
Search for VHE gamma-ray emission
from the globular cluster M13

with VERITAS

Michael Warren McCutcheon∗

Department of Physics
McGill University, Montreal

April 11, 2012

A thesis submitted to
McGill University

in partial fulfilment of the requirements
of the degree of

Doctor of Philosophy.

c©Michael Warren McCutcheon, 2011

∗mccutchm@physics.mcgill.ca





Abstract

Globular clusters, such as M13, are very dense star clusters and are known
to contain many more millisecond pulsars per unit mass than the galaxy
as a whole. These pulsars are concentrated in the core regions of globulars
and are expected to generate relativistic winds of electrons. Such energetic
electrons may then interact with the intense field of optical photons, which
is supported by the numerous normal stars of the cluster, to generate Very
High-Energy (VHE) gamma rays. Herein, this emission model, as imple-
mented by Bednarek & Sitarek [36], is described and justified in more detail
and data from observations of M13, undertaken to confront this model, are
analysed. No evidence for VHE gamma-ray emission from M13 is found. A
decorrelated, integral upper limit of 0.306× 10−12 cm−2 s−1 above 0.8 TeV ,
at a confidence level of 95%, is determined. Spectral upper limits are also
determined and compared to emission curves presented in [36]. A detailed
examination of the parameters of the model is performed and it is found that
the predicted curves were based upon over-optimistic estimations of several
of these. Nonetheless, the model can be related to existing theories of pulsar
winds and, thereby, it is found that the acceleration of electrons in millisec-
ond pulsar winds (outside pulsar light-cylinders) to TeV energies is excluded
by these observations, under self-consistent assumptions of the properties of
this population of millisecond pulsars.





Resumé

Les amas globulaires, tels que M13, sont des amas d’étoiles très denses et
sont connus pour contenir beaucoup plus de pulsars milliseconde par unité
de masse que la galaxie dans son ensemble. Ces pulsars sont concentrés dans
les régions centrales d’amas globulaires et sont supposés générer des vents
relativistes d’électrons. Ces électrons énergétiques peuvent alors interagir
avec le champ intense de photons optiques, qui est soutenu par les nombreuses
étoiles normales de l’amas, afin de générer des rayons gamma de Très Haute
Énergie (THE). Dans la présente thèse, ce modèle d’émission, mis en œuvre
par Bednarek & Sitarek [36], est décrit et justifié de manière plus détaillée
et des données, recueillies à partir d’observations de M13, ont été analysées
dans le but de confronter ce modèle. Aucune preuve d’émission des rayons
gamma THE de M13 n’a été trouvée. Une limite supérieure intégrale et
décorrélée est déterminée, soit 0.306× 10−12 cm−2 s−1 en dessus de 0.8TeV,
à un niveau de confiance de 95%. Des limites supérieures spectrales sont
également déterminées et comparées aux courbes d’émission présentées dans
[36]. L’examen détaillé des paramètres du modèle révèle que les courbes
attendues étaient fondées sur des estimations trop optimistes de plusieurs de
ces paramètres. Néanmoins, le modèle peut être lié aux théories existantes
des vents des pulsars et, ce faisant, à travers ces observations, on trouve
que l’accélération des électrons dans les vents des pulsars millisecondes (en
dehors des cylindres lumièriques des pulsars) aux énergies TeV est à exclure,
selon des hypothèses auto-cohérentes des propriétés de cette population des
pulsars millisecondes.
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Thesis Outline

This thesis describes a search for Very High-Energy (VHE) gamma rays being
emitted from a globular cluster. In short, this is expected because globular
clusters contain many stars and also many pulsars. To guide the reader
to an understanding of this relationship, I will start, after briefly outlining
the present state of gamma-ray astronomy at the highest energies (§1.1), by
describing the nature of globular clusters and why they should contain so
many pulsars (§1.2). I will also justify the choice of the target of this search:
M13 (NGC6205).

I will then detail the basic premises at the foundation of the model of
emission that has motivated this search and the specific implementation of
that model with predictions for M13 [36]. Specifically, I will indicate that
pulsars are known to produce winds of very energetic particles and it is the
presence of these particles within a globular cluster that ultimately leads
to the production of gamma rays (§2). Thus, it will next be necessary to
describe the evidence for winds of energetic particles from pulsars (§2.1.1)
and also outline the theories that allow us to expect that the energies with
which particles are endowed by pulsars are sufficient to generate such ener-
getic gamma rays (§2.1.3). I will then describe the mechanism by which these
energetic particles produce gamma rays in the environment of the globular
cluster that hosts them (§2.2.1), an environment dominated by the prodi-
gious quantity of stars they contain. Following from these basic premises,
I will describe an implementation of this model due to Bednarek & Sitarek
[36] which quantitatively connects the pulsar populations of certain globular
clusters (and M13 in particular) to the gamma-ray emission that might be
expected from them (§2.3).

Having justified the expectation that there should be VHE gamma-ray
emission from globular clusters, I will describe the means by which such
emission can be detected (§3). In particular, I will detail the Very-Energetic
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xx THESIS OUTLINE

Radiation Imaging Telescope Array System (§3.2), which was used to col-
lect the data that is herein used to confront the predictions of Bednarek
& Sitarek. I will then lay out the processing of data generated by this in-
strument (§4) and discuss the statistical methods required in its analysis,
including background rejection (§4.2.2) and estimation (§4.2.4).

Next, I will specify the criteria for ensuring the quality of data that is
passed on to an analysis of this target (§5.1), before providing the details
and results of the analysis (§5.3). In short, I will show that there is no ev-
idence for VHE emission from M13 and consequently set rigorously defined
(§5.3.2.1), generalized (§5.3.2.2) and universally applicable (§5.3.2.3) upper
limits on any flux of VHE gamma-rays from this object. I will then discuss
the implications of these results in relation to the predicted flux. Specifically,
I will define feasible values for the three key parameters of the model, based
primarily on the interpretation of radio and X-ray observations of other pul-
sars and globular clusters (§6.1). With these feasible values, I will use the
results of my analysis, in the context of the predicted level of emission, to
determine what portions of the parameter space are mutually inconsistent.
This process will demonstrate that the original implementation of this emis-
sion model by Bednarek & Sitarek was most likely overly-optimistic (§6.2).
Nevertheless, useful limits can be extracted in relation to certain assumptions
concerning the energetics of pulsar winds (§6.2.4).



Statement of Original
Contributions

Elements of this thesis that constitute original contributions to scientific
knowledge are as follows :

- An estimate of the age and spin-down luminosity (and, by extrapola-
tion to the characteristic values, the timing properties) of a hypothet-
ical young pulsar associated with Terzan 5, which could power VHE
emission observed in the latter’s vicinity (§B).

- The determination of a decorrelated, integral flux upper limit in the
VHE domain for M13 (§5.3.2.2): the previous integral flux upper lim-
its for this object were not decorrelated and thus are subject to an
assumption concerning the spectral index of a putative source.

- The determination of spectral flux upper limits above 1 TeV for M13
(§5.3.2.3): spectral upper limits have previously been defined for this
object, but were derived at lower energies.

- An estimate of the total pulsar population of M13 by extrapolation
of the mean radio luminosity distribution function of globular clusters
(§6.1.1.1) and by extrapolation of a previously published relationship
between X-ray source counts and stellar interaction rate (§6.1.1.2).

- An estimate of the mean spin-down luminosity of the pulsars of M13
by comparison to pulsars from the ATNF database (§6.1.2.2).

- The relation of existing predictions for VHE emission from M13 to
current theories of pulsar winds (§6.1.3).
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Chapter 1

Gamma-ray Astronomy and
Globular Clusters.

Gamma rays occupy the shortest wavelengths of the electromagnetic spec-
trum: they are the highest energy1 and most particle-like form of light. As
with all forms of light, they (almost always) travel in straight lines. Thus,
if they have been generated deep in space and travel towards Earth, they
preserve the direction of their source and, if detected, can be used to infer
the existence, location and other properties of that source. In short, they
can be used for astronomy [163].

This sets astrophysical gamma rays apart from the equally energetic but
much more ubiquitous charged cosmic rays. The latter’s paths are distorted
and effectively scrambled by their passage through the galactic magnetic field
and their arrival direction tells us nothing of their origin. Their existence,
however, is enticing: they imply that there are means by which nature can
accelerate charged particles to energies we would associate with objects more
than a thousand times more massive. This requires that these particles are
moving very close to the speed of light, they are said to be highly relativistic,
and have more energy than it has been possible to afford particles in the
laboratory until only very recently. Interestingly, particles moving at these
speeds can, under the right circumstances, generate gamma rays of similar
energy and so, to learn of the most energetic processes in the universe, we

1More than one hundred thousand times more energetic than visible light. To try and
put this in context, this thesis will deal with observation of gamma rays with energies
of ∼ 1 TeV (about one thousand billion times more energetic than visible light) which is
about the same kinetic energy as a flying mosquito, but carried by a single particle.

3



4 CHAPTER 1. GAMMA-RAY ASTRONOMY & GLOBULARS

must intercept and detect gamma rays. This is the domain of gamma-ray
astronomy.

I will define and summarise high- and very-high-energy gamma-ray as-
tronomy and address expectations for very-high-energy gamma-ray emission
from globular clusters.

1.1 Gamma-Ray Astronomy

The energy ranges of astronomy are essentially operational definitions: each
range is defined by the sensitivity of a particular detection technique. The
highest energy gamma rays (those above ∼ 30 MeV ) interact with matter
predominantly via pair-production. In this process, a gamma ray passing
close to an atomic nucleus interacts with the latter’s intense Coulomb field
and is converted into an electron-positron pair2 (see Figure 1.1). This pair of

Figure 1.1: An incident gamma ray interacts with the electric field of a
nucleus: a larger atomic number (more protons in the nucleus) implies a
stronger electric field and greater probability of inducing pair-production.
The nucleus absorbs a small amount of momentum in the interaction but its
recoil is essentially negligible in comparison to the energy and momentum
imparted to the pair of electrons.

particles inherits most of the energy and momentum from the original gamma
ray and so they carry on close to the path the gamma ray would have taken.
As they do so they will interact with any surrounding matter, frequently

2 Henceforth, for brevity, I will refer to electrons and positrons collectively as ‘electrons’.
For most purposes below the sign of the charge is not relevant.



1.1. GAMMA-RAY ASTRONOMY 5

liberating electrons from the atoms and laying down a path of ionization.
This process saps the energy of the particles which soon slow to a halt.
However, if they are sufficiently energetic they may, before they are brought
to a stand-still, emit bremsstrahlung gamma rays which may themselves
pair-produce in what is termed an electromagnetic cascade. By detecting
the ionization paths, the directions of the pair-production products can be
determined and, by measuring the total ionization, their energies can be
estimated; with this information the direction and energy of the original
gamma ray can be reconstructed.

Such a direct approach may only be used by satellites because gamma rays
will also interact with the Earth’s upper atmosphere in the manner described
above. The design employed, see Figure 1.2, is to stack alternating layers of
heavy metal conversion foils, to promote pair production, and active tracking
layers which can detect the transit of pair-production products and locate
the position at which they cross the layer. Beneath these layers is placed
a calorimeter, designed to encourage the deposition of the pair-production
products’ energy in such a way that they will be contained within the detector
and the total energy be accurately measured. The whole device is termed
a pair-production telescope and is the primary tool for observation of
High Energy (HE) gamma rays.

At higher energies, it becomes increasingly unlikely that the pair-production
products will be properly contained within the calorimeter layer. Further-
more, in the production of relativistic particles in astrophysical sources it is
less probable for individual particles to reach higher energies: this carries
over to the production of gamma rays at these sites and, in general, the flux
of gamma rays decreases with increasing energy.3 This penalises satellite-
based detectors because of their modest size: a restriction imposed by the
weight limits of launch vehicles. At these very high energies, satellites fail to
measure gamma rays adequately and do not intercept enough to be statisti-
cally useful. However, when gamma rays of these energies are absorbed by
the Earth’s atmosphere the latter acts somewhat like the calorimeter layer in
a pair-production telescope and it becomes possible to detect gamma rays by
observing the upper atmosphere with an Atmospheric Cherenkov Tele-
scope (ACT), see §3. Such a telescope monitors a large area of the upper

3 Specifically, many sources of gamma rays exhibit power-law spectra: i.e. a photon
flux obeying dN ∝ ε−δ dε for a number of photons N with energy ε. Thus photons an
order of magnitude more energetic arrive less frequently by multiple orders of magnitude.
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Figure 1.2: Principle of the pair-production telescope. Gamma rays are neu-
tral and pass, without interacting, through a low-density Anticoincidence De-
tector which allows a veto against energetic charged particles. High-density
Conversion Foils increase the likelihood of a gamma ray undergoing pair-
production. Created electron pairs are tracked to determine their directions
of travel. The electrons then arrive in the Calorimeter where each instigates
an electromagnetic cascade which deposits the particle’s energy, allowing its
measurement. Image credit — Fermi/NASA.

atmosphere (∼ 105 m2 ) coincidentally leading to a much greater chance of
detecting even a sparse flux. This technique is described in more detail in
Chapter 3 and is the principle means of Very High Energy (VHE) gamma-
ray astronomy.4

This distinction between detection techniques leads to the boundary be-
tween HE and VHE gamma rays at ∼ 100 GeV or ∼ 0.1 TeV : below this

4 At still higher energies (Ultra High Energy, UHE) the tail-end of very large gamma-
ray-induced air-showers may be detected directly at ground-level. This is achieved via
Cerenkov light produced in tanks of water instrumented with sensitive light detectors.
Pioneering (though unsuccessful) efforts in the detection of UHE gamma-ray sources by
CASA-MIA [45, 53] (and many others) were followed by success with the Tibet Air-Shower-
gamma Experiment [23, 22] and particularly Milagro [10, 11]. This effort continues with
HAWC [200].
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Figure 1.3: An electromagnetic cas-
cade in the upper atmosphere in-
tersects the field of view (F.O.V.)
of an Atmospheric Cerenkov Tele-
scope. The telescope may form a
fore-shortened image of the cascade
from Cerenkov light due to the pair-
production products’ passage (see §3
for more details). Image credit —
T. Weekes: Fig. 2.7 from [207].

satellites are most sensitive; above, ground-based observatories. It is also
worth noting one more important difference between these techniques: pair-
production telescopes have a very wide field of view such that they may mon-
itor the entire sky over a matter of hours whilst ACTs have narrow fields of
view and are obliged to make observations of selected sources. Due to this,
the satellite-based observatories are invaluable as path-finders for ACTs.

Below I will briefly summarise the development of these two domains of
astronomy and the types of objects they have catalogued as sources, but
first I will mention the emission mechanisms which generate gamma rays.
As noted above, sources of astrophysical gamma rays correspond to the pres-
ence of highly relativistic particles. Such particles can be induced to generate
gamma rays by several mechanisms. The acceleration of charged particles
to relativistic velocities is generally associated with strong magnetic fields
and as the paths of charged particles curve in such fields the centripetal ac-
celeration induces radiation which is observed as synchrotron radiation.
Synchrotron radiation gamma rays are only ever a small fraction of the radiat-
ing particle’s energy but can be generated prolifically according to the power
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of the accelerator. Many sources identified by HE gamma-ray astronomy
produce synchrotron radiation. Another mechanism is inverse-Compton
scattering, where a relativistic charged particle collides with a low-energy
photon imparting to the latter a portion of its energy. In extreme cases the
energy of the scattered photon is limited only by the original energy of the
charged particle (see §2.2.1 for more details), thus inverse-Compton scatter-
ing figures prominently in sources catalogued by VHE gamma-ray astronomy.
Frequently, the same object will appear in HE and VHE catalogues: the
same population of particles powering both plentiful synchrotron radiation
and very energetic inverse-Compton scattering.

1.1.1 HE Gamma-Ray Astronomy—Pair-Production Tele-
scope Satellites

The first primitive pair-production telescope was launched on Explorer XI
(1961) and detected 22 gamma rays (with energies E > 50MeV) coming from
elsewhere than the Earth: the first indication of astrophysical gamma rays.
One of the instruments on OSO-3 (the third Orbiting Solar Observatory,
1967–69) was an upgraded version of the Explorer XI instrument and, in
detecting 621 astrophysical gamma rays, was able to determine that the flux
of astrophysical gamma rays was not uniform but rather was concentrated
in the plane of the galaxy.

SAS-2 (the second Small Astronomy Satellite, 1972–73) of NASA was
dedicated to gamma-ray astronomy (E > 20MeV) but was halted earlier than
expected due to a power supply failure. It was soon followed by a European
Space Agency satellite of more modest capabilities: COS-B (E > 30 MeV )
had an order of magnitude less effective area5 but while it was intended to
last two years, it instead continued for almost seven (1975–82). Together
they mapped out the galactic plane and detected the first point sources and
gamma-ray pulsars: gamma-ray astronomy in earnest had begun.

This branch of astronomy being the exclusive domain of satellites, NASA
made a major effort over the following decade to advance the technology and
sensitivity of these missions, culminating in one of its so-called ‘great obser-
vatories’: the Compton Gamma-Ray Observatory (CGRO, 1991-2000), see
Figure 1.4. Aboard this seventeen-tonne satellite were a number of gamma-
ray instruments including the Energetic Gamma-Ray Experiment Telescope

5 A measure of flux sensitivity.
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Figure 1.4: The Compton Gamma-Ray Observatory being deployed from the
Space Shuttle Atlantis with the aid of the Canadarm (April 1991). The reflec-
tive outer surfaces of the detectors helped to maintain thermal equilibrium.
In addition to the pair-production telescope EGRET (situated in the lower
dome in this view), there were three other instruments which were sensitive
only at energies . 0.1 GeV : the Burst And Transient Source Experiment
(BATSE); the Oriented Scintillation Spectrometer Experiment (OSSE); and
the Imaging Compton Telescope (COMPTEL). The BATSE array was dis-
tributed across the eight corners of the satellite platform; OSSE had four
independent detectors housed in the box at the top; and COMPTEL resided
in the central dome. Image credit — crew of STS-37, Compton Science
Support Center, NASA.
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(EGRET, 20 MeV < E < 30 GeV ). Unfortunately CGRO was deliberately
terminated after the failure of one of its three attitude control gyroscopes
required it to be de-orbited before control was lost entirely.6

The demise of CGRO left a gap in this energy range filled only recently
by the launch of AGILE7 (2007, 30 MeV < E < 30 GeV ) and the Fermi
Gamma-ray Space Telescope (2008), see Figure 1.5, whose primary science

Figure 1.5: The Gamma-ray Large Area Space Telescope before launch, after
which it was re-named the Fermi Gamma-ray Space Telescope, in honour of
Enrico Fermi. On the right are folded solar panels; on top is the Large Area
Telescope covered by thermal blankets which also provide protection against
micrometeors. Image credit — Fermi/NASA.

instrument, the Large Area Telescope (LAT, 20 MeV < E < 300 GeV ),
improves upon EGRET’s sensitivity by more than an order of magnitude and
with substantially improved angular resolution and a larger field-of-view [33].

6 Others of NASA’s ‘great observatories’ such as the Hubble Space Telescope (1990–
present) and the Chandra X-ray Observatory (1999–present) have proved more enduring,
each lasting more than a decade. The Spitzer Space Telescope (2003–present), the infrared
‘great observatory’, continues to operate with reduced capabilities since the exhaustion of
its cryogens in mid-2009.

7 The Astro-rivelatore Gamma a Immagini LEggero is an Italian satellite.
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The latter point is of particular importance as it has helped to resolve the
mystery posed by the final EGRET catalogue for which more than half of the
sources had no identified counterparts, primarily because there were many
objects seen at other wavelengths within the range of uncertainty provided
by EGRET’s source reconstruction.

1.1.1.1 Fermi Catalogue

In the first three months of scientific data-taking, the Fermi Gamma-ray
Space Telescope compiled the most accurate map of the HE gamma-ray sky
ever achieved. After a further eight months of collating data the first Fermi
catalogue was released [1], see Figure 1.6; it represents the state of the art
for HE astronomy. The most obvious general feature is the strong flux in
and around the galactic plane: this is primarily due to cosmic-ray nuclei
throughout the galaxy, colliding with clouds of gas and the particles produced
by these collisions ultimately decaying to produce energetic gamma rays [7].

Below are outlined the main classes of source and the particular scenario
for each class which is generally assumed to account for particle acceleration
and the consequent gamma-ray emission.

Supernova remnants and starburst galaxies. The most energetic events
in the galaxy are supernovae: the explosive deaths of massive stars. It is
perhaps unsurprising, therefore, that their residue, SuperNova Remnants
(SNRs), figure prominently in the catalogue of HE gamma-ray sources. As
the debris of the explosion sweeps up surrounding ionised gas, a vast, of-
ten shell-like, shock wave is set up which concentrates the ambient magnetic
field. As the shock front advances, particles may cross back and forth, their
paths contorted by the chaotic magnetic fields. With each crossing in the
direction of the shock front’s motion a given particle is accelerated, resulting
in diffusive shock acceleration. Some of the particles ultimately reach TeV
energies and their curvature results in GeV synchrotron radiation.

Starburst galaxies represent an extrapolation of this scenario. These are
galaxies in the process of large-scale star formation, perhaps due to recent
gravitational disturbances as they collide with and absorb smaller galaxies.
As a result of this activity, many more heavy stars than would normally
be present in a galaxy are being formed, evolving rapidly (as they must)
and dying, creating a remarkable over-density of SNRs. A starburst galaxy’s
emission is thus assumed to be the cumulative emission from its many SNRs.
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Figure 1.6: The first Fermi Catalogue (Aitoff projection of galactic coor-
dinates) [1] consisting 1,451 discrete sources overlayed on the counts map,
which is dominated by diffuse emission in the galactic plane. Image credit —
Fermi/NASA.

Pulsars and pulsar-wind nebulae. A pulsar is a special type of neutron
star which itself is the compressed, spent core of a massive star (M∗ & 11M�)
which has died as a supernova. Pulsars are particular in that they rotate
rapidly and exhibit very strong magnetic fields (typically B & 108 G ). This
is an excellent recipe for particle acceleration, see §2.1 for details, and, in
particular, synchrotron radiation. In this case, however, the geometry of
the magnetic field plays a further role in limiting the radiation into narrow
beams which sweep across the sky, much like the light-beams of a lighthouse.
If they sweep over the Earth, the source is observed to pulsate at a regular
frequency, hence the term ‘pulsar’. The particles accelerated close to a pulsar
generate this pulsed emission but they also escape into the surrounding space
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as a so-called pulsar wind: a synergy of the strong magnetic field and the
relativistic plasma. As the wind streams away from the pulsar, the particles
may be accelerated further, sapping the magnetic field, and eventually crash
into the surrounding interstellar medium whence, in a manner similar to the
expanding shell of a SNR, they act as a further source of gamma rays: this
is a Pulsar-Wind Nebula (PWN).

Active galactic nulcei. At the centres of many galaxies reside Super-
Massive Black Holes (SMBHs) of mass greater than 106 M� . In many
cases, such as our own Milky Way, the central compact object is more-or-less
quiescent, perhaps having cleared its immediate surroundings of material. In
other cases the centre of the galaxy is dramatically different, the SMBH driv-
ing an accretion disk heated to temperatures in excess of 106 K and polar jets
of highly relativistic particles: this is termed an Active Galactic Nucleus
(AGN). The mechanism by which these jets are formed and focussed is not
well understood, but they are clearly very powerful, very energetic and emit
a broad spectrum of synchrotron and inverse-Compton scattered radiation.
They may be highly variable and are grouped into numerous subclasses, such
as ‘quasars’ and ‘blazars’, according to the orientation of the relativistic jet
with respect to our viewing angle.

High-mass x-ray binaries / micro-quasars. High-Mass X-ray Bi-
naries (HMXBs) consist of a bright, massive, main-sequence star and a com-
pact object of some sort (a neutron star or black hole). and they are usually
strong sources of X-rays. For most of these objects, there are competing
emission scenarios which fit either type of compact companion and assert
either shock acceleration (as in the PWNe), where a wind from the neutron
star interacts with that from the massive star, or the formation of accretion-
powered relativistic jets (rather like a miniature AGN). In the latter case the
system is often referred to as a micro-quasar.

Globular clusters. These are ten-billion-year-old spherical clusters of up
to several million stars that are known to contain many more pulsars per
unit mass than the galactic plane. That globulars contain an overabundance
of pulsars is a property of these clusters which we will address in §1.2.2.
Fermi has detected eight globular clusters [9] in a study targeting those
thirteen deemed most likely to contain many pulsars; M13 was not among
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them. The detected flux has been interpreted as the cumulative, unresolved,
direct emission due to a large population of pulsars. A further three were
firmly identified as sources of HE gamma rays (along with another three
only tentatively) in a search of Fermi data relating to thirty globulars [196];
a complete list of the objects examined was not provided.

1.1.2 VHE Gamma-Ray Astronomy—Ground-Based ACTs

The working concept of ACTs was simple to implement but was hampered
by the overwhelming flux of cosmic rays. Many experiments were attempted
without success from the first proof-of-concept of the technique by Jelley &
Galbraith in 1952 [82] until the first reliable detection, of steady emission
from M1 (the Crab PWN) in 1989 [209], by an imaging ACT at the Fred
Lawrence Whipple Observatory (henceforth Whipple) [124]. Whipple went

Figure 1.7: The 10 -m ACT at the Fred Lawrence Whipple Observatory.
Constructed in 1968, it operated with a single-pixel detector (i.e. as an ACT
without imaging capabilities) until 1982 when an imaging camera was in-
stalled. The telescope was in operation until 2011. Image credit — D. Horan.

on to detect several blazars (the most luminous and energetic form of AGN)
[178, 179, 111] and reveal indications of VHE emission from the centre of our
own galaxy [134].
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The High-Energy Gamma-Ray Astronomy (HEGRA) array, consisting of
five telescopes, was the first VHE observatory to use stereoscopic images to
reconstruct astrophysical gamma rays. Although the individual telescopes
were small compared to Whipple (having a diameter of 3.4 m compared to
10 m ), meaning that they could only detect gamma rays above 500 GeV ,
the greater precision allowed by the stereoscopic technique proved its worth,
improving both angular and energy resolution [65]. Consequently, HEGRA
was able to provide strong evidence for TeV emission from a SNR (Cassiopeia
A) [12] and from another sub-class of AGN (M87) [15] and the detection of
an unidentified source (TeV J2032+4130) [13, 14, 49]8.

It was fairly clear that, in order to capitalise on the success of these two
trail-blazing instruments, the next generation of VHE observatories required
arrays of telescopes with large reflectors. A number of scientific collaborations
were formed to realise this paradigm and push ahead in the fledgling field of
VHE astronomy.

CANGAROO-III comprised four, 10-m diameter telescopes and operated
near Woomera, southern Australia between 2004 and 2010.

H.E.S.S. is an array of four, 12-m telescopes which has been in full operation
since 2004. It is situated in Namibia, where it has an excellent viewing
angle on the Galactic Centre which allowed it to carry out a very suc-
cessful survey of that region [19], eventually revealing more than fifty
sources [55, 109], the majority of which are associated with PWNe and
SNRs but several of which remain unidentified [18]. The mirrors of
the original telescopes are being degraded by the desert environment,
diminishing the sensitivity of the array over time. However, a process
of mirror re-coating and replacement has recently been implemented
which will conclude this year. This is intended to coincide with the
completion of a ∼27-m Very Large Cerenkov Telescope (VLCT) which
is to be situated in the centre of the array and whose design allows the
detection of gamma rays down to ∼20GeV [172]. The restored original
telescopes and addition of the VLCT will inaugurate a second phase of
the H.E.S.S. experiment, H.E.S.S. II.

MAGIC operates from near the old HEGRA site at Rocque de los Mucha-
chos on La Palma. MAGIC-I (2004-2009) comprised a single telescope

8 This was recently determined to be the PWN of a previously undetected pulsar [2, 52].



16 CHAPTER 1. GAMMA-RAY ASTRONOMY & GLOBULARS

but that had a fairly sophisticated 17 -m , parabolic reflector. Such
reflectors are optimised for a low energy threshold9 and this allowed
MAGIC to detect the Crab pulsar at 25GeV, nominally in the domain
of HE gamma-rays [20]. Since the completion of a second, identical
telescope in 2009 (MAGIC-II), MAGIC has been operating in a stereo-
scopic mode.

VERITAS is an array of four, 12 -m imaging AC telescopes located in
southern Arizona, USA. It became fully operational in 2007 and has
a continuous program of mirror re-coating in order to maintain opti-
mum optical sensitivity.10 In addition, the configuration of the array
was modified in 2009 to optimise its gamma-ray sensitivity: by opti-
mising the baseline between telescopes, the stereoscopic technique may
be used to its full potential. A planned upgrade of the cameras will
further increase optical sensitivity.11 VERITAS is currently the most
sensitive instrument in the VHE regime and this contributed to the
recent detection of the Crab pulsar at unprecedented energies (above
100 GeV ) [205, 156] demonstrating that the prevailing paradigm of
pulsed gamma-ray emission is incomplete. This instrument has been
used to collect the data analysed for this thesis and is described in
detail in §3.2.

1.1.2.1 TeV Catalogue

As noted above, ACTs have a relatively restricted field of view in comparison
to pair-production telescopes; sources are detected as essentially discrete ob-
jects. The current catalogue of VHE sources is shown in Figure 1.8 against
the all-sky map due to Fermi.

Relation to HE-astronomy source classes. Most of the HE source-
classes have several members which manifest themselves in the VHE domain
as well, either because they are especially energetic or powerful or are nearby.

9The VLCT for HESS II also uses a parabolic dish.
10This maintains both a low energy threshold and large collection area.
11 As described in §3.1.1.2, the cameras are composed of photo-multiplier tubes and

the intrinsic sensitivity of these devices to light may be characterised by the quantum
efficiency. The upgrade of VERITAS’s cameras will replace all of the existing pixels with
photo-multiplier tubes of higher quantum efficiency.
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Figure 1.8: The 121 sources detected in VHE gamma rays overlaid on the
counts map due to Fermi (Aitoff projection of galactic coordinates). XRB
is another acronym for HMXB; HBL, IBL, FRI, FSRQ, LBL are classes of
AGN; Shell refers to shell-type SNR; uQuasar (implying µ-Quasar) is short
for micro-quasar. Image credit — TeVCat due to S. Wakely & D. Horan
(http://tevcat.uchicago.edu/).

A notable exception appears to be the pulsars. Only one pulsar has been
detected by ACTs: the Crab pulsar by MAGIC and VERITAS (see above).
This is largely in line with the theory of pulsar emission of gamma rays
which asserts that they are emitted well within the strong magnetic field of
the pulsar: this leads to any gamma rays emitted in the VHE band having a
strong probability of interacting with the magnetic field and being absorbed
in the process of pair-production.12 In contrast, PWNe figure prominently
in the VHE catalogue because at a distance from the pulsar, isolated from
its very strong magnetic field, inverse-Compton scattered photons are able
to escape unfettered and, in addition, the shock front of the PWN itself
provides many target photons for the population of relativistic particles to
scatter, in a process termed synchrotron self-Compton13 [67]. Indeed it is this
environment which provided the first incontrovertible detection of a source
of VHE gamma rays: the Crab PWN. Thus direct emission from pulsars is

12 The VERITAS result challenges this scenario somewhat by demonstrating that the
highly energetic electrons which emit these gamma rays likely continue to high altitudes,
allowing VHE emission where the magnetic field is less stifling. Nonetheless the VHE
emission is considerably less powerful than the HE emission.

13A population of particles generates broadband synchrotron radiation, a part of which
is then inverse-Compton scattered by the same population.

http://tevcat.uchicago.edu/
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all-but absent from the VHE catalogues but their associated PWNe are the
prototypical VHE source. This dichotomy is played out in expectations for
emission from globular clusters to which we now devote our attention.

1.2 Globular Clusters as Sources of VHE Gamma-

Rays

We have seen that pulsars support HE emission from globulars but that their
direct emission is unlikely to contribute significantly to any VHE emission
from these objects. However, there remains the possibility of a PWN-like
emission where the relativistic particles of the pulsar winds are involved in
inverse-Compton scattering. This requires an intense field of target photons
which may be supplied by the stars of the globular itself. Given the greater
distance of globulars, relative to PWNe in the galactic disc, a great many
pulsars may be required to render this flux detectable. Globulars do, in fact,
host many pulsars and we will examine why this is so after discussing the
defining characteristics of these star clusters.

1.2.1 Globular Cluster Characteristics

The defining trait of globular clusters is that they are old. At up to 12 billion
years old [187], they are some of the oldest objects known and place strict
lower limits on the age of the universe [135]. Furthermore their constituent
stars are all of a similar age, having formed within the first percent of the
cluster’s life [174]. This is understood to be due to the lives and deaths of
the most massive stars of the cluster which which would have occurred early
and violently as supernovae. A combination of powerful stellar winds from
these massive, highly luminous stars followed by supernovae blasts and the
winds of pulsars formed by the aging population of stars [191] would have
effectively evacuated any free gas left in the cluster after the initial period
of star formation. Thus no material remains from which new stars could
form and the stellar population as a whole has aged steadily since the initial
formation of the cluster: as time progresses, stars of decreasing mass leave
the main sequence to become red giants and eventually white dwarfs.

So, globular clusters have settled into an extended period of slow collapse
under gravity. Their orbits outside the plane of the galaxy have ensured that
they suffer little disruption, preserving their simple spheroidal form which
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Figure 1.9: M13: the great globular cluster in the constellation Hercules.
One of 157 known globulars associated with the Milky Way [95]. The in-
tense crowding towards the core is evident. This image covers approxi-
mately 14 arcminutes. By comparison the half-light radius is only 1.69 ar-
cminutes. Image credit — OPIOMM (http://www.astro.umontreal.ca/
~opiomm/images.html).

lends them their title. Their constituent objects sink towards the centre as
the system gravitationally relaxes, leading to a tremendous density of stars.
To take M13 as an example (see Figure 1.9), it has a half-mass radius of
∼6 pc and comprises approximately 6× 105 stars : within 6 pc of the centre
there are on the order of three hundred thousand stars similar to our Sun; in
contrast, the nearest star to our solar system is 1.3 pc away and within 6 pc
there are approximately one hundred stars, most of which are much dimmer
than the Sun.

If this simple picture was a complete explanation, the gravitational col-

http://www.astro.umontreal.ca/~opiomm/images.html
http://www.astro.umontreal.ca/~opiomm/images.html
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lapse of typical globulars with ages of ∼10Gyr would have already advanced
into a state of ‘core collapse’ where the observed density of stars increases
without apparent limit towards the centre of the cluster. However, the lumi-
nosity profiles of most globulars do not fit this form; instead they are very
well described by so-called King models [127] which are characterised by a
relatively constant density of stars in a core region surrounded by a zone of
steeply declining stellar density itself enclosed by a broad, tenuous envelope
stretching out to a tidal radius, more than an order of magnitude larger than
that of the core: here the gravitational field of the Galaxy begins to domi-
nate over that of the cluster.14 Even without core collapse the central stellar
density of these objects is remarkable, attaining ∼ 3500 pc−3 in the case of
M13, supporting an intense field of optical and infrared photons.

The reason typical globulars are not core-collapsed has to do with a sub-
tlety of the process of relaxation itself. The heavier components of the clus-
ter, including neutron stars and binaries, are subject more to gravitational
settling in comparison to the remaining light, main-sequence stars. This re-
sults in gravitational segregation or differentiation wherein the populations
of heavier objects become more concentrated in the core15 [87]. Now, it is this
migration of binary systems into the core of a globular that acts as a brake
on the self-same gradual gravitational collapse for the following reasons: in
the extremely dense core of the globular, interactions between unassociated
stars become common and, also, there is a tendency for binary systems to
become more tightly bound during interactions with single stars [97]. This
so-called ‘hardening’ of binary systems, imparts a significant amount of en-
ergy to surrounding stars16, puffing-out the globular and delaying the overall
gravitational collapse of the cluster [86].

The means by which binary systems become more tightly bound are im-
portant for understanding the pulsar population of globulars. A binary, when
scattering a single star or a less tightly bound binary, will tend to shrink in

14 In fact, in line with their overall simplicity, globular clusters are a remarkably uniform
class of object: they mostly seem to obey a single fundamental correlation between the
core concentration (the logarithm of the ratio between the tidal and core radii, as defined
in the King model), total luminosity and binding energy (modified slightly by the distance
from the galaxy, accounting for its tidal effects) [159].

