hour and a half of Whipple observations (when the rates were highest) were taken at

elevations angles less than 55°. For these low elevations, the Whipple y-ray selection
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cuts are not optimised and the Whipple Crab Nebula y-ray rate for the 2007-2008
observing season is not well characterised at low elevation (only ~70 minutes of
Crab observations were carried out at elevations below 55° during that season). In
addition, the broader energy range of VERITAS, taken together with the known
hardening of the Mrk 421 spectrum at higher fluxes (Krennrich et al. 2002), will
affect the comparison of the y-ray rates between the Whipple 10m telescope and
VERITAS.
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Figure 5.11 Whipple 10m vy-ray rate plotted against VERITAS y-ray rate during the Mrk
421 flare on 2008 May 3. The data have been binned in various intervals between 4 minutes
and 12 minutes to align the observation times and to reduce the statistical uncertainties as
much as possible without unacceptable smoothing of the variations in rate. The solid red line
with slope = 1 is what would be expected if the rates recorded by both instruments were

identical. The dashed red line is the weighted least-squares regression line.

Multiwavelength campaigns on Mrk 421 show that during short flares the X-
ray and TeV y-ray fluxes tend to track one another. However, X-ray flares that are
not accompanied by TeV vy-ray flares and vice versa have also been observed
(Rebillot et al. 2006; Fossati et al. 2008). X-ray/TeV y-ray correlations are of great
interest, because they can help to constrain the emission models. Attempts to
establish convincing evidence for correlation between the y-ray flux and flux

variability at radio to optical wavelengths have so far been unsuccessful
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(Blazejowski et al. 2005; Horan et al. 2009). Variability and correlation studies will
be dealt with in detail in Chapter 6.

5.2 Radio fluxes and radio maps for Mrk 421

Typically, the variations in AGN are slower at radio frequencies than at the higher
frequency bands and hence the data are not taken as frequently. The data for the
radio light curves presented here were taken at four different frequencies at two
different radio observatories. The fluxes and their associated standard errors are
given in jansky (Jy), so they have already been normalized for the bandwidth of their
receivers. Generally, Mrk 421 is found to vary on monthly timescales. In addition to
the light curves, morphological data from the 2cm VLBA/MOJAVE monitoring
program (Kellerman et al. 2004; Lister & Homan 2005) for the period 1995-2001
were used. The radio data and analysis from the participating observatories are
described in the following subsections.

Metséhovi Radio Observatory

The 37 GHz observations were made with the 13.7m-diameter Metsdhovi radio
telescope (shown in Figure 3.2.1) using a 1 GHz-band dual-beam receiver centred at
36.8 GHz. The observations were taken in ON-ON mode, alternating the source and
the sky in each feed horn. A typical integration time to obtain one flux density data
point is 1200-1400 seconds. The detection limit of the telescope at 37 GHz is ~0.2 Jy
under optimal conditions (Nieppola et al. 2007). Data points with a signal-to-noise
ratio < 4 are treated as non-detections.

The choice of 37 GHz was based on the availability of suitable detection
components for this frequency. Furthermore, the attenuation at 37 GHz (mainly due
to the oxygen) remains essentially constant throughout the year. The observations are
calibrated against reference source DR21 (a star-forming region in Cygnus), whose
flux density at 37 GHz is 17.9 Jy. The flux is calculated using the following

equation:
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U ,
S =KK,K, U—e‘”““” (5.6)

cal

where K, K, K3 are parameters related to the receiver, antenna and source size; U
and Uy are the A/D converter voltage and the calibration voltage respectively; d is
the optical depth of the atmosphere (at 37GHz); and z is the zenith angle.

The 37 GHz radio light curve for Mrk 421 in 2005-2006, is shown in Figure
5.12. The mean flux was found to be 0.35 £ 0.02 Jy.
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Figure 5.12 Metsahovi radio observations of Mrk 421 (run by run) at 37 GHz, during the

season 2005-2006. The dashed line is the mean annual flux and the resulting %> value is 39.2

for 33 degrees of freedom, giving a probability of 21% (P,2 = 0.21) that the flux is constant.

The mean annual flux was calculated for each season from 2002 to 2008 and

the results are plotted in Figure 5.13.

112



5. Long-term Multiwavelength Observations of Markarian 421

Figure 5.13 Mean annual flux of Mrk 421 at 37 GHz.

University of Michigan Radio Astronomy Observatory

The data at 4.8 GHz, 8.0 GHz and 14.5 GHz came from the University of Michigan
Radio Astronomy Observatory (UMRAO) using the 26m-diameter parabolic
reflector shown on Figure 3.19 (right picture). Both on-source and background flux
measurements were performed. To provide improved sensitivity, the receivers have
bandwidths of 500 MHz, 780 MHz and 2000 MHz at the three frequencies,
respectively. The flux density scale adopted is based on Cassiopeia A using its
measured decay rate at centimetre wavelengths. In order to correct for environmental
variations, the calibration source was observed typically once every 1-2 hours. The
integration times at UMRAO are typically 30 minutes and measurements are usually
taken within £2.5 hours of meridian passage (Horan et al. 2009). Gain corrections
must be applied to the raw data because the aperture efficiency varies with telescope
position. The major terms in the position-dependent gain variation have been

modelled as
G = G,(1- A[1-cos(2)]) (5.7)

where G, is the gain of the antenna at zenith, z is the zenith distance of the telescope,

and A is a parameter that depends on the frequency (Aller et al. 1985). The radio data
taken at UMRAO in 2005-2006 are plotted in Figure 5.14 as daily averages of total
flux density.
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Figure 5.14 UMRAO data for Mrk 421 at 4.8 GHz, 8.0 GHz and 14.5 GHz, 2005-2006

season. Each data point represents all of the data obtained in one night. The horizontal

dashed line shows the mean flux during the 2005-2006 season. The % test was performed

for these datasets and the probabilities, P,2, for constant rates are shown in Table 6.6.
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Three years (2005 — 2008) of UMRAO radio data were available. The annual flux

density is shown in Figure 5.15. The average flux is seen to decrease as the

frequency increases. A detailed study of the radio variability is described in Section

6.1.
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Figure 5.15 The annual flux density of Mrk 421 at 4.8 GHz, 8.0 GHz and 14.5 GHz (top,

middle and bottom panels, respectively). The difference in behaviour at 8GHz compared to

the other bands during 2007-2008 may be due to the somewhat higher variability of the

source at that frequency during that season (see Table 6.6).
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5. Long-term Multiwavelength Observations of Markarian 421

VLBA: MOJAVE program

The 15 GHz VLBA image of Mrk 421 for the epoch 05 April 2006 is shown in
Figure 5.16. The total flux density (Stokes 1) at 15 GHz integrated over this image is
336 mJy. The flux density from the core region modelled using a circular Gaussian is
288 mJy, so Mrk 421 was very core-dominated at this time, implying that the bulk of
the radio-band variability is associated with the VLBI-imaged core. The angular size
of the core at the half-power level is 0.46 milliarcseconds (mas). The core-size
resolution limit was estimated for this dataset (Kovalev et al. 2005) and appeared to
be less than the measured core size. The linearly polarized flux density is 6 mJy. This
polarized flux is detected from the core region only. VLBI core brightness
temperature in the source frame is estimated to be 8x10™ K (Horan et al. 2009).

Figure 5.16 VLBA Stokes | 15.3GHz image of Mrk 421 on MJD 53830. Contours are

plotted in successive powers of /2 times the lowest contour of 0.5 mJy. The peak intensity is
296 mJy beam™. The synthesized beam is shown as the black ellipse in the lower left corner.

A correlation between the radio and y-ray fluxes of AGN cannot be claimed.
However, since there is evidence that both the radio emission and the y-ray emission
from blazars are strongly beamed and anisotropic, it is interesting to compare the
structural evolution of the jet with the y-ray light curves. Figure 5.17 shows radio
images of Mrk 421 during different months in 1995-1996 and the y-ray light curve
during the same season (McEnery et al. 1997). Figure 5.18 shows the corresponding
results for Mrk 421 in 1996-1997. The radio images were obtained by extracting
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5. Long-term Multiwavelength Observations of Markarian 421

single frames from the MPEG movie files provided by MOJAVE. These images can
be used to determine the angular distance from the position of peak flux to a specific
contour in a particular direction at a given time.

