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Very-high-energy (VHE) gamma-ray astronomy can provide insight in to the origin of cosmic
rays. The Cygnus arm of the Galaxy is a well studied region and has been shown to have
active sources of particle acceleration. VERITAS (Very Energetic Radiation Imaging Tele-
scope Array System) is an array of four 12 meter diameter imaging atmospheric Cherenkov
telescopes located at the Fred Lawrence Whipple Observatory in southern Arizona. From
2007 through 2012 VERITAS observed the Cygnus region for nearly 300 hours from 67° to
82° in Galactic longitude and from -1° to 4° in Galactic latitude. The survey and followup
observations detected four sources: VER J20314415, VER J2019+407, VER J2016+317,
and VER J2019+368. The Fermi Large Area Telescope (Fermi-LAT) is a satellite gamma-
ray telescope operating in the high-energy gamma-ray regime. The emission detected by the
Fermi-LAT can provide insight into the nature of these sources and guide targeted followup
observations in the region. We have reanalyzed the VERITAS data with updated VERITAS
analysis and completed an analysis of over seven years of Fermi-LAT data in the region.
We have discovered Fermi-LAT emission associated with VER J20314-415 strengthening its
interpretation as a pulsar wind nebula, the SNR nature of VER J2019+407 has been con-
firmed by this study, and VER J2016+317 has been confirmed to be associated with the
pulsar wind nebula CTB 87 rather than with a blazar source located at the same position.
The Cygnus region is observed to be a particularly bright region of the Galaxy with both
very-high-energy and high-energy gamma-ray experiments. These results motivate contin-

ued study of the region with VERITAS, as well as with current and future experiments such
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as HAWC and CTA.
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CHAPTER 1

Introduction

Cosmic rays are energetic particles (protons, electrons, nuclei, and photons) from space.
Understanding the mechanisms of their origin is an active topic in physics and astrophysics
research. Gamma-ray studies of highly energetic sources can reveal details of processes at
work in cosmic-ray acceleration. Within our Galaxy, the Cygnus region is rich in HE and
VHE gamma-ray radiation. This dissertation presents work using the VERITAS and Fermi-
LAT telescopes to study the gamma-ray sources in the Cygnus region and to understand

their connection to cosmic-ray acceleration.

1.1 Very-High-Energy and High-Energy Gamma-Ray Astronomy

Cosmic rays were first discovered in 1912 by Victor Hess using an electroscope on a series of
balloon flights [1]. Those experiments determined that the high-energy particles continuously
measured in experiments on the ground originated in outer space. Since that time, our
understanding of what cosmic rays are has expanded considerably. Cosmic rays are primarily
protons (about 90%) and alpha particles (*He nuclei), with contributions from electrons,
positrons, and heavier nuclei. Their angular distribution is nearly isotropic, and their energy
spectrum follows a power-law distribution spanning nearly twelve orders of magnitude; see
Figure 1.1. There are two features to their power-law spectrum: the knee (at about 10 PeV,
or 10 x 10 eV), where the spectrum steepens and the ankle (at a few 10'® eV, or about 1
EeV), where the spectrum flattens. It is believed that most of the cosmic rays with energies
up to the knee are accelerated by sources within the Milky Way Galaxy. At energies beyond

the knee, cosmic rays are thought to be accelerated in extragalactic sources such as active



galactic nuclei (AGN).
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Figure 1.1: The measured cosmic-ray spectrum [2], which spans over twelve orders of mag-
nitude in energy. Particles up to the knee are thought to be accelerated by sources within
the Galaxy, and while particles up to the ankle and beyond are thought to be accelerated by
extragalactic sources, such as active galaxies. This is discussed in further detail in Chapter 2.

The details by which astrophysical sources accelerate these particles are not yet fully
understood, but there has been significant progress in understanding the details of cosmic-
ray acceleration in recent years. In particular, the majority of cosmic rays are believed to
be accelerated in supernova remnants (SNRs). SNRs are thought to primarily accelerate
particles within the interaction of the shock front with material in our Galaxy (such as gas
clouds, interstellar material, or even other remnants). There have been recent astrophysical
clues that protons are accelerated in SNRs [3]. Any directional information from charged

cosmic-ray particles is lost because they get deflected by Galactic magnetic fields. We must
2



use gamma rays (or neutrinos), which point back to their sources, for observations to study

the acceleration processes that create cosmic rays.

The primary sources that are believed to contribute to the Galactic cosmic-ray nuclei
population are SNRs. Acceleration in pulsar wind nebulae (PWNe) is thought to contribute
to the cosmic-ray electron spectrum [4]. These sources produce gamma rays with energies
greater than 10'? eV (or 1 TeV); for comparison, optical astronomy is typically undertaken
using photons in the eV energy range. High-energy (HE) gamma-ray studies are undertaken
at energies greater than about 100 MeV and very-high-energy (VHE) gamma-ray studies at

energies greater than about 100 GeV.

Methods of gamma-ray production depend on the particles being accelerated by astro-
physical sources. In the case of proton acceleration, those protons interact with material
in the Galaxy to create pions, including neutral neutral pions (7°), which immediately de-
cay into gamma rays. When electrons are the primary accelerated particle, they can create

gamma rays through inverse Compton scattering and bremsstrahlung radiation.

Other classes of gamma-ray sources in the Galaxy can also be used to probe the acceler-
ation of high-energy particles. These include: binary systems (particularly high-mass x-ray
binaries), star forming regions, and unidentified sources that could be identified to be either
of these other source types, or provide a new class of Galactic source for TeV astronomy.
Searches for VHE gamma-ray sources in our Galaxy have proven to be fruitful over the last
decade, with a wide variety of sources detected. Further detail about cosmic rays is provided
in Chapter 2, and details about sources in the Cygnus region of the Galaxy are provided in

Chapter 3

1.2 Gamma-ray Observatories

Gamma rays, along with other high-energy particles, interact with our atmosphere when they
reach Earth, primarily through pair production. These interactions result in air showers of
particles (typically electrons and positrons with smaller contributions from muons, pions,

and kaons), as well as visible-light Cherenkov radiation and radio emission. Therefore, the

3



three primary ways of detecting astrophysical gamma rays are by: placing the detector in
space in orbit above the atmosphere, detecting the Cherenkov light produced by the air

showers, or directly detecting the particles of the air shower.

Figure 1.2: An example of a gamma-ray-initiated air shower from simulations. The red lines
represent electrons and positrons. Image from [5], based on CORSIKA simulations [6].

HE gamma-ray studies are typically done in space and detect gamma rays with energies
of 10%-10% eV (MeV to GeV) through their interactions directly in the detector medium.
The number of gamma rays from space decreases rapidly at higher energies due to their
power-law spectrum. At TeV energies, a large collection area is needed to detect gamma
rays. VHE gamma-ray studies are ground-based and detect gamma rays with energies of

100 GeV to 100 TeV, either by Cherenkov light or air-shower particle detection.

1.2.1 Space-Based Observatories

An early satellite designed to study gamma-ray sources was COS-B, launched in 1975 [7].
It observed gamma rays with energies of 50 MeV to 5 GeV for over 6 years and detected

numerous sources, as well as the diffuse gamma-ray emission from the Milky Way. The

4



Energetic Gamma Ray Experiment Telescope (EGRET) [8] on the Compton Gamma-ray
Observatory followed from 1991-2000; it confirmed the findings of COS-B while expanding

the catalog of gamma-ray sources to over one hundred point sources.

The Large Area Telescope (LAT) is the primary instrument on the Fermi Gamma-ray
Space Telescope; it was developed by an international collaboration. Ferm: was launched
by NASA in June 2008 and began observations in August 2008. The LAT images gamma
rays with energies from 20 MeV to greater than 500 GeV. It primarily operates in all-sky
observation mode, completing an orbit in about 96 minutes and covering the entire sky in
two orbits. The LAT is a pair-conversion telescope, and the details of the instrument and
its scientific goals are described in [9]. The five-year all-sky view of the sky with the Fermi-
LAT is presented in Figure 1.3, and a quick overview of the instrument and the general data

analysis procedure are presented in Chapter 6.

Figure 1.3: The Fermi-LAT all sky view from five years of observations of photons with
energies greater than 1 GeV. Image Credit: NASA/DOE/Fermi LAT Collaboration.

1.2.2 Imaging Atmospheric Cherenkov Telescopes

For VHE gamma rays, the detector size of satellites is too small to effectively detect gamma

rays, but the atmosphere provides a large collection area for gamma rays. One strategy
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to detect gamma rays at these higher energies is via imaging atmospheric Cherenkov tele-
scopes (IACTSs). These telescopes image Cherenkov light emitted by the particles in the air
shower. The High-Energy Gamma-Ray Astronomy (HEGRA) experiment was a stereoscopic
Cherenkov array which was operated in the Canary Islands from 1987 to 2002 [10]. Whipple
was a single imaging atmospheric Cherenkov telescope that operated on Mt. Hopkins from

19682008 which detected the first VHE gamma-ray source, the Crab Nebula, in 1989 [11].

Currently there are three operating IACTs: VERITAS (Very Energetic Radiation Imag-
ing Telescope Array System) in southern Arizona [12], MAGIC (Major Atmospheric Gamma
Imaging Cherenkov) in the Canary Islands [13], and H.E.S.S. (High-Energy Stereoscopic Sys-
tem) in Namibia [14]. They each operate on clear, dark nights and have fruitfully observed
a large range of TeV sources. The current (as of August 2016) catalog of TeV gamma-ray
sources includes 179 sources [15]. Figure 1.4 shows the distribution of these sources, which
include: 37 pulsar wind nebulae, 29 supernova remnants, 6 pulsars, and 9 binaries concen-
trated along the Galactic plane. There are 43 dark or unidentified sources; many of them
are along the Galactic plane. Numerous active galaxies contribute away from the Galactic

plane.

Source Types
6 PWN

6 Binary XRB PSR Gamma
BIN

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

& Shell SNR/Molec. Cloud
Composite SNR
Superbubble

] Starburst
@ DARK UNID Other

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

(a) TeVcat (b) Legend

Figure 1.4: Current (August 2016) known VHE sources, from TeVCat [15], plotted in
Galactic coordinates. Clear from this map is the concentration of sources in the Galactic
plane, including a large number of unidentified sources (gray). AGN, in red, dominate the
source type outside of the Galaxy.



The successor to these experiments, CTA (the Cherenkov Telescope Array) [16] is being
designed to improve over the current generation by a factor of 5-10 in sensitivity and to
operate over an extended energy range. It will have a northern site in the Canary Islands
and southern site in Chile. CTA is currently in the prototype stage of development, with

pre-production expected to begin in 2017.

The TACT method is detailed in Chapter 4, and the VERITAS experiment and analysis

procedure are discussed in Chapter 5

1.2.3 Air Shower Detectors

At the highest energies, the particles in the air shower resulting from the gamma ray inter-
acting with the atmosphere reach the ground at high enough densities to be detected either

directly, or through their Cherenkov radiation in water.

Direct Shower Detectors

Experiments can directly detect the particles of the air shower through a number of methods,
such as using arrays of scintillators or resistive plate counters (RPCs). The ARGO-YBJ array
in Tibet uses RPCs to continuously detect gamma rays with energies greater than about 100

GeV [17].

Water Cherenkov Observatories

Water Cherenkov observatories sample air-shower particles by measuring the Cherenkov
light that results from the particles interacting in water. The first major water Cherenkov
experiment was Milagro [18] (now disassembled); it operated from 1999 to 2008. Located in
the mountains near Los Alamos, New Mexico, it was capable of detecting TeV gamma rays
(with energies from 1 TeV to greater than 100 TeV) with a nearly 24 hour duty cycle. The
High-Altitude Water Cherenkov (HAWC) gamma-ray observatory is a currently operating
array of 300 water tanks near Puebla, Mexico [19]. It is capable of detecting gamma rays

over a wider range of energies from 0.1-100 TeV with a 24 hour cycle, surveying two thirds
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of the sky each day. Full array observations began in 2015.

Figure 1.5: The HAWC Gamma-Ray Observatory site near Puebla, Mexico. Visible are the
array of 300 water tanks.

Table 1.1: Comparison of the capabilities of current gamma-ray observatories. The Fermi-
LAT represents a space-based mission, VERITAS an IACT, and HAWC a water Cherenkov
array. Each method has its strengths and interesting studies can now be undertaken with
their complementarity.

Experiment: Fermi-LAT VERITAS HAWC
Energy Range: 20 MeV to > 500 GeV 85 GeV to > 35 TeV 100 GeV to 100 TeV
Energy Resolution: < 10% 15-50% 50%
Field-of-View: 78752 10°2 6187°2
Angular Resolution: 0.5° at 1 GeV < 0.1° at 1 TeV 0.5° at 1 TeV
Duty Cycle: nearly 100% ~ 10% nearly 100%
Effective Area: 7000 cm? ~ 100,000 m? > 10,000 m?

Each method of detecting astrophysical sources at gamma-ray energies has its strengths.
Space-based detectors are capable of large field-of-view observations, but at relatively low
energies. IACTs are very sensitive with excellent angular resolution and energy resolution,
but have limited observing windows. Water Cherenkov and air-shower arrays are less sen-
sitive than IACTSs, but are capable of wide field-of-view observations over a higher energy
range. Complementary studies with each method would be ideal — the work presented here
uses Fermi-LAT and VERITAS observations. The VERITAS collaboration has plans to

follow up on interesting results from HAWC in the coming years.
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1.3 The Cygnus Region

The Cygnus region of the Milky Way Galaxy is a uniquely bright region in non-thermal
emission, and it is also much closer to observers on Earth than the Galactic center (about
1.7 kpc away versus about 8 kpc away). As a region with both active star formation and
the largest clusters of the largest stars in our Galaxy, it has numerous sources of interest to
HE and VHE gamma-ray studies. Further details about the Cygnus region and its sources

in other wavelengths are detailed in Chapter 3.

1.3.1 HE View of Cygnus Region

A number of sources and a large amount of diffuse HE gamma-ray emission have been
seen in the Cygnus region of the Galaxy. Beginning with the EGRET satellite, Cygnus
has been a region of interest for further study. EGRET detected individual sources in the
region with spectral signatures consistent with that expected from pulsars; these have since
been confirmed by Fermi-LAT and radio pulsation searches. The superior resolution and
sensitivity of Fermi-LAT have expanded the view of the region considerably. It is by far the

brightest region seen by Fermi-LAT outside of the Galactic center.

1.3.2 VHE View of Cygnus Region

The Cygnus region is also where the first unidentified source of VHE emission was detected,
TeV J2032+4130, by the HEGRA experiment. The Milagro experiment detected numerous
areas bright in multi-TeV emission [18]. Since then, VERITAS observations have proven
fruitful for detecting new sources, as well as for placing limits on VHE emission from sources

that have HE spectral parameters that make them seem promising as potential VHE sources.

1.3.3 Observations of the Cygnus Region with VERITAS

From 2007 to 2009, VERITAS undertook a survey of the Cygnus region of the Galaxy. Previ-

ous analyses of the survey data hinted at new sources, which received follow-up observations
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through 2012. Initial studies undertaken with the survey and follow-up data have resulted
in publications on four sources (including the known source TeV J2032+4126); these publi-
cations are detailed in Section 7.3. The survey observations, data set, an updated analysis,

and results are presented in Chapter 7.

1.4 Dissertation Outline

This dissertation presents a study of the VHE and HE gamma-ray emission in the Cygnus
region of the Galaxy using VERITAS and Fermi-LAT observations. The next chapter begins
with an overview of the current knowledge of cosmic-ray acceleration in the Galaxy and the
links to VHE gamma-ray sources. Chapter 3 provides an overview of the multiwavelength
perspective of the Cygnus region. Chapter 4 introduces the atmospheric detection of cos-
mic rays, utilized by the VERITAS experiment (described in Chapter 5), and Chapter 6
discusses space-based gamma-ray astronomy with Fermi-LAT. The survey of the Cygnus
region undertaken by VERITAS and the results of the VERITAS and Fermi-LAT analyses
are presented in Chapter 7. Chapter 8 presents the interpretations and multiwavelength

perspective, as well as summarizing the work of this dissertation.
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CHAPTER 2

Cosmic Rays and the Production of Gamma Rays in

the Galaxy

The mystery of the origin of the highly-energetic charged particles that constantly inter-
act with our atmosphere is over a century old, and it is only recently that direct links to

astrophysical objects have been verified.

This chapter begins with a quick overview of the current observations of cosmic rays
in Section 2.1, including the details of cosmic-ray composition (Section 2.1.1), and Galactic
cosmic ray production and confinement (Section 2.1.2). Then, Section 2.2 details the methods
by which accelerated particles produce gamma rays. This chapter concludes with a look at
recent gamma-ray observations, which have started to confirm the favored theories of cosmic

ray acceleration in supernova remnants (SNRs) in Section 2.3.

2.1 Cosmic Rays

Cosmic rays follow a nearly power-law energy distribution over a wide energy range, as shown
in Figure 1.1. For cosmic rays with less than about 1 GeV of energy, solar modulation affects
the spectrum. At about 10 eV (1 PeV) the spectrum steepens, this feature is referred to
as the knee, and at 10'® eV the spectrum flattens at the ankle. Furthermore, there is
evidence of a cutoff at 3 x 10! eV, a possible sign of attenuation by cosmic microwave
background photons in the process that causes the GZK limit [20]. At the highest energies,
the distribution of cosmic-ray arrival directions suggests an extragalactic source population,
such as active galactic nuclei, so this discussion of cosmic rays will focus on the energy range
of those thought to be accelerated within the Galaxy (up to 10'° eV).
11



2.1.1 Cosmic Ray Composition

Cosmic rays are largely protons and nuclei, 98% of the total, with the next largest contribu-
tion from electrons, almost 2%. Of the protons and nuclei 90% are protons, 9% are helium
(alpha particles), and 1% are heavier nuclei. There are further contributions from photons
and neutrinos. The power-law energy spectrum holds for cosmic rays of varying composition,
as seen in Figure 2.1. The cosmic-ray spectrum is flatter for primary particles, those that
are accelerated at an astronomical source, than for the secondary species. Secondary species

are largely produced by spallation of primary particle species off interstellar material.
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Figure 2.1: Differential flux (dN/dF) as a function of energy-per-nucleus are plotted vs
energy-per-nucleus [21].

Variations in the cosmic-ray composition with energy, as seen in Figure 2.1, are due to
differences in production between primary particles, produced at the source, and secondary

particles, produced through spallation and other processes. A large number of cosmic-ray
12



Arriving Cosmic Rays

Local Galactic Abundances
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Figure 2.2: The abundances of cosmic ray elements detected at the Earth are indicated
by the line. The bars represent the relative local Galactic element abundances. The two
distributions are normalized to hydrogen. From [22].

isotopes and elements have relative abundances similar to interstellar abundances, but a few
are over-represented due to heavier elements undergoing spallation. The relative element
abundances are shown in Figure 2.2. For example, the elements right below iron and the
light elements right above hydrogen and helium, produced by spallation processes, are over-
abundant. These data can provide information about the origin and propagation of cosmic
rays. The ratios of specific isotopes produced in spallation, such as 1°Be (half life 1.5 x 10°

years) to “Be, can give information about the travel time of cosmic rays within the Galaxy.

2.1.2 Galactic Cosmic Rays

The measured local energy density of cosmic rays is about 1 MeV/m? for particles with
energies above 10 GeV. Because particles of this energy are largely uniform and unaffected
by magnetic fields in the solar system, that density is assumed to represent the energy density
of cosmic rays throughout the Galaxy. The spectrum of cosmic rays at the lowest energies

is modulated by solar winds, and so it changes with the solar cycle.
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Cosmic-Ray Confinement

The escape time for Galactic cosmic rays is 10°-107 years. Measurement of 1°Be, a radioactive
byproduct of spallation by cosmic rays in the Galaxy have been used as a lower bound on
cosmic-ray confinement. The expected production ratio of Be to °Be is 2:1. Experiments
measure a local ratio of 10:1. This means that the °Be produced by spallation has time to
decay while trapped in the Galaxy and the cosmic rays are trapped for over 10° years. The
details of this measurement can be found in [4]. Furthermore, if the cosmic rays were not
trapped, but streamed freely from the Galaxy, the expected lifetime is only 103-10* years,
and the measured cosmic ray distribution on the sky would be anisotropic. Therefore cosmic

rays from Galactic sources are confined in the Galactic disk.

Due to magnetic fields in the Galaxy, the escape time of cosmic rays is energy-dependent.
This can be seen in the energy dependence of spallation products. There are fewer at
higher energies due to the higher-energy primaries escaping from the Galaxy. At the highest
energies, protons can easily escape the magnetic fields in the Galaxy. The equation for the

gyroradius is

ymuL
r=——,
lq| B

(2.1)
where 7 is the Lorentz factor, m is the mass of the particle, v, is the perpendicular velocity,
q is the charge of the particle, and B is the strength of magnetic field the particle is traveling
through. For example, the gyroradius for protons with energies of 108 eV is about the size
of the Galactic disk. A heavier element like iron has a smaller radius, and is thus more

confined. It is measured that there is a higher abundance of the heavier elements produced

in the Galaxy at higher energies as a result of their longer escape time [4].

Cosmic-Ray Acceleration in the Galaxy

An acceleration process for charged particles in the Galaxy must account for measured

cosmic-ray features, such as: particles with a power-law spectrum with a differential spectral
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index between negative two and three, particles with energies up to 10%° eV, and particles
with the chemical abundances of the primary cosmic rays. The favored mechanism for
accelerating cosmic rays is Fermi acceleration. It is a stochastic process in which particles
are accelerated by colliding with clouds of material in the interstellar medium; it was first
proposed in 1949 [23]. The original version is a process that accelerates particles by reflection
among magnetic mirrors, and is only second order in V/¢, where V' is the velocity of the
cloud relative to the shock front, and ¢ is the speed of light. The particles are assumed to

be in the region for some time, ¢.s, and gain an average energy per interaction of:

(F)=3 () 22

where AE = E” — E, where E” is the energy after the increase from the interaction. This
process has only a second-order energy increase, but the energy does increase exponentially
with time due to particles getting accelerated in each interaction. However there are a
few problems with the basic Fermi acceleration model. There are only a few collisions per
year, and so the process is slow. Low energy particles need to quickly gain enough energy to
overcome ionization losses. Finally, it ignores spectral broadening that occurs for a collection

of particles injected with the same energy.

