OBSERVATIONS OF SUPERNOVA REMNANTS AT VERY HIGH ENERGIES
WITH VERITAS

by
Patrick Dean Wilcox

A thesis submitted in partial fulfillment
of the requirements for
the Doctor of Philosophy degree in Physics
in the Graduate College of

The University of lowa

August 2019

Thesis Supervisor: Professor Philip E. Kaaret



Copyright by
PATRICK DEAN WILCOX
2019
All Rights Reserved



For Delaney and Declan.

ii



"In the beginning the Universe was created. This has made a lot of people very

angry and been widely regarded as a bad move."

Douglas Adams, The Restaurant at the End of the Universe
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ABSTRACT

The constant flux of cosmic rays that bombard Earth from within our own
galaxy are understood to come from both shell-type supernova remnants and pul-
sar wind nebulae (PWNe). Multiwavelength study of these objects can help us
to understand what types of particles are accelerated, and gamma-ray emission is
key to understanding the highest energy cosmic rays. In this thesis, I analyze and
interpret observations made with the Very Energetic Radiation Imaging Telescope
Array System (VERITAS), a gamma-ray telescope located in Southern Arizona.

LS 5039 and HESS J1825-137 occupy the same field of view on the sky and
were observed for about 8 hours with VERITAS. LS 5039 is a gamma-ray binary,
and the observations supports theories that the compact object hosts a PWN which
is continuously interacting with the nearby star. HESS J1825-137 is a very extended
PWN with an extent of diameter of > 1 on the sky. Using the VERITAS observa-
tions, I am able to measure the radial profile and compare the gamma-ray lumi-
nosity to other PWN.

DA 495, a "Crab-like" PWN with unusually strong magnetic fields, was ob-
served for about 70 hours with VERITAS. In this study, results are combined with
radio and X-ray spectral information to allow for detailed astrophysical modeling
of the region. This broadband spectral modeling places constraints on the prop-
erties of the particle population in this PWN and allows for both leptonic and
hadronic emission scenarios to be evaluated. Hadronic scenarios instil doubt on
the pure PWN interpretation and favor a previously undetected shell-type rem-

nant being present.



PUBLIC ABSTRACT

Supernova occur when a star, with a mass several times of our sun, explodes.
This event signifies the end of the star’s life and the explosion sends particles and
light into the surrounding region of space. Over tens of thousands of years the
ejected material spreads out, creating a nebula visible to observers called a super-
nova remnant. In many cases, the central core of the star is crushed into a quickly
spinning pulsar which illuminates its own nebula at the location of the dead star.
The pulsar creates a disk-shaped wind and this central remnant is called a pulsar
wind nebula.

The extreme nature of supernova remnants allows studies of physical systems
that we cannot perform on Earth. Even long after the explosion, supernova rem-
nants generate cosmic rays, which are particles bombarding Earth constantly and
travel nearly at the speed of light. By studying the light that supernova remnants
emit across the entire electromagnetic spectrum, we can gain understanding about
the physical processes that accelerate cosmic rays to extreme velocities.

Using a ground-based gamma-ray telescope called the Very Energetic Radi-
ation Imaging Telescope Array System (VERITAS) I observed several supernova
remnants. Gamma-rays are the highest energy light and by comparing the light
measured by VERITAS with other observatories, we can understand better the

processes that accelerate energetic particles that fill our galaxy.
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CHAPTER 1

GAMMA-RAY ASTRONOMY

1.1 Introduction

The visible light that we perceive with our eyes is only a fraction of what tra-
verses the universe. As such, in order to gain a complete picture of any particular
celestial object, we must observe the light from across the electromagnetic spec-
trum. This may seem obvious to astronomers now, but non-visible light was not
detected until infrared radiation was discovered by William Herschel in 1800 while
experimenting with a way to detect sunspots. Over the next 110 years, pioneers
in physics Heinrich Hertz and Ernest Rutherford probed the extremes of the elec-
tromagnetic spectrum, radio waves and gamma rays, and these phenomena were
quickly identified as being fundamentally the same as visible light. Astronomers
later harnessed this expansion of understanding and have been using this knowl-
edge of the unified and broadband electromagnetic spectrum to look skyward and
gain more information than possible with optical telescopes alone.