22Dec95 14Feb96 18Mar96 14May96

<= /_)
{ /4
[

Figure 5.17 15GHz radio maps and y-ray light curve for Mrk 421 in 1995-1996.
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Figure 5.18 15GHz radio maps and y-ray light curve for Mrk 421 in 1996-1997.
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5. Long-term Multiwavelength Observations of Markarian 421

In Figure 5.19, the parameter called c4 can be defined as the angular size (or
core-contour distance) of the fourth contour (the outermost contour on these images
is considered the first one, corresponding to a flux level of 0.6 mJy), i.e., c4
represents the extent of the source at a flux level of 4.8 mJy. The temporal variation
of this contour must be studied in conjunction with orientation effects because of the
asymmetry of the Mrk 421 radio image.

)4

Direction
of development

(]
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Contour 4

c4 @ 54° Va\ 54°

ve Declination (marcsec

Peak Flux

a1

Relative R.A. (marcsec)

Figure 5.19 15GHz radio map of Mrk 421 in December 1996, showing the angular
distance, c4, of contour 4 from the peak flux position. The contours are plotted in successive

powers of 2 times the lowest contour at 0.6 mJy

The parameter c4 was measured for different times between 1995 and 2001,
using both the radio images that overlap with the darkruns of the Whipple 10m
telescope and those taken when the 10m telescope was not observing. The program
xyExtract Graph Digitizer (described in Section 4.1.2) was used to measure the core-
contour distances from VLBA images of Mrk 421 contained in bitmap files.
Essentially, the method measures the position corresponding to an absolute flux level
of 4.8 mJy in a direction at an angle of 54° to the right-ascension axis; this angle was
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5. Long-term Multiwavelength Observations of Markarian 421

chosen because this seems to be the direction of the blob development. The results

for the period 1995 — 1997 (based on analysis of the data shown in Figures 5.17 and

5.18) are plotted in Figure 5.20 (top) along with the mean monthly y-ray rates

(bottom).
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Figure 5.20 Angular size of contour 4 (top) and y-ray rates (bottom) for Mrk 421 in 1995—
1996 and 1996-1997, binned in monthly intervals.

The entire radio dataset (1995 — 2001), binned in monthly intervals, is shown in

Figure 5.21 for three different contours, corresponding to absolute flux levels of 4.8

mJy, 19.2 mJy and 76.8 mJy. Figure 5.22 shows the annual binned data for c4.
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5. Long-term Multiwavelength Observations of Markarian 421

Figure 5.21 Core-contour distances for Mrk 421: c4 (top), c6 (middle) and c8 (bottom),
corresponding to flux levels of 4.8 mJy, 19.2 mJy and 76.8 mJy, respectively. The data are
shown for one-month intervals, both when the Whipple 10m telescope was observing (black

squares) and when it was not observing (red triangles).

Figure 5.22 Mrk 421 core-contour distance c4, averaged over one-year intervals.

In Section 6.6.1, the relationship between the y-ray light curves and the core-

contour distance is investigated in detail.

5.3 Comparison of Gamma-ray and X-ray Observations

In this section, 14 years of X-ray data from the Rossi X-ray Timing Explorer (RXTE)
satellite, 7 years of TeV data from the Milagro experiment and results from the 2009
Fermi-LAT campaign are compared with the y-ray light curves of Mrk 421 from the
Whipple 10m telescope. Variability and correlation studies will be covered in
Chapter 6.

5.3.1 RXTE observations, 1995 — 2009
The y-ray rates for the 1995 — 2009 Mrk 421 observations were compared with the

X-ray flux from the All-Sky Monitor (ASM) instrument (Section 3.3) on board the
RXTE.

121



5. Long-term Multiwavelength Observations of Markarian 421

The light curves for the X-ray and y-ray data from December 1995 to May
2009 are plotted in Figure 5.23. The data are plotted for the Whipple 10m darkrun
periods (usually there are 6 periods for each season) in which both X-ray and y-ray
data were taken, i.e., the X-ray data were averaged for each period in which y-ray
data from the Whipple 10m telescope were available (usually 21-day periods).

In the original X-ray data (from which the monthly mean rates were
calculated), each data point represents the one-day average of the fitted source fluxes
from a number (typically 5 — 10) of individual ASM dwells (90 seconds each). These
data are quoted as nominal 2 — 10 keV rates in ASM counts per second, where the
Crab Nebula flux is about 75 counts per second.

The annual-binned light curves for the X-ray and y-ray data from 1995 to
2009 are plotted in Figure 5.24. Evidence for correlation was found for both monthly
and annual-averaged data sets: the results of testing for correlations are summarized
in Sections 6.3 and 6.5.
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Figure 5.23 The X-ray and y-ray light curves for Mrk 421 (1995 - 2009): RXTE ASM (top) and Whipple 10m telescope (bottom). Each data point

represents the monthly mean rate (black squares when Whipple 10m was observing, red triangles when it was not observing).
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Figure 5.24 Annual mean rates for Mrk 421: RXTE (top) and Whipple (bottom). Data points are
black squares for data taken when the Whipple 10m was observing and red triangles for data

taken when it was not observing.
5.3.2 Milagro observations, 2000 — 2007

The Milagro Gamma-ray Observatory (Section 3.4) operated continuously from June
1999 to April 2008 with 90% on-time. With the most recent reconstruction and analysis,

Milagro obtains 124/ \/W on the Crab Nebula with a median energy of roughly 12 TeV

(Abdo et al. 2007b). Results from almost seven years of Milagro Mrk 421 data taken
between 2000 and 2007 are shown in Figure 5.25. For this dataset, an excess of 9.9 is
obtained at the known position of Mrk 421. The measured excess rate is
(18 + 3) events/day compared with (25 £ 4) events/day for a Crab-like source transiting
at the declination of Mrk 421 (Smith et al. 2007).

124



5. Long-term Multiwavelength Observations of Markarian 421

-10
-20 f

-30
1999 2000 2001 2002 2003 2004 2005 2006 2007
Season

Rate (events/day)
N w N
o o o
——
T
'
b
'
——
—

'

:

——

:

'

——

—

'

—
——
— -y
'

Figure 5.25 Milagro data for Mrk 421 from 2000 to 2007. The top panel shows the data binned
in 32-day bins; data taken when the Whipple 10m telescope was observing are shown by black
squares. The bottom panel shows the mean rate obtained for intervals of ~6 months, both during
(black squares) and outside (red triangles) the observing periods of the 10m telescope. The blue
horizontal dashed line gives the average rate and a ° test gives y*/dof = 24.1/13 and a
probability P,, = 0.03.

The annual binned data for Milagro and the Whipple 10m is shown in Figure
5.26. Long-duration variability is difficult to monitor with the Whipple 10m telescope
due to its intermittent exposure. The Milagro Observatory, in contrast, was able to
monitor Mrk 421 with daily observations throughout the entire year. A summary of the
results of the correlation analysis performed on the Milagro and Whipple data for the
period 2000 — 2007 will be given in Sections 6.3 and 6.5.
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Figure 5.26 Annual mean rate of Mrk 421 from Milagro (top) and Whipple (bottom). The
Milagro data points shown here are those shown as the black squares in the bottom panel of
Figure 5.25.

5.3.3 Fermi-LAT and Whipple observations, 2009 campaign

In this section, y-ray observations of Mrk 421 over the period December 2008 — May
2009 as measured by the Fermi-LAT and by the Whipple 10m telescope are presented.
Figure 5.27 shows the daily-binned light curves. The significance level of the Fermi-
LAT detection was less than 3c on most nights (60%) during this campaign.

