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"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.



Energies and rates of the cosmic-ray particles

1 I | 1 |
Grigorov ——+—
0 Akeno
107 I~ MSU & .
KASCADE =
HEGRA —sa—
CasaMia —e—
Tibet
— D Kascade-Grande 4
- 10°r lceTop73 +——»— .
w HiRes1&2 o
e Auger2009 +—e—
A Model H4a
5 s
~ 107 -
O
O]
L
Q .[0'5 - —
=
=
o
LU
10° F | -
Fixed target
%EF::I{(? TEVATRON
l l i LHC )
10-10 1Y ', A J ! L |

10° 10° 10% 10° 108 10"¢ 1072
Evin (GeV/particle)

Figure 1.3 Cosmic-ray spectra from various observatories. Energies producible
by terrestrial particle colliders are indicated at the bottom. Image credit: Ice-
cube/IceTop



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 7° decay.
When very high energy nuclei interact with other nuclei, a 77° 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 7%-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 ¥ 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 71° 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 7%-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 (¢~) 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.

v—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.
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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 e~ 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

11



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~, 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.

dt  4meycd

dulw) _ _we'o ( - n(ai;zvz) (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 x 10* m? 10° m*> @1 TeV
Angular Resolution 0.15° -3.5° 0.1° 0.2°-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-
cles than e~ — 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 2 = 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 v -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 6? 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 « 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 - lXNOff

ﬂ/NOTl + [XZNOff

20

S —

(2.3)



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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near the edge of the camera are missing information and thus are not reconstructed
as accurately. The flat fielding calculated as a function of radial acceptance corrects
for this in part, but this correction is very dependent on the telescopes position rel-
ative to the horizon, and cannot always be applied generally.

The analysis choices in Chapter 4 and Chapter 5 each can be described basi-
cally by: the gamma-hadron separation threshold used (Soft, Medium, Hard cuts),
the method used for gamma-hadron separation (BDT, box cuts), the integration re-
gion (%) used, and the background method used (ON-OFF, RE, RB). These param-
eters are chosen before any analysis is performed as they will all provide slightly
different results, and preference should not be given to the "most significant" re-

sult.

Run: 73607 Event: 220 _ » Run: 73607 Event: 209

Figure 2.4 VERITAS camera images with the color scale representing the charge
accumulated in each photo multiplier tube over a window of 12ns. The light is
Cherenkov radiation emitted by super-luminal particles that are generated as part
of the extensive air shower. Left: The raw camera images from a putative hadronic
cosmic ray. Right: The raw camera images from a putative gamma ray. The image
from the cosmic ray is larger and less contained due to the variety and number of
particles generated by the hadron’s interaction. The image from the gamma ray is
narrow due to the presence of only electrons and positrons in a smaller number.
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10 km

Camera Plane

Figure 2.5 The light cone generated from an extensive air shower is shown relative
to location of telescopes. The plane of the cameras is shown (each gray ellipse
would be separately imaged in different cameras). The image is not to scale. Image
from http:/ /veritas.sao.arizona.edu.
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Centre of field of view

Figure 2.6 Hillas parameters outlined. The shower image is parameterized based
on a moment analysis. The parameters are described in Table 2.2. Image from

Fegan (1997).

Name | Description

Size total light in the image

Width rms spread along the minor axis of the image

Length | rms spread along the major axis of the image

Miss distance between the major axis of the image and the center of the
camera

Distance | displacement between the centroid of the image to the center of the
camera

Alpha angle between the major axis of the image and a radius drawn from

the center of the camera to the image centroid

Table 2.2 Description of key Hillas parameters shown in Figure 2.6.
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CHAPTER 3

PARTICLE ACCELERATION AND SUPERNOVA REMNANTS

The life of a star at least 8 times as massive as our Sun (M, > 8 My) ends with a
core-collapse supernova explosion. During its life as a fusion-powered star, there
is a constant balance achieved between the inward gravitational draw of the stellar
material and the outward pressure from heat generated by nuclear fusion that is
occurring within the core. As heavier elements are produced by fusion, they form
concentric layers (often described simply to be like layers of an onion) with the
heavier elements towards the center. The temperature and pressure at the center
continues to increase, facilitating heavier fusion until the central core is made up
of elements that are too heavy and unable to fuse in an energy productive manner
(like iron or other near-iron elements). The stellar core becomes an energy sink
as the heavy elements capture energetic electrons and the heat generated by the
fusion of the lighter elements ceases to be enough to sustain the structure of the star
against the ever present gravitational potential. This loss of equilibrium results in a
very quick retraction of the surrounding stellar material, whose in falling pressure
further compresses against the central core. Some of the material remains with
the core and forms a degenerate mass while other material is energetically ejected
after rebounding, or bouncing, off of the core.

In the months following a successful supernova, it can be detected and further
characterized by the light curve and spectrum. The cooling of super-heated ejecta
and nuclear decay are the dominant processes causing detectable emission at this

time (Filippenko, 1997). The categorization of supernova is outlined in Table 3.1.
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The kinetic energy released into the ejecta is typically about 10°! ergs with
almost 100 times that energy released in neutrinos that escape during the crunch.
Depending on mass and other conditions (e.g.: metallicity), the supernova crushes
the core into either a neutron star or black hole within a second of the bounce
(Steiner, Hempel, and Fischer, 2013). Most of the star’s mass is ejected when a
neutron star is created, including a significant amount of heavy elements, with less
mass and less heavier elements ejected when a black hole is created (Woosley and
Weaver, 1995; Sukhbold et al., 2016). This lack of ejecta from a blackhole-creating
supernova is supported with observational studies, as no Type II supernova have
been found with progenitors of M, > 18 My, (Smartt, 2015). This means that the
conditions to create a black hole quench the supernova, in part due to material fall
back that helps form the black hole, and we do not expect to observe a remnant.
It is worth noting that not all very high mass stars create black holes, as the most
massive stars (M, > 30M,) typically become Wolf-Rayet (WR) stars as part of their
evolution, and shed their outer hydrogen atmosphere prior to going supernova.
WR stars explode as super luminous Type 1b/c supernovae with exceptionally
large fractions of their mass ejected during the supernova (M,; > 10 Mg). They
are likely to leave a magnetar, a pulsar with exceptionally strong magnetic fields
(Nicholl et al., 2015).

This chapter will explore the particle acceleration and subsequent electromag-
netic emission mechanisms of supernova remnants and the pulsar wind nebulae

that often are found after a core-collapse supernova.

3.1 Neutron Stars

The most dense part of the stellar core, nearly all iron, is crushed during a su-

pernova into a neutron star (presuming it does not further collapse into a black
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| | Type | Feature | Cause |

Typel Type Ia Si II emission T
No H Emission |_YPe Ib He I lines CcC
Type Ic No He I or Si II feature CC
Type IIP Lightcurve plateaus CC
Type II Type IIL Lightcurve decreases linearly CC
H Emission Hydrogen emission present initially,
Type IIb but fades to Type Ib CC

Table 3.1 The classification of supernova explosions by their spectrum and light
curve. The broad classification is the presence of neutral hydrogen emission. In
the last column, CC indicates core-collapse as the cause, and T indicates thermonu-
clear runaway as the cause.

hole). At creation, nearly all neutron stars have a mass and radius, M, ~ 1.4 and
r ~ 10km (Lattimer, 2012). When a neutron star is created, it retains much of the an-
gular momentum and magnetic flux of the parent star which results in a very fast
rotating neutron star, called a pulsar, with exceptionally strong magnetic fields of
B > 102 G (Lattimer and Prakash, 2004). The magnetic and rotational axis are of-
ten misaligned causing a pulsing beacon of emission from the pole of the retained
dipole magnetic field. This is often visualized as a lighthouse with a directed cone
of light that traverses our line of sight as the pulsar spins. The fastest rotating pul-
sar, PSR J1748-2446ad, was found to be spinning at 716 Hz (period P = 0.0014 s)
(Hessels et al., 2006), but not all pulsars are as extreme as PSR ]J1748-2446ad, with
most pulsars having spin periods closer to 1 s. The pulsar contributes its rotational
energy to the environment beyond the initial supernova explosion, and drags the
magnetic field through the local region which causes charge separation and an
electric flux.

The pulsar has an exceptionally strong dipole magnetic field due to conserv-
ing the magnetic flux of the original star. The original treatment of rotating mag-
netic neutron stars was done by Goldreich and Julian (1969), and they demon-

strated the necessity of strong external magnetic fields due to the conductive na-
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ture of the star. The magnetic field can be thought to be following the rotation
fairly rigidly, so the magnetic field lines are only able to reconnect within radius
r < cP/2m (r =5 x 10* km in our typical pulsar case) while maintaining causality.
The region within this radius is called the light cylinder and the magnetic field
structure inside this region is still well defined as a dipole. Outside of the light
cylinder the open magnetic field lines allow some charged particles to escape the
pulsar creating a charge imbalance on the surface which results in a potential dif-
ference with the surrounding medium. A schematic of a pulsar and its magnetic
field in shown in Figure 3.1. The potential difference generated by the rotating
dipole is (Goldreich and Julian, 1969; Gaensler and Slane, 2006):

sox RS oo (D ) (R (P e

where B, and Rys are the magnetic field and radius of the neutron star. So, for
a typical pulsar with B, = 10’2 G, Rys = 10 km, and P =1 s - electrons leaving
the light cylinder will gain energy of up to 6 TeV. These relativistic electrons flow
out in a wind and eventually generate a termination shock once they approach a
region of low of enough density to be traveling subsonically.

To maintain the flow of particles, they must be created within the atmosphere
of the NS. This is done by pair production that is a result from electromagnetic
radiation that is given off due to the pulsar slowing. The energy injected into the
environment in the form of electromagnetic radiation comes from the spin down of

the pulsar over time and can be related to the current rotational rate of the pulsar

dE.;  4m’IP

T, e (3.2)
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Figure 3.1 A sketch of a pulsar showing the rotation and magnetic axis. Magnetic
field lines outside of the light cylinder are open since they are limited by causality
in orbits that would require them to exceed the speed of light. Image from Lorimer

and Kramer (2012).
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where [ is the moment of inertia of the pulsar (Longair, 2011). The rotational en-
ergy stored in pulsars is tremendous and we can relate the rotational kinetic energy

Erot to the moment of inertia by

10?2121
2 p2

Ero’c - (3-3)

So, a canonical pulsar with moment of inertia I = 2MR?/5 ~ 10% g cm? would
have an energy reservoir of E ~ 2x10% erg. If we presume a P = 10~'°, which is a
typical period derivative (Johnston and Karastergiou, 2017), then the Luminosity
is L ~ 2 x 103¥erg s~! or about 1Ls. Our canonical scenario is a fairly mundane
pulsar, and if we take the energetic Crab pulsar’s P = 0.033 sand P = 10124 (Lyne,
Pritchard, and Graham-Smith, 1993) then we get about 4 x 10® erg s~! or 10°L.
Energetic pulsars, like the Crab need to expend that energy in other ways besides
their lighthouse, and form bright pulsar wind nebulae (PWNe) powered by their

particle outflow.

3.2 Pulsar Wind Nebula

A PWN starts its existence at the center of a supernova and its early evolution
involves expansion of the relativistic particle wind into the supernova cavity. The
pressure difference between the wind and the surrounding medium forms a wind

termination shock at radius Ry,

R = \/ E/ (4mwcPown) (3.4)

where w is the equivalent filling factor for an isotropic wind and Ppwy is the to-
tal pressure in the shocked interior. This gives typical radii of tenths of parsecs

(Gaensler and Slane, 2006). At this termination shock, ejecta is thermalized again
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and is visible throughout the electromagnetic spectrum. Particles are also acceler-
ated at the shock by first order Fermi acceleration.

