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ABSTRACT

Pulsars are extra-terrestrial sources of periodic radiation thought to consist of

highly magnetized, rapidly rotating neutron stars. As the neutron star rotates, beams

of radiation may become visible to an observer at different rotational phases, causing

an observed periodic signal. Pulsars are mostly detected at radio frequencies, but

are also detected in optical light, X-rays and gamma rays. Radiative emission from

pulsars is currently not well understood. The main open questions in the field are the

radiation emission mechanisms and the location of the emission regions. This work

describes the search for pulsations from 14 pulsars with VERITAS, a ground-based

very-high-energy (VHE) gamma-ray observatory. Currently only two pulsars have

been detected at VHE energies: the Crab and Vela. This search was undertaken in

order to increase this number, and to constrain pulsar gamma-ray emission scenarios.

The data set consists of archival data, where pulsars detected by the Large Area

Telescope (LAT) on-board the Fermi Gamma-ray Space Telescope were observed

directly or were present in the field of view during observations of other sources.

The VERITAS data for each pulsar were analyzed with three sets of data selection

cuts, and two periodicity tests for each set of cuts. No pulsations were discovered for

any of these analyses. Flux upper limits were calculated for each pulsar at the 95%

confidence level for each set of cuts using two separate methods. The limits for each

pulsar are contextualized with spectra produced from LAT data, and the results are

interpreted within the context of current pulsar gamma-ray emission scenarios.
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ABRÉGÉ

Les pulsars sont des sources extraterrestres de rayonnements périodiques que l’on

pense être constitués d’étoiles à neutrons fortement magnétisées et à rotation rapide.

Lorsque l’étoile à neutrons tourne, des faisceaux de rayonnement peuvent devenir

visibles à un observateur à différentes phases de rotation, provoquant l’observation

d’un signal périodique. Les pulsars sont principalement détectés aux fréquences ra-

dio, mais sont également détectés avec la lumière optique, les rayons X et les rayons

gamma. L’émission radiative des pulsars n’est actuellement pas bien comprise. Les

questions principales dans ce domaine d’étude sont les mécanismes d’émission de

rayonnement et l’emplacement des régions d’émission. Ce travail décrit la recherche

de pulsations à partir de 14 pulsars avec VERITAS, un observatoire rayon gamma à

très hautes énergies situé sur la Terre. En ce moment, seulement deux pulsars ont été

détectés en rayons gamma a très hautes énergies: les pulsars Crabe et Vela. Cette

recherche a été entreprise pour augmenter ce nombre et pour contraindre les scénarios

d’émission de rayons gamma. L’ensemble de données est constitué de données

d’archives, où des pulsars détectés par le Large Area Telescope (LAT) à bord du

Fermi Gamma-ray Space Telescope ont été observés directement ou étaient présents

dans le champ de vision pendant des observations d’autres sources astronomiques.

Les données VERITAS pour chaque pulsar ont été analysées avec trois ensembles

de coupes de sélection de données, et deux tests de périodicité pour chaque ensem-

ble de coupes. Aucune pulsation a été découverte pour ces analyses. Les limites

supérieures du flux ont été calculées pour chaque pulsar au niveau de confiance de
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95% pour chaque ensemble de coupes en utilisant deux méthodes distinctes. Les

limites pour chaque pulsar sont contextualisées avec des spectres produits à partir

de données du LAT, et les résultats sont interprétés dans le contexte des scénarios

actuels d’émission de rayons gamma par les pulsars.
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3–2 A P - Ṗ diagram showing the pulsars in the 2PC catalogue. . . . . . 44

3–3 Left: An Aitoff projection showing the positions in the sky of the
pulsars in the 2PC catalogue. Right: the locations of the 2PC
pulsars in the galaxy. . . . . . . . . . . . . . . . . . . . . . . . . . 45

3–4 The MAGIC collaboration announced the detection of the Crab
pulsar in 2008, the first detection of a pulsar by an IACT. Left: the
pulse profiles of the Crab as measured by MAGIC above 25 and 60
GeV. Right: the spectrum of the Crab pulsar measured by various
instruments, including the MAGIC spectral points. . . . . . . . . . 47

3–5 The VERITAS collaboration announced the detection of the Crab
pulsar above 100 GeV in 2011 [38]. Top: the pulse profile of the
Crab as measured by VERITAS above 120 GeV. Bottom: the
spectrum of the Crab pulsar as measured by various instruments. . 49

xvii



3–6 The MAGIC collaboration announced the detection of the CRAB
pulsar up to 1.5 TeV in 2015. Left: the pulse profile of the Crab as
measured by MAGIC between 100 and 400 GeV (top) and above
400 GeV (bottom). Right: the Crab pulsar spectrum as measured
by Fermi LAT and MAGIC, for each pulse. . . . . . . . . . . . . . 50

3–7 The HESS collaboration announced the detection of the Vela pulsar
between 20 and 120 GeV in 2014. Top: the pulse profile of the
Vela pulsar as measured by HESS (top), as well as the pulse
profile measured by Fermi LAT (bottom). Bottom: the Vela pulsar
spectrum as measured by Fermi LAT and HESS. . . . . . . . . . . 51

4–1 Left: Victor Hess discovered cosmic rays in 1912. Right: Simulations
of photon and proton initiated air showers. . . . . . . . . . . . . . . 55

4–2 A schematic diagram of a gamma ray shower (left) and a hadronic
shower (right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4–3 The polarization of a medium due to the passage of a charged particle. 58

4–4 Cherenkov cone geometry. . . . . . . . . . . . . . . . . . . . . . . . . 59

4–5 A schematic diagram illustrating the imaging atmospheric Cherenkov
technique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4–6 Left: A photograph of the Whipple 10 m telescope, the first IACT,
on the opening day of Mount Hopkins observatory in 1968. Right:
The Whipple 10 m telescope in the spring of 2011, a year before
being decommissioned. . . . . . . . . . . . . . . . . . . . . . . . . . 62

4–7 A photograph of the VERITAS array. . . . . . . . . . . . . . . . . . . 64

4–8 Left: a photograph of the front of the T1 reflector, showing the
mirrors and quad arms. Right: a photograph of the back of T1,
showing the OSS, positioner and counterweights. . . . . . . . . . . 66

4–9 A photograph of the author reflected in the VERITAS mirrors. . . . . 67

4–10 The VERITAS camera box (left) and a closeup of the PMTs with
light cones attached (right). . . . . . . . . . . . . . . . . . . . . . . 70

xviii



4–11 A schematic diagram of a PMT (left) and a photograph of a Photonis
XP2970/02 PMT (back) used in the V4 and V5 epochs and a
Hamamatsu R10560-100-20 MOD PMT (front) used in the V6
epoch (right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4–12 The measured quantum efficiency of the Hamamatsu R10560 PMTs,
the Cherenkov spectrum observed from an electromagnetic shower
produced from a 500 GeV gamma ray, solar (moonlight) spectrum
and moonlight filter transmittance as a function of wavelength. . . 72

4–13 A photograph of a disassembled VERITAS pixel, showing the main
components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4–14 A schematic diagram of the VERITAS trigger and data acquisition
systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4–15 A schematic diagram of a VERITAS CFD. . . . . . . . . . . . . . . . 77

5–1 Muon event geometry for a muon hitting the reflector, parallel to the
optical axis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5–2 A muon event recorded by VERITAS. . . . . . . . . . . . . . . . . . 90

5–3 A raw shower image (left), after pedestal subtraction (middle) and
after image cleaning (right). . . . . . . . . . . . . . . . . . . . . . 95

5–4 A diagram of an elliptical parametrization of an air shower image,
showing the length and width parameters. . . . . . . . . . . . . . . 97

5–5 A diagram showing the direction reconstruction technique used in
Event Display. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5–6 A diagram showing the shower core location reconstruction technique
used in Event Display. . . . . . . . . . . . . . . . . . . . . . . . . . 99

5–7 The distributions of mscl and mscw values for simulated electromag-
netic and hadronic showers as well as data consisting of gamma
rays from the Crab nebula and cosmic rays. . . . . . . . . . . . . . 104

5–8 Background estimation methods. Left: the ring background method.
Right: The reflected regions method. . . . . . . . . . . . . . . . . 109

xix



5–9 A correlated significance skymap produced with six hours of VERITAS
Crab nebula data. . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5–10 A differential energy spectrum produced from six hours of Crab nebula
data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5–11 A phaseogram made with VERITAS Crab pulsar data. . . . . . . . . 117

6–1 Simulated phaseograms of the VERITAS archival pulsars with phase
gates defined by the method described in the text. . . . . . . . . . 124

6–2 Phase profiles for PSRJ0007+7303. . . . . . . . . . . . . . . . . . . . 129

6–3 Phase profiles for PSRJ0205+6449. . . . . . . . . . . . . . . . . . . . 130

6–4 Phase profiles for PSRJ0218+4232. . . . . . . . . . . . . . . . . . . . 131

6–5 Phase profiles for PSRJ0248+6021. . . . . . . . . . . . . . . . . . . . 132

6–6 Phase profiles for PSRJ0357+3205. . . . . . . . . . . . . . . . . . . . 133

6–7 Phase profiles for PSRJ0631+1036. . . . . . . . . . . . . . . . . . . . 134

6–8 Phase profiles for PSRJ0633+0632. . . . . . . . . . . . . . . . . . . . 135

6–9 Phase profiles for PSRJ1907+0602. . . . . . . . . . . . . . . . . . . . 136

6–10 Phase profiles for PSRJ1954+2836. . . . . . . . . . . . . . . . . . . . 137

6–11 Phase profiles for PSRJ1958+2846. . . . . . . . . . . . . . . . . . . . 138

6–12 Phase profiles for PSRJ2021+3651. . . . . . . . . . . . . . . . . . . . 139

6–13 Phase profiles for PSRJ2021+4026. . . . . . . . . . . . . . . . . . . . 140

6–14 Phase profiles for PSRJ2032+4127. . . . . . . . . . . . . . . . . . . . 141

6–15 Phase profiles for PSRJ2229+6114. . . . . . . . . . . . . . . . . . . . 142

6–16 Fermi LAT spectra with VERITAS differential flux upper limits
multiplied by E2 calculated using two separate methods plotted at
the energy thresholds for each set of cuts. . . . . . . . . . . . . . . 147

6–17 Continuation of Figure 6–16. . . . . . . . . . . . . . . . . . . . . . . . 148

xx



6–18 Continuation of Figure 6–16. . . . . . . . . . . . . . . . . . . . . . . . 149

6–19 Continuation of Figure 6–16. . . . . . . . . . . . . . . . . . . . . . . . 150

xxi



CHAPTER 1
Introduction and Thesis outline

1.1 Introduction

Astronomy, the observation and study of celestial objects and phenomena, is

one of the oldest natural sciences. Humans have been observing the light from the

night sky with the naked eye for millennia, making optical astronomy the oldest

and most familiar form of astronomy. The invention of the optical telescope in the

early 15th century allowed much more detailed optical observations of the night

sky, leading to new astronomical discoveries. Due to advancements in physics and

instrumentation in the 20th century, astronomical observations are now performed

throughout the electromagnetic (EM) spectrum: with radio waves, infrared, optical

and ultraviolet light, X-rays and gamma rays. Figure 1–1 shows the wavelengths

of the electromagnetic spectrum, with atmospheric opacities shown for each wave-

length. As can be seen from the figure, astronomical observations of optical light,

some infrared wavelengths and radio waves may be performed from the ground. As-

tronomical observations at other wavelengths of the EM spectrum require the use of

space telescopes, with the exception of gamma rays, some of which may be observed

indirectly from the ground (see section 1.2). Astronomy is now also performed with

non-electromagnetic messengers, including cosmic rays, neutrinos and gravitational

waves, using specialized space-based and ground-based detectors. The development

of new forms of astronomy has historically led to new astronomical discoveries, such
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Figure 1–1: The wavelengths of the electromagnetic (EM) spectrum, with atmo-
spheric opacities shown for each wavelength. Astronomical observations of optical
light, some infrared wavelengths and radio waves may be performed from the ground.
Astronomical observations of the other wavelengths of the EM spectrum require the
use of space telescopes, with the exception of very high energy (VHE) gamma rays,
which may be observed indirectly from the ground (see section 1.2). Figure from [23].
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as the discovery of pulsars (see section 1.3) as a result of the development of radio

astronomy.

This thesis describes the search for pulsars with VERITAS, a ground-based

gamma-ray observatory. In this chapter, space-based and ground-based gamma

ray astronomy will be reviewed, followed by a brief overview of pulsars. Chap-

ter 2 presents a detailed overview of pulsars with an emphasis on pulsar gamma-ray

emission models. Chapter 3 presents a summary of space-based and ground based

gamma-ray pulsar observations and a description of the VERITAS archival pulsar

search. Chapter 4 presents an outline of the imaging atmospheric Cherenkov tech-

nique, and describes the VERITAS IACT array in detail. Chapter 5 describes the

VERITAS data analysis techniques. Chapter 6 presents the results of the VERITAS

archival pulsar search. Chapter 7 presents an interpretation of the results shown

in Chapter 6 within the context of current pulsar gamma-ray emission models, and

conclusions.

1.2 Gamma-ray astronomy

Within the context of astronomy, ‘gamma ray’ refers to photons with energies of

100 keV and above, making gamma rays the most energetic photons of the electro-

magnetic spectrum. Gamma-ray astronomy probes the most energetic and violent

phenomena in the universe, such as active galactic nuclei (AGN), supernova rem-

nants (SNR), and pulsars. In these sources, charged particles are accelerated to

high energies, emitting gamma rays by various non-thermal processes, including syn-

chrotron radiation, curvature radiation, inverse Compton scattering and neutral pion

decay. As mentioned in section 1.1, extra-terrestrial gamma rays are absorbed by the

3



Band Energy range
Low energy (LE) 100 keV to 10 MeV

Medium energy (ME) 10 MeV to 30 MeV
High energy (HE) 30 MeV to 100 GeV

Very high energy (VHE) 100 GeV to 100 TeV
Ultra high energy (UHE) 100 TeV to 100 PeV

Extremely high energy (EHE) 100 PeV and above

Table 1–1: Gamma ray energy bands with corresponding energy ranges.

atmosphere. In order to perform gamma-ray astronomy by directly detecting the ob-

served photons, space telescopes must be used. The gamma-ray band is subdivided

into various sub-bands, which are shown in Table 1–1. Space telescopes are sensitive

to gamma rays from the LE to the HE bands. However, the fluxes of gamma rays in

the VHE band and above are insufficient to be detected by space-based telescopes in

large numbers. At these energies, ground-based detectors that observe the gamma

rays by indirect means must be used. In this section, an overview of space-based

gamma-ray astronomy will be presented, with an emphasis on the HE band, where

all of the known gamma-ray pulsars have been detected. This is followed by a brief

description of the current state of ground-based gamma-ray astronomy in the VHE

band, where two pulsars have currently been detected.

1.2.1 Space-based gamma-ray astronomy

This section will give an overview of gamma-ray astronomy, with an emphasis on

the HE band. In this energy range, electron-positron pair production is the dominant

photon-matter interaction mechanism, and gamma-ray astronomy is performed with

pair-production telescopes. Incoming gamma rays pair produce in these telescopes,

and the resulting electron-positron pairs are tracked, allowing the arrival directions

4



Figure 1–2: Left: The OSO-3 satellite, launched in 1967, included a gamma ray
telescope that operated for approximately 16 months. Figure from [101]. Right:
the arrival directions of the gamma rays detected by the OSO-3 satellite in galactic
coordinates. The distribution of arrival directions was found to be highly anisotropic,
and clustered around the galactic plane. Figure from [51].

of the gamma rays to be determined. The combined energies of the electron-positron

pairs are also measured, typically via absorption in calorimeters, allowing the energies

of the gamma rays to be estimated. At lower energies, different types of telescopes

are used for space-based gamma ray astronomy. That topic is beyond the scope of

this thesis.

The first space-based gamma-ray telescope, Explorer 11, was launched in 1961.

The telescope consisted of CsI and NaI crystal scintillators, a Cherenkov counter,

and a plastic scintillator anti-coincidence shield. Gamma-ray data was acquired over

a period of four months, resulting in 22 detected gamma rays. The arrival directions

of these gamma rays showed no correlation with any known cosmic source.

The Third Orbiting Solar Observatory (OSO-3), shown in Figure 1–2 (left),

was launched in 1967, and included a gamma-ray telescope. The gamma-ray tele-

scope consisted of CsI and plastic scintillators, a Cherenkov counter, a tungsten

5



Figure 1–3: Left: the SAS-2 satellite was launched in 1972, and performed gamma
ray observations for approximately seven months. Figure from [102]. Right: the
COS-B satellite was launched in 1975, and operated for approximately seven years.
Figure from [99].

and NaI detector for measuring the energies of the pairs, and a plastic scintillator

anti-coincidence shield. The gamma-ray telescope operated for approximately 16

months, and detected 621 cosmic gamma-ray events. The arrival directions of the

gamma rays were found to be highly anisotropic and clustered around the galactic

plane. Figure 1–2 (right) shows the arrival directions of the detected gamma rays in

galactic coordinates.

The second NASA Small Astronomy Satellite (SAS-2), shown in Figure 1–3

(left), was launched in 1972, and consisted of two spark chamber tracking detectors,

four Cherenkov counters, four plastic scintillator counters, and a plastic scintillator

anti-coincidence shield. Gamma-ray data was taken for approximately seven months,

resulting in the first detailed look at the gamma-ray sky and the detection of several

sources, including the Crab and Vela pulsars.

6



Figure 1–4: The first map of the galactic plane in gamma rays, produced by COS-B.
Figure from [100].

The COS-B satellite (Figure 1–3, right) was launched in 1975, and recorded

gamma ray data for approximately seven years. The telescope consisted of a spark

chamber tracking detector, a CsI calorimeter, and a plastic scintillator anti-coincidence

shield. COS-B detected 25 gamma-ray sources, and produced a gamma-ray map of

the galactic plane, shown in Figure 1–4.

The Compton Gamma-Ray Observatory (CGRO), shown in Figure 1–5 (left),

was launched in 1991 and de-orbited in 2000. The instruments on-board CGRO in-

cluded: the Imaging Compton Telescope (COMPTEL), a Compton scattering tele-

scope; the Burst and Transient Source Experiment (BATSE), a full-sky gamma-

ray burst detector; the Oriented Scintillation Spectrometer Experiment (OSSE),

a gamma-ray spectrometer; and the Energetic Gamma Ray Experiment Telescope

(EGRET), a pair-production telescope sensitive to gamma rays in the HE band.

EGRET consisted of a spark chamber tracking detector, a NaI calorimeter and a

plastic scintillator anti-coincidence shield. EGRET produced the first map of the

full sky in HE gamma rays, shown in Figure 1–6 (top), and detected 271 sources of

7



Figure 1–5: Left: the Compton Gamma-Ray Observatory was launched in 1991 and
de-orbited in 2000. Figure from [96]. Right: The Fermi Gamma-ray Space Telescope
was launched in 2008, and is currently in orbit. Figure from [97].

HE gamma rays, which were published in the third EGRET catalogue (3EG). The lo-

cations of the 3EG sources are shown in Figure 1–6 (bottom) in galactic coordinates.

In addition to the Crab and Vela pulsars, EGRET detected four new gamma-ray

pulsars, and an additional new gamma-ray pulsar was discovered by COMPTEL

(see section 3.1.1).

The AGILE satellite was launched in 2007 and is currently in orbit. The tele-

scope consists of a silicon-tungsten tracking detector, a CsI calorimeter and a plastic

scintillator anti-coincidence shield. AGILE has detected many gamma-ray sources,

and discovered three new gamma-ray pulsars. The latest source catalogue published

by AGILE contains 54 sources [56].

The Fermi Gamma-ray Space Telescope, shown in Figure 1–5 (right), was launched

in 2008, and is also currently in orbit. The instruments on board consist of: the

8



Figure 1–6: Top: the first map of the full sky in HE gamma rays, produced by
EGRET. Bottom: the locations of the 271 sources in the third EGRET catalogue in
galactic coordinates. Figures from [118].
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No association Possible association with SNR or PWN AGN
Pulsar Globular cluster Starburst Galaxy PWN
Binary Galaxy SNR Nova
Star−forming region

Figure 1–7: Top: a detailed view of the HE gamma-ray sky produced by Fermi LAT.
Figure from [62]. Bottom: the locations of the 3033 sources listed in the Fermi Large
Area Telescope third source catalogue in galactic coordinates. Figure from [32].
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Gamma-ray Burst Monitor (GBM) a full-sky gamma-ray burst detector; and the

Large Area Telescope (LAT), a pair-production telescope. Like AGILE, LAT con-

sists of a silicon-tungsten tracking detector, a CsI calorimeter and a plastic scintillator

anti-coincidence shield. The LAT has produced a detailed view of the HE gamma-

ray sky, as shown in Figure 1–7 (top), and has increased the number of known HE

gamma-ray sources by more than an order of magnitude. The newest catalogue of

LAT sources, the Fermi LAT third source catalogue (3FGL), lists 3033 sources [32].

The locations of these sources are shown in Figure 1–7 (bottom). The LAT has also

increased the number of known gamma-ray pulsars by more than an order of mag-

nitude. At the time of the writing of this thesis, the LAT had detected 205 gamma

ray pulsars (see section 3.1.1).

1.2.2 Ground-based gamma-ray astronomy

In the VHE band and above, gamma-ray fluxes are too low to be detected by

space-based gamma-ray telescopes in large numbers due to the size limitations of

the detectors that may be placed into orbit. For example, the flux of the Crab

nebula, the brightest VHE gamma-ray source in the sky, has been measured to be

approximately 38 photons m−2 yr−1 above 300 GeV [36]. Ground-based detectors

with large detection areas must be used in order to detect gamma rays in large

numbers at these energies. As mentioned in section 1.1, gamma-ray photons are

absorbed by the atmosphere. This occurs via the conversion of the gamma rays into

particle cascades of electrons, positrons and photons, called air showers. In order to

perform gamma-ray astronomy from the ground, these air showers may be observed.

11



Figure 1–8: Left: the H.E.S.S array of imaging atmospheric Cherenkov telescopes,
located in Namibia. Figure from [115]. Right: the MAGIC telescopes, located in La
Palma, Spain. Figure from [116].

The charged particles from the air showers move at relativistic speeds as they

travel through the atmosphere, causing the atmosphere to emit Cherenkov radiation

(see section 4.3). Imaging atmospheric Cherenkov telescopes (IACTs) focus the

Cherenkov light with large reflectors onto sensitive cameras, allowing images to be

made of the air showers. The analysis of these images allows the arrival directions

and energies of the gamma rays that initiated the showers to be determined. The first

observed source of extra-terrestrial VHE gamma rays, the Crab nebula, was detected

in 1989 by the Whipple 10 m telescope [57]. Current IACTs include: the High Energy

Stereoscopic system (H.E.S.S), the Major Atmospheric Gamma Imaging Cherenkov

telescopes (MAGIC), and the Very Energetic Radiation Imaging Telescope Array

System (VERITAS). H.E.S.S is located in Namibia, and consists of four telescopes

with 12 m diameter reflectors, and one telescope with a 28 m diameter reflector.