15 This is analogous, albeit on a much larger scale, to the formation of a planet which
leads to a metallic core with a rocky mantle overlaid by a light, volatile atmosphere.

16 In fact, the reservoir of energy contained in binaries is sufficient to dissipate the cluster
entirely [177] and globulars are believed to be shedding stars, effectively evaporating.
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radius, whilst accelerating the single star or softening the other binary. Also,
a binary system interacting with a single heavy object, such as a neutron star
or a heavy white dwarf, will tend to eject the least massive component and
retain the heavy object [116] in a so-called exchange interaction. Thus,
an interesting side-effect of the processes of gravitational differentiation and
binary hardening is to concentrate compact objects, like neutron stars, and
binary systems together in the cores of globulars and furthermore to transfer
those compact objects into close binary systems with lighter companions.
We will now examine how this environment promotes a large population of
pulsars.

1.2.2 Binaries and Recycled Pulsars

There are essentially two types of close binary systems of relevance here;
each consists of a compact object and non-degenerate companion17 and they
are distinguished by the type of compact object: a Cataclysmic Variable
(CV) contains a white dwarf; a Low-Mass X-ray Binary (LMXB) contains
a neutron star. In both cases the compact object is sufficiently close to
its companion18 that its gravitational field is stripping material from the
companion’s outer layers in a process known as Roche-lobe overflow. The
material stripped from the companion star falls onto the compact object,
heating it to millions of Kelvin such that it becomes a strong source of thermal
X-rays.

CVs may create young pulsars. In the case of a CV, if the white dwarf is
composed of oxygen, neon and magnesium [117] (as may occur, for example,
if the progenitor star was in the correct mass range [116]) the additional ma-
terial may raise its mass above the critical threshold for an electron-capture
supernova, in a process called accretion-induced collapse. If this occurs, a
neutron star is created. In fact, this process may represent a large fraction
of the neutron stars retained by a globular during its lifetime [117, 116]and
because it is promoted by exchange interactions it significantly enhances the
neutron star (and by extension, pulsar) population of a globular.

Now, when neutron stars are born in supernovae they may inherit strong

17 A star supported by and shining because of nuclear fusion in its core.
18 This may be because the system is ultra-compact or the non-degenerate companion

has advanced to a giant phase in its evolution.
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magnetic fields and rapid rotation. By a combination of the geometry of
the magnetic field and the rotation of the neutron star, charged particles are
accelerated to very near the speed of light, they become highly relativistic,
and emit radiation as tight beams or fans which sweep across the sky. If these
happen to sweep over the Earth the object is observed as a pulsar. Pulsars
gradually slow or ‘spin down’ after their creation, as the initial rotational
kinetic energy is taken up by the accelerated particles and the surrounding
plasma which convert it into the radiation of the beams or carry it away
as a pulsar wind; they have no consistent power source of their own, in
the way that normal stars are powered by nuclear fusion, and their initial,
stored energy is progressively dissipated. The rate at which a young pulsar
slows is such that it will cease to accelerate particles and hence cease to
be luminous within a small fraction of a globular’s lifetime. Thus, due to
accretion-induced collapse in CVs, there should be many neutron stars in
globular clusters but few young pulsars are expected to be seen [46].

LMXBs and recycled pulsars. However, the second type of close binary,
the LMXB, represents a means by which a pulsar can be rejuvenated [26]. As
material overflows the Roche lobe of the companion star it falls towards the
neutron star in a process known as mass transfer. As matter is drawn in to the
neutron star, conservation of angular momentum forces it to collapse into a
rapidly spinning accretion disc. The disc dissipates some of the gravitational
potential energy of the in-falling material, heating itself to millions of Kelvin
and emitting X-rays. The material migrates to the inner edge of the disc
before falling onto the surface of the pulsar, contributing a fresh supply of
angular momentum and energy. Of course, this causes the pulsar’s rate of
rotation to increase: it is said to have been ‘spun up’ or ‘recycled’. In this way
the fastest known pulsars [102] are created, with rotation periods an order
of magnitude shorter than those of pulsars fresh from supernovae: these are
millisecond pulsars (MSPs) [21], having periods of ∼ 1 ms . Now, MSPs
typically have very low spin-down rates19, such that their lifespans are greater
than the age of globulars and, as a result, they will have been accumulating
in the cores of these clusters over the last 10-billion years [116].

19 It seems that recycled pulsars have smaller magnetic fields (by many orders of mag-
nitude) compared to young pulsars reducing their coupling to the surrounding plasma and
consequently the rate at which their rotational energy is dissipated. This phenomenon is
often attributed to the accreted matter ‘burying’ the magnetic field.
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In short, globulars are fertile ground for LMXBs and MSPs20 and, indeed,
these objects are more common in globulars by orders of magnitude compared
to the galactic plane [121, 58].

1.2.3 MSP Population

Soon after it became clear that globulars were indeed rich in pulsars, stellar
interaction rates in their cores were used to estimate the total population
of pulsars in the entire system of galactic globulars with the conclusion that
there should be prodigious quantities (∼104) [138], although this initial esti-
mate was undoubtedly hindered by low statistics21. This led to an estimate
of hundreds of pulsars in the cores of larger globulars and many dozens in
more typical ones [198].

Recent simulations indicate that, although a large globular may indeed
contain hundreds of neutron stars that have undergone mass transfer (‘plau-
sible’ pulsars), a large fraction of these binary systems may not necessarily
lead to the creation of MSPs [116]. Nonetheless, tens of MSPs are expected
in the cores of large globular clusters and indeed there are three clusters that
have more than ten pulsars detected in each and a further seven clusters
having five or more detected pulsars. In total 143 pulsars are known in glob-
ulars22 and these figures should be considered with the expectation that only
10–20 % of the total globular pulsar population has been seen [181]23.

1.2.4 VHE Predictions and Observations

Recalling the association between pulsars and PWNe and that the latter are
commonly VHE sources, it may be expected that the great concentration of
pulsars in a globular causes the latter to be a source of VHE gamma rays

20 Globulars are models of sustainable development: they reduce their heavy stars to
compact objects, reuse them in exchange interactions and recycle them into millisecond
pulsars.

21 Only seven globular cluster pulsars had been detected at the time and this study
restricted itself to pulsar surveys by northern hemisphere observatories (excluding two
pulsars from 47 Tucanae) that did not account for binary acceleration (excluding one
pulsar from M15).

22 See http://www.naic.edu/~pfreire/GCpsr.html for an up-to-date listing.
23 It is perhaps worth noting that this implies up to ∼ 750 objects which, in compar-

ison to the tens-of-thousands of some estimates, is much more in line with the earliest
expectations of 500–2000 total, based on the integrated radio emission from globulars [79].

http://www.naic.edu/~pfreire/GCpsr.html
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in much the same way as a PWN is. This argument was laid out by Smith
[190] soon after the discovery of the Crab Nebula in TeV gamma-rays. It
was argued simply that some fraction of globular pulsars’ spin-down power
would be converted into TeV-gamma rays and if that fraction was ∼ 0.1 %
and the number of pulsars ∼1000 then certain globulars might be visible to
detectors of that era. Under these auspices, Whipple observed M13 in 1998
and detected no evidence of a VHE gamma ray flux [90], setting an integral
flux upper limit of 1.08× 10−11 cm−2 s−1 above 0.5TeV at a confidence level
of 99.9%.

A modern, more nuanced approach argues that it is the wind of relativistic
particles from a pulsar that powers a PWN and so the collective winds of
numerous pulsars may interact with the ambient environment of the globular
to produce TeV gamma rays.24 The gist of this scenario is that MSPs inject
(via their pulsar winds) a population of relativistic particles into the core of
a globular. As the relativistic particles diffuse through the core of the cluster
they will interact with the intense starlight by inverse-Compton scattering
(see §2.2.1 for a detailed discussion) transferring their energy to some of
the stellar photons and thereby converting them to VHE gamma rays which
escape from the cluster.

1.2.4.1 VHE Emission Models

Two models have been promulgated with regard to this mechanism: one due
to Venter, de Jager and Clapson (henceforth VJC09 [201, 202]) and another
due to Bednarek and Sitarek (henceforth B&S07 [36]). The models differ
primarily in the level of sophistication applied to different components of the
model, namely the energy spectrum of the pulsar wind particles, how they
diffuse through the cluster and the spatial distribution of target photons.

VJC09 have calculated particle spectra using a precise pulsar magneto-
sphere model. These spectra are determined as the particles leave the vicinity
of a pulsar and for an ensemble of pulsars which serve as the basis for the
energy distribution of relativistic particles circulating in the globular. In this
model the level of IC emission is related to the ambient magnetic field (they
term this the ‘nebular field’). This is due to the fact that such a magnetic

24 We will summarise the evidence for winds from MSPs in §2.1.1; here we shall content
ourselves with the fact that globulars are known to be fertile territory for pulsars and that
the latter are capable of powering PWNe which feature prominently in the catalogue of
VHE sources.
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field curves the paths of charged particles helping to retain them in the core
where the density of target photons is greatest. There is also a subtle inter-
play between an increasing magnetic field retaining relativistic particles and
cooling them via synchrotron emission. The target photon field is modelled
by only two zones: the core and outside that to the half-mass radius of the
cluster. Ultimately, this model relates VHE flux to the number of pulsars as
a function of the ambient magnetic field within the globular. It should be
noted that the specific pulsar magnetospheres they have modelled to provide
the injection spectrum of relativistic particles are constructed according to
the observed pulsars of 47 Tucanae. To compare this model to other globu-
lars it must be assumed that all globulars host a population of pulsars with
a similar distribution of properties.

B&S07 have attempted to construct a model independently of a specific
pulsar population: they use a set of ‘typical’ millisecond pulsar properties
to define a reasonable particle injection energy and power, and then scale
this according to the number of pulsars. Therefore, this model relates VHE
flux to the product of the number of pulsars, NP, and the typical efficiency,
η, with which they generate relativistic particles. They also suggest that
not only will relativistic particles be sourced directly from pulsar winds but
also that, due to the extreme density of objects in the cores of globulars,
the same pulsar winds may collide. Such colliding winds form shock fronts
which can re-distribute the spectrum of wind particles: this leads to a power-
law spectrum of particles circulating within the globular some of which have
been accelerated to greater energies still. B&S07 assume a range of possible
parameters for such a power-law spectrum along with the possibility of a
monoenergetic injection spectrum directly from the pulsars, without passing
through the shock fronts. For each candidate injection spectrum they use
Monte-Carlo simulations to trace the passage of trial particles through am-
bient magnetic field, tracking their inverse-Compton emission but ignoring
synchrotron losses. They model the target photon field with a smooth spa-
tial distribution based on the King model luminosity profile of the specific
globular under consideration. Under this paradigm, the VHE flux would be
directly related to the number of pulsars in the globular and the efficiency
with which they produce relativistic particles in their winds. In this way VHE
observations of globulars may provide insight into the pulsar population of
these clusters and the composition of pulsar winds.

In making specific predictions, these models both assumed 100 pulsars in
any particular globular. They have since been used to interpret observations
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made by both H.E.S.S. and MAGIC.

1.2.4.2 VHE Observations

H.E.S.S. observed 47 Tucanae25 in 2005 [17]: it detected no flux and set an
upper limit in the energy range 0.8–48.6 TeV of 6.7× 10−13 cm−2 s−1 at the
99% confidence level. This upper limit corresponds to 2% of the flux from
the Crab Nebula. This result was interpreted in terms of VJC09 as limiting
the number of MSPs to less than 80, in the case that the ambient magnetic
field is 12 µG . The same result was cast in terms of B&S07 with some
scaling to account for a more accurate estimate of the spin-down luminosity
of pulsars in this globular and a revised estimate of its distance. It is noted
by H.E.S.S. that there is no observational evidence to support the idea of
colliding pulsar winds in the globular’s core. Nonetheless, the most restrictive
constraint, given the various power-law spectra examined by this model and
the known twenty-three pulsars, implied that the wind efficiency was only
∼1 % , significantly less than for the Crab Nebula which is ∼10 % .

MAGIC observed M13 in 2007 and detected no flux [24], setting an inte-
gral upper limit of 5.1× 10−12 cm−2 s−1 above 0.2TeV. In addition they set
differential upper limits at a confidence level of 95% in six spectral energy
bins. In interpreting this result it was noted that the energy range of the
spectral upper limits was too low (140–1120 GeV ) to allow confrontation of
VJC09 which predicts peak emission in a fairly narrow band of 1–3 TeV .
In relation to B&S07, the strongest constraint provided by the power-law
injection spectra was similar to that provided by the HESS result outlined
above if one assumes the presence of 100 pulsars in any given globular. In
this case, however, the globular contains only five known pulsars and the
upper limit corresponds to a wind efficiency of ∼10%. Ignoring the possibil-
ity of colliding winds and assuming an injected particle spectrum that was
monoenergetic at 1 TeV the limit corresponds to as little as 4 % .

Terzan 5. H.E.S.S. has also observed Terzan 5, the globular hosting the
greatest-known population of pulsars [182, 102], very deeply (90 hours of
exposure) [100]. They have detected emission from the direction of Terzan
5 with an integral photon flux of 1.2× 10−12 cm−2 s−1 in the energy range

25 The globular hosting the second-largest population of detected pulsars, twenty-three
in total [145].
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0.44–24 TeV.However, the emission is somewhat extended and, critically, its
centroid is offset (4′.0± 1′.9) from the centre of the cluster; this location and
morphology cannot be reconciled with the emission mechanism considered
here which is reliant upon the intense photon field in the core of the cluster:
the peak region of that photon field is, by definition, at the visible centre of
the cluster. Nonetheless, the probability that this is the chance overlap of an
unassociated source (e.g. the PWN of a young pulsar), even in the crowded
sky around the galactic centre, is estimated to be only 0.01%. Thus, this
detection is intriguing and may highlight what an exceptional object Terzan
5 is (being one of the largest and most dense of all galactic globulars [140])26;
I consider an explanation for this unusual result in §B.

1.2.4.3 Target Selection

VJC09 makes no specific predictions for globulars visible to VERITAS. On
the other hand, B&S07 does make specific predictions for two globulars vis-
ible to VERITAS: M13 and M15. Of these two, a greater flux (by a factor
of ∼1.6) is predicted from M13 given the assumption of 100 pulsars in each
cluster. Five pulsars are known in M13 compared to eight in M15 but four of
those in M13 have periods less than 4 ms compared to none in M15. Given
that faster-spinning pulsars are generally more powerful, this favours M13 for
the possibility of yielding a detectable flux. Furthermore, of the six bright-
est/most massive globulars in the northern hemisphere, M13 is the closest.
Thus, for this study M13 was the chosen target.

B&S07 presents a family of predicted emission curves for M13, based
on a range of assumptions concerning the spectrum of electrons powered by
the pulsar winds: e.g. Figure 1.10 shows the set of curves calculated for
particular power-law electron spectra as might be expected from colliding
pulsar winds, along with the sensitivities of various instruments mentioned
above. In the next chapter I will justify and describe the emission model and
its implementation in B&S07 in more detail.

26 There is currently some debate as to whether Terzan 5 is, in fact, a globular cluster
in the strictest sense [74, 64, 73, 170].
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Figure 1.10: Some predicted gamma-ray energy-flux curves for M13 as calcu-
lated in B&S07. These curves are determined for various hypothetical power-
law spectra of electrons presumed to be generated in the globular cluster by
colliding pulsar winds. Each particle spectrum has index 2 (solid lines) or 3
(dashed lines) and low-energy cut-off 1 GeV (thin lines) or 100 GeV (thick
lines). The high-energy cut-off of all these spectra is 3 TeV . The sensitiv-
ities of various gamma-ray telescopes are indicated by bands labelled VHC
(VERITAS, H.E.S.S., CANGAROO), M (MAGIC), G (GLAST, now Fermi).
Note that, of the ground-based telescopes, only VERITAS and MAGIC are
well-situated for observation of this object. For the ground-based telescopes
these bands represent detection after 50 hours of observations and for the
satellite, after 5 years. The curves due to particle spectra with a low-energy
cut-off of 1GeV are better suited to HE observations by Fermi whereas those
due to particle spectra with a low-energy cut-off of 100 GeV should be read-
ily accessible to VHE observatories but more challenging for the satellite.
Image credit — from Fig. 9 of B&S07.



Chapter 2

Very High-Energy Emission
From Globular Clusters

Here I will define why a globular cluster hosting a population of millisecond
pulsars should be a source of very high-energy gamma rays in accordance
with the model of B&S07. At its simplest level the emission mechanism
requires the coexistence of relativistic electrons (having energies of ∼1 TeV)
with a dense background of optical photons. But a detailed estimate of any
expected flux of gamma rays requires careful examination and determination
of these populations and their interactions.

Millisecond pulsars are known to generate relativistic-particle winds and
because of this a globular cluster containing them will also host a popu-
lation of relativistic particles. As a large globular cluster may consist of
up to a million stars it will also support an intense field of optical and in-
frared photons, in addition to being suffused with the ubiquitous Cosmic
Microwave Background (CMB) radiation. Relativistic electrons ejected
from the pulsars may, while contained within the globular cluster, scatter
from the ambient photons, boosting the latter to gamma-ray energies. These
arguments form the basis of the model proposed in B&S07 .

In the following sections I will discuss in more detail the evidence that
millisecond pulsars support relativistic winds of particles and how they are
expected to accelerate particles to relativistic energies. In so doing, I note
that electrons of energy ∼1TeV are thought likely to be produced by pulsars.
I go on to describe the scattering process that converts low-energy photons
into gamma rays by their interaction with relativistic charged particles and
in particular the regime in which the resultant gamma ray has energy similar

29
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to that of the initial particle energy. Finally, I will describe the specifics of
the implementation of the model in B&S07.

2.1 Particle Acceleration in Millisecond Pul-

sars

Pulsars are rapidly rotating, highly magnetized neutron stars [84, 171, 38].
The combination of these two properties is in itself promising for the accel-
eration of charged particles because the rapid rotation of such a dense ob-
ject represents a great store of rotational kinetic energy, ER, and the strong
magnetic field a means of coupling that source of energy to charged parti-
cles. Indeed, pulsars are observed to slow at an appreciable rate which is
interpreted as the action of the magnetic field driving charged particles in
their immediate vicinities, transferring energy to them and its surrounding
plasma. Some portion of the energy is lost to the emission of radiation, as
described below, but this is mediated by the acceleration of charges. The
rate of slowing, dΩ

dt
= Ω̇, is thus related to a spin-down luminosity [192] :

Ls-d = ĖR = k
Ω4µ2

c3
(1 + sin2 χ), k = 1± 0.1 (2.1)

where Ω is the rotation rate, µ is the magnetic dipole moment of the pulsar,
χ is the angle of inclination of the magnetic axis away from the rotation axis
and the uncertainty in k is related to the resolution of the simulations used
to derive this general result. The energy extracted from a pulsar’s rotation
must be transported from the neutron star as either radiation or a wind of
magnetised plasma.

Pulsars are characterised by the observation of regular pulses of radiation,
as viewed from the Earth, and are known to emit a very broad spectrum of
radiation. Their discovery, as a class of astronomical object, was made with
radio observations [104, 173] but they have since been discovered in every
band of radiation, including gamma rays [20, 205]. Such a broad spectrum
is often a feature of relativistic charged particles moving in a magnetic field.

The present understanding of pulsar magnetospheres is based largely
upon the seminal work of Goldreich & Julian [85], who outlined the main
features imposed by a dominant dipole magnetic field of a rotating object
both within the light-cylinder, where co-rotation is allowed by relativity,
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and beyond it. Later work has focussed upon possible acceleration sites for
particles within the light-cylinder of such an object, seeking to explain the
eponymous pulsed emission. This leads to estimates of the energy that par-
ticles should have, upon leaving these acceleration sites, before entering the
interstellar medium of a globular cluster.

I will briefly review some of the observational evidence for the association
of winds of relativistic particles with MSPs and then outline the theoretical
framework which suggests the mechanism(s) for the acceleration of these
particles in the magnetosphere of a MSP.

2.1.1 Observational Evidence for Relativistic Pulsar
Winds

‘Black-widow’ pulsars. PSR J1959+204 (PSR B1957+20) is one of the
fastest known pulsars and has a low-mass stellar companion which is sur-
rounded by a cloud of ionised gas [80][78]. It is understood that this cloud
has been created by the evaporation of the outer layers of the companion
itself due to radiation emanating from the shock wave between this gas and
the pulsar’s wind1 [194]. A number of other MSP binary systems show sim-
ilar properties, including three in the globular cluster 47 Tucanae, namely
PSR J0024-7204 J, O & R [44] .

Furthermore, the binary system consisting of PSR J1959+204 and its
companion has a large relative velocity with respect to the surrounding in-
terstellar medium. This motion generates enough ram pressure to form a
bow-shock where the wind from the pulsar is sweeping up and pushing aside
the interstellar medium. Within the shell formed by the bow-shock is ob-
served an X-ray emitting tail of material from the pulsar [193](see Figure 2.1).
The existence of this tail coupled with its evidently non-thermal emission de-
mands that the pulsar wind is composed (at least in part) of a population of
relativistic particles [193].

Fermi millisecond pulsars. Additional evidence for relativistic electrons
in association with MSPs may be drawn from the fact that Fermi has ob-
served HE gamma-ray emission from known MSPs [3]. Likewise, radiation

1 The fact that the companion may be completely eroded within the life-span of the
pulsar has led to the latter being dubbed a ’black-widow’ pulsar in allusion to the species
of spider that devours its diminutive partner after copulation.
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Figure 2.1: A composite X-ray (red/white) and optical (blue/green) image of
the region surrounding PSR J1959+204. The bow shock due to the motion
of the binary system is the green shell. The elongated, oval region of X-ray
emission indicates the presence of relativistic particles filling the cavity in
the interstellar medium bored out by the pulsar’s motion. Image credit —
X-ray: NASA/CXC/ASTRON/B. Stappers et al.; Optical: AAO/J. Bland-
Hawthorn & H. Jones.

having a similar spectrum has been observed emanating from eight globular
clusters [9] where it is interpreted as being the stacked emission from the
MSP population of each of these globulars2. Such emission is pulsed3 and
this association with the rotation rate of the neutron star is generally as-

2 Thirteen globulars were examined in this study: M13 (NGC 6502) was not among
them.

3In the case of the detected globular clusters, the pulsations of the individual pulsars
could not be distinguished but the overall spectra were similar to phase-averaged spectra
from the known MSPs.
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sumed to indicate that it is generated in the vicinity of the pulsar, within
the light-cylinder. This region is dominated by the strong dipole magnetic
field of the neutron star, as outlined by Goldreich and Julian.

2.1.2 Goldreich & Julian Magnetosphere

Goldreich and Julian [85] developed their model from relatively few assump-
tions, namely that a pulsar supports an intrinsic dipole field and that it has
a conducting surface. For simplicity, it was also assumed that the magnetic
and rotational axes are aligned.4 Given typical characteristics for a pulsar
(mass M = 1M� , radius R0 = 10 km , polar magnetic field B0 = 1012 G ,
period P = 2/πΩ = 1s, temperature T = 106 K) they judged that homopolar
induction by the intrinsic magnetic field upon the surface would lead to elec-
tromagnetic forces more than 108 times stronger than the gravitational force
upon charges in the surface. This would cause charges to leave the surface
and demand that the magnetosphere of the pulsar be filled with a plasma.
This plasma would be at least sufficient to supply what has become known as
the Goldreich-Julian charge density, a co-rotating (on average) charge
distribution of the form :

ρGJ = − Ω ·B
2πc[1− (Ωr/c)2 sin2 θ]

(2.2)

expressed in the usual polar coordinates (r, θ, φ), with θ measured from the
rotation axis. This distribution acts to shield the intense induced electric
field along the co-rotating magnetic field lines within the light cylinder. The
poloidal component of the magnetic field, that in the (r, θ) plane, is shown
in Figure 2.2. The azimuthal (φ) component of the field is effectively zero
close to the neutron star but becomes increasingly dominant with radius such
that the magnetic field lines resemble a tightly wound spiral beyond the light
cylinder.

In such an environment, the charges may be thought of as moving force-
free but with the constraint that they move along magnetic field lines because
the energy of charged particles due to the magnetic field greatly exceeds their
kinetic and gravitational energies. In this way, the magnetic field lines also
define electric equipotentials: charges can rearrange themselves to eliminate

4If the magnetic and rotational axes are anti-aligned, the roles of negatively and posi-
tively charged particles are reversed.
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Figure 2.2: Schematic of the poloidal structure of the Goldreich-Julian mag-
netosphere: Fig. 1 of [85]. The critical field line rests at the potential of the
interstellar medium: oppositely charged species stream out above and below
this line. The null charge surface is the locus of points where the magnetic
field lines are locally perpendicular to the axis of rotation (vertical in this
diagram): the co-rotating plasma must be neutral here. It is indicated by
the diagonal line from the pulsar’s surface to the light cylinder: above the
plasma is negative, below it is positive.
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any potential difference parallel to the magnetic field lines but not perpen-
dicular. The magnetic field lines can thus be considered as behaving much
like wires, the charges being carried freely along them, and the overall poten-
tial of the field line is set by the point, θ0, at which it intersects the pulsar’s
surface, where homopolar induction maintains a large potential difference be-
tween the pole and other parts of the surface. The arrangement of magnetic
field lines will dictate the path of any charges flowing from the surface.

The major constraint on the form of the magnetosphere is the light-
cylinder: this is defined as the cylindrical radius, Rlc, about the axis of
rotation at which a co-rotating point would have a tangential speed equal to
that of light c = RlcΩ. Co-rotation is therefore impossible at and beyond the
light cylinder. Magnetic field lines which emanate from the surface relatively
far from the axis of rotation have a relatively small radius of curvature and
will close within the light cylinder, i.e. they can be traced back to the surface
near the other magnetic pole. The field line that closes just within the light
cylinder is dubbed the last closed field line. Within the volume defined by
this field line, only the afore-mentioned co-rotating charge density exists.

Those lines which are rooted closer to the axis of rotation than the last
closed field line will pass beyond the light cylinder and must continue out
towards the interstellar medium. As these magnetic field lines represent
electric equipotentials those rooted near the pole (θ0 = 0) will carry a very low
potential and those rooted near the last closed field line (θ0 = arcsin[

√
ΩR c])

will carry a very high potential; somewhere between the two must exist a
critical field line whose potential is close to that of the interstellar medium.
Far from the pulsar, charged particles can move off the weakening magnetic
field lines to neutralise the large potential difference :

∆Φ ∼ 1

2

(
ΩR

c

)2

RB0 =
Ω2µ

2c2
(2.3)

In this way the open field lines provide a path, all be it a circuitous one,
across the large potential difference supported by homopolar induction and
particles stream along these field lines from the surface. Above the critical
field line electrons must stream out, along the magnetic field lines, towards
the small potential of the interstellar medium and likewise protons below the
critical field line. So, where the pulsar magnetosphere abuts the interstel-
lar medium, discharge across the magnetic field lines accelerates previously
streaming particles to highly relativistic energies; in fact, Goldreich and Ju-
lian assert that in this boundary zone much of the angular momentum and
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energy carried away from the pulsar by the electromagnetic field is trans-
ferred to streaming particles until equipartition is achieved. In principle,
charged particles could be accelerated to a maximum energy proportional
to the potential difference between the last closed field line and the pole:
Ee,max ∼ e∆Φ, where e is the electron charge. For a ‘typical’ MSP as defined
in B&S07 (B0 = 109 G , P = 4 ms ) Ee,max ∼ 200 TeV . A similar estimate
may be arrived at in more modern theories of pulsar winds [27], a subject
to which I return in §6.1.3, but this does not form part of the basis of the
argument laid out in B&S07 so I shall not dwell on it here.

Being based on so few assumptions, the Goldreich-Julian model is gener-
ally assumed to capture the gross features of pulsar magnetospheres but it
suffers the critical flaw that it contains no mechanism for generating pulsed
emission and particularly gamma-ray emission. Firstly, it is axisymmet-
ric and thus the rotation of the neutron star cannot cause time-dependent
emission. Secondly, once the Goldreich-Julian charge density is established
around the neutron star, there is no means of accelerating electrons to
gamma-ray emitting energies within the light cylinder : considered necessary
to tie pulsations to the rotation rate of the neutron star. Soon after the
proposal of this model, it was argued [160] that most of the features would
be preserved in extension to a non-aligned case, one in which the magnetic
axis was tilted with respect to the rotation axis; this allows the model to rep-
resent, at least in principle, a real pulsar. To remedy the second flaw, much
attention was subsequently devoted to locating regions of the inner magne-
tosphere which might provide exceptions to the Goldreich-Julian rule: gaps5

in the shielding charge density which could expose charges to the powerful
induced electric field. As stated by Mestel [161]

Much of the discussion . . . centres around the domains of validity
of the Goldreich-Julian approximation . . . and the consequences
of its breakdown.

2.1.3 Vacuum Gap Acceleration

Adaptation of the Goldreich-Julian model to allow for particle acceleration
has focussed on the creation of so-called vacuum gaps in the co-rotating
charge distribution. Such a gap (which may be an under-density rather than
a complete evacuation) has an insufficient population of charges to cancel

5 Some have dubbed this somewhat esoteric sub-field ‘gapology’ [28].
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the induced electric field and instead allows acceleration of charges within
the light cylinder. Curvature emission from these charges is used to account
for the eponymous pulsed emission6 from these objects. Acceleration within
these vacuum gaps tends to be radiation-reaction limited, achieving a steady
state between acceleration and acceleration-induced radiation losses. Thus a
significant portion of the particles accelerated in these gaps will accumulate
at some maximum energy (e.g [161], [105]). Furthermore, it may be argued,
as is assumed in [201] and [202], that whatever spectrum of particle energies
exists at the light-cylinder may be preserved as particles continue along field
lines towards the interstellar medium. For instance, in the Goldreich-Julian
model the poloidal component of the field is asymptotically radial beyond
the light-cylinder such that it may be possible to ignore any further loss of
energy to curvature radiation as the charges stream out in the relativistic
wind.

Three prinicpal geometries of vacuum gaps have been postulated: the
polar cap, slot gap and outer gap, see Figure 2.3.

2.1.3.1 Polar-Cap

Proposed by Sturrock [195] it was postulated that the supply of charges
from the surface of the pulsar is limited such that the streaming current
along open field lines is insufficient to support the Goldreich-Julian density.
Those charges which are extracted from the polar cap (the region defined by
the base of the open field lines) are thus exposed to an accelerating electric
field [164].

Now, accelerated charges will promptly emit curvature radiation which
may subsequently be absorbed on the magnetic field through pair-production
of electrons. If the magnetic field is strong enough, this process can be so
efficient as to create a pair-formation front [92], above which the region of
open field lines is populated with a sufficient density of charges to screen
the electric field. However, if the magnetic field is weak, as may be ex-
pected for MSPs because of their low spin-down rates, pair-production from

6This mechanism can account for pulsed optical, non-thermal X-ray and gamma-ray
signals for which incoherent emission scenarios are sufficient. As a charge accelerates in
one of these vacuum gaps, it does so along a magnetic field line; its path is forced to curve
with the magnetic field line and it radiates in response to this lateral acceleration.

Pulsed radio emission requires a rather more complex scenario involving coherent emis-
sion.
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Figure 2.3: The three commonly proposed locations for vacuum gaps in
pulsar magnetospheres.
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curvature radiation may be limited and a so-called pair-starved polar cap
magnetosphere will result [166, 167] in which electrons from the surface can
be accelerated all the way to the light cylinder. In this case electrons should
attain a curvature radiation-limited Lorentz factor ∼ 107 as they cross the
light cylinder [166].

This model has been used to motivate the two main studies [36, 202]
concerning VHE gamma-ray emission from globular clusters. However, re-
sults from Fermi [3] now suggest that only a minority of MSPs conform to
the expectations of the pair-starved polar cap model. That is, their pulsed
emission is consistent with an origin close to the pulsar’s surface where the
accelerating electric field is strong but the HE emission is not damped by an
intense magnetic field. In contrast, Fermi observations prefer high-altitude
emission from most MSPs such as that predicted by the ‘slot-gap’ or ‘outer-
gap’ scenarios of acceleration within the light cylinder. I will briefly indicate
that these alternatives can stand in for the polar cap model.

2.1.3.2 Slot-Gap

The slot-gap scenario is an extension of the polar cap model in the case
where the magnetic field is strong and most of the region of open field lines
is populated by pair production from curvature radiation [92]. In this case,
the induced electric field above the pulsar is shielded at high altitudes except
for those open field lines rooted at the rim of the polar cap, bordering the
last closed field line. At this boundary, between the open and closed portions
of the magnetosphere, the bare electric field is partially shielded by the con-
ducting surface of the co-rotating charge density within the last closed field
line. Thus charges emitted by the neutron star’s surface at the rim of the
polar cap remain less energetic than those emitted closer to the pole: they
do not emit enough or sufficiently-energetic curvature radiation to establish
a pair-formation front at low altitude. Therefore, a narrow region of space
charge deficit persists between the last closed field line and the majority of
the polar cap: the so-called slot-gap [165].

The electric field in the slot-gap is not as intense as it would be elsewhere
above an unshielded polar cap but, because it is not shielded by plasma, it
continues to higher altitudes where both field line curvature and the strength
of the magnetic field are diminished. Thus particles continue to accelerate
to high altitude, even as far as the light cylinder and, again, Lorentz factors
of ∼107 are expected.
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It is not clear, however, how this model can apply to millisecond pulsars
as a mechanism for populating the open field lines over the centre of the polar
cap is required. It has been speculated [3] that a multipole magnetic field
may be present in these objects, providing a much stronger magnetic field
near the surface and thus allowing copious acceleration, curvature radiation
and pair production at low altitude resulting in a pair-formation front that
could shield most of the polar cap. Such a magnetic field would reduce to
a dipole field farther out and, in this case, acceleration in the slot gap at
high altitude will approximately follow the behaviour of the standard slot
gap described here.

2.1.3.3 Outer-Gap

This scenario is constructed using a distinctly different approach to justify the
presence of vacuum gaps. It may be argued [112] that the co-rotating plasma
is charge-separated: that is to say positive and negative charges do not co-
exist. This is justified [113] by the assertion that the powerful gravitational
field of the neutron star will strip out any charges of sign opposite to those
required by the Goldreich-Julian charge density at a given point: the charge
density is reduced to only those charges which are necessary.

Due to homopolar induction, the charge distribution is negative near the
poles and positive near the equator and the dividing line, where Ω ·B = 0 is
dubbed the null-charge surface. Furthermore, certain open field lines cross
this boundary before passing through the light cylinder. These field lines are
rooted in the negative portion of the charge distribution and are unable to
supply positive streaming charges across the null-charge surface. The charges
cannot be replenished from the surface of the pulsar and inevitably a charge
deficit will develop outside the null-charge surface [56]. The region of charge
deficit formed in this way has been christened the outer gap.

Given the presence of an outer gap, a self-sustaining process can exist
whereby thermal X-rays from the hot surface of the pulsar undergo pair-
production with curvature radiation from charges accelerated in the outer
gap: the pairs so produced are accelerated in opposite directions, electrons
falling and heating the surface and positrons rising, accelerating and generat-
ing more curvature radiation [183, 212]. Recent iterations of this model [213]
explain well X-ray emission from millisecond pulsars and suggest radiation-
reaction limited Lorentz factors ∼ 107 for electrons approaching the light
cylinder directly from the outer gap.
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2.2 Production of Gamma Rays by Scatter-

ing of Stellar Photons

I have outlined the observational evidence for MSPs as sources of relativistic
particle winds and touched upon the theoretical bias suggesting that particles
may leave the vicinity of these objects with ∼ 1 -TeV energies. As highly
relativistic electrons move through a globular cluster they will be influenced
by the environment of the interstellar medium. The primary feature of this
environment is the intense photon field due to the combined luminosity of
stars which form the visible component of the globular cluster. There likely
also exists a magnetic field in this interstellar medium.

Electrons with energies ∼1 TeV , as we can expect from millisecond pul-
sars, may generate synchrotron emission at lower energies due to their paths
bending in the magnetic field. However, emission of gamma-rays in the very-
high-energy regime will occur via inverse Compton scattering of ambient
photons. The latter could be optical or infra-red photons due to the, approx-
imately black-body, stellar radiation or even less energetic photons from the
omnipresent cosmic microwave background radiation.