In addition to the termination shock, PWN can have polar jets understood to
be formed by the variation in the Poynting flux as a function of angle from the
magnetic axis. Using a magnetiziation parameter ¢ to define the ratio of magneti-

zation and particle strength (Kennel and Coroniti, 1984)

Fexp  B?
Fparticle 47T.0’YC2

where B is the magnetic field, p is the mass density, and 7y is the Lorentz factor.

(o4

(3.5)

o > 10* is obtained near the magnetic poles, and ¢ << 1 are expected behind the
termination shock to meet the boundary conditions (Arons, 2002). This can be ex-
plained by the equatorial flow of particles outside of the light cylinder not being
dominated by the Poynting flux any longer and dependent on the already accel-
erated flux of particles. At the poles, likely emitted from within the light cylinder,
jets are Poynting flux dominated.

Together, the equatorial wind forming a termination shock as a torus and the
magnetically dominated jet form the typical PWN picture of a jet-torus morphol-

ogy. This is best seen in the Crab nebula, which is pictured in Figure 3.2.

3.3 Supernova Evolution

Regardless of the stellar remnant created by the supernova, black hole or neutron
star, there is a tremendous amount of energy released into the surrounding en-
vironment via the ejected material that was not compressed into the core. The
approximately 10°! ergs worth of kinetic energy is released slowly into space and
detection of this energy loss is referred to as the supernova remnant. To clearly

differentiate this emission from a PWN, this type of emission is referred to as a
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Figure 3.2 Crab nebula as seen by the Chandra X-ray observatory. The neutron
star is in the center with jets being emitted from the poles. The inner most ring
is downstream from the termination shock where freshly accelerated particles are
seen emitting Synchrotron radiation. Image credit: NASA/CXC/SAO/F.Seward
et al.

"shell-type" supernova remnant due to the emissive shell that is generally visible
and in contrast to the central emission from the PWN.

The evolution of the supernova remnant can be broadly categorized by four

phases, with the key phrase for each phase in bold (Reynolds, 2008):
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1. Ejected material from a core-collapse supernova starts moving outward at
velocities of ~ 5000 km s, while slower ejecta cools very quickly behind it

during a period of free expansion.

2. Once the outer shock interacts with circumstellar material (CSM) or interstel-
lar medium (ISM) it slows quickly, depositing energy into the material, and
causes a reverse shock which heats with the previously cooled ejecta and

enters an adiabatic (Sedov-Taylor) evolution.

3. The outer shock continues outward to sweep material like a snow plow until
it has gathered at least the initial ejecta mass. The supernova remnant gains

density and shell thickness during this time.

4. Density starts to impede free expansion until radiative losses start to domi-

nate and the supernova remnant fades into the ISM .

3.4 First Order Fermi Acceleration

The broadband spectra of SNRs and PWNe contain strong non-thermal emission
components that cannot be produced by any thermal arrangement of particles.
Instead, the typical particle energy spectrum in SNR and PWN is described as
simple power laws with N(E) o« E77, with p ~ 2. Most non-thermal acceleration
in SNR is widely accepted to be from first-order shock acceleration first proposed
by Fermi (1949) (with extensions in Bell (1978) and Bell (2013)). To derive the first-
order Fermi acceleration we will follow the notation from Longair (2011).

When there is an adiabatic shock of an monoatomic ideal gas (with ratio of
specific heats, ¢ = %) that is traveling at velocity U (panel a in Figure 3.3), p1v; =

0202 must be true to conserve mass. Additionally, we can relate the density ratios
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a) observer's frame b) shock frame

shock shock

shocked unshocked shocked unshocked
material material material material
c) unshocked material frame d) shocked material frame
shock shock

shocked unshocked shocked unshocked
material material material material

Figure 3.3 Illustration of the different frames of reference regarding Fermi first
order acceleration.

to the specific heats in a strong shock as p2/p1 = (v + 1)/ (v — 1), which gives us
the relationship

1
p2_wn_orl_,

o v y—1

p1 and v are the density and velocity in the unshocked region (upstream). p, and

(3.6)

v; are the density and velocity in the shocked region (downstream).

34



In the rest frame of the shock, it must follow then, v; = U and v, = }Lvl =
1U. Transforming between the shock’s frame (panel b in Figure 3.3) and each
side of the shock leads then to an interesting conclusion. The velocity of the
shocked[unshocked] material in the unshocked[shocked] frame is always V = %U
towards the shock (panes c and d of Figure 3.3). This means that a particle that
crosses the shock from either side will encounter particles head-on that are ap-
proaching at V = 3U, allowing for a continual transfer of energy for a particular
particle crossing the shock in either direction. With a Lorentz transformation, the

particle’s energy after it bounces back across the shock due to scattering is:

E'=qv(E+psV) (3.7)

where p, is the particle’s momentum perpendicular to the shock. We also presume
that the shock is non-relativistic (U << c) and so yy = 1. However, the particles
are relativistic so that for a particular particle E = pc and py = %cos 6. The relative
energy gain for a particle crossing the shock is

AE 'V
- = cos 0 (3.8)

Averaging the probability of interacting with another particle as it crosses at
angle 6, and accounting for two crossings across the shock gives an average round-

trip fractional energy increase of

AE, 4V

(g =37 (3.9)

To account for the loss of particles from the ping-pong match across the shock,
we need to introduce P as the probability that a particle stays in the region to

continue to cross the shock, B as the factor at which energy increases each pass, and
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k as the number of times a particle has crossed. So then, the number of particles is

N = NpP* with energies E = EgB*. To eliminate k between the quantities

In(N/Ng) InP

In(E/Ey) InB (3.10)
N E\InP/Inp

Equation 3.10 simplifies into 3.11. Then, noting that N particles with greater

energy than E, we get (A is a constant):

N(E)dE = A x E~1+(InP/InB)qp (3.12)

Using Equation 3.9, we can then find that the average change in energy for

each round trip is

4V
=14-— 1
B=1+7- (313)
The probability of a particle actually leaving the shock per unit time is %,
which means that P =1 — % and
u u
InP = 1n(1 - ?) ~ - (3.14)

Combining that with Equation 3.13 (Ing = %K = %), we find that In P/In g =

c

—1. So, using Equation 3.12, we get

N(E)dE = A x E"2dE (3.15)

This shows that first order Fermi acceleration of particles can match the observed
spectrum of a shocked region and in-fact forms the basis for the particle energy

spectrum for SNR and PWN.
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3.5 Bremsstrahlung Radiation

A charged particle approaching another charged particle must slow down (and
loses some kinetic energy) as it is deflected. To balance the energy loss some radia-
tion is emitted as Bremsstrahlung radiation (German for braking). This also some-
times called free-free emission to differentiate from atomic line emission which is
caused by bound electrons and nuclei. The average energy loss of an electron due

to relativistic Bremsstrahlung radiation is (Longair, 2011)

_(m>_z@+LwéNH <w3> 1 (3.16)

dt/ — 16mBegm2cth RAZAVE g]
Where Z is the atomic number of the nucleus that is being buzzed by the electron.
The energy loss rate is proportional to E of the electron leading to an exponential
loss of energy by the electron, and a spectral power spectrum that is the same

shape as the particle spectrum.

3.6 Synchrotron Radiation

When a charged particle moves through a magnetic field, it feels the Lorentz force:
F = g(E + v x B). The charged particle is deflected with a resulting force com-
ponent that is perpendicular to both the velocity of the particle and the magnetic
tield. This motion creates a continual deflection in a circular (cyclotron) motion
as the charged particle continues to move. The constant (de)acceleration of the
charged particle causes it to radiate and when a relativistic particle does this due
to cyclotron motion in a magnetic field we call it synchrotron radiation.

The total synchrotron energy loss rate for a single electron is given as (Longair,

2011)

37



() vt () o
Where o7 is the Thompson cross section and Uy,e is the magnetic field energy
density. For a distribution of particles, it is expected that the pitch angle is isotropic
for high energy electrons, so this formula includes the averaged pitch angle. The
variables of interest in this case are Uyuqq and y* which are both proportional to the
energy loss rate and depend on the object of interest. For relativistic electrons, the
¢ factor quickly approaches unity and the Lorentz factor takes over.

For a population of electrons defined by a power-law spectrum (fi—]g] x E7F)

Equation 3.17 leads to the following form for the specrum of radiation emitted by

the population,

J(v) o BPF1/2=(p=1)/2 (3.18)

Where J(v) is the frequency dependent emissivity and p is the electron spectral
index.

The synchrotron cooling drains higher energy particles far more quickly and
this turnover can additionally give some information about the lifetime of the in-
volved particles. As was used in Kothes et al. (2008) when studying DA 495 (fur-
ther discussed in Chapter 5), the characteristic age of a PWN can be given by the

apparent cutoff frequency v, in the synchrotron spectrum,

ve =1.187B7 372 (3.19)

where B is the magnetic field strength in Gauss, t is the age of the PWN in years,
and v, is the cutoff frequency in GHz. This contains some additional information
based on the expected energy and particle injection history of the pulsar, but the

fundamental synchrotron cooling relationship is still evident where over time -

38



the higher energy electrons will cool off faster than the lower energy electrons

indicated by a spectral break and strongly dependent on magnetic field strength.

3.7 Inverse-Compton Scattering

In addition to Synchrotron radiation, ultra-relativistic electrons can transfer their
energy directly to incident photons. Whereas Compton scattering is the process in
which a photon imparts energy to lower energy electrons, inverse-Compton scat-
tering (IC) is the process that allows the opposite - a high energy electron impart-
ing energy to a lower energy photon. The average energy loss of a single electron,

where U, is the strength of the radiation field, can be given by (Longair, 2011)

- (‘;—f) = %UTcUmd'yz(g>2 (3.20)
Similar to Synchrotron radiation (and virtually identical in form), the energy
loss is proportional to > which makes it highly efficient at very high energies.
However, instead of varying based on the magnetic field, it is dependent on the in-
cident photon spectrum. The incident photon spectrum is often made up of a com-
bination of the 2.7K cosmic microwave background (CMB) and the synchrotron
component from the same electron population. A 7 = 1000 electron (about 500
MeV) could singly boost a CMB photon to UV energies (incident photons with fre-
quency v get scattered to v by v & y?1p). The optical synchrotron photons can get
scattered to gamma-rays through Synchrotron self-Compton (SSC), and so on.
Since the energy loss rates of IC and Synchrotron have the same dependence
on electron energy, it becomes very simple to get a comparison of the different

features. The ratio of the Synchrotron and IC total power can be understood as the

ratio of the magnetic and photon field strengths.
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3.8 7y Decay

Virtually all of the emission from the previous described processes is the result of
energy transfer from ultra relativistic electrons. Through diffusive shock accelera-
tion, protons and other heavy nuclei can also obtain very high energies. Evidence
for these particles being accelerated is due to the decay of neutral pions (71°) that
are created during the interaction of a pair of hadrons (most simply - a pair of

protons).

p+ H — 7° + (anything) (3.22)
70— 2 (3.23)

The mass of a 710 is 140MeV /c?, so the decay in the rest frame of the particle
creates a pair of 70 MeV photons. This manifests itself as a bump in the gamma-ray
spectrum that stands out compared to the otherwise fairly smooth lepton-based

emission mechanisms and cutoff below 70 MeV.