A photograph of the H.E.S.S array is shown in Figure 1–8 (left). H.E.S.S began

operations as a four-telescope array in 2003, and as a five-telescope array in 2012.
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MAGIC consists of two telescopes with 17 m diameter reflectors, and is located in La

Palma, Spain. A photograph of the MAGIC telescopes is shown in Figure 1–8 (right).

MAGIC began single-telescope operations in 2004 and two-telescope operations in

2009. VERITAS is located in Arizona USA, and consists of four telescopes with

12 m diameter reflectors. VERITAS began operations as a four-telescope array in

2007, and is described in detail in section 4.5. The next generation IACT, the

Cherenkov Telescope Array (CTA), is currently being built, and will consist of large

arrays of telescopes of different sizes at a northern and southern site [90]. Only two

VHE gamma-ray pulsars have currently been detected by IACTs: the Crab and Vela

pulsars (see section 3.1.2). For more information about IACTs, see Chapter 4.

The charged particles from the air showers initiated by extra-terrestrial gamma

rays may also be directly detected from the ground. The most advanced detector

of this type is the High Altitude Water Cherenkov Observatory (HAWC), located

in Puebla, Mexico. HAWC consists of 300 water Cherenkov detectors (WCDs) ar-

ranged in an array, as shown in Figure 1–9. Charged particles from air showers

that pass through the WCDs cause the water to emit Cherenkov radiation, which is

detected by sensitive light detectors inside the WCDs. The intensity patterns and

timing information recorded by the array allow VHE gamma-ray astronomy to be

performed. The latest catalogue of gamma-ray sources detected by HAWC (2HWC)

contained 39 sources [31]. No gamma-ray pulsars have currently been detected with

this instrument.

The VHE gamma-ray source catalog, TeVCat [1] currently lists 210 sources.

Figure 1–10 shows the locations of these sources in galactic coordinates.

13



Figure 1–9: A photograph of the HAWC gamma-ray observatory. Figure from [114].

Figure 1–10: The locations in galactic coordinates of the 210 sources listed in the
TeVCat catalogue of VHE gamma-ray sources. The light blue region corresponds to
the region of the sky where VERITAS is most sensitive. The Fermi LAT full-sky HE
gamma-ray map is shown in the background. Figure from [1].

14



1.3 Pulsars

Pulsars are extra-terrestrial sources of periodic radiation. They were first ob-

served in 1967, and are thought to consist of highly magnetized, rapidly rotating

neutron stars (see Chapter 2). As the neutron star rotates, beams of radiation may

become visible to an observer at different rotational phases of the pulsar, causing an

observed periodic signal. Pulsars are mostly detected at radio frequencies, but are

also detected in optical light, X-rays and gamma rays. As mentioned in section 1.2.1,

the gamma-ray pulsar catalogue has been expanded considerably by Fermi LAT, rev-

olutionizing the field of gamma-ray pulsar astronomy. Current open questions in the

field are: the nature of the gamma-ray emission mechanism, and the location of the

gamma-ray emission region in the area surrounding the pulsar. Measurements of the

pulse profiles of gamma-ray pulsars may constrain the location of the gamma-ray

emission region. Measurements of the spectra of these pulsars or flux upper limits

may constrain both the location of the gamma-ray emission region and the emission

mechanism. As mentioned in section 1.2.2, the Crab and Vela pulsars are the only

known VHE gamma-ray pulsars. The VERITAS archival pulsar search, the topic of

this thesis, was undertaken in order to increase the number of known VHE pulsars,

and to constrain pulsar gamma-ray emission scenarios. An overview of pulsars is

presented in the next Chapter.

15



CHAPTER 2
Pulsars

2.1 Introduction

Pulsars were discovered in 1967 by Jocelyn Bell Burnell [49], who discovered

a signal while analyzing the data from a radio telescope. The signal consisted of

‘scruff’ recorded on paper that appeared every sidereal day, which meant that the

signal had an astrophysical origin. When the speed of the paper was increased while

the signal was present, a series of regularly spaced pulses was revealed. Figure 2–1

(top) shows the ‘scruff’ that was discovered by Bell, and Figure 2–1 (bottom) shows

the pulses.

Thomas Gold argued shortly after their discovery that pulsars consisted of

rapidly rotating neutron stars1 emitting beams of radiation, and compared the pulses

to the light observed from a lighthouse [66]. At the time of the writing of this thesis,

2163 pulsars have been identified, mostly at radio frequencies [59] [89].

In addition to being detected in the radio, pulsars have been detected in optical

light, X-rays, and gamma rays. Optical pulses were discovered for the first time from

the Crab pulsar in 1969 [19]. X-ray pulsations from the Crab pulsar were discovered

1 Neutron stars had been theorized in 1934 by Walter Baade and Fritz Zwicky [8],
who suggested that they would be formed in supernovae.
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Figure 2–1: The discovery of the first pulsar. The ‘scruff’ found by Jocelyn Bell (top,
marked “CP 1919”, and the first pulses observed from a pulsar (bottom) [81].
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shorty thereafter [45] [12]. Gamma-ray pulsations were first discovered from the Crab

pulsar in data from the SAS-2 satellite in 1974 [43].

Pulsars may be categorized according to the dominant mechanism that produces

the observed electromagnetic radiation: rotation-powered pulsars, accretion-powered

pulsars and magnetars. Rotation-powered pulsars are observed to spin down, and

are powered by the loss of the rotational energy of the pulsar. These pulsars account

for the bulk of the observed radio, optical and gamma-ray pulsars, and include the

pulsars which are the subject of this thesis. Accretion-powered pulsars are thought to

be powered by the accretion of matter from a companion star. The in-falling matter

is channelled onto the poles of the pulsar, where it falls onto the surface, emitting

thermal radiation, mostly in soft X-rays. Accretion-powered pulsars account for

the bulk of observed X-ray pulsars, but do not tend to emit radiation at other

wavelengths. Magnetars are pulsars with very strong magnetic fields compared to

other pulsars and are thought to be powered by the decay of their magnetic field.

Anomalous X-ray pulsars (AXPs), and soft gamma repeaters (SGRs) are thought to

be examples of magnetars.

Rotation-powered pulsars may be placed into two categories, according to their

observed pulse periods P and period derivatives Ṗ : young pulsars and millisecond

pulsars. Most young pulsars have periods of over 10 ms and period derivatives

between 10−12 to 10−17 ss−1. Their estimated ages and magnetic field strengths

(see section 2.3) range from ∼ 103 to 108 years, and ∼ 1011 to 1013 G respectively.

Young pulsars account for the majority of known pulsars, and have been observed

in radio, optical light, X-rays and gamma rays. Gamma-ray pulsars tend to be very

18
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Figure 2–2: The period derivatives of the known pulsars plotted vs their periods: a P
- Ṗ diagram. The period values are expressed in seconds and the period derivatives
are expressed in seconds per second. The young pulsars correspond to the population
located at the top right of the diagram and millisecond pulsars correspond to the
smaller population located at the bottom left. Figure modified from [59] [89].
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young, with most having estimated ages of between 103 and 106 years. Millisecond

pulsars mostly have periods of between 1 ms and 10 ms, and much smaller period

derivatives, ranging from 10−19 to 10−21 ss−1. Their estimated ages and magnetic

field strengths mostly range from 109 to 1010 years and 108 to 109 G respectively.

Millisecond pulsars are thought to be old pulsars that have been ‘spun up’ due to

accretion of matter from a companion star. For this reason, millisecond pulsars are

also called recycled pulsars. Millisecond pulsars have also been observed in radio,

optical light, X-rays and gamma rays. Figure 2–2 shows the period derivatives of

the known pulsars plotted vs their periods: a P - Ṗ diagram. The young pulsars

correspond to the population located at the top right of the diagram and millisecond

pulsars correspond to the smaller population located at the bottom left.

In this chapter, the properties of rotation-powered pulsars will be discussed, with

an emphasis on gamma-ray emission mechanisms and regions. First, the formation of

pulsars will be discussed followed by a brief description of neutron stars. A magnetic

dipole model for rotation powered pulsars will then be presented, which allows various

pulsar parameters to be estimated. The basic picture of a pulsar magnetosphere will

then be introduced, followed by a discussion of various radiation emission mechanisms

and emission locations thought to be responsible for the observed electromagnetic

radiation, including gamma rays.

2.2 Neutron stars

Neutron stars are thought to be the remnants of main sequence stars with masses

between 8 and 25 solar masses (M�). They consist of very dense compact objects

composed primarily of neutrons, supported by neutron degeneracy pressure. Neutron

20



stars are formed in supernova explosions, which eject large amounts of the original

stellar mass into space, creating a supernova remnant. For more information about

the formation of neutron stars and other compact objects, see Appendix A. Neutron

stars have a maximum mass above which the degeneracy pressure holding them up

would be insufficient to prevent collapse. For neutron stars, this mass is thought

to be between two and three M� [16]. Measurements from binary systems indicate

that the masses of most pulsars are close to 1.4 M�, ranging from 1.1 to 2 M� [104].

A canonical value of 1.4 M� is often used for for the purpose of estimating various

quantities. Neutron star radii have been found to be between 9.9 and 11.2 km

through spectroscopic measurements and pulse profile modelling [104]. A canonical

value of 10 km is often used to estimate various quantities. The mass and radius

values just described correspond to very high densities, close to that of an atomic

nucleus. The gravitational field at the surface of a neutron star with a mass of 1.4

M� and a radius of 10 km is approximately 2 × 1011 times the gravitational force

on the surface of the earth. The magnetic field at the surface of the neutron star is

expected to be quite strong as well, assuming the magnetic flux is conserved as the

core of the progenitor star collapses. Following a similar argument, neutron stars

are expected to be rapidly rotating assuming angular momentum is conserved as the

star collapses.

2.3 The magnetic dipole model

Many properties of rotation-powered pulsars may be deduced from their ob-

served periods P and period derivatives Ṗ , assuming a simple model in which a
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pulsar consists of a rapidly rotating neutron star with a strong dipole magnetic field.

These properties are briefly described below.

The energy of a rotating sphere of uniform density is given by Erot = 1
2Iω

2,

where ω is the angular velocity of the sphere and I is its moment of inertia. The

rate of rotational energy loss, called the spin down luminosity, is given by:

dErot

dt
= −Iωω̇ = −4π2I Ṗ

P 3

where P = 2π
ω . For the Crab pulsar, where P = 0.033 s and Ṗ = 4.2 × 1013 ss−1,

assuming a mass of 1.4 M� and a radius of 10 km, the spin down luminosity is ap-

proximately 5× 1038 ergs/s. The power emitted by a rotating dipole is given by:

dEdip

dt
= −32π5B2R6 sin2 θ

3μ0c
3P 4

where B is the magnetic field strength at the magnetic pole of the neutron star with

a radius of R, θ is the angle between the rotation and dipole axes, c is the speed of

light in a vacuum and μ0 is the permeability of free space [15]. By equating the spin

down luminosity with the energy emitted by a rotating dipole,
dEdip

dt
= dErot

dt
and

solving for the magnetic field, an expression for the magnetic field strength at the

magnetic pole of the pulsar may be obtained:

B = 1
2πR3 sin θ

√
3μ0c

3IP Ṗ

2π
.
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Using this formula with sin θ = 1 to estimate the magnetic field for the Crab pulsar

gives an estimate of B ∼ 8 × 1012 G. Assuming that the strength of the magnetic

field is constant in time, the expression above may be re-arranged to show that

PṖ = constant, from which it can be shown that:

PṖ τ =
P 2 − P 2

0
2 .

Where τ and P0 are the age and initial period of the pulsar respectively. Assuming

that the initial period of the pulsar is much smaller than the current period, an

estimate of the age of the pulsar may be obtained, called the dipole age:

τdip ≡
(
P
2Ṗ

)
.

Using the P and Ṗ values for the Crab pulsar, one obtains a dipole age of approxi-

mately 1240 years. The supernova associated with the Crab pulsar was observed in

the year 1054, so the dipole age is close to the actual age of the Crab pulsar.

2.4 The pulsar magnetosphere

The previous description of a pulsar as a rotating neutron star with a strong

dipole magnetic field assumes that the pulsar is surrounded by a vacuum. Goldreich

and Julian first realized that in this case, strong electric fields induced by the rota-

tion of the pulsar in the direction of the magnetic field lines would cause particles to

be pulled from the surface, resulting in a plasma surrounding the pulsar. Assuming

the plasma close to the pulsar slides freely along the magnetic field lines ( �E · �B = 0)
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and co-rotates with the pulsar, they derived an expression for the charge density ρGJ

of the co-rotating plasma [67]:

ρGJ = − �ω · �B
(2πc)(1− (ωr/c)2 sin2 θ)

.

This expression was derived for the case of aligned rotation and magnetic dipole

axes, where �ω is the angular velocity vector of the pulsar, r is the distance from the

center of the pulsar and θ is the angle from the rotation axis. It can be seen from

the expression for the Goldreich-Julian density that regions of zero charge density

exist where �ω · �B = 0. These regions are called null lines. The null lines divide the

magnetosphere into three regions. The regions near the poles of the pulsar have the

same charge sign, and the region close to the equator of the pulsar has an opposite

charge sign. The co-rotation of the plasma can only occur up to a maximum distance

from the rotation axis of the pulsar, where the plasma would have to be moving at

the speed of light in order to maintain co-rotation. This radius, RLC = c
ω defines an

imaginary boundary called the light cylinder. The plasma contained within the light

cylinder is called the pulsar magnetosphere. The light cylinder defines two regions

within the pulsar magnetosphere: a region where the magnetic field lines close within

the light cylinder (closed magnetic field lines), and a region where the magnetic field

lines cross the light cylinder (open magnetic field lines). The plasma moving along

the closed magnetic field lines co-rotates with the pulsar and is confined to the light

cylinder. The plasma moving along the open field lines is free to stream out of the

light cylinder, creating a wind of charged particles beyond the light cylinder, called
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Figure 2–3: A diagram of the region surrounding a pulsar, showing the co-rotating
magnetosphere, the light cylinder, a null line (the straight diagonal line, not labelled)
and the wind zone. Figure modified from [67].

the wind zone [67]. Figure 2–3 shows a diagram of the region surrounding a pulsar,

showing the co-rotating magnetosphere, the light cylinder, a null line (the straight

diagonal line, not labelled) and the wind zone. This picture of a pulsar as a rotating

neutron star with a strong dipole magnetic field, a co-rotating magnetosphere and

wind zone is the basis upon which most pulsar models are founded.

2.5 Radiative emission from pulsars

The emission of electromagnetic radiation from rotation-powered pulsars is cur-

rently poorly understood. The radiation is thought to be powered by the rotation of

the pulsar, but a consistent and satisfactory description of the the details of the emis-

sion processes remains elusive. The main open questions in the field are the nature of
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the radiation emission mechanisms and the location of the emission regions. The lu-

minosity of the radiation observed from pulsars at various wavelengths has provided

some insight regarding the emission mechanisms. The observed high luminosity of

the radio emission requires that it be produced by coherent processes, such as the

coordinated motion of charges, maser emission or relativistic plasma emission [84].

The nature of the radio emission is the least understood aspect of radiative emission

from pulsars, and is beyond the scope of this thesis. The luminosity of the opti-

cal, X-ray and gamma-ray emission is consistent with incoherent processes involving

individual charged particles [110]. The incoherent processes are generally thought

to consist of inverse Compton scattering, cyclotron radiation, synchrotron radiation

and curvature radiation [84], which are described in section 2.6. Pair production on

strong magnetic fields, which may limit the energy of the emitted photons, is dis-

cussed in section 2.7. Finally, proposed locations for the radiation emission regions

are described in section 2.8.

2.6 Pulsar radiation emission mechanisms

This section describes the radiation mechanisms thought to be responsible for

the optical, X-ray and gamma-ray emission from pulsars: inverse Compton scatter-

ing, cyclotron radiation, synchrotron radiation and curvature radiation.

Compton scattering refers to the scattering of a photon by a charged particle

(usually an electron, which is assumed here), where the photon transfers some of

its energy to the electron. This results in an increase in the kinetic energy of the

electron and the wavelength of the photon. Similar to Compton scattering, inverse

Compton scattering refers the scattering of a high energy photon by an electron,
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where the electron transfers energy to the photon. This results in a decrease in the

kinetic energy of the electron and the wavelength of the photon. Inverse Compton

scattering occurs in astrophysical contexts, where high energy electrons up-scatter

low energy photons into the gamma-ray regime. For a population of electrons fol-

lowing a power-law energy distribution up-scattering a low energy photon field, the

resulting distribution of up-scattered photons also follows a power law [109]. For

more information regarding Compton scattering and inverse Compton scattering,

see Appendix B.1.

When a non-relativistic charged particle moves in a magnetic field, it spirals

around the magnetic field lines due to the Lorentz force, emitting electromagnetic

radiation called cyclotron radiation. For a particle moving perpendicular to the mag-

netic field lines, the frequency νL with which the particle moves around the magnetic

field lines (called the Larmor frequency) is given by:

νL =
qB
2πm

where B is the strength of the magnetic field, and q and m are the charge and mass

of the particle respectively. The cyclotron radiation emitted by the charged particle

is polarized, and emitted at the Larmor frequency. For more information about

cyclotron radiation, see Appendix B.2.

When a relativistic charged particle moves in a magnetic field, the particle spirals

about the magnetic field lines, emitting radiation over a wide range of frequencies,

called synchrotron radiation. Due to the relativistic beaming of light, the emission is
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beamed in a cone in the direction of motion of the particle. The frequency spectrum

of the emitted radiation peaks at approximately νmax ∼ 0.29νC , with

νc =
3γ2qB
4πm sinα

where α is the angle of the trajectory of the particle with respect to the magnetic field

lines, and γ is the Lorentz factor [110]. The spectrum is proportional to ν
1

3 below νmax

and exp[−( ννc )] above νc. The shape of the synchrotron radiation spectrum produced

by a population of charged particles depends on the shape of the energy spectrum

of the charged particles. For example, the synchrotron radiation spectrum emitted

by a population of charged particles with a power law energy distribution is also a

power law [110]. Like cyclotron radiation, synchrotron radiation photons are highly

polarized. For more information about synchrotron radiation, see Appendix B.3.

When a relativistic charged particle moves in a very strong magnetic field, the

motion perpendicular to the magnetic field lines may be rapidly damped by syn-

chrotron radiation losses, causing the particle to move along the magnetic field lines.

Like synchrotron radiation, the emission is beamed in a cone in the forward direction.

The motion of the charged particle along the curved magnetic field lines causes the

particle to radiate electromagnetic radiation called curvature radiation in a manner

similar to synchrotron radiation [110] [85]. The single particle spectrum is the same

as for synchrotron radiation, with

νc =
3γ3c
4πρ
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where ρ is the radius of curvature of the magnetic field lines. Like synchrotron ra-

diation, the photon spectrum produced by a population of charged particles with

a power law energy distribution is also a power law. Due to the strong magnetic

fields associated with pulsars, many models of pulsar gamma ray emission invoke

curvature radiation as the dominant emission mechanism [95] [107] [13] [10] [30]. In

these models, charged particles are accelerated in gaps in the plasma (see section 2.8)

by electric fields with components in the direction of the magnetic field lines. The

particles accelerated in the gaps have a maximum energy, which is attained when the

rate of energy gained by the particles due to the electric field is equal to the power

emitted via curvature radiation, called the radiation reaction limit. The maximum

charged-particle energy leads to a break in the emitted photon spectrum, above which

the photon spectrum falls off exponentially [10]. Such a spectral feature is called an

exponential cutoff, and is predicted by models that invoke curvature radiation as the

primary gamma-ray emission mechanism from pulsars. For pulsar emission scenarios

involving curvature radiation, the measured maximum energy of the emitted pho-

tons may be related to the distance of the emission region above the surface of the

pulsar [10]. For more information about curvature radiation, see Appendix B.4.

2.7 Pair production on strong magnetic fields

Due to the strong magnetic fields in the vicinity of pulsars, high-energy photons

in the pulsar magnetosphere may undergo pair production: γB + γHE → e+ + e−.

The produced pairs may radiate additional photons which produce further pairs,

resulting in a cascade of secondary photons and pairs, called secondary pair plasma.
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This process may limit the maximum energy of the photons that escape the pulsar

magnetosphere. For pulsar gamma-ray emission models with emission regions close

to the surface of the pulsar (see section 2.8), high-energy photons are expected to

undergo significant pair production due to the strong magnetic field. These models

predict breaks in the photon spectrum, with super-exponential cutoffs above the

break energy [10] [9]. For a given pulsar, the maximum measured photon energy

may be used to constrain the minimum height of the gamma ray emission region

above the surface of the pulsar [9]. For more information about pair production on

strong magnetic fields, see Appendix B.5.

2.8 Pulsar radiation emission regions

Standard pulsar radiation emission models require the acceleration of charged

particles within the pulsar magnetosphere; these particles then emit the observed

electromagnetic radiation via inverse Compton scattering, synchrotron radiation and

curvature radiation. Within the magnetospheric plasma defined by Goldreich and

Julian, electric field components in the direction of the magnetic field lines, required

to accelerate the charged particles, are screened. However, regions where the plasma

density is depleted relative to the Goldreich-Julian density may develop, called gaps.

In the gaps, unscreened electric field components in the direction of the magnetic

field lines (caused by the changing magnetic field) allow the acceleration of charged

particles, which emit the observed electromagnetic radiation. As the pulsar makes a

complete rotation, the intensity of the observed radiation is modulated according to

the geometry of the gap locations and the line of sight of the observer, resulting in
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the observed characteristic pulsed signal. Several proposed locations for these gaps

are described below.

2.8.1 Polar cap

The polar cap model postulates magnetospheric gaps directly above the surface

of the pulsar, at the region of the magnetic poles defined by the open magnetic field

lines. In these gaps, charged particles may be accelerated by powerful electric fields

with components parallel to the magnetic field lines. These particles may reach

relativistic energies, producing gamma-ray photons via curvature radiation; these

photons then pair produce due to the strong magnetic field near the surface of the

pulsar. The pairs then create further gamma-ray photons, leading to a cascade of

photons and pairs, creating a secondary pair plasma. The maximum height of the

gap above the surface of the neutron star is determined by the distance required for

the charged particles to accelerate to the energies required to emit curvature radi-

ation energetic enough for pair production. Coherent processes involving the pair

plasma are believed to be the source of the radio emission [84]. The incoherent emis-

sion, associated with the observed electromagnetic radiation at other wavelengths,

is thought to be produced via synchrotron radiation, curvature radiation and in-

verse Compton scattering processes involving the primary accelerated particles and

the pair plasma. The observed pulse profile is thought to be a consequence of the

polar cap region(s) becoming visible at certain rotational phases of the pulsar. As

mentioned in section 2.6 and Appendix B.5, the pair cascade process may limit the

maximum energy of the high energy photons that can escape the pulsar magneto-

sphere. For gamma-ray emission scenarios involving emission regions close to the
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surface of the pulsar such as the polar cap model, high-energy photons are expected

to undergo significant pair production due to the strong magnetic field. This lim-

its the maximum energy of the photons that can escape the pulsar magnetosphere,

leading to a break in the observed photon spectrum, with a super-exponential cut-

off above the break energy [10] [9]. Polar cap models were originally developed by

Sturrock (1971) [113] and Ruderman and Sutherland (1975) [108], and have been

extended by others [84].