Diffusive shock acceleration (DSA) is a method for accelerating protons to energies of
10% eV in strong shocks (such as those of SNRs). It was discussed independently by a
number of researchers in the late 1970s (see for example [24]). Its key success has been to
recreate a power-law spectrum from the physical interactions. Following the derivation in
Longair [4], with Ny the initial number of particles, £ = SE,, with § as the average energy
increase per collision, and P, as the probability particles remain in the acceleration region

after one collision, then after k collisions, the remaining number of particles N is

N = NyP* (2.3)

with energies
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E = EypF. (2.4)

Eliminating k between these quantities and considering that a fraction of the particles con-

tinue to be accelerated to higher energies, we get:

N(E)dE = const x B~ n®)/nBgp (2.5)

This is a power-law energy distribution. It is then possible to derive $ and P by examining
the dynamics of the strong shock. It is convenient to work in the frame in which the shock
(moving at a velocity U) is at rest. Figure 2.3 shows the appropriate reference frame. The
gas flows into the shock with a velocity Vi and out with a velocity V5. The two velocities

are related by the equation of continuity requiring mass is conserved across the shock

P11 = plU = P203. (26)

For a strong shock the ratio py/p; = 4 [4]. Then in the appropriate frame the gas approaches
a high energy particle at V = (3/4)U.

Shock front

N

~

Upstream Downstream

N

U=0

Figure 2.3: Figure of the shock in the frame in which it is stationary; adapted from [24]. vy
and vy from the text are also indicated. Upstream is the interstellar medium and downstream
is within the shock material.
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With a Lorentz transformation, the particle’s energy for one transition, for example

upstream to downstream is,

E' =~ (FE +p,V), (2.7)

with the x direction perpendicular to the shock. For a non-relativistic shock with relativistic
particles: V < ¢, v = 1, E = pc, and p, = E/ccosf. Therefore the energy increase per

interaction is

<AE> = KCos@. (2.8)

We can then average over all angles to get

(8)-2¢

Then we double this to account for the particles crossing both up- and down- stream and

use the definition of § to find:

E 4V
— =14 - 2.10
P Ey 3c (2.10)

for one round trip. The probability, P, can be found to be P =1 — U/¢, so

In P B

Y (2.11)

and

N(E)dE = constE2dE. (2.12)

This process is equivalent to first-order Fermi acceleration (V/c) and it provides a phys-
ically motivated result for why different astrophysical environments with strong shocks ac-

celerate particles with the same power-law spectrum. There are still some limits to this
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model: it requires the strong shocks of SNRs and because the process is not very rapid, the
acceleration takes place in the first 10 years!, there is an upper limit to the energy reached
(~ 10°> GeV per nucleon). Modern models for acceleration in shock fronts include a number
of extensions, such as: accounting for induced magnetic fields and other shock orientations
(parallel shocks, perpendicular shocks, weak shocks, and relativistic shocks). DSA is shown
to be up to 50% effective at converting the kinetic energy of the shock to the high-energy
particles in modern numerical models [25]. Nonlinear models can furthermore accelerate
particles to 10'6-10'7 eV and, with the same energy being deposited per nucleon, higher
mass nuclei undergo acceleration to higher energies. The knee for higher mass nuclei is at
higher energies, and a superposition of these particles can account for the total spectrum up

to energies of 10 eV.

In summary, DSA is able to produce high-energy particles with properties that match
the measured properties of cosmic rays. Supernova remnants (SNRs) are the astrophysical
sources that can provide the power to accelerate cosmic-ray protons up to energies of 10

eV, and contribute heavier nuclei to energies of 10'® eV by DSA.

Supernova Remnants

We can consider the volume of the Galaxy (Vga) to be that of a disk with a radius of 15
kpc and a height of 200 pc, use the escape time of cosmic rays (te..) of 2 x 107 years, and

use the local cosmic ray energy density of 1 ev/cm?® to estimate the cosmic-ray luminosity:

Leg ~ (1 eV/cm3)?al ~ 10" erg/s. (2.13)

esc

Suppose one SN explosion occurs every 30 years or so and releases 10°! erg of energy,
with a reasonable efficiency of converting energy to cosmic rays of ~ 10%. Then SNRs would
provide ~ 10*! erg/s in cosmic-ray luminosity. While this is within the capabilities of the
DSA process, we have not seen that high of a rate of SN explosions, and the efficiency of

acceleration is more like a few percent. Other possible sources for proton acceleration include

ISNRs dissolve in ~ 10°-10° years, with most of the acceleration in the first thousand years
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massive stars, stellar winds, and superbubbles from merging SNRs. A better understanding
of SNRs and other possible sources of cosmic-ray acceleration in the Galaxy is needed to

determine if SNRs are the primary acceleration source for cosmic-ray protons.

2.2 Gamma-Ray Production in Galactic Sources

Gamma rays from astrophysical objects are a byproduct of a number of processes between
primary protons and electrons, and material in the Galaxy. These processes include pion
production and decay, inverse Compton scattering, and bremsstrahlung radiation. These
mechanisms are summarized here, and are discussed in further detail in [4, 21, 26] and other

papers.

2.2.1 Pion Production and Decay

Accelerated protons interact with the protons and nuclei in the interstellar medium. These
interactions can produce a variety of particles. In particular, they produce neutral pions (7°),
which then decay into two gamma rays (7% — v + ~, with a lifetime of 8.52x10717 s [21]).
For a relativistic pion, the two gamma rays from the decay are beamed along the direction
of travel. This means that the pion decay signature is a signature of accelerated hadronic

particles interacting with matter at an astrophysical source. This process is diagrammed in

Figure 2.4.

In order to produce 7 particles, the interacting particles must have a kinetic energy
greater than the rest-mass energy of the 7°. The 7% mass is 134.97 MeV, so the threshold

for ¥ production only is

Eu, = 2m,c*(1 + my/m,) ~ 280MeV, (2.14)

where m, is the 7 mass and m,, is the proton rest mass. This is an important signature
of pion production and decay in the pion-bump signature in the spectrum of astrophysical

sources. Below about 70 MeV the production of gamma rays by this method is suppressed.
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Figure 2.4: A diagram of a neutral pion (7°) decaying into a pair of gamma rays (7).

2.2.2 Inverse Compton Scattering

Compton scattering is the scattering of photons off free electrons, and the inverse process is
the scattering of electrons off photons. Inverse Compton scattering by a cosmic-ray electron
off an ambient photon (infrared radiation from dust, cosmic ray-background, etc.) will boost
the photon energy up to gamma-ray energies. This process is diagrammed in Figure 2.5.
For relativistic electrons (the Klein-Nishina regime), the maximum photon energy from a

head-on collision is derived in [4] to be:

(7)) maz = 472 hwp. (2.15)

Therefore electrons with Lorentz factors of v ~ 100-1000 are capable of scattering optical
photons to gamma rays. Inverse Compton scattering is an effective way to produce gamma
rays. It also affects the cosmic-ray electron spectrum: whenever electrons pass through

regions of high radiation density, they lose energy.

2.2.3 Bremsstrahlung

High-energy electrons also produce gamma rays through bremsstrahlung radiation. As a free

electron passes near an atomic nucleus, its motion is deflected. The electron is decelerated
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Figure 2.5: Diagram of Inverse Compton scattering, in which a low energy photon interacts
with a high-energy electron and is scattered to gamma-ray energies.

and a photon is emitted, as shown in Figure 2.6. The rate of bremsstrahlung photon pro-
duction is affected by the medium through which the electrons are streaming. In a region
with higher interstellar medium density, the electron lifetime is expected to be shorter. The
probability of emitting a photon decreases with higher energy. Therefore the probability of
emitting a high-energy gamma-ray is low, but this process still contributes to the gamma-ray

sky.

‘Nucleus

— e — —

Figure 2.6: Diagram of emission of a high-energy photon by bremsstrahlung radiation.
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2.3 Gamma-Ray Signatures of Cosmic-Ray Acceleration

The distribution of diffuse gamma rays in the Galaxy provides information about the distri-
bution of protons and interstellar gas. They are produced by the pion production and decay
mechanism discussed in Section 2.2.1. This process results in diffuse gamma-ray emission
with a broad spectrum that has a peak around 70 MeV. There are also contributions to
the diffuse gamma-ray spectrum from the inverse Compton and bremsstrahlung processes.
This emission can be seen at low Galactic latitudes in the all-sky view of the gamma-ray
sky provided by Fermi-LAT; see Figure 1.3. The diffuse emission traces interstellar matter

measured in other wavelengths, and is similar to its predicted luminosity.

SNRs are the preferred mechanism for producing cosmic-ray protons up to energies of
10*® eV, and those protons can produce gamma rays via pion production and decay, as
described above. The detection of SNRs in TeV gamma rays provides evidence for large
particle fluxes at cosmic-ray energies (up to ~ 10 eV). The pion signature in SNRs is a
direct sign of proton acceleration in astrophysical sources. Recently this has been directly
measured in the SNRs 1C443 and W44 by Fermi-LAT [3], shown in Figure 2.7. Measurement
of the VHE gamma-ray spectra were key to determining that the pion production and decay
mechanism is dominant in those sources. Also, in studies of Tycho’s SNR (a type Ia SNR)
by VERITAS, a hadronic scenario is preferred over an inverse Compton scenario, because

the leptonic fit requires a magnetic field that is lower than expected [27].

Another key source type for Galactic VHE gamma-ray astronomy are pulsar wind nebulae
(PWNe). The most famous of these is the Crab Nebula, also one of the brightest sources
in the VHE sky. The Crab Nebula accelerates a wind of relativistic electrons and positrons
[28]. HE gamma rays are then produced through synchrotron radiation from the relativistic
electrons and positrons. Those HE gamma-rays then undergo inverse Compton scattering

off the same relativistic electrons and positrons to VHE energies [29].

Sources of TeV gamma rays (produced by pion production and decay, inverse Compton
scattering, and bremsstrahlung radiation) in the Galaxy provide evidence of proton and

electron acceleration. Galactic PWNe spectra exhibit the TeV signatures of inverse Compton
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Figure 2.7: The 7° decay signature detected in the spectra of SNRs by Fermi-LAT and
IACTs in SNRs 1C443 and W44. The solid lines denote the best fit 7° decay gamma-ray
spectrum. Figure from [3].

scattering at the sources. Recent evidence has been found in several SNRs of pion production
and decay. However, more sources are needed with good spectral measurements over a
broad energy range to determine if SNRs account for the majority of proton acceleration
in the Galaxy. Furthermore, none of the sources identified so far has had clear evidence
of accelerating particles above 10'® eV, so there is a need to find sources accelerating the
higher energy particles that permeate the Galaxy. TeV gamma-ray surveys, such as the one
discussed in this dissertation, provide a way to detect new sources and identify regions of

cosmic-ray acceleration in the Galaxy:.
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CHAPTER 3

The Cygnus Region

The Cygnus region has a decades long history as a rich region of the Galaxy for studies
of non-thermal emission. With a wealth of multiwavelength observations in the region we
can start to piece together the nature of this unique region of the Milky Way Galaxy. This
chapter starts with an overview of the source types in the region (Section 3.1), that include
supernova remnants (SNRs), pulsars, and binaries. This is followed by a discussion of the
high energy (HE) and very high energy (VHE) sources in the region. The chapter concludes

with an introduction of Galactic source population studies in Section 3.2.

3.1 Multi-wavelength History

The Cygnus region is a complex region of the Galactic plane with sources in at least two spiral
arms of the Galaxy as seen in Figure 3.1. It is one of the richest regions of star formation
in the Milky Way Galaxy. The Cygnus-X complex was first identified as a source of diffuse
radio emission in 1952 [30] and examinations of the region with numerous experiments over
the subsequent decades have begun to unravel the nature of this uniquely bright region of the
Galaxy. Radio observations reveal HII regions and molecular clouds, and optical observations
reveal several OB star associations. The OB2 association, in particular, is of interest for its

large number of massive stars whose stellar winds could heat molecular material in the region.

Early radio observations of the region revealed supernova remnants (SNRs) including the
+-Cygni Nebula and the “Crab-like” SNR CTB 87 [31, 32]. Furthermore a large superbubble
structure was observed in x-rays in 1980 [33]; this prompted further study of the region in

both radio and x-ray wavelengths. This resulted in the detection of the y-Cygni SNR in
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Figure 3.1: An artist’s representation of the top down view of the Milky Way Galaxy (Credit:
NASA/JPL-Caltech/ESO/R. Hurt); the Cygnus region (indicated by the arrow) has been
labeled in navy.
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x-rays [34]. Original interpretations of the superbubble involved an origin in the Cygnus
OB2 region of massive stars, but further studies revealed that the superbubble is unlikely
to be a single object [35]. Rather it is likely a superposition of astrophysical objects in the

region.

3.1.1 Supernova Remnants

SNRs in the region include the previously mentioned y-Cygni SNR and the “Crab-like”
CTB 87. Optical observations of 7-Cygni agree with x-ray estimates of explosion energy of
10°! ergs over 7000 years ago [36, 37]. Its distance is estimated to be 1.7 kpc. The radio
continuum view of y-Cygni is shown in Figure 3.2 and is shown to complement the infrared
(60 um) and Hydrogen (21 c¢m radio) views in [38]. CTB 87 is an evolved remnant with
evidence of a pulsar wind nebula in x-ray observations [39]. The distance to CTB 87 has

been determined to be 6.1 kpc using radio H and CO observations [40].

Tg (K)

GALACTIC LATITUDE

79.0° 78.5° 78.0° 77.5%
GALACTIC LONGITUDE

Figure 3.2: A Canadian Galactic Plane Survey radio continuum map of the y-Cygni SNR
at 1420 MHz. The spatial resolution is 0.8’ by 1.3" [38].

There are a further six SNRs in the region as identified by Green’s supernova remnants
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catalogs [41-43]; see Table 3.1. Notably, CTB 80 (G69.042.7) is an old supernova in the
snowplow phase approximately 1.5 kpc away [44] and it has an associated pulsar that could
drive TeV emission. The other remnants include: G068.6-01.2 (a small faint radio SNR,
not seen in gamma rays by Fermi-LAT), G069.7401.0 (a radio detected shell SNR with a
possibly coincident x-ray shell that is of a larger extent, not seen in gamma rays by Fermi-
LAT), G073.9+400.9 (a radio detected shell type SNR seen by Fermi-LAT in gamma rays,
3FGL J2014.44+3606, but not seen in x-rays, with an estimated distance of 1-2 kpc and an
estimated age of 11,000 to 12000 years, see [45]), and G076.9+01.0 (a filled SNR about 8
kpc away and 8900 years old seen in x-rays and with a x-ray and gamma-ray PWN). Details
about these SNRs can be found in the Manitoba catalog [46]. This catalog provides further

information on the detection of SNRs in x-ray, HE, and VHE wavelengths.

Table 3.1: SNRs in the Cygnus region as detailed in the Green’s SNR catalogs: [41-43]. The
Green’s naming convention is in terms of location in Galactic coordinates, given in columns
two and three. Alternate names of the SNRs from previous works are given in the final
column.

Name Glon (deg) Glat (deg)  Alternate names

G068.6-01.2 68.6 —1.2
G069.0+02.7  68.84 2.78 CTB 80
G069.7+01.0  69.69 1.0

G073.9+00.9  73.91 0.88

GO74.9401.2  74.94 1.14 CTB 87
G076.9+01.0 76.9 0.97

G078.2402.1  78.14 2.19  DR4, 4-Cygni SNR

3.1.2 Pulsars

Pulsars in the region are numerous (see Table 3.2) and cover a range of pulsar properties. Few
are expected to contribute heavily at TeV energies because the spectra of pulsars observed at
GeV energies fall off exponentially. However, pulsars can power PWNe, which can accelerate
particles to multi-TeV energies. Pulsars of particular interest in the Cygnus region include
the Fermi-LAT detected pulsars: PSR B1951, PSR J2021+3651, PSR J2021+4026, PSR
J2030+4415, and PSR J20324-4127, as well as those associated with supernova remnants

such as PSR J2022+4-3842, an energetic pulsar detected in HE gamma rays, x-rays and radio
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[47]. Chandra observations of PSR J2021+3652 reveal a nebula at most 3-4 kpc away
(closer than implied by the pulsar dispersion measure) with a bow shock and jets, named

the ”Dragonfly Nebula” [48].

Table 3.2: Pulsars in the Cygnus region as identified by the Australia Telescope National
Facility (ATNF') pulsar catalog [49]. The naming convention is in right ascension (RA) and
declination (dec), so the coordinates in Galactic latitude and longitude are also given for
each pulsar in degrees, followed by the pulsar period in seconds, and any associated objects
are in the final column.

Name (PSR) Glon (deg) Glat (deg) Period 0 (s)  Associations

CTB 80
B1951+32 68.7 2.82 0.03953119285 9FGL J1953.04-3253
J1959+3620 72.4 3.44 0.406081181  *
B2000+32 69.3 0.88 0.6967605102  *
B2002+31 69.0 0.02 2111264734  *
J2004+3429 71.4 1.57 0.2409526419  *
J2005+3547 72.6 2.18 0.6150338949  *
J2005-+3552 72.7 2.14 0.3079429046  *
J2006+3102 68.7 —0.53 0.1636952365  *
J2007+3120 69.0 —0.53 0.6082053146  *
J2009+-3326 71.1 0.12 1.438368602  *
J2010+3230 70.4 —0.50 1.442447521 %
1 J2011+3331 71.3 —0.05 0.9317330935  *
B2011+38 75.9 2.48 0.2301936139 *
J2018+3431 73.0 —0.84 0.3876640866  *
J2021+3651 75.2 0.11 0.1037409521 AGL J2020.5+3653

2FGL J2021.0+-3651

2FGL J2021.5+402
J2021+4026 78.2 2.09 0.2653176609 G78.24+2.1

2XMM J202131.0+402645
CXOU J202221.68+384214.8

J2022+3842 76.9 0.96 004857877964 =" 1"

B2027+37 76.9 —0.73 1.216804658  *

J2029+45 82.7 3.59 1.099 *
J2030+4415 82.3 2.89 0.2270701774 2FGL J2030.7+4417
J2032-+4127 80.2 1.03 0.1432499  MT91 213,Cygnus OB2

3.1.3 Binaries

Binaries are another class of source of interest to VHE gamma-ray studies. Of particular

interest are binaries in which a main sequence object orbits a compact remnant such as a
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white dwarf, neutron star, or black hole. There are four such binaries known in the region.
Each binary has considerable x-ray emission associated with it as identified in the Liu catalogs
of low and high-mass x-ray binaries [50, 51]. Cygnus X-1 and Cygnus X-3 are high-mass x-ray
binaries (binary systems that are bright in x-rays, typically with a compact object such as a
neutron star or black hole with a massive stellar companion). They have been observed by
IACTs as possible TeV emitters. They are of particular interest as microquasars (accreting
compact objects such as a black hole), and are therefore useful for studying black holes and
active galaxies. Cygnus X-1 and Cygnus X-3 have not yet been detected by the current
generation of VHE telescopes and have flux limits at the 1-2% Crab Nebula emission level
[52, 53]. 3A 19544319 and XTE J2012+381 are low mass x-ray binaries (systems in which
the stellar companion of the compact object is less massive than the compact object), and

are not expected to emit VHE photons.

Table 3.3: Low and high-mass x-ray binaries from the Liu catalogs [50, 51]. This table gives
their names and positions in Galactic coordinates, as well as associated objects/alternate
names.

Name Glon (deg) Glat (deg) Alternative objects
AU 1956435 71.3 3.1 09.7 Tab, Cyg X-1, V1357 Cyg
3A 19544319 68.4 1.93
XTE J2012+381 75.4 2.22
4U 2030440 79.8 0.7 WR star, Cyg X-3

3.1.4 Gamma-Ray Sources

So far the catalogs discussed have relied on radio, infrared, and x-ray observations in the
Cygnus region. Next are the sources that have been detected as HE and VHE emitters

specifically.

HE Gamma-Ray Sources

The EGRET (Energetic Gamma-Ray Experiment Telescope) instrument on the Compton
Gamma-Ray Observatory satellite revealed the first HE gamma-ray emission in the region.

It detected numerous sources as well as prominent diffuse emission in the region [54, 55].
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2EG J2020+4-4026 is a HE source associated with the v-Cygni remnant and was determined
to have a spectrum characteristic of a pulsar [56]. Observations by the Fermi-LAT telescope
have revealed many new sources and have resolved sources of diffuse emission into numerous

point sources.

The Fermi-LAT experiment, detailed in Chapter 6, has released a number of point source
catalogs from their all-sky survey observations, at 1 year (1IFGL)[57], 2 years (2FGL) [58], and
5 years (3FGL) [59], as well as two HE catalogs (1IFHL and 2FHL) [60, 61]. These catalogs
reveal numerous sources in the region, including pulsars, SNRs, extragalactic sources seen
through the Galaxy, and many unidentified sources. There are 25 sources in the region in the
3FGL catalog; 12 have associations in the 2FGL and/or 1FGL catalogs, seven of them are
found in both. These catalogs were made using all-sky observations from 100 MeV to 100
GeV (in the 1FGL and 2FGL) or 300 GeV (in the 3FGL). As the observatory has gathered
more data and gained improved knowledge of the instrument response, the collection and
understanding of higher energy photons has improved, thus enabling the HE catalogs: 1FHL
(10 GeV to >300 GeV) and 2FHL (50 GeV to 2 TeV). Furthermore there have been a number

of papers on specific sources of interest in the Cygnus region.