2.2.1 Inverse Compton Scattering

Inverse Compton (IC) scattering is an expression of one of the most fun-
damental interactions of quantum electrodynamics allowed by energy and
momentum conservation. It involves only one in-going and one out-going
photon mediated by a single electron, see Figure 2.4. In the particular case
of IC scattering, the energy of the outgoing photon is greater than that of
the ingoing one, at the expense of the energy of the electron. This is in
contrast to the photon losing energy to the electron, which defines Compton
scattering. Such a distinction is essentially one of reference frame and it is
instructive to consider instances of IC scattering, (where energy is transfered
to the photon in the observer’s frame of reference) in a different reference
frame, one in which the electron is initially at rest (the rest frame)7 or one
in which the centre of momentum of the interacting objects is stationary
throughout (the CoM frame). These frames of reference are related by the
Lorentz transformations.

7Note that the rest frame, by definition, fulfills the definition of Compton scattering,
not IC scattering. Nevertheless, it is simply a different view of the exact same process.
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Figure 2.4: The lowest order Feynman diagram for (inverse) Compton scat-
tering. For Compton scattering the electron (e) gains energy; for inverse
Compton scattering the photon (γ) gains energy.

Considered from the reference frame of the observer, in the core of a
globular cluster highly relativistic electrons move through an isotropic field
of low energy photons, see Figure 2.5(a). Individual photons, with energy
ε, may encounter an electron at an incident angle θ, with respect to the
electron’s direction of motion, before being scattered. Using the transforms as
defined by Longair (Eq. 4.26 from [142]), in the rest frame the corresponding
angle, θ′ (see Figure 2.5(b)), is given by :

tan θ′ =
sin θ

γ(cos θ + β)
(2.4)

where γ is the Lorentz factor of the electron and βc defines its velocity, both
in the observer’s frame.

Now, as described by Blumenthal & Gould [42], for our purposes β ≈ 1
and γ � 1 such that θ′ ' 0 for almost all θ. Thus, for large γ, the situation
in the rest frame approximates Compton scattering of an electron by a beam
of photons, see Figure 2.6: this putative beam is directed anti-parallel to
the electron’s observer-frame motion. The photons in the beam have energy
ε′ = γε(1 + β cos θ), as given by the Lorentz transformations.
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(a) The observer’s frame

(b) The rest frame

Figure 2.5: Initial geometry of inverse Compton scattering in the observer’s
and electron rest frames.
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Figure 2.6: Photon scattering angle in the electron rest frame.

2.2.1.1 Scattering Rate and Particle Densities

In the situation described above, in the rest frame, scattering occurs at a
rate per electron :

dN ′

dt′
= c

∫
σ dn′ (2.5)

where σ is the interaction cross-section and I follow [42] in defining dn′ as
the differential photon density of, for instance, a distribution over energy or
frequency ( dn′ =

∫
dε′ dn′ / dε′ ). They go on to identify that the quantity

dn /ε = dn′ /ε′ is an invariant under the Lorentz transformations (whereas
time dilation requires dt = γ dt′ ), such that the scattering rate in the ob-
server’s frame may then be defined :

dN

dt
=

dN ′

γ dt′
(2.6)

= γ−1c

∫
σ

dn

ε
ε′ (2.7)

= c(1− β cos θ)

∫
σ dn (2.8)

For an isotropic photon field in the observer’s frame, averaging over θ removes
the trigonometric term but we must also average over the energy distribution
of photons (e.g. the black-body distribution ν(ε)), with a possible dependence
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of the cross-section upon the photon energy :

dN

dt
= c

∫
σ(ε) dε

dn

dε
(2.9)

= c

∫
σ(ε) · ν(ε) dε (2.10)

Recall that this is the scattering rate per electron and, therefore, the flux
of gamma rays depends upon the abundance of relativistic electrons and
the population of ambient photons and also the probability that the former
will scatter the latter, as expressed by the cross-section. Any model of IC
scattering of stellar photons to VHE gamma rays must include these elements:
the photon density as a function of energy and location in the cluster, the
interaction cross-section (including any energy dependence) and the flux of
relativistic electrons. I will describe below the implementation of one such
model as presented in B&S07 but I will now continue the discussion of IC
scattering in order to justify the assertion that it may convert stellar photons
into VHE gamma rays.

2.2.1.2 Cross-Section and Scattered Spectrum

The probability for the scattering of a photon from a charged particle is
defined at low energies by the Thomson cross-section, which represents the
classical limit of the process and rests on the assumption that the photon
can be approximated by a continuous wave-form with respect to the charged
particle. Scattering in this regime is essentially coherent in the rest frame
with the initial and final photon energies being the same and the electron
recoil being negligible.

The Thomson cross-section is valid for IC scattering in so far as the
photon energy in the centre of momentum frame is much less than that of
the electron rest energy. In this case the centre of momentum frame and
the rest frame are essentially equivalent and recoil of the electron can be
disregarded. For electrons that are relativistic in the observer’s frame of
reference, the conditions for approximately coherent scattering can still be
met in the rest frame (i.e. hν ′ = ε′ = γε(1 +β cos θ) � mec

2 ) for photons of
sufficiently small observer-frame energy (ε). Even in this case, very energetic
gamma rays may result: from the rest frame, the scattering is, by definition,
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Compton scattering and kinematics8 dictates :

ε′1 =
ε′

1 + (ε′/mc2)(1− cosα′)
≈ γε(1 + β cos θ) (2.11)

such that, in transforming energies to the observer’s frame9 (before letting
β → 1) :

ε1 = γε′1(1 + β cos(π − α′)) (2.12)

≈ γ[γε(1 + cos θ)](1− cosα′) (2.13)

≤ 4γ2ε (2.14)

where in the last step I choose θ = 0 and α′ = π to find the upper limit to the
energy of the scattered photon. In this way, in a head-on collision between
an ambient photon and relativistic electron where the photon’s direction of
motion is completely reversed, the transformation of the photon energies back
and forth from the observer’s frame of reference, leads to a significant boost in
photon energy. Each change of reference frame involves a factor of γ so that
coherent scattering in the rest frame can leave the initial and final photon
energies differing by a factor of γ2. In this manner, energetic gamma rays may
be created by IC scattering in the Thomson regime, without approaching the
non-classical limit, given a population of sufficiently low energy seed photons
and sufficiently energetic electrons: e.g. scattering of the cosmic microwave
background radiation (up to 10−3 eV/photon) by 5 -TeV electrons (γ ∼ 107)
may produce gamma rays of up to ∼0.1 TeV .

Klein-Nishina suppression. If the electron and photon energies are more
closely matched, the photon energy in the centre of momentum frame will
approach that of the electron. Equivalently, as the photon wavelength ap-
proaches that of the Compton wavelength (λC = h/(mec)) the assumptions
allowing validity of the Thomson cross section no longer apply, to wit the
simple approximation of a particle being stimulated by a passing electromag-
netic field is no longer valid, and a full quantum treatment is required. Such
a treatment results in the Klein-Nishina cross section (see §7.1 in [186]) which
is identical to the Thomson cross-section in the classical limit but decreases

8 Refer to §7.1 of [186] for details.
9I omit α′ from this transformation for simplicity and because it will be used to max-

imise the function below.
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for increasing scattered-photon energy. This is referred to as Klein-Nishina
suppression: scattering is less likely for large energy transfer and, for a given
electron energy, the suppression is greater with increasing initial photon en-
ergy.

For instance, for electrons of Lorentz factor γ ∼ 107 moving through
a black-body spectrum of characteristic temperature 6000 K , mid-infrared
photons are most likely to be scattered (see Figure 2.7), even though the
black-body distribution peaks in the optical. Also, the photons most likely
to be scattered do so with a Klein-Nishina cross-section which is less than
one sixth of the Thomson cross section. Thus, inverse Compton scattering of
this black-body radiation is less efficient than that of the cosmic microwave
background.

Spectral saturation. However, the former remains significant because of
a peculiarity in the spectrum of gamma rays generated by scattering in the
Klein-Nishina limit. Essentially, IC scattering in the extreme Klein-Nishina
limit is saturated in the sense that the energy of the scattered photon will
be almost equal to the initial energy of the electron. This follows from the
greater recoil of the electron (in the centre of momentum frame) as larger
initial photon energies are considered.

Thus, all scattering of optical photons, representing the bulk of these
black-body photons, will lead to gamma rays with similar energies, intro-
ducing a distinct peak to the emitted spectrum. This result was derived
for γ � 1 by Jones [119] (see also [42]) and is summarised by the following
expression which describes the spectral distribution of scattered photons :

dN

dt dε1

=
2πr2

0c

γ2
×

[
2q ln q − 2q2 + q + 1 +

1

2

(Γq)2

1 + Γq
(1− q)

]
× n(ε) dε

ε
(2.15)

with :

Γ =
4γε

mc2
, q =

ε1

Γ(Ee − ε1)

where ε is the initial energy of the photon and γ is the Lorentz factor of the
electron, such that Ee = γmc2 is its initial energy.

Figure 2.8(a) shows the (normalised) spectral distributions of photons
scattered by 5 -TeV electrons from various target photon energies, with the
scattered photon energy in units of the maximum value it can attain as
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Figure 2.7: The effect of Klein-Nishina suppression on the scattering effi-
ciency of 5 -TeV electrons from the CMB and from stellar photons. The
black-body distributions due to the CMB (green, left) and stellar radiation
(blue, right) at 6000 K are indicated by thin, solid lines. In both cases
the distributions have been normalised for the peak to reach 1. The Klein-
Nishina scattering cross-section, as a fraction of the Thomson cross-section,
is the black dot-dashed line. The product of each black-body spectrum with
the scattering cross-section is indicated by thick dashed lines: these curves
demonstrate the efficiency with which black-body photons are scattered by
5 -TeV electrons. The CMB spectrum is scattered with nearly uniform ef-
ficiency in the Thomson limit of IC scattering: the distribution of photons
that are scattered is not distorted with respect to the original black-body
distribution. In comparison, the stellar photons are scattered disproportion-
ately due to the onset of Klein-Nishina suppression: the separation of the
most common stellar photon (the peak of the black-body distribution) and
the most-likely scattered stellar photon (the peak of the black-body/cross-
section product) is indicated by the vertical dotted lines. There is essentially
zero separation in the case of the CMB for which Klein-Nishina suppression
is effectively negligible. Note that at even greater electron energies the cross-
section curve shifts to the left, Klein-Nishina suppression sets in at lower
target photon energies and even scattering of CMB photons will be subject
to this effect, for electrons an order of magnitude more energetic.
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(a) Scattered photon spectrum as fraction of maximum.
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(b) Scattered photon spectrum as fraction of initial electron en-
ergy.

Figure 2.8: The normalised spectrum of scattered photons from 5 -TeV elec-
trons for various seed photon energies.
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allowed by kinematics (energy and momentum conservation) [42] :

ε1,MAX = Ee
Γ

1 + Γ
=

4γ2ε

1 + Γ
(2.16)

This demonstrates the strong peak attained in deep Klein-Nishina scattering
(large target photon energy).

Figure 2.8(b) shows the same curves but expressed in terms of the ini-
tial electron energy, (i.e. the total available energy). It can be seen that
(Thomson) scattering from CMB photons generates photons of energy ∼1%
that of the electron energy, gradually sapping an electron’s energy over the
course of multiple collisions. In comparison, scattering in the deep Klein-
Nishina regime preferentially generates photons of energy close to the max-
imum available: the electron delivers almost all of its energy to the photon
in the majority of these collisions.

Thus, VHE emission due to ∼1-TeV electrons in globular clusters is pos-
sible via the scattering of near infra-red and optical photons. Furthermore,
even though the scattering of these photons is strongly suppressed (relative
to that of CMB photons), it generates very similar scattered energy regard-
less of the exact target photon energy, such that scattering from the bulk
of the stellar radiation field is cumulative in the domain of VHE gamma-
ray emission. These traits lead to the particular form of emission spectra
predicted for globular clusters, which is particularly evident for the case of
mono-energetic electrons being ejected directly from MSPs (see Figure 2.9)
in which case scattering of the CMB contributes a continuum and scattering
of the (mostly optical) stellar photon field contributes a prominent peak in
the VHE domain.

2.3 Model of VHE Emission

I have identified the supporting observational and theoretical information
and the essential components of any model of this emission mechanism. The
flux of gamma rays escaping any particular region of the globular cluster in
question will depend upon the local density of target photons and the flux
of relativistic electrons passing through them. At any point in a globular,
the target photon field intensity will be a combination of the CMB and the
intensity of light from the surrounding stars. In turn, the population of
relativistic electrons circulating in a cluster will be directly related to the
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Figure 2.9: Differential gamma-ray energy spectra produced by the IC scat-
tering of the CMB and a globular cluster stellar radiation field by mono-
energetic leptons diffusing from the core of the cluster, as presented in B&S07.
The modelled globular cluster has a luminosity of 106 L� . Lepton energies
are Ee = 0.01 TeV (triple-dot-dashed curve), 0.1 TeV (dotted curve), 1 TeV
(dot-dashed curve), 10 TeV (dashed curve) and 100 TeV (solid curve). For
each curve the power of electrons injected into the core corresponds to one
particle per second. For the 10 -TeV curve the ‘bump’ due to IC scattering
of the CMB in the Thomson regime can be contrasted with the ‘peak’ at the
highest energies due to the, strongly suppressed, IC scattering of stellar ra-
diation in the Klein-Nishina regime. At lower electron energies the spectrum
is dominated by scattering of stellar radiation. Image credit — from Fig. 2
in B&S07.



52 CHAPTER 2. EMISSION FROM GLOBULARS

total power which pulsars are emitting in the core of a globular. The local
flux of relativistic electrons will depend upon how they diffuse through the
cluster and also more subtly upon the cooling of the population by radiation
and escape. B&S07 lays out a simulation of these density distributions within
specific globulars which has yielded predictions of VHE gamma ray flux and
I now describe the implementation of this model as described in that work.

2.3.1 Photon Field and Luminosity Profile

The most accessible component of this model is the ambient photon field as
observational evidence for the factors contributing to it are well established.
Any region of the universe, globular clusters not being exceptions, is bathed
in the CMB which has a well defined spectrum and density: it is a black-
body with an effective temperature of 2.73 K and has an energy density
of 0.25 eV·cm−3 . In addition to this, the visible stellar population of a
globular supplies plentiful optical and infrared photons. B&S07 assumes
that the luminous component of each globular is dominated by Sun-like stars
producing approximately black-body emission at an effective temperature of
6000 K .

The distributions of stars within globulars are perceived as luminosity
profiles which have been the subject of detailed study and have been found to
be well parametrised by the King model (initially stated as an empirical law
[126], it later received physical explanation and justification [162, 127, 128]).
It consists of a family of curves whose shape is defined only by the ratio of a
core radius and a limiting tidal cutoff radius, where stars are no longer bound
to the cluster but instead orbit the Galaxy directly. The observed luminosity
profile of a globular is a projection on the sky of its stellar density. The
latter may be derived from the former with only the assumption of spherical
symmetry [175, 126]. For the purposes of the model of B&S07, the stellar
density as a function of radius, as derived from the King model, is described
by an approximation due to Kuranov & Postnov [139]. This amounts to a
set of power-laws defined for three regions of a globular with boundaries at
the core radius, rc, half-mass radius, rh, and tidal radius, rt :

ρ(r) =


ρc if r ≤ rc

ρc(r/rc)
−2 if rc < r ≤ rh

ρc
2
3
(rt/rc)(r/rc)

−4 if rh < r ≤ rt

(2.17)
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where ρc is, by definition, the central stellar density (or equivalently the cen-
tral luminosity density) and the half-mass radius is related to the other char-
acteristic radii by rh =

√
2rcrt/3. The form of the function is parametrised

by the ratio of rt to rc, which is a legacy of the King model in which it is
termed the concentration. This model of the stellar density function can
be calibrated for any particular globular using the observed core size and
concentration (e.g. see Table A.2) and the central luminosity density. The

latter is defined in [139] to be ρc = Ltot/[8π
√

2
3
r3
c(

√
rt

rc
− 1)] in terms of a

cluster’s total luminosity, Ltot: this definition ensures that the integral of
the approximate model is normalised to the total luminosity.10 An example,
using the parameters of M13, is shown in Figure 2.10(a).11

At any point within the globular the intensity of the stellar photon field
may be calculated by integration of the stellar density function, weighted by
the inverse square law, over the whole cluster. In particular B&S07 states
that the energy density of the stellar photon field in the core of a globular
having a total luminosity of LGC is given by :

Uph =
LGC

cr2
c

18− 3
√

6R−1/2 − 2R−2

6(
√

6R1/2 − 2)
, R =

rt
rc

(2.18)

This may be simplified to :

Uph ≈
LGC

cr2
c

√
3

2
R−1/2 ' LGC

crcrh
(2.19)

where I have used the fact that rt � rc (i.e. R� 1) in the approximation. As
might be expected, for a given total luminosity, a more compact cluster has a
greater photon energy density in its core. For the case of M13 this evaluates
to ∼240 eV·cm−3 which greatly exceeds the photon energy density of the

10 I note also that B&S07 defines a different normalisation for this model: A = Ntot
rc

/[2−
( 3
2

rt
rc

)−1/2− 2
9 ( rt

rc
)−2], where Ntot is the total number of stars in the cluster (or equivalently

the total luminosity). However, in the context in which this is introduced, it is not clear
how this is applied and the units are evidently not those of density. Regardless, [139] is
cited explicitly by B&S07 and Fig. 1 of the latter is consistent with the normalisation
defined in the former and with Fig. 2.10(a) here.

11 In light of the smooth, accurate and easily computed function for the stellar density
provided by Eq. 27 of [126] and shown in 2.10(a), it is curious that B&S07 (or, indeed,
[139]) should have elected to make any approximation to a King model instead of using
this exact form.
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(a) Stellar density function for M13.
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(b) Brightness profile of M13.

Figure 2.10: The approximation of the stellar density function due to Kura-
nov & Postnov [139], (a), is uniform within the core radius (left-hand vertical
grey line) and a pair of power laws of differing slope outside that. The power-
law break is at the half-mass radius (right-hand vertical grey line) and the
model ends at the tidal radius (the upper limit of the horizontal axis): beyond
this the stellar density for the cluster is zero. Meanwhile, the empirical King
model, (b), is an excellent representation of the observed distribution of stars
in M13 as projected onto the plane of the sky, (see Fig. 11 of [126]): here
the model is calibrated using parameters from the Harris catalogue (2010
version) [95]. The empirical King model may be converted to a stellar den-
sity function using integration by parts, which yields Eq. 27 of [126]. This is
plotted in (a) where it is clear that the approximation of [139] underestimates
the stellar density in the core of the cluster. Conversely, the approximation
for the stellar density may be projected onto the plane of the sky (e.g. see
Eq. 23 of [127]) as a luminosity/brightness profile: the underestimate of the
stellar density in the inner regions of the cluster leads to a deficit by a factor
of almost two in the surface brightness in the core of the cluster. For both
the empirical King model and the approximation, the volume integral out to
the tidal radius is within 10% of the cluster’s total luminosity.
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CMB. The latter, however, being entirely homogeneous becomes comparable
to that of stellar photons near the periphery of a typical cluster.

It is worth noting that the scale of the luminosity profile ascribed to a
given cluster is dependent upon our knowledge of its distance from us: if a
cluster is more distant than assumed, in order to yield the same observed
brightness, it must be more luminous by a ratio of factors of 1/d2. However,
as the rate at which IC-scattered photons are generated would vary linearly
with the photon density and that rate would be subject to the same factor of
1/d2 in being converted to a flux of gamma rays at the Earth, the observed
flux of VHE gamma rays (due to IC scattering of optical photons) is rendered
insensitive to the exact distance of the globular in question.

2.3.2 Electron Diffusion and Energy Losses

This model assumes that MSPs situated in the core of a globular generate
a population of relativistic electrons which then propagate outwards. To
simulate this, Monte Carlo methods are used to track the Bohm diffusion of
relativistic electrons injected into the centre of an ambient photon field as
that described above. Bohm diffusion is chosen to characterise the propaga-
tion of the electrons because an ambient magnetic field is expected to exist
within the interstellar medium and this takes into account the increased
path-length due to the curvature of an electron’s trajectory which, in turn,
increases the likelihood of it being scattered before passing out of any given
volume. B&S07 estimates the strength of this field to be at least 1 µG due
to the presence of MSPs alone. The presence of a magnetic field acts to re-
strict diffusion, retaining electrons within the cluster core, though the effect
diminishes with increasing electron energy. It is determined in B&S07 (see
Fig. 5 in that work) that such a field ensures the majority of emission due
to IC scattering, across all energies considered, occurs within 10 pc of the
centre of a typical globular. Consequently, they derive emission spectra by
summing the simulated emission within such a radius.

The electron population responsible for gamma-ray emission may lose
energy in a number of ways as its members propagate through a globular12.
Electrons may:

• escape from the region densely populated by target photons.

12 A quantitative estimate of the relative importance of these factors is given in [201].
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• lose energy gradually to synchrotron emission as they traverse the am-
bient magnetic field.

• lose energy gradually to Thomson-regime IC scattering, of appropri-
ately soft target photons.

• lose energy comprehensively in Klein-Nishina-regime IC scattering, of
appropriately hard target photons.

The first mechanism is accounted for tacitly by considering emission from
within 10pc of the centre but synchrotron losses are neglected. As simulated
electrons propagate through the smoothly varying photon field, determined
at each point in the manner described above (§2.3.1), the probability that
they undergo IC scattering is tracked and any resultant scattered photons
are recorded. Therefore, in B&S07, an emission spectrum is calculated as
the total energy lost by the population of electrons through the latter two
mechanisms in the list above (though it is the last one in particular that is
relevant to VHE emission).

2.3.3 Electron Spectrum and Model Parameters

As may be seen above, the IC-scattered spectrum depends upon the electron
energy through both kinematics (Eq. 2.16) and the scattering cross-section
(Eq. 2.15). The onset of Klein-Nishina suppression and the associated peak in
the scattered spectrum are dependent upon the electron energy (Figure 2.9).
As a consequence, the spectrum of electrons injected into the core of a simu-
lated globular is of critical importance. Unfortunately there is little certainty
as to the form it should take and B&S07 makes a set of informed guesses in
this regard.

The simplest assumption follows from the models of HE pulsar emission
noted above (§2.1.3). Radiation-reaction limited acceleration of electrons,
within the pulsar magnetosphere, may result in an effectively mono-energetic
spectrum of electrons leaving the vicinity of a pulsar. B&S07 examines two
possibilities: 1 - and 10 -TeV electrons (γ = 0.2 × 107 and γ = 2.0 × 107

respectively) which together bracket the approximate characteristic Lorentz
factor suggested by pulsar emission models of γ ∼107.

B&S07 also entertains the possibility that the winds from MSPs in the
core of a globular will develop some sort of termination shock13. Their par-

13 See [122] for an excellent discussion of a pulsar-wind termination shock.
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ticular assertion is that pulsars will be so densely packed in the core that the
winds will collide between themselves. Such a shock front would effectively
randomise the particle energies and result in a power-law injection spectrum.
Unfortunately there is a large amount of freedom in specifying the form of
such a power-law: the minimum particle energy injected, the maximum par-
ticle energy attained against in situ losses and the slope of the spectrum are
all largely undetermined. B&S07 covers the range of possibilities by examin-
ing two particular values of each of these three properties amounting to eight
possible combinations. Each assumed injection spectrum is associated with
a more-or-less distinct spectrum of emitted gamma rays (see Figure 2.11 and
Figure 2.12).
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Figure 2.11: Predicted emission spectra in the VHE domain (above 100GeV)
for monoenergetic injection spectra. Solid line 1 -TeV electrons, dotted line
10 -TeV electrons. Image credit — These curves were extracted from Fig. 10
of B&S07 using the online implementation of Dexter [70] (http://dc.zah.
uni-heidelberg.de/sdexter).

Regardless of the form of the injection spectrum, its magnitude must be
set by the power output of the MSPs which are its source. Furthermore,
as it is the population of injected electrons that powers the IC scattering of
ambient photons, the power output of the MSPs is directly related to the level
of emitted gamma rays. By this reasoning I introduce the main parameters
of the model. The power of the injected electron spectrum will simply be the
total power released in the form of relativistic electrons by all the MSPs in

http://dc.zah.uni-heidelberg.de/sdexter
http://dc.zah.uni-heidelberg.de/sdexter
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Figure 2.12: Predicted emission spectra in the VHE domain (above 100GeV)
for power-law injection spectra. Top row is index 2 and bottom row is index
3; left column has a minimum injection energy of 100 GeV and right column
has a minimum injection energy of 1 GeV . Solid curves have a maximum
injection energy of 3 TeV and dotted curves 30 TeV . Image credit — These
curves were extracted from Fig. 9 of B&S07 using the online implementation
of Dexter [70] (http://dc.zah.uni-heidelberg.de/sdexter).

the globular, L±. This will be a factor of the total spin-down luminosity of
the pulsar population and an efficiency with which that power is delivered

http://dc.zah.uni-heidelberg.de/sdexter
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to energetic electrons. In turn, the total spin-down luminosity can further
be broken down as the product of the average spin-down luminosity and the
total number of pulsars.

Thus, the emission models of B&S07 are directly related to essentially
three parameters: the total number of pulsars, NP, the average spin-down
luminosity, L̄s-d, and the efficiency, η±, with which MSP spin-down power is
converted into relativistic electrons in the pulsar wind. The energy flux of
gamma rays, Φ(E), will be proportional to the product of these parameters :

Φ(E) ∝ L± = η±L̄s-dNP (2.20)

The predicted emission spectra in B&S07 were generated by assigning to
these parameters values of L̄s-d = 1.2× 1035 erg s−1 ' 1022 MW , NP =
100 and η± = 0.01. Now, allowing that I can estimate any two of these
parameters, and given a particular measured flux at a particular gamma-ray
energy, these emission models allow such a measurement to be converted into
an estimate of the remaining parameter. I will return to a detailed discussion
of these parameters in §6 where I will attempt to relate VHE gamma-ray
observations of M13 to these parameters.

2.3.4 Flaws

Of course no model perfectly represents reality and simplifications are neces-
sary to render all but the most trivial problems tractable. Nonetheless, there
are a few elements of this model which may not be as realistic as might be
desired. Here I briefly note them and why they might be expected to have
a significant impact on the predicted spectra, but it is beyond the scope of
this thesis to attempt to account for them.

Stellar photon spectrum. The model presented in B&S07 uses a black-
body emission spectrum at a set effective temperature of 6000 K to account
for the stellar photon spectrum in all of the globulars considered. However,
the observed integrated spectral class is available in the catalogue of globulars
[94] for each of the clusters considered. This property is a direct measure of
the average stellar photon spectrum in a particular cluster and can easily be
interpreted as a mean effective temperature (e.g. Table VII [89]).

It is apparent that such a correction could be significant to the VHE
flux from a globular when we consider that, in the Klein-Nishina limit which
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is of particular importance to emission at these energies, the spectrum of
photons scattered from a target black-body distribution is proportional to
the square of the characteristic temperature of the target distribution [42].
In the case of M13 which has an integrated spectral class of F6, corresponding
to an effective temperature of ∼6500 K, this could introduce a correction of
approximately 17% to a modelled flux in the VHE domain.

Stellar density function. The approximation to a King-model stellar
density function used in B&S07 (that due to Kuranov & Postnov [139]) is
seen above to be an underestimate in the inner regions of the cluster. This
will certainly lead to underestimation of the stellar photon field intensity in
the core of the cluster. Recalling that inverse-Compton scattering is expected
to occur mainly in the core, the overall effect of this approximation on the
predicted VHE flux is likely to be approximately the factor of two seen e.g. in
the derived surface-brightness profile. The effect of inverse-square weighting
of radiation from distant parts of the cluster will somewhat exacerbate this
effect, given that it must suppress the contribution from the over-estimated
luminosity in the outer parts of the cluster.

Synchrotron emission. As noted above, synchrotron emission due to
propagation through the ambient magnetic field is neglected in this model.
This simplification is justified by the observation that the energy density of a
1-µG ambient magnetic field (UB ∼ 10−1eV·cm−3) is several orders of magni-
tude below equipartition with the energy density of the stellar radiation field
in the core of a typical globular (Uph ∼ 102 eV·cm−3 ). This argument relies
on the fact that the ratio of synchrotron to IC emission power is directly
related to the ratio of these energy densities (see §7.2 of [186]) :

PSynch

PCompton

=
4
3
σcγ2β2UB

4
3
σcγ2β2Uph

[
1− 63

10
γ〈ε2〉

mc2〈ε〉

] ≈ UB

Uph

� 1 (2.21)

where Uph =
∫
εν dε and 〈εn〉 =

∫
εnν dε /

∫
ν dε for an ambient-photon

spectral distribution ν(ε). Note that the term in square-brackets contains the
leading-order correction from the Klein-Nishina cross-section, but also that
in the approximation we have assumed this correction to be small. Thus, we
may claim that cooling by IC scattering should dominate over energy losses to
synchrotron radiation. However, this assertion relies upon the IC scattering
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being in the Thomson regime whereas in Eq. 2.21, for sufficiently large γ,
the ratio may in fact approach unity. This effect would be exacerbated
for larger magnetic fields and the corresponding greater magnetic energy
densities, UB = B2/2µ0 . It should be noted that B&S07 also considered
∼10µG as a plausible ambient magnetic field.

As VHE emission here relies primarily upon IC scattering of stellar pho-
tons by the highest energy electrons in the Klein-Nishina regime, which suf-
fers greatly reduced scattering rates, synchrotron cooling may compete, sap-
ping power from this portion of the electron population. This could become
quite significant for ambient fields of only ∼10 µG , as may be seen in the
model of [201], which accounted for synchrotron losses but was based on a
more rudimentary, two-zone photon field.

2.3.5 Summary

B&S07 determined that substantial VHE emission should occur from globular
clusters if, as expected, they contain many MSPs. This follows (with cer-
tain caveats regarding the exact target photon field and competing electron-
cooling mechanisms) from the known facts that globulars support intense
fields of infra-red and optical photons and MSPs power winds of relativistic
plasma: the photons acting as plentiful targets for relativistic electrons from
the pulsar winds which can transfer their energy to individual photons via
inverse-Compton scattering. The major assumption here is that the electrons
ejected from the pulsars have ∼ TeV energies as they stream outwards in
the pulsar winds.

The assertion that this should be the case relies upon pulsar emission
models based on curvature radiation from an energetic, but radiation-reaction
limited, population of electrons. These models have known some success
but are now being seriously challenged by the detailed observations from
the Fermi satellite: the previously favoured model of MSP emission has
already been rendered largely obsolete [203] and a serious re-examination of
the framework may be in order [34]. Regardless, gamma-ray emission from
MSPs does seem to indicate the presence of highly energetic particles in close
proximity with pulsars.

However, underlying the relevance of this is a deeper assumption: that
∼ TeV electrons close to a pulsar also imply electrons of similar energy in
that pulsar’s wind. Little is known with certainty about pulsar winds and
least of all how they are ‘launched’. A significant obstacle is that they remain
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largely dark, likely because they are highly ordered.14 In fact searching for
inverse-Compton scattered photons from globulars may be one of the best
ways of probing pulsar winds, where they are bathed in target photons, but
not necessarily close to a termination shock. In the absence of more detailed
knowledge, at least it does not seem unreasonable that some portion of a
population of ∼ TeV electrons should escape undiminished from the vicinity
of a given pulsar.

If these assumptions are accepted, it seems obvious that VHE emission
must occur at some level in a typical large globular. Furthermore, with
predictions that this mechanism can provide substantial emission from par-
ticular clusters well-placed for the VERITAS observatory it seems that these
assumptions can be tested by the current generation of ACTs.

14 It can’t be stated more elegantly than in [30]: “Theoretical models of MHD winds
exhibit negligible radiative emission (by construction), and indeed, there has been no
positive observational identification of the winds themselves—observational study of the
winds’ properties has depended on detection of the winds’ consequences. The winds are
like a river flowing on dark nights—invisible until the water strikes a dam, or rocks in the
stream, when the glimmer of starlight from the spray thrown by the obstacles allows one
to infer the river’s presence and properties.”
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Chapter 3

Detection Technique &
Apparatus

Gamma rays cannot penetrate the Earth’s atmosphere: upon entering it,
they very soon interact with the electric field of an atomic nucleus and are
converted, predominantly, into electron-positron pairs. For a sufficiently en-
ergetic primary (meaning the original particle, of astrophysical origin), the
resulting electrons1 will, as they interact again with the nuclei of atmospheric
molecules, lose energy to bremsstrahlung photons which will themselves be
sufficiently energetic to pair-produce. In this way a cascade of particles re-
sults which develops into an Extensive Air Shower (EAS). The cascade
will grow until the average particle energy is insufficient to drive the pro-
duction of more electrons, at which point the shower rapidly diminishes as
particles continue to lose energy in ionization of the atmosphere.

A similar phenomenon is associated with energetic cosmic rays2 except
that the shower development is not purely electromagnetic, in that some
fraction of the shower constituents are produced via strong interactions which
can lead to distinct differences in the shape of the shower. This characterisitc
can be used to estimate what type of primary created the EAS and will be
discussed in more detail in Chapter 4.

A significant side-effect of the particle cascade (though representing an

1 As we shall see shortly, for our purposes it is only significant that the particles
produced are charged, (the sign is irrelevant) and so we will regard electrons and positrons
as identical, for the sake of argument.

2 As distinct from gamma rays, in that they are charged. The vast majority of these
are atomic nuclei; mostly protons.
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almost insignificant loss of energy) is that the charged constituents of an
EAS induce Cherenkov radiation, see Figure 3.1. As a charged particle
moves through an insulating medium, it induces polarization of the medium’s
constituent molecules. If the particle moves slowly, the polarization of the
medium remains approximately spherically symmetric and no radiation is
emitted. However, if the particle moves close to the speed of light in the
medium, the distribution of induced dipoles will be asymmetric3, leading to
an effective dipole trailing the charged particle and oriented along its path.
Emission can be thought of as a requirement of energy conservation: the
effective dipole being trailed around by the particle applies a drag force, the
work done by which ends up as electromagnetic radiation via the relaxation
of this effective dipole. When the particle exceeds the speed of light in
the medium, emission from the effective dipole at different points along the
path becomes coherent at a particular angle, constructively interfering in
a cone around the trajectory of the particle: this is Cherenkov radiation.
The opening angle of the cone is defined by the geometry of electromagnetic
radiation spreading from the vicinity of the particle more slowly than the
particle’s own passage through the medium. As such, it is determined by the
speed of the particle relative to that of light and the refractive index of the
medium.

The relativistic charged constituents of an EAS individually induce At-
mospheric Cherenkov (AC) radiation but the emission is coordinated
across much of the shower for several reasons. Firstly, through conservation
of momentum and the highly relativistic nature of the shower’s constituents,
the particles’ directions of motion are generally similar, such that the axes of
the cones of Cherenkov emission are approximately parallel. Secondly, given
that the refractive index of air is only slightly larger than 1 (implying that
particles in the EAS must be very close to the speed of light in a vacuum in
order to induce AC emission) and that the energy of a particle diverges near
the speed of light, the AC radiation is emitted at almost the same angle by
most of the particles in the shower despite the broad spectrum of energies4

they possess. Finally, as the shower develops at a rate only slightly faster
than the AC radiation passes through the atmosphere, later parts of the
shower generate photons only slightly ahead of those from above. The final

3 The retarded potential ahead of the particle is weaker than that behind.
4Necessarily ranging from (almost) the energy of the primary at the start of the shower

and diminishing with the shower’s development, as that original energy is shared out
amongst the shower’s constituents.
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Figure 3.1: An EAS generates a thin shell of photons (labelled ‘S’ in the
figure) which may be detected from the ground. Image credit — figure due
to J. Jelley, reproduced in [208].
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effect is cumulative, such that the AC radiation due to an EAS is emitted
into a cone of ∼1◦ around the direction of the primary particle’s motion and
a large quantity of photons arrive at the ground within a few nanoseconds
in a coordinated and approximately uniform light-pool. The light-pool illu-
minates a roughly elliptical patch of ground, with a minor radius of ∼100 m
for a characteristic emission height of ∼10 km .