2.8.2 Slot gap

The slot gap model, first proposed in 1979 [7], can be thought of as an extension

to the polar cap model. In the slot gap model, the gap forms over the magnetic

poles of the pulsar like in the polar cap model, but the electric field is weakened

near the edge of the last open field lines. This results in larger distances required to

accelerate the particles to the energies required to emit curvature photons capable

of pair producing, causing the pair formation front to extend far away from the

pulsar near the last open field lines. Figure 2–4 shows the resulting ‘hollow cone’

slot gap geometry. The slot gap may extend all the way to the light cylinder where

the magnetic field strength is weaker than near the surface of the pulsar, allowing

high-energy photons to escape the magnetosphere without undergoing significant pair

production. As in the polar cap model, the radio emission is thought to originate

from coherent processes involving the pair plasma, and the incoherent emission is

thought to involve synchrotron radiation, curvature radiation and inverse Compton

scattering [74]. The slot gap model was first proposed by Arons (1979) [7], and has

been extended by others [94] [72] [74].

32



Figure 2–4: Slot gap geometry, where μ is the magnetic dipole axis of the pulsar.
The electric field near the last open field lines is weaker than at the poles, resulting
in the pair formation front (PFF) extending to higher altitudes, forming a ‘hollow
cone’ gap geometry. See text for details. Figure modified from [72].
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2.8.3 Outer gap

The outer gap model involves acceleration gaps located in the region bounded

by the light cylinder, the last closed magnetic field lines, and the null lines, defined

by �ω · �B = 0. As the pulsar spins, the radiation is emitted perpendicular to the last

closed magnetic field lines in a fan like geometry. In outer gap models, the radio

emission is expected to be produced in the polar cap region by coherent processes

involving the pair plasma. The incoherent radiation emission mechanisms, as in

the previously mentioned gap models, are assumed to involve synchrotron radiation,

curvature radiation and inverse Compton scattering. As in the slot gap model, the

location of the emission region close to the light cylinder where the magnetic field

strength is weaker than near the surface of the pulsar, allows high energy photons

to escape the magnetosphere without undergoing significant pair production. The

outer gap model was first proposed by Cheng, Ho and Ruderman (1986) [17] [18],

and extended by others [107].

2.8.4 Summary and new models

Figure 2–5 shows the main features of the standard pulsar models described

in the text: a rapidly rotating, highly magnetized neutron star with a dipole mag-

netic field surrounded by a co-rotating plasma. Charged particles are accelerated

and radiate electromagnetic radiation in one or more gaps in the plasma. The

three gap location scenarios discussed in the literature (the polar cap, slot gap and

outer gap regions) are shown in the figure. These models constitute the standard

paradigm of radiative emission from pulsars. In these models, curvature radiation

is thought to be the mechanism responsible for the gamma-ray emission, predicting
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Figure 2–5: A diagram showing the main features of the standard pulsar models
described in the text: a rapidly rotating, highly magnetized neutron star with a
dipole magnetic field surrounded by a co-rotating plasma. Charged particles are
accelerated and radiate electromagnetic radiation in one or more gaps in the plasma.
The three gap location scenarios discussed in the literature, the polar cap, slot gap
and outer gap regions are shown (see section 2.8 for details). The null lines, where

the plasma density is zero (not shown) occur where �ω · �B = 0, the points at which
the magnetic field lines are perpendicular to the rotation axis. The light cylinder,
where the co-rotating plasma would be moving at the speed of light, is also shown,
with the distance calculated for the Crab pulsar. Figure from [37].
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exponential cutoffs in the spectra below 100 GeV for slot gap and outer gap sce-

narios [95] [107] [13] [30]. Polar cap models predict super-exponential cutoffs in the

gamma ray spectra due to pair production near the surface of the pulsar [10] [9]. The

spectra of the pulsars discovered by the Fermi gamma ray space telescope all exhibit

spectral breaks at several GeV, and may be fit with power laws with exponential

cutoffs (see section 3.1), consistent with curvature radiation emission from the slot

gap or outer gap regions [30]. In 2011, VERITAS detected the Crab pulsar at ener-

gies above 100 GeV, favouring a broken power law spectral fit over a power law with

an exponential cutoff, a result inconsistent with the curvature radiation emission

scenario [38]. MAGIC has since detected the Crab pulsar at energies of up to 1.5

TeV [54]. In light of these results (see section 3.1), new models invoking alternative

emission scenarios were proposed in order to explain the gamma-ray emission from

the Crab and possibly other pulsars.

Several models were proposed involving inverse Compton scattering in the mag-

netospheric gaps within the light cylinder. Lyutikov et al. (2012) proposed a syn-

chrotron self-Compton (SSC) model broadly consistent with the Crab pulsar ob-

servations, where synchrotron-emitting secondary pair plasma in the outer gap up-

scatters the synchrotron photons to high energies in the Klein-Nishina regime [87].

The MAGIC collaboration fit the Crab spectrum with a model involving inverse

Compton scattering in the outer gap [34] [35]. Lyutikov et al. (2013) [86] fit the

Crab pulsar spectrum with an outer gap cyclotron self-Compton (CSC) model, shown

in Figure 2–6 (left). Hirotani (2015) presented an outer gap SSC model where very

young pulsars are able to produce strong pulsed TeV emission and characteristic
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Figure 2–6: Magnetospheric gap models involving inverse Compton scattering pro-
posed in light of the discovery of emission above 100 GeV from the Crab pulsar. Left:
the Crab pulsar spectrum fit with an outer gap cyclotron self-Compton model by [86].
Right: the Crab pulsar spectrum fit with a slot gap synchrotron self-Compton model
by [73].

double-peaked light curves [77]. Harding et. al (2015) [73] fit the Crab pulsar spec-

trum with a slot gap SSC model, shown in Figure 2–6 (right).

Several other models were proposed involving radiative emission from the wind

zone, beyond the light cylinder. Aharonian et al. (2012) [4] proposed a model in-

voking a new radiation component at VHE energies in order to explain the detection

of the Crab pulsar above 100 GeV. The new component involves inverse Compton

scattering of magnetospheric photons by ultra-relativistic wind particles accelerated

beyond the light cylinder. Figure 2–7 (left) shows the gamma-ray spectrum of the

Crab pulsar, with power law with exponential cutoff fits (grey lines) to the FERMI
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Figure 2–7: Models involving radiative emission from the wind zone beyond the
light cylinder proposed in light of the discovery of emission above 100 GeV from
the Crab pulsar. Both of the models combine two spectral components in order to
explain the gamma-ray emission from the Crab pulsar. Left: A model proposed by
Aharonian et al. (2012) [4] invoking a new radiation component at VHE energies con-
sisting of inverse Compton scatting of magnetospheric photons by ultra-relativistic
wind particles accelerated beyond the light cylinder. The grey lines are power law
with exponential cutoff fits to the FERMI data, consistent with the magnetospheric
curvature radiation scenario, and the coloured lines represent the inverse Compton
emission for various model parameters. Right: A model proposed by Mochol and
Petri (2015) [93] postulating that synchrotron and synchrotron self-Compton (SSC)
radiation from particles accelerated by magnetic reconnection in the wind zone is
responsible for the observed gamma-ray emission from the Crab and Vela pulsars.
The solid coloured lines correspond to the total (synchrotron + SSC) emission and
the dashed coloured lines correspond to the SSC components.
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data points, consistent with the magnetospheric curvature radiation scenario, and

the inverse Compton emission from the wind zone (coloured lines) for various pa-

rameters of the model. This model successfully fits the Crab pulsar spectrum up

to approximately 400 GeV and reproduces the observed gamma-ray pulse profile,

but is inconsistent with the new results from MAGIC [54], where the spectrum has

been observed to follow a power law up to approximately 1.5 TeV (see section 3.1).

Petri et al. (2012) [105] and Arka and Dubus (2013) [6] proposed models where

the gamma-ray emission of the FERMI pulsars is explained as synchrotron radiation

originating from particles in the wind zone. Petri et al. invoke an inverse Compton

component in order to explain the VHE emission from the Crab pulsar. Mochol and

Petri (2015) [93] [92] proposed a model postulating that synchrotron and synchrotron

self-Compton (SSC) radiation from particles accelerated by magnetic reconnection

in the wind zone are responsible for the observed gamma-ray emission from the Crab

and Vela pulsars. Figure 2–7 (right) shows the spectrum of the Crab pulsar as mea-

sured by FERMI and MAGIC, fit with the SSC model for various model parameters.

The solid coloured lines correspond to the total (synchrotron + SSC) emission and

the dashed coloured lines correspond to the SSC components.

Given the multiplicity of models, it is clear that consensus on a single theory of

radiative emission from pulsars remains elusive.
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CHAPTER 3
Gamma-ray pulsar astronomy

3.1 Introduction

This chapter briefly summarizes the field of gamma-ray pulsar astronomy, de-

scribing observations of gamma-ray pulsars, and some of the theoretical implications

of the observations. Space-based gamma-ray pulsar astronomy will first be described,

followed by ground-based gamma-ray pulsar astronomy. In order to detect pulsations

from gamma-ray pulsars, where the gamma-ray detection rate is often quite low, a

pulsar rotational phase must be assigned to the detected photons. In order to ac-

complish this, the arrival times of the photons are converted to the arrival times that

would have been recorded at the center of mass of the solar system, a process called

barycentering. These times are then used to assign a rotational phase to each photon

in a process called phase folding. Phase folding requires a pulsar timing solution,

which includes the measured period and one or more period derivatives correspond-

ing to a particular time, the location of the pulsar and other parameters. Timing

solutions may be made using observations at other wavelengths, or directly from

the gamma-ray data. The latter technique involves scanning over the pulsar param-

eters, and is therefore less sensitive due to the multiple trials incurred. Once the

phases of the photons have been determined, pulsars may be detected by discovering

deviations from uniformity in the phase profiles. For more information regarding
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barycentering, phase folding, and methods for the detection of non-uniformities in

the phase profiles, see section 5.15.

3.1.1 Space-based gamma-ray pulsar astronomy

This section briefly describes pulsar observations by space-based gamma ray

observatories, and presents some theoretical implications of the observations. As

mentioned in the introduction, gamma-ray pulsations were first discovered from the

Crab pulsar by the SAS-2 satellite in 1974 [43]. The second gamma-ray pulsar

discovered, the Vela pulsar, was also discovered by SAS-2, in 1975 [119]. COS-B

confirmed the Crab and Vela detections, but did not detect any new gamma-ray

pulsars. The Crab and Vela pulsars remained the only known gamma-ray pulsars

until the Compton gamma-ray observatory (CGRO) detected five new pulsars, in

addition to the Crab and Vela, between 1991 and 2000. The phase profiles of the

pulsars detected by the CGRO are shown in Figure 3–1. The new pulsars discovered

by the CRGO included the first discovered radio-quiet gamma-ray pulsar: Geminga,

in 1992 [42]. The measured spectra of the CGRO pulsars were unable to constrain

the location of the emission region [117]. AGILE went online in 2007, and discovered

three new gamma-ray pulsars early in the mission [47] [53].

The Fermi gamma-ray space telescope was launched in 2008, and in 2010 the

LAT team published the first Fermi Large Area Telescope catalogue of gamma-ray

pulsars (1PC). The catalogue consisted of 46 gamma-ray pulsar sources detected

during the first six months of operations, including six of the pulsars detected by the

CGRO, and two of the pulsars discovered by AGILE [29]. 24 of the newly detected

pulsars were discovered using timing solutions obtained from observations at other
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Figure 3–1: The phase profiles of the seven gamma ray-pulsars detected by the
Compton Gamma Ray Observatory (CGRO), which operated from 1991 to 2000. In
addition to the Crab and Vela pulsars which had been previously detected (see text
for details), CGRO discovered five additional gamma-ray pulsars. The new pulsars
included Geminga, the first radio quiet gamma-ray pulsar. Figure from [98].

wavelengths and 16 were discovered from the gamma-ray data alone using blind

period searches. Eight of the pulsars were millisecond pulsars (MSPs), a new class

of gamma-ray pulsar. Most of the pulse profiles were observed to have two peaks,

separated by approximately 0.2 in phase, with broad single peaks also seen. These

pulse profiles are mostly consistent with outer gap and slot gap scenarios, with the

polar cap gamma-ray emission scenarios possible for only a few of the light curves.

The phases of the radio and the gamma-ray pulses were mostly found to be non-

aligned, consistent with what was seen for the CGRO pulsars, suggesting different

emission regions for the radio and gamma-ray emission. The spectra of the pulsars

were found to be consistent with power laws with exponential cutoffs, with cutoff

energies between 1 and 5 GeV, consistent with the outer gap and slot gap curvature
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radiation gamma-ray emission scenarios. No super-exponential cutoffs were seen in

the spectra, challenging polar cap gamma-ray emission scenarios.

In 2013, the LAT team published the second Fermi Large Area Telescope cat-

alogue of gamma-ray pulsars (2PC), a catalogue of 117 gamma-ray pulsar sources

which included all of the pulsars published in the 1PC [30]. The catalogue covers

three years of observations, from August 4, 2008 to August 4, 2011. The catalogue

is made up of 42 young radio-loud pulsars, 35 young radio-quiet pulsars, and 40

millisecond pulsars (all of which are radio-loud). 61 of the pulsars were detected

by phase folding known pulsars with timing solutions obtained from observations

at other wavelengths. 36 were detected using blind period searches, and 20 were

discovered after radio observations of unidentified LAT sources discovered pulsations

and timing solutions were produced that allowed the LAT data to be folded. Seven

of the 2PC pulsars have been identified at optical, UV or IR wavelengths, and 67

have been associated with non-thermal x-ray sources. All of the pulsars in the cata-

logue were found to be rotation-powered pulsars, with no accretion-powered pulsars

or magnetars found. Figure 3–2 shows a P - Ṗ diagram of the pulsars in the 2PC

catalogue. Figure 3–3 (left) shows the positions of the pulsars in the 2PC in the

sky, and Figure 3–3 (right) shows their positions in the galaxy, derived from distance

measurements (see [30] for details). Most of the 2PC pulsars are double-peaked (75%

for the young pulsars and 60% for the MSPs ) with some showing ‘bridge emission’

in between the two peaks. Most of the other pulsars have one peak, and two of the

pulsars (including Vela) exhibit a third peak. As in the 1PC, the phases of the radio

and the gamma-ray pulses were mostly found to be non-aligned. Many of the pulse
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Figure 3–2: A P - Ṗ diagram showing the pulsars in the 2PC catalogue. The green
dots represent the 42 young radio-loud pulsars, the blue squares represent the 35
young radio-quiet pulsars, and the red triangles represent the 40 MSPs. The black
dots show known pulsars that were phase folded but not detected, and the grey
dots indicate known pulsars that were not phase folded. Orange open triangles show
radio MSPs detected at the positions of unidentified LAT sources. The red, green and
blue dotted lines represent regions of constant spin down luminosity, magnetic field
strength at the neutron star surface, and dipole age respectively. Figure from [30].
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Figure 3–3: Left: An Aitoff projection showing the positions in the sky of the pulsars
in the 2PC catalogue. Right: the locations of the 2PC pulsars in the galaxy. Figures
from [30].

profiles may be explained by slot gap and outer gap models. However no model was

able to explain all of the observations. The spectra of the 2PC pulsars were fit with

power laws with exponential cutoffs of the form:

dN
dE

= K
(
E
E0

)−Γ
exp

(
− E

Ecut

)b

where K is a normalization constant, Γ is the spectral index at low energies, E0

is the energy for which K is defined, Ecut is the cutoff energy, and b defines the

steepness of the cutoff. Higher values of b correspond to steeper cutoffs. Values of

b > 1 correspond to super-exponential cutoffs, and values of b < 1 correspond to

sub-exponential cutoffs. The 2PC pulsar spectra were fit setting b = 1, called a

PLEC1 fit, and fit leaving b as a free parameter, called a PLEC fit. The pulsars
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were also fit with a power law (PL). For some pulsars, the PLEC1 model does not

fit the data significantly better than the PL model. All of the pulsars show cutoff

energies between 1 - 6 GeV, assuming b = 1, consistent with slot-gap and outer-

gap curvature radiation gamma-ray emission scenarios. No super-exponential cutoffs

are seen, challenging polar cap gamma-ray emission scenarios. In the cases where

the PLEC model is favoured over the PLEC1 model, the value of b is found to be

significantly less than 1, indicating a sub-exponential cutoff. This may indicate a new

component at high energies for these pulsars, or that the assumption that curvature

radiation is responsible for the gamma-ray emission is incorrect. Due to the limited

high energy range of the LAT, it is difficult to distinguish between such scenarios

using the LAT data alone. However, measurements of the pulsar spectra at higher

energies with IACTs can help to distinguish between these scenarios. At the time

of the writing of this thesis, the LAT has catalogued 205 gamma-ray pulsars, which

includes all of the gamma-ray pulsars previously detected by other instruments [63].

3.1.2 Ground-based gamma-ray pulsar astronomy

This section briefly summarizes previous observations of gamma-ray pulsars with

IACTs, presenting key results and some of the theoretical implications of the obser-

vations. As mentioned in section 3.1.1, IACTs may used to measure the high energy

spectra of gamma-ray pulsars in order to distinguish between gamma-ray pulsar emis-

sion scenarios. Pulsars were first detected by an IACT by the MAGIC collaboration,

which announced the detection of pulsed emission from the Crab pulsar above 25

GeV in 2008 [37]. Figure 3–4 (left) shows the pulse profiles of the Crab as measured

by MAGIC above 25 and 60 GeV. The pulse profiles of the Crab pulsar determined
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Figure 3–4: The MAGIC collaboration announced the detection of the Crab pulsar
in 2008, the first detection of a pulsar by an IACT. Left: the pulse profiles of the
Crab as measured by MAGIC above 25 and 60 GeV. The pulse profiles of the Crab
as measured by EGRET aboard the CGRO are also shown, as is the optical profile as
measured by MAGIC. Right: the spectrum of the Crab pulsar measured by various
instruments, including the MAGIC spectral points. The spectrum is fit with an outer
gap model, and presented a challenge for slot gap and polar cap models. Figures
from [37].
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by EGRET aboard the CGRO are also shown, as is the optical profile measured

by MAGIC. Figure 3–4 (right) shows the spectrum of the Crab pulsar as measured

by various instruments, including the MAGIC spectral points. The spectrum was

fit with an outer gap model, and presented a challenge for slot gap and polar cap

models.

VERITAS subsequently announced the detection of pulsed emission from the

Crab above 100 GeV in 2011 [38]. Figure 3–5 (top) shows the pulse profile of the

Crab as measured by VERITAS above 120 GeV. Figure 3–5 (bottom) shows the

spectrum of the Crab pulsar as measured by various instruments. The red points are

the VERITAS spectral points. A broken power-law fit (solid black line) was favoured

over the power law with exponential cutoff fit (dashed black line) at approximately

5 σ. This challenged standard gamma-ray emission scenarios involving curvature

radiation from the outer magnetosphere, leading to the proposal of new models, as

described in section 2.8.4. The highest energy photons measured by VERITAS were

used to constrain the height of emission to at least 10 km above the surface of the

pulsar, as described in Appendix B.5.

The MAGIC collaboration announced the detection of the Crab pulsar up to

400 GeV in 2012 [35], and up to 1.5 TeV in 2015 [54]. Figure 3–6 (left) shows the

pulse profile of the Crab as measured by MAGIC between 100 and 400 GeV (top)

and above 400 GeV (bottom). Figure 3–6 (right) shows the Crab pulsar spectrum

as measured by Fermi LAT and MAGIC, for each of the observed pulses. This result

firmly rules out gamma-ray emission scenarios involving curvature radiation in the
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outer magnetosphere, suggesting inverse Compton emission scenarios. The MAGIC

collaboration announced the detection of bridge emission from the Crab in 2014 [111].

In 2014, the HESS collaboration announced the detection of the Vela pulsar

between 20 and 120 GeV, increasing the catalogue of pulsars detected by IACTs to

two [44]. Figure 3–7 (top) shows the pulse profile of the Vela pulsar as measured by

HESS (top), as well as the pulse profile measured by Fermi LAT (bottom). Figure 3–

7 (bottom) shows the Vela pulsar spectrum as measured by Fermi LAT and HESS.

The measured spectrum favoured a power law with exponential cutoff fit over a power

law fit at 2.7 σ, consistent with gamma-ray emission scenarios involving curvature

radiation from the outer magnetosphere. In 2017, the HESS collaboration announced

preliminary results indicating the detection of the Vela pulsar at energies above 7

TeV [2]. This result may indicate a new component at TeV energies.
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Figure 3–7: The HESS collaboration announced the detection of the Vela pulsar
between 20 and 120 GeV in 2014 [44]. Top: the pulse profile of the Vela pulsar
as measured by HESS (top), as well as the pulse profile measured by Fermi LAT
(bottom). Bottom: the Vela pulsar spectrum as measured by Fermi LAT and HESS.
Figures from [44].
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VERITAS and MAGIC observed the Geminga pulsar, but did not detect signifi-

cant pulsations [39] [5]. Upper limits were calculated that constrained possible hard-

ening of the spectrum at GeV energies. VERITAS also observed PSR J1023+0038,

but did not detect significant pulsations [65].

3.2 The VERITAS archival Fermi pulsar search

As mentioned in the previous section, the Crab and Vela pulsars are currently

the only pulsars detected at VHE energies. The detection of the pulsars at these en-

ergies challenges standard pulsar gamma-ray emission scenarios involving curvature

radiation from the outer magnetosphere. However, the spectra of most of the Fermi

pulsars is consistent with these emission scenarios. The VERITAS archival pulsar

search, the subject of this thesis, was undertaken in order to increase the number of

pulsars detected at VHE energies, and to determine if more Fermi pulsars show indi-

cations of non-standard gamma-ray emission scenarios as described in section 2.8.4.

In the case of a detection, measurements of the pulse profile and the shape of the

spectrum would allow constraints to be placed on the gamma-ray emission scenar-

ios. In the case of an MSP detection, constraints on Lorentz-invariance violation

would also be possible. For non-detections, the best VHE upper limits would be ob-

tained, constraining gamma-ray emission scenarios. Non-detections would also help

with planning observations of these sources with the Cherenkov Telescope Array,

currently being built.

The VERITAS archival pulsar search selected observing runs from archival VER-

ITAS data where pulsars in the 2PC catalogue were observed directly, or present in

the field of view. This search yielded 15 2PC pulsars after discarding pulsars with
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no available timing solutions valid for the times the data was taken on them and

pulsars where a VHE pulsar analysis had been previously performed. These pulsars

were then analyzed to look for pulsed emission. The details of the VERITAS archival

pulsar analyses and results are described in Chapter 6.
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CHAPTER 4
IACTs and VERITAS

4.1 Introduction

This chapter describes the imaging atmospheric Cherenkov technique, and the

details of the VERITAS array of imaging atmospheric Cherenkov telescopes. Cosmic

rays and the particle cascades (electromagnetic and hadronic) that they create in

the atmosphere called air showers are first described. A description of Cherenkov

light is then presented, and the imaging atmospheric Cherenkov technique - the

operating principle behind the VERITAS telescopes - is discussed. Finally, a detailed

description of the VERITAS array of imaging atmospheric Cherenkov telescopes is

given. The details of the VERITAS data analysis procedures are presented in the

next chapter.