The Fermi-LAT collaboration, and other groups, have reported detailed analyses of key
sources in the Cygnus region. The Fermi-LAT collaboration has reported that the bright
pulsar source PSR J2021+4-3651, first detected as a possible pulsar by EGRET, which is at a
distance of around 4 kpc [48], does not demonstrate significant nebular emission [62]. The
Fermi-LAT has also discovered the pulsar PSR J2032+4127 [63], which was then detected in
the radio as well [64]. They measure its distance at about 3.6 kpc, but they speculate that it
is more likely to be associated with the OB2 association at 1.7 kpc. They mention a nearby
star as a possible binary companion to the pulsar, but it was only recently that the star
was determined to be in a binary with the pulsar with a 20-30 year period [65]. They also
discovered a pulsar in the region of the CTB 80 SNR, but do not report off-pulse emission
[66]. Furthermore, the Fermi-LAT collaboration has reported variable emission from Cygnus
X-3, the microquasar x-ray binary, with the orbital period detected in gamma rays, and the
gamma-ray emission correlated with the radio emission [67].
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Table 3.4: Fermi (3FGL) catalog sources in the region with locations in Galactic coordi-
nates, and flags for appearing in other Fermi-LAT catalogs, followed by a final column with
associated HE and VHE sources [57-61]. T Association with the 3FGL source unclear

Glon (deg) Glat (deg) 1FGL 2FGL 1FHL 2FHL Other Associations

3FGL Name
J1952.94-3253 68.7814 2.8258 yes yes yes * PSR
J2004.4+3338 70.6708 1.1855 yes yes yes * *
J2014.4+3606 73.8595 0.7974 * * * * *
J2015.6+3709 74.8648 1.1857 * yes * yes VERITAS
Galaxy
J2017.94-3627 74.5412 0.4109 yes yes yes * Milagro
J2018.5+3851 76.5927 1.6639 yes yes yes * Galaxy
J2018.6+4213 79.4023 3.5307 * * * * *
J2021.0+4031e  78.2408 2.1967 * yes  yes  yes z;g%%&gebula
J2021.143651 752325  0.1131 * yes * * PSR
Milagro
J2021.5+4026 78.2312 2.0833 yes yes * * LAT PSR
J2022.24+3840  76.8545 0.9628 yes  yes  yes * *
J2023.5+4126 79.2531 2.3417 * * * * *
J2024.6+3747 76.4068 0.0653 yes * * * *
J2026.8+4003 78.4916 1.0252 * * * * *
J2028.5+4040c 79.1851 1.1296 * * * * *
J2028.6+4110e  79.6007 1.3963 * * £ yes  yeuus Cocoon
Milagro
J2032.2+4126  80.2182 1.019 * * * * LAT PSR
TeV
J2032.5+3921 78.5731 —0.2684 * * yes * *
J2032.5+4032 79.5131 0.4383 yes yes yes * *
J2034.6+4302 81.7667 1.6038 * yes * * *
J2036.8+4234c  81.6334 0.9972 * * * * *
J2037.4+4132c 80.8683 0.2946 * * * * *
J2038.4+4212 81.5271 0.5428 * * * * g
J2039.4+4111 80.8292 —0.2075 * * * * *
J2042.4+4209 81.9318 —0.0711 * * * * *
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The Fermi-LAT has also been an extremely valuable tool for studying the diffuse gamma-
ray emission in the Galaxy and how it relates to cosmic-ray transportation. One key discovery
in the Cygnus region was of the Cygnus cocoon of emission [68], now associated with freshly
accelerated cosmic rays. It was determined that cavities formed by young stellar clusters
in the region (such as OB2) form a cocoon of hard cosmic rays. Modeling determined that
the density of cosmic-ray particles in the region is 1.6-1.8 times the local cosmic ray density
and they discuss that it is unlikely a single source like y-Cygni could account for all of
the accelerated particles in the region. X-ray observations by the Suzaku instrument have
excluded electron acceleration to energies of 50 TeV [69]. However, the cocoon would be
difficult to detect by VERITAS due to its large angular size, which is about the same as the
field-of-view of the VERITAS camera.

A full analysis of the region using the Fermi-LAT data is undertaken as part of this

dissertation, and is detailed in Chapter 7.

VHE Sources

With this wealth of multiwavelength targets and numerous regions of interest and sources
identified by previously operating TeV instruments, such as HEGRA, Whipple, and Milagro,

the Cygnus region is a rewarding region to study with TeV instruments.

The first unidentified TeV source, TeV 2032+4126, was discovered by the HEGRA collab-
oration in the Cygnus region [70, 71]. The source flux was determined to be about 5% of the
Crab Nebula flux, spatially extended, and with a power-law spectrum with an index of —1.9.
The source detection was confirmed in archival data from the Whipple 10 m experiment [72,
73]. Radio and x-ray follow-up observations determined no clear single counterpart, but the
authors pointed out that the Cygnus OB2 region could contribute to the TeV flux through
the interactions of stellar winds [74]. Two Micron All Sky Survey (2MASS) measurements
of the OB2 region were used to determine that it has the most O stars of any galactic mas-
sive star association [75]. It is a region with rich molecular targets for locally accelerated

cosmic rays [76]. Most recently, TeV J2032+4126 has been associated with the Fermi-LAT
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pulsar, PSR J2032+4127, and has been detected both by Milagro (below) and VERITAS
(See Chapter 7).

The Milagro experiment undertook detailed studies of the region, first measuring upper
limits in [18]. This was followed by the discovery of MGRO J2019+-37, the brightest extended
TeV source in the northern hemisphere [77]. This was further confirmed by the Tibet Air
Shower Array [78]. This source is associated with a number of objects, discussed in the
context of the VERITAS detection in Section 7.3.3. The Milagro survey of the Galactic
plane yielded the further discovery of an extended source near TeV J2032+44126 [79-81].
The Milagro view of the Cygnus region is shown in Figure 3.3 and it shows a large source
of emission associated with MGRO J20194-37, as well as a smaller source associated with
TeV J2032+44126. Milagro measured diffuse emission in the Cygnus region at twice the
predicted flux that is predicted from cosmic-ray propagation and interaction models, such as
GALPROP [82]. Thus it was determined that a substantial fraction of the diffuse emission

measured by Milagro is associated with active cosmic-ray sources [83].

3.2 VHE Galactic Source Populations

3.2.1 The Inner Galaxy

From 2004 through 2013, H.E.S.S. undertook a survey of the inner region of the Galaxy
(from 250° to 65° in Galactic longitude and from —3.5° to 3.5° in Galactic latitude), the
H.E.S.S. Galactic Plane Survey (HGPS). This survey has led to the discovery of over 60
Galactic TeV sources. The HGPS has over 2800 hrs of data, with a sensitivity to point-like

sources of down to 2% of the Crab Nebula flux.

The VHE gamma-ray source population in the HGPS is dominated by objects such as
PWNe (~35%) and SNRs (~21%) [84]. For a large number of the sources that H.E.S.S. has
detected, however, the physical origins of their emissions remain unclear, and these sources
remain unidentified (~31%). The rest of their source population includes massive stellar

clusters, binary systems, and two extra-galactic sources. With their extensive coverage of
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Figure 3.3: The Milagro map of the Cygnus region of the Galaxy. The color bar is in units
of significance in standard deviations. The contours trace matter in the region from CO and
HIT surveys of the region. The crosses indicate EGRET sources. The large region with high
significance is associated with MGRO J2019+437, and the smaller region to the left, with
lower significance, is associated with TeV J203244126. Figure from [77].
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the inner Galaxy, H.E.S.S. has been able to start to study the general TeV source population,
including: the population of PWNe and SNRs [85, 86], and diffuse emission from the Galactic

plane and the spectral morphology of the Galactic center. [87].

The observations made by H.E.S.S. include many hours of follow-up observations and thus
H.E.S.S. has detected many sources with relatively low TeV gamma-ray fluxes (i.e. below
5% Crab Nebula flux), as well as many bright sources. Furthermore, almost all sources
in the Galactic plane have measurable angular extension, especially notable in sources like
SNRs and PWNe. The distributions of source fluxes and sizes are shown in Figure 3.4,
these distributions are drawn from the H.E.S.S. source catalog [88]. The HGPS has proven
the usefulness of a sensitive sky survey, but has only surveyed the southern portion of the

Galactic plane. VERITAS is well suited to do similar studies in the northern sky.

In summary, the Cygnus region has been observed by a number of experiments in many
wavelengths. Radio and x-ray observations determined that the Cygnus region demonstrated
a large amount of non-thermal emission. Those observations along with gamma-ray obser-
vations have determined specific sources which are of interest to VHE studies. It has thus
been determined to be a region with a wealth of sources that can contribute to Galactic

cosmic-ray acceleration.
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Figure 3.4: On the top (a) is a histogram of the fluxes of the sources that H.E.S.S. has
detected in their Galactic plane survey and from follow-up observations in bins of 5% Crab
Nebula flux. On the bottom (b) is a histogram of the angular size of the same sources.
In both histograms the VERITAS Cygnus region sources are added, and these sources are
discussed in more detail in Section 7.3.
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CHAPTER 4

Imaging Atmospheric Cherenkov Technique for

Very-High-Energy Gamma-Ray Astronomy

This chapter outlines the basics of the technique employed by imaging atmospheric Cherenkov
telescopes (IACTSs) such as VERITAS. Tt starts with an overview of the properties of air show-
ers and continues with a brief discussion of the detection method. The VERITAS experiment

and analysis procedure are detailed in Chapter 5.

4.1 Extensive Air Showers

When cosmic rays and gamma-ray photons interact with the Earth’s atmosphere, they pro-
duce a cascade of energetic particles (leptons, hadrons, and photons) known as an extensive
air shower (EAS). In the case of a gamma ray, an incident photon interacts with the elec-
tromagnetic field of a nucleus in the air and produces an electron-positron pair that share
the energy of the initial photon and travel in nearly the same direction. These particles are
themselves energetic enough to emit bremsstrahlung photons along the direction of travel.
Those photons can then interact again to create another electron-positron pair. At each step
some energy is lost, but the process can continue (adding more and more particles to the
shower) until the typical particle energy is small enough so that the dominant interactions
are ionization processes. When the primary particle is a photon or electron/positron, the
shower is referred to as an electromagnetic shower; when it is a hadron, the shower is a
hadronic shower. Hadrons make up the majority of the primary particles and are thus a
large source of background for gamma-ray experiments. Understanding these two types of

extensive air showers is critical to discriminating gamma-ray-like primaries from proton-like
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Figure 4.1: Schematic of electromagnetic shower development for a gamma-ray initiated
shower. The average energy of each particle in the shower (as a fraction of Eg) is marked on
the figure. Adapted from [4].

primaries. These two showers are discussed in further detail below.

4.1.1 Electromagnetic Air Showers

When a high-energy gamma ray enters the atmosphere, it travels some distance and then
interacts with a nucleus to create an electron-positron pair. This pair roughly splits the
energy of the incoming particle. Each of these particles can then generate high-energy
photons through bremsstrahlung radiation, and those photons can create an electron-positron
pair again. A schematic representation of the model for an electromagnetic air shower
initiated by a photon is presented in Figure 4.1. The number of particles in the shower

increases geometrically with atmospheric depth.

This process continues until the average energy of the particles is low enough that ioniza-
tion processes become the dominant energy loss mechanism for the electrons and positrons.

A key feature of the pair production process is that the directions of the electrons and
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positrons have a small angle of deflection relative to the direction gamma ray that initiates
them. Further along, the photons begin to lose energy by Compton scattering and photoelec-
tric absorption. The processes that dominate the attenuation of photons of different energies
are shown in Figure 4.2. The critical energy, below which ionization dominates, is about
80 MeV for electrons. For photons with energies below about 30 MeV, Compton scattering
begins to dominate over pair production. Thus the number of particles in the shower falls
off after the maximum number of particles is reached, when the energies are approximately
this critical energy. The first development of this model was by Rossi and Greisen in 1941;
Figure 4.3 shows their model for the number of shower particles versus atmospheric depth
[89]. Showers for lower energy primaries reach their maximum number of particles (electrons,
positrons, and photons) at higher altitudes, die out earlier, and contain fewer particles, than
showers for higher energy primaries. Notably this model does not include particles other

than electrons, positrons, and photons, as opposed to hadronic showers, discussed next.
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Figure 4.2: The log mass attenuation coefficient in cm?/g versus photon energy. This shows
the primary interaction mode for a gamma ray of a certain energy [90].
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Figure 4.3: The number of particles (electrons, positrons, and photons) in a shower versus
atmospheric depth for a shower initiated by an electron with energy Ey [89].

4.1.2 Hadronic Air Showers

When a high-energy cosmic-ray proton or nucleus enters the atmosphere, it initiates a
hadronic air shower with a core of hadronic interactions, along with muonic components
and electromagnetic sub-showers. These interactions are diagrammed in Figure 4.4. The
energy of the primary particle is shared among pions, kaons (which decay into pions and
other particles), and light baryons. The secondary nuclei and charged pions multiply until
the energy drops below that required for pion production, about 1 GeV. Secondary protons
lose energy through ionization. Neutral pion (7°) secondaries almost immediately decay into
two gamma rays. These gamma rays initiate electromagnetic cascades; these are electro-
magnetic sub-showers. The charged pions decay into muons and neutrinos. Because the
nuclear interaction and ionization losses for muons is low and because the muons are moving

relativistically, they survive to penetrate to the ground in significant numbers.

Electromagnetic and hadronic showers have key differences. A side by side comparison
of photon and proton showers each initiated by a 100 GeV primary is presented in Figure
4.5. Tt can be seen that the hadronic secondaries have more lateral extension due to pro-
cesses that introduce transverse momentum like inelastic scattering and particle decay. In
the electromagnetic case, the primary interactions are pair production and Bremsstrahlung
interactions with small scattering angles. The hadronic showers have large particle density
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Figure 4.4: A schematic for the interactions in a hadronic air shower. Adapted from [4].

fluctuations due to multiple showers and are less uniform. Therefore the electromagnetic
initiated showers have less lateral spread than hadron initiated showers. The secondary
particles of hadronic showers penetrate more deeply into the atmosphere due to a longer
mean path length between interactions. The mean free path length for inelastic scattering
between protons and air is about 800 kg/m? versus a mean free path length of 350 kg/m? for
bremsstrahlung or pair production interactions with gamma-ray photons. These differences
are useful for distinguishing background hadronic showers from gamma-ray-like showers in

the analysis of TACT data discussed in Section 5.3.5.

4.1.3 Cherenkov Emission from Air Showers

The particles of the air shower emit a cone of Cherenkov radiation as they travel through

the atmosphere. This light is emitted as long as the velocity of the charged particle exceeds
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Figure 4.5: Shower simulations for a 100 GeV photon (left) and proton (right). The top
shows the longitudinal development of the shower. The bottom shows the lateral distribution.
The gamma-ray-initiated shower shows less lateral spread and more uniformity than the
proton-initiated shower of the same energy. Images from [5], based on CORSIKA simulations

[6].
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the speed of light in the medium through which it is traveling, i.e.

fn>1, (4.1)

where n is the index of refraction in the medium, and 8 = v/c is the ratio of the velocity of the
particle in the medium to the speed of light in a vacuum. The Cherenkov radiation comes
about because the particle induces a polarization in the particles of the atmosphere, and
this causes the particles to radiate photons. The forward traveling photons constructively
interfere to form the cone of light, as shown in Figure 4.6. The angle of this cone of radiation

is determined by the particle velocity, v, and the velocity of light in the medium (¢’ = ¢/n):

/
cos@czc—zi. 4.2
B
v n
|
0.=cos | —
Pn

Figure 4.6: The wavefront of Cherenkov light emitted by a charged particle moving in a
medium with refractive index n, with a velocity greater than ¢/n. The angle of emission is
O = cos™! Bin

The light emission requires § > 1/n; this leads to a minimum particle energy for

Cherenkov emission of:

mc2

JI=
where m is the rest mass of the particle. Using n = 1.00029 for air, this energy threshold is
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21 MeV for an electron.

The density of the air, and therefore the refractive index, varies with altitude, so the
Cherenkov angle also varies with altitude. The angle increases lower in the atmosphere.
Thus the light from different altitudes superimpose on each other at observation level with
a characteristic ring seen in Figure 4.7. Furthermore, most of the photons are emitted near
shower maximum. Because the process is calorimetric, the number of Cherenkov photons
scales with energy. Figure 4.7 (a) shows the distribution of Cherenkov photons on the ground
as a result of a gamma-ray shower due to a 1 TeV primary photon, and Figure 4.7 (b) shows
the lateral distribution of the photons for different primary energies. The “Cherenkov light
pool” is the relatively flat portion of this distribution, out to about 120 m. For a 100 GeV
shower, the density of Cherenkov photons at an altitude of about 1000 m is only about 10
photons per square meter. The TACT method relies on large mirrors and sensitive photon

detectors to detect these showers.

—e— Fluka gamma 500 GeV
L L LB L —®— Fluka gamma 300 GeV
Fluka gamma 200 GeV
—¥— Fluka gamma 150 GeV
Fluka gamma 100 GeV
—+— Fluka gamma 80 GeV
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distance to shower [m]

(a) Photons on the Ground (b) Lateral distribution

Figure 4.7: (a) Simulated Cherenkov photon density at VERITAS ground level (1.3 km
a.s.l.) for a 1 TeV primary. The Cherenkov photon density, in units of photons per m?, are
plotted in the color scale as a function of x-y position on the ground in meters. (b) Average

lateral distribution for showers produced by primary gamma rays of different energies. Figure
from the VERITAS collaboration.
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4.2 Imaging Atmospheric Cherenkov Technique

The imaging atmospheric Cherenkov technique uses the atmosphere as a calorimeter for
initiating the Cherenkov light that is recorded from high-energy particles [91]. Measurements
of the Cherenkov radiation enable us to get information about the initial particles, and enable

very-high-energy gamma-ray measurement of astrophysical sources [92].

4.2.1 The Principle

The key components of the imaging atmospheric Cherenkov technique are large light col-
lecting area, because the Cherenkov pool is faint, and fast detectors and electronics, because
the Cherenkov flashes are only a few nanoseconds in duration. Because the Cherenkov light
image is large in extent on the ground (radius of about 100 m), a coarse segmented mirror
system can be used. The key challenge is discriminating gamma-ray-initiated showers from
other cosmic-ray showers initiated in the atmosphere. The shower is seen in the cameras as
an elliptical image as shown in Figure 4.8, with the major axis providing information about
the longitudinal development and the minor axis providing information about the latitudinal
distribution of the shower. This shape is a key part of distinguishing gamma-ray showers
from proton showers; a gamma-ray shower image will be compact and point to the center
of the camera and a proton shower image will be more rounded, less smooth, and will not
point toward the center of the camera. The amount of light in the Cherenkov shower is
proportional to the energy of the initial particle, so the amount of light collected in an image

is used to determine the energy of the primary particle.

Multiple telescope systems allow for stereoscopic imaging of the showers for better back-
ground rejection and position reconstruction, as well as larger light collection area for higher
effective area and better sensitivity. The telescopes are usually set up with a distance be-
tween them that is about the same size as the Cherenkov light pool. The orientations of
the images in the cameras can be used to reconstruct the arrival direction of the primary
particle. A schematic for a multiple telescope setup is shown in Figure 4.9.

Typical IACTSs use photomultiplier tubes (PMTSs) in the cameras for the light detectors
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L]

Figure 4.8: Left: the cone of the view of a Cherenkov telescope intersects the core of an
air shower. Right: the elliptical image that results in the camera; it is characteristic of a
gamma ray [93].
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Telescope field of view

10km

130m

Figure 4.9: A cartoon diagram of a multiple telescope IACT array. Telescopes within the
Cherenkov light pool each measure an image of the shower. These images, superimposed on
each other on the right, can then be used for direction reconstruction [94].
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because of their fast detection capabilities. This, along with fast electronics, is one thing
that helps reduce the effects of the night sky background. The night sky background arrives
randomly in time and location, while the Cherenkov light pool creates a few nanosecond
image. The fast electronics allow experiments to suppress a large amount of the background
light in the cameras. Multiple telescopes also simplify the removal of night sky background

by requiring triggers in multiple telescopes within a small time window.

4.2.2 Current and Future IACT Facilities

Early detectors developed the key techniques for observing gamma-ray sources over the large
cosmic-ray background. The development of the imaging technique by (Whipple [11]) and
the stereoscopic technique (HEGRA [8]) were critical for developing the current generation
of IACT experiments (VERITAS, H.E.S.S. and MAGIC). Early experiments detected only a
few sources. The most prominent early source was the Crab Nebula whose integral flux at 1
TeV, ~ 2x 107! em™2s7! [95] is now used as the standard reference for TeV source strength.
These experiments are compared in Table 4.1. In the future, the Cherenkov Telescope Array

(CTA) will build and improve on the current generation of IACTSs.

Table 4.1: Physical characteristics of two previous, and three current, IACT facilities.
H.E.S.S. II is the fifth, larger, telescope in the middle of the H.E.S.S. array. Adapted from
[96].

Instrument Location Telescopes ~ Mirror area (m?) Pixels per camera  Field-of-View (°)
Whipple Arizona 1 75 379 3.2
HEGRA Canary Islands 5 8.5 271 4.3

HESS. (Il Namibia 1(+1)  ~100 (~ 600) 690 (2048) 5(3.2)
MAGIC Canary Islands 2 ~ 200 1039 3.5
VERITAS Arizona 4 ~ 100 499 3.5

The major experiments of the current generation of IACTs are: VERITAS, used in this
dissertation and detailed in Chapter 5, H.E.S.S. in Namibia, and MAGIC, on the Canary
Islands. They each have multiple large telescopes, allowing for stereoscopic imaging. They
also use PMT cameras with fast electronics to collect Cherenkov images. This generation of
instruments can detect TeV sources having fluxes less than 1% Crab Nebula flux in about
25 hours of observations.
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Figure 4.10: The improvement of differential sensitivity of present and future gamma-ray
telescopes. Also plotted are the sensitivities of Fermi-LAT and HAWC. [13, 14, 16, 19, 97,

98]

The current generation of IACTSs has laid the foundation for CTA and they have demon-

strated the wealth of gamma-ray sources. CTA will be able to utilize new technologies such

as silicon based photomultiplier detectors, as well as improve on the current technologies.