3.9 Observational Characteristics of SNR

Radio observations of supernova remnants were initially described as being center-
filled or shell-type remnants. The morphology available allowed for this early
distinction. The Crab nebula was the first to be distinctly considered as a ple-
rion, meaning center-filled, instead of a "normal" (at the time) supernova remnant
(Weiler and Panagia, 1978), and this was realized in part due to the presence of

pulsars in most of the center-filled remnants. The pulsars provided an energy
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reservoir that could continually accelerate particles in the interior of the SNR, as
it was expected that any particles interior to the supernova shock and originally
accelerated by the supernova would cool quickly and not demonstrate any emis-
sion.

A broadband spectrum of the Crab fit to emission processes in a PWN is
shown in Figure 3.4. Each of the processes have a dominant regime, e.g.: radio is
dominated by Synchrotron emission and TeV by inverse-Compton. This allows for
some simplifications of the interpretation as one can just compare the total power
in each waveband to determine the ratio of photon and magnetic energy densities
(as in Equation 3.21). There is significant particle injection into the nebula still from
the pulsar, so the synchrotron emission extends well into X-rays for the Crab neb-
ula as well. If the pulsar were to turn off, a peak would become more pronounced
as the X-ray emitting electrons cooled in the magnetic field as in Equation 3.19.

A shell-type SNR, whose emission is dominated by the expanding shock re-
gion caused by the supernova, is thought to accelerate particles in the expanding
shock (after the initial explosion). Synchrotron emission is due to the free electrons
interacting with the magnetic fields caused by the charges in motion. A dominant
component of the gamma-ray emission is possibly from protons, as evidenced by
70 decay resulting in a spectral feature compared to the otherwise smooth lep-
tonic emission scenarios. An example broadband spectrum from a shell type SNR
is shown in Figure 3.5. It should be emphasized that later analysis including Fermi-
LAT observations helped to further constrain the spectrum and demonstrated that
the gamma-ray emission was in fact leptonic and caused by IC (Abdo et al., 2011).

By modeling the emission from these SNR/PWN we can gain understanding
into the history of the object. For example, the amount of ejecta can help to narrow
down the progenitor star, and help to identify if the remnant is a result of a core-

collapse of a massive star or thermonuclear event from an accreting white dwarf.
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Figure 3.4 A fit spectra energy distribution of the Crab nebula, the prototypical
PWN, which incorporates emission from Syncrotron between Radio and X-ray en-
ergies and inverse-Compton emission with several seed photon distributions at
gamma-ray energies. There is also a weak relativistic Bremsstrahlung component
in the gamma ray regime. In this case, the particle spectrum was evolved over
time to find the best fit. Image from Torres et al. (2014).

The emission models incorporate parameters that are linked between the various
emission mechanisms like density, pressure, magnetic field and total energy. If a
pulsar is present, then the additional injection of particles needs to be accounted
for as well. Using these tools and some additional physical constraints help to

better understand the objects in Chapter 4 evaluate the nature of DA 495 in Chapter
5.
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Figure 3.5 A fit spectra energy distribution of the SNR RX J1713.7-3946, the first
SNR where TeV emission definitively came from the shell of the remnant. The thin
lines represent the contribution from the reverse shock of the SNR, while the thick
lines represent emission from the main forward shock. Spectral points from radio,
X-ray, and gamma-ray observations are also included. RX J1713.7-3946, thought to
be associated with a supernova that appeared as a guest star in 393AD, is about
1600 yr old and at a distance of D = 1.2 kpc. No associated pulsar is detected in
any wavelength (Zirakashvili and Aharonian, 2010).
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CHAPTER 4

LS 5039 AND HESS J1825-137

In this chapter I will explore two objects that are within the same field of view - one
of which has measured variability on day time scales and one that is thought to be
molasses in space. LS 5039 is a high-mass X-ray binary that may have a pulsar-
wind nebula closely orbiting and interacting with a massive star. HESS ]J1825-137
is a large pulsar wind nebula that has extended its reach to span many parsecs
of space. They are separated (center-to-center) by 1° on the sky, so they are within
the same field of view for very high energy gamma-ray instruments like VERITAS.
The most sensitive observations suggest some overlap on the sky, but they are not
thought to be physically interacting. They may be very similar objects that can be
explained by the same mechanisms, and likely had very similar origins, but the en-
vironment that each object was put into has dramatically changed their structure.
The emission that we see provides insight to each object’s unique evolution.

The key results of this chapter are submitted for publication in Astroparticle
Physics in the article titled VERITAS Detection of LS 5039 and HESS J1825-137. The
text has been expanded upon, since the paper was a short-format article, and some

additional explanatory material has been added.

4.1 VERITAS Observations

The field containing LS 5039 and HESS J1825-137 was observed by VERITAS in
late spring of 2013 and 2014. The observations were centered on LS 5039 and
were taken with the standard 0.5° wobble, shifting in cardinal directions on the

sky. Conditions were typically good with most 30 minute runs having minimal
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Date Run ID | Usable Time | Wobble | Weather Grade | Elevation
yyyymmdd min degrees
20130608 | 69054 34 N A 36
20130612 | 69123 30 S B 42
20130616 | 69187 30 E D 43
20130616 | 69188 30 W A 42
20130617 | 69202 30 N B 44
20130617 | 69203 30 S A 41
20140428 | 73193 22 W A 43
20140429 | 73213 35 N A 44
20140430 | 73234 17 S A 43
20140503 | 73300 25 E A 43
20140504 | 73317 23 W A 43
20140505 | 73335 25 N A 44
20140506 | 73356 5 S A 43
20140506 | 73357 24 S A 43
20140507 | 73370 25 E B 43
20140508 | 73390 25 W A 43
20140509 | 73403 33 N A 44
20140526 | 73607 28 S A 39

Table 4.1 VERITAS observations of the LS 5039 region.

atmospheric variation and rated as "A" weather (as measured by the far-infrared
sensors). The average elevation was 42.3° and all observations were made with all
four telescopes. There were 7.9 hours of usable observations after quality cuts.
Standard reflected-region analysis was performed (Daniel, 2008) with back-
ground extracted from regions near the sources and from the same radial cam-
era position. BDTs was used to perform medium cuts for gamma-hadron separa-
tion and a 0.35° radius region around LS 5039 and a 0.75° radius region around
HESS J1825-137 were excluded from the background estimation. Two bright stars
(m<7.0) were also excluded from the background estimation using 0.25° radius
regions. The observations are outlined in Table 4.1 and a skymap of the region
showing the significance in the entire region is in Figure 4.1. The distribution of

significance in the non-source regions is consistent with a stochastic gamma-ray
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background and the histogram of the significance distributions in the region is

shown in Figure 4.2.
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Figure 4.1 Significance map of the region around LS 5039. Significance is calculated
using Li and Ma (1983). The red circles indicate background exclusion regions
around the two sources of interest and two bright stars in the field of view. Signifi-
cant excess is clearly visible as a point source at LS 5039 in the center of the image.
The extended region of significant excess in the north is HESS J1825-137. The as-
sociated significance distribution of the source and background contributions is in
Figure 4.2.
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Figure 4.2 Significance distribution of the region around LS 5039. Each color line
indicates a different significance distribution: red is from the entire map, blue ex-
cludes the central source exclusion region only (around LS 5039), black is the back-
ground regions, and green is a Gaussian distribution with the mean and rms in the
legend (ideally, mean = 0 and rms = 1). The difference in area between the red and
blue lines is the signal from LS 5039 and the difference between the blue and black
lines is the signal from HESS J1825-137.

4.2 LS 5039

LS 5039 was identified as a high mass X-ray binary in the ROSAT Galactic plane
survey (Motch et al., 1997) and radio emission was detected using the Very Large
Array (Marti, Paredes, and Ribo, 1998). It was also detected as a gamma-ray binary

with EGRET (Paredes et al., 2000). It was initially identified as the first gamma-ray
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Figure 4.3 Excess map zoomed in on the region of LS 5039 and HESS J1825-137. The
white star is the position of LS 5039 from Aharonian et al. (2006a) and the white
circle is a radius of 0.4° around HESS J1825-137 from H. E. S. S. Collaboration
et al. (2019). The white cross is the VERITAS centroid of HESS J1825-137.

emitting microquasar when initially detected by HESS (Aharonian et al., 2005a),
but more recent analysis has cast significant doubt on this interpretation. The star
is spectral type O6.5V (Clark et al., 2001), and the nature of the compact object is

still considered to be undetermined without a detected pulsar and lack of orbital

constraints to constrain the object’s mass (Yamaguchi, Yano, and Gouda, 2018).
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There is evidence of the high-energy emission being pulsar-powered based
on the orbital phase difference between X-ray/TeV flux and the GeV flux. The
spectral indicies and fluxes are almost entirely anti-phased (that is: GeV emission
peaks opposite that of the X-ray and TeV emission). Further, the fairly low orbital
eccentricity of the system (e ~ 0.3) provides some challenges to explaining the vari-
ation in emission by the change in accretion rate. Throughout the orbit, emission
can be explained by a pulsar wind interacting with the star, but with some slight
variations. Takata et al. (2014) are able to model the change in spectra by time av-
eraging over two broad phases, roughly half-orbit each, defined by the orientation
of the star-compact object system relative to the observer.

The model relies on two distinct shocks to accelerate particles: one between
the pulsar and star and another caused by the motion of the pulsar which is ori-
ented away from the star. The inner shock region is thought to be synchrotron
dominated with a magnetic field strength modeled at about 15 G, while the outer
shock is IC dominated with a magnetic field strength of about 0.5 G. The phase
near inferior conjunction (INFC, where the compact object is in the foreground) is
characterized by enhanced X-ray and TeV emission. The X-ray emission is mostly
from the inner shock region due to synchrotron emission and the enhancement
during INFC is from Doppler boosting in the stellar wind. At inferior conjunc-
tion the radial cometary tail from the stellar wind is at maximum relative to the
observer which results in X-ray emission being amplified by a factor of 8 (Dubus,
Cerutti, and Henri, 2010). The TeV emission is mostly from electrons that are ac-
celerated in the shock away from the star, and the IC emission is enhanced when
the observer is aligned with the electron wind. The interior shock contributes to
the TeV emission, still, but the enhancement is from looking down the pipe (so
to speak) of the outer pulsar wind. During superior conjunction (SUPC, where

the star is in the foreground), enhanced GeV emission above that from the pulsar
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magnetosphere is observed as the TeV gamma rays from the inner-shock interact
with the material in the stellar atmosphere and produce a cascade of electrons and
positrons which then IC scatter the ambient photons to GeV energies.

VERITAS detected LS 5039 at a significance of 8.8¢ (Li and Ma, 1983) with 101
excess counts within a region of 62 = 0.008deg? centered at the known position
from HESS («,6) = (276°563, —14°848) (J2000) (Aharonian et al., 2006a). Each run
is a single ~ 20 — 30 minute exposure, and consecutive exposures were separated
by 1-2 nights. This provided approximately daily measurements of the already
known 3.9 day orbital period (Aharonian et al., 2006a) for 8 days in 2013 and 12
days in 2014.

There is some evidence of variability from run to run in the VERITAS obser-
vations. To test for variability the run-wise data was fit to a constant rate. This was
done by finding the n that minimizes equation 4.1 where 7 is the constant rate, ; is
the run-wise rate, and o; is the run-wise error on the rate.

(F—ri)?