The classifications of various bands of light is mostly historical due to the
initial detection usually being associated with a particular phenomena - like the
gamma-rays ( MeV photons) associated with photons emitted with nuclear de-
cay. Before being merged into a single understanding, each waveband required a
slightly different apparatus, and a different observational method, to detect that
light. Modern astronomical observatories are still classified, necessarily, by their
waveband because their (optimal) detection methods vary by wavelength. Most of

these instruments are designed to focus light in a manner to maximize the signal



that is received by the appropriate detector. However, there is not currently a prac-
tical telescope to focus gamma-ray photons. Laue lenses to focus MeV photons
are just now being developed, and the implications for astronomical observatories
are still being explored (Camattari, 2016).

Observations of gamma rays are done in space and on the ground with the
space telescopes being more sensitive to gamma-rays in the MeV-GeV range and
the ground-based telescopes being sensitive to very high energy (VHE) gamma
rays in the TeV range. There are 5098 gamma-ray sources in the fourth catalog
of sources detected by the Large Area Telescope on the Fermi Gamma-ray Space
Telescope (Fermi-LAT) (The Fermi-LAT collaboration, 2019). However, there are
only 223 VHE sources listed in TeVCat, a resource which compiles information on
known TeV-emitting sources (Wakely and Horan, 2008) and the first VHE source,
the Crab Nebula (Messier 1), was first detected in 1989 by the Whipple 10m Obser-
vatory (Weekes et al., 1989). Figure 1.1 shows the number of known TeV sources
over time and the operating time frame of a few key ground-based TeV gamma
ray observatories. Maps of the gamma-ray sky are shown in Figure 1.2.

With only a few hundred detected VHE sources it must follow that the phe-
nomena that generates this emission must be equally rare.! VHE gamma-ray as-
tronomy and astrophysics is of particular importance due to the unique associa-
tion with acceleration of cosmic rays (see Section 1.2.1 and Chapter 3). Sources
that are known to emit TeV gamma rays include: gamma-ray binaries - compact-
objects interacting with a star, supernova remnants (SNR) - shockwaves from su-
pernovae still propagating through the interstellar medium, pulsar wind nebu-
lae (PWN) - fast-spinning neutron stars that are generating relativistic winds, and

active-galactic nuclei (AGN) - powerful jets powered by supermassive black holes

1Just for comparison: the Gaia mission now has details on over 1.3 billion stars
(Gaia Collaboration et al., 2018) - VHE sources are exceptionally rare indeed!
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Figure 1.1 Number of known TeV sources versus time is plotted. The years when
major ground-based TeV observatories were/are active is indicated. The gray
boxes indicate former experiments, and the current experiments are in green. The
data is from TeVCat (Wakely and Horan, 2008).

which push material far into the intergalactic medium. These are all thought to

accelerate particles to very high energies, and the VHE gamma-ray emission is

evidence of that.

1.2 Cosmic-ray Observations

In 1912, Victor Hess made the discovery that ambient radiation was more intense
at higher altitudes and that it was caused by high energy particles impacting the
atmosphere (he won the 1936 Nobel Prize for this work). He was also able to first

prove the incoming particles” extra-terrestrial origin, and later he was able to prove
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their extra-solar origin (Hess, 1931). Astronomers have since been attempting to
determine the source of these very high energy cosmic rays.