The energy emitted as Cherenkov radiation, by path length and angular
frequency of light, is given by the Frank-Tamm formula for a non-magnetic
medium :

dE =
e2

c2

∫ (
1− 1

β2n(ω)2

)
dxω dω (3.1)

As the refractive index, n, for air is almost constant within the frequency
domain of interest (varying by ∼0.1% for blue–UV) :

dE =
e2

c2
· 1

v2

[
v2 −

( c
n

)2
] ∫

dxω dω (3.2)

Thus the total intensity depends upon the magnitude of the charge of the
particle, e, and upon the amount by which the square of its speed, v2, exceeds
that of light in the medium, (c/n)2, both of these affecting the strength of the
induced dipole. As noted above, the speeds of electrons in the shower which
are generating AC radiation are all very similar such that the total amount
of light emitted closely matches the number of particles in the shower and,
consequently, the energy of the primary.

We can also see that the total emitted energy per unit path length as a
function of frequency obeys :

dE

dx
∝ ω2 (3.3)

The spectrum of AC radiation is dominated by large frequency (short wave-
length) light; in terms of the number of emitted photons, dN / dx is linear
with frequency or inversely proportional to wavelength. In practice, the at-
mosphere is opaque for wavelengths shorter than 300 nm and the AC flash
at ground level peaks in the near-UV at ∼310 nm , see Figure 3.2.

In summary, EASs result in a brief, coordinated flash of AC light, bright-
est in the near-UV and illuminating an elliptical light-pool at the base of
the atmosphere. If the AC flash can be observed by a telescope within the
light-pool and observing the upper atmosphere, properties of the EAS can
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Cherenkov photon spectrum at ground: 0.5 TeV primary.

Figure 3.2: The mean spectral distribution of photons at ground level from
an EAS due to a 0.5 -TeV gamma-ray primary. At longer wavelengths the
spectrum is inversely proportional, as may derived from the Frank-Tamm
formula (see main text). At shorter wavelengths the spectrum is dominated
by atmospheric absorption. Image credit — G. Maier.

be gleaned.5 If the orientation of the AC emission relative to the telescope is
measured the geometry of the EAS may be reconstructed and the direction
of the primary can be estimated. Likewise, if the brightness of the flash can
be measured from a sample of the total AC emission, the size of the EAS
may be estimated and, accounting for the efficiency with which the detector
collects light, the energy of the primary may be estimated6. Thus, detection
of AC radiation from EASs is a tool for gamma-ray astronomy and, as we
shall now discuss, the fact that a telescope need only be within the light-
pool of a shower lends this technique to the study of the lowest flux, highest
energy gamma rays.

5 To wax lyrical . . . an AC telescope cannot see the radiation it seeks to measure:
instead, like a blindfold hunter waiting to detect its prey by the sound if its passage,
another of the telescopes’ senses has been acutely heightened in order to discern the
glimmer of the debris of the gamma ray’s collision as it brushes against the atoms of the
Earth’s atmosphere.

6In technical terms, the atmosphere and telescope together form an AC-sampling
calorimeter.
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3.1 Detecting Gamma Rays

Given sufficiently large flux, the small surface area of a satellite (∼ 1 m2 )
operating above the atmosphere may be adequate to collect enough gamma
rays to perform scientific analysis. As many sources of the highest energy
gamma rays (> 1 GeV ) exhibit power-law spectra7 these large fluxes are
associated with lower energies. Thus, above ∼ 10 GeV observations of even
the brightest sources will be severely limited by count rates.

However, from beneath the atmosphere an EAS may be detected by ob-
servation of its associated AC emission, and with equal efficiency anywhere
within the light-pool, due to the latter’s uniformity, granting to a detector
capable of this an effective area on a par with the area of the light pool
∼105 m2 [118]. In turn, such a detector can achieve reasonable count rates
for the much lower flux associated with energies above ∼ 100 GeV 8. This
is the principle behind the AC technique of which the most advanced form
uses imaging AC telescopes [208], see Figure 3.3, which capture the form of
an EAS as a rough ellipse. The major axis of the ellipse represents a plane
through the atmosphere which includes the axis of the EAS and, equivalently,
the arrival direction of the primary. The presence of multiple telescopes in
the light-pool allows stereoscopic reconstruction of the arrival direction by
intersection of these image planes, see §4.1.1.

3.1.1 Design Considerations

Capturing images of EASs from the short-lived burst of AC radiation visible
from the ground requires telescopes with large reflectors to gather as much
light as possible; with fast acting cameras that may create an image from a
brief flash of light; and with a rapid, automated system to determine when an
image has been acquired. I will discuss the essential characteristics for each of
these systems below and then detail the specific implementation constructed
by the VERITAS collaboration in the next section (3.2).

7 The principle mechanisms (e.g. shock acceleration, see §21 of [143]) for accelerating
charged particles to energies required for them to emit gamma rays tend to create power-
law spectra, which carry over to the spectra of the photons they emit.

8 This is the operational distinction between the regime of high- and very-high-energy
gamma rays.
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Figure 3.3: In the imaging AC technique an EAS is imaged via AC radiation
as an ellipse by each of the telescopes. The intersection of the major axes of
the imaged ellipses indicates the direction from which the primary arrived.
Image credit — J. Holder; Figure 29.2 from [169].

3.1.1.1 Optics

Given the simple, extended shape of EASs, the optical resolution of the
telescopes is not especially critical: the angular resolution for gamma-rays
depends upon reconstruction/identification of the axis of the elliptical im-
age which can be ∼ 1◦ across and the optical resolution need only be fine
enough to capture the form of this image. It is better to gather enough light
to achieve well-defined though coarse images, rather than accurate images
that may be indistinct9, and in the design of these detectors optical precision
is sacrificed for reflector area. This results in a Point-Spread Function
(PSF), being the image formed of a point-like source by an optical system
and a proxy for the latter’s quality, which would be unsuitably large for

9Brightness is preferred over sharpness.
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almost all forms of optical astronomy. However this point is moot, in fact
the optical resolution tends to be limited by the granularity of the camera
and the PSF need only be small enough to be contained by a single pixel.
Without the constraint of exquisite optical precision, very large reflectors are
made possible by using tessellated reflectors instead of continuous reflecting
surfaces: the current generation of imaging AC telescopes have photon col-
lection areas larger than ∼102 m

2
.

3.1.1.2 Camera

All of the AC light due to an EAS that is collected by the reflector arrives
at the focal plane of a telescope within a few nanoseconds. To capture an
image of an EAS we require a camera which is capable of responding promptly
to such a signal. This is because the vast majority of photons that arrive
at the focal plane are due to Night-Sky Background (NSB) : photons
which arrive at random due to sources which include air-glow10 and Rayleigh
scattering of starlight11 from the Earth’s atmosphere. Against this continual
trickle of individual photons, the co-ordinated and coherent Cherenkov light
arrives rarely but en masse, instantaneously outshining the NSB and even
direct starlight12 even though it represents only a fraction of a percent of all
photons from the night sky [41, 118, 208].

The NSB introduces, on average, about one photon every 5ns for a given
pixel: to prevent the image of an EAS from being washed-out by noise from
the NSB, the duration of a single ‘exposure’ of the camera should be of a
similar order of magnitude. Thus, to isolate AC photons and correctly image
the EAS requires a camera with pixels that respond quickly enough to build
up a signal from a flash of light which lasts only ∼ 2 ns without collecting
many photons from the continual background noise.

Such a rapid response requires a camera composed of Photo-Multiplier

10Phosphorescence due to exposure to the ionising component of sunlight during the
day and to cosmic radiation.

11Ideally only starlight would contribute to scattered light but other sources of ambient
light are also present: moonlight, light pollution, even photons due to EASs outside the
field of view.

12 If NSB photons fall as a persistent drizzle, then starlight is light rain and AC photons
from an EAS are a tropical cloudburst. The human eye does not perceive EASs because
its response time is longer by many orders of magnitude (∼ 0.1 s in darkness ) and the
total background light over such a stretch of time entirely dilutes any Cherenkov photons.
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Tubes (PMTs): analogue electronic devices13 with the capability of detect-
ing a single photon and with a response time of ∼2ns. Each PMT pixel is a
glass vacuum tube whose exposed face is coated inside with a photocathode
which is typically composed of alkali metals14. The photocathode readily
emits electrons when exposed to photons in the optical-to-UV range. Thus,
when AC photons strike the face of the PMT a certain fraction pass through
the glass window and are absorbed in the photocathode where they may emit
so-called photoelectrons. The efficiency with which this occurs is termed the
quantum efficiency: the mean ratio of photons which result in the emission
of photoelectrons to the total incident on the photocathode. The quantum
efficiency is a function of the wavelength of the incident photons and, by
judicious choice of the photocathode’s composition, may provide optimum
sensitivity to the spectrum of AC radiation.

Once released, photoelectrons are accelerated towards a dynode which,
relative to the photocathode, is held at a much greater potential (typically
∼ 102 V higher). Upon striking the dynode’s surface, the electron’s energy
is dissipated; a fraction of that freeing more electrons which are in turn
accelerated towards another dynode, see Figure 3.4. In all, this process
is repeated several times on a sequence of dynodes: each time the charge
released at the photocathode is effectively multiplied by the liberation of more
electrons. Finally the avalanche of electrons reaches the anode of the device;
the resulting pulse of current, and attendant dip in the voltage supported
across the PMT, corresponds to the detection of photons. An array of PMTs
whose signal pulses are captured simultaneously can create an image of an
EAS.

3.1.1.3 Trigger

The fact remains, however, that most pulses are caused by NSB photons
and the AC flash is of such short duration that for the vast majority of the
time there is nothing to see in terms of AC radiation but plenty of unwanted
signals from the NSB. Only small portions of the continuous stream of data
from all the pixels in the camera are needed: these are events consisting a

13These differ from digital devices, such as the CCD in a common camera, in that they
produce a continuous signal. Though the PMT signal is eventually digitized for data
storage, the complete waveform is available to the trigger system (see §3.1.1.3).

14 Alkali metals have the lowest first ionization energies of all elements and consequently
are those which most readily lose electrons.
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Figure 3.4: Schematic of the operation of a photo-multiplier tube. Electrons
emitted at the cathode through the photoelectric effect cascade through the
dynode chain to be absorbed at the anode, generating a current pulse.

narrow time span containing an image. In order to determine when a possibly
interesting or useful event has taken place, a trigger system is used, which
is an automated logical framework designed to generate a signal (trigger)
indicating that the information captured by the camera should be recorded
for later analysis.

3.2 VERITAS

Figure 3.5: The VERITAS array in its present configuration. Image credit —
S. Criswell, Fred Lawrence Whipple Observatory.

The Very Energetic Radiation Imaging Telescope Array System
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(VERITAS) is an array of four imaging AC telescopes, see Figure 3.5, situated
at latitude 31.675, longitude −110.952 in southern Arizona, USA. It was
constructed with the purpose of observing EAS in Earth’s upper atmosphere
allowing the detection of astrophysical sources of Very High Energy (VHE)
gamma rays. The telescopes work together, co-pointing, to capture images
of the same AC flash, allowing stereoscopic reconstruction of the associated
EAS.

Each of the VERITAS telescopes [83] is of f-1.0 Davies-Cotton design [66]
having a 12-m aperture tessellated reflector born upon a dish-shaped Optical
Support Structure (OSS). The OSS is itself mounted on a positioner15

which can rotate the OSS about a vertical axis to control its orientation in
azimuth and tilt the OSS in a vertical plane to control the angle of elevation.
Each telescope is equipped with a PMT camera supported at a distance of
12 m from the reflector in a housing (focus-box) mounted at the apex of
a pyramidal frame of four beams (quadropods) which are attached to the
structural frame of the OSS. The quadropods also serve as conduits for the
co-axial cables which carry signals from the PMT pixels to an electronics
trailer stationed next to each telescope. Inside these trailers portions of the
PMT signals containing the images of EASs are recorded for later analysis.

3.2.1 Optics

The main benefit of the Davies-Cotton design is the use of many identical re-
flecting facets arranged upon a spherical surface. This is a very cost-effective
way of creating a large collecting area: identical facets can be mass-produced
and it is relatively simple to construct a spherical OSS. With facets having
identical focal lengths, the best image will be formed (and consequently the
camera located) at the centre of the sphere of which the OSS is a portion.

For observation of AC light there is a slight disadvantage in that this
arrangement is not isochronous16: light arriving at the same instant, parallel
to the optical axis will have different path lengths before reaching the reflector
depending upon the perpendicular distance from the optical axis at which it is
reflected. After reflection the paths are, of course, identical but the centre of
the reflector dish is recessed with respect to the edges. Thus photons which
were emitted at some distant point and at the same instant have differing

15A commercial model supplied by Rotating Precision Mechanisms (RPM-PSI model
PG-4003).

16This is in contrast to a parabolic reflector.
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travel times through the telescope’s optics and although they will arrive at
the same position on the camera they will not do so simultaneously. For
the geometry used by VERITAS there is an intrinsic time-spread of ∼ 5 ns
[210] but this time-spread is manifested as an approximately square pulse
such that the rise-time (the time to reach 90% of the peak) is only 1.7 ns
which is on par with the time-spread of the AC flash from an EAS. Thus,
the start-time of an AC flash is preserved with reasonable fidelity but the
time-structure will be smoothed out on the scale of 5 ns .

Following the Davies-Cotton design principle, each of the VERITAS tele-
scopes’ reflectors comprises approximately 350 hexagonal glass facets [185],
each of diameter 60cm. These facets each have a spherical aluminium-coated
reflecting surface with radius of curvature 24 m and they are supported (by
the OSS) in a spherical arrangement having a radius of 12 m , the focus-box
being located at the centre. Given that the opening angle from the centre
of the reflector to its edge, as viewed from the focus-box, is 30◦, mirrors to-
wards the centre of the dish are almost normal to the optical axis while those
near the edge must be tilted at up to 15◦. Each mirror facet is mounted
on the OSS with a triangular three-point suspension supplied by McGill.17

At each vertex, a brass mounting gimbal and adjustment nut are installed
on a stainless-steel threaded rod. The mirrors are held in place by the gim-
bals and the adjustment nut allows translation of the gimbal assembly along
the axis of the threaded rod. Thus the gimabls allow a mirror to tilt with
minimal stress and warping. Correct alignment of the facet can be achieved
by turning two of these adjustment nuts18. The mirror-mount geometry and
threaded-rod pitch are such that one full turn on a nut changes the mirror
orientation by 0.1◦.

Recall that the optical resolution may be judged by the PSF which for
a system such as this consists of the superposition of all the images formed
by the individual facets. Thus, the PSF consists a mixture of images from
approximately on-axis (central) and significantly off-axis (edge) facets.

3.2.1.1 Factors Influencing the PSF

For light rays reflected through only a small angle, the focal length of a
reflecting surface is half of its radius of curvature. The facets are sufficiently

17This system was based on that used by Whipple.
18The third nut provides additional freedom in adjusting the depth of a mirror, necessary

given the close-packing of the facets.
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small19 that their individual spherical aberration is minimal: rays from the
edge of a central facet converge less than 1 mm in front of the nominal focal
plane, which is less than the precision to which either the camera or the facets
can be placed. Mirrors near the centre of the reflector focus an image onto
the camera limited only by the accuracy and precision of their curvature.

For reflections from a spherical surface at larger angles, astigmatism be-
comes important and two focus points can be identified (Hecht p. 226 [96]):
one (the tangential focus) due to reflection from a locus in the plane of the
angle of incidence (tangential focus) and another (the sagittal focus) due to
reflection from a locus in the plane normal to the arrival direction. Fortu-
nately the point mid-way between the two foci, which marks the ‘circle of
least confusion’ (the smallest approximately-focussed image of a point), re-
mains very close to the nominal focal length. So mirrors mounted near the
edge of the reflector still contribute a best-possible image at the camera face.

Thus the telescope PSF is, in principal, limited by astigmatism from off-
axis facets as well as defects in facet curvature [185]. The distribution of
measured radii of curvature among the population of mirrors on one of the
telescopes is shown in Figure 3.6(a). The on-axis PSF of a single facet at the
nominal focal length of 12m varies as a result of the deviation of the radius of
curvature from the nominal 24 m and also non-uniformity of that curvature
across the reflecting surface. This is the practical limit of a single mirror’s
ability to focus and corresponds to its performance if it was positioned near
the centre of the reflector. It can be expressed as the spot-size created by
focussing parallel rays to a plane 12 m distant from the mirror itself. The
distribution of spot-sizes for the same telescope is seen in Figure 3.6(b). A
typical mirror near the centre of the reflector will provide a PSF at least
6 mm across (0.03 ◦), but no more than ∼1 cm .

For off-axis facets, even with the nominal 12 -m focal length, the two
astigmatic focal points are up to 42 cm in front of and behind the camera
plane. However, this is not seriously problematic because the small angular
size of each facet vis-à-vis a focal point limits the spread of rays: a facet at
the edge of the reflector produces a hexagonal spot of ∼ 21 mm diameter.
Thus, the contribution to spot-size due to astigmatism exceeds that due to
imprecision in the individual facets: the facets are of adequate optical quality,
given the intrinsic limitations of the telescopes’ design.

If all of the image-spots from the individual facets are properly aligned,

19Each subtends less than 0.05 radians (3◦) when viewed from the focus-box.



78 CHAPTER 3. DETECTION TECHNIQUE & APPARATUS

(a) Distribution of radii of curvature.

(b) Distribution of spot-sizes.

Figure 3.6: The distribution of optical characteristics for facets on telescope
3. The radii of curvature, (a), have a mean very close to the nominal 24 m ;
the worst outlier has a prime focus some 20 cm in front of the camera face.
The spot-sizes, (b), have a mean ∼ 7 mm ; the worst outlier is less than
12mm. Image credit — generated by http://veritasm.sao.arizona.edu/

DQM/mirrorHtmls/mirrorDatabase.html.

http://veritasm.sao.arizona.edu/DQM/mirrorHtmls/mirrorDatabase.html
http://veritasm.sao.arizona.edu/DQM/mirrorHtmls/mirrorDatabase.html
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the PSF will be no larger than ∼22mm, within the diameter of a single PMT
pixel (see §3.2.2). Each facet thus contributes an approximately focussed
image of a distant source at the focus-box and the optimal PSF is attained
by aligning the individual facets so that these images are stacked-up, one
upon another.

3.2.1.2 Alignment

All the individual facets must be correctly aligned so that the image-spots
contribute to the total image. A simple, in concept, and extremely effective
method to determine the correct alignment is to place a CCD camera at the
focal point (the centre of the PMT camera) and observe the facets as the tele-
scope points at a bright star: mirrors which appear illuminated in the CCD
image are correctly aligned, they gather light from the star and reflect it to
the focal point [31]. Furthermore, when pointing at a small angle away from
a star, correctly aligned mirrors will appear dark but if a misaligned mirror
appears bright the angle by which it is misaligned can be calculated. The
implementation of this technique for VERITAS was developed by McGill:
many pointings are tested in a raster scan of a grid of points around the di-
rection of the star [157]. From the scan, a map of facet alignment corrections
may be created which are applied by hand to the facet-mount adjustment
nuts.

An image taken near the centre of such a scan, when the optical axis
of the reflector is aligned with the chosen star, can be seen in Figure 3.7.
Aligned facets near the centre of the reflector appear illuminated across their
surface because the spot size is sufficiently small that rays reflected from the
entire surface of a mirror are captured by the small aperture of the CCD
camera. Aligned facets at the edge of the reflector are distinguished by a
small bright patch near the centre of the mirror because the circle of least
confusion is larger than the CCD camera’s aperture which can thus only
sample the centre of the solid cone of rays subtended by that facet.

The PSF produced by this reflector is shown in Figure 3.8(a) alongside its
dependence with the elevation angle of the telescope. The OSS sags under
the action of gravity and so its detailed geometry varies with the angle at
which it is tilted, this affects the alignment of the facets and consequently
alters the PSF. By performing the alignment raster scan at an elevation
typical of gamma-ray observations (60–70◦), the PSF is directly optimised
for normal observing. The on-axis PSF is well contained by a single pixel at
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Figure 3.7: An image of the reflector of one of the VERITAS telescopes taken
with a CCD camera placed at the focal point of the telescope. The telescope
is pointing directly at a bright star. Individual aligned facets independently
focus light from the star to the focal point. In the CCD image, starlight
reflected by a facet appears to come from that facet. Image credit — Fig. 6(d)
from [157].
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(a) PSF

(b) Width dependence with elevation

Figure 3.8: The on-axis PSF due to a bright star, from [157]. An image of the
smallest PSF is shown in (a). The intensity values (grey scale) are plotted
in arbitrary units. A PSF image is made by mounting a white screen at a
telescope’s focal plane and photographing, (with a digital camera mounted on
the OSS) the image formed by the telescope of a bright star being tracked by
it. The dependence of the size of the on-axis PSF with elevation is shown in
(b): the histogram indicates the number of raster-scan images taken at each
elevation. The angular size of a single PMT pixel (see §3.2.2) is indicated by
a circle in (a) and a dashed horizontal line in (b). Image credit — Fig. 6(b)
and Fig. 7 from [157].
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the level of 95% even to relatively low elevation.

3.2.1.3 Reflectivity

The aluminium reflecting surface of each facet is anodized20 to help pro-
tect it from erosion and pitting by wind-borne dust (an inescapable haz-
ard of the desert conditions of the telescopes’ location) which over time de-
grades the reflectivity of the facets. To ensure that this modification of the
surface does not hinder the light-collection efficiency of the reflectors, the
process is carefully controlled so that the thickness of the aluminium oxide
layer is especially favourable to the reflection of light near the peak of the
atmospherically-absorbed AC radiation spectrum, see Figure 3.9, thus pre-
serving the brightest component of any received AC flash. The surfacing and
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Figure 3.9: The facet reflectivity as a function of wavelength, being the
fraction of incident photons reflected. Image credit — G. Maier.

anodisation of facets is carried out on-site and all the facets are in rotation
to maintain reflectivity over the lifespan of the detector array. This program
requires the regular removal and replacement of batches of facets which in

20 The skin of the aluminium surface is electrolytically converted to aluminium oxide,
which is harder than the base metal. Aluminium naturally develops a thin oxide layer due
to the chemical action of the atmosphere, but the process of anodizing thickens it.
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turn requires regular re-alignment of the reflectors by the process described
above, together providing optimum reflectivity and PSF.

3.2.2 Camera

Each telescope is equipped with a camera of 499 29 -mm diameter PMTs,
covering an approximately circular field of view having a diameter of 3.5◦.
To form the camera the cylindrical PMTs are hexagonal close-packed with
a spacing corresponding to 0.15◦. Close-packing of the circular faces of the
PMTs leaves more than 10% dead-space where there is no photocathode
to intercept photons arriving at the camera’s surface. To mitigate this a
faceplate of hybrid Winston cones [120, 168] (so-called light-cones), each
having a hexagonal front aperture which evolves to a circular rear aperture
(see Fig. 3.10), is used. The front apertures of the light-cones sit flush against

Figure 3.10: A sample of the hybrid Winston cones used to construct the
light-concentrator faceplates. Image credit — Fig. 7 of [168].

each other providing near total coverage on a plane a short distance in front
of the camera surface; the rear apertures are concentric with the circular faces
of the PMTs at the camera surface; the reflective material from which the
light-cones are constructed readily transmits and concentrates light received
at the front aperture to the rear. The geometrical light collection efficiency
of the camera’s surface is increased from 55% to 75% [120] An additional
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benefit of the cones is that they restrict the field of view of individual PMTs
to admit only light reflected from the mirrors, thus reducing the incidence of
NSB photons.

Each PMT is a Photonis XP 2970/02, having a quartz window over a
bialkali photocathode followed by ten dynodes. The quartz window, unlike
normal silica glass, is transparent to the UV light where the AC spectrum
peaks (recall Figure 3.2). The bialkali photocathode has a quantum efficiency
curve (as a function of photon wavelength) which is close to its maximum
near the peak of the facet-reflected AC radiation spectrum, see Figure 3.11.
These PMTs are operated at ∼1kV with the total voltage split evenly across

Figure 3.11: The effective quantum efficiency of PMTs used by VERITAS.
The bialkali photocathode has broad sensitivity in the blue-UV range, over-
lapping with a large fraction of the received AC photons. This curve (con-
structed with input from measurements made at Purdue University) is aver-
aged over the surface of the PMT and incorporates the collection efficiency
of the PMT’s first dynode (∼87%): as such it represents the ratio of photo-
electrons that may be registered by readout electronics to the total number
incident on the PMT’s face. Image credit — G. Maier, S. Fegan.

the photocathode, dynodes and anode.
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The analogue signal from each PMT is transmitted, through 75 -Ω co-
axial cables, to the readout electronics housed in a trailer stationed beside
each telescope. This is not lossless: the signal will be subject to a certain
level of dispersion and attenuation, broadening and diminishing the pulse.
To mitigate the attenuation, the base of each PMT contains a preamplifier to
magnify the pulse before it has passed far along the signal path. In this way
the bulky readout electronics need not be supported in the camera housing.

3.2.3 Trigger & Readout

In the electronics trailer, each PMT signal is split between two paths: for the
sake of discussion, we will denote them as the control path and the readout
path, see Figure 3.12. The control path, being the entry point to the trigger
system, determines when and also how the readout path should be used. The
readout path has two entry points: high-gain and low-gain, suitable for small
and large signals respectively, differing in the use of amplifiers with a relative
gain of six and a small time-delay in the low-gain channel. The default for
the readout path is high-gain but if the signal in the control path exceeds
a set threshold the readout path is switched to low-gain while the low-gain
time-delay allows the use of the same readout scale for both gain modes. In
this way the dynamic range of the readout electronics (see §3.2.3.2 below) is
effectively increased by a factor of ∼6, although the resolution is coarsened
for large-intensity signals.

Readout of the signal from a PMT occurs continuously: a ring sample
buffer is used to store a 65.534 -µs section of the waveform passing through
the readout path by constantly overwriting the oldest portion of the waveform
in its memory with the most recent21. It remains to identify which segment
of the buffer contains useful or interesting information rather than noise.
This determination must be made within the ∼ 65 µs that it takes for the
sample buffer to be completely overwritten. Such a rapid decision requires a
dedicated, electronic, logical framework based on simple criteria applied to
the analogue signals from the PMT pixels. This is the purpose of the trigger
system which takes the signals from the numerous individual control paths
and uses three levels of coincidence to decide if information in the sample
buffers should be recorded as an event. When the trigger system determines
that an event has occurred, writing to the sample buffers is halted until the

21 It’s as if the buffer represents a window sliding along the PMT waveform.
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Figure 3.12: Signal path for a single data channel.
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appropriate portion has been copied out for permanent storage. This pause
constitutes a deadtime during which the array is not capable of recording
further events. In fact, this is the principle motivation and design criterion
for the trigger system: to allow the restriction of data-taking to only those
events which may be useful, thereby reducing the deadtime and maintaining
sensitivity.

3.2.3.1 Trigger System

As noted above (§3.1.1.2, §3.1.1.3), the vast majority of pulses generated by
each PMT are due to NSB photons which arrive with random direction and
timing. Thus, the trigger system is designed to determine when PMT pulses
are a result of collecting coherent, coordinated Cherenkov photons instead of
the continual, random NSB photons.

The trigger system makes use of the fact that Cherenkov radiation is
coordinated by requiring agreement within a narrow time window, first be-
tween neighbouring pixels22 (pattern trigger) and then between telescopes23

(array trigger). The typical configuration of the trigger system is detailed in
Table 3.1 and described below.

Trigger characteristic Value
tL1 [mV] 50
RL1 [kHz] 16
nL2 3
wL2 [ns] 6
RL2 [Hz] 600
nL3 2
wL3 [ns] 50
RL3 [Hz] 210
d depth [ns] 40
f [%] 10

Table 3.1: Typical settings of the VERITAS three-level trigger system for
astronomical observations. Explanation of the trigger characteristics can be
found in the main text.

22An image with a significant angular size.
23A light pool on the scale of the telescope array.
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ZCFD (Level 1). The control path of a PMT signal leads into the trigger
system as it passes the analogue waveform to a Zero-crossing Constant
Fraction Discriminator (ZCFD), whose role is to determine if its associ-
ated PMT has been subject to a pulse of light. This represents the first of
three steps towards making a trigger decision: a Level 1 (L1) trigger.

The ZCFD combines two functions: it generates a signal if the height
of the input pulse exceeds a threshold (tL1) but bases the timing of that
signal upon a pulse-height-independent measure. This is important because
the next level of the trigger system uses a narrow coincidence window to
determine if neighbouring pixels have L1 triggers. The timing of the ZCFD
works by adding an inverted, scaled and delayed copy of the waveform to
itself. This imposes a particular form upon the signal such that, given the
same pulse shape, it crosses zero at the same time relative to the position of
the peak, regardless of the height of the peak. Thus pulses due to AC photons
(which arrive with a characteristic time-spread) will have a particular position
in the data-stream relative to the L1 trigger signal, and neighbouring pixels
exposed to the same AC shower will have closely synchronised L1 triggers.
The array will be most sensitive if tL1 is set such that any photoelectron
generates a L1 trigger. The continuous hail of NSB photons is such that the
L1 trigger rate (RL1) is typically very large. It is left to the higher trigger
levels to separate AC events from random triggers due to noise.

Pattern trigger (Level 2). The next step towards a trigger decision is the
pattern trigger. L1 triggers from across the camera are passed to a topological
logic module which determines if a certain number of contiguous pixels (nL2)
produce L1 triggers within a narrow time window (wL2) appropriate for the
timing response of the telescope optics. If this condition is met, a Level
2 (L2) trigger is generated which occurs at a typical rate RL2. There are
very many possible configurations of a small number of contiguous channels
given a circular array of 499. Thus, for practicality, the trigger condition is
computed for all combinations of contiguous pixels within hexagonal patches
of only nineteen pixels. The patches overlap in order to avoid edge effects,
where a contiguous group of L1 triggers straddles the border of one of the
patches, and achieve coverage of all but thirty-six pixels around the outskirts
of the camera. If the trigger condition is met within any one of these patches,
a L2 trigger is generated. Given the fact that RL1 may be very large, L2
triggers may be generated by random chance and the differences between
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cameras24 drive differences in RL2 from each telescope (see Figure 3.13).
Also, AC events which trigger only a single telescope may be generated but
they are not amenable to stereoscopic reconstruction and consequently are
not useful.

Array trigger (Level 3). L2 triggers are passed to the central array-
trigger computer. Here it is determined whether multiple telescopes have
experienced a L2 trigger simultaneously. This requires allowing both for
signal-cable propagation delays, which are fixed by the relative distances of
the individual telescopes from the array-trigger system, and for delays in the
light-transit time of the array, which changes continuously according to the
pointing direction of the array. Thus, L2 trigger signals are passed through a
programmable delay module25, which is reprogrammed approximately once
per second with delays appropriate to the contemporaneous elevation and
azimuth, before being subject to the L3 trigger logic. If, after correction for
delays, a certain number of L2 signals (nL3) are within a given time window
(wL3) a Level 3 (L3) trigger signal is generated: this is the final trigger
decision and indicates that an event should be recorded. This occurs at a
typical rate RL3. When a L3 trigger is generated, a veto is placed on further
L3 triggers until all the data from the readout sample buffers have been
copied out at each telescope, resulting in a certain deadtime per event.

The effect of the trigger system in limiting the event rate, and conse-
quently the deadtime, can be seen with a bias curve: data for the bias
curve are accumulated by pointing at a patch of sky with the trigger settings
in the configuration appropriate to astronomical observations except that tL1

is changed in small steps and the trigger rate is recorded at each level. The
purpose of such a measurement is to determine at what level of tL1 the instru-
ment is most sensitive to the dimmest showers without seriously impacting
the exposure of the array through deadtime.

The bias curve indicates how trigger rates behave as a function of tL1,
see Figure 3.13. For small tL1, RL2 and RL3 are dominated by random trig-
gers due to chance coincidence in the very large rate of L1 triggers. As tL1

increases, a transition region is reached where a core of coordinated events

24Some PMTs are more sensitive to single photoelectrons, having larger RL1 for a given
tL1, which results in a greater incidence of chance coincidence with its neighbours. Thus,
differences in L2 rates are driven by outliers in the population of PMTs in a camera.

25This unit is provided by McGill University, having previously been in use on the Solar
Telescope Atmospheric Cherenkov Effect Experiment.
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Figure 3.13: The rate of triggers at L2 for each of the telescopes 1-4 (red,
green, blue, magenta) and at L3 (black). The trigger rate is dominated by
NSB pulses for small CFD threshold (tL1). The L3 rate is always lower than
that of L2 and also reaches a plateau at a smaller threshold. Image credit —
generated by loggen (see §5.1 for a description).
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is revealed that shows a much weaker dependence upon tL1: these are AC
events26. For RL3 this plateau is reached at smaller values of tL1, indicating
the suppression of accidental L2 triggers and local AC events. Rates are
capped by setting tL1 to be above the inflexion point of the RL3 curve, safely
in the regime of AC events. This successfully limits fractional deadtime, f ,
to about 10% of the total observation time.

3.2.3.2 Readout

The readout of the analogue signal is effected via a Flash Analogue-
to-Digital Converter FADC which continuously digitises the waveform
from a single PMT in the camera. Each FADC has a dynamic range of
256 digital counts and operates at a rate of 0.5 -Giga-samples per second ,
meaning that every 2 ns an integer value between 0 and 255 is assigned
according to the deviation of the waveform from a reference voltage, each
value being a single 8 -bit (1 -byte ) sample of the waveform. Recall that
the intrinsic rise-time of the VERITAS optics is 1.7 ns : this is deliberately
matched by the timing resolution of the FADCs.

Any signal that arrives has been subject to the 5 -ns time-spread of
the optics and dispersion in the signal cables but can be reconstructed by
integrating over a number of contiguous samples. A typical pulse as recorded
by one of the FADC channels is shown in Figure 3.14. The sample buffer of
the FADC can store up to 32767samples at a time, corresponding to 65.534µs
of the waveform from the PMT, as noted above.27

For every event during normal data-taking each FADC produces a trace
with a depth of 20 samples. Given the 8-bit dynamic range and 500 channels,
this results in some 10 kByte per telescope per event which must be copied
out in preparation for permanent storage, before the array can be open to
receiving further events. This data transfer leads to a deadtime of ∼ 1 ms
per event.

The waveform samples from an individual telescope are time stamped

26 These events are due to cosmic rays which dominate the trigger rate because they
cannot be distinguished from gamma-ray induced events at the trigger level. To do so
would require a more advanced trigger system, known as a morphological trigger.

27 Obviously the FADC’s buffer is rapidly completely filled and, once this happens,
the oldest byte in the buffer is always replaced by the newest sample: this looping over
the available memory leads to the term ‘ring buffer’. Thus the signal from the PMT is
continuously digitised, as noted above.
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Figure 3.14: An FADC trace. Each sample is separated by two nanoseconds.
Dispersion in the signal transmission reveals itself in the long tail of the pulse.

and transfered to a central data harvester where they are collated into array-
wide events by an event builder. Events are packaged together as a specific
run pertaining to a continuous period of exposure, to a particular source,
in a particular mode. Each data run is permanently stored in a custom,
compressed file format: the compressed veritas bank format (CVBF).
These files, containing raw information from the cameras, may then be copied
by interested parties within the collaboration and accessed for analysis as
described in §4.1 and §5.2.1.

3.2.4 Calibration and Auxiliary Data

In order to correctly interpret signals captured by the cameras, it is neces-
sary to also compile a certain amount of data regarding properties of the
detector and its environment which may affect its response and thus require
corrections to be applied to the raw observational data. Calibration data are
gathered through regular monitoring of the performance of the sensitive part
of the detector: the PMT cameras. They may be used to directly evaluate
and adjust signals measured by individual PMTs. Additional, auxiliary data,
which cannot generally be used directly in the analysis of raw PMT signals,
are also useful as a means of estimating the quality of observational data and
guarding against gross bias or offset in the results of image analysis.
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3.2.4.1 Calibration

The most important calibration measurements are the baseline response and
the flat-field. Firstly, to determine if a signal is actually present, we need to
know how a pixel responds in the absence of AC light: any excess over this
baseline or pedestal can be considered as a potential signal. Secondly, to
ensure that the shape of an image is a genuine representation of the form
of an EAS, we need to account for any inhomogeneity in the camera. For
this we must know how each pixel responds relative to the rest of the camera
when the latter is exposed to a ‘flat-field’, meaning uniform illumination: the
relative response of a pixel is termed the relative gain. The application of
these calibration measurements to observational data is described in §4.1.