This will result in an increase in sensitivity of a factor of five to ten in the 100 GeV to 10 TeV

range. CTA plans to undertake survey observations of the inner Galaxy from the southern

site, in Chile, and of the outer Galaxy, including the Cygnus region, from the northern site,

on the Canary Islands. The improvement in sensitivity over the current generation of TACTSs

is shown in Figure 4.10.
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CHAPTER 5

VERITAS

The Very Energetic Radiation Imaging Telescope Array System (VERITAS) is an array of
four 12 m diameter imaging atmospheric Cherenkov telescopes (IACTs) located at the Fred
Lawrence Whipple Observatory in southern Arizona (31°40° N, 110° 57" W, 1.3 km a.s.l.);
see Figure 5.1 [12]. Each telescope has a camera made up of 499 photo-multiplier tubes
(PMTs) with a 3.5° field of view. VERITAS can detect gamma rays at energies of 85 GeV to
>35 TeV with an energy resolution of 15-25%. The pointing accuracy of the array is better
than 507, and the angular resolution per photon with a 68% containment radius is 0.1° at
1 TeV. VERITAS began four-telescope operations in 2007 and has undergone a number of
upgrades. These include a telescope move in 2009 that improved the geometry of the array,
a trigger upgrade in winter 2012, and a camera upgrade in the summer of 2012. All of these
upgrades have improved the sensitivity and lowered the energy threshold of the array [99,
100]. The current VERITAS configuration is able to detect a source with 1% Crab Nebula
flux in about 25 hours of observations [97]. In Section 5.1 the hardware aspects of the array
are discussed, followed by a discussion of the camera upgrade in Section 5.2. The chapter

concludes with a discussion of VERITAS calibration and data analysis in Section 5.3.

5.1 The VERITAS Array

The four VERITAS telescopes are comprised of identical optical systems (mirrors, support

structures, and tracking), cameras, trigger systems, and data acquisition systems.
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(a) Before T1 Move

(b) After T1 Move

Figure 5.1: The VERITAS array before (a) and after (b) the move of one of the tele-
scopes in 2009. It was moved to improve the array geometry by making the distances be-
tween the telescopes more uniform ( ~ 100m). Image credit: The VERITAS Collaboration
http://veritas.sao.arizona.edu/.
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5.1.1 Telescopes

Each telescope consists of a tubular steel optical support structure (OSS) and has a com-
mercial altitude-azimuth positioner. The positioner is capable of slewing the telescopes at
operating speeds of about 1° per second to an accuracy of better than 0.01°. 345 hexag-
onal mirrors are mounted onto the OSS to form a 12 m diameter mirror with a reflecting

2 arranged according to a Davies-Cotton design (which consists of an

area of about 115 m
area of spherical mirrors arranged on an approximate surface so that all of the images are
superimposed at the camera) [101]; see Figure 5.2. Because there is no protection from the
weather, the mirrors are continuously re-coated so that on average the mirrors are replaced
every three to four years [102]. The mirrors have an average reflectivity of 85% over the
Cherenkov wavelength range of 250-450 nm and better than 90% at 300 nm (see Figure
5.3). The mirrors are manually aligned periodically to keep the optical point spread func-
tion (PSF) of the telescopes to better than 0.05° at operational elevations [103]. Four arms

support the camera at the focus of the mirrors, with a mechanical bypass to transfer the

load of the camera to counter weights.

5.1.2 Cameras

The cameras, located at the focus of each telescope, consist of 499 PMTs; see Figure 5.4
(a). The upgraded PMTs, Hamamatsu R10560-100-20 MOD, are UV sensitive with a fast
rise time (1.9 ns) and a good quantum efficiency (37% at 330 nm). A comparison with the
previous PMT is in Section 5.2. In front of the PMTs are modified Winston-style light cones
that concentrate light from the mirrors onto the PMTs. The light cones reduce both the
dead space between pixels and reject some background light; see Figure 5.4 (b). A multi-
channel high-voltage power supply powers each pixel, and has the capability of setting each
pixel’s voltage individually. Each pixel can thus be adjusted so that its photon response is
nearly uniform. The process for measuring differences in the timing and gain between pixels
is discussed with the nightly calibrations; detailed in Section 5.1.5. The PMTs are operated

at a typical voltage of around 800 V and are set to result in a nominal gain of 2 x 10°. The
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Each is mounted on three

A close up of the hexagonal VERITAS mirrors.

Figure 5.2:

adjustable mounts which allow for manual mirror alignment.
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Figure 5.3: The reflectivity of the VERITAS mirrors versus wavelength. The mirror reflec-
tivity from 250-450 nm is better than 90%, with a peak around 300 nm [102].

post-upgrade PMTs have ~ 1.5x the gain for the same set voltage when compared to the
pre-upgrade PMTs and they are set at a lower voltage to maintain the same nominal gain.
In the base of each PMT, a high bandwidth pre-amplifier provides an extra gain of about 6
to the PMT signals. These signals are fed into the VERITAS trigger and data acquisition

system diagrammed in Figure 5.5, described in detail in the next sections.

5.1.3 Trigger

Signals from the pre-amplifiers are sent into the VERITAS three-level trigger system, which
is used to detect Cherenkov flashes of light resulting from gamma rays and cosmic rays, as
well as to suppress the signal of background night-sky photons and muons. The system is
explained in detail in [104]. The first level (L1) of the trigger system is at the pixel level
and triggers when the pulse in a pixel rises above a set threshold. It uses a constant fraction
discriminator (CFD) to set the trigger level in the presence of varying night sky background
(NSB). For dark-sky observations the CFD is typically set to 45 mV, which corresponds to
about 4-5 photoelectrons. Level 2 (L.2) operates at the camera level and triggers when three
adjacent pixels trigger the L1 within six nanoseconds. The last trigger, level 3 (L3), operates
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(a) Camera Face (b) Lightcones

Figure 5.4: The VERITAS camera at the focal plane (a) with the lightcones in front of the
499 PMTs along with a detail of the lightcones (b). The hexagonal lightcones fill in the gaps
between the PMTs and reduce background light.

at the array level and requires a time coincidence between the L2 triggers of two cameras
in the array within a 50 nanosecond time window. Events that satisfy all three triggers are
read out by the data acquisition system and are archived for analysis. Analysis of the images
in the camera is undertaken to determine the primary characteristics of an event for doing
background rejection, energy determination, and source localization as part of the analysis

procedure. The image reconstruction analysis is discussed in Section 5.3.3.

Bias curve calibration data is used to set the L1 trigger level by scanning over a range
of CFD levels and recording the L3 trigger frequency. A sample bias curve is shown in
Figure 5.6. At a low trigger level, the NSB dominates the triggered readouts at a very high
rate, increasing the deadtime of the array and setting off accidental L1 triggers. At a certain
point, depending on night sky conditions, the triggers from cosmic rays begin to dominate,
and the rate is lower. The ideal trigger threshold is that which is set to maximize cosmic-ray
triggers without increasing the deadtime of the array. The CFD level is changed depending
on the observing conditions; for example, higher in response to the presence of moonlight
or in dark fields of the sky where a low energy sensitivity is desirable. Typical settings, for

common observing modes, are in the 20-60 mV range.
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Figure 5.5: Diagram of the trigger and data acquisition systems for VERITAS. The analog
PMT signal is split with one part going to the three level trigger system (top) and a copy
going to the data acquisition system (bottom). The typical rate of each trigger is displayed
above the relevant box. In the data acquisition system the PMT signal is digitized and
stored in a ring buffer until the signal from the array level trigger initiates the readout. The
eventbuilder combines the signals from the other PMTs and telescopes into a single event.
The event is then written to a database and archived.
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Figure 5.6: A VERITAS bias curve. The L1 (CFD) trigger level is changed from 25 to 100
mV and the L3 trigger rate is measured. At lower trigger levels NSB dominates, and the
slope changes when the background triggers are suppressed and then cosmic-ray triggers
dominate.

o6



5.1.4 Data Acquisition

The data acquisition system is diagrammed in Figure 5.5. 500 megasample-per-second flash
analog-to-digital converters (FADCs) continuously digitize the analog signals from the PMTs
[105]. For each PMT channel, buffer holds the FADC signal while awaiting an L3 trigger
signal. When the L3 signal is received, the DAQ system reads out the FACD buffer, usu-
ally 32 to 48 ns in length. A telescope level eventbuilder collects the telescope events and
then passes them to an array level harvester. The harvester stores the events in a custom
VERITAS data format for storing to disk. Additional information, such as notes about
the observation conditions and target information, are recorded to a database for each run.
This information is used alongside next-day quality plots are used for data-quality selection,

discussed in Section 5.3.1.

5.1.5 Observations

VERITAS takes data on clear, dark nights under low or moderate moonlight from September
through June, with a break in the summer for the monsoon season. This results in about 900
hours of dark-time data per year, plus a few hundred more hours of reduced-high-voltage data
per year. Standard observations are undertaken in “wobble mode,” in which the pointing
of the telescopes is offset from the source position by 0.5°. The wobble direction is set to
correspond to a cardinal direction. Each data run is about 15-30 minutes long, with long
term observations getting runs of 20-30 minutes and snapshot blazar targets getting 15-
minute runs. The wobble position is changed for each data run on a given source, or a new
source is pointed at after the data run concludes. Moonlight observations are taken when the
Moon is above the horizon. A reduced-high-voltage (of 81% of nominal operating voltage)
is used when the currents in the PMTs are higher than 15 pA (typically when the Moon is

more than about 35% illuminated).

For the VERITAS Cygnus region survey data were taken on grid pointings over a 15° by 5
° region covering from 67° to 82° in Galactic longitude and from -1° to 4° in Galactic latitude.

The grid observations are separated by 0.8° in Galactic longitude and by 1.0° in Galactic
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latitude to allow for substantial overlap in the field-of-view of grid points. Approximately
one hour was taken on each grid point yielding a base exposure of 6-7 hours over the region.

A further discussion of the Cygnus region survey data can be found in Section 7.1.

Observations are scheduled based on a plan put together by the VERITAS Time Allo-
cation Committee (TAC). The yearly plan includes long-term targets established in 2011
by the science working groups, along with observing proposals submitted annually. It is
the duty of the TAC to rank the targets from the long-term plan, proposals, and target
of opportunity observations. The targets observed include Galactic sources (such as SNRs,
PWNe, pulsars, and binaries), possible sources of dark matter (such as dwarf galaxies and
the Galactic center), and extragalactic targets (such as gamma-ray bursts, galaxy clusters,

and active galaxies). A recent overview of VERITAS science highlights is presented in [106].

Weather Monitoring

Because the light yield of Cherenkov photons on the ground is affected by local weather, like
clouds and haze, the atmospheric conditions are monitored during observations. The first
line in weather monitoring are the observers on the site, who can look outside at conditions.
The monitoring instruments on site include: an infrared sky temperature monitor, a weather
station, and a laser-based cloud backscatter monitor, as well as a CCD camera pointed at
the sky. The sky temperature is monitored using three infrared pyrometers (one on Tele-
scope 2, one on Telescope 3, and one pointed straight up) that measure the infrared emission
in a range (8 pum to 14 pm), where the sky does not radiate, but where water vapor and
droplets in the sky do. A higher temperature corresponds to more water in the atmosphere.
This information is displayed in real time for the observers. An array of weather monitor-
ing instruments allows real-time monitoring of the temperature, humidity, wind speed, and
rainfall at the observatory. A light detection and ranging instrument (LIDAR) is installed
at the observatory to measure the backscattered light from short laser pulses as a function
of time. The LIDAR measures the height, concentration, and distribution of dust, fog, haze,

rain, and clouds in the atmosphere. The infrared pyrometers, weather, and LIDAR data
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are also saved to an offline database. Finally, a CCD camera with a fisheye lens allows for

optical monitoring of the night sky by the observers. This information informs the observers

about the conditions on a given night. The data saved to the database are also critical for

Sky conditions this night (control trailer FIR).

determining data quality, discussed in Section 5.3.1.
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Figure 5.7: Weather data from a cloudy night at VERITAS. The top panel shows the output
from the infrared sky temperature monitor, the middle panel shows the output from the
LIDAR measurement of the height of the clouds, and the bottom panel shows the LIDAR
measurement of the transparency of the clouds.
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Calibrations

A large number of measurements are undertaken regularly to maintain the stability of the
experiment and, while not discussed in detail, are listed here. These calibrations and mon-
itoring of the VERITAS experiment and subsystems are scheduled either nightly (flasher),
monthly (reflectivity, single photoelectron (PE), bias curves, high/low gain calibration), each
season (channel mapping), or as needed (mirror alignment, camera gain flat-fielding, and L2
timing). Some of these measurements can be done in bad weather and therefore do not affect

regular data taking.

A key nightly calibration is the flasher, used for inter-pixel calibration [107]. The tele-
scopes are pointed at a dark patch of the sky, and a dedicated 2-5 minute run is taken with
a fixed trigger readout, while a system lights several LEDs pointed at the cameras. This
can be used to measure relative timing differences and these corrections are relative gains
between the pixels and is applied in the analysis (Section 5.3.3). When the RMS of the
relative gains is larger than about 10% the PMT voltages are adjusted, in a procedure called
flat-fielding, making the PMT response to the flasher light uniform. The calibrations are also
used to relate the traces of the PMT pulses measured in digital counts (dc) to the number
of photoelectrons (pe), typically the ratio of dc/pe is ~ 5.4. The PMT response depends on
a number of factors including the wavelength of the light it measures and the gain of given

pixel.

5.2 The VERITAS Camera Upgrade

In summer 2012, the VERITAS cameras were upgraded with new PMTs and pre-amplifiers
[100, 108]. The newer PMTs were selected for improved quantum efficiency (see Figure 5.8),
which would therefore lower the energy threshold and increase the sensitivity of the array
by increasing the photon collection efficiency by 50%. During that summer, the old cameras
were disassembled ( with PMTs and current monitoring boards removed from cameras) and

then the new PMTs were assembled, tested in a black box to determine if there were any
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poor connections, and installed in the cameras. Then the new PMTs were tested in the
array following the start of season procedures. The new PMTs resulted in the immediate
improvement of fewer dead pixels; see Figure 5.9. A number of studies using the Crab Nebula
were undertaken to confirm the increased sensitivity and lower energy threshold (see Figure
5.10). The sensitivity of the array was improved by about a factor of 2 over V4 at the lowest

energies. Furthermore, the analysis energy threshold was reduced from 150 GeV to 85 GeV.
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Figure 5.8: The quantum efficiencies of the pre- and post- upgrade PMTs as a function of
wavelength. The post-upgrade PMTs (The solid and dotted lines come from the manufac-
turer, the red and blue points are measurements by the VERITAS collaboration) are clearly
more efficient at the optical wavelengths utilized by VERITAS to observe Cherenkov light.
The efficiency of the old PMTs is shown by the dashed line. Figure from [108].

5.3 VERITAS Data Analysis

The VERITAS collaboration uses two data analysis packages; VEGAS (VEritas Gamma-
ray Analysis Suite) and eventdisplay (ED). The VERITAS plots in this dissertation are
generated using ED, unless otherwise noted. The analysis procedure with ED is outlined
in this section. ED was developed by Gernot Maier (DESY) and Jamie Holder (University
of Delaware) for the VERITAS prototype and it has since been developed into a complete
analysis package. The analysis procedure with VEGAS is similar, but will not be discussed
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in detail; a discussion can be found in [109]. Every VERITAS analysis is done independently

with each analysis package, and the results are cross checked.

5.3.1 Data Quality

The first step in undertaking VERITAS analysis is picking good-quality data. All the data
collected are sent through an early analysis to produce plots picked to highlight any problems
with the data. Everything is assessed in next-day data quality monitoring (DQM); this gives
an initial cut on quality and has been a valuable tool for the early diagnosis of problems
with the array. Cuts to the data can also be assigned by the DQM process. Examples of
these cuts for data quality include: time cuts for a cloud passing in front of the cameras, or
telescope cuts for a telescope with a tracking error. On top of this early assessment, all data
used in this dissertation were checked to meet the weather and operation quality standards

(detailed in Section 7.1).

5.3.2 Simulations

There are two levels of Monte Carlo simulations used to understand VERITAS data. One is
for the air shower development and Cherenkov light; the other is for the detector response.
The shower development simulation package used is CORSIKA [6] version 6.960, using the
parameters of the VERITAS site, as well as the IACT option that saves Cherenkov photons
that cross a fiducial sphere around the detector position. The detector simulation is done

with a package developed by VERITAS called GrISU [110].

The density of Cherenkov photons on the ground depends on the energy of the primary
particle, the height of its initial interaction, the angle of the shower, and the local geomagnetic
field. The range in energies of the simulated primary particles is 30 GeV to 200 TeV, following
an E~2 differential flux spectrum. The energies are weighted during the analysis procedure to
account for a different spectral shape of the potential source. The shower simulations cover
a range of VERITAS observation zenith and azimuthal angles to represent the shower angle

and they cover geomagnetic effects. Corrections based on winter and summer atmospheric
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profiles, based on average FIR measurements, are applied after the shower simulation.

The GrilSU package handles the propagation of Cherenkov photons through the optics
of the VERITAS telescopes, as well as the response of the PMTs and electronics. The final
output of the simulations can then be analyzed in the same way as data, and can be used
to validate event reconstruction, compare analysis packages, and determine the instrument
response functions for flux measurements. The systematic uncertainty from the detector

simulations is about 15%. The resulting flux uncertainty is about 20%.

5.3.3 Image Parameters

The first step in the analysis is to characterize the images saved by the trigger system. This
is done by analyzing the FADC signals (trace analysis), cleaning the image in the camera,
and then determining the parameters that describe the shape and orientation of the image
in the cameras. The shape parameters are called the Hillas parameters and are described

below.

Trace Analysis

At the FADC trace level, the analysis separates a pixel signal with a PMT pulse (Figure
5.11(a)) from a pixel signal that is consistent with NSB fluctuations, that is consistent with
noise around the pedestal level (Figure 5.11(b)). This pedestal is a negative offset added
to the analog signals. The pedestal level is determined by reading out the FADC traces at
a 1 Hz rate during standard data taking. It is typically about 16 digital counts (dc). The
signal pulse is characterized by a fast rise time and a slow decay back to the pedestal level.
Ty is the time where it has risen to half of the maximum pulse height and is known as the
arrival time. The measurement of charge in the pixel is done by summing the signal from
the FADC trace within a time window, subtracting the pedestal level, and applying the gain

corrections as measured by the nightly flasher calibrations.

A short time window for summing the trace is used to minimize the contribution of

NSB photons. This is done in two timing stages. In the first, a wide integration window
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Figure 5.11: (a) An FADC trace with a significant light pulse and (b) a trace without a
pulse (consistent with NSB) in digital counts versus time. The NSB trace shows fluctuations
around the pedestal level; note the smaller y-range. The sampling rate is 500 MS/s. The
horizontal dashed lines represent the pedestal level. The vertical dashed line on (a) indicates
To. The gray shading indicates the summation window. The ratio of dc/pe is ~ 5.4.

(18 samples) is used to calculate the charge and arrival time of each signal. Then the image
cleaning discussed next is applied. In the second timing stage, a short window (7-12 samples)
is placed on each signal, with the position determined with the temporal evolution of the

shower taken into account.

Image Cleaning

The goal of the image cleaning is to determine which pixels are likely to be part of the shower
image and cut out pixels which are likely to be NSB photon signals. First the RMS variation
of the pedestal values (pedvar) over a few-minute time window is determined to characterize
fluctuations in the NSB. Then a two-stage cut on pixels is used to identify image and border
pixels. Image pixels are those with a charge greater than five times the pedvar, and the
border pixels are those with a charge greater than 2.5 times the pedvar and having at least
one bordering image pixel. Image pixels with no neighboring image or border pixels are also
removed. The pixels that remain (image and border pixels) are then used as the image of

the Cherenkov shower. An example of cleaned images for a four telescope event is shown in
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Figure 5.13.

Hillas Parameterization

The final step in the image analysis is to determine the parameters that define the Cherenkov
shower image; they are shown schematically in Figure 4.8. The standard method is based on
the Hillas parameters [111]. These typically include: the zeroth order, the sum of all charges
after image cleaning, the first order, which describes the position of the image, and the second
order, describing the extent of the image. These are calculated using the formulas in [112].
The geometry of typical image parameters is displayed in Figure 5.12 and the definitions for

parameters utilized in the VERITAS analysis are provided in Table 5.1.

Centre of field of view

Figure 5.12: The Cherenkov image in a camera is represented by an ellipse with the width
and length determined from the extent of the image along the the semi-minor and semi-
major axes respectively. The distance, alpha, and miss parameters provide the orientation
and position of the image in the camera. The azwidth combines the position and extent of
the image [112].
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Table 5.1: The definitions of the Hillas parameters.

Size The sum of the integrated charge in pixels that are part of the image (in
either dc or photoelectrons), related to the primary particle energy

Width | The RMS spread of the light along the minor axis of the image, related to
the projected lateral development of the shower

Length | The RMS spread of the light along the major axis of the image, related to
the projected vertical development of the shower

Distance | The distance of the centroid of the image to the center of the field of view of
the camera

Loss The fraction of the image size contained in edge pixels

All of the preceding steps to determine the image parameters are run on each telescope
individually. The image cuts and other analysis cuts for the analysis in this dissertation are
discussed in Section 5.3.5. The overall array level event reconstruction is discussed in the

next section.

5.3.4 Event Reconstruction

Quality cuts are applied to images that are to be analyzed. These include: a minimum
number of image and/or border pixels per telescope (typically N > 4), a minimum image
size (size > 400 dc), and a maximum loss value (loss < 0.5). These values were optimized by
the collaboration using Crab Nebula data where the Crab Nebula flux was scaled to 5% of
its nominal value. There is a further requirement that two or more telescopes have images;
this requirement can be increased to three or four telescopes, if needed for an analysis, for
better event reconstruction at a cost of energy threshold. For the purposes of the work in
this dissertation, we have chosen the three telescope requirement because of the improved

event reconstruction.

Next is the reconstruction of the directional information for the event using the stereo-
scopic information provided by two or more telescopes having an image; see Figure 5.13
(a). The goal is to reconstruct the direction of the shower, the shower core location, and

the height of the shower in the atmosphere. The method for determining the direction of
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the shower is based on algorithm 1 presented in [113]. Each of the shower images is super-
imposed on a single camera coordinate system (see Figure 5.13 (b)). Then the image axes
from the Hillas parameterization are intersected for each pair of telescopes with that image
and the location of the shower core is the position given by the weighted average of each
intersection; see Figure 5.13 (c¢). The weights include the sine(s) of the angle between image
axes, the sizes of the images, and the ratio of width over length; these are intended to give

more weight to bright, elongated image pairs.