Modern measurements of the cosmic-ray spectrum are able to detect ultra
high energy particles that reach up to 40 EeV. The spectrum that is detected of cos-
mic rays (shown in Figure 1.3) has a few features based on the acceleration mecha-
nism and composition (Antoni et al., 2005). At the highest energies, the "Ankle" is
a feature just above 1 EeV (10° GeV) where anisotropy strongly suggests that these
cosmic rays are virtually all extra-galactic (Pierre Auger Collaboration et al., 2017;
Aab et al., 2018). Below that energy, starting at around 1 PeV (10° GeV), is the
"Knee" where supernova remnants become less efficient at accelerating particles

(Hillas, 2005).
1.2.1 Astrophysical motivation: cosmic ray acceleration

Baade and Zwicky (1934) argued that the energy release from supernovae could
easily account for the intensity of cosmic rays detected on Earth. A supernova,
the explosion created by a massive star (= 8 M ) at the end of their life, sends
a large amount of extremely energetic material into the interstellar medium and
dissipating into the galaxy. For thousands of years after the explosion, a SNR
continues to expand, radiate, and generate a shock front when it interacts with the
local medium. Protons and other nuclei caught in the expanding shock experience
tirst-order Fermi acceleration as they bounce back and forth across the shock and
are thought to reach very high energies by this process. Only recently, in 2013, was
it proven that this was in fact the case (Ackermann et al., 2013). Observations of
SNRs W44 and 1C443 by Fermi-LAT and others were used to show that relativistic

protons were present.
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The origin of charged particles that are accelerated to relativistic energies be-
come scrambled due to intervening magnetic fields. In contrast, gamma-ray as-
trophysics allows for the measurement of energies and densities of cosmic rays at
the source, since the cosmic rays will often interact with material in or near their
environment of origin. The interaction of a cosmic ray with the environment will
create signature gamma-rays. Since photons do not noticeably deflect from their
origin, these gamma rays can be used as a measuring stick for what is happening
at the source.

The objects that produce cosmic rays are of special interest since they allow
for the study of natural mechanisms which create some of the most energetic pro-
cesses in the Milky Way. The natural mechanisms allow us to continue to test the

supernova-origin theory of cosmic rays presented by Baade and Zwicky (1934).
1.2.2 Galactic sources of cosmic-rays

The gamma-ray emission from the shell of a SNR can be explained by p® decay.
When very high energy nuclei interact with other nuclei, a p° can be created which
rapidly decays into two 67.5 MeV photons that create a distinctive bump in the
spectrum. The surrounding, cooler medium of a SNR gives a ready supply of slow
nuclei for the escaping protons to interact with which feeds the decay chain. Fermi-
LAT analysis (Ackermann et al., 2013) was able to compare the observed spectral
energy distribution from 60 MeV to 200 GeV to models including a physically sen-
sible proton energy distribution to demonstrate p°-decay is present. Observing
SNR at higher energies help to further constrain these models (VERITAS is sensi-
tive above 100 GeV) and provide additional information regarding the cause of the

knee in the cosmic-ray spectrum.



In addition, the Fermi-LAT analysis was limited to treating these SNRs as sin-
gle point sources, so gamma-ray morphology is not available. The process leading
to p” decay would only occur on the exterior of a remnant (as the outward shock
interacts with cool medium), so an inability to resolve spatial details about the
source begs the question: how does the emission differ interior of the SNR? The
complication due to an unknown gamma-ray morphology is presented in another
analysis of SNR IC443 (Abdo et al., 2010) and an analysis of SNR Cas-A (Acciari
et al., 2010). For these objects there is still confusion about the emission mecha-
nism based on the spectral energy distribution, alone, and part of the gamma-ray
emission is thought to be caused by inverse-Compton scattering of electrons and
not just p° decay.

Another source of galactic cosmic-rays, besides the shell-type SNR previously
described, are pulsar wind nebulae (PWNe). When a massive star explodes in a
core collapse supernova, much of its angular momentum remains with the newly
created neutron star (pulsar). This pulsar can produce an expanding bubble of
highly relativistic wind, called the pulsar wind nebula (PWN), and forms a ter-
mination shock. The observation of synchrotron and inverse Compton emission
within the PWN suggest the acceleration of particles. The pulsar continues to
feed the PWN with its rotational energy and expand the boundary of the neb-
ula (Gaensler and Slane, 2006). Gamma-ray emission in these objects, which are
more numerous than shell-type remnants at very high energies, is due to inverse-
Compton scattering as the relativistic electrons boost photons to TeV energies in
the strong shock at the termination of the pulsar wind (Atoyan and Aharonian,
1996).