Pedestal. The baseline signal is measured continually throughout data-
taking via pedestal events which are recorded regularly at a rate of 1 Hz .28

These events are collated and recorded alongside those created via L3 trig-
gers in the same data run. Interpretation of pedestal events is built into
the analysis framework of VERITAS data with the pedestal estimate being
extracted from the same file as its associated observational data. Thus this
estimate is always contemporaneous to the observations it influences.

Relative gain. The response to uniform illumination is measured, on av-
erage, once each night by pulsing a calibration light source (either a laser
or a group of ganged LEDs [91]) through a diffuser to create a small Lam-
bertian light source ∼ 4 m in front of the camera. The response of a given
pixel over many (∼ 103) calibration pulses is measured and compared to an
estimate of the mean response of the camera. Pixels which always show a
signal larger (smaller) than the camera mean will need to have their signals
scaled down (up) to compensate and make the camera’s overall response flat.
To this end, the ratio of an individual pixel’s response to the camera’s mean
is computed and the mean of this ratio over many events used as a relative
gain which is the appropriate scale factor, allowing the signals in different
pixels to be properly matched during the analysis of observational data. Over
time the ageing of PMTs causes their individual relative gains to drift and
periodically the response of the whole camera is made more homogeneous by

28It is extremely unlikely that a pedestal event would accidentally coincide with AC
light from an EAS.
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using the relative gain measurements to estimate the required adjustment to
the set voltage across each pixel: this process is known as flat-fielding be-
cause it makes the camera’s response to uniform illumination more genuinely
uniform.

3.2.4.2 Auxiliary

In addition to the output from the cameras, the status of the array is con-
tinuously monitored and logged in a database. In this way, the operating
conditions under which data was acquired can later be retrieved to assist
correct interpretation of that data and help assess its fidelity. Properties
logged in this way include:

• pointing (azimuth and elevation) and pointing error.

• trigger scalars (a running total of signals generated) at all levels (L1,
L2 and L3).

• sky conditions: far-infrared sky-temperature fluctuations indicate vary-
ing transparency (e.g. cloud cover).

A decision on the quality of data in a given run can be made on the basis
of trigger rates and the sky-temperature readings (see §5.1 for a discussion
of the criteria used in this thesis). If fluctuations in the sky-temperature are
contemporaneous with a significant reduction in the L3 rate, that portion
of data must be considered to be compromised and should be ignored. To
that end, time cuts can be applied which ignore events within a user-defined
period. The facility for time cuts in the analysis package used to generate
the results presented in this thesis (see §5.2) was introduced by the author.

Whereas data recorded by the cameras are used in the determination of
information directly for scientific ends (for which the processing required will
be described in the next chapter, §4) this sort of meta-data ensures that
the scientific analysis can be based upon observations made under optimum
conditions. An example of this use is described in §5.1.



Chapter 4

Image Analysis & Shower
Statistics

Simplistically, data from an imaging AC telescope array consist of many im-
ages of EASs. The images may be characterised in terms of their position
and orientation in the camera’s FOV, and also in terms of their shape and
brightness. These image properties are functions of the EAS properties of
spatial location and arrival direction, and also primary type and energy. In
general, image position and orientation are geometrically related to shower
location and arrival direction, (relative to telescope location and pointing
direction, see Figures 4.4 and 4.5). In turn, image shape and brightness de-
pend mainly upon primary identity and energy, but are also subtly affected
by how a shower is viewed and therefore its geometry must be disentan-
gled from the relationship. The underlying assumption of image analysis is
that any gamma-ray-induced EAS produces an approximately elliptical im-
age which encodes information about the shower and the primary and that
this information can be unfolded from the properties of the image.

An individual EAS will be recorded in a single event as multiple images
whose properties may be combined to reconstruct the essential parameters
of the originating particle. From these images the pertinent properties of
gamma-ray primaries that must be extracted are their arrival directions and
energies. The former can be determined from the position and orientation of
the approximately elliptical images and the latter from their overall bright-
ness. In addition, the impact parameter (core location) and identity of the
primary must be estimated in order to isolate and account for their contri-
bution to the image parameters.

95
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Image processing. Images captured by the telescope array must be al-
loyed with calibration data to ensure that light-levels from an air shower are
correctly measured. The images from a single event can then be parametrised
and combined to reconstruct the arrival direction and impact parameter of
the particle that initiated the shower. Next they can be compared to the
expected response of the array so as to estimate the energy and identity of
the primary. The latter property (whether the primary was a gamma or cos-
mic ray) is of particular importance because the rate of gamma-ray events is
typically ∼0.01% of the rate of events due to cosmic rays: a flux of gamma
rays could be easily masked (or mimicked) by statistical fluctuations in the
much greater cosmic-ray flux.

It is essential to the success of the imaging AC technique that the back-
ground rate of cosmic rays be reduced to a level that allows any excess of
detected gamma rays to be statistically meaningful. Much of the cosmic-ray
flux can be rejected by limiting the region of interest in the sky to a particu-
lar direction where a gamma-ray source may be suspected to reside. Further
background reduction is achieved by means of gamma/hadron separation
which is the identification and rejection of showers likely due to hadronic pri-
maries [72].

The principle of gamma/hadron separation. The means of distin-
guishing the nature of the primary is through the shape of the image of the
EAS, as captured by each of the cameras during an event, see Figure 4.1.
This approach was first proposed in 1983 [54] and later systematised and op-
timised by Hillas [106, 107] based on the observation that simulated images
of gamma-ray-initiated EASs tended to be more compact and had a more
obvious axis, in comparison to cosmic-ray-initiated EASs.

The differences between the images are driven by the physics of the
shower’s development. As noted in §3, a gamma-ray-induced shower consists
of only electrons due to pair-production and gamma-rays due to bremsstrahlung,
and the shower evolves via electromagnetic interactions alone. Due to this,
the constituents of the shower have short interaction lengths and the ma-
jority of them remain close to the axis of the shower, forming an elongated
core which corresponds closely to an extrapolation of the arrival direction
of the original gamma-ray1. The resulting image of such an EAS is likewise

1 This also leads to the uniformity of the Cherenkov light-pool which is one of the basic
tenets of the air Cherenkov technique, as noted in §3.
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Figure 4.1: The camera of an imaging AC telescope samples the angular
distribution of light from an EAS. A typical gamma-ray-induced EAS is
more compact than that due to a hadronic cosmic-ray and this difference is
reflected in the captured image. Image credit — from Fig. 2.8 of [207].

compact, with a well-defined axis.

In comparison, events of hadronic origin are often characterised by EASs
composed of multiple sub-showers2. This sub-structure in the shower is due
to the influence of strong nuclear interactions which impart significant trans-
verse momentum to some constituents of the shower, originating from the
large intrinsic momentum of quarks confined within mesons and baryons:
hadronic products of these interactions may project a large fraction of the
energy of the incident cosmic-ray into an angle significantly offset from the
extrapolated trajectory of the primary. Thus for a hadronic shower, the
image presents a more ‘lumpy’ and sprawling aspect.

So, in principle, there is a marked difference between gamma- and hadron-
induced showers. However, the development of an EAS is governed by fluc-
tuations: for any particle in the shower at any moment, what interaction
occurs, what its outcome is and even whether an interaction occurs at all are
all probabilistic processes. No two showers are identical and any two showers,
even having identical primaries, may be quite dissimilar. To give a specific
example, it is possible for the first interaction of a hadronic cosmic ray to

2Analogous to the phenomenon of jets in particle collider experiments.
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deliver most of its energy to a neutral pion (π0) which will decay to energetic
gamma rays: in this way a hadronic primary can produce genuine gamma-
ray-induced EASs but these should not be counted amongst any astrophysical
flux of gamma rays!

Thus the imaging AC technique is afflicted by an irreducible background
rate of gamma-like hadronic events for which fluctuations in the showers’
development have rendered them essentially indistinguishable from showers
due to gamma-rays of astrophysical origin. In addition, cosmic-ray elec-
trons will also produce purely electromagnetic showers, evolving similarly to
and appearing essentially indistinguishable from gamma-ray-induced show-
ers, though the initial interaction will be the production of bremsstrahlung
rather than pair-production.

Aside from these caveats, gamma/hadron separation based on the ten-
dency for hadronic-event images to be to be more extensive than those of
gamma-ray events can be very effective. What is done in practice is that sim-
ulations of gamma-ray-induced EASs (and the detector’s response to them)
are used to determine what form of image should be expected on average
and with what range of variation. Events that do not conform to these ex-
pectations may be judged as likely being hadronic in origin and consequently
rejected (cut) from further analysis. Specifically, the simulations are used
to formulate a cut: a numerical value which represents the acceptable limit
of a property for an event to be considered like one due to a gamma ray.
Simulations indicate that such a cut (in combination with limiting the re-
gion of interest to a specific source direction) can reduce the contribution of
hadronic events by more than 99% [107]. Figure 4.2 indicates the effective-
ness of a gamma/hadron cut (see [136] for details). It is interesting to note
that the rate of cosmic-ray electrons is little altered by the application of
this cut: given that any rate of gamma rays would be affected similarly, this
reassures us that few gamma rays are rejected by the cut, as intended. It
should also be noted that gamma-like hadrons remain the largest component
of the background after cuts: although the electron rate is little affected its
initial value is negligible in comparison to the rate of hadrons and remains
meagre against even a small fraction of that rate.

Statistical treatment of gamma-like events. Those events that survive
the gamma/hadron separation cuts, by definition, have compact, well-defined
images which are amenable to parametrisation. The images each have a
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Figure 4.2: Rates of simulated cosmic-ray events detected by a simulated
telescope array. The top three curves show the proton rate before applica-
tion of the gamma/hadron separation cut, as a function of the true proton
energy (solid line); before cut, as a function of the reconstructed energy
(dashed line); and after cut, as a function of the reconstructed energy (dot-
ted line). The lower three curves show the same for electrons rather than
protons. One can see that the proton background dominates over the elec-
tron background, even after applying the gamma/hadron separation cut.
Image credit — Fig. 10 from [136].
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definite axis and, during stereoscopic reconstruction, extrapolation of these
axes in the common FOV of the co-pointing cameras defines an intersection
point which is the origin of the EAS3. In this way, each event is associated
with a point on the sky, being the apparent arrival direction of a candidate
gamma ray.

The next critical step is to use the fact that cosmic rays, being charged,
are deflected by the Galactic magnetic field and that of the Earth such that
their arrival directions are essentially randomised: they represent a uniform
background. Due to this, the background rate of gamma-like hadrons ex-
pected to come from a given direction can be estimated by counting the
rate from other directions under similar observing conditions. If we choose
a particular direction that might contain a source (the ON-region) we can
subtract a rate averaged over other directions (OFF-regions) to remove the
contribution of the gamma-like hadron background. With this estimate of
the background rate, it is possible to determine if an excess of candidate
gamma-rays has been recorded in the ON-region and, more importantly, if
that excess is statistically significant. In doing so, it is important to recog-
nise that any signal is in relation to a large background rate, subject to large
fluctuations, and therefore this must be one of the basic assumptions of the
statistical analysis, such as that defined by Li & Ma [141].

Finally a counted excess of gamma-ray events must be related to some
actual flux of gamma rays. To determine the relationship between observed
excess and physical flux it is necessary to determine the sensitivity of the
array and analysis chain. The efficiency with which astrophysical gamma
rays are intercepted, detected and successfully reconstructed is embodied by
the effective area.

4.1 Image Processing & Shower Reconstruc-

tion

Fundamentally, each event consists of a trace from every FADC monitoring
each PMT of all cameras in the array: almost two thousand in all, an ex-
ample may be seen in Figure 4.3. In a first pass over all the traces in a

3 This is essentially a parallax phenomenon, analogous to the way in which parallel
tracks of a railway line appear to converge at a point in the distance or a meteor shower
appears to radiate from a particular point in the sky.
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Figure 4.3: A typical FADC trace. The start of the pulse (indicated by the
vertical dashed line) is first determined independently of the other channels
as the first sample to reach half of the peak value; subsequently the timing
gradient of the image may be used to refine this estimate. The integration
window (shaded in grey) is placed according to the start of the pulse and the
samples within it are totalled to yield the integrated charge. The signal from
the pixel is calculated as the integrated charge less the pedestal integrated
over a window of the same size. The pedestal is determined for each chan-
nel for various integration windows from pedestal events taken during the
same run (see §3.2.4.1). Here, for reference, the run-averaged single-sample
pedestal is indicated by the horizontal dashed line.
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camera, the beginning of any pulse is determined as the earliest sample, t0,
that exceeds half the height of the inverted pulse and the location of the
integration window is chosen according to this. Once the integration window
has been placed the samples within it are totalled, yielding the integrated
charge, Q. The integrated charge in each channel is then compared to the
distribution of integrated charges (using the same-size window) from pedestal
events4, q, for that channel. The actual integrated charge has the mean of
the pedestal distribution subtracted from it and this excess charge is taken
to be the signal, ∆, in that channel :

∆ = Q− q̄ (4.1)

Now, the variance of the pedestal distribution, σ2
q , constitutes a measure

of the noise in this particular channel. Noise arises from the continual rain
of NSB photons (see §3.1.1.2) and fluctuations in the readout electronics
which, being uncoordinated and below the effective trigger threshold, are
recorded equivalently in pedestal and other events. With this estimate, a
signal-to-noise ratio (S/N) can be calculated :

R =
∆

σq

(4.2)

which, being a measure of the likelihood that a pulse was detected in that
channel, is used to discriminate between real pulses of light and noise. If the
ratio exceeds 5 (i.e. the observed signal is more than five standard deviations
above the pedestal mean) the pixel is defined as being part of the image. This
allows elimination of channels with spurious signals, not associated with the
real image of a shower, in what is termed image cleaning. The threshold of
5 -σ S/N for image pixels is rather strict, however, and relevant information
may be gleaned from weaker signals in the camera. To this end, so-called
picture/boundary cleaning is employed to retain pixels bordering the core
image of a shower: those channels passing the initial image-cleaning cut are
‘picture’ pixels; channels neighbouring the picture pixels are then considered
and subject to a weaker cut of 2.5 -σ S/N which, if passed, allows those
channels to be included in the image as ‘boundary’ pixels. Channels failing
both the criteria for picture and for boundary pixels are ignored in further
analysis.

4 See §3.2.4.1.
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The pixels of which the image is composed are then gain-balanced. The
signal in each channel is divided by the relative gain (see §3.2.4.1) appropriate
to that channel :

∆′ =
∆

grel

(4.3)

If a channel produces more signal than the mean in a flat-field calibration
run, it has a relative gain greater than one and systematically overestimates
the amount of light, so the signal must be tempered; likewise, a relative gain
less than one implies a systematic underestimate of the amount of light and
the signal in that channel needs to be enhanced.

Image parametrisation. The resulting image, cleaned of noise and gain-
balanced, may now reliably be parametrised, so as to estimate the position,
orientation and spread of the distribution of light in the image. As prescribed
by Hillas [106], moment analysis is used to construct the geometry of a two-
dimensional (elliptical) Gaussian distribution :

f(x, y) ∝ exp
[
−(x− µx)2/2σ2

x2

]
× exp

[
−(x− µx)(y − µy)/σ2

xy

]
× exp

[
−(y − µy)2/2σ2

y2

]
(4.4)

which may approximate the form of the image. As the image geometry (Fig-
ure 4.4) is related to that of the event (Figure 4.5), these image parameters
may eventually be used to construct a parametrisation of the shower geom-
etry.

As detailed in [72], for all image pixels, with index j, the camera coordi-
nates (xj, yj), weighted by the signal in each pixel (∆′

j), are used to calculate
the first moments :

〈a〉 for a = x, y (4.5)

and second moments :

〈ab〉 for all combinations of a = x, y and b = x, y (4.6)

of the image signal distribution, where :

〈c〉 =
∑

j

(c)j∆
′
j/

∑
j

∆′
j (4.7)
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Figure 4.4: Single-telescope image geometry. In the FOV of a telescope
(index i), a given direction is a point and a plane containing the telescope
is projected onto a line. All telescopes share a common pointing direction,
P (crosshair), and should agree on the source location, S (asterisk), and
the angle θ whose plane is inclined to the image axis by the angle ψi. The
shower maximum is viewed by each telescope as the centroid, Ci (spot), of an
approximately elliptical image which is separated from the shower’s arrival
direction by an angle δi. The image may be parametrised equivalently relative
to any location in the FOV common to all telescopes: here I have chosen the
source location for simplicity of illustration, though this is obviously not
known a priori. Typically it is most convenient, computationally, to use the
pointing direction as the common origin: this introduces only an offset of the
image centroids and does not affect the basic principles of the analysis. The
FOV coordinates also must have a common axis: here the horizontal (x-)
axis is indicated with the image axis inclined relative to it by the angle φi.
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Figure 4.5: Spatial geometry of the stereoscopic observation of an EAS.
Only two telescopes are shown and horizontal dimensions have been greatly
exaggerated for clarity. Vertical dashed lines are parallel to the pointing
direction. Slanted dotted lines are parallel to the arrival direction of the
shower primary which is at an angle θ to the pointing direction. Thick lines
indicate the impact parameter of the shower primary, di, and the direction
of the shower maximum, δi, (relative to the arrival direction) as viewed from
each of the telescope locations; i = 1, 2 is the telescope index. In the FOV
of a telescope, a given direction is a point and a plane containing the tele-
scope is projected onto a line. Spatial angles between planes are projected
onto a plane perpendicular to the pointing direction. All telescopes share a
common pointing direction and, consequently, the angle θ whose plane is in-
clined to that of the shower maximum direction by the angle ψi in the plane
perpendicular to the pointing direction.
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for c = a or c = ab as appropriate.
From these, the means :

µx = 〈x〉 and µy = 〈y〉, (4.8)

variances :

σ2
x2 and σ2

y2 (4.9)

and covariance :
σ2

xy (4.10)

of the distribution may be calculated, where :

σ2
ab = 〈ab〉 − 〈a〉 · 〈b〉 (4.11)

Thus the images are parametrised as ellipses: e.g. Figure 4.6 and Figure 4.7.
From these basic parameters of the distribution, the detailed geometrical
parameters may be determined. Namely, image position :

Ci(µx, µy) (4.12)

and orientation of the major axis5 :

φi = arctan

[
(t2 + s2)µy + 2σ2

xyµx

2σ2
xyµy − (t2 − s2)µx

]
(4.13)

where t2 = σ2
y2 − σ2

x2 and s4 = t4 + 4σ4
xy. As noted above, these are directly

related to the geometry of the shower and may be used to reconstruct the
shower axis by intersection of the multiple image ellipse axes.

Also of interest are the spread along the minor and major axes of the
image ellipse, respectively known as the width, w, and length, l :

w =

√
σ2

x2 + σ2
y2 − s

2
(4.14)

l =

√
σ2

x2 + σ2
y2 + s

2
(4.15)

5Once the image axis has been defined, the gradient of t0 along the shower is determined
via a linear fit. This is used to refine the placement of the integration window of each
channel in the image [110]. The revised t0 is defined according to the value of the fit at a
pixel’s position along the major axis of the image, effectively averaging over nearby values
of t0. The new integration window is also narrower (12 instead of 18 samples) which helps
to diminish noise due to NSB. The images are then re-parametrised using the improved
integrated charges.
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These parameters encapsulate the shape of the shower and will be used for
gamma/hadron separation. For instance, compare Figure 4.6 and Figure 4.7:
these two shower images are quite similar in most respects and, in particular,

carry similar total signal (see ‘size’ below) but obviously differ considerably
in terms of how this signal is distributed relative to the core of the image.
The sprawling aspect of the image in Figure 4.7 and its concomitant large
width mark it as the image of a hadronic shower.

The remaining image parameter of note is the size :

ς =
∑

j

∆′
j (4.16)

which is simply the total signal in all of the image pixels. This property allows
an estimate of the energy of the primary because it corresponds directly to
the amount of light collected by the telescope to form the image which, in
turn, is directly related to the number of relativistic particles created in the
EAS and so to the energy deposited over the course of the event.

It should be noted that the size and spread of the image formed by a
telescope depend not only upon the energy and type of the primary but
also upon the distance of the EAS axis from the telescope. Eventually, we
wish to unfold information concerning the energy and type of the primary
from the location of the shower. Thus it is necessary to first reconstruct the
location of the shower core relative to the telescopes, from which the required
impact parameter follows. Given this information, the primary’s energy and
type may be estimated if the expected parameters for a shower with such
a location are known. So, for a given event we must first reconstruct the
arrival direction and core location of a shower and then estimate the energy
and identity of the primary.

Image and reconstruction quality. Reconstruction of the axis and lo-
cation of the shower is purely geometrical and is based on intersection of the
image axes (see §4.1.1 and §4.1.2, below). To ensure that the intersection
point is reliable, we may introduce quality cuts which ensure that there is
proper and sufficient corroboration between images in this determination.

To begin with, we may ensure that the axes of images used are themselves
reliable. Image-quality cuts ensure that an individual image is well-defined
and therefore that its axis may be determined with reasonable accuracy. An
image may be disregarded on the basis of a minimum number of pixels of
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Figure 4.6: A parametrised image of a candidate gamma-ray-induced event.
The colour code is of pedestal-subtracted integrated charge: pixels that are
not filled according to the colour code are insensitive and not included in the
image analysis. Larger colour-coded circles indicate picture pixels, smaller
circles are boundary pixels: pixels below the boundary threshold are empty.
The Gaussian approximation to the image charge distribution (the red ellipse
is the 1 -σ contour, whose major and minor axes correspond to the length
and width, respectively) captures the form of the shower with reasonable
accuracy. Image credit — captured by one of the telescopes of the VERITAS
array during observation of the Crab; data processing and display due to
eventdisplay (see §5.2.1).
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Figure 4.7: A parametrised image of a candidate hadronic cosmic-ray-induced
event. The colour code is of pedestal-subtracted integrated charge: pix-
els that are not filled according to the colour code are insensitive and not
included in the image analysis. Larger colour-coded circles indicate picture
pixels, smaller circles are boundary pixels: pixels below the boundary thresh-
old are empty. The Gaussian approximation to the image charge distribution
(the red ellipse is the 1-σ contour, whose major and minor axes correspond to
the length and width, respectively) does not accurately represent the sprawl-
ing form of the image but is notably broader than the candidate gamma-ray
event in Figure 4.6, especially given the similarity between the images in
terms of the other parameters. Image credit — captured by one of the tele-
scopes of the VERITAS array during observation of the Crab; data processing
and display due to eventdisplay (see §5.2.1).
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which it must be composed, a minimum size or a maximum overlap of the
camera edge. Firstly, if the image is not spread over enough pixels there
will be insuffucient resolution in the moment analysis calculation of image
distribution parameters: the intrinsic uncertainty will be too large. Secondly,
an image with larger size constitutes a brighter image to which many photons
contributed: fluctuations due to the distribution of photons across the image
will be comparitvely less and the weighting of the image pixels will be far
above noise. Finally, if an image abuts the edge of the camera, it is possible
that it has, in fact, been truncated and that some of the image has been lost.
To identify these cases each image is also assigned a loss value: this is the
fraction of image size contained in pixels at the camera edge. If its loss is
too large, an image is deemed to have excessive overlap of the camera edge.
In this way not all images captured in an event may be used for detailed
reconstruction.

Furthermore, an entire event may be deemed unusable if reconstruction
itself cannot be performed reliably. This decision is based upon (stereo-)
reconstruction-quality cuts. One such cut would simply be to require that
an event have enough images of a sufficient quality for reliable stereoscopic
reconstruction to proceed. The most relaxed form of this cut would require
only two images (in order to have a single point of intersection between the
two image axes) but, in order to avoid degeneracy when image axes are almost
parallel, it is preferred that three images be present. Another criterion for
the quality of reconstruction is that the image axes must not intersect at
too shallow an angle because the location of the intersection point becomes
strongly affected by even small deviations in image axis orientation. This
occurs primarily when the core location is far from the array such that each
telescope views the shower from a similar angle. Thus a maximum core
distance may be used as a reconstruction quality cut.

These cuts are deliberately quite rudimentary and the cut values used
(e.g. see Table 5.1) are quite loose, permitting a wide range of events to pass,
in order to limit any bias they introduce. For example, it is typical to require
at least four pixels in an image, requiring only one more than the hardware
pattern trigger (see §3.2.3.1). These cuts are not intended to significantly
reduce the number of events considered in analysis but serve only to ensure
that reconstructed shower primary parameters are trustworthy.
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4.1.1 Arrival Direction Reconstruction

The major axis of each image is taken as residing in a plane containing the
shower, the telescope that imaged it and the primary’s arrival direction. In
Figure 4.5 these are each of the planes containing the angles δi. Each tele-
scope has a different viewing location relative to the shower and this results
in the differing centroid positions and image axis orientations between tele-
scopes (see Figure 4.8). However, in any case, following an image axis corre-
sponds to sweeping out the angle δi along the shower axis, leading inevitably
to the source direction.

Multiple images of the same EAS are combined stereoscopically by su-
perimposing them in their common angular coordinate system, that of their
co-pointing FOV. To reconstruct a unique arrival direction the major axis of
each image is extrapolated to a common intersection point, see Figure 4.9.
This point defines the reconstructed position of the source of this shower in
the sky.

In general the axes do not exactly overlap each other, all at the same
point. So, in practice, a point which simultaneously minimizes the distance
to all image axes is found [136]. Furthermore, as a brighter image may be
presumed to be better defined and thus provide a more reliable determination
of the major axis, image size is used as a weight for the squared perpendicular
distance between an image axis and the candidate source location in the
minimization. This idea is corollary to the principle of the size-based image-
quality cut noted above.

The angular resolution of direction reconstruction is derived from the
width of the distribution of reconstructed arrival directions of showers from
a point-source, see Figure 4.10: for VERITAS, 68% of reconstructed gamma-
rays are contained within a 0.1-degree radius of the true source location. This
is sometimes termed the gamma-ray PSF, in analogy to the PSF describing
the optical quality of a telescope. It is largely dominated by statistical fluc-
tuations in the images. Higher resolution images of the showers themselves
would not lead to a significantly more accurate determination of the images’
axes, as would be required to improve the intersection point they provide.
This is either due to a limited yield of Cherenkov photons from low energy
showers or, at higher energies, intrinsic fluctuations in the EASs themselves.



112 CHAPTER 4. ANALYSIS & STATISTICS

0

200

400

600

800

1000

T1

Run: 48929 Event: 9176  Type: 1 (0) GPS: 2009 349 : 8 : 43 : 32.07843
Num Trigger 42
Num Tubes 41
Num LowGain 0

c_x=-0.13, c_y=0.39, dist=0.41, length=0.252, width=0.123, size=7087, loss=0.00

0

200

400

600

800

1000

T2

Run: 48929 Event: 9176  Type: 1 (0) GPS: 2009 349 : 8 : 43 : 32.07843
Num Trigger 40
Num Tubes 37
Num LowGain 0

c_x=-0.12, c_y=-0.29, dist=0.31, length=0.263, width=0.089, size=8111, loss=0.00

0
200
400
600
800
1000
1200
1400
1600
1800

T3

Run: 48929 Event: 9176  Type: 1 (0) GPS: 2009 349 : 8 : 43 : 32.07843
Num Trigger 37
Num Tubes 32
Num LowGain 2

c_x=0.69, c_y=-0.14, dist=0.71, length=0.198, width=0.111, size=6935, loss=0.00

0

500

1000

1500

2000

T4

Run: 48929 Event: 9176  Type: 1 (0) GPS: 2009 349 : 8 : 43 : 32.07843
Num Trigger 37
Num Tubes 42
Num LowGain 2

GEO: c_x=0.49, c_y=-0.53, dist=0.72, length=0.272, width=0.089, size=11243, loss=0.00

Figure 4.8: All of the images captured by the VERITAS array for a single
gamma-ray candidate. Refer to Figure 4.4 for an explanation of the rep-
resentation of the individual images. Recall that each image is a sample
of the angular distribution of Cherenkov light from the observed EAS. The
image axes are all oriented with respect to a single point/direction in the
FOV shared by the co-pointing telescopes: this is the orientation of the ob-
served EAS and the arrival direction of the primary that induced it. The
magenta star indicates the reconstructed arrival direction (see Figure 4.9).
Image credit — captured by the telescopes of the VERITAS array during
observation of the Crab; data processing and display due to eventdisplay

(see §5.2.1).
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All
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Num .of Images: 4; Xoff:  0.43; Yoff:  -0.20; Th2:  0.23

Figure 4.9: Arrival direction reconstruction for the event shown in Figure 4.8.
The extrapolated major axes overlap at the position of the source in the
common FOV of the co-pointing cameras. Image-parameter ellipses and
axes from telescopes 1, 2, 3 and 4 are respectively black, red, green and
blue. Pixels from the respective telescopes are colour-coded similarly; their
areas are proportional to the signal in each. Image credit — captured by
the telescopes of the VERITAS array during observation of the Crab; data
processing and display due to eventdisplay (see §5.2.1).
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(a) Distribution of θ2

(b) Distribution of log10 θ2

Figure 4.10: Distribution of reconstructed arrival direction for gamma-ray
events: binned by the square of the angular offset from the source, (a),
i.e. by θ2; binned by log10 θ

2, (b). The black histograms were generated from
background-subtracted Crab Nebula data: the vertical scale is the number of
showers. The red histograms were generated using Monte-Carlo simulations:
the vertical scale is arbitrary, chosen to give the same total content as the
black histogram. The two data sets agree well. The angular resolution (68%
containment) is 0.1◦. This corresponds to a point (−2) near the peak of the
distribution in log10 θ

2. Image credit — G. Maier.
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4.1.2 Core Location Reconstruction

Further information is required to allow for gamma/hadron separation and
energy estimation: the impact parameter of the shower core must also be
determined. This can be achieved by considering, together, the orientation
of the shower images and the locations of the telescopes in a plane perpendic-
ular to the shower’s arrival direction. A line from the reconstructed source,
through the image centroid defines a plane containing the shower’s axis and
that particular telescope (again, this is the plane containing the angle δi in
Figure 4.5).6 If this plane, for each telescope, is extrapolated in the position
coordinate system defined by the telescope’s locations, the common line of
intersection will be the unique axis of the EAS, see Figure 4.11.

In this way the impact parameter for each of the telescopes is effectively
measured at the altitude of the shower maximum. This is the core distance,
which represents the position of the telescope in the light-pool created by the
shower. In general, the position in the light-pool subtly affects the amount
and distribution of light received by the telescopes and thus the measured
width, length and size (see §4.1.3 and §4.2.2).

4.1.3 Energy Estimation with Lookup Tables

The arrival direction of a primary (and consequently the core location) can,
as indicated above, be determined purely by geometry but an estimate of
the energy must take into account many absolute quantities of the detector
response. The energy must be estimated from the amount of light received
by the array and in order to relate this to the signal generated by a given
telescope it is necessary to follow the complete throughput of each instrument
including factors such as :

light-pool fluctuations — due to intrinsic shower fluctuations; atmospheric
propagation effects, which vary with zenith angle and shower altitude;
and shower viewing angle.

optical efficiency — including such effects as obscuration of mirrors by the
camera housing; mirror reflectivity; the optical PSF; photon collection
and conversion efficiencies on the PMTs at the camera face.

6 Note that the reconstructed source is used and not the original image axis. Thus core
location reconstruction benefits from an average over multiple images in the definition of
the planes to be intersected.
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Num .of Images: 4; Zenith:  20.4; Azimuth:  246.8; Xoff:  0.43; Yoff:  -0.20; X:  86.5; Y:  50.5

Figure 4.11: Each of the planes containing a telescope, the shower’s core and
the arrival direction intersects along the extrapolated path of the primary.
Extrapolating the image orientations, in the coordinate space defined by the
telescopes’ positions perpendicular to the arrival direction, provides the core
location as the intersection point. From this the impact parameter or core
distance can be derived. The arrows indicate the ground plane of the array
from the point of view of the arrival direction: the black (red) arrow indicates
North (East). Image credit — captured by the telescopes of the VERITAS
array during observation of the Crab; data processing and display due to
eventdisplay (see §5.2.1).
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electronic response — degradation of the absolute conversion of light to
charge in any PMT occurs as the latter ages; the amount of pedestal
noise (mainly due to NSB) will affect the number of image pixels deter-
mined by the analysis and directly interfere with the measured quantity
of light.

Accounting for so many factors, many of which are described by purely
empirical or ad hoc distributions, is a complex (if not intractable) task and
so is consigned to the realm of simulation. EASs due to VHE gamma-ray
primaries impinging on the upper atmosphere at a particular zenith angle
are simulated using Monte Carlo methods to generate realistic fluctuations
in the number of photons intercepted by the array. These photons are then
passed through a simulation of the the telescope optics and electronics, op-
erating at a particular noise level, in order to correctly calculate the number
of photons collected and converted by each telescope and the PMT signals
thereby generated. The simulated signals are processed and events recon-
structed in exactly the same manner as genuine data. A histogram can then
be constructed for the simulated energies required to produce a given image
size from a given core distance.

By effectively inverting the process of filling such a histogram, it can be
used as a lookup table: given a reconstructed size and a reconstructed core
distance the mean intrinsic energy of gamma rays which produce those values
can be retrieved. In fact, as events are observed at a given zenith angle and
noise level, a set of lookup tables is required covering the possible ranges
of these conditions and the correct lookup table must be used for any given
event according to them. Also, for realistic events, light-pool fluctuations will
result in differing estimates between telescopes so an average of individual
estimated energies is used for the event as a whole.

Identification of the shower primary, as a gamma ray or hadronic cosmic
ray, similarly uses lookup tables and is an important component of controlling
background contamination of astrophysical gamma-ray signals. This will be
addressed below.

4.2 Coping with Background

The background of hadronic cosmic-rays is isotropic whereas many gamma-
ray sources are point-like, within the angular resolution of the arrival direc-
tion reconstruction. Thus, what might seem an overwhelming event rate due
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to cosmic-ray-induced showers encroaching on the telescopes’ FOV can be
considerably alleviated by limiting the region of interest in the sky during
analysis.

Beyond this, and as outlined above, the copious cosmic-ray rate can
be substantially diminished by gamma/hadron separation. However, after-
wards, there remains the irreducible component of that background and it
must be accurately estimated and deducted from any observed event rate.
Then we must appeal to a statistical treatment of any excess that explic-
itly accounts for the possibility of fluctuations in that remaining, appreciable
background rate.

4.2.1 Source Region

The region of interest in analysis must be restricted to admit as little of
the isotropic background as possible without greatly sacrificing exposure to
any potential gamma-ray source. If we define θ to be the angular separation
between a candidate source position7 and the reconstructed arrival direction
of an event, this restriction is defined by the θ2 cut. Though θ corresponds
to an angular radius the squared form is more convenient in that the area of
the region defined (and so exposure to a uniform source) grows linearly with
it.

This cut (a maximum allowed value of θ2) ensures that the arrival direc-
tion of the primary is close to the sky position of the target of observations.
The ideal value of the θ2 cut is determined by the angular resolution of the
direction reconstruction, seen in Figure 4.10(a). If the cut value is too small
relative to the resolution, valid showers from the source region may be ne-
glected and fail to be counted. If it is too large, extra background counts
would be accumulated without a corresponding gain in exposure to a point
source. The optimal region for this cut can be identified from the distribu-
tion due to a point source against log10 θ

2, i.e. Figure 4.10(b): considering
that successive bins in log10 θ

2 represent ever greater angular area, it is ap-
parent that near log10 θ

2 ≈ −2 a law of diminishing returns sets in and the
increasing bin area is not rewarded with an increase in collected events. The
standard value for this cut is θ2 < 0.010–0.015 degrees-squared , depending
upon the expected strength of the source.