2
ok

The best fit of a constant rate is # = 0.155 v /min (x?/DoF = 25.85/16), exclud-

=X (4.1)

ing that hypothesis at a confidence of 0.055. The overall light curve best fit to
a single rate is shown in figure 4.4. To determine the period of the object, ide-
ally one would construct a periodogram with enough flux points. However, with
limited data, and knowing the oscillation is roughly sinusoidal in nature, we can
estimate the period by fitting a sine function. One season worth of data, with an
fit to a sine function as an approximation, is shown in figure 4.5. The period of
the functional fit in figure 4.5 is T = 4.0 = 0.6 days which is in agreement with
the 3.9078 4= 0.015 day period determined by constructing a periodogram using

gamma-ray flux (Aharonian et al., 2006a) and radial velocity measurements.
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To provide more evidence of variability in the VERITAS data, the known or-
bital period can be used and difference in spectral parameters based on the phase
can be constructed. Spectra separated by orbital phase, see Figure 4.6, agree with
those measured with HESS (Aharonian et al., 2006a). The flux above 1 TeV is (2.5 +
0440t £ O.SSyS) x 10~ 12cm 2571 near inferior conjunction (232 minutes exposure)
and (7.8 £ 2.8s10t £ 1.65y5) X 107 B em 257! near superior conjunction (230 min-
utes). This difference in flux demonstrates that the variability in the source is de-
tected by VERITAS. Fitting a power-law to each orbital phase gives a photon index
near inferior conjunction of I' = —2.1 4 0.2 £ 0.25ys with x%/DoF =0.19/1 and
I' = —2.4 £ 054t = 0.25ys with x2/DoF = 0.57/1 near superior conjunction. The
VERITAS flux points match HESS with x?/DoF = 2.78/2 and x?/DoF = 0.78 /2 for

inferior and superior conjunction, respectively.

4.3 HESS ]J1825-137

The first indication of a pulsar wind nebula (PWN) in this field was detection using
ROSAT observations of an extended (~ 5’) X-ray nebula associated with the young
(21 kyr) and energetic (E = 2.8 x 10%®ergss™!) pulsar PSR B1823-13 which is at a
distance of 4.12 kpc (Finley, Srinivasan, and Park, 1996). HESS J1825-137 is larger
than the X-ray nebula, but the larger extent is consistent with the longer lifetime of
TeV emitting electrons (Aharonian et al., 2005b). There is a region of molecular gas
with enhanced turbulence that indicates a possibly associated SNR at the correct
distance, however, the nature of that turbulence has not been determined (Voisin
etal., 2016)

Using the same observations and analysis described for LS 5039, VERITAS de-
tected HESS J1825-137 at the center of the PWN reported by HESS (&, ) (J2000) =
(276.421°, —13.839°) (H. E. S. S. Collaboration et al., 2019) with a significance
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LS 5039 Lightcurve (runwise, all)
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Figure 4.4 Light curve of all VERITAS observations. Green line is the best fit to a
constant flux.

of 5.3¢; the peak significance of 6.7¢ is within 2’ of this position. Fitting a spec-
trum extracted from a 0.4° radius source region to a simple power law model gave
a normalization at 1 TeV of A = (5.0 & 0.7s4¢ £ 1.05y5) x 107 2em 25 1TeV1, a
photon index I' = —2.28 4 0.155¢4 + 0.2, and x%/DoF =2.27/1 (flux above 1 TeV
of (3.9 £0.8) x 1072cm2s1). We found the PWN to be centered at («, ) =

+ 0.013

(276.37° £ 0.02° %

stat

) (J2000). Summing in az-

stat

+ 0.015,,,—13.83° £ 0.02
imuth around the PWN, the radial profile is well modeled by by a Gaussian with
0 =0.27° (10 CI: 0.22° — 0.44°) (x*>/DoF = 3.64/3). The radial profile and best fit

are shown in Figure 4.7.
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LS 5039 Lightcurve (runwise, spring 2014)
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Figure 4.5 Light curve of one the 2014 VERITAS observations with a best fit sine
function indicating the periodicity

Using a 0.4° radius for the source, HESS reports a power-law fit of A = (6.81+
0.07stat +0.25y5) X 107 2em 257! TeV~! with a photon index I' = —2.28 £ 0.01 ¢ +
0.025ys (H. E. S. S. Collaboration et al., 2019). Including a 15-20% systematic error
the VERITAS flux normalization brings the measurement in line statistically with
HESS. Similarly, the position of the PWN measured with VERITAS is within 0.04°
of that detected by HESS, comparable to the 0.1° PSF of each instrument. The
radial extent of the nebula measured by VERITAS is consistent with the original
HESS observations of o = 0.24° £ 0.02° with a shorter 52hr exposure (Aharonian et

al., 2006b), but the exceptionally deep observations from H. E. S. S. Collaboration
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Figure 4.6 Energy distribution of the emission from LS 5039. Solid line and x are
from the low state of LS 5039. Dashed line and circles are from the high state of
LS 5039. The fit lines (and associated shaded errors) are from (Aharonian et al.,
2006a).
et al. (2019) reports a different, generally larger, energy dependent extent ranging
from 0.14° £ 0.1° at E > 32 TeV to 0.76° = 0.02° between 250 GeV — 500 GeV.
Using the estimated distance to the pulsar of 4 kpc, the nebula is thought to
be nearly 100 pc in diameter and the largest known TeV PWN (H. E. S. S. Collabo-
ration et al., 2019). The nebula as a whole exhibits a typical inverse-Compton scat-
tering spectral signature with significant photon seed populations from the cos-
mic microwave background and a far infrared (dust) component. Models using

energy-dependent high resolution maps indicate that advection is the dominant

energy transport in the nebula, indicating that the PWN still maintains pressure
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against the ISM. Each component of this PWN is prototypical and it will certainly

be studied with more detail in the next several years when CTA comes online.
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Figure 4.7 Radial profile of HESS J1825-137. The blue points are the samples from
the skymap, and the green line is the best fit profile.

4.4 Discussion

Ata distance of d = 4.12 kpc, the luminosity of HESS J1825-137is L1 _19 ey = (7.9 £
2.2) x 10® erg s~!. Using a baseline evolutionary model for PWN, where one
expects TeV luminosity to decrease with age, it should be about about 22kyr old
(H.E.S.S. Collaboration et al., 2018). There is also timing information about the
pulsar, PSR B1823-13 which helps to isolate the power source with in the nebula:
P=0.101s, P=75x 1071, E =28 x 10%ergss~!, and 7. = 21 kyr (Manchester
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et al., 2005). In this case, the estimated age and pulsar parameters from the TeV
luminosity line up with the observed pulsar parameters - with one exception. The
size of the nebula in the baseline model is only expected to be about Rpwn ~ 12 pc,
while HESS J1825-137 is measured at greater than Rpywn ~ 18 pc using VERITAS's
1o extent of 0.24°radius (and HESS’s most sensitive measurements puts Rpyn ~
50 pc). These differences can be simply explained by a thinner than typical ISM
density which allows for the expansion of the PWN to progress without a typical
outside pressure.

The distance to LS 5039 is d = 2.9 + 0.8 kpc (Yamaguchi, Yano, and Gouda,
2018) and at d = 2.5 kpc the gamma-ray luminosity measured by VERITAS is
Li 10 Tev = (9.3 £5.4) x 10%? erg s~!. LS 5039 is unresolved by VERITAS, how-
ever the variability of about 3.9 days constrains the nebula to having an emission
region with radius no larger than 300 AU (compared to the 0.1-0.2 AU orbital dis-
tance). The TeV emission seems to be unexpectedly suppressed in LS 5039 com-
pared to other pulsar-powered binary systems and the modeling done by Takata
et al. (2014) over estimates very high energy gamma-ray emission when account-
ing for the star’s presence (though, the scale of the modulations are close to that
observed). Bednarek and Sitarek (2013) suggests that material from the star can
act as a mediator in binaries like LS 5039 which lowers the IC scattering effi-
ciency of the pulsar wind since some of the electron energy is transferred to ions
in the mixed material and they have applied that model to other gamma-ray bina-
ries. When compared the gamma-ray binaries with known pulsar properties PSR
B1259-63/LS 2883 (Chen et al., 2019) and PSR J2032+4127 (Bednarek, Banasinski,
and Sitarek, 2018; Abeysekara et al., 2018a), LS 5039 has a very short orbial pe-
riod of 4 days (compared with about 4 years and 50 years for B1259 and J2032,
respectively). This regular, relatively short, period makes it a regular source of

interest to test pulsar-star interaction models, however it also makes it more com-

56



plex since neither object in the binary system are seen in isolation as they are in the
long-period binaries.

Both of the objects in the field of view tell different stories of pulsar evolution
and how the spindown of the pulsar injects power into its surroundings. LS 5039
has been constantly interacting with a companion star for its entire life and has
not developed as bright of an extended nebula that it might have if the pulsar
was isolated. The normal PWN evolutionary model does not apply in this case.
This is in stark contrast to HESS J1825-137 where the nebula was likely allowed
to more freely expand into a rarefied medium, and knowing the pulsar properties

vindicates the baseline as a close match to the evolution of the extended PWN.
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CHAPTER 5
PWN DA 495 2QHWC J1953+294)

This chapter is two parts related to the study of pulsar wind nebula DA 495. First,
background of the discovery of DA 495 in TeV gamma rays and VERITAS analysis
is detailed in Section 5.1. The results of this analysis were originally reported on
in Abeysekara et al. (2018b) as part of a follow-up study on new TeV gamma-ray
sources detected by HAWC, and the strong magnetic fields measured by study of
the radio spectrum made the TeV detection unexpected (Kothes et al., 2008). Sec-
ond, starting with Section 5.2, the entire text of a paper accepted for publication in
the Astrophysical Journal, titled: "Multiwavelength Study of Pulsar Wind Nebula
DA 495 with NuSTAR, VERITAS and HAWC," is included (Coerver et al., 2019).

5.1 Background

2HWC J1953+294 was discovered by HAWC as a point source as part of their
2HWC catalog published in 2017, which is the result of 507 days of observations
(Abeysekara et al., 2017b). The source was detected at &, 6 (J2000) = 298.26°,29.48°
(I,b = 65.86°,1.07°) with a 1o uncertainty of 0.24°. The 2HWC centroid is 0.2° from
the radio position of DA 495 (SNR G65.7+1.2). The larger than typical pointing
uncertainty could have been due to the lower signal (statistical significance ¢ can
be related to HAWC's test statistic by VTS = o, and J1953 was detected with a
TS=30.1 or o = 5.5) or some moderate extension that was not large enough to be
detected by the extended source searches. This was one of the 2HWC sources near
the Galactic plane that was furthest from any known TeV source at the time (8.44°).

The spectral index at 7 TeV is I' = 2.78 £ 0.15, similar to SNR G054.1+00.3 2HWC
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J1930+188, I = 2.74 £ 0.12) - which is thought to host a young pulsar and bears
some resemblance to DA 495 in other wavelengths.

Within about 1° of 2HWC J1953+294 is 2HWC J1955+285, another previously-
unknown TeV source. It is possibly associated with the SNR G065.1+00.6 which
has been detected in lower-energy gamma rays. In addition to these two sources,
there is some diffuse emission in the sky region that bridges the two sources. The

skymap of the region showing both sources is shown in Figure 5.1.

5.1.1 VERITAS Observations

VERITAS reported a confirmation of weak gamma-ray emission (5.20 pre-trials
statistical significance) coincident with 2HWC J1953+294 after 37 hours of obser-
vation (Holder, 2017). The initial detection included about 14 hr of observations
of PSR J1958+2846 from 2012-2014 that were centered within 1.5° of the HAWC
position.

The weak signal prompted additional followup in 2016 and 2017. The aver-
age elevation was 71° and observations were made with a 0.7° wobble around the
HAWC source given the position uncertainty and possible extension. VERITAS
observed 2HWC J1953+294 for a total of 68.5 hours. A summary of the observa-

tions is shown in Table 5.1.