Understanding the morphology of composite PWN/SNR help to isolate the
emission as inverse-Compton emission would be mainly from the area interior to

the shell, and the p%-decay would occur only on the shell since it requires a cool
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medium to interact with. DA 495, studied in Chapter 5, is currently thought to be
a PWN, though this work will present evidence suggesting that the gamma-ray
emission may come from hadronic emission similar to a SNR. Studying this object

incorporates knowledge of PWN and SNR to test the understanding of each.

1.3 Thesis Overview

The goal of this thesis is to investigate the sources of cosmic rays from within our
galaxy to demonstrate that the constant flux of cosmic rays detected on Earth, at
least in part, come from shell-type supernova remnants (SNR) and pulsar wind
nebulae (PWNe). Very high energy gamma rays emitted in the vicinity of super-
nova remnants indicate that particles are accelerated in that region since we can-
not determine the origin of cosmic rays due to deflection by intervening magnetic
fields.

Background about the detection of gamma rays, and the link to particle ac-
celeration are found in the next chapters. Chapter 2 discusses gamma-ray obser-
vatories and the analysis required for VHE ground-based astronomy of the Very
Energetic Radiation Imaging Telescope Array System (VERITAS), an imaging air
Cherenkov telescope (IACT). Chapter 3 explains the processes by which SNR and
PWN generate cosmic rays and emit VHE gamma rays.

The study of VHE sources should allow us to pinpoint objects within our
galaxy that are contributing to the flux of cosmic rays detected on Earth. A single
VERITAS field of view containing the gamma-ray binary LS 5039 and the PWN
HESS J1825-137 is analyzed in Chapter 4 and the PWN DA 495 is discussed in

Chapter 5. Final thoughts and conclusion are in Chapter 6.



CHAPTER 2
GAMMA-RAY OBSERVATORIES

Most gamma-ray observatories sensitive at energies above about 10 MeV rely on
the detection of electrons (e ) and positrons (e*) created as the result of pair-
production.! Starting at energies of 2mec? = 1.022MeV, where m, is the mass of an

electron and c is the speed of light, a photon has enough energy to pair-produce.

g¥e +e (2.1)

However, for the e and e™ to be generated while conserving both energy and
momentum, an additional interacting particle (typically an atomic nucleus) needs
to participate and balance the recoil. The probability cross section of this inter-
action is proportional to Z2, where Z is the atomic number, and the particles in-
volved in the pair-production also retain the remaining fraction of the photon en-
ergy (Hubbell, 2006).

The pair-production of high energy photons is exploited in different ways by
various observatories to detect gamma rays. These same gamma-ray observatories
also detect hadronic cosmic rays since a product of p* p*-interaction (or cosmic-
ray-nuclei) is also gamma rays, and all gamma-ray observatories must be able to
differentiate between the incoming photons that pair-produce and the pairs that
are created by cosmic rays. There is a certain irony in VHE gamma-ray astronomy
also detecting the large flux of cosmic rays, particularly since the number of cos-

mic rays detected far exceeds the number of detected gamma rays and they are

!Not discussed: Compton scattering telescopes, sensitive to lower-energy
gamma rays, such as the Imaging Compton Telescope (COMPTEL) on the Compton
Gamma Ray Observatory.

10



an intense background noise that must be filtered out through some method of
gamma-hadron separation (Hillas, 1996).

This chapter discusses several currently operating gamma-ray observatories
and the particular method of detecting gamma rays and gamma-hadron separa-
tion implemented by each. VERITAS analysis is also described in the second half

of this chapter.