7 Above we took the candidate source position to be the pointing direction but this
need not be the case and, indeed, in some cases it is desirable to deliberately introduce a
pointing offset, as we shall see in §4.2.3.
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4.2.2 Hadron Rejection

As with energy estimation, the expected response of the array must be cat-
alogued in order to establish the link (albeit an approximate one) between a
given image distribution and the identity of the shower primary. Thus, also
in a similar manner to the determination of primary energy, lookup tables are
constructed from simulations of gamma-ray events processed in exactly the
same way as observational data. Showers are simulated at a given zenith an-
gle and the median width and length of images are determined and recorded
for a range of bins of characteristic image sizes and reconstructed core dis-
tances (e.g. Figure 4.12). Likewise the spread in the determined width and
length of images in the same bins of size and distance are stored in another
lookup table (e.g. Figure 4.13). With the observed size and reconstructed
impact parameter of a real event the expected width and length and ac-
ceptable range of these parameters for a gamma-ray-induced shower may be
recovered.

A given observed shower is compared to these expected distributions of
width and length in the following way. Having measured the size, ςi, width,
wi and length, li, of each of the images, i, and reconstructed the core distance
to the respective telescopes, di, the event may be assigned a mean scaled
cut parameter (MSCP). This is defined [62, 136] to be :8

MSCP =
1

Ntel

Ntel∑
i=1

pi −mp(si, di)

σp(si, di)
(4.17)

where Ntel is the number of telescopes having an image and the parameter,
P (p), may be either width, W (w), or length, L (l): mp is the median of the
single-image parameter and σ2

p is its variance, as determined from the lookup
tables.

The purpose of these parameters is to encapsulate to what extent the
event deviates from the expected response of the array to a gamma-ray-
induced shower. They account for both the expected extent of the image of
a gamma-ray-induced EAS and the expected intrinsic variation between such
showers. The definition also uses an average over all images in an event to
improve the estimate.

The distribution of either MSCP (i.e. for both P = W and P = L) for
gamma-ray events is centred on zero, corresponding to a shower that exactly

8 Note that this is a dimensionless value, much like a signal-to-noise ratio.
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width vs. dist. vs. log10 size (median)

Figure 4.12: An example lookup table for median width. For given image
size and core distance the expected width of the image (colour-coded: median
width in degrees) due to a gamma-ray-induced EAS may be retrieved. It can
be seen that brighter images (greater size) are generally larger (greater width)
and that images of the most distant showers tend to be dimmer. Images may
be formed of showers with impact parameter (distance) greater than the
nominal light-pool radius (∼ 120 m ). This is possible because small-angle
scattering of the light will diffuse it a little beyond this radius, accounting
also for the dimness of distant showers. Inside the light-pool the image is
dominated by Cherenkov light directly from the shower particles and so the
image narrows with increasing distance as a telescope’s aperture subtends a
smaller angle relative to the shower. Also, the light-pool is actually somewhat
more intense near the edge (where the direction to the shower as a whole is
approximately the Cherenkov angle) so size migrates upwards with distance
for a given shower, with a fixed physical extent.
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width vs. dist. vs. log10 size (sigma)
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Figure 4.13: An example lookup table for the variation of the width. For
given image size and core distance the spread in the measured width of the
image (colour-coded: twice the square-root of the variance of the width)
due to a gamma-ray-induced EAS may be retrieved. Note that the scale of
the spread in the measured width (Figure 4.12) is less than half that of the
median width. The variance is largest for images with small distance. This
may be a consequence of these images being almost circular (the shower is
viewed almost end-on) and shower fluctuations will drive determination of
an image axis.
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matches expectations, and spread symmetrically between ±1. A hadronic
shower is expected to generally produce more sprawling images than those
due to a gamma-ray shower (i.e. MSCP > 0) but, as noted at the beginning
of this chapter, they may also be quite similar in extent (MSCP ' 0)9.
Thus, in order to adequately reduce background rates, it is necessary to
assume that some events are not gamma-ray-induced even if their widths
or lengths are within reasonable bounds of variability for just that sort of
shower (MSCP . 1). On the other hand, images more compact than those
expected from a gamma-ray shower (MSCP < 0) may safely be assumed to
indeed be due to a gamma-ray-induced event. Thus, the acceptable range is
deemed to be −1.2 < MSCP < 0.5 (for both P = W and P = L) and events
falling outside this domain are rejected.

We can see that these cuts have the intended effect by comparing sim-
ulated distributions of gamma-rays to observational data taken on a strong
source such that the background introduces only minor fluctuations after es-
timation and subtraction (see §4.2.3): just such a strong source is the Crab
Nebula. Figure 4.14 and Figure 4.15 demonstrate the agreement between
simulations and background-subtracted Crab Nebula data. It is readily ap-
parent that the MSCP cuts would become less efficient if they allowed values
above 0.5.

For weaker sources (such as the majority of VHE targets and especially
unknown ones) the principle remaining problem is estimation of the remain-
ing background rate and accounting for its fluctuations in statistical analysis
of any excess.

4.2.3 Estimation of Background

Due to the isotropic nature of the background of cosmic-ray events, the most
straight-forward approach to background estimation is to count the rate of
events in one or more regions of sky (OFF-regions) which should be identical
to the candidate region (ON-region) except that the latter may be suspected
to contain a gamma-ray source. This is the approach used by the reflected
region background model [37] which has been used for the analysis results
presented in this thesis.

The crux of this model is that observations are made in wobble mode:

9 Ultimately, this is the origin of the irreducible background of gamma-like hadrons.



4.2. COPING WITH BACKGROUND 123

Figure 4.14: Distribution of a gamma/hadron separation parameter
(MSCW, see main text for definition) for both types of primaries and com-
paring observations with simulations. Histograms of observational data have
a vertical scale of the number of showers but cosmic ray rates have addition-
ally been normalised to account for the different exposure in the ON- and
OFF-regions (see §4.2.3). Histograms derived from Monte-Carlo simulations
have an arbitrary vertical scale chosen to ensure the same normalisation as
the observational data. Image credit — G. Maier.
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Figure 4.15: Distribution of a gamma/hadron separation parameter (MSCL,
see main text for definition) for both types of primaries and comparing ob-
servations with simulations. Histograms of observational data have a ver-
tical scale of the number of showers but cosmic ray rates have additionally
been normalised to account for the different exposure in the ON- and OFF-
regions (see §4.2.3). Histograms derived from Monte-Carlo simulations have
an arbitrary vertical scale chosen to ensure the same normalisation as the
observational data. Image credit — G. Maier.
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that is, with a deliberate pointing offset from the suspected source.10 This
allows the definition of multiple OFF-regions placed symmetrically around
the pointing direction. Each OFF-region has a distance from the centre of
the FOV identical to that of the ON-region, see Figure 4.16. In this way

Figure 4.16: The ON-region is placed on the candidate source position, from
which the observation positions (pointing directions) are deliberately offset.
OFF-regions for background estimation are placed symmetrically about the
pointing directions with respect to the ON-region. Background is estimated
from equivalent regions (assuming rotational symmetry of the FOV) and
under identical observing conditions. Image credit — from Fig. 4 of [37].

the exposure of the instrument for the purposes of background estimation is
made simultaneously with observation and therefore under identical observ-
ing conditions. The only assumption made here is that the acceptance of the

10 The name derives from the need to switch back and forth between several pointing
directions around the target during successive data runs.
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array is azimuthally symmetric. That is to say, a shower falling within the
FOV has an equal probability of detection and reconstruction to any other
whose arrival direction is offset by the same amount from the centre.

The critical parameters of this background model are the extent of the
ON- and OFF-regions and the number of the latter. The size is defined by
the θ2 cut. There is only a single ON-region, of course (nON = 1), and the
number of OFF-regions (nOFF) may be characterised by :

nON

nOFF

=
1

nOFF

= α (4.18)

for reasons which will become clear below. The total number of events col-
lected in all the OFF-regions will be NOFF and likewise NON for the ON-
region.

The mean number of events in an average OFF-region can be used as
an estimate of the number of events in the ON-region that are due to the
irreducible background. Compared to this mean, an excess of events, X =
NON−αNOFF, in the ON-region could indicate the presence of an additional
source of gamma-ray-like showers. However, as the background level tends
to be quite large and suffer correspondingly large fluctuations, it may also be
that the ON-region has simply, by chance, collected more background counts
than the mean. To determine success in the detection of a source, we must
appeal to statistics to estimate the probability that any excess is significantly
greater than the level of background fluctuations.

4.2.4 Statistical Treatment

The standard treatment of a small excess over a prominent background, was
developed in the field of VHE gamma-ray astronomy by Li & Ma [141].
They introduced a statistical measure which assumes, in essence, the null
hypothesis : that counts measured in the ON- and OFF-regions are due to
background alone and therefore that they constitute independent measure-
ments of the same background rate. This was expressed in Eq. 5 of [141]
as :

S =
NON − αNOFF√
NON + α2NOFF

(4.19)

where NON (NOFF) is the number of counts in the ON-region (OFF-region)
and α is the ratio of exposure between the ON- and OFF-regions which, in
the context of the reflected region model, is simply the inverse of the number
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of OFF-regions. The numerator is an estimate of the excess count rate in
the ON-region and the denominator an estimate of the scale of fluctuations
possible in any one region, including the ON-region as a measure of the
background rate.

This statistic can be understood as a measure of the probability that any
excess can be explained solely by background fluctuations. Values of S close
to zero indicate that the ON-region is very much consistent with the back-
ground rate; values of S far from zero indicate that it is less probable that
the count rate in the ON-region is due solely to a fluctuation in the back-
ground rate. Also, more OFF-regions (smaller α) evidently leads to a greater
value of S for a given excess, corresponding to the improved estimation of
the background rate.

With continuing exposure NON and NOFF will both grow (on average)
linearly with time, t. It can be seen that if a steady source is present, so that
the excess also grows (on average) linearly with t, S will grow only as

√
t. In

observing a source one tenth as strong as some nominal value, one hundred
times the exposure is required to attain the same significance.

Although the interpretation of this statistic is straight-forward, this par-
ticular definition does not lead to a standard normal distribution11 of S and,
perhaps more importantly, the distribution of S is dependent upon α: val-
ues of S are not directly comparable if α is subject to change between two
particular measurements.

By considering a likelihood ratio instead, but using the same basic as-
sumptions, Li & Ma derived the following estimate (Eq. 17 of [141]) of the
statistical significance of an ON-region excess count rate :

S =
√

2
X

|X|

{
NON ln

[
1 + α

α

(
NON

NON +NOFF

)]
+NOFF ln

[
(1 + α)

(
NOFF

NON +NOFF

)]}1/2

(4.20)

This definition does lead to a standard normal distribution of S (including
negative values for negative excess, X < 0) and this property is independent
of α. Such a property can be used to formulate a test of the uniformity of a
data set: many directions within the FOV of observations can be treated as
ON-regions and the distribution of S over all these directions should, within
error, form a Gaussian distribution with an RMS of 1.

11 P (S) = 1√
2πσ

e−(S−µ)2/2σ2
having µ = 0 and variance σ2 = 1.
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The individual values of S for each of the directions tested can be dis-
played at the appropriate positions in angular coordinates to construct a sky
map. The sky map indicates the probability that background fluctuations
are not sufficient to explain the measured excess from a given direction. In
particular, negative values of S are displayed in cases where the excess is neg-
ative and simply indicate that the event rate from that direction is almost
certainly due to background alone which in that case had fluctuated below
the estimated level. For a well-estimated background and in the absence
of sources, half of the sky map’s area should display negative significance
and these regions indicate the normal scale of fluctuations in the data set.
The sky map contains many independent measurements of S, or trials, and
so apparently large values can appear which are due simply to statistical
fluctuations in a large sample. With this in mind, the standard threshold
for detection is a seemingly draconian 5 sigma, corresponding to about one
chance in three million for random fluctuations to generate such a signif-
icance in a particular randomly-chosen independent direction in the FOV.
Reaching this threshold accidentally anywhere in a sky map of one thousand
bins (e.g. a one-degree radius and 0.05-degree bin width) corresponds to a
significance, after accounting for trials (‘post-trials significance’), of only 3.4
sigma.

4.3 Event Sensitivity and Physical Measure-

ments

As discussed above, the array registers individual photons and the subsequent
analysis estimates their energy and arrival direction. However, physical mod-
els of emission mechanisms are based on concepts such as energy balance and
flux. To convert measurements of counted photons to photon flux we must
estimate the sensitivity of the instrument to photons of any given energy.
This is embodied in the effective area function, Aeff(ε).

Given a certain flux, F (ε) = dN
dε dA dt

, the number of events, n, which
successfully pass through the analysis chain can be defined by :

n =

∫
F (ε)Aeff(ε) dε · t (4.21)

where t is the dead-time-corrected duration of observation (the effective ex-
posure of the detector). The effective area converts the number of actual
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events that arrive N into the number successfully observed by weighting the
sensitive area of the detector appropriate to the probability that a shower
of given energy will be successfully detected and correctly reconstructed:
Aeff = dn

dN
A. Thus, effective area is a function of energy whose form depends

upon the observing conditions, specifically:

image noise — the mean pedestal variance, as determined from pedestal
events accumulated during a data run, is a measure of the contamina-
tion of the images by NSB which may render small-size events unreliable
or unusable.

zenith angle of observation — increasing zenith angle increases the depth
of atmosphere Cherenkov photons must traverse, which decreases the
probability of correctly reconstructing low-energy showers because they
generate few photons; it also increases the sensitive area of the detector
because EASs are occurring farther from the telescopes, casting larger
light-pools, resulting in a greater chance of intercepting the relatively
less-common high-energy showers.

arrival direction offset — if the source of gamma-rays is offset from the
observing direction12 there is a risk that large images will spill over
the edge of the camera and be rendered less amenable to analysis: this
effect is more pronounced for high energy showers.

In addition, the effective area curve is sensitive to the assumed slope
of the spectrum being observed. This is due primarily to the finite resolu-
tion of energy estimation: events with a particular reconstructed energy may
have, in fact, deposited more (less) energy but light-pool fluctuations or core-
reconstruction errors may lead to their energies being under-(over-)estimated
and mis-classified. If an observed spectrum is flat13, mis-classification from
higher to lower energies would cancel similar errors in the other sense. How-
ever, for a steep spectrum a given reconstructed energy bin may include a
significant fraction of lower-energy events which have been mis-classified. It
will contain far fewer events with under-estimated energies simply because
there are far fewer high energy events to be misclassified. The effective area
function accounts for this contamination by decreasing where the assumed

12 For example, the wobble mode used to facilitate the reflected-region background
model introduces a systematic offset of the target.

13 Having equal flux at energies just above and just below a given point.
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spectrum is steeply falling: the actual number of showers at a given energy
is smaller than that observed due to the excess from lower energies

Again, as with energy estimation itself and the assignment of gamma/hadron
separation parameters the complex behaviour of this multi-parameter func-
tion is handled via lookup tables. Simulations based on a range of the obser-
vational parameters are processed identically to observational data and the
ratios between the simulated flux (which is a function of true energy, εtrue)
and the number of reconstructed events (ordered into bins of reconstructed
energy, εrec) are tabulated according to the assumed parameters. Thus we
define :

Aeff =
dn / dεrec

t · F (εtrue)
(4.22)

where we let εrec = εtrue, within the resolution of the energy bins. Differ-
ent spectral indices can be reproduced by weighting the contribution of an
individual event according to its simulated energy.

With the effective area function computed, the final piece of the analysis
puzzle is in place. It is possible to trace the pulses recorded in FADC channels
back to an individual air shower and so to estimates of the intrinsic properties
of its primary: arrival direction, identity and energy. By restricting analysis
to a limited region of the sky and selecting events that are more likely due
to gamma rays, it is possible to discern a count rate of astrophysical gamma
rays against the ubiquitous but homogeneous background of cosmic rays.
The effective area now allows any measured count rate, in excess of the
estimated background, to be converted into a measurement of energy flux
from a putative gamma ray source. I shall now use this probe of very energetic
radiation to determine what possible flux of VHE gamma rays can be emitted
from a globular cluster and thereby confront models of such emission with
observations.
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Chapter 5

Analysis Results

In light of the arguments for VHE gamma-ray emission from globulars (see
§1.2.4) made by Bednarek & Sitareck [36] and Venter & de Jaeger [202], and,
in particular, the predictions laid out in B&S07 (see §2.3), observations of
M13 were made with VERITAS. Here I present the results of analysis of the
viable data collected during 2010. Of thirty-two runs taken using the full
array of four telescopes, twenty-one survive (at least in part) an examination
of their trigger-rate stability (as a proxy for fidelity).

This analysis followed the sequence laid out in §4 and was performed
using a software suite called Eventdisplay [62] (see §5.2). Most of the fig-
ures presented below were produced with customised and expanded versions
of macros packaged with Eventdisplay. I use them to demonstrate the ho-
mogeneity of the data set and thus justify a statistical comparison of ON-
and OFF-regions. This comparison allows the construction of upper limits
on any count rate that could be due to a possible source. These are then
converted to flux upper limits with the use of the mean effective area of the
detector/analysis-chain. Finally the spectral flux upper limits are used to re-
late these observations, and the non-detection of M13, to the emission curves
modelled in B&S07.

5.1 Data Selection

Between 22 May and 7 July 2010, thirty-one observation runs of twenty-
minutes duration (and one of ten-minutes) were taken on M13 in wobble
mode, with an offset of 0.5◦, using all four telescopes of the array. Observers
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(those personnel responsible for operating the array during data-taking) are
required to attach comments to a run in the event of hardware or software
glitches. One run was flagged with such a comment and was considered to
be of suspect quality.

Array-trigger-rate stability. From the remaining data set, runs were se-
lected based primarily on the stability and level of the array trigger (L3) rate
(see 3.2.3.1). The L3 rate is a direct measure of the data recorded by the ar-
ray during observations and is dominated by the stable and largely isotropic
rate of cosmic-rays. Disruption to the operation of the array, including vari-
ation in its sensitivity due to vagaries of the atmosphere, typically affects the
L3 rate and this makes it a useful diagnostic of data quality.

In examining the L3 rate it is instructive to compare these values to sky
temperature, as measured by a far-infrared (FIR) pyrometer: this passive
device essentially measures the average temperature of water vapour in the
atmosphere by the infrared radiation it emits. Such a temperature reading
is a proxy for the altitude of any clouds which may be present or, if they are
not, the transparency of the atmosphere. In either case, fluctuation towards
higher FIR sky temperature represents a possible degradation in observing
conditions and if this coincides with a depression in the L3 rate it can be
taken as a signature of atmospheric interference with detector sensitivity.

The examination of such meta-data is facilitated by loggen : a World-
Wide-Web interface to the database tables detailing many of the facets of
VERITAS’s operation.1 This portal has been maintained and expanded by
the author between 2007 and the present. The loggen interface includes
the ability to plot the trends of L3 and FIR readings together and this was
used here in an initial visual inspection of data-taking quality, looking for
coincident variations in the two properties. Five runs were flagged as being
of suspect quality on this basis, see Figure 5.1 for an example.

A more systematic examination uses a statistical measure of L3 fluc-
tuations within a run. Each measurement of the L3 rate consists a certain
number of events over a given time period. Therefore, each measurement has

1 Its name derives from its original function as a run list generator for use as a tool in
the book-keeping associated with nightly data-taking. Its functionality has since expanded
to the ability to recall most of the operating conditions of the array contemporaneous with
any given data run and provide basic display of some engineering data, such as bias curves
(recall Figure 3.13). It can also list runs according to a desired individual (or range of)
source, date, elevation, duration, etc.
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Figure 5.1: L3 rate (upper points) and sky temperature from an FIR py-
rometer (lower points) versus time for a single data run (#51588). The
non-statistical fluctuation of the rate is correlated with changes in the trans-
parency of the atmosphere. Image credit — plotted by loggen (see main
text for a description).
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an intrinsic Poissonian error, ς, and these stochastic counting errors should,
ideally, be the only source of variation of the rate measurements. Thus, the
actual stability of the L3 rate can be estimated by comparing the standard
deviation, σ, of measurements of the rate to the mean Poissonian error, ς̄, of
the ensemble of measurements. The L3-rate stability may be defined as :

s =
σ − ς̄

ς̄
(5.1)

where s has a distribution well-approximated as a Gaussian (see Figure 5.2)
with mean µs = −0.02 and standard deviation σs = 0.11 which have negli-
gible dependence upon rate. This measure of the stability may be taken as
an estimate of the probability that variations in the array event rate dur-
ing a run are not only stochastic and therefore that the run may have not
experienced stable conditions.

Runs demonstrating rate variation in excess of that expected for stochas-
tic variation, i.e. s > µs +2σs, were considered to be of suspect quality. This
threshold, of +2σ, rejects 2.5% of those runs whose rates are affected by only
stochastic variation which allows us to expect that no more than one good
run would be excluded by mistake in a data set of this size. A typical run
which passed this test is shown in Figure 5.3. In all, four runs were identified
as being of suspect quality on the basis of this statistic.

Finally, the mean L3 rates of runs at similar elevations were compared. If
the rate for a given run seemed depressed relative to that of others by more
than 5% it was rejected. Four runs (including the single 10 -min run) failed
this quality criterion.

Remedial action. Within runs of suspect quality, the variation of the L3
rate with time was examined closely, in combination with comments from
observers. If there were periods where the rate had obviously departed from
an otherwise stable mean, the stable portion of the run was recovered by
placing a time cut around the period of aberrant rate, which effectively masks
that period in the final analysis (see §5.2.3). This allowed 58 minutes to be
recovered from three 20-minute runs. In all, the data after quality selection
constitute 7 hours of observing time.
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Figure 5.2: In the presence of only stochastic fluctuations the standard de-
viation, σ, of a set of measurements of the same quantity is similar to the
mean Poissonian error of those measurements, ς̄. Here is shown the distri-
bution of the statistic s = σ−ς̄

ς̄
from ten thousand Monte-Carlo trials of forty

measurements of a Poisson event rate with a mean of six thousand. A typical
20-minute-long observing run has a mean rate of ∼200 Hz and the L3 rate
is averaged over 30seconds for clarity when plotting. The statistic is seen to
be distributed about zero, as expected, and is well-approximated by a Gaus-
sian fit function whose parameters are indicated in the box (left-hand-side
plot). The quantile-versus-quantile plot (right-hand-side) shows that out to
2σ (‘theoretical quartiles’) the distribution of s (‘data quartiles’) is approxi-
mated by a Gaussian to around 10%; an exact Gaussian distribution would
lay quantile-quantile points along the dashed diagonal line.
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Figure 5.3: L3 rate (upper points) and sky temperature from an FIR py-
rometer (lower points) versus time for a single data run (#51535). The
fluctuations of the rate are not stochastic at the level of only 1.1σ and are
therefore consistent with stability. Image credit — plotted by loggen (see
main text for a description).

5.2 Analysis Software

The VERITAS collaboration supports several independent analysis packages.
This work presents results produced using the package called Eventdisplay2

[136, 62] which was initially developed at the University of Leeds, U.K., by
Jamie Holder and Gernot Maier.3 It comprises three main programs, detailed
below. Together these programs constitute an analysis chain which follows
the procedures described in §4 and the division of these tasks is as follows:

eventdisplay reads raw data files, performs data reduction by pulse sum-
mation and image parametrisation; reconstructs air-shower arrival di-
rection and impact parameter.

2 Version 3.46.
3Now based, respectively, at the Bartol Research Institute, University of Delaware,

USA, and DESY, Germany, they continue to supervise its development.
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mscw energy estimates the gamma/hadron separation parameters and en-
ergy for each event using lookup tables.

anasum applies cuts; builds histograms for sky maps and energy spectra.

A given observing run is processed in sequence by each of the first two
programs. Output from those two programs, for many individual runs, are
collated by the third.

5.2.1 eventdisplay

Before analysis of a particular observing run can begin, a certain amount
of groundwork is necessary in accumulating appropriate calibration informa-
tion, see §3.2.4.1. A calibration run from the same night as the observing
run is used to establish the response and timing of individual channels. This
is performed using eventdisplay, as it ensures that the methods used for
isolating and integrating calibration light pulses are identical to those used
for Cherenkov light pulses.

With calibration information in hand, an observing run may enter the
analysis chain. Raw data from observing runs are processed with eventdisplay

which gathers pedestal information from the observing run itself and com-
bines it with the calibration information to clean, construct and parametrise
EAS images, as described in §4.1. Here image quality cuts are applied to
help ensure that the parametrisation will be reliable. The geometrical event
parameters (arrival direction and core location), derived using images that
pass quality cuts, are stored in an output file, to be passed on to the next
stage in the analysis chain. In fact, parameters are calculated using a range
of standard image-quality-cut sets and stored as a vector. This is because
the dominant factor in the computational speed of eventdisplay is the time
to load data from the compressed raw data files. Thus it is expedient to cal-
culate different versions of the parametrisation while the raw information is
readily available in computing memory. The specific cuts used in this analysis
are indicated in Table 5.1.

These early steps of the analysis, as outlined above, are well-defined
and require little user input so, to reduce replicated effort, an archive of
eventdisplay output files is maintained, created from the processing of ob-
serving runs with reliable calibration runs. The archive is generated by the
University of Delaware group and accommodated by the University of Cal-
ifornia, Los Angeles, group, which provides data storage infrastructure for
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the collaboration as a whole. This work used the data products from that
archive.

5.2.2 mscw energy

As noted in §4.1.3 and §4.2.2, lookup tables are required to allow the esti-
mation of both the primary energy and identity for individual showers. The
events that fill a given lookup table have been selected using one of the stan-
dard image-quality-cut sets, thus a specific lookup table must be chosen by
a user depending upon the desired set of image-quality cuts.4

For improved precision at this stage of the analysis, mscw energy performs
interpolation between the lookup table bins nearest to each observed event’s
image parameters and the observing conditions in effect at that moment.
The estimated shower energy, which is based upon the expected brightness of
showers (i.e. image sizes), is the mean of the interpolated values of energy for
each image in an event. The gamma/hadron separation variables (see §4.2.2),
which are based upon the expected extent, p, of the images (i.e. width, p = w,
and length, p = l), are calculated using interpolated median p and spread σp

for each image These values are stored in an extended version of the input file,
along with the parameters determined previously by eventdisplay. Once
this is complete, it is possible to apply cuts to reject hadrons and accumulate
counts collected during the run for the determination of source statistics.

5.2.3 anasum

Here gamma-ray-like events are selected (§4.2.2) and collated into directional
(§4.2.1) and energy bins for the calculation of signal and background rates
(see §4.2.3) and statistics pertaining to the significance of any excess (see
§4.2.4).

As implied in §4.1, an accurately determined impact parameter for the
shower is required for the effective use of lookup tables to estimate energy
and the gamma/hadron separation parameters. To ensure that only those
events are retained for which these values have been reliably estimated, a
reconstruction-quality cut on the mean distance from the telescope to the core
location is applied. As noted in §4.2.2, gamma/hadron selection is performed

4 As lookup tables are by their nature very large, it is preferable that only those
pertaining to a particular, utilised set of image-quality cuts need be handled by a user.
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on the basis of the MSCP values (for both P = W and P = L) of each event.
The specific cuts used in this analysis are indicated in Table 5.1.

To ensure that direction reconstruction was sufficiently reliable for a given
event, at least three images (after image-quality cuts) are required to have
been present. Then, remaining uncertainty in the reconstruction (i.e. the
gamma-ray PSF) is accounted for by accepting only events falling within an
angle θ of the suspected source direction.5 This defines the ON-region used
for determing source statistics and events collected here (and in equivalent
OFF-regions) are sub-divided into bins of reconstructed energy for later
spectral analysis.

At this point, time cuts may also be applied. This facility was imple-
mented in anasum by the author. It operates as a mask which is defined for
every second of the run. A user may define any number of seconds at any
point in the run over which the mask is closed, anasum then verifies that
the mask is open for the time during the run at which a given event arrived
before filling any of the appropriate histograms. The exposure of the array
during a run is calculated as the open portion of the mask.

During the selection of events, anasum also constructs an effective area
curve to record the sensitivity of the array (see §4.3). For each selected event
the effective area function is generated from a lookup table by interpolation
between the bins nearest to the observational parameters (zenith angle and
image pedestal variance) appropriate to that event. Fixed values of the wob-
ble offset of the run, being the angular offset between the pointing direction
and the source, and a user-selected, assumed spectral power-law index are
also used for referencing the lookup table. The effective area functions are
averaged across all of the selected events and this yields a mean effective area
for a run.

The anasum output file contains the complete directional and spectral
histograms of the data set and the mean effective area for the observations.
Macros may then be used to manipulate these products for the purposes of
visual presentation and detailed flux calculations.

5 This is equivalent to assuming that the primary’s true arrival direction is within an
angle θ of the reconstructed direction.
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Cut Type Parameter Condition

Quality
Image

Npix ≥ 4
ς ≥ 500
Λ < 0.20

Reconstruction
Nimg ≥ 3
d̄ < 250

Analysis
θ2 < 0.010

MSCP
> −1.2
< 0.5

Table 5.1: Cuts used in this analysis. Image-quality cuts are based upon
the number of pixels in an image, Npix, image size, ς in digital counts, and
loss Λ. Reconstruction-quality cuts are based upon the number of useful
images in an event, Nimg, and the mean distance from the array to the shower
core, d̄ in metres. Analysis cuts (for background reduction) are based upon
the arrival direction offset, θ2 in square-degrees, and the gamma/hadron
separation parameters, MSCP for both P = W and P = L. The cut condition
indicates the allowed range: if an observed parameter satisfies this condition
it passes the cut.

5.3 Results for M13

There are many ways to present the data set. Probably the most general
overview is provided by the sky maps of excess and significance indicating
the likelihood of gamma-ray emission from a large set of directions near the
target. As indicated in §4.2.4, the distribution of values in a sky map can
be used to test the uniformity of the data set and ensure that no particular
direction is subject to gross aberrations.

Ultimately only a single direction in the sky map corresponds to the tar-
get. I will compare the distributions of events associated with this direction to
the distributions collated from otherwise equivalent background-estimation
regions. Again, this is to be certain that results from the source direction
are not aberrant.

With the assurance that any excess of events, or lack thereof, from the
source direction is reliably measured I may calculate, with reference to the
effective area (as defined in §4.3), a flux or flux upper limit.
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5.3.1 Excess, Significance and Quality

The number of events within 0.1◦ of a candidate direction is compared to
the number of background events in up to ten reflected regions, as detailed
in §4.2.3. Many such candidate directions are examined within a 1 -degree
radius of the target on a grid of spacing 0.05◦. The excess from each candi-
date direction over the estimated background rate is determined: the grid of
these values is shown in Figure 5.4. Note that, because the grid spacing is
smaller than the radius over which events are counted for a given direction,
there is some correlation between neighbouring bins as any given event is
counted separately in many of them6. As a consequence the map has a cer-
tain smoothness, without large fluctuations between neighbouring bins, and
exhibits ‘islands’ of large or small excess.

A significance is assigned to each candidate direction according to the
prescription of Li & Ma (Eq. 17 in [141]) and this corresponds to a sky map
of the likelihood of VHE gamma-ray emission. The sky map within 1◦ of
M13 is shown in Figure 5.5. Furthermore, as noted in §4.2.4, measurements
of the statistical significance (as defined by Li & Ma) should follow a standard
normal distribution. The distribution of significances for all bins within a
1 -degree radius of the centre of the sky map is shown in Figure 5.6. A
Gaussian function with mean and RMS fixed to 0 and 1 respectively but with
free normalisation fits this distribution reasonably well (reduced-χ2 of 1.2)
indicating that the data set is uniform, having a distribution of significances
within the field of view consistent with only statistical fluctuations.

The central pixel in the sky map corresponds to the direction of M13. The
ON-region used in calculations of excess and significance (and ultimately of
upper limits) is centred here and the OFF-regions were determined for each
run individually, according to the wobble direction. Any VHE gamma rays
emitted by M13 and subsequently detected by VERITAS and successfully
reconstructed in this analysis would appear in the ON-region. VHE emission
from M13, following the model I wish to test, should be predominantly from
the core of the globular cluster. The angular radius of the core of M13 is
0.010 ◦ , an order of magnitude smaller than the ON-region radius. Also, the
entire region considered in B&S07 for modelling emission from this globular
is contained within 0.081 ◦ : any emission from M13 would be well contained.
Were it a source, it would not be resolved and could be treated as a point

6 A single event contributes to up to twelve bins for this combination of bin width and
integration radius (θ2 cut).
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Figure 5.4: Excess events for a grid of directions within a 1◦ radius of the
target. The grid spacing is 0.05◦. Each bin in this sky map indicates the
excess events which have passed the θ2 cut with respect to the center of that
bin and that have also passed the MSCW and MSCL cuts.



5.3. RESULTS FOR M13 145

]σ
si

g
n

if
ic

an
ce

 [

-5

-4

-3

-2

-1

0

1

2

3

4

5

PSF [
d

eg
]

J2
00

0
d

ec
lin

at
io

n

35.5

36

36.5

37

 [hours]
J2000

right ascension
m38h16m40h16m42h16m44h16m46h16
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Figure 5.6: Distribution of sky-map significances within one degree of the
target, 5.6a, and the normalised residuals of that distribution. Significance
estimates calculated using Eq. 17 in [141] (Li & Ma) should obey a stan-
dard normal distribution. A standard normal Gaussian function (mean=0,
RMS=1) fits the distribution with probability 7% (χ2/d.o.f = 1.5). The fit
function shown (green curve) is a Gaussian with floating mean and RMS;
the fit parameters (shown in the box) are each within 3 σ of a standard
normal. The normalised residuals of the distribution with respect to both
the standard normal (grey boxes) and the fit function (red histogram) are
shown.
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source as is done in this analysis. The excess from the direction of M13 is
−12.0 and the significance −1.4σ. There is no evidence for VHE emission
from this object.

The angular distributions of events around the centres of ON- and OFF-
regions are shown in Figure 5.7. Events falling to the left of the vertical red
line pass the θ2 cut. For events passing the θ2 cut, the distributions of the
gamma/hadron separation parameters are shown in Figure 5.8. There ap-
pears to be acceptable agreement between the distributions of events in the
ON- and OFF-regions. To verify this, the ON- and OFF-region distributions
were compared in a fiducial zone separated from the portion passing cuts, i.e.
θ2 > 0.03 and MSCP > 1.2. All distributions are found to be mutually con-
sistent between the ON- and OFF-regions, with a probability of at least 20%,
according to χ2-test comparisons [81]. The χ2 test determines if differences
between corresponding bins of two histograms are consistent with statistical
fluctuations between two measurements of the same rate. As it is an analysis
of bin-by-bin fluctuations it is somewhat insensitive to the scale of the his-
tograms compared, so the integrals of the distributions were also compared.
The total contents in these fiducial zones were treated as measurements of
the same background rate and found to be different with a significance within
−2.64σ (as calculated with Eq. 17 of [141]) and, therefore, the scales of the
ON- and OFF-region distributions are consistent within symmetrical 99.2%
confidence limits.

The set of all events passing cuts is summarised in Table 5.2. The dis-

Region Norm. Counts Energy [TeV] Mean
Min. Peak Max. [log10(ε/TeV)]

ON 1 55 0.105 0.200 1.32 -0.594 ± 0.029
OFF 0.1 670 0.085 0.204 5.22 -0.574 ± 0.009

Table 5.2: Characteristics of the sets of events passing cuts in the ON- and
OFF-regions. The energy of the peak is estimated by the weighted mean of
the centres of the three most populated bins (see Figure 5.9).

tribution in energy of these events is shown in Figure 5.9: with increasing
energy, it rises steeply to a peak and then settles into a power-law-like de-
cline. It takes this form because it is the product of the mean effective area
for this data set (shown in Figure 5.10) with the steeply-falling spectrum
of gamma-like events provided by the cosmic-ray background. Below the
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Figure 5.7: Distribution of event arrival directions relative to the centre
of the target ON-region (black line) and a representative OFF-region (pale-
green line), 5.7a. For the OFF histogram, the angular separation from a
randomly chosen reflected region is determined for each event. The distri-
bution of excess events (nON − nOFF) in θ2 is also shown, 5.7b. The vertical
dashed, red line is the θ2 cut: events to the left pass the cut. The vertical
solid, blue line is the limit of the fiducial region: bins to the right are used in
the comparison of ON- and OFF-regions, see text. The total contents shown
in parentheses are for bins used in the comparison.
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Figure 5.8: Distribution of events in the gamma/hadron separation parame-
ters: MSCW (5.8a) and MSCL (5.8b), see §4.2.2 for details. In each case, the
distribution of events in the target ON-region (black line) and the average
distribution of events in all OFF-regions (green line) are shown on the left.
The distributions of excess events (nON − α · nOFF) are on the right. Events
between the vertical dashed, red lines pass the gamma/hadron separation
cut. Bins to the right of the solid, blue lines are used in the comparison of
ON- and OFF-regions, see text. The total contents shown in parentheses are
for bins used in the comparison.
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Figure 5.9: Energy distribution of events passing cuts from the direction of
M13 shown with the normalised background counts. Black are ON; red are
OFF, scaled by the normalisation factor α = 0.1.
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Figure 5.10: The mean effective area shown is the average of the run-wise
effective area curves generated by anasum, weighted by the number of events
over which each was computed. The errors indicate the range of variation of
the effective area between runs: ∼ 30% below the spectral peak and much
smaller above it.
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peak energy the spectral shape is dominated by the instrument, due to the
rapidly rising effective area; above the peak energy, where the effective area
varies less rapidly, it is dominated by the spectrum of detected events. The
means of the ON- and OFF-region energy distributions are consistent and
their peaks are very similar. The spectrum of counts accumulated in the
OFF-regions covers a larger range of energies, as may be expected given the
greater exposure (by a factor of ten).