Season Target Total Exposure
hrs
2012-2013 | FGL J1954+2836-FGL J1958+2846 Mid Point 10.6
2013-2014 PSR J1958+2846 18.0
2015-2016 2HWC J1953+294 33.5
2016-2017 2HWC J1953+294 35.0

Table 5.1 Summary of VERITAS observations near 2HWC J1953+294. The total
exposure is before quality cuts.
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Figure 5.1 HAWC significance skymap of the region containing DA 495 as in Abey-
sekara et al. (2017b). The image was obtained from the 2HWC online data catalog.
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5.1.2 VERITAS Analysis

After cutting the runs for bad weather or instrument issues, there is about 72
hrs of usable data from VERITAS (including about 10 hours usable from near
by PSR J1958+2846). An extended source analysis was used (0 < 0.3°). Gamma-
hadron separation was made using boosted decision trees with hard cuts (Krause,
Pueschel, and Maier, 2017). Regions of 0.3° radius around both of the Fermi pulsars
and 2HWC J1955+285 were excluded from background estimation. A 0.34° radius
region was excluded around 2HWC J1953+294 to account for the size of the radio
nebula. We found 953 ON counts and 11120 OFF counts (« = 0.069) within 0.3°of
the position of maximum significance (using a search radius around the HAWC
position of 0.4°). This resulted in 188.3 excess counts and maximum significance
of 6.3¢ pretrials. Since we had to test multiple positions, a trials factor had to be
accounted for. A 0.4° radius search region with 0.04° x 0.04° tiles is 315 trials. The
source was detected at a post-trials significance of 5.20 (Abeysekara et al., 2018b).
The VERITAS significance skymap of the region is shown in Figure 5.2 with the
associated 1D significance distribution shown in Figure 5.3. The 1D distribution is
acceptable. An annotated excess map with radio and X-ray contours is shown as
part of the paper included in this chapter in Figure 5.4.

Morphology and localization were determined using a 2D Gaussian. The
centroid was found to be &, § (J2000) = 298.06° & 0.04%stat &= 0.01°%5ys, 29.39° £
0.02%tat = 0.01°%ys with a 1o extension of 0.14° 4= 0.02°. Thus, the gamma-ray
source detected by VERITAS is named VER ]J1952+294.

The spectrum measured by VERITAS is well described by a power-law distri-
bution (fljl—lgI =Ax(E/1TeV) —1) with an index of T' = 2.65 + 0.45 + 0.25ys and a
flux normalization at 1 TeV of (2.84 = 0.54g¢at &= 0.565y5) X 10712 em ™2 57! TeV 1.

Extrapolating the HAWC measurement for the region to 1 TeV gives a normal-
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Figure 5.2 VERITAS significance map of DA 495 region. The 1D significance dis-
tribution for this region is shown in Figure 5.3.

ization of 1.86 x 10713 cm~2 s~! TeV~! and is about 7x the flux of the VERITAS
measurement. This discrepancy may be due to source confusion in the region and
future HAWC analysis with multiple source fitting should help. The VERITAS
analysis is a pointed observation, and less likely to suffer from the contamination
of nearby sources, so the VERITAS spectrum is adopted for the multiwavelength

analysis in the following sections.
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Figure 5.3 Significance distributions of the VERITAS skymap shown in Figure 5.2.
Each color line indicates a different significance distribution: red is from the en-
tire map, blue excludes the central source exclusion region only, black is all back-
ground regions, and green is a Gaussian distribution with the mean and rms in the
legend (ideally, mean = 0 and rms = 1). The difference between the red and black
lines indicate the signal from the source.

5.2 Introduction

When a massive star (> 8 M) 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 termination shock. The observation of
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synchrotron and inverse Compton emission within the PWN suggest the acceler-
ation of nonthermal particles. The pulsar may continue to feed the PWN with its
rotational energy and expand the boundary of the nebula. For a review of PWNe
see Gaensler and Slane (2006).

The most well studied (and thought to be representative) PWNe are the young
Crab and older Vela-X nebulae with ages of about 1,000 years and 20,000 years, re-
spectively (Hester, 2008; Kargaltsev et al., 2015). Vela-X is notably more evolved
with its very extended filamentary structure within the PWN and apparent ex-
panding supernova remnant (SNR) shell seen to interact with the local interstellar
medium (ISM). This shell, evidence of an advancing shock formed by the progen-
itor supernova, is thus far absent from observations of the Crab Nebula (Yang and
Chevalier, 2015). Both the Crab and Vela-X PWNe have well studied pulsars (PSR
B0531+21 and PSR B0833-45, respectively) which allow the broadband emission
to be modeled and measured within the context of the pulsar-nebula system (Se-
ward and Wang, 1988; Biihler and Giomi, 2016). Studies of the Crab have indicated
Lorentz factors of electrons reaching v ~ 10° (Fraschetti and Pohl, 2017), emphasiz-
ing the importance of PWNe as astrophysical laboratories for relativistic processes.
This is particularly important when considering the contribution of nearby PWNe
to the cosmic ray positron population (Archer et al., 2018; Grasso et al., 2009).

Much of our knowledge about PWN evolution comes from comparing these
two objects, however more detail about evolutionary processes is clearly necessary,
as environmental and progenitor characteristics play key roles in the development
of PWNe. Since not all PWN have age and pulsar characteristics available or as
much environmental context as the Vela-X nebula, we must rely on spectral mod-
eling and analysis of energy-dependent morphology to explain the conditions of
these astrophysical laboratories and try to place them within an evolutionary con-

text of other well-studied PWN.
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In this study we present results from multiwavelength modeling of PWN
DA 495 and evaluate its energy dependent morphology using new observations
from NuSTAR. It is thought that DA 495 is in an evolutionary state somewhere be-
tween the Crab and Vela-X PWNe (Kothes et al., 2008), making it a good candidate
for investigation of PWNe life cycles. In section 5.3 we discuss the observational
history of DA 495, including: radio observations, X-ray observations, and recent
very high energy gamma-ray observations not used in past modeling studies. Sec-
tion 5.4 details the new NuSTAR observations that are analyzed and reported on in
Section 5.5. Section 5.6 describes models and derived parameters used to evaluate

the nebula, and Section 5.7 discusses implications of the modeling results.

5.3 Background/Previous Observations
5.3.1 Discovery and identification

DA 495 (G65.7+1.2) was discovered by the Dominion Astrophysical (DA) survey
(Galt and Kennedy, 1968). It was identified as a point source in the DA survey
due to the coarse angular resolution but there was insufficient signal to determine
any spectral information at the time. Follow up as part of a supernova remnant
search, performed with the National Radio Astronomy Observatory (NRAO) and
the Vermilion River observatory, found that DA 495 had an extended structure and
a non-thermal spectrum suggestive of a Crab-like SNR (Willis, 1973, and erratum).
Further confirmation of the center-filled SNR hypothesis came with additional Do-
minion Radio Astrophysical Observatory (DRAO) observations (Landecker and
Caswell, 1983). We now know these center-filled SNRs to be PWNe, and DA 495

has been studied as such since then, however an associated pulsation has not been
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found. More recent results from observations in radio and other wavelengths are

detailed in the next sections.
5.3.2 Radio

The most recent radio analysis of DA 495 is reported in Kothes et al. (2008), here-
after referred to as K08. The maps generated by K08 from observations done with
the Canadian Galactic Plane Survey in 408 MHz and 1420 MHz (Taylor et al., 2003)
and the Effelsberg Radio Telescope in 4850 MHz and 10550 MHz show an approxi-
mately circular diffuse source of about 25" in diameter. That size is fairly consistent
across the radio spectrum reported in KO8 and is consistent with earlier observa-
tions, but the nebula is not present in IRAS 60 "m observations. Fractional polar-
ization is about 25% at higher frequencies (2695 MHz, 4850 MHz and 10550 MHz)
and is ordered in a way that indicates a central dipole magnetic field with a su-
perimposed toroidal component. The magnetic field of the nebula, measured from
a synchrotron cooling break at 1.3 Ghz, was determined to be extremely high at
B = 1.3 mG. Using HI absorption and kinematic measurements relating to galactic
rotation, KO8 also estimated a distance to the source of d = 1.0 £ 0.4 kpc. We adopt
the radio fluxes reported in K08, which have compact sources and the foreground
H II region removed for use with our combied spectrum described in Section 5.6.
A map of radio emission at 1.4 GHz from the Canadian Galactic Plane Survey

(CGPS) is shown as contours in Figure 5.4.
5.3.3 X-ray

DA 495 was first detected in the X-ray band in March 2004 using archival ROSAT
and ASCA data (Arzoumanian et al., 2004). ROSAT source IWGA J1952.2+2925, a

faint, compact X-ray source, was assumed to be associated with the surrounding
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radio nebula. The X-ray flux was found to be non-variable, non-thermal, and ex-
tended, leading to its identification as emission from a wind nebula. DA 495 was
followed up with Chandra in 2007 (Arzoumanian et al., 2008), which was able to
resolve a central point source inside the ~40” diameter (0.2 parsec at a distance of 1
kpc) X-ray nebula. Chandra spectral analysis of the extended emission resulted in
a photon index of I' = 1.6 & 0.3, allowing for confirmation of the extended region
as a wind nebula. The central point source was found to have a purely thermal
spectrum, a result confirmed by Karpova et al., 2015 (hereafter K15). K15 jointly
fit the archival XMM-Newton and Chandra data with an absorbed powerlaw plus
blackbody model and an absorbed powerlaw plus neutron star atmosphere model
(NSMAX) (Mori and Ho, 2007; Ho, Potekhin, and Chabrier, 2008) to characterize
the point source emission. The blackbody fit, likely modeling emission from a po-
lar cap, resulted in a temperature of T ~ 0.22 keV, a radius of R ~ 0.6 km, and a
neutral hydrogen column density of Ny ~ 2.6 X 10%! em™. The NSMAX fit, mod-
eling emission from the entire neutron star surface, resulted in a temperature of
T ~ 0.08 keV, a radius of R ~ 10 km, and a neutral hydrogen column density of
Ny ~ 3.5 x 102! cm™. Neither model was ruled out. No pulsations were detected
in the Chandra data, but the pure thermal spectrum of the point source implies
its likely identification as the neutron star powering the wind nebula. K15 fur-
ther constrained the pulsation non-detection through timing analysis of the XMM-
Newton data, setting the upper limit for a pulsed fraction of 40 percent in a range
of > 12.5 ms. K15 estimated the distance to the putative neutron star to be ~2.4
- 3.3 kpc (depending on which spectral models were applied to the point source

spectrum) using the Ny — D relation.
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5.3.4 Gamma ray

The first TeV gamma-ray detection in the region of DA 495 was reported by the
High Altitude Water Cherenkov Telescope (HAWC), which detected the source
2HWC J1953+294 within 0.2° of the radio center reported by K08 (Abeysekara et
al., 2017b). Given the 25" diameter radio size of DA 495 and HAWC's localization
uncertainty of 0.1° it is certainly plausible that DA 495 is associated with 2HWC
J1953+294 by position alone. Additional evidence that 2HWC J1953+294 is associ-
ated with DA 495 is the photon index at 7 TeV of I' = 2.78 + 0.15, which is consis-
tent with other PWNe in this energy range (such as the Crab). The TeV gamma-ray
detection of DA 495 was confirmed by follow-up observations with the Very Ener-
getic Radiation Imaging Telescope Array System (VERITAS), which detected VER
J1952+293 (Abeysekara et al., 2018b). VER J1952+293 is centered within 0.05° of the
radio center and has a extension defined by a 2D Gaussian with o = 0.14° £ 0.02°,
which is consistent with the size of the radio nebula. The extent and position of
the emission detected by VERITAS provides compelling evidence that the TeV and
radio nebula are associated. The photon index measured by VERITAS at 1 TeV,
I' =2.65+ 0.49, also agrees well with the TeV PWN interpretation.