2.1 Gamma-ray Observatories

The Large Area Telescope on the Fermi Gamma-Ray Space Telescope (Fermi-LAT)
uses high-Z foils, with higher interaction cross sections, to induce pair-production
of incident photons. The LAT detects the pair of particles generated by gamma
rays in two ways. First, the gamma ray enters a tracker unit - which is 16 layers of
Tungsten foil interwoven with orthogonal pairs of strip detectors. The gamma ray
interacts with one of the Tungsten sheets and the positions of the resulting ¢ and
e* are tracked as they pass through the layers of strip detectors. Second, the e
and e pass through a Calorimeter made of an array of CsI(Tl) crystals to measure
their energy (Atwood et al., 2007). This method allows for Fermi-LAT to have a
large field of view and it covers the entire sky over several months as a survey
instrument. While there is theoretically no upper limit on the gamma rays that can
be detected, it is most sensitive between 20 MeV - 300 GeV (Atwood et al., 2009).
To differentiate cosmic rays from gamma rays, Fermi-LAT has an anti- coinci-
dence detector which is used to veto events that originate from incoming charged
particles. This is necessary because any non-local charged particle incident on the
telescope would interact with the detectors in the same way as a pair-produced e
and e™. Plastic scintillator tiles surround the tracker and Calorimeter to indicate

the presence of high-energy charged particles that penetrate the outer layer of the
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spacecraft. This method of rejection has greater than a 0.9997 success rate (Moiseev
et al., 2007). Fermi’s survey of the GeV sky can be seen in Figure 1.2.

Instead of using foil to catalyze pair-production, ground-based observatories
rely on atomic nuclei in Earth’s atmosphere to interact with the incoming gamma-
ray and typically create the initial pair-production. The first interaction typically
occurs at several 10s of km elevation in the atmosphere, and the particles undergo
additional interactions in the atmosphere creating an extensive air shower (EAS).
Dozens of e , ¥, and secondary gamma rays (which pair produce again...) are
typically generated in an EAS before it is exhausted in the atmosphere or reaches
the ground. Cosmic rays generate similar showers which additionally consist of
pions, muons and other massive particles. This also increases the particle count
to the hundreds or thousands (Sinnis, 2009). A schematic view of both gamma
ray and cosmic ray air showers are in Figures 2.1 and 2.2, respectively. Take note
that the cosmic-ray air shower generates multiple particles from the first nucleus-
nucleus interaction.

The High Altitude Water Cherenkov Observatory (HAWC) detects particles
in air showers at relatively high elevation. The 300+ water Cherenkov detectors
are located at 4200m elevation (Abeysekara et al., 2017b), and this results in about
60% of the radiation lengths compared to sea level in an effort to minimize the
shower’s expansion through the atmosphere and have fewer particles to track.
The particles from the EAS are detected in tanks filled with 190,000L of purified
water and several photo multiplier tubes (PMT). Cherenkov light is emitted as the
massive, charged components of the EAS pass through the water due to the ener-
getic, super-luminal nature of the particles (Cerenkov, 1937). The rate of energy

loss per unit bandwidth, u(w), is given as (Longair, 2011)
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Development of gamma-ray air showers
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Figure 2.1 A schematic of an air shower generated by a gamma ray
that interacts in the atmosphere. Image from https://www.mpi-
hd.mpg.de/hfm/CosmicRay/Showers.html.

du(w) _ we?v c?
dt  4peycd n(w)2v2

(2.2)

where w is the emitted photon frequency, v is the velocity of the charged particle,
and n(w) is the frequency dependent index of refraction. The very brief flashes of
Cherenkov light are detected by the PMTs in the tanks, where the intensity of the
light increases with a larger velocity of the incident particle.

HAWC compares the signature of the EAS’s particles to simulations of pho-
tonic and hadronic showers in an effort to reconstruct the gamma-ray’s trajectory
and energy. The number of particles detected can also give an indication as to
the shower’s original composition (a "bigger" shower typically indicating a cosmic

ray instead of a gamma ray). Through this method using 507 days of observations,

13



Development of cosmic-ray air showers
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Figure 2.2 A schematic of an air shower generated by a cosmic ray
that interacts in the atmosphere. Image from https://www.mpi-
hd.mpg.de/hfm/CosmicRay/Showers.html.