4.2 Cosmic rays and air showers

Cosmic rays were discovered in 1912, when Victor Hess brought an ionization

detector on a balloon flight (see Figure 4–1 (left)). The purpose of this flight was

to investigate the nature of a persistent ionizing radiation that had been detected at

ground level. Specifically, the flight was undertaken in order to test the assumption

that the radiation was terrestrial in origin. It was expected that the ionization

rate measured by the detector would decrease with altitude if this assumption was

correct. Instead, it was found that the ionization rate measured by the detector

increased with altitude. Based on this result, it was concluded that the radiation
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Figure 4–1: Left: Victor Hess discovered cosmic rays in 1912. Right: Simulations of
photon and proton initiated air showers [79]. See text for details.

was extraterrestrial in origin. It is now known that this ionizing radiation consists

of secondary particles created in particle cascades called air showers initiated by

extraterrestrial high-energy particles called cosmic rays.

Air showers fall into two categories: electromagnetic and hadronic showers.

Electromagnetic showers are initiated by photons, electrons and positrons and in-

volve only electromagnetic interactions. Photon primaries interact with virtual

photons emitted by the nuclei of atoms in the atmosphere, resulting in electron-

positron pair production. The electron-positron pair produce additional photons via

bremsstrahlung, which themselves pair produce. This process continues, forming a

cascade of particles composed almost entirely of electrons, positrons and photons.

When the average energy of the particles in the shower falls below the critical energy
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Figure 4–2: A schematic diagram of a gamma ray shower (left) and a hadronic shower
(right) [91].

Ec, where energy losses from absorption processes such as ionization and excitation

begin to dominate, the maximum number of particles in the shower is reached, called

shower maximum. The number of particles in the shower decreases after this, as the

particles are absorbed by the atmosphere. A similar process occurs for primary

electrons and positrons. Due to the nature of electromagnetic interactions, electro-

magnetic showers are highly collimated. The first image in Figure 4–1 (right) shows

a simulation of a shower initiated by a 100 GeV photon. Figure 4–2 (left) shows a

schematic diagram of an electromagnetic shower.

Hadronic showers are initiated by hadronic particles such as protons and nuclei

and involve hadronic interactions as well as electromagnetic interactions. Hadronic

particles interact with atmospheric nuclei producing charged and neutral pions. The

neutral pions decay into photons, initiating further electromagnetic sub-showers:

π0 → γ + γ.
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The charged pions decay into muons and neutrinos:

π+ → μ+ + νμ

π− → μ− + ν̄μ.

And the muons decay into electrons and neutrinos:

μ+ → e+ + ν̄μ + νe

μ− → e− + νμ + ν̄e.

The second image in Figure 4–1 (right) shows a simulation of a shower initiated

by a 100 GeV proton. A schematic diagram of a hadronic shower is shown in Figure 4–

2 (right). High transverse momentum particles are produced in hadronic showers,

resulting in showers that are less collimated than electromagnetic showers, as can be

seen in Figure 4–1 (right). These differences allow the electromagnetic showers to be

distinguished from hadronic showers, using a technique described in section 5.10.

4.3 Cherenkov radiation

When light propagates through a medium such as air or water, the velocity with

which the light propagates is given by vl = c/n where c is the speed of light in a

vacuum and n is the index of refraction of the medium. When charged particles

traverse such a medium with a velocity vp > vl, electromagnetic radiation called

Cherenkov radiation is emitted. This radiation was named after Pavel Cherenkov,

who experimentally investigated the phenomenon in detail in 1934. The emission of

Cherenkov radiation is analogous to the creation of a sonic boom created when an

object travels faster than the speed of sound in air. As the charged particles travel

through the medium, the atoms surrounding the charged particle become polarized in

the direction of the charged particle. As the particle moves away, the atoms become
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Figure 4–3: The polarization of a medium due to the passage of a charged particle.
Left: when the charged particles travel at vp < c/n, the polarization pattern is
symmetric around the charged particle, and there is no net emission. Right: when
the charged particles travel at vp > c/n, the polarization pattern is asymmetric about
the charged particle and Cherenkov emission occurs. Figure from [91].

de-polarized. The time variation of the polarization state of the atoms causes the

atoms to radiate.

If vp < vl the polarization pattern is symmetric around the charged particle, as

shown in Figure 4–3 (left). This symmetry leads to a zero net induced dipole around

the charged particle, and so no net emission occurs. If vp > vl the polarization

pattern is asymmetric around the charged particle, as shown in Figure 4–3 (right).

This asymmetry leads to a non-zero net induced dipole, leading to a net emission of

photons.

The angle of the emitted photons with respect to the propagation vector of the

charged particle (called the Cherenkov angle) may be determined using a geometric

argument (see figure 4–4). The emitted light travels a distance t× vl = t× c/n, and

the charged particle travels a distance of t× vp = t× β × c. Therefore:

cos(θ) =
t× c/n

t× β × c
=

1

βn
.
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Figure 4–4: Cherenkov cone geometry: the charged particles travel a distance t×vp =
t × β × c and the Cherenkov light travels a distance t × vl = t × c/n. See text for
details.

The maximum Cherenkov angle of the particle is obtained as the velocity of the

particle approaches c, and depends only on the index of refraction of the medium:

θmax = arccos(1/n). The minimum velocity required for Cherenkov emission, vp =

c/n can be substituted into the expression for relativistic energy in order to obtain

an expression for the minimum energy required for Cherenkov emission as a function

of the rest mass of the particle and the index of refraction of the medium:

Emin = m0c
2√

1− 1/n2
.

The density, and therefore the index of refraction of the atmosphere varies as

a function of altitude, and therefore the maximum Cherenkov angle and minimum

energy vary with altitude as well. For electrons and muons at sea level, the minimum

energy is 21 MeV and 4.4 GeV respectively. For particles travelling through air at

sea level, the maximum Cherenkov angle in air is approximately 1.4 degrees.
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The number of Cherenkov photons emitted per unit path length and wavelength

is given by:

d2N

dxdλ
=

2παZ2

λ2

(
1− 1

β2(n(λ))2

)
(4.1)

where α is the fine structure constant, Ze is the charge of the particle, β is the veloc-

ity of the charged particle divided by the speed of light, vp/c and λ is the wavelength

of the Cherenkov radiation [58]. As can be seen from equation 4.1, the intensity of

the emission is inversely proportional to the square of the wavelength. For air, the

wavelength dependence of the index of refraction limits the Cherenkov emission to

UV wavelengths or longer, resulting in a peak in the Cherenkov spectrum at UV

wavelengths. More information regarding Cherenkov radiation can be found in [68].

The high-energy charged particles in the air showers described in the previous sec-

tion cause the atmosphere to emit Cherenkov radiation. The Cherenkov radiation

from the showers propagates to the ground, with the radiation emitted highest in

the atmosphere arriving later than the radiation emitted near the ground, all within

a duration of several nanoseconds. This radiation may be collected, and used to pro-

duce images of the showers, a technique called the imaging atmospheric Cherenkov

technique, described in the next section.

4.4 The imaging atmospheric Cherenkov technique

For a given astronomical gamma-ray source, the flux of gamma-rays drops

rapidly as a function of energy. Consequently, above approximately 100 GeV, the
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space-based telescopes described in section 1.2 are not large enough to detect a

sufficient number of particles for reasonable exposure times in order to perform use-

ful analyses. In this regime, detectors with large effective areas are required. The

Cherenkov light pools from the air showers described in sections 4.2 and 4.3 cover

an area of approximately 105 m2. The imaging atmospheric Cherenkov technique

achieves comparable effective areas by collecting this light with telescopes on the

ground. The Cherenkov light is focused by large segmented reflectors onto cameras

consisting of photomultiplier tubes (described below) or solid state light detectors

that enable images of the showers to be made. The shower images are digitized,

assigned timestamps using GPS clocks and stored. The analysis of the shower im-

ages enables the selection and determination of the arrival directions and energies

of gamma-ray candidate events. Sources of astrophysical gamma rays are discovered

by detecting a statistically significant excess of gamma-ray candidate events origi-

nating from particular directions in the sky. Fluxes and upper limits are calculated

using the measured excesses, observation times and instrument response functions

produced from simulations. Light curve and pulsar analyses may be performed us-

ing the GPS timestamps. The details of these analysis techniques are described in

the next chapter. Figure 4–5 shows a schematic diagram illustrating the imaging

atmospheric Cherenkov technique.

The first imaging atmospheric Cherenkov telescope (IACT), the Whipple 10

m telescope, was constructed in 1967 at what is now the Fred Lawrence Whipple

Observatory in southern Arizona. Using this telescope, the Whipple collaboration,

led by Trevor C. Weekes, first detected the Crab nebula in VHE gamma rays using
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Figure 4–5: A schematic diagram illustrating the imaging atmospheric Cherenkov
technique. Figure from [91].

Figure 4–6: Left: A photograph of the Whipple 10 m telescope, the first IACT, on
the opening day of Mount Hopkins observatory in 1968. The observatory was later
renamed the Fred Lawrence Whipple observatory after the director of the observatory
(center) [80]. Right: The Whipple 10 m telescope in the spring of 2011, a year before
being decommissioned.
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the imaging technique in 1989 [57]. Figure 4–6 (left) shows a photograph of the

Whipple 10 m telescope on the opening day of the observatory in 1968. Figure 4–6

shows the Whipple 10 m telescope in the spring of 2011, approximately a year before

being decommissioned in the summer of 2012. The VERITAS telescopes, described

in the next section, are located at the base camp of the Fred Lawrence Whipple

observatory, and resemble the original Whipple 10 m telescope. Current IACTs

include VERITAS in southern Arizona, H.E.S.S. in Namibia, and MAGIC in La

Palma. The next generation IACT, Cherenkov Telescope Array (CTA), is currently

being built, and will consist of large arrays of telescopes of different sizes at a northern

and southern site. CTA north will be built at the MAGIC site in La Palma, and

CTA south will be built in Argentina. CTA south will consist of approximately 100

telescopes, while CTA north will consist of approximately 20 telescopes [90].

4.5 The VERITAS array

VERITAS is an array of four imaging atmospheric Cherenkov telescopes located

approximately 1268 m above sea level at the Fred Lawrence Whipple observatory in

southern Arizona. The telescopes consist of 12 meter diameter segmented optical

reflectors connected to an optical support structure (OSS) attached to an alt-az

positioner. A camera consisting of 499 photomultiplier tubes (PMTs) is connected

to the OSS by quad arms. Counterweights in the back of the reflectors ensure

that the telescopes remain balanced. Trailers located beside the telescopes house

data acquisition, tracking, telescope trigger and other important systems. Platforms

located beside the telescopes allow access to the cameras. The array is controlled from

a central building that houses the control room, array trigger and data acquisition
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Figure 4–7: A photograph of the VERITAS array [22].
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systems. A photograph of the VERITAS array is shown in Figure 4–7. The first

VERITAS telescope went online in the winter of 2005 and the second and third

telescopes were completed in the spring and fall of 2006 respectively. VERITAS

began operations as a four telescope array in the spring of 2007, and is still operating

at the time of the writing of this thesis in the summer of 2018. The telescopes are

named T1 to T4 following the order in which they were completed. In the summer

of 2009, T1 was moved to a new location in order to increase the collecting area of

the array, and to reduce the number of triggers caused by single muon events (see

section 5.3.3). The epoch prior to the T1 move is designated V4, and the epoch

following the move is designated V5. The PMTs in the cameras were replaced in

the summer of 2012 in order to improve the sensitivity of the array to lower energy

showers. The epoch following the PMT upgrade is designated V6. VERITAS is

sensitive to very-high-energy gamma rays in the energy range between 85 GeV and

30 TeV, and is able to detect a source with a flux of 1 percent of the Crab Nebula in

25 hours of observations. VERITAS has an angular resolution of approximately 0.1

degrees above 1 TeV and an energy resolution of 17 percent at 1 TeV. The details

of the various components of the VERITAS array are discussed in the following

subsections.

4.5.1 The VERITAS Positioners

The VERITAS positioners consist of commercial altitude-azimuth type position-

ers, manufactured by RPM-PSI in Northridge, CA. The positioners have servo motors

for moving the telescopes in azimuth and elevation that can slew the telescopes at

approximately one degree per second. The positioners are controlled with custom
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Figure 4–8: Left: a photograph of the front of the T1 reflector, showing the mirrors
and quad arms. Right: a photograph of the back of T1, showing the OSS, positioner
and counterweights.

software that enables the telescopes to slew to and track astronomical sources of

interest. The telescopes may be moved together as an array or independently. The

pointing directions of the positioners are continually monitored by encoders, and

these measurements are related to positions in the sky using a software model. CCD

cameras mounted to the quad arms continually capture images of the field of view

during normal observations in order to measure the pointing directions of the tele-

scopes. Offline analyses of these images is performed in order to reduce the pointing

uncertainty of the array.

4.5.2 Mirrors and OSS

The VERITAS telescopes are examples of a Davies-Cotton design [24], which

consists of a spherical reflector with radius of curvature r comprised of many small

mirror facets with radius of curvature 2r, and a camera supported by quad arms at

the focal plane of the reflector. This design allows reflectors with large collecting
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Figure 4–9: A photograph of the author reflected in the VERITAS mirrors.
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areas to be made relatively inexpensively. The VERITAS reflectors consist of 345

hexagonal mirror facets attached to a steel optical support structure (OSS), which

is attached to the positioner. Quad arms connect the OSS to the camera, and the

uppermost quad arm connects to counterweights located in the back of the OSS.

Far-infrared cameras are mounted on T2 and T3 in order to monitor the weather as

part of the VERITAS data quality monitoring procedures, described in section 5.2.

A photograph of the front of the T1 reflector showing the mirrors and quad arms is

shown in Figure 4–8 (left). A photograph of the back of T1, showing the positioner,

OSS and counterweights is presented in Figure 4–8 (right). Triangular mounts at-

tached to the OSS support the mirrors with three threaded steel rods. Adjustment

nuts allow the individual mirror facets to be aligned. The spherical mirror facets are

made of glass, coated with anodized aluminium, with a 24 meter radius of curvature

and an area of 0.322 square meters. The reflectivity of the mirrors is approximately

90 percent when they are first coated. Due to the harsh conditions of the Arizona

desert, the reflectivity of the mirrors drops over time. The reflectivity of the reflec-

tors is therefore monitored regularly as described in section 5.3.2, and measurements

of the reflectivity of individual facets is also performed on a regular basis. The mir-

rors are coated on site, and old mirror facets are replaced on a regular basis with

re-coated mirrors. The mirrors are also regularly washed in order to remove accu-

mulated dust. In order to determine the optical point spread function (PSF) of the

telescopes, reflective screens are placed over the PMTs at the focal plane, and the

telescopes are pointed to various bright stars in the sky. The images of the stars

in the focal plane are recorded with CCD cameras, and used to determine if mirror
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alignment is required. In order to align the mirrors to achieve a better optical PSF,

the required adjustments to the nuts on each mirror facet are determined by pointing

the telescopes in a raster scan pattern around the positions of bright stars. CCD

cameras placed at the focal plane of the telescopes take pictures of the mirrors for

each pointing position. The pointing direction where the star is visible in a given

facet is used to determine the required adjustments for that facet. A photograph of

the author reflected in the VERITAS mirrors is shown in figure 4–9.

4.5.3 The VERITAS cameras

The VERITAS cameras are located 12 meters away from the reflectors at the

focal plane and are connected to the OSS via the quad arms. The uppermost quad

arms transfer the load of the camera to the counterweights behind the OSS using a

mechanical bypass. The cameras are contained in a 1.8 m x 1.8 m square box, and

consist of 499 hexagonally packed photomultiplier tubes and light cones (described

below) arranged in a plane facing the reflector, perpendicular to the pointing direc-

tion of the telescope. The cameras are protected by rolling shutters, which protect

the cameras from sunlight, water and dust when closed. Platforms located beside

the telescopes allow access to the cameras in order to perform calibration and main-

tenance work. A detachable plate is placed over the PMTs during normal operations

with reflective segmented parabolic light concentrators for each PMT called light

cones. The light cones have a hexagonal aperture, allowing them to be close packed,

maximizing the light collection area for each PMT. The light cones also restrict the

arrival directions of photons to be primarily from the direction of the reflectors, re-

ducing background light. The light cones are washed on a regular basis in order to
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Figure 4–10: The VERITAS camera box (left) [82] and a closeup of the PMTs with
light cones attached (right) [22].

improve their reflectivity by removing accumulated dust. The distance between the

centers of adjacent PMTs in the cameras is 31.4mm, corresponding to an angle scale

of 0.15 degrees on the sky. The total field of view of the VERITAS cameras is 3.5

degrees. Figure 4–10 shows a photograph of a VERITAS camera, showing the PMTs

without light cones (left), and a closeup of the camera with the light cones attached

(right).

The PMTs consist of glass vacuum tubes with a semi-transparent coating on

the front called the photo-cathode, and several electrodes kept at different voltages,

called the dynode chain (see Figure 4–11). Light incident on the photo-cathode

will eject an electron via the photoelectric effect with a probability given by the

quantum efficiency of the photo-cathode, which is a function of photon wavelength.

The ejected electron (called a photoelectron) is accelerated towards the first dynode

due to the applied voltage. When the photoelectron interacts with the first dynode,

the kinetic energy of the electron causes additional electrons to be emitted from
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Figure 4–11: A schematic diagram of a PMT (left) [69] and a photograph of a
Photonis XP2970/02 PMT (back) used in the V4 and V5 epochs and a Hamamatsu
R10560-100-20 MOD PMT (front) used in the V6 epoch (right) [3].

the dynode, a process called secondary emission. These electrons are accelerated to

the next dynode due to the applied voltage, and the process of secondary emission

continues along the dynode chain, multiplying the original photoelectron by a factor

of approximately 105 by the time the electrons reach the anode of the PMT. From

Winter 2005 to the Spring of 2012 (the V4 and V5 epochs), VERITAS used Photonis

XP2970/02 PMTs in the cameras. From the Fall of 2012 to the present (the V6

epoch), VERITAS used higher quantum efficiency Hamamatsu R10560-100-20 MOD

PMTs in the cameras. The PMT upgrade resulted in an improved overall sensitivity

of the array, and an improved sensitivity to lower energy showers [3]. Figure 4–11

(right) shows a photograph of a Photonis XP2970/02 PMT (back) and a Hamamatsu

R10560-100-20 MOD PMT (front).

During nights with bright moonlight, filters are placed between the PMTs and

the light cones in order to filter out moonlight while allowing most of the Cherenkov

light from the showers to pass through. Figure 4–12 shows the quantum efficiency
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Figure 4–12: The measured quantum efficiency of the Hamamatsu R10560 PMTs
(green), the Cherenkov spectrum observed from an electromagnetic shower produced
from a 500 GeV gamma ray (blue), solar (moonlight) spectrum (yellow) and moon-
light filter transmittance as a function of wavelength (purple) [40].

of the Hamamatsu R10560-100-20 MOD PMT(green), the Cherenkov spectrum ob-

served from a shower initiated by a 500 GeV gamma ray (blue), the solar (moon-

light) spectrum (yellow) and the transmittance of the moonlight filters as a function

of wavelength (purple). As can be seen from the figure, the filters allow a sizable

fraction of the Cherenkov light from showers to be transmitted while attenuating

most of the moonlight. The use of the filters has allowed VERITAS to operate with

an increased duty cycle by allowing observations at times when the PMT currents

would be too high for normal observations [40]. Due to the attenuation of Cherenkov

light by the filters, filter data has a higher energy threshold and must be analyzed

differently than normal data.

The voltages for each PMT are provided by CAENmodel SY1527 modular power

supplies, which allow voltages to be set for each PMT individually using custom-made
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Figure 4–13: A photograph of a disassembled VERITAS pixel, showing the main
components: aluminum housing, circuit board with pre-amplifier, current monitor
and charge injection circuits, voltage divider and PMT [122].

software. The voltages for each dynode in the PMTs are obtained using a voltage

divider circuit, the maximum voltage being determined by the set power supply

voltage. The power supply voltages are set so that the gains of the PMTs are set

to approximately 2× 105, a process known as flat fielding. The anode currents from

the PMTs are amplified by a factor of 6.6 by pre-amplifier circuits located at the

base of the PMTs in a protective metal casing. The amplification of the signal prior

to being sent to the data acquisition system improves the measured signal to noise

ratio. The amplified PMT signals travel down coaxial cables threaded through the

quad arms and positioners into the data acquisition system located in the trailers,

described in section 4.5.5. The anode currents of each PMT are monitored in real

time with a resolution of 0.5 μA using current monitor circuits located on the same

board as the pre-amplifiers. The current monitors allow the observers to ensure that

the PMTS are being operated with currents below approximately 20 μA in order

to avoid premature ageing of the PMTs. The PMTs are typically operated with
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currents of approximately 7 μA during normal operations. The current monitors

also perform auto suppression of the PMT voltages when the anode currents exceed

safety limits. Charge injection circuits located on the same board as the preamp

and current monitor circuits allow pulses to be injected into the coaxial cables for

diagnostic purposes. Figure 4–13 shows a disassembled VERITAS pixel.

4.5.4 The VERITAS trigger system

The amplified PMT anode signals are transferred from the pre-amplifiers at

the base of the pixels via the coaxial cables to the data acquisition systems located

in the trailers. Specifically, the coaxial cables are fed to flash analog to digital

converters (FADCs), described in section 4.5.5. The signals from the PMTs are

continually digitized by the FADCs with an 8-bit precision at a rate of 500 MHz.

This corresponds to a data rate of approximately of 2 GB/s for all four telescopes.

Without some form of data selection mechanism, this rate would lead to file sizes

of approximately 3.6 TB for a 30 minute run. In order to reduce the data rate,

VERITAS uses a trigger system in order to preferentially record the digitized signals

from the PMTs when the Cherenkov flashes from air showers are incident on the

array, rejecting the background of night-sky photons, moonlight, terrestrial light and

Cherenkov light from local muons (described in section 5.3.3). In order to achieve

this, the digitized samples of the amplified PMT signals are continually placed in

circular 64 μs buffers, parts of which are read out when a trigger signal is received.

The data from the buffers and additional information is collected by computers in

each trailer called event builders, and sent to a computer called the harvester (see

section 4.5.7), where it is assembled into a file. The use of this trigger system results
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Figure 4–14: A schematic diagram of the VERITAS trigger and data acquisition
systems [123]. See text for details.

in typical file sizes of approximately 10 GB for a typical 30 minute run. The details

of the VERITAS data acquisition system are described in section 4.5.5.

The VERITAS trigger system consists of three levels. The level 1 trigger (L1)

consists of a pixel-wise trigger system that fires when the amplified PMT anode signal

exceeds a given threshold. The level 2 trigger system (L2) is a telescope-wise trigger

system that fires when the L1 triggers fire for three contiguous pixels on a given

telescope within a specified time interval. The level three trigger system (L3) fires

when the L2 triggers of at least two telescopes fire within a specified time interval.
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The details of the three levels of the VERITAS trigger system are described in

subsections 4.5.4.1, 4.5.4.2 and 4.5.4.3. A schematic diagram showing the VERITAS

trigger and data acquisition systems is shown in Figure 4–14.