There is significant disagreement between the VERITAS and HAWC flux mea-
surements of their respective sources. At 1 TeV, HAWC has a flux that is about 7 x
higher than that of VERITAS (Abeysekara et al., 2018b) and is probably attributed
to a nearby extended source and/or diffuse emission that contaminate the flux re-
ported for 2HWC J1953+294. For this study, we adopt the VERITAS flux points

and accept the HAWC measurement as an upper limit.
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Figure 5.4 The color image is VERITAS excess > 200 GeV from Abeysekara et al.
(2018b) and is in units of counts/0.09 deg?. Contours are T, = (8,9,11) K from
1420 Mhz Canadian Galactic Plane Survey (Taylor et al., 2003). The cross marks the
PWN center in X-rays from this work. Note that the radio contours of the nebula
from outer to inner are increasing then decreasing: 8,9,11,9 K, indicating the radio
hole in the center. The VERITAS excess map is integrated with 6 < 0.3deg, so the
2’ radio hole, if present, would not be apparent in the gamma-ray map.

5.4 Observations
5.4.1 X-ray Observations

Observations of DA 495 were performed by NuSTAR (ObsID 30362003002) on 2017
June 9 for a total exposure of 60 ks. NuSTAR pointed at the X-ray centroid of the
PWN at R.A.(J2000) = 19" 52™ 17.04%, decl.(J2000) = 29° 25’ 52.5" (Arzoumanian et
al., 2008). The NuSTAR data was processed with nupipeline 0.4.6. DA 495 was
observed by Chandra/ACIS-I on 2002 December 9 (ObsID 3900) for a total of 25 ks.
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Observations also took place with XMM-Newton EPIC/MOS (Full Frame Mode,
medium filter setting) on 2007 April 21 for a total of about 50 ks. XMM-Newton
data was processed using XMM SAS 1.2.

The NuSTAR, Chandra, and XMM-Newton datasets were used for both image
analysis and spectroscopy. All three datasets underwent spectral extraction and
joint fitting in XSPEC (v12.9.0), providing a more complete picture of the DA 495

X-ray emission.

5.5 Results
5.5.1 Data Analysis
5.5.1.1 NuSTAR Data Reduction

The NuSTAR data was processed and analyzed using the HEASOFT V6.21 software
package, including NUSTARDAS 06December16 V1.7.1, with 2017 June 14 dated Cal-
ibration Database (CALDB) files for NuSTAR.

NuSTAR background-subtracted images were obtained using the nuskybgd
software (Wik et al., 2014). Nuskybgd maps and generates images for the entire
background, allowing for specific background spectrum extraction given a source
region. It takes into account stray light leaking through the aperture stop, focused
cosmic X-ray background, instrumental background, and soft environmental neu-
trons from cosmic rays. When modeling the background with nuskybgd, three
source-free regions were selected from each module, each region on a different de-
tector chip. Although stray light contamination mainly manifested below 3 keV,
the affected region, the top third of module A, was avoided when choosing back-

ground regions for modeling.
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Figure 5.5 (a) NuSTAR modules A and B from 3 to 20 keV, summed and back-
ground subtracted. (b) NuSTAR modules A and B from 10 to 20 keV, summed and
background subtracted. The images were smoothed with a Gaussian kernel to 5¢
significance.

After background subtraction three X-ray sources were visible in the NuS-
TAR field of view (Fig. 5.5a). CIAO wavdetect detected the two point sources,
S1 and S2, in the NuSTAR data from 3 to 10 keV, but did not detect them in the
10 to 20 keV band. DA 495 appears up to 20 keV. The archival Chandra data re-
vealed counterpart point sources to S1 and S2: CXO ]J195205.6+292808 (S1) and
CXO J195222.6+293005 (S2). These nonvariable low-energy point sources are ex-
tremely unlikely counterparts to the TeV gamma-ray emission and are excluded

from further analysis.
5.5.2 X-ray Spectral Analysis

We extracted spectra from both the NuSTAR data and archival Chandra and XMM-

Newton data and jointly fit the low- and high-energy spectra.
5.5.2.1 NuSTAR

For NuSTAR spectral extraction with nuproducts 0.3.0, a region of r < 50" was

used, centered at the PWN centroid in the full band. The extraction region was
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increased beyond the X-ray extent of r ~ 20", as the larger NuSTAR PSF can cause
counts to spill beyond the Chandra-measured source extent. A 50" region, deter-
mined to be optimal through image analysis and trial-and-error spectral extrac-
tion, was large enough to include all or nearly all source counts while preserving a
high signal-to-noise ratio. Using nuproducts we generated the NuSTAR response
matrix (RMF) and effective area (ARF) files for an extended source. Extracted spec-
tra from module A and B were found to have consistent fluxes and were combined
using addspec from FTOOLS 6.9. The spectrum was subsequently binned to 2¢
significance over background counts in each bin.

NuSTAR background spectra were generated by jointly modeling module A
and B with nuskybgd. Background spectrum generation with nuproducts was
also attempted. Nuproducts uses only one source-free rectangular background
region file per module, which we selected to be on the same detector chip as
the source region. Although fitting the source spectra with both nuskybgd and
nuproducts background spectra yielded largely consistent results, nuskybgd pro-
duced a slightly better match between the A and B spectra and was used for final
fitting. Like the source spectra, addspec was used to combine the module A and B

background spectra generated with nuskybgd.

5.5.2.2 Chandra

Chandra spectral extraction was performed using CIAO 4.10 procedures for ex-
tended emission. An extraction radius of r < 20", the Chandra-measured source
extent (Karpova et al., 2015), was used. A background spectrum was extracted
from a circular, 70" radius, point-source-free region on the same detector chip as

DA 495. The extracted source spectrum was variably binned to 2¢ significance.
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5.5.2.3 XMM-Newton

XMM SAS 17.0.0 procedures were used for XMM-Newton spectral extraction. A
region of r < 40" was used for spectral extraction. As XMM-Newton has a larger
PSF than Chandra, a larger region was required to capture all source counts. The
background spectrum was extracted from a 70" circle covering a nearby region that
was determined to be point-source-free by XMM SAS edetect_chain. The extracted

source spectrum was variably binned to 2¢ significance.
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Figure 5.6 Chandra, XMM-Newton, and NuSTAR spectra jointly fit with an ab-
sorbed powerlaw plus blackbody model. Black: NuSTAR; Red: Chandra; Green,
Turquoise, and Purple: XMM-Newton EPIC PN, MOS 1, and MOS 2, respectively.
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5.5.2.4 Fitting Results

When fitting, the NuSTAR spectrum was cut off above 20 keV where the back-
ground began to dominate. Thus we used a range of 3 to 20 keV for the NuSTAR
spectrum, a range of 0.5 to 10 keV for Chandra and a range of 0.2 to 10 keV for
XMM-Newton EPIC PN, MOS 1, and MOS 2. All error bars were calculated to
1o significance. We fit the NuSTAR, Chandra and XMM-Newton data jointly with
an absorbed power-law model plus a blackbody component (tbabs*(bbodyrad
+powerlaw)) to account for the central pulsar (abundances from Wilms, Allen, and
McCray, 2000). This fit (Fig. 5.6) produced a photon index of I' = 2.0 + 0.1 (typical
for a PWN), a neutral hydrogen absorption of Ny = 3.3:1):% x 10% cm™, a black-
body temperature of T = 0.18f8:82 keV, and a blackbody radius of R = 0.5J_r8:§ km
(Table 5.2). All results are consistent with Karpova et al., 2015, who theorized that
this blackbody radius and temperature model emission from a hot polar cap. X-ray
flux was 2.4 +0.1 x 10~ 13 erg sl em™? in the 2 to 20 keV band and 2.4f8~2 x 10713
erg s'! cm™? in the 0.5 to 8 keV band, with Ly_py = 2.9703 x 103! erg s! at a dis-
tance of 1 kpc. This fit resulted in a reduced chi-squared of 1.0 for 482 degrees
of freedom, confirming that the spectrum is non-thermal and fits well to a single
power-law model. There is no evidence of a spectral cutoff or break up to 20 keV.
The spectra were also fit with a neutron star atmosphere model as a replace-
ment for the blackbody model (tbabs*(NSMAX+powerlaw)) with B = 102 G to
model thermal emission from the entire neutron star surface. This fit resulted in a
photonindex of I' = 1.9 £ 0.1, a neutral hydrogen absorption of Ny = 4.01’8:% x 10?1

2 an atmosphere temperature of T = 2810 eV, and a radius of R = 10fg km (Ta-

cm”
ble 5.2). No lower limit was derived for the temperature, as the temperature fit

to the lower limit value of the model. The gravitational redshift was frozen to a
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standard value of 0.3. The NSMAX fit is not shown in Fig. 5.6, as it resulted in

similar residuals and goodness of fit as the blackbody model.

5.5.2.5 Spatially Resolved Spectral Analysis with Chandra
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Figure 5.7 Chandra image of the DA 495 wind nebula, 0.5 - 8 keV, smoothed with
a Gaussian kernel to 3¢ significance. Inner green 2" circle denotes pulsar location,
outer 40" green circle denotes wind nebula extent.

Chandra’s high angular resolution (~0.5") was used to investigate potential
spectral softening at larger distances from the central pulsar due to synchrotron
burnoff in the pulsar’s leptonic wind. Spectra were extracted from two annuli: 2"
<r; <10"and 10" < 1, < 20". The inner 2" of the nebula were ignored to avoid the

contribution of blackbody emission from the putative central pulsar. Each annu-
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lus spectrum was extracted using CIAQ0 4.10 extended emission procedures and
was fit in XSPEC from 0.5 to 8 keV with an absorbed power law model (again, us-
ing abundances from Wilms, Allen, and McCray, 2000). The fitting resulted in an
Ny of 4.8f§:8 x 10?! and a photon index of 1.9 0.2 for ry (x2 = 0.6,13 dof), while
rp gave an Ny of 4.83:1 x 102! and a photon index of 1.9 & 0.3 (x2 = 0.9,15 dof).
These Ny and I values are consistent with the full Chandra spectrum extracted
from the region 2" <r < 20".