HAWC was able to detect 39 TeV gamma-ray sources, 19 of them new (Abeysekara
et al., 2017b).

Source detection from either Fermi’s or HAWC’s surveys often trigger detailed
followup by more sensitive, targeted instruments on the ground. The Very Ener-
getic Radiation Imaging Telescope Array System (VERITAS) is one such instru-
ment, located in Southern Arizona at the Fred Lawrence Whipple Observatory.
VERITAS is an array of four 12m telescopes and exploits the imaging air Chere-
knov technique (described more in Section 2.2). Rather than requiring the pair-
production particles from the EAS to interact with water, VERITAS detects the
super-luminal charged particles produced by the gamma-ray as they are propa-

gating through the atmosphere by the Cherenkov radiation that they emit. The
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four telescopes give VERITAS a quadrascopic view of the air shower which allows
for more precision in reconstructing the characteristics, such as sky position and
energy, of the parent gamma-ray.

Unlike Fermi and HAWC, VERITAS has a narrower field of view, but it has
sensitive position and energy reconstruction near 1 TeV. The predecessor to VER-
ITAS, the 10m Whipple Observatory on Mount Hopkins, detected the first and
most studied gamma-ray source: the Crab nebula (Weekes et al., 1989).

There are two other major IACTs currently in operation. The Major Atmo-
spheric Gamma Imaging Cherenkov Telescope (MAGIC) is a pair of 17m tele-
scopes in the Canary islands. High Energy Spectroscopic System (HESS) is an
array of five telescopes in Namibia: four 12m telescopes and one 28m telescope.
MAGIC and HESS both operate using the same technique as VERITAS. Details
about VERITAS data analysis are in Section 2.2 and the characteristics of Fermi-
LAT, HAWC and VERITAS are summarized in Table 2.1.

Looking forward, the next generation of ground-based gamma-ray observa-
tory is the Cherenkov Telescope Array (CTA). There is a northern site under con-
struction in the Canary islands and a southern site on the Atacama plateau. CTA
will consist of hundreds of telescopes using the imaging air Cherenkov method to
extend the effective energy range between 50 GeV - 200 TeV with almost an order
of magnitude better flux sensitivity than existing IACTs (CTA Consortium, 2019).

The angular resolution is also expected to become better by a factor of two.

2.2 Imaging Air Cherenkov Telescopes

Ground-based gamma-ray observatories must use indirect detection methods to
pinpoint the sky location of an incoming gamma ray. VERITAS detects Cherenkov

flashes to track the relativistic particles” paths and reconstruct the shower gener-
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| Fermi-LAT |  VERITAS | HAWC

Energy Range 20 MeV -300 GeV | 100 GeV - >30 TeV >100 GeV
Effective Area 9500 cm? >3 10*m? 10° m*> @1 TeV
Angular Resolution 0.15 -3.5 0.1 02 -1.0
Field of view 2.4 sr 3 >1.5sr
Location low Earth orbit Southern Arizona | Central Mexico

Table 2.1 Information about some current gamma-ray observatories that are re-
ferred to in this thesis (Atwood et al., 2009; Park and VERITAS Collaboration, 2015;
Abeysekara et al., 2017b).

ated by the parent gamma-ray. Particle showers that create appropriate images in
more than one telescope simultaneously are recorded as events by the array at a
nominal rate of about 300 Hz with rates varying slightly based on weather and sky
brightness. The recorded output from the telescopes is the result of a live corre-
lation and trigger system that manages the event selection processes at the pixel,
telescope and array level. To maximize the area of the telescopes that are under the
shower (and to help eliminate camera and optical inconsistencies) observations are
made using a wobble where the array as a whole is pointed 0.5 (or more) away
from the target. This wobble is rotated through the four cardinal directions on the
sky for each 30 minute observation to create an equal exposure on each side of the
target.