4.5.4.1 The level 1 trigger system

The level one (L1) trigger system consists of discriminator circuits for each

VERITAS PMT, which fire when the signal from the PMT meets certain intensity

and timing criteria. The signals from the PMTs are fed into the analog front end of

the FADC modules, and split, with one copy being sent to the L1 circuits located

on the FADC modules, and the other copy being sent to the FADC circuits in order

to digitize the signal. The L1 discriminator circuits consist of constant fraction

discriminators (CFDs), which have the advantageous property that the time required

for the discriminator to fire is not strongly dependent on the intensity of the signal.

In order to achieve this, CFDs make use of a threshold discriminator (TD), and a

zero crossing discriminator (ZCD). The VERITAS CFDs also employ a rate feedback

(RFB) mechanism in order to limit the trigger rate for high intensity signals. The

threshold discriminator fires when the signal from the PMT exceeds a programmable

threshold. Normal VERITAS observations use a threshold of 45 mV. Moonlight

observations without the moonlight filter use raised thresholds of 60 mV in order

to reduce the rate of triggers due to moonlight. When the moonlight filters are in

use, a reduced threshold of 25 mV is used due to the light attenuation associated

with the use of the filters. For simple threshold discriminators, the time required

for the discriminator to fire depends strongly on the intensity of the signal. A zero

crossing discriminator is an example of a discriminator with a firing time not strongly
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Figure 4–15: A schematic diagram of a VERITAS CFD [46]. See text for details.

dependent on pulse height. The zero crossing discriminator splits the signal, scaling

one copy by a fraction f , and inverting and delaying the other copy by time T1 using

an analog delay. These signals are combined, and the ZCD fires when the resulting

signal crosses zero volts. When the ZCD condition is satisfied while the TD is over

the threshold, the L1 condition for the channel is satisfied and a 10 ns ECL pulse

is sent to the L2 trigger system (described below). The use of CFDs instead of a

simple TD reduces the coincidence time required for the L2 trigger, which has the

effect of lowering the energy threshold of the array. The CFD configuration also

has the effect of being insensitive to night sky background photons, as such signals

are much faster than the signals from air showers, and the TD falls below threshold

before the ZCD can fire. In order to limit the L1 trigger rates when the PMT anode

currents are high, the VERITAS CFDs use a rate feedback circuit that applies a

DC offset voltage to the delayed and inverted signal of the ZCD proportional to the

measured trigger rate. This has the effect of reducing the trigger efficiency of the

CFDs as the trigger rate increases. The VERITAS CFDs use an offset voltage of 52
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mV/MHz. During normal operations, typical VERITAS CFD trigger rates are of

the order of several MHz. Figure 4–15 shows a schematic diagram of a CFD circuit.

4.5.4.2 The level 2 trigger system

The L2 system consists of a pattern trigger that fires when the L1 condition

for three contiguous pixels is met within a specified time coincidence window. When

the L2 trigger criteria is met, a pulse is sent to the L3 trigger system, described

in section 4.5.4.3. The main purpose of the L2 trigger system is to increase the

likelihood that triggers are due to the Cherenkov flashes from air showers as opposed

to random night sky background fluctuations. The trigger pulses from the CFDs

for a given telescope are sent from the FADC modules to the level 2 (L2) trigger

system via ribbon cables. Delays are applied to each channel in order to correct for

the different delays caused by varying PMT cable lengths, L1 cable lengths and the

details of the internal electronics of the L2 system. Prior to the summer of 2010,

VERITAS used a CAMAC based trigger system with a co-incidence window of 8 ns.

The trigger system was upgraded in the summer of 2010 [64], and uses custom-made

VME modules based on FPGA technology in order to process the trigger logic. The

current L2 trigger system is now operated with a coincidence window of 5ns, which

has resulted in improved background rejection, and a lower energy threshold. Typical

L2 rates for normal operations are on the order of several kHz.

4.5.4.3 The level 3 trigger system

The L3 trigger system ensures that the array triggers on showers seen by mul-

tiple telescopes. This reduces triggers caused by NSB, and greatly reduces triggers

caused by local muons, which are mostly seen by only one telescope at a time. The
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level three (L3) trigger criteria is met when two or more telescopes issue an L2 signal

within a coincidence window of 50 ns. When the L3 trigger criteria is met, the L3

system sends event information to the data acquisition computers in the trailers and

a signal to the FADC modules to read out a portion of the buffers. The VERI-

TAS L3 system has various components, including digital asynchronous transceiver

modules (DATs), programmable delay modules (PDMs), time to digital converters

(TDCs), and a sub-array trigger board (SAT). The DATs consist of VME based

optical-electrical converters that transmit the signals from the L2 trigger systems to

the L3 system and transmit the L3 trigger pulses to the data acquisition systems in

the trailers via fiber optic cables. The DATs also transmit event information such as

event number to the data acquisition computers located in the trailers. The PDMs

consist of VME modules that delay the L2 and L3 signals in order to compensate

for the different travel times of the pulses. Additional telescope pointing-dependent

delays are applied to the L2 pulses to compensate for the different Cherenkov photon

travel times from the showers to the telescopes. The use of the PDMs allows the

use of a narrow L3 coincidence window, optimizing background rejection and energy

threshold. The trigger coincidence logic is evaluated on the SAT board, a custom-

made VME module based on FPGA technology located in the control building. The

delayed L2 pulses are fed into TDCs located on the SAT module, which determines

the arrival times of the pulses. These times are fed to the FPGA module, which im-

plements the trigger logic. If two of the delayed L2 pulses are found to occur within

50ns, an L3 trigger signal and event information is sent via the PDMs and DATs

to the data acquisition systems located in the trailers. During normal observations,
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VERITAS operates with a typical L3 trigger rate of approximately 400 Hz. These

triggers are primarily due to the Cherenkov light from air showers, while most of the

background of night-sky photons, moonlight, terrestrial light and Cherenkov light

from local muons is rejected by the trigger system.

4.5.5 The VERITAS data acquisition system

VERITAS data is taken in 30 minute observing runs while the array tracks a

particular location in the sky. Each observing run is assigned a unique run number,

which is incremented by one for each new run. As mentioned in the previous section,

when an L3 trigger occurs, a signal is sent to the data acquisition system to read

out a part of the FADC buffers. This, and other information is assembled into an

‘event’ - a digital record of the shower observation by the array. Each event for a

given observing run is assigned a unique event number, and assembled into a file,

identified by the run number, containing all of the events recorded during the run. All

of this is accomplished by the VERITAS data acquisition system, which consists of

the FADC modules and associated support hardware, four computers called Event

Builders that assemble the FADC information from each telescope into ‘telescope

events’, and a computer located in the control building called the Harvester, that

assembles the telescope events into array events, and assembles them into the data

files.

4.5.6 The VERITAS FADCs

The VERITAS flash analog-to-digital converter (FADC) modules consist of an

analog front end, the CFDs, described in section 4.5.4 and the FADCs themselves,

which continually digitize the signals from the PMTs with an 8-bit precision at a
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rate of 500 MHz. The 2 ns samples of the amplified PMT signals are put into 64 μs

circular buffers, parts of which are read out when an L3 signal is received. When the

readout signal is received by the FADC modules, the buffering process stops, and a

busy signal is sent to the L3 trigger while the readout process takes place. During this

time, the array is unable to record shower events. The fraction of the total observing

time where this is the case is called the dead time, and is approximately 15 percent

when VERITAS is operating with a typical L3 rate of 400 Hz. The portion of the

buffers read out as a result of the trigger (the readout window) is set so that the

samples corresponding to the Cherenkov pulses from the the shower that initiated

the L3 trigger, called ‘traces’, are recorded. During the V4 and V5 epochs, a 20

sample readout window was used. For the V6 era, a 16 sample readout window was

used.

The analog front end of the FADC modules includes a 1 kΩ resistor that allows

measurements of the currents via the induced IR voltage drop, a high pass filter,

and high gain and low gain amplifiers. In order to extend the dynamic range of

the digitizers, the signal from the PMTs is split in three, with one copy being sent

to a high gain amplifier, one copy being sent to a delay module followed by a low

gain amplifier, and the third copy being sent to a discriminator. If the high gain

signal exceeds the dynamic range of the digitizer, the discriminator fires, causing the

delayed signal from the low gain amplifier to be digitized. This mechanism, called

the high/low gain switch, also sends a flag to the event builder so that the readout

window corresponds to the location of the low gain pulse, and keeps a record of the

switch having fired, which is used by the analysis software. The use of the high/low
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gain switch increases the dynamic range of the system by a factor of approximately

6.

The inputs to the FADC modules are biased with a constant voltage so that

both positive and negative fluctuations are recorded. This voltage, in addition to

the signal produced from ambient background light constitutes the ‘pedestal’, the

signal recorded by a given PMT in the absence of Cherenkov light. In order to

measure the pedestal during normal operations, forced L3 triggers occur at a rate

of 3 Hz. The resulting events are called pedestal events, and are used by the data

analysis software to characterize the background signal. The 50 10-channel FADC

modules for each telescope are hosted in four VME crates located in each telescope

trailer. The FADC crates also each host a crate computer that controls the modules.

The FADC modules generate a large amount of heat during data taking, and are

therefore cooled using a water-based cooling system.

4.5.7 The event builders and harvester

The event builders consist of dedicated computers in each telescope trailer that

collect the traces from the FADC modules, trigger information, the high/low gain

flags, information from the L3 system such as the event number and the times

recorded by the GPS clocks in each trailer. This information is assembled into tele-

scope events, and sent to the harvester in the control building via standard network

cables. The harvester consists of a dedicated computer that collects the telescope

events and additional information from the L3 system into array events, and assem-

bles them into a file format called compressed VERITAS bank format (.cvbf). The

harvester also runs an online analysis process called quicklook, that performs a crude
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analysis of the incoming data in order to monitor the recorded signals in real time.

Once the .cvbf files are assembled, they are named according to their run number

and transferred to a repository located at UCLA, where they are made available for

download. The next chapter describes the VERITAS data analysis procedures that

are performed on these files.
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CHAPTER 5
VERITAS data analysis techniques

5.1 Introduction

In order to produce science results from the information stored in the VBF

files, the data must be analyzed. This is accomplished by the use of custom-made

VERITAS data analysis packages, VEGAS (VEritas Gamma ray Analysis Suite)

and Event Display. These packages are written in C++ and make use of the ROOT

framework, a set of analysis tools for particle physics [14]. The use of two separate

analysis packages allows independent analyses of the data in order to verify the

science results. This chapter describes the VERITAS data analysis procedures as

implemented by Event Display, although the analysis methodology for VEGAS is

quite similar.

The data stored in the VBF files consists of events, containing the data read

out as a result of an L3 trigger. VERITAS runs are typically 30 minutes in duration,

and a typical trigger rate of 400 Hz leads to VBF files consisting of approximately

7 × 105 events. Each event consists of digitized ’traces’ of the currents from each

PMT, consisting of a set of 8-bit samples (20 samples for the V4 and V5 epochs and

16 samples for the V6 epoch) taken in 2 ns intervals by the FADCs, as well as GPS

timestamps and trigger information. Additional information about the observing

runs is stored in the VERITAS database, including pointing information, information

regarding weather conditions and references to associated calibration runs. The
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Event Display analysis procedures use all of this information to detect sources and

produce skymaps, light curves, flux measurements and spectra, an overview of which

is presented here:

• Prior to the analysis, the data runs on a given source are selected, and the

quality of those runs is evaluated. Based on the quality evaluations, entire

runs or sections of runs are excluded from the analysis.

• The analysis begins by analyzing events in the data runs that are produced

by forced L3 triggers occurring at 3 Hz, called pedestal events. The analysis

of these events allows the determination of the signal recorded for each PMT

channel in the absence of Cherenkov light, called the pedestal.

• The trace samples of the shower events are summed in order to obtain an

intensity value or charge for each pixel, expressed in units of ‘digital counts’

(DC).

• The pedestal is subtracted from the charge of the pixels to produce images of

pedestal-subtracted charge.

• Pixels that are not likely to be part of the shower image are suppressed in a

process known as image cleaning.

• The sum of the charge of the pixels in the cleaned images is calculated, resulting

in a parameter proportional to the amount of Cherenkov light incident on the

cameras, called size, also expressed in units of DC.

• The cleaned shower images are then analyzed with a moment analysis, re-

sulting in elliptical parametrizations of the shower images, from which various

quantities are derived. The parametrizations allow the arrival directions of the
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gamma-ray candidate primaries to be determined, as well as the shower core

locations (see section 5.8).

• Certain image parameters are compared to those of simulated gamma-ray show-

ers, resulting in parameters that quantify the extent to which the showers re-

semble gamma-ray showers. Cuts on these parameters are used to remove most

of the dominant background of hadronic showers.

• In order to estimate the energies of the gamma-ray candidate events, lookup

tables produced by gamma-ray shower simulations are used to relate the mea-

sured size values and shower core locations to the energies of the primaries.

• Sky maps are produced using the calculated arrival directions of the gamma-ray

candidate events and the telescope pointing information stored in the VERI-

TAS database.

• Sources are found by finding a statistically significant excess number of gamma-

ray candidate events from certain directions of the sky compared to others.

• The fluxes and spectra (or upper limits) from such sources (or putative sources)

are determined using the measured gamma-ray candidate event rates and en-

ergies and instrument response functions called effective areas, produced from

simulated gamma rays.

• Pulsar analyses may be performed using the GPS timestamps.

This chapter describes these procedures in detail.
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5.2 VERITAS data quality monitoring

The evaluation of the quality of the data runs taken by VERITAS is accom-

plished with a web-based tool, the VERITAS data quality monitoring (DQM) web-

site. The VERITAS DQM website displays plots of various quantities of interest,

including trigger rates, currents, dead time and telescope pointing information. The

plots are produced using an automated analysis pipeline that performs a VEGAS

analysis on recently acquired runs and produces the plots using macros designed

for this purpose. Analysts may then evaluate the quality of the data by looking at

the plots, and use the website to write data quality evaluations to the VERITAS

database. Problems with the hardware are often identified in this process. The

VERITAS DQM website is generally used prior to an analysis to remove runs and

time intervals within runs deemed to be of poor quality due to hardware failures and

atmospheric conditions such as clouds.

5.3 VERITAS calibration measurements

In order to produce useful science results from the VBF files, calibration mea-

surements must be performed. This section will briefly describe the various calibra-

tion measurements that are taken.

5.3.1 Flasher runs

Each pixel of the VERITAS cameras has different light response and timing

properties due to varying cable lengths, PMT properties and FADC channel prop-

erties. In order to calibrate out these effects, calibration runs are taken regularly

where the cameras are illuminated uniformly with flashes of light produced by LED

light sources called flashers [71]. Flasher runs trigger both the flasher and the data
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acquisition system at a rate of 300 Hz, ensuring that the flashes occur within the

FADC readout widow. When triggered, the flasher emits a flash of blue light sev-

eral nanoseconds in duration, comparable to the properties of the Cherenkov light

emitted by air showers. The light level emitted by the flasher is varied for each

new trigger, cycling through seven intensity levels. The assumption underlying the

analysis of these runs is that each channel receives the same amount of light, and the

light arrives at all the channels simultaneously. Using this assumption, the different

light responses and timing properties of the channels can be determined. The light

responses (relative gains) of the PMTs are used to flat-field the camera by adjusting

the voltage of each PMT in order equalize the gains. The relative gains are also

used to correct the light response of the PMTs as part of the standard data analysis

procedures. The timing response of the PMTs as determined from the analysis of

the flasher runs is also corrected for as part of the standard analysis procedures.

5.3.2 Reflectivity monitoring

The full-dish reflectivity of the VERITAS reflectors is monitored regularly using

optical reflectivity cameras that are mounted to the OSS at one of the mirror facet

locations. For these measurements, a plate is mounted to the VERITAS cameras

with a highly reflective spectralon screen attached. The telescope is pointed to a

star and the reflectivity camera takes images of both the star and the reflection

of the star on the spectralon screen in the camera plane. Using simple geometrical

arguments, one can derive the full-dish reflectivity from these measurements. A filter

wheel allows red, green and blue filters to be placed in front of the reflectivity camera,

which allows the wavelength dependence of the full-dish reflectivity to be measured.
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Figure 5–1: Muon event geometry for a muon hitting the reflector, parallel to the
optical axis. Figure modified from [60].

The wavelength-dependent reflectivity of individual mirror facets is also periodically

monitored using the on-site VERITAS mirror laboratory. Reflectivity measurements

are used to model the reflectors in the VERITAS detector simulations, which are

discussed in section 5.9.

5.3.3 Muons

VERITAS regularly detects single muons as part of normal data taking. The

Cherenkov light emitted by muons is emitted in a cone at an approximately constant

angle as the muon travels through the atmosphere. Since the VERITAS reflectors

convert angles of incidence into positions in the camera plane, muons produce ring

shaped images in the camera plane (see Figure 5–1). Muons with impact parameters

b less than the radius of the reflectors produce full rings in the camera plane. Muons

with impact parameters greater than the radius of the reflectors produce incomplete
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Figure 5–2: A muon event recorded by VERITAS. The colour of the pixels represents
the charge calculated for each PMT. Lighter colours correspond to higher charge

values. Figure from [60].

rings or arcs. Figure 5–2 shows a muon event recorded by VERITAS. The radius of

the ring in degrees corresponds to the Cherenkov angle of the muon. The circular

images produced by muons may be identified using various techniques [112] [121].

Muons may be used for calibration purposes, since the amount of Cherenkov light

received from a muon with a given Cherenkov angle and impact parameter is expected

to be constant, and can be related to the size of the muon ring images [55]. Muon

calibration information provides measurements of the average optical response of a

given telescope, and can be used to verify other calibration measurements such as

full-dish mirror reflectivity.
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5.3.4 High/low gain ratio calibration

As mentioned in section 4.5.5, the dynamic range of the VERITAS FADCs is

extended by use of the high/low gain switch. In order to measure the low-gain

pedestals and the ratio of the gains of the high-gain and low-gain amplifiers (called

the high/low gain ratio), special flasher runs are taken. For these runs, half of the

PMTs in the cameras are set to a low voltage so that no channels switch into low

gain mode, and half of the camera is set to a high voltage so that a combination of

gain states is achieved as a result of the flashes. For each channel placed at high

voltage, the charge values obtained as a result of the flashes are plotted vs. the

average charge value recorded by the low voltage PMTs. Another run is taken with

the high and low voltages reversed in order to obtain measurements for all of the

channels. Two distributions appear on the plots with distinct slopes corresponding

to the high and low gain states. For a given channel, the ratio of the slopes of the two

distributions corresponds to the high/low gain ratio. The readout window for these

runs is increased to 128 samples in order to obtain low-gain pedestal measurements,

far from the flasher pulses in the readout window. Array-averaged high/low gain

ratio measurements are used in the analysis software to correct for the attenuation

of the signal due to passing through the low gain amplifier.

5.3.5 Single photoelectron runs

The response of the PMTs, cables and data acquisition electronics of each chan-

nel to a single photoelectron, called the DC/PE ratio, is determined with special

calibration runs [70]. Flasher runs are taken with metal plates in front of the cam-

eras with small holes at the positions of the PMTs, in order to attenuate the light
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from the flashes and night sky background such that single photons are frequently

incident on the PMTs. Histograms can be made of the charge values obtained as a

result of the flashes for each channel. Analysis of these histograms allows the DC/PE

ratio for each channel to be determined. These measurements are used as part of

the VERITAS detector simulations.

5.3.6 Optical monitoring

An optical monitoring system, the VERITAS pointing monitors, is used to mea-

sure the pointing of the VERITAS telescopes during observations. The pointing

monitors consist of a computer mounted on each OSS, an optical camera facing the

PMTs, and an optical camera facing the sky, in the pointing direction of the tele-

scopes. Images taken regularly of the stars in the pointing directions of the telescopes

during observations are used to derive the pointing directions of the telescopes to

arcsecond precision. The pointing directions obtained from the images are saved to

the VERITAS database every two seconds, and are used by the VERITAS analy-

sis software to make skymaps. The pointing monitors are also used to characterize

the optical point spread function (PSF) of the telescopes by taking images of the

reflections of stars on a reflective screen placed over the PMTs. The image of the

star in the focal plane consists of 350 superimposed images of the star, one from

each mirror facet. If the measured optical PSF determined from the images becomes

too broad (approximately the size of a VERITAS PMT), this indicates the need for

mirror alignment. Finally, the pointing monitors are used to measure and correct

the pointing calibration of the VERITAS tracking software.
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5.4 Analysis of pedestal events

As mentioned in section 4.5.5, the data acquisition system forces L3 triggers

at a rate of 3 Hz. The resulting events, called pedestal events, are tagged so that

they may be identified by the analysis software. The analysis of these events allows

the determination of the signal recorded for each PMT channel in the absence of

Cherenkov light, called the pedestal. The traces of the pedestal events are summed

over various numbers of samples (integration window lengths) in order to obtain

an integrated pedestal value for each integration window length for each channel.

The mean integrated pedestal values and the standard deviation of the integrated

pedestal values (integrated pedvar) for each integration window length are computed

from these quantities using the pedestal events, in three minute time bins. The mean

pedestal and pedvar values for the channels may vary considerably throughout the

run due to changing observing conditions. These values are used later for pedestal

subtraction and image cleaning, which are described in section 5.6. As mentioned

in section 5.3.4, low-gain pedestal values are determined from the high/low gain

calibration runs.

5.5 FADC trace analysis

Once the pedestal events have been analyzed, the FADC traces of the non-

pedestal events are analyzed in order to determine the magnitude of the signals

recorded by each PMT. For channels where the high/low gain switch fired, the low

gain pedestal value for the channel is first subtracted from each sample of the trace.

Each sample is then multiplied by an array-averaged high/low gain ratio measure-

ment (see section 5.3.4) in order to correct for the attenuation of the signal due to
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having passed through the low gain amplifier. The low gain pedestal value is then

added back to the trace. For each channel, a subset of the trace samples (called the

integration window), are then summed in order to obtain a parameter proportional

to the amount of light incident on each PMT in the time interval corresponding to

the integration window, the charge. Event Display uses a double-pass procedure to

determine optimal integration windows for the channels, which maximizes the signal

to noise ratio of the Cherenkov signal. In the first pass, the times t0 at which the

traces reach 50 percent of their maximum values are determined, and the traces are

then integrated using a 10-sample integration window, starting at t0. Pedestal sub-

traction, cleaning and relative gain adjustments are then performed, as described in

section 5.6. This results in a first-pass shower image, which is analyzed to determine

the location of the shower axis in the image. The timing corrections determined by a

flasher run (described in section 5.3.1) are applied to the t0 values, and a linear fit of

the corrected t0 values for the shower image pixels as a function of position along the

shower axis is performed. This fit and the flasher timing corrections are used to cal-

culate the optimal start of the integration windows for the second pass. The second

pass integration is performed using a 6-sample integration window, starting at the

time determined from the aforementioned timing analysis, resulting in a charge value

calculated for each PMT. Figure 5–3 (left) shows the resulting raw shower image,

where the colours of the pixels represent the charge of the PMTs.