We may conclude that, overall, the data set is homogeneous and the target
direction is largely consistent with others. In particular, events collected near
the source (close enough to the target so as to be indistinguishable from it)
are distributed across various key parameters in a manner that conforms
with the corresponding distributions of events collated from background-
estimation regions: the background has been reasonably well-estimated and
further statistical inference may be considered trustworthy.

5.3.2 Flux Upper Limits

In this data set no source has been detected at the location of M13. We
may, however, derive the range of possible fluxes which could be due to a
source sufficiently weak that it remains compatible with the non-detection of
any excess in this analysis. Such a range of fluxes may be characterised by
a single value having a large probability of being greater than any real flux:
this value is a flux upper limit.

A given flux corresponds to a certain rate of detected events and vice
versa, according to the sensitivity of the detector. By determining an upper
limit on the number of events that could, in principle, be detected from a
source concealed beneath the estimated background rate, it is possible to use
the known sensitivity of the detector to calculate a corresponding flux upper
limit.

5.3.2.1 Upper limit derivation

The upper limit on a number of source counts in the presence of background
was derived using a Bayesian formalism by Helene [99]. The basic premise is
that if the probability distribution function (p.d.f.) of the intrinsic count rate
that may be due to a weak source can be derived, its cumulative distribution
function (c.d.f.) defines upper limit confidence levels. That is, the c.d.f. allows
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the estimation with a particular confidence that the count rate must be equal
to or less than a given value.

To determine the probability that the source count rate, a, is below a
certain level, Amax, we must compute the c.d.f. :

P (a ≤ Amax) =

∫ Amax

0

p(a) da = l (5.2)

where p(a) is the p.d.f. for the count rate due to the source. This yields
the confidence level, l, for Amax to be the upper limit of counts due to the
observation of gamma rays from a putative source.

Now, the p.d.f. for the intrinsic count rate can be derived from the ob-
served count rates from the background-estimation region (consisting purely
of background counts, B′) and from the source region (including both source
and background counts, C = A+B). Specifically, Eqn. 5 from [99] :

p(a) = τ

∫ ∞

0

e−(a+b) (a+ b)C

C!
· f(b) db (5.3)

shows the means of deriving the probability distribution function for an in-
trinsic source rate, a, given measured source-region counts, C, and where
uncertainty in the estimate of the actual background rate, b, is accounted for
by performing an integral over all of its possible values, weighted by their
prior probabilities, f(b): this process is called marginalisation.7 Here τ is
a normalisation factor such that

∫ ∞
0
p(a) da = 1.

The probability distribution function for the actual background rate f(b)
in the source region may be estimated as a Gaussian distribution on the con-
dition that the observed number of background counts, B′, is large enough
(B′ & 10). This can be thought of as the fact that the error on an esti-
mate of the mean of any distribution is itself distributed normally8. The
Gaussian background rate p.d.f. has mean equal to the normalised observed
background count rate µ = αB′ and variance σ2 = µ, such that the number
of background counts contributing to C should be B ' αB′. This corre-
sponds to Eqn. 6 from [99] which is commonly used in this field, under the
additional assumption that C � 1. However, I will not be able to make this

7 In the case that the background rate is known to be b = B̄ exactly (or with negligible
uncertainty), its p.d.f. may be defined as a Dirac delta-function f(b) = δ(b− B̄) such that
Eqn. 2 from [99] is recovered.

8 This is simply the well-known central limit theorem (see e.g. [180]).
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final assumption as we shall see below (specifically Table 5.3 and Figure 5.14)
and Eqn. 5.3, is required.

Here it is adequate to use a Gaussian distribution for f(b) because the
background rate is estimated over ten times as many regions as the source-
region rate. However, as an aside, I note that a complete p.d.f. for the
actual background rate, regardless of the number of observed counts, may be
constructed in a manner similar to the derivation of Eqn. 5.3, but related to
the number of counts in the background estimation region, giving :

f(b) = e−(b′) (b′)B′

B′!
= e−(b/α) (b/α)B′

B′!
(5.4)

where B′ counts were collected in total over the background-estimation re-
gions which had an exposure relative to the source region of 1/α so that the
actual background rates in the ON- and OFF-regions are related by b = αb′.9

With the p.d.f. for the background rate defined, the p.d.f. for the source
rate (Eqn. 5.3) may be evaluated and the c.d.f. (Eqn. 5.2) can be solved
numerically to obtain Amax at a desired confidence level.10 For the sake of
comparison with the results of observations of M13 by MAGIC [24], I will use
(as they did) a confidence level of 95% (l = 0.95 in Eqn. 5.2) such that this
process yields the upper limit on the range of event rates that can account for
95% of the probable cases where the observed number of counts were detected
in the presence of a background with the mean rate as that estimated. There
is only a 5% probability that the actual count rate due to a source (or a flux
of gamma rays that would cause it) exceeds the values quoted below.

Flux calculation. In order to compare observations to physical models
of emission, we need to relate any possible count rate of successfully recon-
structed events to a possible physical flux of gamma rays. As indicated in
§4.3, any count rate, dn

dt
, due to a source (be that a measured excess or

9 This is related to the gamma distribution for x given k and θ: p(x|k, θ) = e−x/θ xk−1

Γ(k)θk

where, in this case, k = B′ + 1 and θ = 1 for x = b′. Note that the gamma distribution
for the actual rate, given a certain number of observed counts, is continuous, in contrast
to the discrete Poisson distribution of counts, given an intrinsic rate: p(C|λ) = e−λ λC

C! .
10 Note that the integral over p(a) requires an integral over f(b) at every sample point

and so this can be quite computationally intensive. For that reason, Eqn. 10 from [99]
(which follows directly from Eq. 6 of that paper) is normally used to evaluate the confidence
level directly via the error function. The numerical solution for a required confidence level
is then greatly hastened.
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an estimated upper limit) would be the result of a flux, F (ε) = dN
dε dA dt

, of
gamma-rays from the source impinging upon the effective area of the detec-
tor, Aeff . Thus we may state :

n =

∫
F (ε)Aeff(ε) dε · t (5.5)

or, equally :
dn

dε
= F (ε)tAeff(ε) (5.6)

Eqn. 5.5 defines an integral relation for the flux, accounting for observed
events over a broad range of energies and Eqn. 5.6 defines a differential one,
examining the event rate near a particular energy only.

A complete definition of the integral flux requires an assumption about
the shape of the spectrum. It is common to assume a power-law spectrum,
F (ε) = F0(ε/ε0)

−δ, as this is the simplest form valid in this energy domain.
With this, the integral flux from a source, being the number of gamma rays
arriving at the detector within its sensitive range, may be defined as :

I(ε > εthresh) =

∫
dN(ε > εthresh)

tA
(5.7)

=

∫ ∞

εthresh

F (ε) dε (5.8)

= F0

∫ ∞

εthresh

(
ε

ε0

)−δ

dε (5.9)

where the last integral over epsilon is a well-defined numerical factor depend-
ing upon the spectral index δ, the normalisation energy ε0 and the chosen
energy threshold εthresh. The flux normalisation is the power-law spectrum
evaluated at the normalisation energy: F0 = F (ε = ε0).

However, we must work with the number of observed events :∫
dn(ε > εthresh)

t
=

∫ ∞

εthresh

F (ε) · Aeff(ε) dε (5.10)

= F0

∫ ∞

εthresh

Aeff,δ(ε) ·
(
ε

ε0

)−δ

dε (5.11)

= F0Âeff,δ (5.12)
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where Âeff,δ is the spectrally weighted effective area11 and the original effective
area has been chosen to match the assumed spectral index. Thus :

F0 =
n(ε > εthresh)

t · Âeff,δ

(5.13)

defines the scale of the spectrum with an assumed power-law shape and allows
us to evaluate the integral flux, I(ε > εthresh). The integral flux calculation
itself is relatively free of systematic error, making few demands on accurate
energy resolution and allowing the choice of an appropriate effective area,
but it does require an assumption concerning the spectral index. We will see
below that the effect of this assumption may be minimised by a judicious
choice of εthresh.

Meanwhile, the differential flux is derived rather more directly from Eqn. 5.6 :

F (ε) =
dn / dε

tAeff(ε)
(5.14)

However, when collating events, we must work with finite bin widths such
that, for a bin i with lower edge εi :

ni =

∫ εi+1

εi

dn

dε
dε (5.15)

=

∫ εi+1

εi

F (ε)Aeff(ε) dε · t (5.16)

ni

εi+1 − εi
= F̄itĀeff,i (5.17)

F̄i =
ni/∆εi
tĀeff,i

(5.18)

where ∆εi is the width of the energy bin, ni is the number of source counts
estimated for the bin, Āeff,i and F̄i are, respectively, the mean effective area
and flux over the width of the energy bin.

In principle this derivation makes no assumption about the shape of the
source flux, nevertheless the effective area at a given energy does depend

11 In practice the integral is not up to infinity but rather a maximum energy where event
reconstruction becomes unreliable but, because of the power-law decline in the spectral
weight, this upper bound introduces an error of only ∼1%.
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somewhat upon the slope of the spectrum and so there is a systematic error
in this calculation due to the necessity of choosing an effective area function.

Both of these approaches to flux calculation have their strengths and will
be used below to derive flux upper limits from counts upper limits. The
integral upper limit is the more transferable, in that it is based upon clear
assumptions, and is the more sensitive, taking into account all of the data
simultaneously. The differential upper limit has the advantage that it is not
tied to simple assumptions concerning the source flux which are not, in fact,
realised by the physical models under examination.

5.3.2.2 Integral Flux Upper Limits and Decorrelation

The integral flux upper limit seeks to answer the question—what credible
level of source flux can exist within the entire sensitive range of the detector?
It is derived from Eqn. 5.9 and Eqn. 5.13 setting n(ε > εthresh) to be the
upper limit on counts above the threshold energy. The latter is derived from
Eqn. 5.2 with Eqn. 5.3 where the source-region counts are taken to be all ON-
counts above the energy threshold (C = nON(ε > εthresh)); the background is
estimated through Eqn. 5.4 using all OFF-counts above the energy threshold
(B′ = nOFF(ε > εthresh)). The valid range of the effective area function is
limited, by the statistical accuracy of simulations used to generate it, to
energies below 30 TeV : the range of the power-law (in Eqn. 5.9) and the
summation of counts (for C and B) is correspondingly limited.

Recall that this process uses an assumed spectral index and evidently a
sensible threshold energy must also be chosen. We could in principle choose
any threshold within the observed domain of counts. However, it so happens
that a judicious choice of the energy threshold can render the integral upper
limit relatively insensitive to the value of the spectral index. This is worth
exploiting because it is preferable for a derived limit to be stable with respect
to assumptions about the properties of any presumed source, including its
spectrum.

We may investigate the stability of derived upper limits against uncer-
tainty in the spectral index for many thresholds and adopt that threshold
which provides the most general result. This is achieved by calculating the
integral flux upper limit, above a particular threshold, over a uniformly sam-
pled range of spectral indices. The range of spectral indices encapsulates
that known for VHE PWNe (∼2.0 to ∼2.7) and is centred on 2.6 as this is
the index used in [24], to which I would like to directly compare the integral
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flux upper limit calculated below.

As I am interested in the variation across spectral index, rather than that
across threshold energy, I standardise each set of integral flux upper limits
determined using a particular threshold by dividing them by the mean value
obtained with that threshold. The resulting surface is shown in Figure 5.11:
the trend at any given threshold energy may be understood as the evolution
of the spectrally weighted effective area (see Eqn. 5.12) with the spectral
slope.12 It may be seen that for a threshold energy near 0.8TeV the derived
upper limit does not deviate far from the mean, regardless of the value of
the assumed spectral index (within the range shown). A threshold energy
chosen in this way may be termed the decorrelation threshold energy
because the flux upper limit becomes largely independent of index, when this
threshold is chosen.

To be more quantitative we may compute the RMS, s, and the mean, µ,
of the set of integral flux upper limit values determined for each particular
threshold. Then the ratio s/µ will be a measure of how close the values stay
to the mean on average: i.e. the stability of the integral flux upper limit
above this threshold energy when subject to an arbitrary assumption about
the spectral index. It may be seen in Figure 5.12 that this ratio is indeed least
for a threshold energy of 0.8 TeV . However, it is also clear that a threshold
energy of 0.9 TeV may also be consistent with the same level of stability
within the range of spectral indices examined. I have successfully reduced
to a minimum (∼0.3%) the systematic error on the integral flux upper limit
due to uncertainty in the assumed spectral index but I am left with ∼ 10%
systematic error from uncertainty in the choice of the best threshold energy.

With this caveat, I estimate the integral flux upper limit, above the decor-
relation energy threshold of 0.8 TeV , at a confidence level of 95% to be
0.306× 10−12 cm−2 s−1 (see Table 5.3 for details). This upper limit is shown
in Figure 5.15 with a spectral index of 2.6 for direct comparison with the
integral upper limit (95% C.L.) obtained by MAGIC through their own ob-
servations of M13 [24]. Also shown in Figure 5.15 are the same integral upper
limit for the extreme spectral indices considered above: namely 2.0 (shallow
dotted line) and 3.2 (steep dotted line).

This upper limit is the most stable in terms of future comparison, in that

12 This evolution involves both the change in spectral slope and the subtle variation
in the scale and form of the effective area curve which itself is sensitive to the assumed
spectral slope (e.g. see 5.13).
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Figure 5.11: Surface of integral flux upper limits, standardised to the mean
at a given threshold energy, against threshold energy and assumed spectral
index. The colour-code was chosen to highlight the region around the mean.

it is valid across a reasonably wide range of power-law spectra and thus may
be compared directly to other measurements, if they too are analysed assum-
ing a power-law spectrum. Also, this limit is largely independent of model
assumptions, insofar as those models predict simple power-law spectra. How-
ever, its comparison to the model motivating these observations (B&S07) is
not clear (see §C for a discussion). That model presents a diversity of possi-
ble spectra covering a variety of energy ranges and with spectral indices that
evolve with energy. It may be argued that, for this purpose, it is preferable
to determine upper limits within relatively narrow energy bands so that they
can be reasonably treated as upper limits on the average flux within their
respective bands. Thus, these upper limits could be individually compared
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Figure 5.12: Stability and mean of the integral flux upper limit, across a
range of assumed spectral index, against threshold energy. The stability is
defined as the (RMS/Mean) of a set of integral flux upper limits created by
sampling uniformly over a range of spectral index. The smooth curves are
provided by the plotter and serve only to guide the eye.

to any of the modelled spectra.

5.3.2.3 Spectral Upper Limits

To allow comparison with the broad selection of emission curves presented
in B&S07, which do not generally have simple spectral forms, I adopt an ap-
proach similar to that used in [24] which confronted the same emission curves
with VHE observations of M13 using the MAGIC detector. That is to say,
I derive differential flux upper limits in a range of spectral bins. To achieve
this I subdivide the set of events in the ON- and OFF-regions according to
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Energy [TeV] Sig. Counts Flux UL
Thresh. Max. [σ] ON OFF Excess UL [×10−12 cm−2 s−1 ]

0.8 30 -0.4 2 26 -0.6 4.6 0.306

Table 5.3: Integral flux upper limit details. There are only two ON-counts
above the decorrelation energy threshold so a fully Poissonian treatment
of these counts is required when deriving upper limits from them (recall
§5.3.2.1). The background count rate in the ON-region is estimated from
the count rate in the OFF-regions with a normalisation of 0.1 (there are 10
OFF-regions). The integral flux upper limit is at 95% CL and is independent
of spectral index to within ∼ 1% for the stated threshold energy. The flux
normalisation of 0.342× 10−12 cm−2 s−1 TeV−1 (at 1.0 TeV ) is specific to
an assumed spectral index of 2.6; it has a systematic error of ∼15% due to
uncertainty in the index.

reconstructed/estimated energy and derive differential flux upper limits for
individual energy bins.

To ensure that these upper limits are constructed only from the most
sensitive portion of the array’s response and that portion which is less sus-
ceptible to fluctuations, events are selected for inclusion in the upper limit
calculation only if they lie in the energy regime where the mean effective area
for that run is above 25% of its maximum for that run. The variation of the
effective area curve between individual runs in this regime is around 5% and
not greater than the uncertainty due to the unknown spectral index, as may
be seen in Figure 5.13. With this requirement, the lower limit of the energy
range of admitted events varies over 0.26–0.34 TeV .

The resulting spectra of ON- and OFF-events are shown in Figure 5.14.
There are fewer than ten ON-events in total, so it is clear that I am not free
to make any large-number-limit approximation in constructing upper limits
for any of these spectral bins, as noted in §5.3.2.1.

Weighting the upper-limit number of events in each energy bin by the
effective area averaged over each bin yields an average flux upper limit for
each bin according to Eqn. 5.18. In this analysis the bin average effective
area is constructed event-by-event and interpolation in log10 εrec is used to
establish an accurate effective area for the particular reconstructed energy
εrec of each event individually. The mean of the effective area curves used to
construct these bin-wise averages is shown in Figure 5.13. A spectral index
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Figure 5.13: The grey band indicates the range of variation of the effective
area between individual data runs using an assumed spectral index of 2.6.
Red markers indicate mean effective area values due to using assumed spec-
tral indices of 2.0 (lower) and 3.2 (upper). Systematic error in estimation of
the flux due to uncertainty in the effective area is around 5%.
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Figure 5.14: Energy distribution of events within the regime of large effective
area. Black are ON; red are OFF scaled by the normalisation factor α = 0.1.
Note that the effective exposure is less in the first bin due to the fluctuation
of the threshold energy between runs. There are fewer than ten ON-counts
in all but one of the spectral bins so a fully Poissonian treatment of these
counts is required when deriving upper limits from them (recall §5.3.2.1).
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Bin centre Sig. Counts Flux UL
[TeV] [σ] ON OFF Excess UL [×10−12 cm−2 s−1 TeV−1 ]

0.316 -0.26 13 140 -1.0 8.61 36.5
0.501 -1.12 5 77 -2.7 5.37 2.43
0.794 -0.20 2 23 -0.3 4.72 1.27
1.26 0.10 1 9 0.1 4.15 0.344
2.00 -2.45 0 6 -0.6 3.00 0.190
3.16 -1.00 0 1 -0.1 3.00 0.120
5.01 -1.00 0 1 -0.1 3.00 0.0733

Table 5.4: Spectral bin statistics. The bins have equal widths in log10 ε of
0.2. The first bin has only partial exposure (360 min as opposed to 419 min
in the others) due to the analysis threshold fluctuating between runs. The
normalisation of OFF-counts is 0.1, as there are ten reflected OFF-regions for
each-ON region. The counts upper limits (ULs) were calculated using Eqn. 5
from [99], (see §5.3.2.1). The flux upper limits were derived using the mean
effective area constructed with an assumed spectral index of 2.6. It may be
seen that each of the three highest-energy bins represents a counts upper
limit of three; the variation between the flux upper limits there represents
the evolution of the effective area with energy.

of 2.6 was used to define the mean effective area curve but this choice is
somewhat arbitrary, so the mean curves resulting from two other extreme
spectral indices (2.0 and 3.2) are also indicated in Figure 5.13. This allows
us to estimate the systematic error in the differential flux upper limits, due
to ill-adapted effective area curves, to be ∼5%.

The resulting spectral upper limits, and the bin-wise statistics used to
generate them, are summarised in Table 5.4. These upper limits are shown
in Figure 5.15, along with the integral upper limit calculated above and the
upper limits due to observations by MAGIC [24]. I will confront emission
curves constructed for M13 with these upper limits in the same manner as
[24]: I will demand that the curve should be scaled such that the predicted
flux is entirely below each and all of the spectral upper limits.
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Figure 5.15: Differential and integral flux upper limits on VHE emission from
M13 at the 95% confidence level. I have plotted the MAGIC upper limit up
to a maximum energy of 3 TeV though no upper bound was noted in the
publication [24]. This matches their published sensitivity range reasonably
well and introduces only a∼1% correction relative to an infinite upper bound.
The integral upper limit from this work is shown covering the entire range
over which it was calculated, 0.8–30 TeV : note that it is dominated by the
count rate near the lower bound of this range, where it is seen to agree most
closely with the spectral limits. Equivalent curves for the integral upper limit,
corresponding to the extrema of the range of spectral indicies considered in
the derivation of the decorrelation threshold energy (see 5.3.2.2), are also
shown: the limits are at their most flexible at high energies, where few events
would be collected. Likewise, the spectral upper limits are softest (relative
to the integral upper limit curve) at higher energies: the highest energy
bin corresponds to a counts upper limit that is thirty times the estimated
background rate (see Table 5.4).
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5.4 Comparison to Modelled Emission

The model of B&S07 predicts a variety of possible emission curves. Below I
compare each emission curve to all of the spectral upper limits and determine
the smallest scale factor required for a given curve to be placed below them.
A visual comparison of the upper limits from this work and [24] with the
predicted flux is shown for the case of a mono-energetic injection spectrum
in Figure 5.16 and that of a power-law injection spectrum in Figure 5.17.
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Figure 5.16: Upper limits from this work (black arrows) plotted with the
B&S07prediction for injection of mono-energetic electrons. The width of the
horizontal bar indicates the bin width. The solid emission curve is for the
case of 1 -TeV electrons; the dotted curve for 10 TeV . The emission curves
were extracted from the published plots using the online implementation
of Dexter [70] (available at http://dc.zah.uni-heidelberg.de/sdexter).
The 1 -TeV curve is also shown scaled down to the known population of
5 pulsars for η = 0.01 (green curve). The pale upper limits are due to
observations by MAGIC [24].

http://dc.zah.uni-heidelberg.de/sdexter
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Figure 5.17: Upper limits from this work (black arrows) plotted with the
B&S07 prediction for injection of power-law-distributed electrons. The
top row corresponds to an injected spectrum with index 2 and the bot-
tom row to index 3; the left column corresponds to a minimum injection
energy of 1 GeV and the right column to a minimum injection energy of
100 GeV . Solid curves are for a maximum injection energy of 3 TeV and
dotted curves for 30 TeV . The emission curves were extracted from the
published plots using the online implementation of Dexter [70] (available at
http://dc.zah.uni-heidelberg.de/sdexter). The pale upper limits are
due to observations by MAGIC [24].

http://dc.zah.uni-heidelberg.de/sdexter
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Each emission curve, j, has been defined in terms of energy flux, Φj(ε).
An individual spectral upper limit, F̄i, is compared to an emission curve by
first integrating the photon flux implied by that curve, ε−2Φ(ε), across the
energy bin, i, for which that upper limit was defined. Then the average
photon flux for that bin multiplied by a scale factor, fij, is set equal to the
upper limit :

F̄i = fij

∫ εi+1

εi
ε−2Φj(ε) dε

∆εi
(5.19)

where ∆εi is the width of the energy bin. The scale factor, fij, between the
model and the upper limit must then be the ratio of the upper limit to the
average photon flux :

fij =
F̄i∆εi∫ εi+1

εi
ε−2Φj(ε) dε

(5.20)

The smallest scale factor for a given emission curve ensures that the curve is
below all of the upper limits and this is the required value for that curve :

fj = min({fij|i = 1, . . . , 6}) (5.21)

Thus fj may be taken as an upper limit on the scale of the emission curve:
the emission curve normalisation is required to be below this scale factor for
that curve to be consistent with observations at the appropriate confidence
level.

Recalling §2.3.3 and in particular Eqn. 2.20 we see that upper limits in
terms of fj may be applied directly to the parameters of the model :

Φj(E) ∝ fjL̄s-dη±NP (5.22)

In particular B&S07 assumed a particular mean pulsar spin-down luminosity,
L̄s-d and set η±NP = 1 to construct the emission curves, where NP is the
number of pulsars in the globular cluster and η± is the efficiency with which
a pulsar converts spin-down power to relativistic electrons. We can thus
compare the upper limits in terms of fj directly to limits on η±NP, under the
assumption that the mean spin-down luminosity has been properly estimated,
as presented in [24]. Upper limits of the scale factor on each of the emission
curves, due to this work, are presented in Table 5.5. Overall, these limits
are more constraining than those quoted in [24] by as much as 50% and
approximately 30% on average: this is unexpected as the flux upper limits
themselves are not, in general, any lower (recall Figure 5.15). Presumably



168 CHAPTER 5. ANALYSIS RESULTS

the root of this discrepancy lies in the method of comparison between the
binned flux upper limits and the continuous modelled emission curves: the
exact means by which this comparison was conducted in [24] is not described
there, so this remains speculation.13 However, across certain key bins, the
modelled flux does vary by as much as a factor of two so that, if comparison
was made at some specific point (e.g. one of the bin limits) instead of through
a bin-wise average (as is done in this work), the scaling could fluctuate by
such a degree.

Power
Law

E±,min [GeV] 1 100 Mono-energetic
E±,max [TeV] 3 30 3 30 1 10

Spectral
Index

2.1 0.74 0.60 0.26 0.26
0.098 0.22

3.0 59 56 0.61 0.58

Table 5.5: Scaling factors to the most constraining upper limit for the emis-
sion curves due to the model of Bednarek & Sitareck [36]. These may be
considered to be limits on the product of model parameters η±NP, if the
mean spin-down luminosity is assumed to be correct. The emission curves
are categorised by the type of electron injection spectrum (power-law or
mono-energetic) and the detailed properties assumed within those types: i.e.
electron energy (range), E±,(min,max), and spectral index (for power-law only).

The emission curves associated with those scenarios of power-law injected-
electron spectra where the minimum injection energy is only 1 GeV are
not very amenable to interpretation in terms of VHE observations. They
are better suited to examination by HE observatories such as Fermi (recall
Figure 1.10) and I will not consider them further.14 The other scenarios
indicate a median value of the scale factor to be f̃ ' 0.26 and I will carry this
representative value forward to the following discussion of the implications of
these limits. It must be born in mind, however, that this value carries with

13 In this regard, I note that in certain cases (e.g. E±,min = 100GeV; E±,max = 3TeV;
spectral index 3.0; Figure 5.17 lower-right, solid) a scale factor of 1.0 is indicated by [24]
(identical to the level of modelled emission) yet there are upper limits clearly completely
below the modelled emission curve, contrary to the stated criterion for comparison.

14 This mechanism was briefly considered as a possible source of HE emission from 47
Tucanae in [6] though consideration of the spectral shape ruled out a strong contribution
to the detected flux. The entire flux could be explained by direct, unresolved emission
from up to sixty pulsars.
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it an error of a factor of two due to the wide variation between the different
scenarios.
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Chapter 6

Discussions & Conclusions

Recall that, in the models of B&S07 (see §2.3), the energy flux, Φ(ε), from a
globular cluster in VHE gamma rays is directly related to the total power of
the population of MSPs in relativistic electrons, L±: in turn, this is linearly
related to three parameters of the population of millisecond pulsars :

Φ(ε) ∝ L± = η±L̄s-dNP (6.1)

where NP is the number of pulsars in the cluster, L̄s-d is their mean spin-
down luminosity and η± the efficiency with which this power is transmitted
to relativistic electrons. Now, we may summarise the observational limits,
F̄i, established above (see §5.4) in terms of a scale factor, f̃ :

F̄i ∝ f̃Φ(ε) (6.2)

∝ f̃η±L̄s-dNP (6.3)

Thus, the limit determined in the previous chapter can be applied to any of
these three parameters, given assumptions about the other two. Below, we
estimate two of the three parameters at a time and apply f̃ = 0.26 to the
remaining one. Let us first consider the range of values expected for these
parameters.

6.1 Feasible Ranges of the Model Parameters

I will review possible ranges for each of the parameters in turn and select
three representative values for each. The major obstacles to estimating the
three parameters are :

171
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total population — existing pulsar surveys are sensitivity limited such
that many more pulsars may exist than are currently observed.

mean power — the mean energy-loss rate of pulsars is not generally well
known and direct estimates require measurement of the spin-down rate,
which is unknown for all of the detected MSPs in M13.

particle efficiency — the total energy budget of pulsars is unclear, though
it is apparent that a relatively small fraction of their power is emitted
directly so that most of it must be lost to a wind, the composition of
which is not well constrained.

I will discuss, and attempt to circumvent, these difficulties below.
For this I will rely upon the interpretation of observations in other do-

mains (radio, X-ray and HE gamma rays) of pulsars (particularly MSPs),
their wind-nebulae and globular clusters. In particular, one of the most
intensively-studied1 globulars, due to its proximity and size, 47 Tucanae (47
Tuc) will figure prominently in what follows, affording estimates of pulsar
content and spin-down luminosity. It is expected that the primary difference
between globulars, in terms of their pulsar populations, is due to their stel-
lar interaction rates which drive the peculiar richness of these objects (recall
§1.2) and the difference between M13 and 47 Tuc, in this respect, will be
accounted for in what follows. Nonetheless, it should be noted that the ma-
jor sub-division of the population of Galactic globulars is into two groups
according to their metallicity (the ratio of Iron to Hydrogen abundance,
[Fe/H]) [214, 215] and 47 Tuc and M13 reside unequivocally in differing sub-
populations. However, the abundance of close binary systems in globulars
seems to be adequately described with reference only to stellar interaction
rate, across a diverse group of clusters with differing metallicities (including
47 Tuc and M13) [177, 176]. It remains an open (and intriguing) question
as to whether cluster metallicity affects the spin-down luminosity of the pul-
sar population it hosts. The information available for 47 Tuc is singularly
detailed amongst the Galactic globulars and, for this reason, it is the point
of comparison for other clusters.

As we shall see, interpretation of observations of all globular clusters is
complicated by their distance (D >2kpc ). Thus, we will have cause to refer
also to observations of local (D < 2 kpc ) pulsars, and in particular local
MSPs, in the Galactic plane.

1 Radio studies: [50, 76, 75]; X-ray studies: [88, 98, 44]; HE gamma-ray studies: [6].
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6.1.1 Pulsar Population

Pulsars in globulars are usually discovered in targeted radio surveys and the
five MSPs known to exist in M13 were discovered in this way [137, 25, 68, 103].
Currently, 143 pulsars are known in 27 globular clusters2 thanks to radio
surveys. However, these successes are in spite of several selection effects, all
of which discriminate particularly against the detection of short-period MSPs
such as those found in globulars [144]. In essence, these effects are related
to the fact that pulsars will be more difficult to detect if the pulses become
smeared while accumulating the signal [181].

Such smearing of the pulsar signal can happen for a number of reasons.
Primarily, it is caused by propagation of the pulses through the ionised In-
terStellar Medium (ISM) causing a pulse to arrive with a slightly different
lag depending upon the radio frequency at which it is observed: this effect is
called dispersion.3 The column depth of the ISM, also called the dispersion
measure, between the source and Earth must be accounted for to allow sum-
mation of the signal across different frequencies.4 This becomes particularly
important if successive pulses have small separation, i.e. the pulse-period
is short. Another possibility is that if the pulsar is accelerating, its period
appears to fluctuate as the Doppler shift due to its motion evolves. The
majority of globular MSPs5 are in binary systems due to their evolutionary
path (see §1.2.2) so, again, this particularly hinders their detection.

In addition to these difficulties, radio surveys must contend with the fact
that MSPs are objects with intrinsically low radio luminosity. For instance,
in the most recent survey of M13 [103] the four brightest pulsars observed (for
which luminosity could be determined with an error of no more than ∼50%)
had luminosities in the range 1.3–8.3 mJy kpc2 (measured at 1.4 GHz), the
brightest being less than five times the nominal sensitivity of the survey
for this cluster (1.7 mJy kpc2 ). Thus, due to the low radio luminosity of
these objects, existing radio pulsar surveys are sensitivity limited [181]. This
constitutes an observational bias because only those objects with the greatest

2 See http://www.naic.edu/~pfreire/GCpsr.html for an up-to-date listing.
3Other propagation effects are also important to pulsar survey bias; see [144] for an

overview.
4In fact, once a pulsar has been discovered, its dispersion measure will be known exactly

and this can be converted to an estimate of the distance to the pulsar. However, this
estimate is based upon models of the ionised gas distribution in and around the galactic
plane [60] and is subject to fairly large errors [39, 103].

5 Almost 60% of those observed, despite this bias.[181]

http://www.naic.edu/~pfreire/GCpsr.html
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luminosities will be reliably detected. Overall, there may be many pulsars
that remain unseen for each one detected in a radio survey [51].

Under these conditions, in order to estimate the actual total pulsar popu-
lation it is necessary to extrapolate the perceived population of pulsars (hav-
ing large luminosities) to objects with lower luminosities which presently
evade direct detection. This may be done by appealing either to radio or
X-ray observations.

6.1.1.1 Radio Luminosity Distribution Function

To extrapolate radio observations to lower luminosities, I follow the example
of [50] by using the luminosity distribution function (l.d.f.): a power-law
which describes the intrinsic radio brightness of the pulsar population. This
distribution allows us to estimate how much of the population is hidden by
the limitations of radio surveys because a certain number of pulsars observed
at large luminosities implies a definite quantity of others that are dimmer.
How many low-radio-luminosity pulsars are hidden depends upon the slope,
λ, and the lower limit, L′, of the l.d.f.

The logarithmic form of the l.d.f.has been determined for globular MSPs
[103] to be :

λ =
d(logN)

d(logL)
= −0.9± 0.07 (6.4)

This study compiled results across many surveys, but remained relatively free
of bias because the distances to most globulars are reasonably well known;
they are generally out of the galactic plane, which limits the dispersion mea-
sure; and isolated pulsars were used specifically to avoid selection effects
against binary ones. Nonetheless, this l.d.f. was derived above 1.5 mJy kpc2

(at 1.4 GHz ) because, below this level, the observational bias against dim
sources at great distance comes into play in surveys of globulars. So, the
total number of pulsars actually detected in a survey, N0, will depend upon
the sensitivity of the survey which can be described in terms of the threshold
luminosity for a pulsar to be visible, L0. That is, N0 = N(L > L0), the total
number of pulsars in the population having a luminosity greater than the
threshold. Now, those pulsars not detected in the survey must have a lumi-
nosity between the lower limit of the population, L′, and the threshold for
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detection, L0. Thus, in terms of the cumulative luminosity distribution :

logN(L > L0) =

∫ ∞

L0

λ d(logL) (6.5)

=

∫ ∞

L′
λ d(logL) −

∫ L0

L′
λ d(logL) (6.6)

' logN ′ − 0.9 log

(
L0

L′

)
(6.7)

where N ′ = N(L > L′) is the total pulsar population. Thus, if L′ can be
determined, the total population can be estimated from the number observed
and the luminosity of the dimmest pulsar seen, the latter being taken as an
estimate of the threshold luminosity.

To glean an estimate of L′ we may appeal to observations of local pul-
sars, for which even the dimmest may be visible.6 In [150] the then-known
sample of twenty-one local MSPs was examined, carefully accounting for
observational bias. It was determined that these pulsars were consistent
with a l.d.f. of the form d(logN) = − d(logL) down to luminosities below
1 mJy kpc2 from observations at ν = 0.4 GHz.7 We may convert the lower
limit of that distribution, L′0.4, to a limit at 1.4 GHz , L′1.4, by reference to
the mean spectral index of pulsars derived in [155], namely −1.8± 0.2; note
that this is the same manner by which surveys at different frequencies were
compared in [103].