Hadronic cosmic rays, detected at a rate of about 100 times more than gamma
rays, produce a similar shower of particles and are a very loud background, though
this particle background can be differentiated and reduced. Each detected shower
(hadronic and gamma-ray) produces images on the telescopes that indicate the
direction and ground-distance to the shower core. Energy and sky location re-
construction is done by comparing parameterized camera images with simulated
observations of showers. The elliptical images generated by the shower vary in
width and length based on the shower’s progenitor and can be differentiated by

a set of geometric parameters established by Hillas (Hillas, 1985). Gamma-ray
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showers tend to propagate through the atmosphere for a few generations and only
pair-produce throughout whereas showers of hadronic origin create more parti-
clesthane  e™ pairs and generate a shower that diverges into a wider light pool
on the ground. In the cameras, this larger divergent lightpool is manifested by a
wider elliptical image as measured by the Hillas parameters. A diagram with the
parameters is shown in Figure 2.6 with the parameters briefly described in Table
2.2.

Showers at the lowest energies detectable by VERITAS (85 GeV) are less
easily distinguishable from hadronic showers using Hillas parameters, and higher
energy gamma-rays (greater than 1 TeV) are generally easily distinguishable. A
key parameter used to differentiate between the types of observed air showers
is mean scaled width (mscw), which is the span of the minor axis of the image.
The mscw parameter is first scaled based on simulations of air showers, and aver-
aged using the image detected in multiple telescopes. Hadronic cosmic rays tend
to have very extended EAS, leading to larger mscw values, and photons tend to
have smaller mscw values. The distributions of the mean scaled width between
gamma rays and cosmic rays is shown in Figure 2.3. Example images of how the
air showers appear in VERITAS’s camera are in Figure 2.4.

Choosing appropriate cuts based on the image parameters can affect the sen-
sitivity of the analysis to harder or softer gamma-rays within VERITAS'’s energy
range based on the needs of the analysis. The exact parameter values of the de-
scribed cuts (hard, medium, soft, etc) are determined using simulations and anal-
ysis of known sources. A simple method of gamma-hadron separation using Hillas
parameters is called "box cuts" where mscw and other parameters are simply con-
strained to create the most efficient gamma-hadron separation. In addition to the

Hillas parameters shown in Table 2.2, there are derived parameters that can also
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Figure 2.3 The distribution of gamma-ray events and hadronic cosmic-ray events
by mean scaled width. The distributions are scaled to similar fluxes for compar-
ison. The shaded region illustrates a selection regime that would best identify
gamma rays from this collection of events. Plot from Holder (2015).

provide some quality control such as the distance to the shower core from the cen-
ter of the array.

Refinement of the gamma-hadron separation process can also be done using
machine learning techniques where the image parameters are divided up more
finely. VERITAS makes use of boosted decision trees (BDT), trained by simula-

tions with known gamma-ray and hadronic showers, to perform the differentia-

tion (Krause, Pueschel, and Maier, 2017). Decision trees are a data structure that
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asks a series of questions using known parameters to determine an unknown pa-
rameter. In the case of gamma-hadron separation, the questions asked are based
on the known Hillas parameters with the unknown parameter being the EAS pro-
genitor (gamma ray or cosmic ray). The decision tree is trained with simulations
where all of the information is known, and training involves optimizing the deci-
sion tree to have a certain level of purity with a somewhat efficient level of ques-
tioning. Using the distribution in Figure 2.3 as an example, perhaps cosmic rays
are ubiquitous with mscw > 1.8, so no other granulation would need to be made.
However, additional questions would be needed to discern the origin of a shower
image detected at mscw = 1.0.