5.6 Pedestal subtraction, image cleaning and charge calibration

Following the trace analysis, the images are processed in order to produce back-

ground subtracted, cleaned and calibrated images. The background signal for each
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Figure 5–3: A raw shower image (left), after pedestal subtraction (middle) and after
image cleaning (right). Figures from [91].

pixel is first removed by subtracting the 6-sample integrated pedestal values deter-

mined for each pixel from the charge values, resulting in pedestal-subtracted charge

values for each pixel. Figure 5–3 (middle) shows a shower image after pedestal sub-

traction, where the colours of the pixels represent the pedestal subtracted charge

values calculated for each pixel. Following the pedestal subtraction, pixels that are

not likely to be part of the shower image are suppressed, a process called image

cleaning. Several cleaning methods have been devised, including charge threshold

cleaning and signal-to-noise cleaning, where the cleaning threshold for each channel

is calculated based on the integrated pedvar value for that channel. The standard

Event Display analysis uses the latter method, which has the advantage of being less

sensitive to changing night sky brightness. For the purposes of cleaning, two types

of pixels are defined: image and border pixels. Image pixels are defined as pixels

with pedestal-subtracted charge values greater than 5 σ, where σ is the 6-sample

integrated pedvar value defined for that pixel. Border pixels are defined as pixels
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adjacent to image pixels with pedestal-subtracted charge values between 2.5 σ and

5 σ. Pixels that are found to be neither image or border pixels have their charge set

to zero. Figure 5–3 (right) shows a shower image after image cleaning. Following

cleaning, the charge values of the image and border pixels are adjusted using the

relative gain measurements from a flasher run to obtain calibrated shower images.

Pixels are also removed from the analysis based on the measured pedestal values,

pedestal variations, relative gains, relative gain variances and timing corrections.

These pixels are assigned charge values based on the average charge values of their

neighbouring image and border pixels.

5.7 Image parametrization

Following pedestal subtraction, image cleaning and calibration, a moment anal-

ysis is performed on each shower image, resulting in elliptical parametrizations of

the shower images. Figure 5–4 shows the geometry of an elliptical parametrization

of a shower image. Parameters such as the location of the image centroid, the ori-

entations of the major and minor axes, the RMS spread of the pixel distribution

along the minor axis (width) and the RMS spread of the pixel distribution along the

major axis (length) are determined from the moment analysis. The charge values of

the image and border pixels are summed in order to calculate the size parameter,

a measure of the total amount of Cherenkov light detected from the shower for a

given telescope. In addition, an averaged pedvar value for each shower image is cal-

culated using the image and border pixels, and one layer of pixels surrounding them.

These parameters are used later in the analysis for direction and core location re-

construction, gamma/hadron separation and energy reconstruction. This technique
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Figure 5–4: A diagram of an elliptical parametrization of an air shower image, show-
ing the length and width parameters. Figure from [91].

of shower image parametrization was developed by Hillas in 1985 [76] and led to

the first discovery of an astronomical source of gamma rays using a ground based

instrument [57].

5.8 Event reconstruction

Event reconstruction refers to the reconstruction of the arrival direction and

core location of the shower, which together define the 3D location of the shower axis

with respect to the array. Several image quality cuts are implemented prior to event

reconstruction in order to improve the reconstruction accuracy by discarding low

quality images. Image quality cuts implemented in Event Display include cuts on

size, width, the total number of image and border pixels, the fraction of the size of

the image located at the edge of the camera, and the distance of the image centroid
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Figure 5–5: A diagram showing the direction reconstruction technique used in Event
Display. The images from multiple telescopes are superimposed, and the best-fit
convergence point of the lines extending from the major axes of the elliptical image
parametrizations corresponds to the reconstructed arrival direction of the shower
with respect to the pointing position of the array. Figure from [91].

from the center of the camera. A minimum of two telescope images remaining after

these quality cuts have been applied is required for the event to be reconstructed

and used in the analysis. For events with two images, a minimum angle between the

two major axes is required in order to ensure that the direction and core location are

accurately reconstructed.

Following the image quality cuts, the parametrizations of the remaining images

for each event are used to reconstruct the arrival direction and core location of

the shower. The arrival direction of the shower with respect to the array pointing

direction is determined by superimposing the shower images and determining the

best-fit convergence point of the lines extending from the major axes of the elliptical

parametrizations (see Figure 5–5). The best-fit convergence point is found by taking
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Figure 5–6: A diagram showing the shower core location reconstruction technique
used in Event Display. The telescope locations on the ground are projected onto a
plane perpendicular to the reconstructed arrival direction (the shower plane), and
lines following the major axes of the shower images are projected onto this plane,
at the locations of the telescopes. The location of the best-fit convergence point of
the lines corresponds to the reconstructed core location. See text for details. Figure
from [91].
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a weighted average of the intersection points of each pair of lines. The weights are

determined by the size, and
length
width

values of the two shower images, and the sine of

the angles between the lines. The shower core location is determined from the image

parameters and the reconstructed arrival direction of the shower. Improved estimates

of the shower image axis orientations are first obtained by using the lines that pass

through the centroids of the shower images and the reconstructed arrival direction as

the new major axes. The telescope locations on the ground are then projected onto

a plane perpendicular to the reconstructed arrival direction (the shower plane), and

lines following the major axes of the shower images are projected onto this plane,

at the locations of the telescopes. The location of the best-fit convergence point of

the lines corresponds to the core location (see Figure 5–6). The best fit convergence

point is found by taking a weighted average of the intersection points of each pair of

projected lines, using the same weights that are used in the direction reconstruction.

The distance in the shower plane from a given telescope to the core location is called

the impact parameter, and is calculated for each telescope. The impact parameters

are used later in the analysis to estimate the energies of the showers.

5.9 VERITAS simulations

Simulations are used in order to develop criteria to distinguish gamma-ray-

initiated showers from the background of hadronic showers, estimate the energies of

the gamma-ray showers and estimate fluxes from detection rates. For the Event Dis-

play analyses described in this thesis, electromagnetic and hadronic air showers and

the Cherenkov photons emitted by the atmosphere as a result of them are simulated

with a program called CORSIKA [48]. The propagation of the simulated Cherenkov
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photons through a model of the detector and data acquisition system is accomplished

with a program called GRISUdet [88] [27]. CORSIKA implements detailed simula-

tions of air showers by tracking the creation, propagation and interactions of the air

shower particles in the atmosphere. The showers are generated randomly over a 750

m x 750 m area, at random azimuthal angles and at particular zenith angles: 0◦,

20◦, 30◦, 35◦, 40◦, 45◦, 50◦, 55◦, 60◦, 65◦, with five million showers generated for

each zenith angle. The showers are generated between the energies of 30 GeV and

200 TeV, following a power law spectrum with a spectral index of 2. The VERITAS

simulations use atmospheric density and light transmission profiles calculated using

the MODTRAN [41] program, and local radiosonde measurements in order to model

the interaction of the shower particles with the atmosphere and the emission and

propagation of the Cherenkov photons to the ground. The output of the CORSIKA

simulations consists of files that contain the wavelengths, arrival directions and loca-

tions on the ground of the Cherenkov photons emitted by the atmosphere as a result

of the simulated showers. Each Cherenkov photon is also tagged with the identity

of the particle that initiated the air shower responsible for that photon. These files

are used as input for the VERITAS detector simulations, which propagate the sim-

ulated Cherenkov photons though a model of the VERITAS detector. The detector

simulation used for the analysis described in this thesis, GRISUdet, simulates the

telescope optics, light cones, PMTs, cables, trigger systems and data acquisition sys-

tems in order to produce VBF files from the simulated Cherenkov photons produced

by CORSIKA. The VBF files may be then analyzed with the standard VERITAS

analysis software in order to produce instrument response functions (IRFs) that
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allow background rejection, energy estimation and flux calculations, described in

sections 5.10, 5.11 and 5.14. The limitations of the simulations include the use of the

same reflectivity and quantum efficiency curves for multiple mirror facets and PMTs,

as well as simplified models of the trigger and data acquisition systems. Important

sources of systematic uncertainty include the amount of Cherenkov light production

and extinction in the atmosphere, mirror reflectivities, PMT quantum efficiencies

and gains, the data acquisition system model and the analysis methods. The total

systematic uncertainty on the light collection efficiency is estimated to be approx-

imately 20%. This leads to a systematic uncertainty of approximately 20% on the

energy estimates of the showers (see section 5.11). The systematic uncertainty on

the flux measurements is estimated to be approximately 20% for a source with a

power-law spectrum with a spectral index of 2.4 and approximately 40% for a source

with a power-law spectrum with a spectral index of 3.8 (see section 5.14).

5.10 Gamma/Hadron separation

In order to discriminate electromagnetic showers from the background of hadronic

showers (called gamma-hadron separation), shower image parameters are compared

to parameters obtained from simulated electromagnetic shower images. This is ac-

complished by using lookup tables produced from the analysis of electromagnetic

shower simulations (see section 5.9). The lookup tables for each telescope consist of

histograms of size vs impact parameter for various observation zenith and azimuth

angles, direction offset angles from the camera center and averaged pedvar values.

The bin values of these histograms correspond to the median length and width val-

ues, lengthMC and widthMC , calculated for the simulated showers for various size,
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impact parameter, offset angle and averaged pedvar bins. Similar lookup tables are

made for the standard deviations of the distributions of the length and width values

used to determine the lengthMC and widthMC values, σlengthMC
and σwidthMC

. For

observational shower data, the calculated length and width values of the showers are

compared to the lengthMC and widthMC values from the lookup tables in order to

quantify the extent to which the shower images resemble electromagnetic shower im-

ages. Specifically, the parameters mean scaled width (mscw), and mean scaled length

(mscl) are calculated for each event in the following way:

mscl = 1
Nimages

Nimages∑
i

lengthi − lengthMCi

σlengthMCi

mscw = 1
Nimages

Nimages∑
i

widthi − widthMCi

σwidthMCi

.

Figure 5–7 shows the distributions of mscl (left) and mscw (right) values for sim-

ulated electromagnetic and hadronic showers as well as data consisting of gamma

rays from the Crab nebula and cosmic rays. Cuts on these parameters allow the

preferential selection of electromagnetic showers over the dominant background of

hadronic showers. The mean scaled parameters have proven to be the most useful

parameters devised for accomplishing this, and were first described in [50]. Other

cuts used for gamma-hadron separation include the calculated height of shower max-

imum, which is calculated using simple geometrical arguments, and the size of the

second brightest shower image of an event, 2ndSizeMax.
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Figure 5–7: The distributions of mscl (left) and mscw (right) values for simulated
electromagnetic and hadronic showers as well as data consisting of gamma rays from
the Crab nebula and cosmic rays. The red circles represent simulated electromagnetic
showers and the green crosses represent simulated hadronic showers. The black
squares represent showers from the direction of the Crab nebula with the expected
cosmic ray background subtracted, and the blue crosses represent cosmic ray data.
Cuts on these parameters allow the preferential selection of electromagnetic showers
over the dominant background of hadronic showers. Image credit: Gernot Maier.
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5.11 Energy estimation

The energies of the showers are estimated in a similar way as the procedure

described in the previous section: by using lookup tables produced from the analysis

of electromagnetic shower simulations (see section 5.9). The lookup tables for each

telescope consist of histograms of size vs impact parameter for various observation

zenith and azimuth angles, direction offset angles from the camera center and aver-

aged pedvar values. The bin values of these histograms correspond to the median

energy < E > calculated for the simulated showers for various size, impact param-

eter, offset angle and averaged pedvar bins. Similar lookup tables are made for the

standard deviations of the distributions of the energy values used to determine the

< E > values, σE. In order to estimate the energy of a shower using the information

from all of the images, a weighted mean of the < E > values determined for each

image is calculated, where the σE values are used as weights:

E =

Nimages∑
i

(< Ei >)(σEi
)−2

Nimages∑
i

(σEi
)−2

.

5.12 Signal extraction

Once gamma-ray candidate events have been identified and their arrival direc-

tions and energies estimated, a search is performed for a statistically significant excess

number of showers from particular directions in the field of view; such an excess may

represent a gamma-ray signal. Specifically, regions of the sky may be defined where

a gamma-ray signal is expected (the signal or ‘on’ region), and other regions of the

105



sky where no signal is expected, from which the background signal is estimated (the

background or ‘off’ regions). The signal region consists of a circular region around a

putative gamma-ray source, with an area defined by the Θ2 parameter, the square of

the angle subtended by the radius of the circular signal region in degrees. The back-

ground region can be defined in various ways, the most common being the reflected

region and ring background methods, discussed later in this section.

In order to determine the number of excess gamma-ray candidate events in the

signal region if any, the number of counts in the background region is scaled by the

ratio of the acceptances of the signal and background regions and subtracted from

the number of counts in the signal region:

NExcess = NOn − αNOff

where NExcess is the calculated excess in the signal region, NOn is the number of

counts in the signal region, α is the ratio of the acceptances of the signal and back-

ground regions, and NOff is the number of counts in the background regions. Since

NOn and NOff are independent measurements, the variance of the excess can be

calculated as: σ2(NExcess) = σ2(NOn)+α2σ2(NOff ). Assuming Poisson statistics, an

estimate for the standard deviation of the excess can be approximated as:

σ(NExcess) =
√

σ2(NOn) + α2σ2(NOff ) =
√
NOn + α2NOff .
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The significance may be approximated by the ratio of the number of excess counts

divided by the standard deviation of the number of excess counts [83]:

S = NExcess

σ(NExcess)
=

NOn − αNOff√
NOn + α2NOff

.

A more sophisticated treatment by Li and Ma [83] using a maximum likelihood

method gives:

S =
√
2
{
Non ln

[1 + α

α

( Non

Non +Noff

)]
+ Noff ln

[
(1 + α)

( Noff

Non +Noff

)]} 1

2

(5.1)

where the sign of the significance is given by the sign of NOn−αNOff . This equation

is used to calculate the significance of gamma-ray signals measured by VERITAS.

A significance of five standard deviations or above is generally required to claim a

detection.

The acceptance of gamma-ray candidate events varies as a function of the recon-

structed arrival directions in the field of view. Specifically, the acceptance decreases

as a function of the distance from the center of the camera, and to a lesser extent,

varies as a function of zenith angle. In order to model the acceptance variations

across the camera, acceptance functions derived from the analysis of data or simula-

tions may be used. Event Display currently uses acceptance functions that assume

azimuthal symmetry (radial acceptances) that are produced from observations with

no strong gamma-ray source present in the field of view.
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In order to take advantage of the approximate azimuthal symmetry of the camera

acceptance to simplify α calculations, runs are taken with the putative gamma-

ray source offset from the center of the camera by a fixed angle, a configuration

called wobble observation mode. Observing runs alternate between positive and

negative offsets in elevation and azimuth called north, south, east and west wobbles.

As the wobbles are alternated, regions of the camera that were previously signal

regions become background regions, reducing any systematic effects associated with

particular regions of the camera. The offset angle, called the wobble offset, is typically

0.5 degrees.

The reflected-region background method uses several circular regions, each of

which have the same area as the signal region, placed at the same offset from the

center of the camera as the wobble offset, as shown in Figure 5–8, (right). The alpha

calculation then proceeds with the assumption that the circular background regions

all have the same acceptance as the signal region. This simplifies the alpha calcu-

lation to α = 1
NBR

, where NBR is the number of background regions, and does not

require the use of radial acceptances. The ring background method uses an annular

background region surrounding the signal region, as shown in Figure 5–8, (left). In

this case, α is calculated by taking the ratio of the integral of the radial acceptance

over the signal region to the integral of the radial acceptance over the background

region:

α =

∫
On

A(r)dA∫
Off

A(r)dA
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Figure 5–8: Background estimation methods. Left: the ring background method.
The background region is an annular region surrounding the signal region. Right:
The reflected regions method. The background region consists of several circular
Θ2-sized regions offset from the telescope pointing direction by the same angle as the
wobble offset. Figure from [11].

where A(r) is the radial acceptance.

5.13 Skymaps

The gamma-ray candidate events may be used to produce skymaps, 2D his-

tograms of the arrival directions of the gamma-ray candidate events in right ascen-

sion (RA) and declination (dec), where the value of the bins is proportional to the

gamma-ray signal from that direction of the sky. The arrival directions of the gamma-

ray candidate events calculated with respect to the pointing direction are converted

into RA and dec using pointing information stored in the database by the VERITAS

pointing monitors. Simple skymaps can be made by counting the number of gamma

ray candidate events that fall into each RA and dec bin. This kind of skymap is called

an uncorrelated counts map, as the values of the bins correspond to the number of
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Figure 5–9: A correlated significance skymap produced with six hours of VERITAS
Crab nebula data.

gamma-ray candidate events in the bin, and the bin values are independent. Uncor-

related significance maps can be made by using either of the background estimation

methods described in section 5.12. Uncorrelated skymaps can be useful for the anal-

ysis of extended sources, however the bins are much smaller than the gamma-ray

point spread function (PSF) and they can be quite sparse, with many unfilled bins.

The standard skymaps produced by VERITAS analyses are smoothed using the Θ2

parameter, where all of the events within a Θ2-sized circle around each bin center

are counted in the bin. These are called correlated skymaps, because the value of

a particular bin is correlated with the values of the neighboring bins. Correlated

significance maps can be made using either of the background estimation methods

described in section 5.12. Event display uses 400x400 2D histograms by default to

produce skymaps, although this may be modified by the user. Figure 5–9 shows a
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correlated significance map of the Crab nebula produced with data from six hours of

observations using the reflected regions background method. The Crab nebula can

clearly be seen in the middle of the skymap, with a significance of ∼ 65 σ. The size of

the Crab nebula in the skymap corresponds to the VERITAS PSF, as the extension

of the Crab nebula in VHE gamma rays is smaller than the PSF.

5.14 Spectral reconstruction and upper limits

In order to calculate fluxes or flux upper limits from excess gamma-ray can-

didate events or excess upper limits, instrument response functions called effective

areas are used. Effective areas can be thought of as gamma-ray reconstruction effi-

ciencies, and are a function of energy, zenith angle, averaged pedvar, cuts and source

spectral index. Effective areas are produced from the analysis of electromagnetic

shower simulations by multiplying the area over which the showers are generated by

the ratio of the number of reconstructed showers to the number of thrown showers:

AEff (E) = AThrown
N(E)Reconstructed

N(E)Thrown

The effective areas can then be used to calculate a differential energy spectrum in

the case of a detection:

dF (E)
dE

=
N(E)Excess

AEff (E)TLivedE

where
dF (E)
dE

, (sometimes expressed as
dN(E)
dE

) is the differential flux in the spectral

bin at energy E, N(E)Excess is the number of excess events (or upper limit) in the
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Figure 5–10: A differential energy spectrum produced from six hours of Crab nebula
data. The solid line represents a power law fit to the data.

energy bin, AEff (E) is the effective area at energy E (a time weighted average over

the observing runs), TLive is the live time (the observing time minus the dead time),

and dE is the bin width. Generally, when the significance of the excess for a given

energy bin is below 3 σ, an upper limit is calculated. A spectrum produced in this

way can be fit with an assumed spectral shape, such as a power law or power law

with an exponential cutoff, in order to obtain parameters of interest such as spec-

tral indices and break energies. Figure 5–10 shows a spectrum of the Crab nebula

produced by this method. In order to calculate the integral flux above a certain

energy, the fitted spectral shape is integrated. For the case of a power law fit, where

dF
dE

= F0

(
E
E0

)−Γ
, the integral flux is calculated in the following way:
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F (E > ETh) =

∫ ∞

Eth

(dF
dE

)
dE =

∫ ∞

Eth

F0

( E

E0

)−Γ
dE.

In the case where no signal is detected, an upper limit on the number of excess

events is calculated and a spectral shape is assumed (generally, a power law with

an assumed spectral index) in order to calculate differential and integral flux upper

limits. Number upper limits can be calculated using the NOn, NOff and α values

and a specified confidence level. Different methodologies, such as the methods of

Helene [75], Feldman-Cousins [61] and Rolke [106] are available and can be specified

by the user. In the case of a power law, an upper limit on the differential flux nor-

malization constant, F0(Ul) is calculated in the following way:

F0(Ul) =
N(Ul)(E > ETh)∫ ∞

Eth

( E

E0

)−Γ
AEff (E)dE · TLive

where ETh is an energy threshold above which to perform the analysis and N(Ul)(E >

ETh) is the upper limit on the number of excess events above ETh. Various definitions

of ETh exist, such as the energy where the effective area falls to a specified value, the

energy where a specified energy bias condition is met, or the energy where a peak

in the convolution of the spectrum with the effective area curve occurs. With F0(Ul),

ETh and the assumed spectral index Γ, the power law spectrum can be integrated in

order to calculate an integral flux upper limit:

F(Ul)(E > ETh) =

∫ ∞

Eth

(dF
dE

)
dE =

∫ ∞

Eth

F0(Ul)

( E

E0

)−Γ
dE.
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5.15 Pulsar analysis

Pulsar analysis with VERITAS involves searching for the periodic signals emit-

ted by pulsars using the GPS timestamps assigned to the events. As mentioned in

section 4.5.7, the events include the timestamps from the GPS clocks installed in

each telescope trailer. Although the GPS clocks have a timing resolution of 100 ns,

the times recorded for each telescope for a given event vary on the order of several μs

due to the array configuration. The array timing resolution is therefore on the order

of μs, which is sufficient resolution for performing timing analyses for all the known

pulsars. The pulsar analysis implemented in Event Display begins by passing the

event times of the gamma-ray candidate events from the signal region to TEMPO2,

a pulsar timing software package [78] [28] that assigns a pulsar rotational phase be-

tween zero and one to the events based on the event times and the measured pulsar

parameters. TEMPO2 determines the rotational phase of the pulsar in two steps,

barycentering and phase folding.

In the barycentering step, the photon arrival times recorded at the observatory

are converted to arrival times that would have been measured at the solar system

barycenter (SSB), the center of mass of the solar system. This is done to remove

any timing effects due to the orbit of the earth around the sun, the rotation of the

earth, and other effects. The first step of the barycentering calculations involves

converting the UTC times measured at the observatory to barycentric coordinate

time (TCB), a convenient time standard used as the independent variable for equa-

tions describing the motions of astronomical bodies in the solar system. The next

step involves calculating time of flight corrections required to convert the photon
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arrival times recorded at the observatory to times that would have been recorded

at the SSB. The most important calculations in this step are converting the times

recorded at the observatory to times that would have been measured at the center

of the earth, and converting those times to the times that would be measured at

the SSB, tSSB. Additional time corrections are implemented, including corrections

for Einstein and Shapiro delays due to relativistic effects. The full details of the

barycentering calculations are described in [78] and [28].

The second step of the TEMPO2 analysis involves assigning a rotational phase

of the pulsar based on the tSSB times calculated in the previous step. This is accom-

plished with the use of pulsar timing solutions, which consist of measurements of the

pulsar frequency, f0 and one or more frequency derivatives, ḟ , f̈ , etc corresponding

to a particular time, t0. A brief description of phase folding for the simplified case

where f̈ = 0 is described below.