The shower core is needed for the energy reconstruction and gamma-hadron separation.
It is defined in a plane perpendicular to the shower arrival direction and corresponds to where
the shower would have hit the ground. A reconstructed image in the ground coordinates is
shown in Figure 5.13 (¢). The impact parameter is defined as the distance from the shower
core to each telescope. Distant showers tend to produce images that are parallel to each
other and the angular resolution is worse for showers with large impact parameter. The
analysis employs a cut on shower core position of 250 m from the center of the array to

reduce the systematic uncertainty associated with poorly reconstructed air showers.

The shower emission height, defined as the point in the shower with the maximum number
of Cheronkov light emitting particles, is calculated using a weighted mean of image size.
The o (error) of the mean is also determined. Both parameters can be used for removing
background showers because both hadronic showers and single muons penetrate into the

atmosphere more deeply than gamma rays, especially at lower energies.

The energy reconstruction relies on the fact that the number of Cherenkov photons in
the air shower is related to the energy of the initial particle. This means that the energy
is related to the sizes of the images. The number of Cherenkov photons in a shower can
vary with observing conditions, such as: telescope pointing, shower impact parameter, and
the NSB. Simulations covering the parameter space allow the energy to be estimated using
a lookup table, i.e. a file with the median and the 90%-width error of the logarithm of the
image size versus gamma-ray energy and impact parameter; see Figure 5.14. Because the

lookup table has discrete bins, an interpolation is used for values in between bins.
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(a) 4-telescope event (b) Sky coordinates

(¢) Ground coordinates

Figure 5.13: An example of a four telescope event in VERITAS: (a) shows the images in each
camera, (b) shows the images in the sky coordinates (in which the images are superimposed
for determining the source position), and (c) shows the images in the ground coordinates
(in which the they are placed at the positions of their relative telescopes; this is used for
determining the impact parameter). The image cleaning can be seen in the camera figures,
triggered pixels which do not meet the tmage or border criteria are grayed.
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Figure 5.14: An example of a lookup table for the log of the median energy (color scale) of
the reconstructed event from simulations plotted against impact parameter (distance [m])
and size (in dc). At low energies, the number of filled bins is limited by the requirements of
number of pixels per image. At high energies the filled bins are limited by the Monte Carlo
statistics and the camera size.
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5.3.5 Gamma-Hadron Separation

With the reconstruction of the parameters for each event, the next goal is to separate gamma-
ray showers from hadronic showers which are described in Section 4.1. The primary cut used
is on the “shape” parameters of the image, as described by the width and length Hillas
parameters. These each depend on the energy of the initial particle, the shower parameters
(direction and impact parameter), and the NSB. Simulations are again used to produce a
lookup table of the median and 90%-width error of the width (ware, Owidgtn mc) and length
(Inics Olength, M) Parameters versus impact parameter, R, and image size, s. Then the mean-

scaled width and mean-scaled length are calculated using:

Nimages - L
MSOW = 1 (wzdthZ wye(R, S)) (5.1)
Nimages i=1 Uwidth,MC(R7 5)
and
1 N Cength; — lye(R, s)
MSCL = ( ’ ) (5:2)
Nimages i=1 Ulength,MC(Rv S)

where 7 is the sum over the telescopes with images and Njpeges is the total number of
telescopes with an image. In this definition the MSCW and MSCL for gamma-ray showers
are normally distributed and centered at zero. Hadronic showers are more irregular and
more spread out and so their parameters are longer and wider than those of a gamma-ray
shower (see Figure 5.15). The values for the cuts that are used to separate gamma-ray and
hadron initiated showers are determined by simulations. In the case of moderate cuts, they
are optimized to detect a source with a 5% Crab Nebula flux. Examples of the image quality

and point source cut parameters are described in Table 5.2.

A cut on the square of the arrival direction, 6, or the square of the angle on the sky
between the source position and the reconstructed direction, is used to cut out the nearly
isotropic cosmic-ray background. If an arrival location is far from the source location than
there is a greater chance that the event is not a gamma ray emitted by that source. The

value depends on the analysis, with a value of #? < 0.008 for a point-source analysis and a
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Figure 5.15: Distribution of mean-scaled parameters from events taken from a Crab Nebula
run. The black-shaded distribution shows events in the ON region, with a peak from gamma-
ray events. The green distribution shows events from the OFF region and thus represent the
background. The background (hadron) distribution is wider than that of gamma-ray events.
The ON and OFF regions are defined in Section 5.3.6

Table 5.2: Cuts used in the VERITAS Cygnus survey analysis to select gamma-ray showers.
The descriptions of each cut parameter can be found in the text. The values are chosen by
analysis of Crab Nebula and/or simulation data, and are fixed for a standard analysis.

Moderate energy cuts Hard energy cuts

Point source cuts

min number of tubes > 4
max core distance < 350 m
min size < 400 dc
dist from camera center < 2°
max loss cut < 0.5
62 < 0.008
—1.2< MSCW < 0.5
—-1.2< MSCL < 0.7
Energy Threshold: 250-270

min number of tubes > 4
max core distance < 350 m
min size < 1000 dc
dist from camera center < 2°
maximum loss cut < 0.5
62 < 0.008
—1.2< MSCW < 0.5
—-1.2< MSCL < 0.7
Energy Threshold: 450-550

FExtended source cuts

N/A

min number of tubes > 4
max core distance < 350 m
min size < 500 dc
dist from camera center < 2°
max loss cut < 0.5
62 < 0.050
—1.2< MSCW < 0.5
—-1.2< MSCL < 0.7
Energy Threshold: 450-550
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6? < 0.05 for an extended-source analysis. The 6% distribution for the Crab Nebula is shown
in Figure 5.16 Furthermore, a cut on the angular distance of the event form the center of
the camera of 0.2° is used. The image cuts and shape cuts allow for a background rejection

of more than 99.5% for a point-source analysis.
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Figure 5.16: The distribution of #? parameter for the Crab Nebula. It can be seen that a
cut on 62 provides a cut on events not associated with the source location.

Table 5.3: The effects of various cuts for a sample analysis of one 20 minute run Crab data,
using the ring background method. Calibration includes trace analysis (using the flasher
data), time, and size cuts. @ = 0.3134 in this analysis.

Analysis stage Number of events
Calibration 304577
removed by number of images > 2 154557
After MSCW cuts 137719
Spatial cuts
At source position (ON) 104
At source position (OFF) 78
OFF x« 24.45
ON - OFF x« 79.55
Li and Ma significance 9.591 o
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5.3.6 Background Determination

There still remains a gamma-ray-like cosmic-ray background (largely due to electromagnetic
showers initiated by cosmic-ray electrons), and so to determine if there is an excess of gamma
rays at the source location above that background, the background must be estimated. A
sky map is filled in with each reconstructed event that passes quality and hadron separation
cuts. An ON and and an OFF region are then defined. There are three main background
determination methods employed by VERITAS: the ON-OFF, the ring background, and
the reflected region. In the simple ON-OFF method observations are taken ON the source
position, and also at a defined OFF position on the sky covering the same horizon coordi-
nates on the sky as the ON region, where no gamma-ray source is expected. This method
requires observation time be used to take data in an OFF region. In order to take data more
efficiently, VERITAS uses wobble-mode observations to cover the source position on the sky
and get enough data to define an OFF region within the sky map rather than in a dedicated

observation. These methods are described in a number of places, for example in [114].

For the ring background method, the OFF region is a ring centered around the ON region,
with a radius chosen such that the ratio of the ON to OFF region area is approximately 1:10;
see Figure 5.17 (a). The ratio of ON to OFF region areas is typically called «, and, for the ring
background method, needs to be corrected to account for camera acceptance. The camera
acceptance is the probability that a signal will be measured (see Figure 5.19) and it worsens
away from the camera center. It is generally called the radial acceptance, as it is assumed
that it is radially symmetric. The radial acceptances are determined from observations of
gamma-ray-like events that are outside the exclusion region or from a different data set.
There is good agreement with simulations to 1.5° from the camera center; therefore a cut on

distance to camera center is used for the data analysis.

The reflected region method uses several circular regions of the same size as the ON
region equidistant from the pointing position as the OFF region; this geometry is shown in
Figure 5.17 (b). The events from these regions are scaled by the relative size of the ON

and OFF regions to determine the level of background events. The OFF regions are each at
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(a) Ring Background Method (b) Reflected Region Method

Figure 5.17: The ring background (a) and reflected region (b) methods for defining an
OFF region. The gray circle represents the field of view of the camera. The black cross
(+) represents the camera pointing. The black circle represents the source position, ON
(typically 0.5° offset from the pointing direction). The white regions are then the OFF
regions.

the same distance from the camera center as the ON region, and therefore no correction for

camera acceptance is applied to the a.

The number of excess events is given by the number of events in the ON region minus

the number of events in OFF region, normalized by «. Generally Ngycess = Non — aNorr

5.3.6.1 Radial Acceptance Studies

The standard ED analysis uses a pre-computed radial acceptance based on a gamma-ray
events from a blazar source. In the course of the data analysis for the Cygnus region, it
was determined that this source is not a good representation of the radial acceptance in
the Cygnus region. This is due to differences in the zenith angle (see Figure 5.18) and a
measurable dependence of the radial acceptance on the zenith angle (see Figure 5.19). The
VEGAS analysis computes the radial acceptance using the data set being analyzed. This

method was utilized for the Cygnus region analysis by ED as well.
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Figure 5.18: (a) The elevation of data used in the Cygnus region analysis and (b) the
elevation of data used to make the standard radial acceptance files.

L [
E 1 _4 -
[O] L
= L
& ® 50-60 deg
1.2 e 60-70 deg
#+ * 70-80 deg
R <+ ¢ 80-90 deg
= [
0.8~
06—
04—
02
0_ | L L L | L L L L | L L L L | | | | | | L L L |
0 05 1 15 2 25

distance to camera center [deg]

Figure 5.19: Radial acceptances (relative rate) as a function of distance to the camera center
for the data used in the Cygnus region analysis. Each curve is for a different bin in zenith
angle in degrees. There is a dependence on zenith angle, and thus different curves were used
for data at different zenith angles.
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5.3.7 Detection Significance

Now with a proper description of the ON and OFF events, the significance of a source is

calculated following Eq. (17) of Li and Ma [115]:

S—\/§{NON In 1;0‘( Now ﬂ + Nogr In [(1—1—04) (NOFF)HW (5.3)

Non + Norr Non + Norr

A standard cutoff for the detection of the a gamma-ray source is the “five sigma” (5¢), or
five standard deviation, threshold. At this level there is a less than 1 in 3.5 million chance pf
obtaining a false positive if there is no signal. A more stringent requirement includes taking
into account the trials factor of the detection into account. The Li and Ma significance is
consistent with the Gaussian probabilities for cases when the observed counts are not too

few, for Nox and Nopp greater than about 10.

In the case when the source does not pass the 5o threshold for detection, an upper limit
can be calculated using Helene [116], Rolke [117], or Feldman and Cousins [118]. When an
upper limit is reported, the method for calculation and ON and OFF counts are reported as

well.

The gamma-ray-like events are mapped onto a two dimensional sky map of 0.025° bins,
and the signal and background calculations are applied on each pixel. The final sky map is
presented in significance. It represents the integrated events in each bin and is smoothed,
and thus the bins are correlated. This sky map can be used for fitting the extension of the

source using options available in the software.

5.3.8 Spectral Reconstruction

With enough excess events detected, it is possible to construct a flux energy spectrum of the
source. This can be used to gain insight into the physical processes at work in the source.
The spectrum is in units of differential flux of gamma rays as a function of energy. The
energy of each gamma ray is determined following the reconstruction discussed in Section

7



5.3.4 and is then binned. The flux in each bin is given by the number N per time t per

average area (A):

ymzix (5.4)

To get the average area, an effective area is integrated over the energy bin of interest.

Where an effective area is defined as

Nselected (E)

Acys(E) = (WRQ)W

(5.5)

where mR? is the simulated area over which the impact points of the primary particle are
uniformly distributed, Ngeescteq is the number that trigger the camera and pass selection
cuts, and Ngmulateq 18 the number of showers simulated. A typical effective area curves for
varying zenith angle are shown in Figure 5.20. They are calculated by assuming a source
spectrum and then using simulations to determine which events survive the selection cuts.
The effective area varies with a number of parameters including: energy, zenith angle, source
analysis cuts, and NSB. Tables taking into account many of these differences are produced
using Monte Carlo simulations, and are used in the analysis for the flux calculation. Also

noted on the figure is the energy threshold for each zenith angle curve.

In order to obtain (A), the flux of a source is assumed to follow a spectral shape

E —Q

SE) = b0 (%) (56)
0

where ¢ is the normalization constant, Ey the normalization energy, and « the spectral

index. If the shape is assumed to be constant with energy, N(E > Ejppesn) is number of

excess events, and Nypeory(E > Ejpresn) the expected excess for a spectral shape then the

flux is calculated with

N(E > Ethresh) > ENT®
O(E > Eipress) = <[ (>cw 5.7
( h h) Ntheory(E > Ethresh) Eihresh ¢0 EO ( )
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Figure 5.20: Moderate-source cut effective areas for varying zenith angle. The energy thresh-
old for each is given in parentheses. This is for a source with a Crab-Nebula-like spectrum,
observed at the standard wobble offset of 0.5°, and assuming a night sky noise similar to
observations in the Galactic plane.

where

Nineory(E > Eipresh) = tobs X /jmh ®o (EEO) Acsp(E)dE. (5.8)
The resulting flux values depend on the assumed spectrum due to averaging the effective
area over a finite bin width. The finite energy resolution of the instrument will also lead to
spill-over of events between bins. ED determines the flux in bins that are at least as wide
as the energy resolution and will calculate an upper limit if the flux in a bin is less than
20 ([116-118]). The differential source spectrum can then be fit to the bins with measured

values.

VERITAS is the primary instrument used in this work. Here the experiment and camera
upgrade, and analysis procedure were discussed. The results are presented in Chapter 7.

Next the other experiment used in this dissertation, the Fermi-LAT, will be discussed.
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CHAPTER 6

The Fermi-LAT

While VERITAS is used for VHE observations of astrophysical sources, the Fermi Gamma-
ray Space Telescope observes the universe in high-energy gamma rays (20 MeV to >300
GeV). Its observations are complementary to those done by VERITAS, and the data and
tools for analysis are available to the public. This chapter begins with an overview of the

experiment and concludes with an outline of the general data analysis procedures.

6.1 Experiment Description

The Fermi Gamma-ray Space Telescope (see Figure 6.1) has been operating since its launch
in 2008 with two gamma-ray instruments: the Large Area Telescope (LAT) and the Gamma-
ray Burst Monitor (GBM). The LAT is Fermi’s primary instrument, and it is sensitive to
gamma rays with energies from 20 MeV to greater than 300 GeV, making it the most
sensitive detector to operate at GeV energies. For each gamma ray that the LAT detects,
it measures its arrival time, direction, and energy. The LAT has a very large field-of-view
(> 2 steradians), and for a large part of its operation it has been observing in survey mode
with very good stability. The effective collecting area is 6500 cm? at 1 GeV, which is quite
small when compared to the large collection areas of TACTs (about 10° m? at 1 TeV). The
angular resolution of the Fermi-LAT is strongly energy-dependent, with a 68% containment

radius of about 0.8° at 1 GeV.

When a gamma ray enters the detector, it interacts with a high-Z (high atomic number)
conversion foil made of tungsten, and undergoes pair production. The resulting electron and

positron pair is tracked in single-sided silicon strip detectors, and the energy measured in
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Figure 6.1: An artist’s rendering of the Fermi satellite. Credit: NASA E/PO, Sonoma
State University, Aurore Simonnet.

_~ anticoincidence

; shield
................ i iarananan

I
............... “'--..‘__ COI]\"EI‘SiOI‘l f'0i|

1
-------------- ]

\ . .
.”..v...”..[. v‘ ............... parl|cle l]-acklng
detectors

calorimeter

Figure 6.2: Diagram of pair-production, particle tracking, and calorimeter within the Fermi-
LAT. Image credit: NASA /Sonoma State University/Aurore Simonnet.

via an electromagnetic shower in the calorimeter. An anticoincidence shield surrounds the

front three sides of the instrument, which is diagrammed in Figure 6.2.

The current version of data released to the public uses the Pass 8 [98] event reconstruc-
tion. This data release included reprocessing the data from scratch (including simulations
of the detector, event reconstruction, and background rejection) and implementing all of the
knowledge of the instrument and environment gained in nearly five years of operations. This
has resulted in improvements in the effective area (See Figure 6.3), the angular resolution,
the understanding of systematic uncertainties, and the energy range of the data analysis.
The resulting improvements of the LAT capabilities for Pass 8 data are presented in Table 6.1
where they are compared with the previous event reconstruction, Pass 7. The improvements

in sensitivity at higher energies are of particular interest for the work in this dissertation.
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Table 6.1: A comparison of Fermi-LAT Pass 7 and Pass 8 event reconstruction. The Pass 8
event reconstruction improves on the energy range, energy resolution and angular resolution

of Pass 7.

IRF era Energy Range Energy Resolution at 10 GeV ~ Angular Resolution at 10 GeV

PASS7 | 20 MeV - 300 GeV <10% 0.2°
PASS8 | <20 MeV - 500 GeV <8% <0.1°

on-axis effective area
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Figure 6.3: The improvement in the effective area of the Fermi-LAT going from Pass 7
(PTREP_SOURCE_V15) to Pass 8 (PSR2.SOURCE_V6). From [98].
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6.2 Analysis

The Fermi-LAT analysis is undertaken with a publicly available set of tools available online
[119]. The work in this dissertation uses v10p5r0 of the science tools, and the Fermipy Python
tools [120]. The data used have gone through the Pass 8 event selection, described above.
The analysis is undertaken following the documentation and threads available at the Fermipy
website, and using the steps outlined by the Fermi-LAT collaboration. Tables describing the
energy resolution, effective area, and angular resolution are called the Instrument Response
Functions (IRFs), and are provided to the public with the analysis tools. Models for the
Galactic and extragalactic diffuse emission are provided by the Fermi-LAT collaboration

(glliem_v06.fits and PSR2_SOURCE_V6 files).

Here is a quick outline of the general binned analysis procedure; an overview of the data
set analyzed in this work is discussed in Section 7.2. First the data are downloaded from
the Fermi-LAT servers. Here the data can be selected for the region on the sky (called the
region of interest or ROI), energy range, and time range of interest. Data are selected for
an area of sky larger than the ROI to better account for photons from sources outside the
ROI. Further selections to the data are made as the next step of the analysis, such as event
class (SOURCE, CLEAN ...) and event type. The event classes correspond to the photon
selection that is applied to the data. For example, PSR2_.SOURCE_V6 is the recommended

selection for a Galactic point source analysis such as the one undertaken in this dissertation.

Next, a counts map is made to identify any new bright sources and to provide a sanity
check that the data covers the ROI. A three-dimensional map of the sky with a third axis
for energy, called a counts cube, is generated. A livetime cube, describing the time that the
LAT observed a given position on the sky at a given inclination angle, is pre-computed to
speed up the exposure calculations. Then the exposure cube is generated. This is a map of

the exposure of the experiment at each point in the sky with a third dimension of energy.

The likelihood fit requires an input model for the emission in the ROI. A reasonable
starting point is the list of sources in the 3FGL catalog, or a higher energy catalog for an

analysis with higher low energy cutoff. The model, saved as an .xml file, includes sources
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beyond the ROI that could contribute photons in the region. The model also allows for
the definition of which sources are to be allowed to fluctuate during the likelihood fit and
which are to be fixed. A source map tool creates the input-model counts map from the
sources listed in the .xml file using the exposure and effective point spread function. With
the Fermipy tools, all of the steps after downloading the data, from select events to source
maps, are done with one setup script using parameters defined in a configuration file. These

steps are the starting point for any Fermi-LAT analysis.

Once the setup of the source model is complete, it is possible to perform the likelihood
fit. Using the binned analysis technique [121], the routine gtlike uses a maximum likelihood
optimization to fit the model parameters. It is then possible to calculate the strength of the
source detection, the flux of the source, and spectrum for sources in the region of interest.

The metric used by the Fermi-LAT Collaboration is Test Statistic (T'S) defined as:

TS = -2 hl (Lmaa:,O/Lma:r,l)a (61)

where L4z 0 is the maximum likelihood value for the model without the additional source (in
this case the null hypothesis), and L;,,,1 is the maximum likelihood value for the model with
the additional source included. A larger TS indicates that the null’ hypothesis is incorrect.

VTS is approximately the detection significance of a source.

In this analysis, sources in the model with low TS (< 20) are removed from the model.
It is not expected that the 3FGL would fully model the ROI due to a different low energy
cutoff, and a longer exposure in the data analyzed for this work. A model map of the fit
source parameters is subtracted from the counts map to make a residual map. A TS map,
or map with TS computed at each bin in the ROI, can also be made. The Fermipy tools
include a routine to find new sources (with TS > 25) which can then be added to the model.

New sources identified in the analysis are detailed in Chapter 7.

Many of the brightest sources in the Galaxy, at Fermi-LAT energies, are pulsars. How-
ever, nearly all pulsars demonstrate an exponential cutoff in their spectrum. The pulsed

emission is therefore not expected to contribute at TeV energies. In contrast, PWNe are
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very common TeV emitters, and any nebulae associated with these bright pulsars might be
detectable by VERITAS. To search for any potential nebula emission an analysis needs to be
done to remove (or at least significantly reduce) the pulsar emission. To do this, a “gated”
analysis is conducted, where a time cut is applied to the photons using the phase of the

pulsar to remove the on-pulse contribution.

We used Tempo2 [122], a pulsar timing software package, to assign pulsar phases to the
pulsars using the timing models available at [123]; the phaseograms are checked against the
published results. The on-pulse region was defined to cover any on-pulse or bridge emission,
with identifying all of the pulsar emission taking precedence over the amount of time available
for the off-pulse analysis. This means that the remaining emission at the source should only
be the (much weaker) off-pulse emission and should allow for any background sources to
become apparent. The pulsar timing and on- and off-pulse maps for the pulsars in the

Cygnus region can be seen in Appendix C.