The large error bars on the Fermi-LAT flux points make it difficult to follow
the flux behaviour. The horizontal dashed line in the top panel of Figure 5.27
represents the annual weighted mean (0.074 + 0.003x10°® photons cm™ s™), and a y?
test applied to this dataset yields x*/dof = 83.7/59, giving a probability P,2 = 0.02 that
the daily flux is constant. For the Whipple data (bottom panel of Figure 5.27), the x*
test yields x*/dof = 253.6/70 and a probability P,, = 1.3x10°%,
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Figure 5.27 Daily mean rate for Mrk 421 (December 2008 — May 2009) from the Fermi-LAT
(top) and the Whipple 10m telescope (bottom). The energy band of the Fermi observations
extends from 10 MeV to more than 100 GeV. The peak response energy of the Whipple 10m is
approximately 400 GeV.

The trend is clearer in the monthly-binned light curves shown in Figure 5.28. As
will be shown later (Figure 6.9), there is no evidence of correlation between the two
data sets. The variability amplitudes computed for the Fermi-LAT and Whipple data
will be given in Chapter 6.
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Figure 5.28 Monthly-binned light curves for Mrk 421 for the season 2008-2009. Fermi (top)
and Whipple (bottom). The horizontal dashed lines give the annual mean rate. The 3 test
applied to the Fermi data (top) gives x*/dof = 5.9/4 and a probability of P,2.=0.21. Whipple

(bottom) results for this season are given in Table 5.2.
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Chapter 6

Variability and Correlation Studies

Variability studies are very important in identifying the physical processes and the
size of the region in which the radiation in a given wavelength range is produced. If
variability is observed on a time scale Aty in the source frame, then the radiation

must be produced in a region with size constrained by

R <CAt,, (6.1)

If the source is bigger than this limit, then different parts of the source would not be
causally connected, so that they could not vary in phase with each other. This would
lead to greatly reduced amplitude for the variation. When different variability time
scales are found in a source at the same energy range, the most rapid variability is
taken to be indicative of the source size, after allowing for redshift and relativistic
beaming effects. The slower variations are likely to be due to slow changes in the
source structure and other effects such as heating or cooling (Kembhavi & Narlikar,
1999).

Blazars as a class are found to have rapid, large-amplitude variability, which
distinguishes them from other quasars and AGN. This is particularly evident in the
case of the blazars PKS 2155-304 and Markarian 421 (Mrk 421). PKS 2155-304,
which was initially detected by the Durham group during 1996 (Chadwick et al.
1999), is a relatively distant HBL, with redshift z = 0.116. Detection of the source
was confirmed by the H.E.S.S Collaboration (Aharonian et al. 2005a), and variability
on short timescales was noted. H.E.S.S. later detected PKS 2155-304 in an extremely
high state of activity in July 2006 (Aharonian et al. 2007). Fluxes measured with
one-minute resolution exhibited peak values in excess of 14 times the Crab Nebula

flux, and variability on timescales <4 minutes was observed.
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The blazar Mrk 421 has been found to be variable at all wavelengths from the
radio to y-ray waveband, and on all time scales from minutes to years (Acciari et al.
2009c). This chapter focuses on variability studies of this source at different
wavelengths, particularly on the long time scales made possible by the Whipple 10m
data set. Although the data available for Mrk 421 is often too sparse and unevenly
sampled for analysis in the frequency domain, analysis can be carried out in the time
domain using the cross-correlation function (CCF). There are two approaches for
dealing with the gaps in the data: interpolation and discrete binning. Interpolation
becomes unreliable when there is significant power on time scales smaller than the
typical gap size. The discrete correlation function (DCF) method (Edelson & Krolik,
1988) avoids interpolation by binning the time-difference pairs and calculating the
mean and variance of each bin. The latter approach is the one used in this thesis and
the results are shown in Section 6.5.

6.1 Fractional Variability Amplitude

In Section 5.1.1, % tests to determine whether the y-ray emission was constant or not
were described. To determine the degree of variability, a variety of measures are in use
for estimating the variability amplitude in AGN light curves, including the excess
variance, o’xs, and the fractional rms variability amplitude, F.a. The variance estimate
provides a simple and straightforward means of quantifying the variability of the source
at different wavelengths. However, there is a rather large scatter in the variance
associated with the stochastic nature of red-noise variability. It has been found that,
when significant variability is observed, the fractional variability amplitude of some
blazars increases logarithmically with the photon energy, indicating significant spectral
variability. The short-timescale variability amplitude may also track this trend,
suggesting that the slopes of the power spectral density of the source are independent of
energy (Zhang et al. 2005).

In this section, the variability of Mrk 421 across the spectrum is investigated by
computing the fractional rms variability amplitude, F.., for each of the eight
wavebands (four radio bands, one X-ray band and three y-ray bands). In addition, for
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each data set, the probability P,, (Equation 4.8) is quoted to show how constant the
rate is about the annual mean.

The observed variance can be simply obtained from the light curves:
1 N
2 —\2
N =ﬁ§(xi—x) (62)

where X is the arithmetic mean of the fluxes x;, and N is the number of data points.
Fvar, Which also corrects for the effects of the measurement errors, is defined as
(Zhang et al. 2005)

F=2"9 (6.3)

where o is the mean error squared. If each flux measurement x; has uncertainty

then

=

— 1
02=Ni o (6.4)

Il
—_

The value of F,r was calculated for each season; the results for the Mrk 421
observations from the Whipple 10m, Milagro, Fermi-LAT, RXTE ASM, Metséhovi
and UMRAO datasets are shown in Tables 6.1 — 6.6.

For the Milagro data from the 2001-2002, 2005-2006, and 2006-2007
seasons, the difference between the terms to be subtracted in Equation 6.3 is
negative; this can happen when the amount of variation in the data points is smaller
than the measurement errors (perhaps indicating that the errors are overestimated). In

such cases, the true level of variability cannot be determined.
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Whipple 10m

Season No. of Minimum rate | Maximum rate F P,
nights (Crab units) (Crab units) var x
1995-1996 53 0.17 0.38 0.228 3.2x10%
1996-1997 60 0.06 0.24 0.373 1.7x10™
1997-1998 38 0.25 1.28 0.711 4.3x10%
1998-1999 56 0.15 0.81 0.439 1.7x10™"°
1999-2000 41 0.15 1.36 0.650 2.3x10™°
2000-2001 64 0.35 4.30 0.792 <103
2001-2002 27 0.20 0.57 0.490 1.8x10™
2002-2003 37 0.39 1.04 0.385 8.3x10™"’
2003-2004 43 0.44 1.94 0.677 <103
2004-2005 19 0.18 1.06 0.625 1.3x107"°
2005-2006 62 0.36 1.45 0.335 2.8x10™"?
2006-2007 43 0.16 0.64 0.322 6.0x10°®
2007-2008 86 0.28 2.06 0.438 1.9x10™
2008-2009 71 0.26 0.63 0.299 6.9x10°°

Table 6.1 The fractional rms variability amplitude, Fs, for the Whipple 10m Mrk 421

y-ray data. The minimum and maximum monthly-averaged rates for each season are also

shown.
Milagro
Season No_. of Minimum flux Maximum flux = P,
points (events/day) (events/day) var x

2000-2001 10 -21 66 1.621 0.01
2001-2002 12 -7 59 N/A 0.53
2002-2003 10 -7 56 0.735 0.13
2003-2004 13 -4 56 1.280 0.05
2004-2005 11 -48 83 3.183 4.5x10™
2005-2006 11 -4 24 N/A 0.35
2006-2007 10 -34 35 N/A 0.53

Table 6.2 The fractional rms variability amplitude, F,, for the Milagro Mrk 421 y-ray
data. Also shown are the minimum and maximum monthly-averaged fluxes (events/day) for

each season. Each flux value is the mean flux in a 32-day period.
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The Fermi-LAT results for the 2008-2009 campaign are shown in Table 6.3.

The value for F,r could be calculated only for the data binned in 1-month intervals.

The value obtained is very low, probably due to the relatively low sensitivity of the

instrument on such a short timescale.