A radial profile of the Chandra data was generated using an inner radius of 2",
an outer radius of 20", and 5 annuli. We plotted the brightness of the wind nebula
as a function of distance from the central point source in the energy bands 0.5-1.0
keV, 1.0-3.0 keV, and 3.0-8.0 keV, normalizing the data points at r = 2" to 1.0 and
subtracting the background. We saw no significant spectral hardening or softening
between the three energy bands. In the annular fits, the photon index stays con-
stant within error bars at larger distances from the central pulsar, consistent with
the radial profile results. We report no evidence of quickening in the burnout of

electrons at higher energies.
5.5.2.6 X-ray Flux Upper Limit

An X-ray flux upper limit for SED fitting was extracted by analyzing the extended
emission within the radio nebula region r < 12.5” (Fig. 5.8b). In a single electron
population leptonic emission scenario one would expect diffuse X-ray emission
coincident with the large radio nebula. XMM-Newton was the only X-ray tele-
scope with a large enough field of view to be used to attempt a diffuse nebula
upper limit. EPIC-MOS 2 was the sole camera used for analysis, as two CCD chips
in MOS 1 were compromised, and EPIC-PN was operated in the Small Window

mode. XMM SAS 17.0.0 ESAS procedures were used for source and background
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Figure 5.8 (a) XMM-MOS 2 image of DA 495, 0.5-10 keV. (b) XMM-MOS 2 back-
ground subtracted and point-source masked image, 2-10 keV. Both images were
smoothed with a Gaussian kernel to 3¢ significance.

spectrum generation. ESAS background subtraction procedures account for the
quiescent particle background (QPB), but do not account for CXB emission, solar
wind charge exchange (SWCX) background, soft proton background, or instru-
mental lines. Because instrumental lines and SWCX effects manifest below 2 keV,
all energies below 2 keV were ignored. The lightcurve of the region was examined
and no flares were found. The CXB was accounted for by fitting a second power-
law to the spectrum using the known photon index of I' = 1.46 (Snowden, Collier,
and Kuntz, 2004). It was not possible to directly subtract a local background spec-
trum, as the radio nebula covers the entire XMM field of view and therefore no
region was guaranteed to be source-free. All point-like sources, including DA 495,
were masked using the XMM ESAS cheese command, and the extended emission
spectrum was fit separately from the compact nebula. Because of the sharp (fac-
tor of ~6) drop in flux between the compact X-ray nebula and surrounding back-
ground (Fig. 5.8), it is unlikely that much of the measured X-ray flux from the

radio emission region is from DA 495.
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When fitting the extended region, Ny was frozen to the joint fit value of
3.3 x 10*! em™. Subtracting the relevant background components and ignoring
the photons below 2 keV resulted in a flux (2-10 keV) of 3.6J_r8:g x 10712 erg s7!
cm2 when the DA 495 photon index was allowed to fit freely (very soft at T ~ 5.6),
and a flux of ~ 4.7 x 10712 erg s'! cm™ when the photon index was frozen to the
DA 495 best fit value of 2.0 (with the normalization of the CXB component frozen
to the value found in the previous fit). The compact X-ray nebula upper limit flux
was measured to be ~ 1.6 x 10713 erg s”! cm™ in the 2-10 keV band. The extended
region flux (with all point-like sources masked) was added to the DA 495 compact
flux value to gain a diffuse X-ray nebula upper limit of (3.3 —4.9) x 10712 erg 57!

Cm'z.

5.6 DA 495 PWN Spectral Modeling

The multi-wavelength spectra and spatial extents of DA 495 PWN provide strong
constraints on the underlying radiation processes. In particular, since the X-ray
nebula has significantly smaller extent than the radio and TeV nebulae, it natu-
rally argues for a two-zone model, where the inner X-ray nebula originates from
recent acceleration of primary electrons in the neighborhood of the central pulsar
with a probably higher magnetic field, while the more extended radio and TeV
nebulae are the consequence of older particles that have diffused away from the
central pulsar. Given the very high flux of the extended TeV nebula, there could
be a hadronic contribution to the high-energy spectral component. In this section,
we discuss the fitting models for the broadband spectrum of the extended radio
and TeV nebulae as well as the compact X-ray nebula. We use both the spectrum
and spatial extent to constrain the model parameters. Fitting results are shown in

Figures 5.10 and 5.9 with model parameters listed in Table 5.3.
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Figure 5.9 Leptonic model 1 and 2. The extended radio and TeV nebulae are fit
with inverse Compton scattering by primary electrons (magneta dot for model 1
and cyan dot for model 2) and primary electron synchrotron (red dash for model 1
and blue dash for model 2). The compact X-ray nebula is fit with another primary
electron synchrotron (red solid). Parameters are listed in Table 5.3. Black points are
the radio Kothes et al. (2008), X-ray (this work) and VERITAS data points (Abey-
sekara et al., 2018b). Black solid line is the Fermi upper limits (Abeysekara et al.,
2018b).
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Figure 5.10 Hadronic fit of the broadband SED. The extended radio and TeV neb-
ulae are fit with pp collisions of primary protons (black dash dot) and secondary
pair synchrotron (red dash). The compact X-ray nebula is fit with the primary elec-
tron synchrotron (red solid). Parameters are listed in Table 5.3. Black points are the
radio Kothes et al. (2008), X-ray (this work) and VERITAS data points (Abeysekara
et al.,, 2018b). Black solid line is the Fermi upper limits (Abeysekara et al., 2018b).
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5.6.1 Pure Leptonic model

In a pure leptonic model, the radio to TeV emission generally consists of two com-
ponents, namely, a low-energy component from synchrotron emission from pri-
mary electrons and a high-energy component from inverse Compton scattering of
CMB photons by the same electrons. Given the large extents of the radio and TeV
nebulae, the primary electron synchrotron photon density is much lower than the
CMB. Thus we do not expect a significant synchrotron-self Compton contribution.
The compact X-ray nebula originates from the neighborhood of the central pul-
sar, where the higher magnetic field and freshly accelerated electrons trigger an
additional synchrotron component.

We can estimate the average magnetic field strength within the radio and TeV
nebulae based on the spectral shapes. In a pure leptonic model, the radio and TeV
emission should come from the same electron population. Since the radio spec-
trum is rising in a power-law shape while the TeV spectrum appears like a cutoff,
we expect that the underlying electron spectrum has a spectral break at some maxi-
mal energy. To upscatter CMB photons to TeV energies, the primary electron cutoff
should be ~ 20 TeV. Generally speaking, this spectral break can have two origins,
either the synchrotron cooling break or the intrinsic spectral cutoff. If the electron
cutoff at ~ 20 TeV results from synchrotron cooling, the synchrotron cooling time
scale should be comparable to the source age,

Mec?

=0.976 ug+u 1 tyee =20kyr . (5.1
4/3C0'T’Y(uB+uCMB) yry (B CMB) age yr . (6.1)

tcool =

Therefore, we can find that B ~ 8 uG, consistent with the ISM magnetic field. This
implies that the synchrotron component should peak at

3eB

hv.=h
Ve 47Tm,c

1? ~1.74x 108 eV By?> ~50eV , (5.2)

which is in the ultraviolet.
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The extent of the TeV nebula is likely determined by the diffusion of TeV
electrons. The typical interstellar diffusion coefficient of ~ 10 TeV electrons is
~ 10%° cm?s~!. Considering the radiative cooling of these TeV electrons in the

ISM, the diffusion radius is given by

dgif = 21/ Dt oo ~ 100 pe. (5.3)
Apparently, the extent should be much larger than the observed angular extent
assuming a distance of 1 kpc. To trap the high-energy electrons within the ob-
served ~ 2 pc region, the diffusion coefficient should be D ~ 4 x 10® cm?s~!,
much smaller than the ISM diffusion coefficient. Comparing to the Bohm diffu-
sion coefficient, which is given by

1 2 B -1
Dpoim = 5 Lt—¢ ~ 6.67 x 102 cm?s ™! (%) , (5.4)

the observed slow diffusion then sets a lower limit on the average magnetic field,
B 2 10 “G. Recent HAWC observation of the Geminga PWN suggested a similarly
small diffusion coefficient within the Geminga nebular diffusion comparable to the
local Bohm diffusion coefficient (Abeysekara et al., 2017a; L6pez-Coto et al., 2018),
which is consistent with our DA 495 fitting parameters.

Since the same electrons produce the radio emission through synchrotron and
the TeV emission through inverse Compton scattering, their flux levels can be used
to derive the ratio between the magnetic energy density and the target photon
energy density, namely, up/ucyp. Figure 5.9 shows our leptonic fitting results.
We find that the magnetic field cannot be too high, or else there should exist a very
bright X-ray nebula of similar size to the radio and TeV nebulae, which cannot be
confirmed in our observations. Notice that our spectral fitting considers cooling
effects, thus we observe a cooling break in the B = 15 uG case.

The sharp cutoff at the edge of the central compact X-ray nebula implies a

stronger magnetic field and newly accelerated electrons. Figure 5.9 shows a sam-
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ple fitting with 50 "G magnetic field, although with merely X-ray data we cannot
constrain both the magnetic field strength and the electron spectrum. The higher
magnetic field strength should infer brighter radio emission within the compact
X-ray nebula. Instead, K08 suggests an apparent radio hole in that region. This

casts doubt on simple leptonic models.
5.6.2 Pure Hadronic Model

In a pure hadronic model, the broadband emission of the extended nebula origi-
nates from proton-proton (pp) collisions, where the neutral pion decay makes the
high-energy spectral component while the charged pion decay results in secondary
electron-positron pairs, which then give rise to the low-energy spectral component
through synchrotron radiation. The compact X-ray nebula is likely the primary
electron synchrotron radiation, and its small extent is due to the fast cooling time
of these electrons in a high magnetic field.

The observed radio and TeV spectra can put strong constraints on the underly-
ing proton spectral distribution and magnetic field strength. The soft TeV spectral
shape indicates the neutral pion decay spectral cutoff. This corresponds to a pro-

ton cutoff energy at (Kelner, Aharonian, and Bugayov, 2006)
Epeut =10 X Eqcup ~ 10 TeV . (5.5)

Meanwhile, the rising radio spectrum marks the low-energy cutoff of the sec-
ondary electrons. These electrons, which come from the charged pion decay, should
have a low-energy cutoff at ~ 500 MeV (Kelner, Aharonian, and Bugayov, 2006).
This is because the cross section of the pp collisions cuts off when the nonthermal
protons become nonrelativistic. Therefore, we can quickly derive from Equation

5.2 that the magnetic field strength should be

Emdio Y —2
B O.5mG10756V<103) . (5.6)
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Since the cross section for charged pions is about half of the neutral pion cross-
section, and part of the charged pion energy goes into neutrinos, the total electron
power from pp collisions is typically about one third of the total y-ray power.
We can see from the DA 495 spectrum that the TeV flux is ~5 times higher than
the radio flux, indicating that the secondary synchrotron emission is very efficient
(Figure 5.10). Indeed, we can quickly estimate from Equation 5.1 that the cooling
time of the secondary electrons in a ~ 0.5 mG magnetic field should be ~ 90 kyr
for the low-energy cutoff electrons at ~ 500 MeV, on the same order of the source
age.

Given the extent of the TeV nebula, we can estimate the diffusion coefficient
inside. Since the protons that produce the TeV emission do not cool in the nebula,

the diffusion coefficient is
RA2
D= <E> Jtage ~ 1.5 x 102 cm?s ™1, (5.7)

a little smaller than that in the leptonic scenario. But here the magnetic field is
two orders of magnitude higher than the typical ISM value, thus the diffusion
coefficient is well above the Bohm limit.

While the radio and TeV nebulae are produced by pp collisions, the com-
pact X-ray nebula near the central pulsar comes from the primary electrons co-
accelerated with the protons. Due to the high magnetic field, these electrons will
cool in a short time, which naturally explains the small spatial extent of the X-
ray nebula. From Equation 5.2, the X-ray spectral shape implies that the primary
electrons should be accelerated to ~ 20 TeV, consistent with the maximal proton

energy.
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5.7 Discussion

With the detection of high-energy X-ray and TeV emission, we have modeled sev-
eral different scenarios that explain the nature of the broadband emission from
DA 495. K08 and Arzoumanian et al. (2008) describe DA 495 as a PWN possibly
unconstrained by the presence of a reverberation supernova reverse shock, allow-
ing for the ~20 kyr PWN to expand with an Ry4i0/ Rx—ray ~ 10X that of PWN of
similar age (~ 20 kyr). It is also understood that the radio region is highly magne-
tized with a strong dipole field and that the dipole axis aligns with asymmetries in
the X-ray observations likely due to a jet from the pulsar.