An ideal analysis would have pulsar models over the whole time range of the dataset, but
these are not yet publicly available. Because of this limitation, we performed an on-pulse
analysis on the data range available to fit an on-pulse source. The model of the pulsar in
the analysis of the full dataset was then fixed to the on-pulse values, and the dataset refit.
Nebula emission should then be apparent as a positive residual. For this method to work,
the on-pulse flux needs to be steady over time, so we produced lightcurves of each of these

objects and checked for flux variability.

The details and results of the Fermi-LAT analysis of the Cygnus region are presented in
Chapter 7.
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CHAPTER 7

The VERITAS Cygnus Survey

This chapter covers the VERITAS Cygnus survey analysis efforts, starting with a detailed
discussion of the VERITAS observations undertaken and data quality selection (in Sec-
tion 7.1), as well as the Fermi-LAT data (in Section 7.2). Next is a quick overview of the
previous VERITAS results in the region, followed by a study of the systematic errors and
a determination of the trials factor in Section 7.4 and Section 7.5, respectively. The chap-
ter concludes with the VERITAS and Fermi-LAT results in the region as a whole and for
specific sources/regions of interest. The work presented in the chapter comes partially from
a paper being prepared with significant contributions from Ralph Bird (UCLA) and Maria
Krause (DESY). The official VERITAS results for the paper come from the VEGAS analysis

package; all other plots in this dissertation are from ED, unless otherwise noted.

7.1 Observations

The observations undertaken by VERITAS in the Cygnus region include 140 hours of ob-
servations taken in survey mode from 2007-2009. These observations resulted in a nearly
uniform effective exposure of 6-7 hours in a 15° by 5° area of the Cygnus region of the
Galaxy from 67° to 82° Galactic latitude and from —1° to 4° Galactic longitude, as well as
coverage with a smaller effective exposure over a 9° by 19° region. Furthermore, the full
data set includes about 150 hours of follow-up point source observations taken from 2008 to
2012. All observations were taken with zenith angles from 10°-35° to minimize the system-
atic uncertainties associated with large zenith-angle observations. The survey and follow-up

observations result in a data set of 949 runs, or 295 hours of data, with an average elevation
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Figure 7.1: The Fermi-LAT all-sky view with the Cygnus region marked as a box.

Table 7.1: Summary of the numbers of data runs taken and runs cut by DQM with corre-
sponding observing time for the survey mode and follow-up Cygnus observations.

Survey Runs Follow-up Observations Total

Number of runs taken 548 718 1266
Hours 183 239 422
Number cut by DQM 139 178 317
Hours 47 59 106
Hours cut within runs 6 15 21
Number of good runs 409 540 949
Hours 130 165 295

of 69.8°. The resulting exposure from combining these observations is displayed in figure 7.2.

Out of a total number of 548 data runs taken as sky survey observations in the region,
139 of these are marked as “do not use” in the data quality monitoring (DQM). The follow-
up pointed observations add a further 718 runs, of which 178 were cut by DQM. Table 7.1
summarizes the number of runs in the data set and the number cut by DQM. To the total
data set of 944, comprising 316 hours of data, further time cuts have been applied, resulting
in a total 295 hours of data. 194 runs in the total data set are three-telescope runs, requiring

different instrument response functions (IRFs).

In order to do a VERITAS analysis, a list of bright stars for exclusion in the analysis

87



Q32000
15m 20h00m 45m 19h30m

y 30° 36

()()()Z[’g

P 25

._.
o
Acceptance Corrected Exposure [hrs]

84° 80° 76° 72° 68°
l

Figure 7.2: The VERITAS exposure in the Cygnus region mapped in Galactic coordinates
(with RA, dec indicated). The color scale is in hours.

must be generated. The two analysis packages use different default magnitude cutoffs and
different exclusion sizes. Furthermore, the region has a large number of bright stars, so the
cutoff magnitude should not be too low otherwise a large region of the sky will be cut out of
the analysis. A cutoff magnitude of 6 was decided for the survey analysis and was used by
both analysis packages. Furthermore, the previously detected VERITAS sources are defined
as exclusion regions. The definitions for the exclusion regions and a map of the regions are

shown in Appendix A.

There have been over 60 further hours of observations in the region since 2012 with the
upgraded VERITAS cameras. These data will not be discussed here, but are being analyzed
for future study by the VERITAS collaboration.

7.2 Fermi-LAT Data Set

The Fermi-LAT data were selected covering a 30° radius region centered at Galactic lon-
gitude (1) 74.5° and Galactic latitude (b) 1.5° from the mission start to January 2016. In

order to minimize the contribution of the Galactic diffuse emission and maximize angular
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resolution, photons were selected in the energy range from 1-500 GeV. The counts map is
shown in Figure 7.15. A description of the data downloaded for this analysis is presented in

Appendix B.

A model file was generated using the Fermi Large Area Telescope Third Source Catalog
(BFGL) catalog [59], with templates for extended sources (including the Cygnus cocoon)
provided by the Fermi-LAT Collaboration. It was also confirmed that the sources from
the 1FHL (The First Fermi-LAT Catalog of Sources Above 10 GeV) [60] and 2FHL (The
Second Catalog of Hard Fermi-LAT Sources) [61] are also 3FGL sources, and do not need
to be added to the model. The model is generated to cover a region extending beyond the
analysis region by 5°. Any sources expected to contribute less than 10 photons to the analysis
region were deleted from the model. For this analysis the Galactic diffuse emission model,
gll_iem_v06.fits, and isotropic diffuse model, iso_ PSR2_SOURCE_V6_v06.txt, provided by the
Fermi-LAT collaboration were used. After an initial fit, sources with a TS (test statistic)
less than 16 were removed from the subsequent fits. The list of removed sources and the list

of new sources outside the Cygnus region is available in Appendix B.

Following the pulsar analysis procedure outlined in Section 6.2, the four brightest pulsars
in the region were examined for off-pulse emission. The phase analysis and on pulse fits are

detailed in Appendix C

7.3 Previous VERITAS Results

VERITAS has previously published the following results on four sources in the Cygnus region:
VER J2019+407 (associated with the v-Cygni SNR) [124], TeV 203244130 [125], and two
sources in the Cygnus OB1 region coincident with MGRO J2019+37 [126].

7.3.1 TeV J2032+4130, VER J2031+4415

The initial detection of TeV J2032+4130 by HEGRA and early observations by Milagro and
ARGO-YBJ are discussed in Chapter 3. It was detected at the 8.7¢ significance level by
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VERITAS following 48.2 hours of observations from 2009-2012 and is given the designation
VER J2031+415 [125]. The VERITAS centroid of the emission is at (I,b) = 80.3°, 1.11°
(RA,dec) = 20"31™41°+65s, 41°33748” 437 (J2000)), consistent with previous detections.
The VERITAS data indicate extended emission in the shape of an oval with a major axis of
9.5’4+1.2” and a minor axis of 4.0’4+0.5’, oriented to the northwest by —63+6°. The spectrum
is well fit by a differential power law (dN/dE = Ny x (E/TeV)™'), where I is the index
and Ny is the normalization, with an index of 2.10 +0.144,; £ 0.21,,, and a normalization

of (9.5 £ 1.65ar & 2.255) X 10 TeV~t em™2 57! at 1 TeV.
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Figure 7.3: VERITAS significance map of TeV 2032+4130. Color indicates significance,
the x’s show the positions of the Wolf-Rayet star WR 144, Cygnus X-3 (also in the field-of-
view of the VERITAS observations), and TeV 2032+4130, coincident with the Fermi-LAT
pulsar PSR J2032+4127. The black circle indicates the VERITAS point spread function
(68% containment). Figure from [125].

There are various scenarios for the emission from TeV J2032+44130, which depend on
which objects within the TeV extent of the source are considered to be associated. Objects

in the Cygnus X complex with possible ties to the Milagro source TeV J2032+4-37 include
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the Cygnus OB2 association, Cygnus X-3, the v-Cygni SNR nearby, and the Fermi-LAT
detected pulsar (a possible PWN scenario). An earlier analysis of the region around the
Fermi-LAT pulsar undertaken using four years of data over an energy range of 500 MeV to
100 GeV and using a cut on pulsar timing, found no evidence of PWN emission at Fermi-
LAT energies. The location of TeV J2032+4130 is in a rare void in the radio and infrared
(IR) that appears to be a region cleared by a supernova or pulsar wind nebula, but the
possibility of particle acceleration by stellar winds from stars in the OB2 association cannot

be ruled out.

7.3.2 ~-Cygni SNR, VER J2019+4407

VER J2019+407 is an extended source associated with the y-Cygni SNR (SNR G 78.2+2.1)
detected at the 7.50 significance level by VERITAS at a flux of 3.7% of the Crab Nebula flux
in 21.4 hr of data analyzed in 2009 [124]. The VERITAS source is located in the northwestern
rim of the remnant centered at (1,b) = 78.2°, 2.26° ((RA,dec) = 20"20™4.8%, 40°45’36” +37
(J2000)) with a statistical positional uncertainty of 0.03°, a systematic positional uncertainty
of 0.018°, and with a spatial extent of 0.23°. Figure 7.4 shows the VERITAS detection
(background subtracted, acceptance corrected) with mutiwavelength contours and sources
overlaid. The position of the Fermi-LAT detected pulsar is indicated near the center of the
remnant, about 0.5° away from the VERITAS source position. The spectrum is characterized
by a differential power law with an index of 2.37 £0.14;; £0.20,,, and a normalization of 1.5

40.2,y0; £ 0.412

sys

photon TeV~! ecm~2 s~!. This yields an integral flux of 5.2 0.8, = 1.4, 12

sys
photon cm™2 s7! above 320 GeV, corresponding to 3.7% of the Crab Nebula flux.

The TeV source is coincident with a region of enhanced x-ray emission, and with bright ra-
dio arcs of the SNR. It is unlikely that this single SNR could account for all of the cosmic-ray
acceleration in the Cygnus cocoon region based on its brightness, but it could be a significant
contribution. The other proposed scenario for particle acceleration at VER J2019+407 is
that of a PWNe, either of the Fermi-LAT detected pulsar or of a yet unidentified pulsar.
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Figure 7.4: A 1.4° by 1.4° skymap of the source VER J2019+4407 excess map (color scale,
in units of excess counts). The dashed black circle indicates the 1o fitted extent for the
remnant based on the VERITAS data. Overlaid are: the greater than 10 GeV gamma-
ray emission detected by the Fermi-LAT (from the 2FGL) (yellow dash-dot circle, centroid
indicated by the yellow upside down triangle), the 1420 MHz radio continuum contours in
white, and the Cygnus cocoon in cyan (0.16, 0.24, 0.32 photons/bin contours). The open and
filled black triangles show the respective positions of the deprecated catalog sources 1FGL
J2020.0+4049 and 2FGL J2019.1+4040. The small white circle indicates the VERITAS
point spread function (68% containment). Figure from [124].
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7.3.3 VER J2016+317 (CTB 87) and VER J2019+368 (Cisne)

Using 70 hours of data, VERITAS resolved two sources in the region of MGRO J20194-37, a
point-like source, VER, J2016+317 (associated with CTB 87, a SNR), and VER, J2019+378
(a bright extended source with numerous possible counterparts) [126]. The excess map is
presented in Figure 7.5. VER J2016+317 is detected with a significance of 7o at the position
(1,b) = 74.9°, 1.14° ((RA,dec) = 20"16m25+3s, 37°11°52” £40" (J2000)) with no significant
source extension, and a spectrum of the emission that is best fit by a differential power
law with index 2.3 4+ 0.4. The peak of the emission from this source is consistent with the
peak of the radio emission of SNR CTB 87. The other source is detected at 8.20 using an
extended source search. The peak of the emission from VER J2019+368 is at (I,b) = 74.9°,
0.36° ((RA,dec) = 20"19™25°4+72s, 36°48’14” £58" (J2000)); it has an elongated oval shape
of 0.34°£0.03°along the major axis, 0.13°+0.02° along the minor axis with an angle of 71°
east of north. A two-source model did not provide a good fit for VER J2019+378. Taken as

one source, the spectrum was well fit by a differential power law with index 1.7 £ 0.3.

The contours of the VHE emission overlap a bright, extended low-energy emission region
of the SNR CTB 87. Detailed studies of the morphology of the source in the future could
clear up the ambiguity of the source as a PWN or as a SNR. The PWN scenario would
require either the x-ray pulsar associated with the region to have a large proper motion,
and an age less than 5-10 kyr, or the more typical picture for an x-ray PWNe at VHE
of cosmic microwave background photons being accelerated by inverse Compton scattering.
The VERITAS source is also co-located with the Fermi-LAT source 3FGL J2015.643709,
which has a proposed extragalactic origin with the nearby blazar. There is no VERITAS
emission associated with the blazar, as it is well separated from the errors on the position
of VER J2016+371. Because of this clear separation and the similarities with other VHE
PWNe, the preferred source classification of VER J2016+371 is that of a PWN associated
with SNR CTB 87.
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Figure 7.5: VERITAS excess map (color scale) of the region around MGRO J2019+4-37 above
600 GeV. The color bar corresponds to the number of excess events. The change from red
to blue occurs at 30. The regions for spectrum analysis of the two VERITAS sources are
demarcated by the white dashed circles, and the potential counterparts are indicated with
either ellipses representing their shape or crosses. The 9¢ significance level MGRO J2019+-37
contour is in white. Figure from [126].
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7.3.4 Previous Limits

VERITAS has furthermore reported limits on the microquasar binary system Cygnus X-3
[53]. Using 44 hours of data taken from 2007-2011, no significant emission from the binary
was detected. Flux upper limits were made using the Rolke method [117]. The limit was
not strong enough to constrain the overall spectral shape based on Fermi-LAT spectrum

extrapolations.

7.4 Systematics Studies

The Cygnus region data set is unique compared to data sets based on the standard VERITAS
pointed observations. It is comprised of a number of observations along a grid, as well as
extensive follow-up observations at a few locations of interest. The data therefore covers
a large region with varying observation times. A number of studies were undertaken to
confirm the stability of the analysis procedures and confirm that the two independent analysis
packages are consistent under a variety of observing conditions. These conditions include
two array epochs, V4 (before the T1 move) and V5, as well as two observing seasons, Winter
(ATM21) and Summer (ATM22) over the five years of observations. The first systematic
study was with the Crab Nebula, the brightest steady VHE gamma-ray point source. Second,

we tested the consistence of the extended source analysis on the source MGRO J1908+106.

7.4.1 Crab

Due to its unique nature as a bright, Galactic point source at TeV energies, the Crab Nebula
is an important source for characterizing non-standard VHE gamma-ray observations and
new analysis techniques. A mini-survey of the Crab Nebula was undertaken at the same
time as the original Cygnus survey and it can be used to characterize the sensitivity of the
analysis techniques. We also evaluated five hours of Crab Nebula data taken each observing

SeasoI1l.

The observations for the mini-survey were taken in ten grid pointings in the region around
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the Crab Nebula resulting in about three hours of data with an average elevation of 76°.
The analysis was undertaken without inputting the known source location. The data can
be used to compare our updated standard analysis methods with the methods available at
the time of the survey, as well as to characterize any improvements made possible by new
analysis techniques that are still being evaluated for their usefulness and accuracy. Shown
in Figure 7.6 is the analysis for this mini-survey data for extended source moderate cuts;
the figure shows that the two analyses are consistent for a bright point source such as the
Crab Nebula. Further checks of the extended source analysis with MGRO J1908, in the next

section, show that hard extended cuts are more appropriate for a weak extended source.

From the analysis of the year-by-year Crab data it has been determined both that the
two analysis packages are consistent with each other and that they are consistent on a year-
by-year basis. The year-by-year consistency with ED is shown in Figure 7.7. The consistency

between packages and by epoch is shown in Figure 7.8.

Table 7.2: The results of the Crab Nebula analysis with VEGAS and ED over the two
observing epochs — V4 and V5. The index and flux normalization are shown for a simple
power-law spectrum fit.

Value | VEGAS V4 VEGASV5  ED V4 ED V5
Spectral index -2.46 -2.45 -2.50 -2.50
Flux normalization | 3.14 x 10~ 3.28 x 10~ 3.15 x 10" 3.17 x 10~ 1
(ecm™2?s7!1TeV™)
Flux norm error 6.1 x 107"  52x107"% 6.88x 1071 577 x 1071

7.4.2 MGRO J1908+106

Because a large number of Galactic sources are extended on the sky, we furthermore checked
that the spatial reconstruction of the two analysis packages is consistent using extended
source cuts. We decided to use the VERITAS-detected Milagro source MGRO J19084-106
to check this, due to its previously measured extension [127]. The maps produced by each
analysis package are presented side by side in Figure 7.9. It can be seen that the spatial

reconstruction with each package is consistent.
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Figure 7.6: The ED (top) and VEGAS (bottom) results for the mini-survey of the Crab
Nebula using extended, moderate spectrum source cuts. On the left are the skymaps (in
significance, color scale) of the region for each package, and on the left are the resulting

significance distributions. The analyses are consistent for a bright point source such as the
Crab Nebula.
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Figure 7.7: The Crab Nebula spectra determined on a year-by-year basis by ED. They are
all consistent with each other, showing that the analysis is robust under the two observing
epochs and varying conditions.
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Figure 7.8: The Crab Nebula spectrum produced epoch to epoch with VEGAS and ED. The
curves indicate the fit for each spectrum. This shows that the two analysis packages are con-
sistent with each other and over time. Also shown are the results from the MAGIC, HEGRA,
Whipple, and H.E.S.S. experiments to indicate the consistency with other experiments.
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Figure 7.9: The ED (a) and VEGAS (b) significance (color scale) sky maps of the region
of MGRO J1908+4106. The source is measured to have a consistent extent, morphology,
and location reconstruction in each analysis package. Differences in maximum significance
are consistent with the differences in methodology and energy threshold between the two
packages.

7.5 Trials Factor Estimation

A blind search over the region for significant gamma-ray sources would incur a large trials
factor from the “look-elsewhere” effect. Therefore a Monte Carlo simulation was undertaken
to determine the trials factor. The first step was to create an exposure-corrected acceptance
map such as the exposure shown in Figure 7.2. Then random photons were generated
according to that exposure map. Next, the significance map was generated using the same
ring background method (RBM) analysis chosen for the analysis of the Cygnus data set. An
example random photon map and significance map are presented in Figure 7.10. The value
of significance of the highest significance bin is recorded, as well as the value of significance
of a reference bin. In total about 1.5 x 10° simulations were performed for both the point
and extended source analyses. The difference in the trials factor between the two was less

than 2%, and was therefore determined to be negligible.

The relationship between a pre-trials probability (py.) and a post-trials (ppest) probability
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is given by:

Ppre = 1—- (1 - ppost)l/XT- (71)

The resulting trials factor versus significance for the Cygnus region analysis is shown
in Figure 7.11. For example for a pre-trials significance of below about 4.50, the post-
trials significance is 0. This is consistent with expecting a fluctuation of this size in every

observation covering this area.
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Figure 7.10: (a) An example of the random photon map generated for the trials simulation
analysis and (b) the resulting significance map. The value of significance for the highest
significance bin and a reference bin are saved for each random photon map.

7.6 Results

This section begins with an overview of the results for the entire region as seen by VERITAS
and Fermi-LAT. It then discusses the detailed results for individual sources seen by both
experiments and concludes with the VERITAS upper limits for sources that are seen by

Fermi-LAT, as well as for other sources of interest as discussed in Chapter 3.

7.6.1 VERITAS Sky Maps

Section 7.6.1 shows the VERITAS sky maps for the full analysis of the Cygnus region. The
significance is plotted as a function of Galactic latitude and longitude (1,b). When looking at

these sky maps, the four previously detected sources are clearly visible. No new sources or
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Figure 7.11: The trials factor, Xr, as a function of local significance, o,,.. The black dashed
line represents the total number of bins in the Cygnus region seen by VERITAS.

hot spots are visible on these maps. A significance distribution, with the measured sources
and the bright stars excluded, is consistent with a normal distribution with a mean at 0 and
a standard deviation of 1 (as expected for the background). This is shown in Figure 7.14.
To check for weak sources which could be masked by the total significance distribution, the
whole region was split into smaller (4° x 4° square) regions and the distributions checked
for evidence of a significance above background in each region. When measured sources and
bright stars are excluded the smaller region significance distributions are also consistent with

background.
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Figure 7.14: The significance distribution for the entire region hard-point source cuts (left)
and hard-extended source cuts (right). The distributions in blue are for all bins and the
distributions in green are with cuts for bright stars and known/measured sources; it can
be seen that the distributions are consistent with normal distributions centered at 0 (red
curves).

The results for the four detected sources are discussed in Section 7.6.3, and the chapter

concludes with VERITAS upper limits on potential VHE sources in the region.

7.6.2 Fermi-LAT Sky Maps

The Fermi-LAT counts map for the Cygnus region is shown in Figure 7.15. In the region
there are 25 3FGL catalog sources which overlap with the eight 1FHL sources and four 2FHL
sources. Eight of the sources have firm associations in the catalog at other wavelengths and
another two have potential source types in the catalog. 15 are associated with the Cygnus
cocoon field and may reflect the poor modeling of the Cocoon diffuse emission rather than
individual point sources. In particular the upper-left region of the Cygnus cocoon is poorly
modeled. This can be seen in the residual map of the region after fitting the catalog and
new sources (see Figure 7.16). The results for individual Fermi-LAT catalog sources are
presented in Table 7.3. 29 new point sources in the region were identified in this analysis;

these are presented in Table 7.4. Figure 7.17 shows the spectral energy distributions (SEDs)
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of the 3FGL catalog Fermi-LAT sources with TS > 25 in the final fit. Figure 7.18 shows
the SEDs for the newly detected sources with a TS > 25 in the final fit. Also shown on the
SEDs is the 10 %, 1% and 0.5% Crab Nebula flux at TeV energies. For sources not detected
by VERITAS, the upper limit from Table 7.5 is shown. The sources are fit with one of
three spectral types, a power law (PL, Equation (7.2)), a log parabola (LP, Equation (7.3)),
also known as a curved power law, or (for pulsars only) a power law with exponential cutoff

(PLEC, Equation (7.4)):

AN £\
—a—B1In(E/Ey)
N _ N (E | (7.3)
dE E,
or
AN B\ e _FB
@ N (2 . 4
dE 0<E0> eXp(E) (74)

Here, a the spectral index, Ny the normalization, Fy the energy normalization, Ej, the energy
of the spectral break for an LP spectrum, S is the modifier for that break, and FE, is the

energy of the spectral cutoff for a PLEC spectrum.
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Sources associated with VERITAS detected sources are discussed in further detail below.
Of the newly detected sources, a number have potential associations. PS J1958.643510 is co-
incident in location with Cygnus X-1. It has been previously reported at Fermi-LAT energies
[45, 129]. PS J2002.343247 is 6.4” away from the center of the extended SNR G69.7+1.0.
PS J2006.3+3101 is coincident with PSR J2006+3102, but we did not conduct a search for
pulsations to confirm this association. PS J2013.34-3616 replaces 3FGL J2014.4+3606 in
this analysis, and is associated with SNR G73.9+0.9. It is a marginally detected candidate
in the Fermi-LAT SNR catalog [130]. Finally PS J2032.1+4058 is coincident with Cygnus
X-3. The Fermi-LAT reports 1FGL and 2FGL, but not 3FGL sources at that location due

to the variable nature of Cygnus X-3.