Fermi-LAT
Data No. of Minimum flux Maximum flux P
- . 6 2 1 6 2 1 Fuar 2
bins points (x10°ph cm™s™) (x10°ph cm™s™) %
1-day 60 0.025 0.160 N/A 0.02
1-month 5 0.062 0.088 0.047 0.21

Table 6.3 The fractional rms variability amplitude, Fya, for the Fermi-LAT Mrk 421 data.

Tables 6.4, 6.5 and 6.6 show the results for the X-ray and radio data. Table

6.6 shows the variability amplitude at three different radio frequencies from the
University of Michigan Radio Astronomy Observatory (UMRAO). In Table 6.6, the

variability amplitude for the 4.8 GHz data could not be calculated for 2007 because a

negative sign was obtained under the square root in Equation 6.3.

RXTE ASM
Season Totgl exposure | Minimum rate | Maximum rate E P,
time (ks) (counts/s) (counts/s) var x
1995-1996 71 0.42 0.67 0.251 | 2.1x10°
1996-1997 129 0.10 0.50 0.351 | 1.4x10**
1997-1998 126 -0.04 1.13 0.645 | 8.0x10°°
1998-1999 136 0.14 0.57 0.339 1.1x10°
1999-2000 109 0.22 1.92 0.915 | 4.4x10™"%
2000-2001 138 0.85 3.15 0.469 | 1.9x10™°
2001-2002 150 0.19 0.61 0.361 | 5.6x107°
2002-2003 143 0.35 1.97 0.486 | 9.7x10™*
2003-2004 109 1.10 4.22 0.569 | 6.4x10%*°
2004-2005 92 0.12 2.33 0.751 | 6.2x10%°
2005-2006 148 0.79 3.29 0.411 | 1.5x10™%
2006-2007 119 0.09 1.11 0.652 | 3.9x10™°
2007-2008 153 1.13 3.69 0.433 | 1.9x10™
2008-2009 144 0.55 1.85 0.418 | 1.4x10*

Table 6.4 The fractional rms variability, F,, for Mrk 421 in the X-ray band. The minimum

and maximum rates are monthly averaged values.
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Metsahovi

Season L\Ic?i.n?; Minimum flux (Jy) Maxirzjl;r)n flux Fuar sz
2002-2003 34 0.10 0.78 0.217 2.5x10°
2003-2004 24 0.17 0.69 0.165 3.0x10™
2004-2005 24 0.04 0.69 0.320 3.2x10°
2005-2006 19 0.14 0.53 0.132 0.27
2006-2007 35 0.18 0.72 0.169 1.7x10°
2007-2008 25 -0.02 0.80 0.338 8.9x10°

Table 6.5 The fractional rms variability, Fy, for the radio band centred at 37 GHz. The
integration time for one flux density data point is ~1400 seconds. The minimum and

maximum fluxes are taken from the scan-by-scan data set.

UMRAO
4.8 GHz 8.0 GHz 14.5 GHz
Season No. of No. of No. of
days | Tvar sz days | Tvar sz days | Tvar sz

2005-2006 12 0.043 | 3.5%x107 19 0.244 | 4.6x10” 24 0.145 | 1.8x10°

2006-2007 16 0.130 | 3.5x10 10 0.300 | 1.1x10° 17 0.153 | 1.8x10™°

2007-2008 3 N/A 0.66 6 0.374 | 3.8x10™ 13 0.114 0.08

Table 6.6 The fractional rms variability, F., for Mrk 421 at three radio frequencies from
UMRAO (centred at 4.8 GHz, 8.0 GHz and 14.5 GHz), calculated with 1-day binning for

each data set.

The results for four different wavebands from 1995 to 2009 are plotted
together in Figure 6.1, showing the trend of the variability amplitude through the
years for each waveband. The Fermi-LAT data (10 MeV - 100 GeV) are not
included in Figure 6.1; these data had the lowest value of F4r (0.047), but cover only
a single season, and a statistically significant detection (>3c) was obtained in only
42% of the observations.

The variability amplitude for the four radio bands from data taken between
2002 and 2008 is shown in Figure 6.2. The data at 4.8 GHz, 8.0 GHz and 14.5 GHz
are from UMRAO, and the data at 37.0 GHz are from Metsahovi.
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Figure 6.1 Fractional rms variability amplitudes for Mrk 421 from all the multiwavelength
data taken during the period 1995 — 2009 (data points have been joined with lines to guide

the reader).

Figure 6.2 Fractional variability amplitudes for Mrk 421 at radio wavelengths.

In order to examine dependence of the variability on energy, the average
value of F, over the period 2000 — 2009 was calculated (data from all wavebands,
except from the Fermi-LAT, were available for that period) and plotted against
energy (Figure 6.3). Because the value of F4 for the Milagro observations cannot be
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computed for all of the seasons, the Milagro data have been omitted from this plot.
The F.ar parameter appears to be higher for the X-ray and y-ray data than for the
radio data. The average value of F,- over all the wavebands plotted is 0.161 + 0.018;
a ¢’ test for the hypothesis that Fy is a constant equal to the mean value yields
v*/dof = 18.8/5 corresponding to a chance probability of only 0.2%. Combining the
results for the radio data gives Fyor = 0.15 £ 0.02, while combining the X-ray and y-
ray results gives Fyor = 0.50 £ 0.10. There is therefore a statistically significant
difference in variability between the high-energy regime (X-ray/y-ray) and the low-

energy regime (radio), but only at a rather marginal level (~3.50).
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Figure 6.3 The fractional rms variability amplitude, Fyar, as a function of energy.

6.1.1 Statistical Distribution of the Variability of Mrk 421

Mrk 421 is the brightest AGN at TeV energies (on average) and the first such AGN
to be discovered. As such, it is not unreasonable to regard Mrk 421 as the prototype
TeV AGN although it has been suggested that it may have a greater degree of
variability than the norm on all timescales. It is certainly the most studied of the
known TeV blazars; the variations seen on short time scales are often duplicated in
other AGN. It is the closest such AGN and hence has the lowest spectral distortion

due to absorption by pair production with the extragalactic background light (EBL).
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It is difficult to compile a large data sample from a variety of observations,
because observing modes may be quite different and the sensitivity is often not well-
defined. The Whipple 10m database is comparatively uniform and covers a long time
interval; during the period 1995 — 2009, the system was operated in a relatively
stable configuration of telescope and camera. It is thus useful to use this database to
investigate the statistical distribution of the time variability of Mrk 421 and by
inference that of other AGN. If Mrk 421 is typical of all (or a subclass of) TeV AGN,
then we can use these distributions to predict how often a more distant AGN might
flare or be above a certain level of brightness. We consider four different timescales:
yearly, monthly, daily and run-by-run (hourly). Nightly and run-by-run results are
shown only for the years in which the Dublin analysis package was used.

Yearly variations: As shown in the Figure 6.4, there are significant
variations on a yearly timescale, with mean annual rates ranging from 0.2 Crab units
to 2.3 Crab units.

Figure 6.4 Histogram of the annual-binned Mrk 421 TeV y-ray rate for a total of 14 years.
Monthly variations (Figure 6.5): There are clearly large variations over the

full 14 years of data. There were 21 months (out of a total of 89 months) in which the

average rate was at least 1 Crab unit.
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Figure 6.5 The monthly-binned Mrk 421 TeV y-ray rate for 14 years of data (December
1995 — May 2009), covering 89 darkruns.

Nightly variations: The distribution of the average rate for each night of
observation is shown in Figure 6.6 for nine years of data (2000 — 2009). The duration
of the observations on which the average is based varied from night to night as
observing priorities, weather, etc. changed. There were ~30 nights (out of a total of
510 nights) for which the average rate was at least 2 Crab units.