The angular frequency of the pulsar at time t is defined as:

ω(t) = dθ
dt

= ω0 + ω̇t

therefore,

θ(t) =

∫ t

t0

ω(t) dt =

∫ t

t0

(ω0 + ω̇t)dt = ω0(t− t0) +
1

2
ω̇(t− t0)

2.
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The rotational phase of the pulsar at time t is defined as:

φ(t) = θ(t) mod 2π

therefore,

φ(t) = (ω0(t− t0) +
1
2 ω̇(t− t0)

2) mod 2π

φ(t) = (2πf0(t− t0) +
1
22πḟ(t− t0)

2) mod 2π

φ(t) = (f0(t− t0) +
1
2 ḟ(t− t0)

2) mod 1.

As can be seen from the above expression for φ(t), a rotational phase for the

pulsar can be calculated using the arrival times of the photons (tSSB), and f0, ḟ and

t0 from the timing solution.

In order to visualize any periodic signal that might be present in the data, a

histogram called a phaseogram of the phases of the gamma-ray candidate events can

be made. Figure 5–11 shows a phaseogram made with VERITAS Crab pulsar data

using the techniques described above. Two peaks can clearly be seen at phases 0 and

0.35, corresponding to the pulsar signal.

One way to quantify the significance of such a signal is to define phase intervals

(or gates) prior to analyzing the data, corresponding to signal regions where pulses

are expected, and a background region where no pulses are expected. This technique
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Figure 5–11: A phaseogram made with VERITAS Crab pulsar data. The pulsar
signal consists of the two peaks at phases 0 and 0.35. Figure from [91]. The phase
region between 1 and 2 is duplicated from the region between 0 and 1 by convention.

is used to avoid a statistical trials penalty and relies on prior knowledge of the phase

profile of the pulsar. Specifically, the technique assumes that the peaks detected at

lower energies (in Fermi LAT data in this work) remain at the same phases at VHE

energies, as is the case for the Crab pulsar. This assumption may be incorrect for

other VHE pulsars. For that reason, other periodicity tests that do not rely on prior

knowledge of the phase profile are also used, such as the H-test (which is used in

this work and described below). The number of counts in the signal and background

phase regions, NOn, NOff and the ratio of the sizes of the signal and background

regions, α are used to calculate the significance of the signal using equation 5.1. In

the same way, spectra and flux upper limits can be produced for the signal regions

using the techniques described in section 5.14.
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Another way to quantify the significance of a possible periodic signal is to use

the H-test. The H-test is an unbinned test for periodic signals that does not rely on

prior information about the shape of the phase profile of the pulsar [26]. The H-test

is based on the Z2
m test:

Z2
m =

2

n

m∑
k=1

[( n∑
j=1

cos(2πkφj)
)2

+
( n∑

j=1

sin(2πkφj)
)2]

where n is the number of events, and φj is the phase of event j. The H-test statistic

is defined as:

H = Max
1<m<20 (Z2

m − 4m+ 4)

The probability for obtaining an H-test value above h has been determined to

be: P (H > h) = exp(−0.398h), which may be converted to a significance assuming

a normal distribution. The H-test can also be used to calculate flux upper limits for

pulsar signals, as described in [25].
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CHAPTER 6
Archival pulsar analysis and results

6.1 Introduction

Archival VERITAS data was searched for pulsed emission from pulsars de-

tected by the Fermi gamma-ray space telescope which were observed by VERITAS or

present in the field of view during observations of other sources. As mentioned in sec-

tion 3.2, this search was undertaken in order to attempt to expand the VHE gamma-

ray pulsar catalogue, and constrain pulsar gamma-ray emission models. The details

of the analyses performed for the VERITAS archival pulsar search are described in

this chapter, and the results of these analyses are presented. The interpretation of

the results is discussed in the next chapter.

6.2 Data selection

In order to find candidates for the VERITAS archival pulsar search, a VERITAS

database tool was used that generates a list of data runs in which a given position

in the sky is present in the field of view. A run list was generated for each of the

positions of the sources listed in the second Fermi pulsar catalogue (2PC). This

process resulted in 18 2PC sources with non-zero run lists, after excluding sources

where a VERITAS pulsar analysis had been previously performed. Three additional

pulsars were excluded due to the VERITAS data being taken outside the dates where

the available timing solutions (described in section 6.4) were valid. This resulted in

15 pulsars from the Fermi 2PC catalogue being selected for the VERITAS archival
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pulsar search. One of these pulsars is excluded here, as the analysis is currently

ongoing. The remaining pulsars are listed in Table 6–1. This data was filtered

further to exclude runs and portions of runs taken under poor observing conditions,

using the VERITAS DQM website, described in section 5.2.

6.3 Phase gate selection

As described in section 5.15, in order to calculate the significance of potential

pulsed signals in the data, signal and background phase regions (phase gates) may be

defined prior to the analysis. This method relies on knowledge of the phase profile of

the pulsar at lower energies, and assumes that the peaks remain at the same phase

locations at VHE energies. For the VERITAS archival pulsar search, a procedure

was developed whereby simulated VHE phase profiles of the archival pulsars were

produced using their 2PC phase profiles in order to determine the optimal signal and

background phase gates for the VERITAS analysis.

The first step of the procedure estimates the VERITAS signal and background

event rates associated with an assumed VHE flux and set of event selection cuts.

This is accomplished by obtaining the signal and α-scaled background event rates

from a reflected region analysis of the Crab nebula using a specified set of cuts,

where α is the ratio of the acceptances of the signal and the background regions

(see section 5.12). For the analysis presented here, the event rates associated with a

standard Crab nebula analysis using soft cuts (see section 6.4) were used, and were

found to be approximately 16.1 events per minute for the signal event rate and 3.75

events per minute for the α-scaled background event rate. These rates are multiplied

by a specified exposure time in order to obtain the expected number of signal counts
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and α-scaled background counts for the given exposure time. For each of the archival

pulsars, the total VERITAS exposure time for the pulsar was used. The number of

excess counts is then computed by subtracting the number of α-scaled background

counts from the number of signal counts. This excess is then scaled by a specified

fraction of the Crab nebula flux corresponding to the assumed VHE source flux. For

the analysis presented in this thesis, the assumed VHE source flux was set to 1% of

the Crab nebula flux for all of the pulsars. This assumption was motivated by the

fact that the differential flux of the Crab pulsar was measured to be approximately

equal to 1% of the differential flux of the Crab nebula at 200 GeV [33][38]. The

choice of assumed VHE source flux was found to not affect the phase gate locations

significantly.

The scaled excess is then distributed according to the phase profile of the pulsar

published in the second Fermi pulsar catalogue (2PC). This is accomplished by first

subtracting the background of the Fermi phaseogram by subtracting the value of the

bin with the lowest value from all of the bins of the phaseogram. The background-

subtracted Fermi phaseogram is then normalized, so that the bin contents add up

to one. Each bin of the background-subtracted normalized phaseogram is then mul-

tiplied by the scaled excess. The expected number of background counts for the

VHE analysis is then added to each bin by adding the number of α-scaled back-

ground counts divided by the number of bins in the phaseogram to each bin of the

phaseogram.

The number of signal gates for each pulsar is chosen based on a visual inspection

of the 2PC phaseogram. All non-overlapping phase gate bin combinations are tested,
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with optional constraints on minimum and maximum phases and minimum and

maximum gate widths for each phase gate. For each combination of gates, the number

of events in the signal and background regions are used to calculate a significance

using equation 5.1. The combination of gates that results in the highest significance

is used for the pulsar analysis in most cases. For cases where two signal phase gates

are initially defined but were found to be contiguous, the number of signal gates is

reduced to one, and the procedure is performed again.

For some cases where the phase profile showed two clear non overlapping peaks,

the maximum significance obtained using the above procedure resulted in only one

signal phase gate being defined. In order to define signal phase gates for each peak

in these circumstances, a three-pass procedure was developed. The first pass simply

consists of the method described above. The second pass defines only one signal

phase gate, and excludes the signal gate defined in the first pass from the signal gate

search region. This ensures that a signal phase gate is defined for the peak not found

in the first pass. The third pass defines two signal phase gates but constrains one of

the signal gates to be the one defined in the second pass. The three-pass procedure

was used to define the phase gates for PSRJ0205+6449 and PSRJ2021+4026.

In order to save computing time when analyzing the 100 bin Fermi phaseograms,

the maximum signal gate widths were constrained to be marginally larger than the

full width of the largest visually identified peak in the phaseogram. Likewise, the

maximum background gate widths were constrained to be marginally larger than the

largest visually-identified background region. The gate widths determined for these

cases were all found to be less wide than the constraints.
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Source Time (min) P1 P2 Background
J0007+7303 2125 0.05 - 0.36 None 0.41 - 0.01
J0205+6449 2043 0.04 - 0.11 0.51 - 0.59 0.60 - 0.04
J0218+4232 1706 0.42 - 0.78 None 0.82 - 0.22
J0248+6021 4035 0.28 - 0.50 None 0.54 - 0.24
J0357+3205 563 0.02 - 0.24 None 0.33 - 0.96
J0631+1036 832 0.36 - 0.54 None 0.64 - 0.24
J0633+0632 7663 0.56 - 0.60 0.09 - 0.16 0.63 - 0.06
J1907+0602 3577 0.52 - 0.62 0.19 - 0.27 0.64 - 0.15
J1954+2836 457 0.52 - 0.58 0.08 - 0.16 0.64 - 0.02
J1958+2846 1544 0.46 - 0.58 0.10 - 0.12 0.62 - 0.08
J2021+3651 5393 0.58 - 0.62 0.11 - 0.15 0.66 - 0.07
J2021+4026 2069 0.00 - 0.16 0.50 - 0.66 0.20 - 0.48
J2032+4127 3842 0.60 - 0.62 0.09 - 0.13 0.64 - 0.04
J2229+6114 3884 0.38 - 0.53 None 0.59 - 0.15

Table 6–1: A summary of the results obtained from the method described in the
text. From left to right: source name, VERITAS exposure time in minutes, signal
gates (designated P1 and P2) and background gates for the simulated phaseograms.

The results of these procedures are summarized in Table 6–1 and shown in

Figure 6–1.
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Figure 6–1: Simulated phaseograms of the VERITAS archival pulsars with phase
gates defined by the method described in the text. The signal gates are shown in
green and background gates are shown in blue.

124



Cuts 2ndSizeMax (V4,V5) 2ndSizeMax (V6) Height E thresh
Soft 200 DC 200 DC > 6 km 150-170 GeV

Moderate 400 DC 600 DC > 6 km 250-270 GeV
Hard 1000 DC 1400 DC > 0 km 450-550 GeV

Table 6–2: Sets of cuts used for the VERITAS archival pulsar searches. See text for
details.

6.4 Data analysis and results

The data for the VERITAS archival pulsar search was processed with the Event

Display v4.80 analysis package using the techniques described in the previous chap-

ter. The data was obtained from the VERITAS data repository at UCLA and pro-

cessed at McGill University. Three sets of event selection cuts called soft, moderate

and hard with energy thresholds increasing from soft to hard were used in order to

maximize the sensitivity for different spectral emission scenarios. Standard Event

Display cuts were used in order to take advantage of available instrument response

functions. Each of these sets of cuts uses an mscw range of -1.2 to 0.5, an mscl range

of -1.2 to 0.7 (see Figure 5–7), and a shower core distance of less than 350m from the

center of the V4 array. These sets differ mostly in the cut on the value of the Size

of the second-brightest shower image recorded by the array, 2ndSizeMax. A sum-

mary of the differences between these sets is shown in Table 6–2. For moderate and

hard cuts, the 2ndSizeMax values are different for the V6 epoch due to the increased

light sensitivity of the VERITAS cameras following the PMT upgrade described in

section 4.5.3. The cut on emission height is a good method for selecting gamma-ray

candidate events at low energies, but is not needed for the hard cuts. The energy
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thresholds reported in the table are defined as the peak in the differential counting

rate for a Crab-nebula-like spectrum.

The locations of the pulsars as reported in the timing solutions used to phase

fold the data (see below) were used as the source locations for the VERITAS analyses.

Circular signal regions centered on the source locations with Θ2 values of 0.008◦
2

(see

section 5.12) were used in order to select gamma-ray candidate events for the anal-

yses. The selected gamma-ray candidate events were then barycentered and phase

folded with TEMPO2, as described in section 5.15. The 2PC timing solutions [21] of

the selected pulsars were not valid for many of the dates when VERITAS data was

taken on them. Timing solutions from the LAT Gamma-ray Pulsar Timing Models

web page [20] were found to be valid for more of the dates when VERITAS data was

taken, and were used instead if possible. For the pulsars where the timing solutions

from [20] were used, the different phase definitions between the two timing solutions

required the phase offsets between them to be determined in order to use the gates

presented in Table 6–1 with the phase-folded data. These phase-offsets were cal-

culated using cross correlation analyses of phaseograms produced with Fermi LAT

data using both timing solutions, and are presented in Table 6–3. A phase offset of

0.0 indicates that the 2PC timing solution was used to fold the VERITAS data for

that pulsar. For the significance calculations, the phase offsets were added to the

gamma-ray candidate event phases in order to use the gates defined in Table 6–1. For

the flux upper-limit analyses described below, due to the manner in which the Event

Display analysis package calculates flux upper limits, the phases of the gamma-ray

candidate events were left un-modified, and the phase offsets were subtracted from
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Source Phase offset P1 P2 Background
J0007+7303 0.9275 0.1225 - 0.4325 None 0.4825 - 0.0825
J0205+6449 0.8545 0.1855 - 0.2555 0.6555 - 0.7355 0.7455 - 0.1855
J0218+4232 0.0 0.42 - 0.78 None 0.82 - 0.22
J0248+6021 0.033 0.247 - 0.467 None 0.507 - 0.207
J0357+3205 0.003 0.017 - 0.237 None 0.327 - 0.957
J0631+1036 0.023 0.337 - 0.517 None 0.617 - 0.217
J0633+0632 0.0145 0.5455 - 0.5855 0.0755 - 0.1455 0.6155 - 0.0455
J1907+0602 0.002 0.518 - 0.618 0.188 - 0.268 0.638 - 0.148
J1954+2836 0.0125 0.5075 - 0.5675 0.0675 - 0.1475 0.6275 - 0.0075
J1958+2846 0.0135 0.4465 - 0.5665 0.0865 - 0.1065 0.6065 - 0.0665
J2021+3651 0.0355 0.5445 - 0.5845 0.0745 - 0.1145 0.6245 - 0.0345
J2021+4026 0.9505 0.0495 - 0.2095 0.5495 - 0.7095 0.2495 - 0.5295
J2032+4127 0.1585 0.4415 - 0.4615 0.9315 - 0.9715 0.4815 - 0.8815
J2229+6114 0.9365 0.4435 - 0.5935 None 0.6535 - 0.2135

Table 6–3: Phase offsets between the 2PC timing solutions [21] and timing solutions
obtained from the LAT Gamma-ray Pulsar Timing Models web page [20] that were
used to fold most of the VERITAS data. A phase offset of 0.0 indicates that the 2PC
timing solution was used to fold the VERITAS data for that pulsar. For the signif-
icance calculations, the phase offsets were added to the gamma-ray candidate event
phases in order to use the gates defined in Table 6–1. For the flux upper-limit anal-
yses, due to the manner in which the Event Display analysis package calculates flux
upper limits, the phases of the gamma-ray candidate events were left un-modified,
and the phase offsets were subtracted from the gates instead. The numbers of sig-
nal and background events between the significance and upper limits calculations
were found to be identical for each source and set of cuts, as expected. The cor-
rected phase gates used for the flux upper-limit analyses calculated by subtracting
the phase offsets from the gate phases presented in Table 6–1 are also shown.
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the gates instead. The numbers of signal and background events between the sig-

nificance and upper limits calculations were found to be identical for each source

and set of cuts, as expected. The significance of potential pulsed signals was calcu-

lated from the number of events found in the signal regions(s), the number of events

found in the background region, and the ratio of the size of the signal region(s) to

the background region, α using equation 5.1 for each source for each set of cuts.

Significances were also calculated using the calculated H-test statistics, as described

in section 5.15 for each source and set of cuts. No pulsed emission was detected

with a significance of greater than 3 σ for any of the analyses. Energy thresholds for

each observing run were obtained for each set of cuts by determining the energy at

which the energy reconstruction bias of the phase-folded events dropped below ten

percent. The energy threshold for a given source and set of cuts was determined by

calculating the time weighted average of the energy thresholds determined for each

run. Runs where no events passed selection cuts were not assigned energy thresholds

and were eliminated from this calculation. For each set of cuts, integral flux upper

limits were calculated at the 95% confidence level above these energy thresholds as-

suming a power-law spectrum with a spectral index of 3.8 (the same as for the Crab

pulsar measured by [38]), using the method of Rolke [106] for the gated analyses,

and with the method described in [25] using H-test values calculated for events above

the energy thresholds and an assumed pulse duty cycle of 0.1 (see [25] for details).

Phaseograms for each source and set of cuts are shown in Figures 6–2 to 6–15, and

tables 6–4 to 6–6 summarize the results of these analyses.
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Figure 6–2: Phase profiles for PSRJ0007+7303. Soft cuts (top), moderate cuts
(middle), hard cuts (bottom). The blue dashed lines indicate the location(s) of the
signal regions(s), the red dashed lines indicate the location of the background region
and the black dashed lines indicate the average number of counts per bin. The text
box summarizes the information presented in Tables 6–4, 6–5 and 6–6 as well as the
H-test values and excess counts. 129
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Figure 6–3: Phase profiles for PSRJ0205+6449. See Figure 6–2 caption for details.
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Figure 6–4: Phase profiles for PSRJ0218+4232. See Figure 6–2 caption for details.
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Figure 6–5: Phase profiles for PSRJ0248+6021. See Figure 6–2 caption for details.
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Figure 6–6: Phase profiles for PSRJ0357+3205. See Figure 6–2 caption for details.
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Figure 6–7: Phase profiles for PSRJ0631+1036. See Figure 6–2 caption for details.
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Figure 6–8: Phase profiles for PSRJ0633+0632. See Figure 6–2 caption for details.
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Figure 6–9: Phase profiles for PSRJ1907+0602. See Figure 6–2 caption for details.
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Figure 6–10: Phase profiles for PSRJ1954+2836. See Figure 6–2 caption for details.
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Figure 6–11: Phase profiles for PSRJ1958+2846. See Figure 6–2 caption for details.

138



Phase
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

C
o
u
n
ts

80

90

100

110

120

130

140

150

160 Fermi motivated window

= 350|1802|0.195αOn|Off|

= -0.1σ

Excess = -1.6

) = 4.7 (1.4)σHTest (

PSRJ2021p3651_soft

Phase
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

C
o
u
n
ts

20

25

30

35

40

45

50

55

60 Fermi motivated window

= 118| 543|0.195αOn|Off|

= 1.0σ

Excess = 12.0

) = 0.9 (0.4)σHTest (

PSRJ2021p3651_moderate

Phase
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

C
o
u
n
ts

0

2

4

6

8

10

12

14
Fermi motivated window

= 8| 66|0.195αOn|Off|

= -1.4σ

Excess = -4.9

) = 6.7 (1.8)σHTest (

PSRJ2021p3651_hard

Figure 6–12: Phase profiles for PSRJ2021+3651. See Figure 6–2 caption for details.
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Figure 6–13: Phase profiles for PSRJ2021+4026. See Figure 6–2 caption for details.
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Figure 6–14: Phase profiles for PSRJ2032+4127. See Figure 6–2 caption for details.
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Figure 6–15: Phase profiles for PSRJ2229+6114. See Figure 6–2 caption for details.
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Source On Off α Sig H-test Eth Rolke UL H-test UL
σ σ TeV m−2s−1 m−2s−1

J0007+7303 480 893 0.517 0.7 1.1 0.521 6.41× 10−09 2.96× 10−09

J0205+6449 246 829 0.341 -1.9 1.3 0.328 1.21× 10−09 8.63× 10−09

J0218+4232 443 530 0.900 -1.1 2.8 0.204 7.27× 10−09 2.03× 10−08

J0248+6021 567 1823 0.314 -0.2 0.2 0.302 9.03× 10−09 7.64× 10−09

J0357+3205 128 337 0.349 0.8 0.5 0.181 2.65× 10−08 3.40× 10−08

J0631+1036 28 107 0.300 -0.7 0.4 0.253 8.96× 10−09 2.23× 10−08

J0633+0632 755 2987 0.256 -0.3 0.3 0.239 2.19× 10−09 3.95× 10−09

J1907+0602 384 1077 0.353 0.2 0.4 0.229 2.01× 10−09 6.61× 10−09

J1954+2836 103 278 0.368 0.0 1.6 0.165 3.08× 10−08 4.58× 10−08

J1958+2846 294 1013 0.304 -0.7 0.8 0.149 1.75× 10−08 2.81× 10−08

J2021+3651 350 1802 0.195 -0.1 1.4 0.214 2.57× 10−09 5.22× 10−09

J2021+4026 424 341 1.143 1.2 0.3 0.230 2.66× 10−08 1.78× 10−08

J2032+4127 197 1429 0.150 -1.1 0.7 0.262 2.77× 10−09 5.31× 10−09

J2229+6114 411 1509 0.268 0.3 0.3 0.340 8.92× 10−11 9.76× 10−09

Table 6–4: Soft cuts results. From left to right: source name, number of signal counts
obtained from the signal phase region(s), number of background counts obtained from
the background phase region, the size of the signal region(s) relative to the size of the
background region, significance in σ calculated using equation 5.1, H-test significance,
the energy threshold in TeV above which the integral flux upper limits are calculated,
integral flux upper limits in m−2s−1 determined using the Rolke method [106], and
integral flux upper limits in m−2s−1 obtained using the H-test [25].
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Source On Off α Sig H-test Eth Rolke UL H-test UL
σ σ TeV m−2s−1 m−2s−1

J0007+7303 179 302 0.517 1.4 1.1 0.578 5.65× 10−09 2.43× 10−09

J0205+6449 47 170 0.341 -1.3 0.8 0.398 1.30× 10−09 5.28× 10−09

J0218+4232 125 165 0.900 -1.5 1.4 0.248 3.75× 10−09 1.37× 10−08

J0248+6021 162 512 0.314 0.1 0.4 0.358 3.96× 10−09 7.72× 10−09

J0357+3205 46 89 0.349 2.1 1.9 0.217 2.06× 10−08 1.74× 10−08

J0631+1036 13 41 0.300 0.2 0.5 0.276 8.67× 10−09 1.73× 10−08

J0633+0632 210 833 0.256 -0.2 0.2 0.276 6.67× 10−10 3.02× 10−09

J1907+0602 132 367 0.353 0.2 0.3 0.268 3.23× 10−09 4.58× 10−09

J1954+2836 15 55 0.368 -1.1 0.6 0.214 1.68× 10−09 2.00× 10−08

J1958+2846 58 191 0.304 0.0 0.8 0.195 8.04× 10−09 1.46× 10−08

J2021+3651 118 543 0.195 1.0 0.4 0.242 3.98× 10−09 8.88× 10−09

J2021+4026 158 130 1.143 0.5 0.9 0.274 7.65× 10−09 7.81× 10−09

J2032+4127 67 502 0.150 -0.9 0.3 0.299 1.09× 10−09 2.27× 10−09

J2229+6114 112 495 0.268 -1.6 1.1 0.404 4.66× 10−10 3.83× 10−09

Table 6–5: Same as table 6–4 but for moderate cuts results.