Even before the hard X-ray and TeV detection, DA 495 was an enigmatic PWN,
and our modeling with the newest observations continues to support this idea -
as well as opens up some new questions. There now exists tension between the
current understanding and the SED modeling scenarios that we presented in the
previous section, particularly once we include the TeV emission. In this section we
will discuss some of these conflicts and explain future studies that could shed light

on the emission processes.
5.7.1 Estimated Age

Certainly, without a detected pulsar the age estimation becomes more challenging.
There are several relationships for PWN that can place rough age constraints on
the undetected pulsar based on observational parameters alone.

A study on the X-ray and -y-ray luminosity of PWN (Mattana et al., 2009) de-
scribes a relationship between Li_30 1.v/Ly_10 key that can be used to find 7. of
the pulsar and E. This is a characteristic relationship due to the different elec-
tron populations that generate the X-ray synchrotron and TeV inverse-Compton

emissions. Using the 1kpc luminosity from the VERITAS spectral fit and the joint
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X-ray fit in this work: L1 39 7oy = (1.3 £0.2) x 10! erg s~ and Ly_1g ey = (2.6 &
0.2) x 10% erg s ! for a ratio of L1 30 1oy / Ly_10 tev = 0.50 = 0.05. This results in
a derived E = (2.6 +0.2) x 10% erg s~ ! and 7. = 3.5 & 0.5 kyr — dramatically dif-
ferent than the K08 estimated values of E ~ 103 erg sl and 7. ~ 20 kyr. The
authors in Mattana et al. (2009) note that DA 495 is expected to be an exception
with respect to their fits due to the strong magnetic field inferred from radio ob-
servations. Now that we have included the TeV emission, we can confirm their
suspicions that DA 495 does not line up with the rest of the PWN population from
an observational perspective.

Another population study of PWNe was performed by HESS (H.E.S.S. Collab-
oration et al., 2018), where we get yet another story about the age. For this study,
TeV luminosity (L1_19 1) was used to find estimate the age, spindown luminosity,
and size. Using the K08 age for DA 495, the expected L1 _1¢ 7oy (@20 kyr and 1 kpc)
is ~7 x 10% erg s~ 1. The measured L1 19 v (@1 kpc) = (1.340.2) x 103! ergs~!
would put the age at >1 Myr when using the HESS flux. So, while the enhanced
TeV emission is causing issues with understanding the SED models with a strong
magnetic field, by these estimates the TeV emission is very low for the expected age
as the TeV luminosity is expected to decrease with the PWN age. There is some
suggestion in K08 that DA 495 is at a larger distance (D ~ 5 kpc). The measured
luminosity, L1 10 oy (@1 kpc) = (3.3 £0.4) x 103! erg s71, still has significant
disagreement with any assumed age. Without any other age estimates, the lumi-
nosity at 5 kpc would still put the age of DA 495 at >1 Myr. We are not suggesting
that DA 495 is a remnant that old, but that it is an outlier from an observational
standpoint and that standard evolutionary scenarios do not apply.

These conflicting results on the age of DA 495 reinforce our conclusions that it

has not followed a typical evolutionary path. Time-dependent modeling of atyp-
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ical evolutionary scenarios of the PWN would be the most likely way to help re-

solve some of the questions regarding possible age.
5.7.2 PWN or Shell-SNR?

The magnetic field strength estimated from the radio observations and the SED
may be reconciled using a model including hadronic-based emission from 7°-
decay. This requires hadronic target material and the presence of a SNR shell. This
is contrary to the K08 claim about the lack of a shell, though earlier interpretation
of the radio emission from Velusamy et al. (1989) argued that DA 495 is a com-
posite remnant with a thick shell due to slow supernova ejecta interacting with the
reverse shock. The thick shell claim may still be considered a possibility if there is a
superimposed toroidal magnetic field as KO8 suggests. The magnetic field strength
of the hadronic scenario may be possible with there only being a shock interact-
ing with ejecta in a ring around the source. This, in part, could also explain the
very low surface brightness of the nebula, since the radio and TeV emission would
be coming only from the equatorial ring. However, the physical reason how the
toroidal magnetic field was entrapped is not clear. This interpretation still has is-
sues within the context of other observations as there is not an obvious, cooler,
dense, target region as expected with most shock interactions.

A way to further investigate the existence of a shell-type remnant would be
to examine the TeV morphology more closely. The radio hole is about 2’ in di-
ameter, and if the radio and TeV emission both share this feature, then this could
indicate that the emission is from a shocked region where the magnetic field was
compressed. The putative hadronic targets in this possible scenario being slower
ejecta from the supernova. If the TeV emission is smooth through the middle of

the region, then that would indicate that the electrons from the central pulsar are
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likely responsible for the TeV emission. This argues against the hadronic scenario,
since the radio and TeV emissions are no longer spatially linked. Currently, none
of the gamma-ray instruments are sensitive enough to definitively make this dis-
tinction, but the Cherenkov Telescope Array (CTA), due to come online in the next
few years, may have the enhanced angular resolution necessary (CTA Consortium,

2019).
5.7.3 Radiation Mechanism and Magnetic Field

While both leptonic and hadronic scenarios can reasonably reproduce the multi-
wavelength observation (Figures 5.10 and 5.9), we can quickly notice several key
predictions from the spectral modeling. For a pure leptonic model, we expect a
straight power-law in the low-energy spectral component, from radio to optical.
K08, however, suggested a spectral break in the radio component. Future observa-
tions at higher radio frequencies to far infrared may help to diagnose the signifi-
cance of this spectral break. Additionally, the pure leptonic model predicts rather
high optical to ultraviolet flux. Most interestingly, it implies that there exists a
diffusive X-ray nebula that is of similar size as the radio and TeV nebulae. The
total flux is comparable to the central compact X-ray nebula, but since it spreads
out ~ 2 pg, its surface brightness can be much lower than the central compact X-
ray nebula, which is very hard to detect. The leptonic model requires an average
magnetic field that is slightly higher than the typical ISM value, probably due to
the interaction between pulsar wind and the ISM, or maybe the remnant mag-
netic field from the supernova. The total energy budget for the leptonic model is
~ 10% erg, typical for PWNe.

The hadronic models lead to very different predictions. In a pure hadronic

model, the radio spectral break is a natural result of the secondary pair synchrotron.
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Both the infrared to optical and Fermi -y-ray spectra should appear flat, assuming
an underlying proton energy spectral index of ~ 2.0. The purely hadronic model
also suggests that there is no diffusive X-ray nebula, which is consistent with our
observations. However, the hadronic model requires a very strong magnetic field
pervading the radio and TeV nebulae, which is likely powered by the central pul-
sar, consistent with K08. Nonetheless, protons are generally unlikely to be accel-
erated at typical particle acceleration sites near the pulsar, such as the polar cap.
Instead, they should be accelerated due to the interaction between the pulsar wind
and the ISM, or magnetic reconnection in the highly magnetized nebula. These fea-
tures require that DA 495 is a very unusual PWN, one which has extremely high
power and can extend its magnetic field to ~ 2 pc into the ISM. Interestingly, the
latter is supported by the radio polarization map by K08, where they find a dipole

shape magnetic field morphology in the radio nebula.

5.8 Conclusion

In this paper we presented new observations from NuSTAR. We combined this new
analysis with recent TeV gamma-ray observations and the current radio analysis
to create a broadband spectral energy distribution for DA 495. Using analytical
modeling we described several scenarios for the particle population within the
PWN, and put the modeling in context with previous discussion about DA 495’s
nature described in (eg) Kothes et al. (2008).

DA 495 is a unique PWN, still with many unknowns. We find some evidence
for a non-PWN scenario that could interpret the radio and TeV emission as a thick
shell containing relativistic hadrons — possibly accelerated from the supernova
shock that is interacting with some slow supernova ejecta. This challenges the

current interpretation and requires further investigation by future TeV gamma-
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ray observations. With better angular sensitivity, comparisons between radio and

TeV morphology could provide evidence regarding this conclusion.
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CHAPTER 6
CONCLUSION

Pulsar wind nebulae and shell-type supernova remnants make significant contri-
butions to the cosmic rays that are emitted within our galaxy and detected on
Earth. Observations of the very high energy (VHE) gamma rays emitted in the
vicinity of supernova remnants can help to pin point where these particles are ac-
celerated and give us a better understanding of the processes that are at work since
we cannot determine the origin of cosmic rays after they have been deflected by
intervening magnetic fields. Imaging air Cherenkov telescopes play a key role in
producing sky maps and spectra which can be used, with the other broad band
observations, to locate the regions of particle acceleration. In this thesis, there are
three sources in which the detection of VHE gamma rays has added a unique and
significant perspective to the object of interest.

First, [used VERITAS to confirm the detection of two VHE gamma-ray sources
which were observed in the same field of view using 8 hours of observations. The
observations were targeted at the high mass X-ray binary LS 5039. It was detected
with a statistical significance of 8.8¢ and the known orbital phase ephemeris al-
lowed for a time-based spectral study. The measured flux above 1 TeV is (2.5 +
0.4) x 1072cm~2s~! near inferior conjunction and (7.8 +2.8) x 107 3cm 257!
near superior conjunction. Prior to the VHE gamma ray observations made by
HESS, LS 5039 was thought to be a microquasar with emission due to accretion
of mass from the donor star to a compact object. Careful study of the X-ray, MeV
gamma ray, and TeV gamma ray light curves has cast doubt on the microquasar

interpretation where the modulation is due to a change of accretion based on a
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variable mass transfer (due to distance). Instead, differences in the light curves
indicates that the modulation of emission based on the orbital phase is a line-of-
sight effect due to Doppler beaming (Takata et al., 2014). This scenario favors a
pulsar wind nebula being present around the compact object, and thus a neutron
star is injecting particles constantly into the system. Without the TeV light curve,
the nature of the compact object would likely still be elusive.

The pulsar wind nebula HESS ]J1825-137, in the same field of view as LS 5039,
was detected with a statistical significance of 6.7c and a measured flux above 1 TeV
of (394 0.8) x 1072cm~2s~!. The PWN was first detected in TeV gamma rays,
and is a useful prototype given the detail allowed by its extension to help evaluate
other PWN. Detailed morphological studies of HESS J1825-137, in particular, has
allowed for the particle transport within PWN to be studied in more detail (H.
E. S. S. Collaboration et al., 2019). The analysis of VERITAS observations have
confirmed the spectrum and morphology.

Finally, the PWN DA 495, known as a radio source for over 50 years, was re-
cently detected to be a source of TeV gamma rays by HAWC and VERITAS. The
work described here has cast some doubt on its nature as an isolated PWN. The
TeV emission is unexpected given the strong magnetic-field (1mG) that is apparent
from the most recent radio analysis (Kothes et al., 2008). Hadrons being acceler-
ated in the shock of a shell-type supernova remnant that presents as a thick shell
could explain the TeV emission, and still allows for 1mG magnetic field. This is
counter to the "pure PWN" interpretation where the reverse shock of the SN has
not compacted the PWN. X-ray emission is not apparent in the extension of DA 495
(though, it cannot be ruled out) and the tested leptonic scenarios presume a X-ray
nebula of similar size. Unfortunately, DA 495 remains enigmatic, but future ob-
servations by CTA could provide additional detail about the VHE morphology of

DA 495 and give additional evidence as to the nature of the particles that are ac-
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celerated in the region. The study of TeV gamma rays has added significantly to
the understanding of DA 495.
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