Figure 6.6 The nightly-binned Mrk 421 TeV y-ray rate for nine years of data (November
2000 — May 2009), covering 510 nights.
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Run variations: Observing runs were generally of 28-minute duration. The
distribution of the run-by-run rates is shown in Figure 6.7. This distribution is not a
completely unbiased sample as there is a tendency for the observers to continue
observations when the observed signal is high. There is therefore some bias towards
stronger levels of emission. However, it is fair to say that ~30% of the observing
time, taken at random, shows the source to be at an emission level of 1 Crab unit and
5% of the runs have levels above 3 Crab units.

Figure 6.7 Run-by-run variation of the Mrk 421 TeV y-ray rate for 1055 runs taken over
nine years (2000 — 2009).

If we make the assumption that Mrk 421 is typical, these distributions can be
used to predict the expected level of variation in other AGN, scaling by the ratio of
their average intensity to that of Mrk421: e.g., for an AGN one-third as bright as Mrk
421 on average, ~5% of the runs taken on it can be expected to exhibit flaring at the
1 Crab level. In the case of the Whipple 10m telescope, only a small number of
blazars have been detected (Mrk 421, Mrk 501, 1ES2344+514, H1426+428 and
1ES1959+650). Apart from Mrk 421 and Mrk 501, the average TeV level measured
for these blazars is extremely low. For example, the average rate observed for H1426
during 2000 and 2001 was only 10 + 2% of the Crab Nebula rate (Horan 2001), and
1ES2344 and 1ES1959 were only detected by the 10m telescope because of strong
flaring activity (Catanese et al. 1998; Holder et al. 2003). It is therefore difficult to
confirm the predictions of flaring frequency using 10m data alone. However, as more
TeV blazars are identified using VERITAS, H.E.S.S. and MAGIC, and their average
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flux levels determined over reasonable timescales, these predictions can be more

readily tested.

6.2 Correlation Coefficient

The correlation coefficient is a measure of linear association between two variables.
For sample data comprising N data points (x;, Yi), the level of correlation between x
and y is given by the Pearson’s product moment-correlation coefficient, R, defined

as

R=— (6.5)

N
where S = E(xi —1"6)2, S, =

i=1 i

(yi —y)z, and S, = E(xi —)_c)(yl. —y).

i=1

-
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R is a number between -1 and 1; R = 1 implies perfect positive correlation, R = -1
indicates perfect negative correlation, while R = 0 means that the variables are
completely uncorrelated.

In Section 6.3, y-ray flux is plotted against the flux in each of the other
wavebands, to look for correlation between the flux levels. Using the method of
least-squares (Porkess 2004), a straight line is fitted to each of the flux-flux plots.
The R-squared value (R?) shown on these plots is simply the square of the correlation
coefficient (R), so it is a number between 0 and +1 indicating how closely the
trendline (the straight line shown on the flux-flux plots) corresponds to the actual
data. R? is also referred to as the coefficient of determination and can be interpreted

as the proportion of the variance in y, which can be attributed to the variance in x.

6.3 Flux-flux Correlations in the Multiwavelength Data

Figure 6.8 shows the flux-flux correlation plot for the Whipple 10m and
Milagro data (2000 — 2007). The values of the correlation coefficient are R = 0.40 for
the monthly data and R = 0.69 for the annual-binned data.
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Figure 6.8  Flux-flux correlation for the Whipple 10m and Milagro Mrk 421 data on
different timescales. Left: monthly-binned Whipple 10m and Milagro data; Right: annual-
binned Whipple 10m and Milagro data.

The flux-flux plots for the Fermi-LAT and Whipple 10m data on daily and
monthly timescales are shown in Figure 6.9. No evidence of correlation is found:
R =-0.10 for the daily-binned data; R = -0.24 for the monthly-binned data. The
absence of any correlation is hardly surprising since there is very little variation in
the Fermi-LAT flux.

Figure 6.9 Flux-flux diagrams for the Whipple 10m and Fermi-LAT Mrk 421 data on
different timescales. Left: daily-binned Whipple 10m and Fermi-LAT data (slope -0.020);
Right: monthly-binned Whipple 10m and Fermi-LAT data (slope -0.017).
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The RXTE ASM data (1995 — 2009) show evidence for emission correlated
with the y-ray data on monthly and annual timescales as shown in Figure 6.10. The
correlation coefficients are R = 0.74 and R = 0.71 for the monthly and annual-binned

data respectively.

Figure 6.10 Flux-flux correlation for the Whipple 10m and RXTE ASM Mrk 421 data on
different timescales. The dashed line shows the best-fit straight line. Left: monthly-binned
y-ray and RXTE ASM data (slope 1.04); Right: annual-binned y-ray and RXTE ASM data
(slope 0.99).

Due to the small variability amplitude for the radio waveband on the
monthly-binned light curves only annual light-curve data are taken in consideration
for the flux-flux plots. Metséhovi (2002 — 2008) and UMRAO (2005 — 2008) data
are shown in Figure 6.11. The high R-squared values for 14.5 GHz and 4.8 GHz
cannot be taken as indicating strong correlation but are due rather to the almost

constant radio fluxes and the small number of data points available.
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Figure 6.11 Flux-flux correlations for annual-binned Mrk 421 data. Top left: Whipple 10m
and Metséhovi 37 GHz data; Top right: Whipple 10m and UMRAO 14.5 GHz data; Bottom
left: Whipple 10m and UMRAO 8.0 GHz data; Bottom right: Whipple 10m and UMRAOQO
4.8 GHz data.

6.4 Discrete Correlation Function

To investigate in more detail the relationship between the radio, X-ray, Milagro and
y-ray light curves during the 1995 — 2009 period the discrete correlation function
(DCF) was calculated. This method, described by Edelson & Krolik (1988), is
analogous to the classical correlation function except that it can work with sparse,

unevenly sampled data.
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For each pair of points [a(ti), b(t;)], taken from two datasets a and b, the time
difference At; = ti — t; is calculated, and the unbinned discrete correlation function
(UDCF) is obtained using the equation shown below

UDCF, - la(t,) - (a)] [b ) —(b)]
V(o2 ~2)(o: -]

(6.6)

For dataset a, (a) is the mean, o, is the standard deviation and e, is the mean
measurement error, and similarly for dataset b. For any specified time delay Tiag
between the two datasets, the UDCF;; values are then sorted into bins of width ¢
containing the N pairs (t;, tj) for which Tiag— 7/2 < Atjj < Tiag + /2. The more directly
useful quantity DCF (T4g) is then obtained by averaging over the N pairs:

DCF(T,,) = %E UDCF, (6.7)

Note that for Ti,g = O the DCF should give a value similar to the standard
correlation coefficient. The difference arises from the fact that the DCF takes into
account the measurement error on each data point.

An estimate of the error in the DCF can be obtained from

1 2
Opcr(r iag) = ﬁ\/ > [UDCFU - DCF(T,, )] (6.8)

6.5 Discrete Correlation Functions for Multiwavelength Data

Figure 6.12 shows the DCF between the Whipple 10m and Milagro light curves for
different values of the time lag, Tiag using bins of width z = 30 days (the minimum
bin width available for Milagro data). A maximum DCF value is observed for
synchronous variability of both samples, i.e., a time lag shorter than 30 days, but the
value is not statistically significant. The rather high value of the DCF at a time lag of
about +2600 days can be traced to specific flaring features in the Whipple 10m data,
and does not indicate a significant correlation between the two datasets.
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Figure 6.12 Discrete correlation function (DCF) for the complete Milagro and Whipple
10m Mrk 421 datasets, 30-day bins.

The DCF of the Whipple 10m and Fermi-LAT daily-binned data is shown in Figure
6.13. This comparison shows no evidence of correlation at any time lag, which is not

surprising, as stated earlier, since there is very little variation in the Fermi-LAT flux.

Figure 6.13 The DCF for the Fermi-LAT and Whipple 10m Mrk 421 datasets, 1-day bins.