7.6.3 Known VERITAS Sources
7.6.3.1 TeV J2032+4130, VER J2031+415

VER J2031+415, associated with TeV J2032+4130, the first unidentified TeV source, is de-
tected strongly with VERITAS, at a peak significance of 10.10 (pre-trials). The VERITAS
significance map is shown in Figure 7.3, with the Milagro contours overplotted. A source

fitting has found that the source is an asymmetrical extended source centered at (I, b) =

1.20°40.012,,,40.012, . ((RA, dec) = 20"31™33%, 41°34°48” (J2000))

stat sYs

80.25°£0.013

stat

+0.013

EIER

with a semi-major axis of 0.19°£0.02¢,,,40.017, . and a semi-minor axis of 0.08°+0.01¢,,,£0.03;

sYs sys*

The ellipse is oriented to the northeast at an angle of 103.02°+3.803,,,+15, .. The position of

the centroid and the extension of the source are consistent with the already-published source

VER J2031+415, whereas the orientation is slightly different than the published one.

The Fermi-LAT pulsar PSR J2032+4127 is well represented in the on-pulse data as a
point source; when that point source is input into the total model, there is a strong residual
excess in the Fermi-LAT data. That residual excess is shown in Figure 7.19, with the
VERITAS and Milagro contours overplotted. It is detected at a TS of 194, and is measured
to be an extended source of a 0.15° Gaussian radius. The centroid is consistent with the

location of the pulsar.
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Figure 7.17: Spectra for all of the 3FGL catalog Fermi-LAT sources in the region, including
sources that are identified as VERITAS sources and are discussed in detail in the next section.
For all sources not detected by VERITAS, the 95% upper limits are displayed for the point
source analysis in red and for the extended source analysis in magenta. The black lines
represent the 10% (solid), 1% (dashed), and 0.1% (dotted) Crab Nebula spectrum, [128].
The purple butterfly is the 3FGL spectrum [59], yellow is the 1FHL [60], and cyan the 2FHL
[61].
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Figure 7.18: Spectra for all of the Fermi-LAT sources in the region, including sources that
are identified as VERITAS sources and are discussed in detail in the next section. For all
sources not detected by VERITAS, the 95% upper limits are displayed for the point source
analysis in red and for the extended source analysis in magenta. The black lines represent

the 10% (solid), 1% (dashed), and 0.1% (dotted) Crab Nebula spectrum, [128].
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Figure 7.19: (a) The significance map of VER J20314415. The Milagro: 3, 4, 5, 6, and 7o
contours are plotted in white, along with the locations of other objects of interest. (b) The
Fermi-LAT TS map of the residual source that results from the pulsed analysis, with the
same Milagro contours, in white, and sources of interest, as well as the 50, 100, 150, 200,
and 250 excess contours for the VERITAS source in green.

The VERITAS spectrum is well described as a power law with a normalization of (6.92 £
1.4844¢) x 1073 TeV tem™2s7! at 1 TeV, and an index of —2.03 & 0.26,,4,. No evidence for
a cutoff is found up to 30 TeV. The spectrum of the new Fermi-LAT source is described by
a power law with a normalization of 1.13271 £ 2.768 x 1072 at 1 GeV, and an index of

—2.562 4+ 0.099. The spectra are shown in Figure 7.20.

7.6.3.2 ~-Cygni SNR, VER J2019+407

VER J2019+407 is detected by VERITAS at a peak significance of 7.60. It has previously
been identified on the northwest rim of SNR G78.242.1, the supernova remnant associated
with the v-Cygni SNR [124]. The source morphology is determined by fitting the uncorrelated
excess map with a two-dimensional, asymmetric Gaussian shape. The centroid is found to be

at (I, b) = (78.30°40.0232,,,40.01° | 2.489°40.010%,,,40.01°, ), ((RA, dec) = 20"20™04.8¢,

sYs) stat sYs

40°45’36” (J2000)), with a semi-major axis of 0.287°+£0.0232,,,£0.02¢, . and a semi-minor axis

sys

of 0.193°£0.0102,,,£0.03°

s5YS?

with the semi-major axis at an angle of 86.770°4+0.110%, ,42°

stat sYs

west of north. The previously reported extent of the source is 0.23°40.03° 5444 +0.04°-0.02°,,
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Figure 7.20: SEDs for VER J2031+415 (black) from the extended source analysis and the
new Fermi-LAT source (blue) found from the off-pulse analysis. Also shown are the results
from HEGRA [71] and MAGIC [131].

located at (RA, dec) = (20"20™04.8%, +40°4536” (J2000)). This position and extent are
consistent with the previously published values. The contours of the VERITAS source are

shown in Figure 7.21.

A recent paper has identified that, above 3 GeV, the Fermi-LAT emission originates
from the same region as the VHE emission that was previously detected by VERITAS [133].
The Fermi-LAT analysis presented in this work confirms that result, as seen in the T'S map
(Figure 7.22) generated with the SNR source 3FGL J2021.0+4031e removed from the model
and with the pulsar PSR J2021+44026 and point sources, left in the model, along with the
diffuse emission components. The Fermi-LAT morphology is consistent with the VERITAS
source location in the northern half of the remnant. The Fermi-LAT results also show good
agreement across the whole remnant with the radio emission from the Canadian Galactic
Plane Survey (CGPS), with the GeV gamma-ray emission stretching to the southern edge
of the remnant as well. The origin of the differences between the VERITAS morphology
and Fermi-LAT morphology at the southern edge is unclear. It is noted that the Fermi-
LAT emission in the southern half of the remnant is weak and softer than in the northern

part of the remnant and thus it may not be strong enough for detection by VERITAS.
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Figure 7.21: Fermi-LAT TS map (in color) of the region around VER J2019+407 with the
pulsar source and nearby sources included in the model. The VERITAS excess contours are
overlaid in green and the CGPS radio contours in white [132]. The Fermi-LAT and radio
contours are well matched and are peaked with the VERITAS source.
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Deeper observations, in particular with the lower energy threshold following the 2012 camera

upgrade, may clarify this.

Figure 7.22 shows the spectrum for the entire remnant in the Fermi-LAT analysis (1-500
GeV) and for the portion of the remnant consistent with the VERITAS source location. The
VERITAS spectrum is well described as a power law with a normalization of 1.38 x 1071
em 2 GeV s 1 £217x107% ecm™2 GeV~! s7! at 1 TeV and an index of —2.58 £ 0.21 44s.
No evidence for a cutoff is found up to 30 TeV. The Fermi-LAT spectrum for the whole
remnant is fit by a power law with prefactor 8.82 x 10712 £4.26 x 10~'* at 1 GeV and index
—1.90 + 0.03.

_____ I____ :[
10¢ FF=F== e

E2dN/dE [GeV cm 2 s57!]
[
o
[t}
«—

¥ VERITAS (this work)
10 H ¥  Fermi-LAT Whole Disk
+  Fermi-LAT VERITAS Integration Region

10° 10! 10 103 104
Energy [GeV]

Figure 7.22: Spectra for VER J2019+407 (black), and for the various choices of Fermi-LAT
extended source template: whole region in blue and VERITAS coincident region in red. The
spectrum for the VERITAS coincident region of the Fermi source matches well with the
VERITAS source.

7.6.3.3 Cisne, VER J20194368

VER J2019+368, in the Cisne region, is detected at a peak significance (pre-trials) of 10.27¢
using the extended analysis cuts. The source morphology is estimated by fitting with two-

dimensional asymmetric Gaussian function; the best fit has its centroid at (1, b) = (74.97°+

0.02°, 0.35°+ 0.01°)((RA,dec) = 20"19™23%, 36°46'44.4” (J2000)) with a 1o angular exten-
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Figure 7.23: VERITAS significance sky map of the Cisne region (VER J2019+4368). The
Milagro contours for the region are over plotted in white, and the Fermi-LAT sources (and
other sources of interest in the region) are labeled.

sion of 0.34°+ 0.02°by 0.14°+ 0.01° at an angle 54.0°+ 2.6° west of Galactic north. The
VERITAS source is shown in Figure 7.23.

The earlier VERITAS publication reported the potential of energy dependent morphol-
ogy, with photons > 1 TeV somewhat more significant than photons < 1 TeV [126]. This is
not apparent in this analysis. However, the overall emission occurs in two peaks within the
whole source separated by a small dip in the significance between the two. In this analysis
a two source model was not preferred over a single source. Further observations and/or

improved analyses may be able to resolve this into two sources.

In the Fermi-LAT analysis of the region, a number of point sources are contained in the
extension of VER J2019+368, and could contribute to the TeV emission in the region. These
include the pulsars 3FGL J2021.14-3651 and 3FGL J2017.943627, the second of which was

121



108

- - Milagro PLWC
I VERITAS (this work)
[ VERITAS (Aliu, 2014)

E? dN/dE [GeV! cm 2 s7!]
=
o
—
i
_
—_

10710 L . .
10° 10* 10°
Energy [GeV]

Figure 7.24: Spectrum of VER J2019+4368 with VERITAS extended source analysis (0.23°)
(black), also plotted are the spectrum with a 0.5° integration radius (blue) and the Milagro
spectrum in green [80].

identified by Einstein@Home [134]. These could contribute to a pulsar wind nebula, but our
analysis of the off-pulse emission shows that, 3FGL J2021.14+3651 does not have significant
evidence of off-pulse emission. A non-detection does not rule out a weak nebula, or a pulsar
wind nebula at other wavelengths, and further follow up in other wavelengths would be
necessary to determine if a nebula contributes to VER J2019+4-368. For the second pulsar,
the ephemeris was not publicly available, so the same off-pulse search was not undertaken.
Also, both sources are not located near the centroid of the VERITAS emission, so we conclude

the VERITAS emission could come from another source.

The spectrum measured in this analysis (Figure 7.24) is weaker and softer than that of
[126], but it was determined using a different integration window (0.23° radius rather than

0.5°). There is no clear Fermi-LAT counterpart to this emission.

7.6.3.4 CTB 87, VER J2016+4371

VER J2016+371, associated with CTB 87, is detected in this analysis at a level of 6.18¢
at a location of (I,b) = (74.93°+0.01°, 1.16°40.01°) ((RA,dec) = 20"15™57%, 37°1024”
(J2000)), see Figure 7.25. This location is just outside the statistical errors of the loca-
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tion quoted in our earlier paper [125] which gave a location of (RA, dec) = 20"16™2°+32, ,,
37°11°52” £40” g0¢ (J2000) ((1,b) = 74.94 °, 1.14°). To determine the location and morphol-
ogy of VER J2016+4371, the excess map of the VER J2016+371 region was fit with a point
source and with a single, symmetric Gaussian. Though the fit was slightly better with a

single symmetric Gaussian, the extension is consistent with zero within statistical errors.

7.0

VERITAS Significance

—-35

| | |
75.20 75.00 74.80

1]

Figure 7.25: The VERITAS significance map for VER J2016+-371(CTB 87) produced with
hard point source cuts.

A spectral fit was conducted using all of the VERITAS data taken with four operational
telescopes and a pointing offset of less than two degrees. This is a looser cut on pointing than
used for the other sources, since the majority of the data were targeted at VER J2019+368
and thus have a larger offset. Figure 7.27 was produced using three logarithmically spaced
bins per decade in energy and the point source integration region centered on the max-
imum significance location. The spectrum is best fit with a power law of normalization

(1.92+1.11)x107% TeV~tem~2s7! and index -2.1240.52. This result is consistent with the
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previously published result (normalization = (3.374£1.19)x107% TeV~'em2?s™!, index =

-2.4340.46), given the large statistical errors associated with spectral parameters.

In the 3FGL catalog there is a source that is coincident with CTB 87 but is identified
with the galaxy QSO J2015+4371. In the higher energy catalogs (1IFHL and 2FHL) the source
shifts closer to C'TB 87 and the spectrum hardens, leading to the conclusion that the two
sources both contribute to the GeV gamma-ray image, but are confused due to the limited
point spread function, see Figure 7.26. In the Fermi-LAT analysis here the source is best
fit as a single point source at (1,b) = (74.89°4-0.01°, 1.19°4-0.01°) ((RA,dec) = 20"15™36°,
37°09’36” (J2000)) and does not have significant extension. In order to test the relative
contribution of the two sources, a model was generated with point sources at the locations
of CTB 87 and QSO J2015+371, and both sources were allowed to float in the likelihood
fit. The TS value for the CTB 87 location is 101.84, and for the QSO J20154-371 position is
1087.37. While a two source model is not preferred over a one source model, the spectra for
the two components differ, as shown in Figure 7.27. Furthermore, the component associated

with CTB 87 has a spectral shape that better matches the spectrum measured by VERITAS.
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Figure 7.26: The Fermi-LAT TS map of 3FGL J2015.64+3709 (CTB 87). The counts contours
are labeled. Marked is the 3FGL J2015.6+3709 source position and the best fit position,
which is slightly offset toward CTB 87.
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Figure 7.27: VER J2016+371 (CTB 87) spectra with Fermi-LAT (blue) and VERITAS
(black). Also shown are the spectra for the two-source model in the Fermi-LAT analysis in
red (CTB 87) and magenta (QSO J2015+4371).
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7.6.4 VERITAS Upper Limits

VERITAS upper limits were calculated for all other sources of interest in the region as
defined in Chapter 3. This is not a complete list of possible sources in the region, but it
covers the source classes that tend to contribute at gamma-ray energies. To review, these
include: SNRs (from the Greens catalogs [41, 42]), high-mass x-ray binaries (from [50, 51]),
other sources of interest, and the Fermi-LAT sources identified in this analysis. A table of
these upper limits is presented in Table 7.5. For the Fermi-LAT sources, they are plotted
on the SEDs in Figure 7.17.
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CHAPTER 8

Interpretations and Conclusions

A detailed study of the Cygnus region has been undertaken with VERITAS and Fermi-LAT
data and it reveals clues to the nature of unidentified sources and the nature of high energy
emission in the Galaxy. This chapter starts with a discussion of the findings on individual
sources seen by VERITAS, followed by the conclusions that can be drawn on other sources
of interest, and concludes with a discussion of the population studies that can be done with

this work.

8.1 Sources

When an unidentified source is seen by both VERITAS and Fermi-LAT, there is more
information with which to determine the nature of the source. Furthermore, for identified
sources, studies of the spectra can reveal information about the acceleration processes in
the source. Finally, for some of the sources that are seen by the Fermi-LAT and not by

VERITAS, a VERITAS limit can constrain the nature of the acceleration process.

8.1.1 TeV J2032+4130, VER J2031+4415

The nature of TeV J2032+44130 has been a mystery since its discovery by HEGRA [70, 71].
Numerous follow-up studies had difficulty finding potential counterparts until the Fermi-
LAT identification of a pulsar at the location [63]. That pulsar has since been determined
to be in a binary with a Be star [65]. The TeV source seems to be in a relative void in the
Cygnus OB2 stellar association, lessening the likelihood that it is driven by stellar winds.
The TeV emission is most likely related to a PWN associated with the Fermi-LAT pulsar
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PSR J20324-4127, and this conclusion could be supported by the excess measured in our

off-pulse analysis.

A recent paper determined that PSR J2032+4127 is in a wide orbit binary with a 15 Mg,
Be star, MT91 213 [65]. The authors argue that this object probably cannot fully power the
TeV emission. However, they note that if the TeV emission results from the proper motion

of this long-period binary system with a massive companion star, then the increased age will

1 1

lead to a smaller transverse velocity of <30 km s™", compared to 51 km s™" as mentioned
in [125]. The TeV emission would be expected to vary with orbital period if it were due to
interactions between PSR J2032+4127 and its companion star. No evidence of variability at
TeV energies with VERITAS using the Cygnus region data (from 2007-2012) was found. To
investigate the nature of the VHE emission in more detail, further observations are planned

during periastron in early 2018.

Multiwavelength images of TeV J2032+4130 and its vicinity are shown in Figure 8.1. The
infrared images from Spitzer and Herschel are dominated by bright diffuse emission and show
structures associated with star-forming activity in the Cygnus-X complex. In addition, as
noted in [125], nearly all the TeV gamma-ray emission happens to be within a rare void.
This is one reason that the VHE emission of TeV J2032+4130 is not thought to come from
stellar wind interactions. Stellar winds from the OB stars in Cygnus OB2, a prime target
for investigating stellar winds, could accelerate Galactic cosmic rays. The mechanical stellar
wind energy should be enough to power the VHE emission seen in this region, but almost all
of the massive stars are outside the TeV emission. It is plausible that a supernova exploded
within Cygnus OB2 and its remnant expanded into the surrounding medium and cleared out
the void. The size of the void would be reasonable for a remnant of the age and distance
of TeV J203144130. The SNR has likely dissipated, and the TeV emission is related to
the PWN. Furthermore, it is worth noticing that the majority of identified Galactic TeV
gamma-ray sources are PWNe. The pulsar and a PWN are also seen in x-rays. Following
[125], there should be a cutoff in the spectrum around 10 TeV for a PWN. However, no
spectral cutoff is seen until 30 TeV, which weakens the argument for a PWN only scenario.

TeV J203244130 remains a complex mystery with a variety of scenarios for generating
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81.00 80.50 80.00 79.50

(a) 1420 MHz from CGPS (b) Spitzer IRAC 5.8 um

81.00 80.50 80.00 79.50 81.00 80.50 80.00 79.50

(c) Spitzer 5.8 pm from the MIPSGAL survey (d) Herschel

Figure 8.1: The region around TeV J2032+4130 at various wavelengths, (a) radio, (b-d)
infrared. It can be seen that TeV J20324-4130 is in a relative void in the region.
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the TeV emission. The most promising is a PWN of the Fermi-LAT pulsar PSR J2032+4127,
but with contributions from the other proposed scenarios to explain the spectrum extension
to higher energies. The scenarios include possible contributions from either stellar winds in
Cygnus OB2 or from accretion interactions as a binary with the Be star MT91 213. As a

PWN it is expected to contribute to the Galactic cosmic-ray electron population.

8.1.2 ~-Cygni SNR, VER J2019+407

The association of VER J2019+4407 is firmly associated with the v-Cygni SNR, SNR G78.24-2.1.
That association is consistent with the Fermi-LAT analysis. It is therefore not likely a PWN
associated with the bright pulsar PSR J2021+4026 [133]. It has been suggested that SNRs
power the Cygnus cocoon emission seen by Fermi-LAT; however, the emission is probably
not driven by a single bright SNR like that in y-Cygni. The results of this analysis are
consistent with the previously published results of [133] who report that the gamma-ray
spectrum could be fit by either leptonic (with a mix of bremsstrahlung and inverse Compton
gamma-ray production) or hadronic (but with a requirement of a broken power law spectrum

of cosmic-ray protons) production scenarios.

Interestingly the HE and VHE emissions are concentrated in the northern half of the
remnant, where the gas is less dense. This also a region that has a lot of source confusion,

so there could be other components to the emission.

2XMM J202131.0+402645 is a promising counterpart to the pulsar [135] likely born in
the SNR explosion that created 7-Cygni. A projected kick velocity of a few hundred km/s
is reasonable. The distance to the pulsar of 1 kpc and distance of the pulsar to the remnant
center are consistent with pulsar proper motions. The adiabatic age of SNR, determined from
its size (30”) and its distance (1.5 kpc), is estimated to be 6.6kyr [136]. This is consistent
with the optical age of the pulsar reported in [37]. The pulsar spin down age is 77 kyr, but

pulsars can be younger than the spin down age would imply.

This work is in agreement with the previous studies and draws similar conclusions: that

the v-Cygni SNR and PSR J202144026 are from the same event and that the remnant is
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interacting with a large amount of material in a region of the Galaxy notable for freshly
accelerated cosmic rays. The remnant is expected to be capable of accelerating protons, but

greater spectral coverage is needed to measure the pion signature.

8.1.3 Cisne, VER J2019+368

The Cisne region has been a mystery since its discovery as a region of VHE emission by
Milagro [18]. VERITAS resolved the point source CBT 87 discussed in the next section as
separate from the rest of the region. The remainder of the emission detected by VERITAS
is concentrated on the large, extended source VER J2019+4-368. The current study was not
able to definitively determine that VER J2019+4368 is more than one source. It is therefore

harder to determine the most likely of the many possible counterparts.

The Fermi-LAT analysis undertaken in this work identifies the known pulsar sources, but
does not find off-pulse emission and thus doesn’t provide clues to the origin of VER J20194-368.
The most likely scenario could be a source with contributions from PSR J2021+4-3651 and the
H II region Sh2-104; with a potential contribution from PSR J2017+3625. The multiwave-
length view of the region is shown in Figure 8.2. The XMM view from [126] sees a bright
point source associated with a PWN around PSR J2021+4-3651. Furthermore, a recent paper
reports a bright point source seen by NuSTAR associated with SH2-104 this region is also
bright in the CGPS [137]. These studies have been unable to determine a clear counterpart
to VER J2019+-368.