Source On Off α Sig H-test Eth Rolke UL H-test UL
σ σ TeV m−2s−1 m−2s−1

J0007+7303 20 45 0.517 -0.6 1.7 1.03 8.03× 10−10 1.93× 10−09

J0205+6449 7 29 0.341 -0.8 0.1 0.687 6.34× 10−10 1.91× 10−09

J0218+4232 22 21 0.900 0.5 0.2 0.474 3.25× 10−09 2.59× 10−09

J0248+6021 19 69 0.314 -0.5 1.8 0.630 1.77× 10−09 2.69× 10−09

J0357+3205 8 14 0.349 1.1 1.3 0.400 4.56× 10−09 4.86× 10−09

J0631+1036 0 6 0.300 0.0 0.0 0.507 2.82× 10−09 2.77× 10−09

J0633+0632 24 107 0.256 -0.6 0.6 0.504 4.50× 10−10 7.68× 10−10

J1907+0602 24 80 0.353 -0.7 0.4 0.517 9.07× 10−10 8.98× 10−10

J1954+2836 2 12 0.368 -1.1 0.8 0.371 2.99× 10−09 8.61× 10−09

J1958+2846 8 30 0.304 -0.3 0.4 0.346 3.63× 10−09 5.06× 10−09

J2021+3651 8 66 0.195 -1.4 1.8 0.445 2.71× 10−10 2.66× 10−09

J2021+4026 21 27 1.143 -1.3 0.1 0.506 2.72× 10−10 2.19× 10−09

J2032+4127 13 93 0.150 -0.2 0.9 0.495 4.30× 10−10 2.24× 10−09

J2229+6114 25 87 0.268 0.3 0.1 0.728 1.58× 10−09 1.91× 10−09

Table 6–6: Same as table 6–4 but for hard cuts results.
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In order to contextualize the calculated upper limits, Fermi LAT spectra were

produced for each of the archival pulsars, using 7.6 years of LAT data. The Fermi

LAT Science Tools (version v10r0p5) were used with the standard quality cuts de-

scribed in [52]. Source class events with energies between 100 MeV and 300 GeV

were collected within a region of interest (ROI) of 20 degrees from the location of the

pulsar as reported in the third Fermi LAT source catalogue [32]. These events were

processed with the maximum likelihood fitting technique using the Pass 8 instrument

response functions. The spectral reconstruction follows the same methods as those

described in the 2PC catalogue. A maximum likelihood analysis was performed in

12 logarithmically spaced energy bins, spanning energies from 100 MeV to 300 GeV.

The spectra of the 3FGL sources in the ROI as well as the galactic and isotropic dif-

fuse backgrounds (gll iem v06.fits and iso p8r2 source V6 v06.txt) were included in

the likelihood fit. The normalization parameters of the galactic and isotropic diffuse

backgrounds, and the spectral parameters of the 3FGL sources within 4 degrees of

the source location were left free, while the other sources had their parameters fixed

to their 3FGL values. In each bin of the spectrum, the pulsar was modelled as a

point source with a power law spectrum, with the flux normalization and spectral

index left as free parameters in the fit.

The VERITAS integral flux upper limits presented in Tables 6–4, 6–5 and 6–6

were used to calculate differential flux upper limits at the energy thresholds, assuming

a power law spectrum with a spectral index of 3.8. Figures 6–16 to 6–19 show

the Fermi LAT spectra of the archival pulsars with the VERITAS differential flux

upper limits multiplied by E2, plotted at the energy thresholds calculated using

145



the two methods described earlier for each set of cuts. The Fermi LAT spectral

points are shown in black. The VERITAS flux upper limits for the gated analyses

calculated using the method of Rolke are represented by the blue vertical arrows

and the VERITAS flux upper limits determined from the H-test statistics using the

method described in [25] are represented by the red vertical arrows. The slope of

the diagonal arrows above the VERITAS upper limit arrows represents the assumed

spectral index of 3.8. The black lines represent the spectral shape of the Crab nebula

as measured by [33], scaled to 1%, and the grey bow ties represent the spectrum of

the Crab pulsar as measured by [38]. The interpretation of these results is discussed

in the next chapter.

146



Energy (GeV)

1−10 1 10 210 310

)
-1

 s
-2

 (e
rg

 c
m

dEdF
2 E

13−10

12−10

11−10

10−10

PSRJ0007p7303

-LAT SEDFermi

Crab Pulsar [Aliu et al., 2011]

1% Crab Nebula [Albert et al., 2008]

VERITAS 95% CL H-Test Limit

VERITAS 95% CL Rolke Limit

Energy (GeV)

1−10 1 10 210 310

)
-1

 s
-2

 (e
rg

 c
m

dEdF
2 E

13−10

12−10

11−10

PSRJ0205p6449

-LAT SEDFermi

Crab Pulsar [Aliu et al., 2011]

1% Crab Nebula [Albert et al., 2008]

VERITAS 95% CL H-Test Limit

VERITAS 95% CL Rolke Limit

Energy (GeV)

1−10 1 10 210 310

)
-1

 s
-2

 (e
rg

 c
m

dEdF
2 E

13−10

12−10

11−10

PSRJ0218p4232

-LAT SEDFermi

Crab Pulsar [Aliu et al., 2011]

1% Crab Nebula [Albert et al., 2008]

VERITAS 95% CL H-Test Limit

VERITAS 95% CL Rolke Limit

Energy (GeV)

1−10 1 10 210 310

)
-1

 s
-2

 (e
rg

 c
m

dEdF
2 E

13−10

12−10

11−10

PSRJ0248p6021

-LAT SEDFermi

Crab Pulsar [Aliu et al., 2011]

1% Crab Nebula [Albert et al., 2008]

VERITAS 95% CL H-Test Limit

VERITAS 95% CL Rolke Limit

Figure 6–16: Fermi LAT spectra with VERITAS differential flux upper limits multi-
plied by E2 calculated using two separate methods plotted at the energy thresholds
for each set of cuts. The Fermi LAT spectral points are shown in black. The VER-
ITAS flux upper limits for the gated analyses calculated using the method of Rolke
are represented by the blue vertical arrows and the VERITAS flux upper limits deter-
mined from the H-test statistics using the method described in [25] are represented
by the red vertical arrows. The slope of the diagonal arrows above the VERITAS
upper limit arrows represents the assumed spectral index of 3.8. The black lines
represent the spectral shape of the Crab nebula as measured by [33], scaled to 1%,
and the grey bow ties represent the spectrum of the Crab pulsar as measured by [38].
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Figure 6–17: Continuation of Figure 6–16.
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Figure 6–18: Continuation of Figure 6–16.
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Figure 6–19: Continuation of Figure 6–16.
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CHAPTER 7
Conclusions

Archival VERITAS data was searched for pulsations from 14 pulsars appearing

in the second Fermi pulsar catalogue. The pulsars were searched for periodicity using

a gated test, and with the H-test, for three sets of event selection cuts. The details of

the data analysis procedures are described in chapters 5 and 6. No pulsations were

observed for any of the VERITAS archival pulsars, using the two periodicity tests,

and three sets of event selection cuts. Integral flux upper limits were calculated for

the gated analyses using the method of Rolke [106] and for the calculated H-test

statistics using the method described in [25] assuming a power law spectrum with

a spectral index of 3.8. These upper limits were compared with the corresponding

limits obtained from the VEGAS archival pulsar analyses. The limits obtained from

the two analysis packages for both the gated and H-test analyses were found to be

correlated as expected, with the VEGAS limits being approximately 25% lower on

average than the Event Display limits. This is consistent with known sensitivity

differences between the two analysis packages using the standard cuts. The flux

upper limits calculated as a result of this search are the first and therefore the best

limits obtained thus far for these pulsars. In order to contextualize the calculated flux

upper limits, Fermi LAT spectra were produced for each of the pulsars using 7.6 years

of LAT data. The integral flux upper limits were converted to differential flux upper
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limits at the energy thresholds determined for each set of cuts, and plotted with the

Fermi spectral points. The results of these analyses are presented in section 6.4.

As mentioned in section 3.2, the VERITAS archival pulsar search was under-

taken in order to expand the catalogue of VHE pulsars, and to constrain pulsar

gamma ray emission models. No pulsations were discovered in this search, so the

Crab and Vela pulsars currently remain the only known VHE gamma ray pulsars.

All of the flux upper limits presented here are consistent with curvature radiation

gamma-ray emission scenarios that predict exponential cutoffs in the gamma-ray

spectra. The majority of the limits appear to be above any possible power law ex-

trapolation of the Fermi LAT spectrum into the VHE band. These limits constrain

possible spectral hardening or a new emission component to be at, or below the

calculated limits. Some of these limits may be of interest to those proposing mod-

els that invoke new spectral components at high energies such as [4], [93] and [92]

(see section 2.8.4). The flux upper limits for PSRJ0205+6449, PSRJ1954+2836,

PSRJ1958+2846, PSRJ2021+4026, PSRJ2032+4127 and PSRJ2229+6114 may con-

strain possible power law extrapolations of the Fermi LAT spectra into the VHE

band. Some of these limits may also be of interest to those proposing models where

the same population of particles is responsible for both the high energy Fermi LAT

spectral points and the VHE spectral points, such as [73], [87] and [86] (see sec-

tion 2.8.4). The limits presented here constrain the flux of a potential VHE pulsed

signal to be approximately that of the Crab pulsar or below. The systematic uncer-

tainty on these limits (see section 5.9) is estimated to be approximately 40% due to

the assumed spectral index of 3.8.
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The sensitivity of VERITAS to VHE pulsar gamma-ray fluxes is limited by

the size, number and array configuration of the telescopes as well as the analysis

methodology. The upcoming IACT array CTA will be approximately an order of

magnitude more sensitive than VERITAS using current analysis methods, which

may lead to further detections of VHE pulsars, and will allow similar flux upper

limits to be achieved in a fraction of the VERITAS observing times. The limits

presented here may help to plan observations of the VERITAS archival pulsars with

CTA by providing estimates for the observation times required to obtain important

constraints. The detection and measurements of the pulse profiles and spectra of

more VHE pulsars will provide important constraints on the emission regions and

mechanisms responsible for the observed pulsed gamma rays, but for now the exact

nature of the VHE gamma ray emission from pulsars remains to be determined.
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APPENDIX A
Neutron star formation

During the life of a main sequence star, hydrogen fusion in the core provides

the outward radiation pressure that balances the inward pressure due to gravity.

If the mass of the star is less than four solar masses (M�), when the hydrogen

fuel in the core is exhausted, helium fusion in the core eventually begins, leading

to the production of carbon. Carbon and helium nuclei fuse to produce oxygen,

leading to a core composed primarily of carbon and oxygen. If the mass of the star is

between 4 and 8 M�, further fusion reactions take place, resulting in a core composed

primarily of oxygen, magnesium and neon. In both cases, the outer layers of the star

will eventually be expelled, resulting in a planetary nebula and a carbon-oxygen or

oxygen-magnesium-neon white dwarf, held up by electron degeneracy pressure. If the

original mass of the star is greater than 8 M�, fusion reactions of heavier elements

take place, eventually resulting in an increasingly massive iron core. Fusion reactions

resulting in the production of nuclei heavier than iron are not exothermic processes,

therefore fusion reactions in the iron core do not take place. Radiation pressure from

fusion reactions can no longer contribute to holding up the core, and the core is

now held up primarily by electron degeneracy pressure. Eventually, the increasing

mass of the core causes it to contract to the point where the associated increase in

temperature causes photo-dissociation of the iron nuclei into protons, neutrons and

lighter nuclei. The free electrons that had been providing the electron degeneracy
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pressure required to hold up the core are captured by protons and other nuclei,

producing copious amounts of neutrinos. These processes result in the rapid collapse

of the core of the star, now composed primarily of neutrons. The core continues

to collapse until neutron degeneracy pressure halts the collapse, causing a rebound

that results in a shock wave that expels the outer layers of the star in a supernova

explosion. The expelled outer layers of the star become a supernova remnant. If

the mass of the star is between 8 and 25 M�, the core collapses into a neutron

star which is composed primarily of neutrons and held up by neutron degeneracy

pressure. If the mass of the star exceeds 25 M�, the core collapses into a black

hole. Asymmetries in supernova explosions are thought to impart high velocities

to neutron stars, called kicks. The discovery of pulsars in supernova remnants and

pulsars with high velocities is consistent with the idea that they form in supernovae.
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APPENDIX B
Pulsar radiation emission mechanisms

As mentioned in section 2.5, the nature of the radiation mechanisms responsible

for the observed radiation from rotation-powered pulsars is currently not well un-

derstood. Incoherent processes are thought to be responsible for the optical, X-ray

and gamma-ray emission from pulsars [110]. The following four sections describe the

various proposed incoherent pulsar radiation emission mechanisms: inverse Comp-

ton scattering, cyclotron radiation, synchrotron radiation and curvature radiation.

Section B.5 describes pair production on strong magnetic fields, which may limit the

energy of the emitted photons.

B.1 Inverse Compton scattering

Compton scattering refers to the scattering of a photon by a charged particle

(usually an electron, which is assumed here), where the photon transfers some of

its energy to the electron. This results in an increase in the kinetic energy of the

electron and the wavelength of the photon. For Eγ < mec
2, the cross section for this

interaction is given by the Thomson cross section:

σT = 8π
3 r2e =

e4

6πε20m
2
ec

4 = 6.65× 10−29 m2

where re =
e2

4πε0mec
2 is the classical electron radius and ε0 is the permittivity of free

space. For Eγ > mec
2 the cross section is reduced, and given by the Klein-Nishina
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formula:

σKN = πr2e
1
x

{[
1− 2(x+ 1)

x2

]
ln(2x+ 1)12 + 4

x + 1
2(2x+ 1)2

}

where x = hν
mec

2 and hν is the energy of the photon [110].

Inverse Compton scattering refers to the scattering of a high-energy photon by

a charged particle, where the charged particle gives energy to the photon. This re-

sults in an decrease in the kinetic energy of the electron and the wavelength of the

photon. This process occurs in astrophysical contexts, where high-energy electrons

up-scatter low-energy photons into the gamma-ray regime. For a photon with energy

hν0, up-scattered by an electron with energy Ee = γmec
2, the average energy of the

up-scattered photon is given by:

〈hν〉 = 4
3γ

2hν0

showing that electrons with large Lorentz factors may up-scatter photons by a sig-

nificant amount [110]. The power lost by an electron travelling in a photon field due

to inverse Compton scattering is given by:

(
dE
dt

)
IC

= 4
3σTurad

(
v2

c2

)
γ2

where urad is the radiation energy density. For a population of electrons following a

power-law energy distribution up-scattering a low-energy photon field, the resulting
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distribution of up-scattered photons also follows a power law [109]. Inverse Compton

scattering may play a role in the incoherent emission from pulsars, which is described

in sections 2.8 and 2.8.4.

B.2 Cyclotron radiation

When a non-relativistic charged particle moves in a magnetic field, it spirals

around the magnetic field lines due to the Lorentz force, emitting electromagnetic

radiation called cyclotron radiation. For a particle moving perpendicular to the mag-

netic field lines, the frequency νL with which the particle moves around the magnetic

field lines (called the Larmor frequency) may be determined by equating the Lorentz

force qvB, with the centripetal force, mv2
r where B is the strength of the magnetic

field and q, v and r are the charge, velocity and radius of curvature of the particle

respectively. This leads to:

νL = v
2πr =

qB
2πm .

The total power radiated is given by the Larmor formula:

dE
dt

=
q2a2

6πε0c
3 =

q4v2B2

6πε0c
3m2

where q is the charge of the particle, and a is the acceleration of the particle, given

by a = v2
r =

(
v
r

)
v = 2πνLv =

qvB
m . The cyclotron radiation emitted by the charged

particle is polarized, and emitted at the Larmor frequency.
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B.3 Synchrotron radiation

When a relativistic charged particle moves in a magnetic field, the particle spirals

about the magnetic field lines, emitting radiation over a wide range of frequencies.

For a particle moving perpendicular to the magnetic field lines, the particle rotates

about the field lines at a frequency:

νG = v
2πr =

qB
2πγm

called the gyrofrequency, where γ is the Lorentz factor. Due to the relativistic beam-

ing of light, the emission is beamed in a cone in the direction of motion of the particle,

with approximately half of the total emission concentrated into a cone of half angle

1
γ radians. Due to the beaming, the radiation is observed over only 1

γ radians in

the orbit of the particle, when the emission cone becomes visible to the observer.

Transforming from the rest frame of the particle to the observer’s frame reduces the

duration of the observed pulse of radiation by a factor of γ2. Therefore, the dura-

tion of the observed pulse of radiation is approximately δt ∼ 1
γ3νG

. The frequency

spectrum of the pulse spans a wide range of frequencies, peaking at approximately:

νp ∼ 1
δt

= γ3νG =
γ3v
2πr =

γ2qB
2πm .

A more detailed analysis for a particle moving with angle α with respect to the mag-

netic field lines yields a characteristic frequency of:
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νc =
3γ3c
4πρ ∼ 3

2γ
3νG sinα =

3γ2qB
4πm sinα

where ρ is the radius of curvature of the particle’s trajectory [110]. The power spec-

trum peaks at approximately νmax ∼ 0.29νC , and is proportional to ν
1

3 below νmax

and exp[−( ννc )] above νc. The radiated power is given by the relativistic Larmor

formula:

dE
dt

=
q2γ4

6πε0c
3

(
a2⊥ + γ2a2‖

)

where q is the charge of the particle, a⊥ is the component of the acceleration perpen-

dicular to the velocity vector, and a‖ is the component of the acceleration parallel

to the velocity vector [110]. For synchrotron radiation, the acceleration of the parti-

cles is perpendicular to the velocity vector, with a⊥ =
v2⊥
r =

(
v⊥
r

)
v⊥ = 2πνGv⊥ =

qBv sinα
γm . The emitted power is therefore given by:

Ėsync =
q2γ4

6πε0c
3a

2
⊥ =

q2γ4

6πε0c
3

(
v2⊥
r

)2

=
q2γ4

6πε0c
3

(
qBv sinα

γm

)2

=
q4γ2B2v2 sin2 α

6πε0c
3m2 .

Averaging over pitch angles, the emitted power may be expressed as:

(
dE
dt

)
sync

= 4
3σTumag

(
v2

c2

)
γ2

where umag = B
2μ0

is the energy density of the magnetic field, and μ0 is the perme-

ability of free space, similar to the result for inverse Compton scattering [110]. The
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shape of the synchrotron radiation spectrum produced by a population of charged

particles depends on the shape of the energy spectrum of the charged particles. For

example, the synchrotron radiation spectrum emitted by a population of charged par-

ticles with a power law energy distribution is also a power law. At low frequencies,

the absorption of the synchrotron light by the charged particles leads to a spectrum

proportional to ν
5

2 [110]. Like cyclotron radiation, synchrotron radiation photons

are highly polarized.

B.4 Curvature radiation

When a relativistic charged particle moves in a very strong magnetic field, the

motion perpendicular to the magnetic field lines may be rapidly damped by syn-

chrotron radiation losses, causing the particle to move along the magnetic field lines.

The motion of the charged particle along the curved magnetic field lines causes the

particle to radiate electromagnetic radiation in a manner similar to synchrotron ra-

diation [110] [85]. Like synchrotron radiation, the emission is beamed in the forward

direction with an angle of approximately 1
γ radians, with a characteristic frequency

given by:

νc =
3γ3c
4πρ

where ρ is the radius of curvature of the magnetic field lines. The single particle

spectrum is the same as for synchrotron radiation, proportional to ν
1

3 below νmax

and exp[−( ννc )] above νc. The emitted power is given by:
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Ėcurv =
q2γ4c
6πε0ρ

2 .

Like synchrotron radiation, the photon spectrum produced by a population of

charged particles with a power law distribution is also a power law. Due to the strong

magnetic fields associated with pulsars, many models of pulsar gamma-ray emission

invoke curvature radiation as the dominant emission mechanism [95] [107] [13] [10] [30].

In these models, charged particles are accelerated in gaps in the plasma (see sec-

tion 2.8) by electric fields with components in the direction of the magnetic field

lines E‖. The particles accelerated in the gaps have a maximum energy, which is

attained when the rate of energy gained by the particles due to the electric field,

ĖE‖
= qE‖v, is equal to the power emitted via curvature radiation Ėcurv =

q2γ4c
6πε0ρ

2 .

This is called the radiation reaction limit, and assuming v ∼ c, occurs at:

Emax = γmaxmc2 =
(6πε0ρ2E‖

q

) 1

4

mc2.

For a distribution of charged particles, the maximum particle energy leads to a break

in the photon spectrum, which occurs at an energy of:

Emax
γ = hνmax

c = h
3γ3

maxc
4πρ = �cρ

1

2

(
3
2

) 7

4
(4πε0E‖

q

) 3

4

= �cγmax

(
3
2

) 3

2
(4πε0E‖

q

) 1

2

.

Above the break energy Emax
γ , the photon spectrum falls off exponentially [10]. Such

a spectral feature is called an exponential cutoff, and is predicted by models that
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invoke curvature radiation as the primary gamma-ray emission mechanism from pul-

sars. The accelerating field E‖ may be related to the height of the emission region

above the pulsar and the strength of the magnetic field at the surface and the period,

yielding:

Emax
γ ∼

(
8c
rω

)(
ρc
r

) 1

2

(4πε0ηB12)
3

4 (P0.1)
− 7

4 GeV

where r is the height of the emission region above the neutron star, ω is the angular

frequency of the pulsar, B12 is the magnetic field strength at the surface of the pulsar

in units of 1012 G, P0.1 is the period of the pulsar in units of 0.1 seconds and η is an

efficiency factor of the electric field such that E‖ = ηrωBc [10]. The above expression

allows the measured maximum energy of the emitted photons to be related to the

distance of the emission region above the surface of the pulsar for emission scenarios

involving curvature radiation.

B.5 Pair production on strong magnetic fields

Due to the strong magnetic fields in the vicinity of pulsars, high-energy photons

in the pulsar magnetosphere may undergo pair production: γB + γHE → e+ + e−.

The probability for this process to occur is an increasing function of the photon

energy and B⊥, the component of the magnetic field perpendicular to the direction

of motion of the photons [9] [120]. The produced pairs may radiate additional pho-

tons which produce further pairs, resulting in a cascade of secondary photons and

pairs, called secondary pair plasma. This process may limit the maximum energy of

the photons that escape the pulsar magnetosphere. For pulsar gamma-ray emission
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models with emission regions close to the surface of the pulsar (see section 2.8), high-

energy photons are expected to undergo significant pair production due to the strong

magnetic field. These models predict breaks in the photon spectrum at Emax
γ with

super-exponential cutoffs above the break energy [10] [9]. For a given pulsar, the

maximum measured photon energy may be used to constrain the minimum height

of the gamma-ray emission region above the surface of the pulsar using the following

equation:

Emax
γ ∼ 0.4

√
P
(

r
RNS

) 1

2

max
{
1, 0.1Bcr

B0

(
r

RNS

)3}
GeV

where P is the period of the pulsar, r is the height of the emission region above the

surface of the neutron star, RNS is the radius of the neutron star, B0 is the magnetic

field strength at the pole of the pulsar and Bcr =
m2

ec
3

e� = 4.41× 1013 G [9].
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