A disadvantage of decision trees is that they may be susceptible to statistical
fluctuations of the training data set. The boosted part of BDT means that decision
trees are iterated on from a forest of possible combinations to minimize miscatego-
rized events. Miscategorized events are re-weighted as they are sorted within the
decision tree again, with an emphasis on placing them correctly. The effectiveness
of BDTs compared to traditional box cuts varies by analysis. When comparing
results from the Crab nebula, BDTs offered nearly a 25% increase in signal, and
only a few tested sources (3 of 23) showing reduced signal. BDTs are particularly
effective when evaluating extended sources (Krause, Pueschel, and Maier, 2017).

Directional reconstruction of a gamma-ray event is done by using the camera
images and estimating the ground impact of the shower core using the projected
major axis of the shower image. With a single telescope image, this can be done
by using the ratio of minor and major shower axis to find the distance (like a long
or short shadow indicating the elevation of the sun). With multiple telescopes,
there are multiple perspectives on the shower, so a stereoscopic reconstruction is
possible by finding the common point of displacement from each of the shower

images. This is done by projecting the major axis of the shower image from each
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telescope in the plane of the sky and finding the common point between them.
This is illustrated in Figure 2.5.

After a photon map of the sky has been generated with the remaining gamma
rays and reduced hadronic background, the sky map is correlated using an ele-
ment based on the expected feature size of the target object. For point-like objects
this element has an area of > = 0.008 deg? which corresponds to a 0.089° diameter
circle and VERITAS’s PSF. For resolvable sources this value can vary.

Since gamma-ray astronomy is dealing with small number statistics, manip-
ulation of the data and selection of the analysis parameters must be done in a
purposeful and consistent manner. Most sources are detected at rates of less than
1 g -photon/min, so detections are often based on a total of only a few hundred
excess photons in the source region. For each source being tested for a possible
detection, the g? and size (energy) cuts are defined a priori based on the informa-
tion gained from the other observatories. Any change in these parameters on the
same data set results in a statistical penalty (trial) which can effect the impact of
the analysis.

To estimate the statistical significance of a potential source detection, one com-
pares an ON region with an OFF region and follows the process established by Li
and Ma (Li and Ma, 1983). The ON region is the region of interest and OFF re-
gion is a background region. Equation 2.3 is the equation of most interest. N is the
number of counts in the ON and OFF regions, S is the significance, and a is the nor-
malization factor between the sizes of the ON and OFF regions. All significance
maps generated by VERITAS use this or a closely related derivation to establish
the likely presence of a source compared to the background.

Non  aNgss

S=¢g— (2.3)
Non + a2 Not ¢
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Background (OFF) regions are chosen in one of several ways. The most direct
approach is to take a dedicated OFF run to compare to the ON observation with the
putative source at the same horizon position (ON-OFF method). This has particu-
lar advantages for large or unknown morphologies where one wants to make sure
that part of the source does not contaminate the OFF counts. Further, this method
accounts for a lot of instrumental characteristics such as radial PSF-degradation,
which can be modeled, but introduces some additional error. A great disadvantage
is that the ON-OFF method may get infiltration by an unknown source in the OFF
run. This method is rarely used by VERITAS mostly because of the observational
time required.

The reflected region (RE) method takes advantage of a single observation
which can be used for both ON and OFF counts by wobbling the source away
from the center of the camera. The RE method extracts OFF counts from a re-
gion with the same radial distance from the camera center as the source, which
is not possible if the source is centered, accounting for many instrumental pecu-
liarities. Further, the OFF region can be larger than the ON region, allowing for
the background to be (hopefully) more accurate and less likely to be influenced by
statistical fluctuations. The RE method is used primarily for the analysis of point
sources as extended sources would quickly crowd the area.

A more familiar method of background extraction (to astronomers) is the ring
background (RB) method which takes OFF counts from an annulus around the
source from the same observation. This has the advantage that it can be used on
moderately extended sources, but not sources that are so big that they fill the field
of view. However, one then must take into account the vignetting that occurs with
the detection of gamma rays; the rate of detection decreases as the air shower is de-
tected further from the center of the camera. This is due to the optical properties of

the telescope, which has a PSF that worsens off-axis, and that showers that appear
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