8.1.4 CTB 87, VER J2016+371

The VERITAS source VER J20164-371 is associated with CTB 87, but is also positionally
consistent with QSO J2015+4-371. There is a 3FGL source associated with the active galaxy,
but at higher energies (in the 1IFHL and 2FHL catalogs) the source is associated with CTB
87, a PWN. The Fermi-LAT analysis in this region can break down into the two sources
based on the radio positions, as shown in Figure 7.27. Figure 8.3 shows the XMM view of
the region with the radio excesses of CTB 87 and QSO J20154371 from the CGPS 1420
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Figure 8.2: The multiwavelength picture around VER J2019+368. The VERITAS excess
contours are shown in green, and the CGPS 408 MHz contours are in white. The XMM
pointings are in grayscale, with a bright point source at the location of PSR J2021+43651.
The NuSTAR observations reveal a number of point sources, marked in orange.

MHz view. There are also x-ray sources associated with both CTB 87 and QSO J2015+371,

as well as weaker sources of non-thermal radiation in the region.

Our examination of CTB 87, and the Fermi-LAT source 3FGL J2015.6+3709 confirm
that the VHE is consistent with the PWN. Furthermore we showed that 3FGL J2015.64+3709
is likely made up of two overlapping components; one associated with the QSO J2015+371,
and one associated with CTB 87. We were then able to see that the spectrum of the CTB
87 component matches will the VERITAS spectrum; see Figure 7.27.

8.1.5 Other Sources of Interest

This work has detected Fermi-LAT sources associated with other sources of interest and has
set VERITAS upper limits on those sources. The Fermi-LAT extrapolations identify that a
few of the 3FGL or new point sources in the region could be seen at the few percent Crab
Nebula flux level in deeper observations by VERITAS. The microquasars Cygnus X-1 and

Cygnus X-3 have now been detected as steady sources, and ongoing study is required to
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Figure 8.3: The XMM (observation id. 0744640101) counts view of the region around CTB
87 (VER J2016+371). The VERITAS contours are in green, and the radio contours from
the CGPS 1420 MHz observations are in blue. The locations of relevant sources of interest
are marked.
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determine if their flaring states could produce VHE emission. Overall the VERITAS upper
limits have an average value that is higher than expected for photons drawn from a normally
distributed background. This either hints at excess VHE gamma rays in the region, but it

could also be related to systematic uncertainties.

The new Fermi-LAT sources PS J2002.3+3247 and PS J2013.34+-3616 are associated with
SNRs G69.7+1.0 and G73.94-0.9 respectively. There is a probability that new and/or weak
sources in the Fermi-LAT analysis could be substructure of the Cygnus cocoon, or related

to an incomplete understanding of the Galactic diffuse emission.

8.1.6 Source populations in the Cygnus Region

The Cygnus region is bright in gamma rays and is a possible close analog to the inner regions
of the Galaxy. The region contains four sources detected in VHE gamma rays. There are
37 Fermi-LAT catalog sources in the region, and a further 36 new sources identified in this
analysis. The 3FGL sources include: nine pulsars, one SNR, one star-forming region, three
special type sources (likely SNR or PWN), and 13 unidentified sources. The new sources
include possible associations with the Cygnus X-1 binary and SNR G73.940.9. The following
comparisons are made only considering Fermi-LAT sources in the SFGL, 1FHL, and 2FHL

catalogs.

In order to compare the Cygnus region to the inner Galaxy, it is useful to consider the
sources detected by the H.E.S.S. Galactic plane survey. In the region surveyed by H.E.S.S.
(from 250° to 65° in Galactic longitude and from -3.5° to 3.5° in Galactic latitude) they
detected 56 sources [84]. An up-to-date list of sources is maintained at the H.E.S.S. source
catalog [88], of which a large fraction are still unidentified. The average sensitivity for their
survey is approximately 2% Crab Nebula flux, and it varies over the region. In the Fermi-
LAT 3FGL catalog there are 339 total sources in the region covered by H.E.S.S.: 3 binaries,
49 pulsars, 9 PWN, 15 SNRs, 31 special type sources, 12 extragalactic sources, 2 associated

with globular clusters and 218 unidentified.

As a back-of-the-envelope check, we can estimate whether the fraction Fermi-LAT sources
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detected in the Cygnus region roughly matches the fraction detected in the H.E.S.S. survey
region, 339. The fraction of Fermi-LAT sources that are detected as VHE sources in the
inner Galaxy is estimated to be % ~ 16.5%. Then the number of VHE in Cygnus region
would be expected to be 16.5% of 37, or about six VHE sources. There are a number of
caveats to this simple approach that uses the H.E.S.S. region as an analog for the Cygnus
region. In particular, it does not take into account the depth of the surveys relative to each
other, the actual fraction of VHE sources detected by Fermi-LAT, or the distance to the

sources of interest in the regions.

Another possible check would be to use the populations of Fermi-LAT sources in the
1FHL and 2FHL catalogs. In the Cygnus region in the 1FHL catalog there are 9 detected
sources: 4 pulsars, 1 star forming region (the Cygnus Cocoon), 1 SNR (the v-Cygni SNR),
1 unidentified source, and 2 associated with extragalactic objects (one of which is the source
positionally coincident with CTB 87). In the H.E.S.S. region there are 53 detected sources:
8 SNRs, 6 PWNe, 5 special type sources (as above), 13 pulsars, 1 luminous blue variable
star (Eta Carinae), 7 sources with extragalactic associations, and 13 unidentified sources.
Following the estimation from the previous paragraph, we can estimate the fraction detected
at VHE energies to be % ~ 100%. Therefore, with the same caveats as above, the number
of VHE sources in the Cygnus region is estimated to be 9. There are only 3 sources detected
in the Cygnus region in the 2FHL catalog: 1 associated with Cygnus Cocoon emission, 1
associated with the v-Cygni SNR, and 1 associated with CTB 87 (and positionally coinci-
dent with the lower energy source associated with QSO J2015+371). In the inner Galaxy
(H.E.S.S.) region there are 40 sources in the 2FHL catalog: 10 SNRs, 11 PWNe, 4 special
type source (as above), 10 unidentified sources, 2 binaries, 2 extragalactic sources, and 1
pulsar. In this case, our procedure’s estimate matches the number of VHE sources detected
in the Cygnus region, expecting 3 - % ~ 4. It is interesting that even without accounting
for source type, the ratio arguments give reasonable values. In particular the high energy
2FHL catalog gives the right number of sources. This hints at similarities in VHE sources
between the Cygnus region and the inner Galaxy when accounting for the sources seen at

high energies by the Fermi-LAT.
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The spatial distribution of HE and VHE sources in the Galaxy is shown in Figure 8.4
and Figure 8.5. The Cygnus region sources are consistent with the source types commonly
seen in the HGPS, that is largely SNRs and PWNe. The view of the sources at their relative

positions in the Galaxy are shown in Figure 8.6.

Galactic Latitude source distribution

Galactic Latitude Source Distribution

40

30 Cygnus m

2 HGPs ®

5 -4 3 2 1 0 1 2 3 4 5

(a) Galactic Latitude Source Distribution for (b) Galactic Latitude Source Distribution for
VHE Sources Fermi-LAT sources

Figure 8.4: The distribution of VHE and HE sources in Galactic latitude. The Fermi source
distribution is from the 3FGL catalog and is scaled by 16.5% as described in the text for the
ratio of HE sources from the 3FGL catalog to VHE sources.
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Figure 8.5: The distribution of VHE and HE sources in Galactic longitude. The Fermi source
distribution is from the 3FGL catalog and is scaled by 16.5% as described in the text.

A log(N>S)-logS plot can be used to evaluate the cumulative number of sources detected
for a given telescope sensitivity. In the case of a uniformly distributed source population the
expected relationship is N(>S)ocS™/2, where —3/2 is the index. The plot for the HGPS is

shown in Figure 8.7. It shows that their measured index 1.2. this can give us an idea of
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Figure 8.6: Overhead view of the Galaxy with VERITAS (green) and H.E.S.S. (other colors)
source positions overlaid. Adapted from [138].
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the source distribution in the Galaxy and can be used to estimate the number of expected

sources from a deeper Cygnus region survey.
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Figure 8.7: The log(N>S)-logS plot from the HGPS [139].

Once the flux (F) and distance (d) of an astrophysical source is known it is possible to
compute the luminosity (L) of the source, or energy emitted per unit of time. Under the

simple assumption that the source radiates equally in all directions, the relationship is:
L = Fird®. (8.1)

This is a way to consider the inherent brightness of the astrophysical source, and compare
with similar sources. At this time the luminosity results for the HGPS are not available for
direct comparison. The fluxes and luminosities of the Cygnus region sources are presented
in Table 8.1. As a comparison the Crab Nebula is one of the brightest TeV sources with a

luminosity of & 10%® erg/s at TeV energies.

A key distinction between the observations undertaken by Fermi-LAT and IACTs (VER-
ITAS and H.E.S.S.), is the differing field-of-view. Currently IACTSs are limited in being able
to resolve sources larger than their field-of-view. The Fermi-LAT is able to see a large frac-
tion of the sky at a time, and it is therefore capable of measuring very extended sources and

large scale Galactic emission. In the case of the Cygnus cocoon, the size of the source (3°) is
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Table 8.1: Summary of fluxes of the Cygnus region sources with know distance and luminos-
ity. The integral flux is calculated in the range from the energy threshold of the data used
to determine the spectrum to infinity.

Name Integral Flux Flux Distance Luminosity
[photons em™2s~!] in % Crab Nebula Flux  [kpc] lerg/s]
if known
VER J2031+415 1.63 x 10712 2 1.8 1.47 x 103
VER J2019+407 3.38 x 10712 4 1.7 2.15 x 103
VER J2019+368 2.29 x 10712 3 * *
VER J2016+371 2.69 x 10713 0.7 6.1 1.45 x 103

the same size as the field-of-view of VERITAS, and therefore our standard analysis cannot

resolve this source.

8.2 Conclusions

Further VERITAS observations of the Cygnus region are ongoing, and have the capability
to expand our knowledge of sources in the region, by either detecting weak sources or setting
limits on Fermi-LAT sources. Furthermore, current and future experiments bring the capa-
bilities for expanded studies of the region. The HAWC experiment continuously surveys the
northern sky and has been gathering data in the region since 2015. It is expected to have the
capability to detect hard spectrum, extended sources in the coming years. VERITAS would
then be capable of doing pointed follow-up observations on new sources at lower energies to
connect to Fermi-LAT energies. Furthermore advanced analysis techniques such as boosted
decision trees for gamma-hadron separation and better image fitting can be applied, further
more the data set can be expanded to include data collected since 2012. In the future CTA,
currently in the pre-construction stage, will undertake survey observations of the Galactic
plane from both the northern and southern hemisphere with greatly improved sensitivity

and improved angular resolution.

From the perspective of other techniques, such as Laser Interferometer Gravitational-
Wave Observatory (LIGO) and IceCube offer views of astrophysical objects in cutting edge

multi-messenger approaches. LIGO is a gravitational-wave detector with two laser interfer-
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ometers — one in Haverford, WA and one in Livingston, LA. IceCube is a neutrino observatory
made up of one cubic kilometer of instrumented ice at the South Pole. With current lim-
its for the IceCube array it is not expected that it will be able to detect neutrinos from
sources in the Cygnus region soon [140], but the continued operation and proposed upgrade
of IceCube could result in the detection of Galactic sources in neutrinos in the near future.
Neutrino emission would give a signal of hadron acceleration in the astrophysical source.
The first observations of gravitational waves by LIGO [141], have opened the door to future
gravitational wave studies. Neutron star binaries in the Cygnus region could be promising

targets for sensitive gravitational wave studies.

The VERITAS Cygnus survey reanalysis has confirmed the four previously detected
sources in the region and has set limits on a large number of sources of interest in the region.
A complete Fermi-LAT analysis has also been undertaken in order to study those sources
at lower energies and find new HE sources. Off-pulse emission was found at the location of
TeV J20324-4130 in the Fermi-LAT analysis which strengthens the PWN interpretation of
the source. VHE emission stronger than expected from a pure PWN hints at contributions
to the emission from the pulsar’s binary interactions. The work presented here confirms the
HE-VHE connection of the v-Cygni SNR and its likely role as a local cosmic-ray proton
acceleration source. The Fermi-LAT source associated with VER J2016+-371 (CTB 87) has
been determined to have two components with different spectral parameters. The Cisne
region remains a mysterious region of active TeV emission from a large source. Because of
its extent there is considerable source conclusion, but it is also likely to be a Galactic source.
Furthermore many new HE sources have been identified in the Fermi-LAT data and will be
further studied for their connections to potential cosmic-ray acceleration sources. Studies
of Galactic gamma rays allow us to probe sources of extreme particle acceleration in our

universe and resolve the mystery of cosmic-ray production.
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APPENDIX A

Analysis Exclusion Regions

Table A.1 defines the exclusion regions for the measured VHE sources. The excluded stars
list is presented in Table A.2. Figure A.1 maps these exclusion regions over the Cygnus

region.

Table A.1: VERITAS previously detected source shapes used to define exclusion regions in
the analysis of the Cygnus region.

Name RA dec Extent Orientation
(deg)  (deg) (deg) (rotation E->N, deg.)
VER J2019+407 304.92°  40.7° 0.5°x 0.4° 52°
(7-Cygni SNR)
TeV J20324+4130 307.85° 41.58° 0.62°x 0.38° 115°
VER J2016+371 303.98 © 37.2° 0.3°
(CTB 87)

VER J2019+378 304.86° 36.75° 0.65°x 0.4° 19°

(Cisne)
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Table A.2: List of bright stars used as exclusion regions for the VERITAS analysis of the
Cygnus region.

RA (J2000) dec (J2000) HIP  Vmag B-V

deg deg mag mag
294.844 30.1533 96683  4.68  0.971
295.686 32.4267 96977 593  0.118
296.069 37.3544 97118  4.89  0.948
296.607 33.7276 97295 5 0.476
296.866 38.4076 97376  5.83  -0.087
297.642 38.7224 97630  5.18  1.665
298.701 36.9957 97985 579  0.773
298.966 38.4867 98068  4.95 -0.086
299.077 35.0834 98110  3.89  1.019
299.308 40.3678 98194 546  -0.09
299.658 30.9837 98325  5.51  -0.06
299.98 37.0429 98425  5.15 -0.133
300.275 27.7536 98543  4.66  0.184
300.906 29.8968 98767  5.73  0.749
301.151 32.2186 98863  5.62 0.76
301.591 35.9725 99031  5.38 0.85
302.357 36.8396 99303  4.93 -0.139
303.561 28.6948 99738  5.19  0.191
303.633 36.8063 99770 493  0.151
303.849 33.7291 99841 5.7 0.926
304.23 40.3651 99968  5.27 1.65
304.447 38.0329 100044 477 0.377
304.529 40.7321 100069  5.83  0.073
304.619 36.9998 100108  5.58  0.056
304.663 34.9828 100122  5.14 0.66
305.522 45.795 100437  5.58  1.077
305.557 40.2567 100453 2.23  0.673
305.689 41.026 100501 595  1.632
305.935 37.4764 100574 587 -0.173
305.965 32.1902 100587 4.43  1.331
306.893 38.4403 100907  5.63  0.072
307.335 36.4547 101067 5.9 0.407
308.476 35.2509 101474  4.61  1.593
310.013 43.4589 101986 597  1.186
310.358 45.2803 102098  1.25  0.092
310.485 41.7169 102155 5.68  -0.107
312.521 44.0593 102843  5.06  0.198
314.293 41.1671 103413  3.94  0.027
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Figure A.1: The exclusion regions defined for the VERITAS analysis of the Cygnus region.
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APPENDIX B

Fermi-LAT Analysis Details

The details of the Fermi-LAT data selection are presented in Table B.1.

Table B.1: Criteria for selecting Fermi-LAT photons for the analysis.

Start time 2008-08-04 15:43:37
End time
Energy range (GeV) 1 to 500
Region Center (1,b) 74.5°,1.5°
Data Radius 30°
Data Type Pass 8
IRF P8R2_SOURCE_V6
Event class 128
Event type 2
Zenith angle 90°
Quality Cuts (DATA_QUAL>0)&& (LAT_CONFIG==1)
Bin Size 0.1°

Sources with a TS < 25 were removed from the Fermi-LAT analysis model, and then the

region was refit. See Table B.2

The Fermi-LAT analysis also identified new sources outside the region of interest defined

by the Cygnus region survey. Table B.3
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Table B.2: List of sources removed from Fermi-LAT for TS< 25

3FGL J1848.9+4247
3FGL J2133.64-2821
3FGL J2104.74-2113
3FGL J2131.5+2605
3FGL J1857.94-5549
3FGL J2055.64-1609
3FGL J1927.74+6118
3FGL J2039.74+1237
3FGL J1813.64-2820
3FGL J2033.34-4348¢
3FGL J2011.14+4203
3FGL J2026.44-4709
3FGL J2014.54-5246
3FGL J2108.14-5202
3FGL J1852.44-4856
3FGL J1841.24-2910
3FGL J1842.24-2742
3FGL J1829.24-3229

3FGL J1922.24+2313
3FGL J1838.14-3827
3FGL J2059.94-2029
3FGL J2114.94-5448
3FGL J2209.04-3652
3FGL J1934.24-6002
3FGL J2031.84-1223
3FGL J1926.8+6154
3FGL J2035.34+1055
3FGL J2102.34-4547
3FGL J2043.1+4350
3FGL J2110.3+3540
3FGL J2106.14-2505
3FGL J2114.04+-5239
3FGL J2151.6+4154
3FGL J2202.744217
3FGL J1903.24+-5541

3FGL J2107.14-2248
3FGL J2144.24-3132
3FGL J2147.24+4730c
3FGL J2014.941623
3FGL J2026.34+1430
3FGL J1829.24+2731
3FGL J1813.6+3143
3FGL J2034.341155
3FGL J1809.7+2909
3FGL J1836.34+-3137
3FGL J2058.34-3729
3FGL J2116.24-4422
3FGL J2139.54-3919
3FGL J2140.04+4715
3FGL J1849.54-2751
3FGL J2043.2+1711
3FGL J2157.54-3126

Table B.3: List of new point sources found in the Fermi-LAT analysis, but that are outside
the Cygnus region and were therefore not studied in detail

PS J1848.6+3248
PS J1938.0+2446
PS J1942.2+4012
PS J1946.5+2349
PS J1947.7+2743
PS J1954.6+2420
PS J2007.9+2511
PS J2016.2+4953
PS J2020.5+2430
PS J2024.3+3203
PS J2039.1+3210
PS J2045.4+5006
PS J2051.6+5049
PS J2101.6+3842
PS J2115.9+3702

PS J1910.9+4116
PS J1941.4+2559
PS J1943.7+2502
PS J1946.5+2434
PS J1950.8+2525
PS J1955.3+5132
PS J2011.6+2758
PS J2018.5+2935
PS J2021.3+2702
PS J2030.6+2234
PS J2039.3+2145
PS J2048.8+3118
PS J2056.5+3143
PS J2102.3+4702
PS J2142.5+3700
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PS J1933.8+2550
PS J1941.9+2451
PS J1945.2+2610
PS J1947.4+2507
PS J1951.7+2624
PS J2003.9+2517
PS J2015.7+2828
PS J2019.8+2301
PS J2024.0+2048
PS J2031.5+3137
PS J2043.9+2050
PS J2049.8+3202
PS J2058.3+3339
PS J2109.8+3954



APPENDIX C

Fermi-LAT Pulsar Analysis Plots

Pulsar phaseograms made using the timing solutions from [123]! using tempo2 [122]. MET
stands for mission elapsed time for the Fermi-LAT satellite. Also plotted is the H-Test test
significance (TS) as a function of time. This was developed to asses if the time series is

periodic with a specified period [142].

C.1 PSR J1952.94-3253

Pulsar position:
RA: 19:52:58.206 (298.2425°), dec: 32:52:40.5 (32.8779°)
Time range for phase analysis:
START: 54686.1595856 (239860190 MET), FINISH: 56583.1570129 (403760768 MET)

Off-pulse phase: [0,0.1][0.3,0.5][0.7,1]

C.2 PSR J2021.1+3651

Pulsar position:
RA: 20:21:05.43 (305.2426°), dec: 36:57:04.63 (36.9513°)
Time range for phase analysis:
START: 54686.1596215 (239860193 MET), FINISH: 56583.1578036 (403760837 MET)

Off-pulse phase:[0.7,1] Bridge-pulse phase (part of on-pulse): [0.2,0.4]

Lavailable at: http://www.slac.stanford.edu/ kerrm/fermi_pulsar_timing/
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Figure C.1: Zoomed in counts map of PSR 195243253 region (square root scale, smoothed
by 3 pixels). On the left is the counts in the on phase and on the right is the counts in the
off phase.
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Figure C.2: Tempo2 phase outputs for PSR J1952.94-3253. The top left shows the number
of events per phase, the bottom left shows the significance growing with observation time,
and the right shows the phased events.
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Figure C.3: Zoomed in counts map of PSR J2021.14-3651 region (square root scale, smoothed
by 3 pixels). On the left is the counts in the on phase and on the right is the counts in the

off phase.
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Figure C.4: Tempo2 phase outputs for PSR J2021.14-3651. The top left shows the number
of events per phase, the bottom left shows the significance growing with observation time,
and the right shows the phased events.
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C.3 PSR J2021.544026

Pulsar near the 7-Cygni SNR
Pulsar position:
RA: 20:21:30.733 (305.378°), dec: 40:26:42.04 (40.445°)
Time range for phase analysis:
START: 54686.1591735 (240162554MET), FINISH: 56579.6577627 (403458433 MET)
Off-pulse phase: [0.16,0.36]

Due to the large flux variations in the source, an off-pulse analysis was not undertaken

for PSR J2021.544026.
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Figure C.5: Tempo2 phase outputs for PSR J2021.544026. The top left shows the number
of events per phase, the bottom left shows the significance growing with observation time,
and the right shows the phased events.
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C.4 PSR J2032.2+4126

Pulsar position:
RA: 20:32:13.143 (308.055°), dec: 41:27:24.54 (41.457°)
Time range for phase analysis:

START: 54686.1591065 (239860148 MET), FINISH: 56583.1477928 (403759972 MET)

Off-pulse phase: [0.1,0.4][0.5,0.9]

4 15 33 59 92 132 180 235 297

(b) OFF

Figure C.6: Zoomed in counts map of PSR J2032.24+4126 region (square root scale, smoothed
by 3 pixels). On the left is the counts in the on phase and on the right is the counts in the
off phase.
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