The DCF between y-ray and X-ray monthly averaged fluxes for time lags
between -4800 and +4800 days is shown in Figure 6.14. The TeV and X-ray fluxes
are seen to be significantly correlated (with a DCF value ~0.75) for a time shift
shorter than 30 days; the maximum of the DCF is centred at a lag of (0 £ 15) days.
The peak at -2000 days is an artefact, which occurs only because of the coincidence
of maximum y-ray rate at MJD 51595 and maximum X-ray rate at MJD 53597 (see
Figure 5.23).
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Figure 6.14 The DCF between Mrk 421 X-ray and y-ray light curves. The apparent peak at
-2000 days is spurious: it results from a coincidence between a maximum y-ray rate and a

maximum X-ray rate.

The discrete autocorrelation function (DACF) allows one to study the level
of autocorrelation in unevenly sampled datasets (Edelson & Krolik 1988, Hufnagel
& Bregman 1992) without any interpolation or addition of artificial data points. The
DACE is essentially the DCF of a dataset with itself, i.e., in Equation 6.6, the dataset
b is identical to a. The DACF can be used to look for evidence of periodicity in a
sampled dataset.

The DACF for the Whipple 10m y-ray dataset for Mrk 421 is plotted in
Figure 6.15, and shows no evidence for periodicity at any period between 2 months
and 7 years.

Figure 6.15 DACF for monthly-binned Mrk 421 y-ray light curve (Whipple 10m telescope).
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The corresponding plot for the RXTE ASM X-ray data is shown in Figure 6.16;
again, there is no evidence for periodicity at any period between 2 months and 7

years.

Figure 6.16 DACF for monthly-binned Mrk 421 X-ray light curve (RXTE ASM).

6.6 The Gamma-ray—Radio Connection

It is generally accepted that VHE y-ray radiation in blazars comes from the base of
the jet close to the black hole itself. It is possible that the disturbance responsible for
this radiation could propagate out along the jet at close to the speed of light, and
might gives rise to changes in the radio emission at larger distances. This effect is
likely to be most evident in the morphology of the radio maps and can be illustrated
by a simple geometrical model. Figure 6.17a shows a radio image of Mrk 421
looking down the jet, with the red superimposed sinusoid representing a disturbance
which originates at the core and propagates at the speed of light; the angular distance
relative to the core (i.e., c4) is ~2.2 mas. This corresponds to 1.4 pc at the distance
127.2 Mpc (Crook et al. 2007) derived for Mrk 421 from its redshift, z = 0.031, and
Hubble’s Law with an assumed slope of Ho = 73 km s™* Mpc™ (Spergel et al. 2007).
Therefore, if the disturbance propagates at the speed of light orthogonal to the line of
sight it will take 4.6 years to travel the distance c4. Since the jet is approximately

aligned with the line of sight, the geometry involved in this process is the one shown
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in Figure 6.17b, where 6 < 10° (as expected for blazars). The y-ray signal emitted
from the disturbance at the base of the jet will reach Earth after travelling the
distance a+b (which is 127.2 Mpc), while the disturbance itself follows the jet and
gives rise after a distance A to synchrotron radiation which travels a distance B to
Earth. The radio signal will then be delayed by At = [(A+B)—(a+b)]/c relative to
the y-ray signal.

(@)

Accretion disk

Line of | /
sight |/

<

(b)

Figure 6.17 (a) Radio image of Mrk 421 showing the propagation of a disturbance
orthogonal to the line of sight. (b) Disturbance propagating along the jet (8 = 2.2 mas).

148



6. Variability and Correlation Studies

The orthogonal component of the real distance travelled by the disturbance is
r4 rather than c4, as shown in Figure 6.17b. The distance r4 can be calculated using
the following equation:

4 tan§- tan B(a +b)
- tan6 + tan 3

(6.9)

where § = 2.2 mas. The distance r4 is always smaller than c4. For a small angle of
the jet respect to the line of sight, for example, 6 = 10°, the distance r4 is equal to
1.37 pc. In this case, cAt is equal to 0.12 pc (0.36 light-years), which corresponds to
a delay of ~5 months for a signal travelling the distance A+B at the speed of light. Of
course if the actual jet angle is less than 10° the expected delay will be shorter.

The DCF approach can be used to search for evidence of such an effect.

6.6.1 Gamma-ray Flux versus Radio Contour Distance

The DCF between the radio core-contour distance c4 (see Figure 5.21) and the y-ray
light curve for the period 1995 — 2001 is shown in Figure 6.18; a positive time lag
means that changes in the y-ray flux precede the radio variation.

Figure 6.18 The DCF between y-ray flux and c4 distance.
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The values of the DCF are very small for lags between 0 and +1000 days,
indicating that the effect hypothesised earlier in this section is not present.
Interestingly, there appears to be a peak in the DCF plot at a lag of about -300 days,
which would correspond to changes in the radio morphology preceding changes in
the y-ray flux. Such behaviour is difficult to explain on the basis of any plausible
physical model. Either the time lag is due to unrelated processes, or it is a real causal
effect, in which case the magnitude of the delay implies that radio and y-ray emission
regions are separate. For example, one can consider material from the accretion disk
falling onto the central black hole. Interaction of this material with the magnetic field
would cause the emission of synchrotron radiation in radio frequencies first,
affecting contours in the radio maps. The y-ray emission would then arise when the
effect of the infalling material propagates to the jet. Another explanation is that this
time lag could be related to small movements of the jet due to the presence of a
binary black hole system (Section 7.2). These movements would be detectable in the
radio maps, forecasting an increase or decrease in y-ray activity as the jet aligns more
or less with the line-of-sight.

DCFs between the radio core-contour distances c6 and c8 and the y-ray flux
are shown in Figures 6.19 and 6.20. Again, a positive time lag means that the y-ray
flux precedes the radio variation. In the DCF plot for the c6 contour, there again

appears to be a feature at a time delay similar to that seen for c4.

Figure 6.19 DCF between y-ray flux and c6 distance.
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Figure 6.20 DCF between y-ray flux and ¢8 distance.

For Figure 6.18, for contour c4 at a time lag of -270 days, the DCF value
appears to be fairly high, although the error bar is large. To investigate this in more
detail, y-ray points that have a corresponding c4 distance point 270 days earlier
(within a bin of £15 days) were selected in order to generate a plot of c4 (at time t-
270 days) against y-ray flux (at time t), as shown in Figure 6.21. The R? value for this
plot is rather low, and the plot is heavily influenced by a small number of high-flux
points (from flaring episodes). Moreover, the bump at -270 days does not appear in
the DCF plot for radio contour c4 versus X-ray flux, shown in Figure 6.22; given that
the y-ray and X-ray fluxes appear to be well correlated, this result also suggests that
the effect in Figure 6.18 may not be highly significant.
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Figure 6.21 Correlation plot for ¢4 distance at time t — 270(x£15) days versus y-ray flux at

time t.

151



6. Variability and Correlation Studies

Figure 6.22 DCF between X-ray flux and c4 distance: this plot shows no evidence for any

effect in the region of -270 days.
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Chapter 7

Interpretation and Discussion

The behaviour of broadband radio-to-y-ray emissions from Mrk 421 revealed
substantial differences in the level of variability, increasing with the energy. The
multiwavelength data taken over the extended period 1995 - 2009 provides
information on the monthly and annual flux variability of this source. No significant
correlation between emission in the low-energy and high-energy regimes was found,
although some interesting results were obtained when analysing radio contours from
VLBA images of Mrk 421 and comparing them with the y-ray light curves, as
described in Section 6.3. Previous work has shown how the two energy peaks of the
characteristic SED of blazars (Section 1.4) shift to higher energies when the source
goes in high state activity. Section 7.1 attempts to give an explanation of how the
flux variability observed for Mrk 421 in specific energy regimes can depend on the
shape of its SED, and how this can help in interpreting the results obtained from the
correlation studies.

Different mechanisms can cause variability in the brightness of the non-
thermal emission from blazar jets. In Section 7.2, three different ideas of how the
behaviour of the y-ray light curve of Mrk 421 can be related to the radio jet
development are presented.

