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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 (θ2) 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.

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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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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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 M�) 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.

25



The kinetic energy released into the ejecta is typically about 1051 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 M� (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 (Mej > 10 M�). 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

Type I
No H Emission

Type Ia Si II emission T
Type Ib He I lines CC
Type Ic No He I or Si II feature CC

Type II
H Emission

Type IIP Lightcurve plateaus CC
Type IIL Lightcurve decreases linearly CC

Type IIb
Hydrogen emission present initially,

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 > 1012 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/2π (r ≈ 5× 104 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):

∆Φ ≈
BpΩ2R3

NS
2c

≈ 6× 1012
( Bp

1012 G

)( RNS

10 km

)3( P
1 s

)−2
V (3.1)

where Bp and RNS are the magnetic field and radius of the neutron star. So, for

a typical pulsar with Bp = 1012 G, RNS = 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

−dErot

dt
= −4π2 IṖ

P3 (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 I 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

Erot =
IΩ2

2
=

2π2 I
P2 (3.3)

So, a canonical pulsar with moment of inertia I = 2MR2/5 ≈ 1045 g cm2 would

have an energy reservoir of E ≈ 2x1046 erg. If we presume a Ṗ = 10−15, which is a

typical period derivative (Johnston and Karastergiou, 2017), then the Luminosity

is L ≈ 2× 1033erg s−1 or about 1L�. Our canonical scenario is a fairly mundane

pulsar, and if we take the energetic Crab pulsar’s P = 0.033 s and Ṗ = 10−12.4 (Lyne,

Pritchard, and Graham-Smith, 1993) then we get about 4× 1038 erg s−1 or 105L�.

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 Rw

Rw =
√

Ė/(4πωcPPWN) (3.4)

where ω is the equivalent filling factor for an isotropic wind and PPWN 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 σ to define the ratio of magneti-

zation and particle strength (Kennel and Coroniti, 1984)

σ ≡ FE×B

Fparticle
=

B2

4πργc2 (3.5)

where B is the magnetic field, ρ is the mass density, and γ is the Lorentz factor.

σ > 104 is obtained near the magnetic poles, and σ << 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 1051 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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