Very-high-energy vy-ray photons can be observed from the ground by
detecting the Cherenkov radiation from secondary particles in the atmospheric
cascades initiated by the interaction of the y-ray photons with the atmosphere. The
current generation of instruments has demonstrated that TeV astronomy is a rich
field of research. Section 7.3 summarises the present and possible future of ground-
based y-ray astronomy, which was born about 20 years ago with the detection of TeV
y-ray radiation from the Crab Nebula (Section 1.4.1) using the Whipple 10 m

telescope.
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7.1 Major Results from Long-term Observations of Mrk 421

Observations of Mrk 421 over a wide energy range and over an extended time period
can lead to profound implications and limitations for proposed emission models. For
the data taken from 1995 to 2009, the X-ray flux shows a definite correlation with
the TeV flux, as expected in blazar leptonic models. For both monthly and annual
timescales (see Figure 6.10) strong linear correlation coefficients were obtained,
R=0.74 and R = 0.71, respectively. These findings are consistent with results from
previous multiwavelength campaigns (Buckley et al. 2008, Rebillot et al. 2006,
Maraschi et al. 1999).

The fact that the Fermi-LAT flux does not show much variation did at first
seem surprising. It could be attributed to the relatively low sensitivity on such a short
timescale (one month), which would tend to obscure any variability unless very
pronounced. On the other hand, the absence of any significant variability may be a
very interesting result in the light of the X-ray and TeV variability. It could be a
reflection of the shape of the SED, and the way that changes. Both the X-ray and
TeV observations are on negative-slope regions of the SED, whereas the Fermi range
is on a positive slope. It is possible that when the electron density increases (in a
flare, for example), the level of the SED rises but at the same time the two peaks shift
to higher energy: it is then easy to imagine a situation where the X-ray and TeV
fluxes rise as the SED rises, but because Fermi is on an upward-slope region, the
effect of the rising SED is offset by the shift to higher energy. This could explain the
behaviour seen in Figure 6.9.

Applying the Pearson’s product moment-correlation method on flux-flux
diagrams, no evidence was found for a correlation between the observed (4.8, 8.0,
14.5 and 37 GHz) radio and y-ray fluxes (see Figure 6.11). The same result is
obtained using the discrete correlation function (DCF) value for a time lag of 0.
There is some evidence of a delay between the core-contour distances and the y-ray
month-scale variability. On the DCF diagrams, there is a tendency for the contour
distances c4 and c6 to lead the y-ray fluxes, but the statistical significance is not high.

The pattern of variability in different wavelength regions can have important

implications for the modelling of the radiation processes. If the variability in two
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bands shows the same pattern as a function of time, with the variations occurring in
phase, then one can conclude that the radiation in the two bands is very likely to be
produced by the same mechanism and in the same spatial region. However if the
variation in one band systematically lags behind that in the other, then propagation
from one region to another may be involved. This could explain possible lags that
might exist between the radio contour measurements and the y-ray data.

In Figure 7.1, the Discrete Autocorrelation Function (DACF) for 14 years of
y-ray data is shown. This is essentially the same plot as that shown in Figure 6.15,
but in this case the data have been grouped in bins of three months each, to make it
easier to visualise the long-term behaviour. The discrete autocorrelation function is
found by calculating the DCF for a time series with itself. Investigating how well a
time series correlates with a copy of itself may expose periodicity (intrinsic or
spurious) in the time series. The main idea behind this is that the DACF of a periodic
function is itself periodic with the same period. So, if there is a period, p, in the light
curve, then the DACF can reveal the periodical component. It is clear from the
Figure 7.1 that no periodic behaviour exists on time scales up to ~7 years (the
maximum period that can be investigated with a 14-year observation span). On the
other hand, with the one-month binning in Figure 6.15, periods greater than 2 months
can be excluded. For periodic times less than 2 months, the number of events is
generally too small to identify any periodic trends.

Figure 7.1 DACF of three-month binned y-ray data on Mrk 421 taken with the Whipple

telescope.
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However, there have been various reports of a periodic or quasi-periodic
component to the y-ray and X-ray emission from Mrk 501 on week and month
timescales (Nishikawa et al. 1999; Kranich et al. 2001; Rodig et al. 2009). For Mrk
421, Liu et al. (1997), using optical data reaching back to 1900, suggest evidence for
two possible periods: one of about 23 years and another (less significant) of about 15
years. In this work, the search for similar periodicities in the Mrk 421 Whipple and
RXTE data using the DACF shows no evidence for any periodic component with
period between 2 months and 7 years, but further study of the long-term
characteristic variability of Mrk 421 using the Lomb-Scargle periodogram (Lomb
1976; Scargle 1982) or the Jurkevich method (Jurkevich 1971) may be warranted.

7.2 Jet Components and Emission Models

In May 1996, Markarian 421 underwent an unprecedented outburst at TeV energies
(Gaidos et al. 1996), motivating observations with the VLBA to investigate whether
changes in the milliarcsecond structure are associated with such VHE flares, but no
significant connection was found (Edwards et al. 1998).

The complicated light curves of blazars can be explained reasonably well by
a physical scenario in which a twisted relativistic jet containing a hydromagnetically
turbulent plasma undergoes fluctuations in its energy input. This causes shock waves
to develop and propagate. The evolution of the emission from such shocks can
account for both the long-term and short-term behaviour of the observed light curves.
In this thesis, an interpretation of the long-term behaviour of Mrk421 light curves,
through a possible link between high-energy fluxes and radio-jet morphology has
been attempted. Three different scenarios have been considered which would suggest
that changes in the radio morphology should lag changes in the high-energy flux
(positive lag). However, it should be noted that the behaviour exhibited in the DCF
plots would imply the opposite behaviour (negative lag), a situation which is more
difficult to account for on the basis of plausible physical models.
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. Synchrotron cooling

The behaviour of the DCF plots in Figures 6.18 and 6.19 suggests a negative lag
between radio morphology and y-ray flux (i.e., radio map changes lead the y-ray flux
changes), but this is opposite to what would be expected for a reasonable physical
model. If the electron density is altered, asymmetric changes in the fluxes of the
synchrotron and self-Compton components occur, with the Compton component
more affected by these changes (Bloom & Marscher, 1996). Variations in the
amplitude of the spectrum of injected electrons results in flaring at X-ray and TeV
energies (Mastichiadis & Kirk 1997). Flares at low energies lag prompt flares at high
energies. It is suggested that this is because the higher-energy electrons have a
shorter synchrotron cooling time so that the newly-injected high-amplitude electron
population cools with emission of high frequencies first and lower frequencies later,
giving rise to the lag, so that changes in the radio morphology would be expected to

occur some time after the changes in y-ray flux.

. Plasma Propagation.

Models that attempt to describe the radiation processes must take into account the
pattern of variability in different bands of the spectrum. In this case, for the available
radio data of Mrk 421, between 1995 and 2001, the variation seems to lag behind the
y-ray band.

As mentioned in the introduction of Chapter 6, if the source is bigger than the
limit imposed by Equation 6.1, different parts of the source cannot vary in phase with
one other. Mrk 421 showed extremely strong flares in 1996, 2001 and 2008, as
described in detail in Section 5.1.2. The rise and fall of the Mrk 421 flares have
sometimes as short as a few minutes, implying a very compact emission region. In
the TeV range, if the observed variability time scale is ~200 seconds it implies a
minimum bulk Lorentz factor greater than 50 (Begelman, Fabian & Rees 2008)
assuming an homogeneous one-zone model. However, such high values of the bulk
Lorentz factor are in contradiction with constraints derived from other observational
evidence (Urry & Padovani 1995; Henri & Saugé 2006). Furthermore, one-zone
models are unable to fit the entire spectrum, with the low-energy radio points being
generally attributed to more distant emitting regions. Boutelier et al. (2008) presented
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a new approach, unifying small and large scales emission regions. They consider that
the radio jet is actually filled by the same particles originating from the high energy
emitting region at the bottom of the jet that have propagated along the jet. They thus
describe the emitting plasma by a continuous (although variable) particle injection,
subjected to continuous reacceleration and radiative cooling.

Figure 6.17 illustrates a propagation phenomenon geometrically. Essentially
the question is: if something happens in the core of the radio map, how long will it
take, travelling at speed of light, to get to a specific distance (in this case contours
C8, C6 and C4) from the core? The precision of the delay calculations depend on the
accuracy of the measurement of the distance of Mrk421 from Earth and the
resolution of the radio images.

. Binary black holes

The high variability of the flux observed in AGN may be periodic, which in turn
could be the signature of a binary black hole (BBH). Systems of black holes are
strong emitters of gravitational waves whose amplitude depends on the binary orbital
parameters such as the component mass, orbital semi-major axis and eccentricity
(Rodig et al. 2009). The existence of BBHs seems plausible since the host galaxies of
most AGN are ellipticals, which originate from galaxy mergers. BBHs have already
been detected (Sillanpdd 1998; Sudou et al. 2003; Hudson et al. 2006), but most
sources are far too distant for to be resolved in radio or X-rays. A simultaneous
periodicity in different wavelengths would provide evidence for bound BBHs in the
core of AGN. The Chandra satellite was able to show X-rays coming from two nuclei
in the central region of the starburst galaxy NGC 6240 (Komossa et al. 2003), as
shown in Figure 7.2.

As suggested in Section 5.2, the VHE activity of Mrk 421 at any given time
may depend on the orientation of the jet at that time, i.e., it is possible that the
observed y-ray variability of Mrk 421 has a geometrical origin. This hypothesis relies
on the assumption that the variation of the y-ray flux can be caused by a slight
change of the inclination angle with respect to the line of sight, which is caused by
the orbital motion of the jet-emitting (secondary) black hole. A periodically changing
viewing angle (due to a precession of the jet or to small periodic perturbations) may
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thus naturally lead to a periodicity, or flux modulation, in the observed light curves.
The core-contour distance variations studied in this thesis could also be the effect of
slight movements of the jet.

Figure 7.2 NGC 6240 is a galaxy that is the product of the collision of two smaller
galaxies. This Chandra image revealed that the central region of NG C6240 contains two
active giant black holes. Credit: NASA/CXC/MPE/S.Komossa et al.

The results related to the core-contour distances and y-ray fluxes do not lead
to definitive conclusions, however. No correlation between radio contours (c4, c6,
c8), and y-ray fluxes of Mrk 421 was found in this work, but further investigation
and richer long-term observations of this source could reveal interesting features.
Radio and VHE observations of the radio galaxy Messier 87 revealed a period of
extremely strong VHE y-ray flares accompanied by a strong increase of the radio
flux from its nucleus. These results imply that particles are accelerated to very high
energies in the immediate vicinity of the black hole (Acciari et al. 2009b), and shows
also a connection between the low-energy and high-energy regimes. It is likely that
similar behaviour can be found in the blazar population also.

Time lags with longer wavelengths leading shorter ones have been interpreted
as fluctuations in the accretion disc, propagating from the outer emitting regions
toward the innermost y-ray emitting region. Several multiwavelength monitoring
campaigns have searched for correlations and time lags between the two energy
bands, in a number of AGN (Maraschi et al. 1994; Rebillot et al. 2006; Buckley et al.
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2008; Horan et al. 2009). However, the sign of the time lag can be different from
case to case, and even the existence of correlations is not always confirmed. The
global picture is still quite confusing and the problem seems not definitively settled;
at least not yet!

7.3 The Future of Ground-based y-ray Astronomy

TeV y-ray astronomy saw its first major success in the year 1989 with the firm
detection of a cosmic source of TeV y-ray emission, the Crab Nebula, with the
Whipple 10m telescope (Weekes et al. 1989). Advances in instrumentation and
analysis techniques have since established TeV y-ray astronomy as one of the most
exciting new windows on the Universe. The VERITAS, H.E.S.S. and MAGIC
experiments have shown a glimpse of the discovery potential of this new type of
astrophysics. The present generation of atmospheric Cherenkov telescopes (ACTS)
such as VERITAS can detect point sources with a flux sensitivity of 1% of the Crab
Nebula (corresponding to a vF,-flux of ~5x10 = ergs cm 2 s * at 1 TeV) in as little
as 25 hours. The improvement of sensitivity by two orders of magnitude during the
last two decades has been made possible due to critical advances in ACT technology.
Large extensive air shower (EAS) arrays provide complementary technology for
observations of very high-energy y-ray radiation. While the instantaneous sensitivity
is currently a factor ~150 lower than that of ACTs, their large field of view and
nearly 100% duty cycle make these observatories particularly suited to conduct all-
sky surveys and detect emission from extended astrophysical sources. Milagro was
the first ground-based y-ray observatory which utilized EAS technology (Section
3.4). Due to the increased sensitivity of all these instruments, the number of known
TeV y-ray sources has increased from ~10 to ~100 in the past few years.

The present generation of ground-based instruments was joined in mid-2008
by the Fermi Gamma-ray Space Telescope (Fermi). One of the instruments on board,
the Large Area Telescope (see Section 3.3.2 for details), covers the y-ray energy
band from 30 MeV to 300 GeV and therefore has some spectral overlap with ACTs.

The present generation of ACTs match the vF,-sensitivity of Fermi.
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Ground-based TeV y-ray observatories have made spectacular discoveries
including imaging spectroscopy observations of galactic sources of different classes,
and the discovery of rapid y-ray flares from radio galaxies and AGN containing
supermassive black holes. These discoveries, and the fact that y-ray astronomy has
the potential to map the radiation from dark-matter annihilation in our Galaxy and in

extragalactic systems, have attracted the attention of the wider scientific community.

Figure 7.3 The next generation of atmospheric Cherenkov telescopes. Left: Proposed AGIS
telescopes. Right: A possible design of CTA, using different sized telescopes throughout the
array. Large mirrors in the centre collect enough light to catch dim showers from low-energy
gamma rays. To collect large statistics at high energies, where particles are rare but the
associated showers are bright, smaller mirrors cover an area of a few square kilometres
(CTA Consortium 2010).

The way forward has been spearheaded by two proposals for the next ground-
based gamma-ray observatory: the Advanced Gamma-ray Imaging System (AGIS) in
the U.S. (AGIS Collaboration 2008; Buckley et al. (2008)) and the European
Cherenkov Telescope Array (CTA). A number of possible designs were put forward
for both projects (an artist’s concept of AGIS and CTA is shown in Figure 7.3).
Since early 2010, the U.S. and European efforts have combined in the worldwide
CTA Collaboration, with the aim of constructing a y-ray observatory capable of
addressing the needs of the astronomical community for the next several
decades. The CTA observatory is likely to consist of two arrays: a southern
hemisphere array (of about 100 ACTSs) covering the full energy range from about 10
GeV to about 100 TeV to allow for a deep investigation of galactic sources, and a
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complementary northern hemisphere array (of about 50 ACTs) with a smaller energy
range (from ~10 GeV to ~1 TeV) dedicated mainly to northern extragalactic objects
(CTA Consortium 2010). A factor of 5-10 improvement in sensitivity compared with
current arrays is foreseen (in the energy range ~100 GeV to ~20 TeV), together with
a lower energy threshold (<40 GeV) and a higher energy resolution (large effective
area). Construction of the experiment could begin within the next few years.

The Whipple 10m telescope, which has been described in detail in this thesis,
set the standard for ground-based y-ray astronomy and was the most powerful
instrument in this field for many years. The enormous amount of data taken with this
telescope has made possible the long-term study of Mrk 421 discussed in this thesis.
Even though its sensitivity is much smaller than the newer ACT arrays, it remains a
valuable scientific instrument. It has the ability to detect blazars when they are
flaring at or near the flux level of the Crab Nebula. It continues to operate as an AGN
monitoring instrument, with alerts sent to VERITAS. It can also be used in the future
to test new pieces of optics and electronics, such as implementing a new type of
PMT camera, for example. Finally, it is a magnificent didactic tool for new
observers. For all of these reasons and more, the Whipple 10m telescope can surely
continue to make important contributions to the future of ground-based y-ray

astronomy.
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