Lν ∝ ν−1.8±0.2 (6.8)

L′1.4

L′0.4

=

(
1.4

0.4

)−1.8±0.2

(6.9)

L′1.4 = 1.0×
(

0.4

1.4

)1.8∓0.2

= 0.1+0.03
−0.02 (6.10)

6 It is important to note that other sources of bias are exacerbated in just such surveys as
observations in the Galactic plane inevitably encounter much greater dispersion measures
and the distances of many pulsars may be estimated only from the dispersion measure,
implying, because of the inverse-square law, potentially very large errors in the derived
radio luminosity. Thus, these surveys must estimate and account for observing bias.

7 Note that [114] aimed to update the study of [150] by drawing MSPs in the Galactic
field from the ATNF pulsar catalogue [154] but apparently neglected to account for the
bias due to poor distance estimation and ISM effects, which can be particularly important
for nearby pulsars [144]. Consequently [114] derives much flatter distributions than all
previous studies and concludes that there is a marked difference between globular-cluster
and galactic-plane pulsars.
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This lower limit is in agreement with that of a more modern study, conducted
at 1.4GHz, of non-recycled, isolated pulsars in the galactic plane [146] which
also found a l.d.f. having a slope just compatible with that derived in [103].

I assert, therefore, that the l.d.f. for radio MSPs in globulars is as de-
scribed in [103] but extending, unbroken, in the manner of the similar dis-
tributions of galactic pulsars, to a lower limit of 0.1 mJy kpc2 . This implies
the presence of many more pulsars just out of reach of the current sensitivity
of radio telescopes, as may be the case in other globulars such as 47 Tuc
[50, 51].

I now use this to estimate the total pulsar population of M13. Basing
this calculation on those pulsars with reasonably well-known luminosities
(i.e. taking N(L > 1.3) = 4)8and recalling Eq. 6.7, I calculate :

logN(L > L0) ' logN ′ − 0.9 log

(
L0

L′

)
(6.11)

N(L > L0) ∝ L−0.9
0 (6.12)

N(L > 0.1)

N(L > 1.3)
=

(
0.1

1.3

)−0.9

(6.13)

N(L > 0.1) = N(L > 1.3)

(
0.1

1.3

)−0.9

= 40 (6.14)

Thus, by extrapolating from existing radio observations, I estimate that there
could be around forty pulsars in M13 in total.

However, there is some evidence that the l.d.f. for globular MSPs does not
extend to such low luminosities. For 47 Tuc the cumulative luminosity dis-
tribution has been derived with pulsars observed in this cluster alone [158];
again it is seen to be consistent with d( logN) = − d( logL). This study
goes further, using measurements of the integrated radio emission from 47
Tuc at 1.4GHz along with that cumulative luminosity distribution to demon-
strate that the low-luminosity limit of the distribution is likely no less than
0.4 mJy kpc2 . Assuming the same l.d.f. and limiting luminosity for M13
implies, by a similar calculation to that above (Eq. 6.14)9, thirteen pulsars
in total.

8 The lowest luminosity pulsar was detected in only two out of sixty-seven observations
during the survey [103] and evidently represents the type of object which the survey was
strongly biased against.

9N(L > 0.4) = N(L > 1.3)
(

0.4
1.3

)−1 = 13
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Note that these estimates do not account for beaming of radio emission,
i.e. that the radio beams may sweep out only a small solid angle. In this
case the correct orientation, by chance, of a pulsar’s spin-axis, magnetic-axis
inclination and the Earth’s position is required to make the detection of any
individual, active pulsar possible. This would imply a still larger population
of pulsars including a fraction rendered invisible to radio telescopes by the
simple matter of the directed radio emission never sweeping over the Earth.
As noted in [144], such geometrical factors are subject to widely varying
interpretations [149, 40] and may require an order of magnitude correction
[197] to survey populations. However, in general, short-period pulsars seem
to have broader beams [197] and so require a smaller correction. I have
ignored beaming factors in these estimates.

6.1.1.2 X-Ray Source Counts and Stellar Interaction Rates

Another avenue is open to us to estimate the intrinsic pulsar population. X-
ray observations of globulars suggest that the abundance of sources, of which
MSPs are an important component, is directly related to those properties
of the cluster that contribute to a large stellar encounter rate. Using this
relationship, we can relate the estimated pulsar content of 47 Tuc to the
specific case of M13.

MSPs are commonly X-ray sources, most often exhibiting only thermal
emission10 and observable for all combinations of obliquity and viewing an-
gle [43]. For instance, deep Chandra observations of 47 Tuc [98] detect all
MSPs having precisely known positions [44]; they are scattered amongst ap-
proximately 230 sources within the half-mass radius and associated with the
cluster. Furthermore, by consideration of the spectral properties of unidenti-
fied X-ray sources, it is estimated that this globular contains approximately
twenty-five pulsars and less than sixty with 95% confidence.11 In the case
of M13, X-ray observations reveal approximately twenty sources within the
half-mass radius and associated with the cluster [188]. However, only one
MSP has a well-known position and it is seemingly not detected in these
observations [35]. 12

10 Occasionally a non-thermal component is also present due to appropriate alignment
of beamed magnetospheric emission or due to interaction of the pulsar wind with a binary
companion.

11 Fermi observations of 47 Tuc also indicate a population of up to sixty pulsars [6].
12 It is stated in [103] that, in the same Chandra data set, there are no obvious coun-
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This profusion of X-ray sources in globulars is composed primarily of
compact binary systems [204]: cataclysmic variables and other such systems
containing a main sequence star with a degenerate companion (i.e. a white
dwarf or neutron star). Such systems may be precursors to MSPs and cer-
tainly act as tracers for the sort of exchange interactions that are believed
to be necessary to the enrichment of globulars with MSPs [115]. Hence, the
number of X-ray sources per unit mass, NX/m = n, is seen (in a study com-
bining X-ray observations of 23 globulars) [176] to scale with the specific
stellar encounter rate13, ξ, according to the relation :

n = C + Aξα (6.15)

where the first term represents a primordial contribution to this population
and the second term the contribution due to stellar interactions. Here, the
mass of the cluster may be taken as being proportional to its luminosity,
L ∝ 10−0.4MV , where MV is the absolute visual magnitude.

Now, the relationship between source counts and ξ may differ for differ-
ent sub-populations of X-ray sources. For instance, [176] defines four sub-
populations: population III contains most of the identified MSPs (but also
many other sources) and has a best-fit relation of nIII to ξ with C = −12,
α = 0.27 and A = 9.23.14 I will now make the assumption that the quantity,
NX,III = nIIIm, of this sub-population of X-ray sources may be treated as
a proxy for the MSP population, NP: i.e. I assume MSPs form a constant
fraction of this sub-population (NP/NX,III) across all globular clusters.

Given this, I can state :

NP ∝ NX,III = (C + Aξα)m (6.16)

and use this scaling relation and the detailed estimates for the total MSP

terparts for another three of the pulsars in M13 but their exact locations are not recorded
in the ATNF pulsar catalogue [154].

13 The specific stellar encounter rate is simply the stellar encounter rate, Ξ, per unit
mass. The stellar encounter rate itself is related to the density profile of stars (i.e. a
King model [126]), their velocity distribution and the mass of the cluster [176] : Ξ =∫ h

0
4πr2ρ2/σv dr where h is the half-mass radius and ρ and σv are, respectively, the density

and velocity dispersion as functions of radius.
14The value of A is not listed in [176] but may be derived from Fig. 2c where n(ξ =

100) = 20. Note that [176] uses γ for the specific stellar encounter rate but I have used ξ
to avoid confusion with the Lorentz factor.
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population of 47 Tuc to calculate the total pulsar population for M13 :

NP(M13) = NX(M13),III

NP(47Tuc)

NX(47Tuc),III

(6.17)

where, as noted above, NP(47Tuc) is likely 25 but may be as large as 60 (see Ta-
ble 6.1). It is notable that this scaling relationship almost exactly reproduces
the relative abundance of currently known pulsars in these two globulars. The
implied upper limit on the number of pulsars in M13 is eleven.

Name MV m ξ nIII NP/NX,III NP

NGC# Other [M� × 106]
104 47 Tuc -9.37 1.41 273.8 30.01

0.59 (1.43)
25 (60)

6205 M13 -8.5 0.63 40.86 13.13 5 (11)

Table 6.1: Globular cluster parameters related to stellar encounter rate and
scaling for the number of MSPs. Absolute magnitude, MV, taken from the
2003 edition of the catalogue due to Harris [94] for consistency with [176].
Mass, m, is assumed to scale with the total luminosity, as derived from the
absolute magnitude. Specific stellar encounter rate, ξ, has been extracted
from Fig. 2c of [176] using the online implementation of Dexter [70] (avail-
able at http://dc.zah.uni-heidelberg.de/sdexter). The specific source
count, nIII, has been calculated using the best-fit for population III as defined
in [176]. NX,III is the number of sources in population III of [176] whose def-
inition does not extend below 4× 1030 erg s−1 because some of the clusters
in the study did not have sufficient exposure for lower luminosities. There
are, however, identified MSPs with lower luminosities and the study of X-
ray sources in 47 Tuc extended below this level, hence NP > NX,III is not
unexpected. The number of pulsars for 47 Tuc are those suggested by X-ray
source counts, with the 95% C.L. value in parenthesis [44]; for M13 they
are those derived assuming the 47 Tuc MSP population will scale to other
globulars as population III of [176].

6.1.1.3 Feasible Values for the Pulsar Population

In summary, I claim that reasonable values for the total pulsar population of
M13, 〈NP〉, may be derived from the radio luminosity distribution functions
observed for globular cluster pulsars and local MSPs (RadioLDF); or be

http://dc.zah.uni-heidelberg.de/sdexter
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derived from the radio luminosity distribution function observed in 47 Tuc;
or be derived from the observed relationship between stellar encounter rates
and X-ray source abundance in globulars (X-rayUL). The latter two esti-
mates (both derived relative to 47 Tuc) provide very similar upper limits,
and the most probable value of the last one agrees with the currently known
population (Known). I will define a feasible set of values to be :

〈NP〉 ≡ {Known, X-rayUL, RadioLDF} (6.18)

= {5, 11, 40} (6.19)

with the middle value being preferred by consistency between radio and X-ray
studies of another globular cluster (47 Tuc).

6.1.2 Spin-Down Luminosity

The strong magnetic field of a pulsar extracts energy from its rotation. Thus,
the pulsar’s rotation rate decreases while it releases energy (as radiation and
as a particle wind) to its surroundings. This phenomenon is quantified by the
spin-down luminosity which is often expressed approximately as the energy
lost by an orthogonally-rotating magnetic dipole in a vacuum15 : Ls-d ∝
B2P−4. In the model of B&S07, the typical surface magnetic field and period
of MSPs in globulars were taken to be 109 G and 4 ms , respectively, which
implied a spin-down luminosity of 1.2× 1035 erg s−1 . They used this value
for all four of the clusters they considered, including M13 and 47 Tuc.

Somewhat more empirically, the energy of a pulsar is stored in its ro-
tational motion and so its rate of energy loss, Ė, is related to its changing
rotation rate, Ω = 2π/P , as follows :

Ė =
dE

dt
=

d

dt

(
I

2
Ω2

)
= −4π2I

Ṗ

P 3
(6.20)

where I is the moment of inertia. Thus, the spin-down luminosity of a
pulsar may be estimated directly from knowledge of its period, P , and period
derivative (also called the spin-down rate), Ṗ , and assumptions concerning

15 For the reasons outlined by Goldreich & Julian (recall §2.1.2) it cannot be in a
vacuum locally. More modern treatments (see Eqn. 2.1) [192] include something very like
the orthogonal rotator relation as a special case. The apparent accuracy of the orthogonal
rotator model can be accounted for by imagining that the long-wavelength dipole-radiation
is absorbed in and energises the surrounding plasma.
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its moment of inertia16. However, for pulsars in globulars, measurement of
their spin-down rates is complicated by the gravitational field of the cluster
within which they are bound. Their motion due to orbiting about the centre
of the cluster introduces a persistent Doppler-shift. This must be accounted
for to attain the intrinsic period derivative and hence the correct spin-down
luminosity.

The spin-down rate has not been measured for any of the pulsars in
M13, and consequently their spin-down luminosities have not been estimated.
However, we may estimate a reasonable value for the energy loss rate of
pulsars in M13 by considering the known (or derived) properties of others
like those in M13.

6.1.2.1 Globular-Cluster MSPs

The intrinsic spin-down rates of a sub-set of the pulsars of 47 Tuc have been
estimated [44]. This was done by estimating the three-dimensional position
of the individual pulsars relative to the centre of the globular assuming a
constant gas density in the cluster to account for differences in their dis-
persion measures. A King model [126, 127, 128] for the stellar distribution
was then used to determine the gravitational effect of the globular on each
pulsar. With the caveat that the assumption of a constant gas density may
be an over-simplification, the mean spin-down luminosity was estimated to
be 2.1× 1034 erg s−1 .17

If we assume that the pulsars of all globular clusters are similar18, we
may use this sample as an estimate of the mean spin-down luminosity for the
population of pulsars in M13. The pulsars of M13 may be compared to those
of 47 Tuc used in this estimate in Figure 6.1, where their periods are seen
to occupy a similar range. Those two pulsars with periods shorter than the
fastest pulsar of M13 have spin-down luminosities estimated to be similar to
the others and do not significantly bias the mean spin-down luminosity of
this population.

16 I = 1038 kg m2 = 1045 g cm2 with approximately 70% error (§3.1.2 of [147]).
17 This is almost an order of magnitude below the value adopted in B&S07. That choice

was critiqued for the specific case of 47 Tuc in a paper detailing observations of that
globular by the H.E.S.S. collaboration [17].

18 In the sense that their properties are similarly distributed.
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Figure 6.1: The intrinsic spin-down luminosity, of pulsars for which it has
been estimated, against pulsar period. The ATNF pulsar properties were
retrieved from the ATNF Pulsar Catalogue [154] (available at http://www.

atnf.csiro.au/research/pulsar/psrcat). The local pulsars are within
2 kpc of Earth. It may be seen that pulsars observed at greater distances
often have much larger spin-down luminosity, which is likely a selection effect.
The ATNF database accounts only for proper motion in deriving the intrinsic
spin-down luminosity. The four pulsars of 47 Tuc from the ATNF database
(near Ė ≈ 1035 erg s−1 ) have over-estimated spin-down luminosity relative
to the values derived in [44] in which the effect of motion in the gravitational
field of the cluster was accounted for. For comparison, the periods of M13
pulsars are indicated by vertical dotted red lines: their spin-down luminosities
are unknown.

http://www.atnf.csiro.au/research/pulsar/psrcat
http://www.atnf.csiro.au/research/pulsar/psrcat
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6.1.2.2 Pulsar Population Statistics

Additionally, if we assume that all MSPs are similar we may examine all
known pulsars with periods similar to those of the M13 MSPs. In particu-
lar, we may use the subset of those pulsars which have an estimated intrin-
sic period derivative:, i.e. a spin-down rate that has been corrected for the
proper motion of the pulsar. These pulsars will have a corresponding intrin-
sic spin-down luminosity which may be used to estimate the mean spin-down
luminosity of the pulsar population of M13.

The Australia Telescope National Facility (ATNF) pulsar catalogue
[154] is a database that makes these properties readily accessible. Here I draw
from this database the intrinsic spin-down luminosities for pulsars having
periods in the range 2.487–10.378 ms and with existing estimates of the
intrinsic period derivative, providing a sample of thirty-seven pulsars19 (see
Figure 6.1). All of these pulsars are within 6kpc, less than the distance to M13
(7.5 kpc ). The distribution of their spin-down luminosities is summarised in
Table 6.2 and plotted in Figure 6.2. The mean spin-down luminosity of all
these pulsars is 7.3× 1034 erg s−1 .

However, this estimate includes nine pulsars located very far (D >2kpc )
from the Earth (six of which reside in three globular clusters)20 and their
observation is likely aided principally by their high luminosities. This would
constitute a bias in the measured distribution relative to the actual one be-
cause there likely exist other pulsars at such distances, having less extreme
properties, which we are currently unable to observe. A less-biased sample
might be constructed by examining only nearby pulsars (D < 2 kpc ). The
distribution of the spin-down luminosities of this reduced sample is also sum-
marised in Table 6.2 and plotted in Figure 6.2. Considering only these local
pulsars we arrive at a mean spin-down luminosity of 0.38× 1034 erg s−1 .

6.1.2.3 Feasible Values for the Mean Spin-Down Luminosity

Thus, I claim that representative values of the typical mean spin-down lumi-
nosity of millisecond pulsars, 〈L̄s-d〉, may be derived from a database sample

19 Nine of these pulsars have been directly detected by Fermi. In addition, a further four
of them are associated with 47 Tuc and the most powerful one (the first globular-cluster
pulsar to have ever been detected [148]) resides in M28: both of these globular clusters
have also been detected by Fermi [9].

20 Namely M28, 47 Tuc and NGC6752.
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Figure 6.2: The distribution of the spin-down luminosity for pulsars having
periods similar to those of M13. The pulsar power featured in this distribu-
tion has been determined using the ‘intrinsic’ spin-down rate (compensated
for the proper motion of the pulsar), where available and non-negative. The
distribution for all pulsars fulfilling these criteria is shown along with that
of pulsars which are also closer than 2 kpc . The latter distribution (of lo-
cal pulsars) is likely less biased than that including the most distant pulsars
which may be visible only because they are exceptionally luminous. These
data were retrieved from the ATNF Pulsar Catalogue [154] (available at
http://www.atnf.csiro.au/research/pulsar/psrcat).

http://www.atnf.csiro.au/research/pulsar/psrcat
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Pulsar
population

Spin-down range L̄s-d

Total Limit Rate Power [×1033 erg s−1 ]
[×10−20 s s−1 ] [×1033 erg s−1 ]

All 37
min 0.148 0.589

73
max 162.0 2240.0

Local 28
min 0.148 0.589

3.8
max 2.35 20.8

Table 6.2: Pulsar population statistics for pulsars with spin periods in the
same range as those known in M13. Local pulsars are within 2 kpc .

of local pulsars (DB-local); or be equivalent to that estimated for 47 Tuc
(47 Tuc); or be derived from a database sample of all pulsars (DB-all) :

〈L̄s-d〉 ≡ {DB-local, 47 Tuc, DB-all} (6.21)

= {3.8, 22, 73}×1033 erg s−1 (6.22)

The lowest of these estimates is likely the least biased but may not correspond
well to the MSP population of a globular. It is notable that these values are
all distinctly less than that assumed in B&S07.

6.1.3 Conversion Efficiency to Relativistic Electrons

The power taken up by electrons as they are accelerated above a pulsar polar
cap, as a fraction of the spin-down power of the pulsar, has been calculated
[164] to be 4–19 % for MSPs21. This estimate ignores the effects of pair
production which can reduce the efficiency of the acceleration. B&S07 used
this to motivate η± = 0.01 and the MAGIC collaboration [24] used the same
model to claim η± = 0.1.

However, recent Fermi data [203] rule out the possibility of pair-starved
polar cap emission, which had previously been assumed the correct model for
MSPs. This may indicate that copious pair-production occurs over the poles
of MSPs: such high pair-multiplicity22, κ±, is thought to set up the higher-
altitude acceleration/emission gaps apparently necessary to satisfy these new

21 This range is due to inclination between the magnetic moment and the rotation axis.
22 The mean number of electron-positron pairs produced per primary electron acceler-

ated from the pulsar’s surface.
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observations [203]. These slot-gap or outer-gap emission mechanisms (out-
lined in §2.1.3.2 and §2.1.3.3), and the attendant abundance of pair-plasma,
were previously thought to be restricted to younger pulsars, having larger
magnetic fields, but could be explained by distortion of a MSP’s magnetic
field [93, 34].

Regardless, in all these models, HE emission is considered as being curva-
ture emission from electrons accelerated to a large, radiation-reaction limited
Lorentz factor. Thus, observations of HE pulsed emission [4, 5] indicate that
young pulsars and recycled pulsars share similar emission mechanisms and
also represent strong evidence for the presence of TeV electrons within the
magnetospheres of these pulsars.

However, the emission mechanism for globular clusters considered here
(B&S07) requires that these electrons escape from the vicinity of a pulsar as
a wind of plasma. How much of a pulsar’s spin-down luminosity is delivered
to TeV electrons in the wind depends upon the energy budget of the pulsar
and the composition and energy-balance of the wind itself.

Energy budget. The, apparently un-biased, sample of eight nearby MSPs
detected by Fermi [3] indicates that the pulsed emission (which is dominated
energetically by HE gamma-rays [199]) accounts for between five and fifteen
percent of the rotational energy losses of these objects. In particular, taking
values for the efficiency of gamma-ray production from the First Fermi -LAT
Pulsar Catalog [4], those four MSPs with accurate distances23 and having
error in the efficiency less than 100%, exhibit gamma-ray efficiencies ranging
between 2 and 17% and with a mean of 9% of the spin-down luminosity.

Furthermore, the efficiency with which the pulsar population of 47 Tuc
produces HE gamma rays has been estimated as less than∼12% [6], assuming
that the flux detected by Fermi is due solely to unresolved pulsed emission
and that there may be more pulsars there than are currently known. Thus,
the pulsed HE gamma-ray emission does not account for the majority of the
rotational energy loss of a pulsar and the power that is not radiated directly
by the pulsar in this fashion (in excess of ninety percent of the spin-down
luminosity) must be carried away by the pulsar wind.

Composition of the pulsar wind. The relativistic wind which carries
this power [184, 27] is, initially, a synergy of a tightly-wound, strong magnetic

23 Determined via parallax measurements rather than relying on dispersion measure.
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field and a plasma of ions, electrons and positrons. The wind carries energy
both as an electromagnetic (Poynting) flux and as the kinetic energy of the
particles. Near the pulsar, and its intense magnetic field, the wind is believed
to be dominated by the magnetic flux such that the charged particles of the
plasma are effectively prohibited from moving other than along a magnetic
field line. This magnetic dominance can be quantified by the magnetisation
parameter, σ, which is simply the ratio of the electromagnetic flux, LB, to
the kinetic energy flux, LKE [122, 27] :

σ =
LB

LKE

=
B2

4πnγ2meffc2
(6.23)

where γ � 1 is the bulk Lorentz factor of the relativistic wind n is the proper
density24 and meff = mion +me(1 + 2κ±) is the effective mass-loading of the
wind. Close to the star, the magnetic field, B, is sufficient that σ � 1 when
the wind is ‘launched’ [130], despite the wind already being relativistic25.

A consequence of this magnetic dominance is that the pulsar wind should
be well described by ideal MagnetoHydroDynamics (MHD), a description
which entails particle acceleration [47, 48, 59, 130].

Acceleration and magnetic dissipation. Support is leant to this picture
in the case of the Crab pulsar by considering that the majority of electrons
leaving a pulsar’s inner magnetosphere should have Lorentz factors [105]
of ∼ 102 yet, to avoid suppression of the Crab’s radio pulses by induced
Compton scattering on its pulsar wind [211],the Lorentz factor of the wind
must exceed 104 at a distance from the pulsar of 100 times the light-cylinder
radius [130]. Presumably the bulk Lorentz factor has increased and this must
be at the expense of the Poynting flux: σ must have decreased.

Furthermore, the properties of the wind at its termination shock, where
it interacts with the nebula (see Figure 6.3), have been studied in detail
[122, 123]: essentially, that the Crab Nebula exhibits powerful synchrotron
emission, accounting for a large fraction of the PWN’s energy budget 26,

24 At the star this corresponds to the Goldreich-Julian charge density §2.1.2.
25 Strong acceleration in a pulsar’s magnetosphere ensures the existence of electrons

with radiation-reaction limited Lorentz factors up to ∼ 107 (as noted in §2.1.3) but the
high-energy curvature emission from these particles, in the intense magnetic field, should
support copious pair-production [93] which dominates the population with less energetic,
though still relativistic, electrons [105]: the median Lorentz factor of pair-produced par-
ticles leaving a pulsar’s inner magnetosphere is thought to be ∼200.

2610–20 % of the spin-down luminosity [122].
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Figure 6.3: Schemtaic of a PWN. Image credit — Fig. 2 from [27].
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Figure 6.4: Schematic of the striped wind. On the left is the poloidal field
structure (approximated asymptotically by a split monopole), demonstrating
the undulating current sheet near the equator instigated by the periodic field
reversals due to the rotation of the inclined dipole of the pulsar. On the right,
an equatorial cross-section indicates the zones of alternating field direction,
interleaved with the current sheet (spirals). Image credit — Fig. 5 of [27].

suggests that the wind power of the pulsar has been almost completely con-
verted to kinetic energy by the point the wind’s progress is checked by the
shockfront and the flow rate of material from the wind is slowed to match its
expansion into the surrounding interstellar medium. This study also deter-
mined the effective terminal wind Lorentz factor to be Γ ∼ 106 [123] which
seems to have become the canonical value for most subsequent pulsar wind
studies [27].

More recently, it has been found [69, 133] that the detailed X-ray morphol-
ogy of the Crab Nebula is well-described by MHD simulations only if the wind
is kinetic-energy dominated (σ � 1). Between leaving the magnetosphere
of the pulsar and colliding with the enclosing medium the electromagnetic
energy carried by the wind has apparently been dissipated and transfered to
the particles: this is sometimes termed the ‘σ paradox’ [129].

Some mechanism is required for this conversion of the wind from magnetic
to kinetic-energy dominance but the intrinsic MHD acceleration mentioned
above does not seem to be adequate, as it must cease before the magneti-
sation parameter becomes small [130]. The paradox is likely resolved by a
peculiar trait of pulsar winds: that they are described by two asymptot-
ically monopole magnetic hemispheres separated by an equatorial current
sheet which is warped by spiral corrugations due to the inclination of the
pulsar’s magnetic moment [61, 130] (see Figure 6.4). Such a configuration
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(a so-called striped wind) may result in the dissipation of these stripes,
due to current instabilities acting between neighbouring ripples [131], and an
associated transformation of magnetic flux into kinetic energy. Indeed, this
mechanism may operate more effectively for MSPs than young pulsars [151].
Outside the equatorial plane other mechanisms may operate [152], but most
of the energy in a pulsar wind is carried in the equatorial plane [130].

6.1.3.1 Conversion Efficiency via Energy Balance

If these mechanisms are indeed realised, the power transferred to relativistic
electrons may be limited only by the energy budget of the pulsar wind. We
may express the efficiency with which spin-down power is transferred to rel-
ativistic electrons, η± = L±/Ls-d, in terms of the fraction of lost rotational
energy delivered to the pulsar wind, ηW, the fraction of that wind power car-
ried by the kinetic energy of particles27, ηKE, and the fraction of that kinetic
energy carried by electrons, ηe; thus :

ηW =
LW

Ls-d

, ηKE =
LKE

LW

and ηe =
L±
LKE

∴ η± = ηe ηKE ηW

We have already noted that the pulsar wind should carry all the power, LW,
that remains having accounted for directly emitted radiation (especially HE
emission), Lrad ' LHE, thus :

ηW =
LW

Ls-d

(6.24)

= 1− LHE

Ls-d

(6.25)

and LHE/Ls-d = 5–10% . Furthermore, as the wind power is divided between
electromagnetic flux, LB, and kinetic energy, LKE :

LW = LB + LKE (6.26)

LKE

LW

=

[
LB

LKE

+ 1

]−1

(6.27)

ηKE =
1

σ + 1
(6.28)

27 This should be the asymptotic value, far from the pulsar to correspond to the case of
MSPs in globular clusters.
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and the division of the kinetic energy between electrons and protons implies :

LKE = L± + Lp (6.29)

L±
LKE

=

[
Lp

L±
+ 1

]−1

(6.30)

ηe =
U±/Uions

(U±/Uions) + 1
(6.31)

where U± and Uions are the energy density of electrons and ions (protons)
in the pulsar wind; their ratio is related to the relative abundance of the
particle species28 , (1 + 2κ±)/1, and the species’ relativistic energies [28] :

U±
Uions

= (1 + 2κ±)
γ±me

γionsmp

(6.32)

=
(1 + 2κ±)

%
(6.33)

where in the last step we have assumed that all species in the wind move at
the same bulk velocity (γ± = γions = Γ) and % = mp/me = 1.83× 103. Thus,
in terms of the wind composition :

η± = 0.9× 1

σ + 1
× 1 + 2κ±

(2κ± + 1) + %
(6.34)

≈ 0.9

(σ + 1)

(
κ±

κ± + 1000

)
(6.35)

where we have assumed κ± � 1 which is reasonable given that pair-starved
polar caps have been ruled out.

As mentioned above, the composition of the pulsar wind powering the
Crab Nebula may be gleaned from the properties of the Nebula. Modelling
of the synchrotron X-ray spectrum emitted by the Nebula can be most suc-
cessfully modelled as being energised by an MHD shock terminating the pul-
sar wind [122, 123] if the wind has σ ≈ 0.003 and κ± ≈ 104. More modern
studies [69] incorporating the morphology require σ ≈ 0.02 and κ± ≈ 104.
Either way η± is about 80%. Given that young and recycled pulsars appear

28 The number of primary electrons is equal to that of ions (protons) in order to keep the
pulsar’s surface neutral and is set by the so-called Goldreich-Julian current: the current
required to maintain at least the Goldreich-Julian charge density.



192 CHAPTER 6. DISCUSSIONS & CONCLUSIONS

to exhibit similar magnetospheric conditions29 and that the description of a
pulsar wind outlined above seems generic, we may accept this as a feasible
estimate of the efficiency of conversion of spin-down luminosity to relativistic
electrons.

Note, however, that much of the modelling work that has been carried
out in relation to pulsar winds has been in the context of young pulsars and
especially the Crab Pulsar and Nebula which form the prototypical PWN.
This bias against recycled pulsars is related to young pulsars’ intrinsic greater
luminosity and more dense environments which afford much better opportu-
nities for observation. Nonetheless, as noted in §2.1.1, there is direct evidence
for relativistic pulsar winds from MSPs, such as the X-ray tail detected [193]
in association with the luminous MSP PSR 1957+20. In fact, this object was
re-examined in a study of non-pulsed, non-thermal X-ray emission around five
MSPs [57]. It was concluded that in most cases this emission could be mod-
elled as synchrotron radiation from the pulsars’ winds terminating on the
inter-stellar medium or close companions. To model the shock fronts they
assumed the wind Lorentz factor to be Γ ∼ 106 and equipartition between
electrons and ions in the winds: for our purposes this would reduce Eq. 6.33
to U±

Uions
= 1 and so Eq. 6.35 becomes :

η± =
0.9

σ + 1
0.5 =

0.45

σ + 1
(6.36)

For most of the sources examined, it was found that the model used was
largely insensitive to σ, but for the specific case of PSR 1957+20 the model
favoured σ < 0.02, implying that η± should be 45% or more for this MSP.

The above estimates are based on fairly specific assumptions, particularly
concerning κ± and Γ, that must be made without concrete evidence. A
more conservative approach considers just the pulsed emission which we can
presume probes directly the population of energetic electrons for which a
pulsar is directly responsible.

6.1.3.2 Minimal Conversion Efficiency via Radiation-Reaction Lim-
ited Luminosity

If magnetic dissipation is not, in fact, realised in the winds of MSPs or pul-
sar HE emission is constrained to high altitudes for reasons other than high

29 In particular a modern pair-creation cascade model [93], based on a distorted magnetic
field, implies that κ± may indeed be as large as 104.
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multiplicity (e.g. emission from a return-current sheet beside the last open
field line [29], [34] ) HE gamma emission may trace the only acceleration
of electrons in the vicinity of a MSP. In addition, the recent discovery of
VHE emission from the Crab pulsar [205] (likely representing an inverse-
Compton scattering component to the pulsed emission) may be regarded as
additional evidence of TeV electrons at relatively high altitudes in pulsar
magnetospheres. Assuming that these TeV electrons do indeed escape unfet-
tered across the light cylinder they would represent the minimal contribution
of the pulsar to a wind of TeV particles.

Pulsar models typically describe pulsed emission as being due to curva-
ture radiation from electrons maintained at high energies (γ ∼ 107) against
radiation reaction [3]. This implies that the power carried by this population
of particles should be less than the observed emission because, as a particle
approaches its terminal energy, additional energy gain is lost to radiation,
by definition.30 So, radiation-reaction limited HE emission at ∼ 10% of the
spin-down luminosity may indicate that up to 5% of the spin-down power is
delivered to highly relativistic electrons regardless of the wind’s characteris-
tics.

6.1.3.3 Feasible Values of Conversion Efficiency

Though HE emission dominates the energy radiated by a pulsar, most of
the spin-down power is released by some other mechanism. There is consen-
sus that the bulk of a pulsar’s spin-down luminosity goes into a relativistic
plasma wind but much uncertainty surrounds the composition of this wind.
I have found that reasonable arguments can justify values of the conversion
efficiency of spin-down power to relativistic electrons across almost the entire
range physically allowed. I have argued that MSP winds should be similar
to those of young pulsars that power PWNe (Crab-PWN); or be similar to
that of a local MSP that powers a PWN (MSP-PWN); or be populated by
very-energetic particles sourced only from the magnetosphere of the pulsar
(MSP-mag) :

〈η±〉 ≡ {MSP-mag, MSP-PWN, Crab-PWN} (6.37)

= {0.05, 0.45, 0.80} (6.38)

30It would be a remarkable coincidence if it so happened that particles typically escaped
the region that induces curvature radiation only shortly after attaining their maximum
energy.
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The lowest of these values is the most conservative, but is still by no means
certain. The middle value has been estimated in relation to a study specifi-
cally targeting MSP winds but (as with the largest estimate) its validity rests
on the assumption that MSP winds typically achieve a terminal Lorentz fac-
tor of 106: although standard practice, this remains to be proven.

6.2 Limits on Physical Parameters

We have inherited, from the analysis in the preceeding chapter (§5.4), an
upper limit as a scale factor: f̃ = 0.26. The models of Bednarek & Sitareck
were constructed assuming L̄s-d = 12× 1034erg s−1, NP = 100 and η± = 0.01.
Now we have estimates for each of these parameters: 〈NP〉, 〈L̄s-d〉 and 〈η±〉.
Assigning two of these (e.g. 〈η±〉 and 〈NP〉) and leaving the other free allows
us to hypothesise a model that matches the experimental limits :

f̃ L̄s-dη±NP = 〈L̄s-d〉 〈η±〉〈NP〉︸ ︷︷ ︸
estimated

(6.39)

where the underbrace indicates that these quantities are a fixed estimate and
the remaining parameter on the right-hand-side is free to allow equality. We
can then invert this relation, effectively absorbing the scale factor into the
original, assumed, value of the parameter of interest, to derive a limit on the
free parameter (in this case 〈Ls-d〉) :

〈L̄s-d〉 = f̃ L̄s-d
η±NP

〈η±〉〈NP〉︸ ︷︷ ︸
estimated

(6.40)

Below, I estimate each of the three parameters in turn, using all nine com-
binations of the other two. The results are presented in Table 6.3, Table 6.4
and Table 6.5. I will identify those combinations of parameters which lead
to unphysical limits on the free parameter or limits that seem to contra-
dict the estimated values of the free parameter as I have derived above. In
this way I will establish which portions of the parameter space are mutually
inconsistent.

6.2.1 Upper Limits on Pulsar Population

The pulsar population limits in Table 6.3 are widely varied. Nevertheless,
the existing number of known pulsars rules out the possibility of efficient
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PPPPPPPPP〈Ls-d〉
〈η±〉 MSP-mag MSP-PWN Crab-PWN

0.05 0.45 0.8
DB-local 3.8 164 18.2 10.3
47 Tuc 22. 28.4 3.15 1.77
DB-all 73. 8.55 0.950 0.534

Table 6.3: Upper limits for pulsar population, given estimates for spin-
down luminosity [1033 erg s−1 ] and particle conversion efficiency. Re-
call that I have estimated that the pulsar population can feasibly be:
{Known, X-rayUL, RadioLDF} = {5, 11, 40}. The upper limit must
be greater than five to be consistent with the known number of pulsars.

acceleration of electrons in pulsar winds to TeV energies if the pulsars of
M13 have luminosities at least similar to those of 47 Tuc. On the other
hand, unless pulsars in M13 have very low luminosities compared to those in
47 Tuc, they are less numerous than suggested by extrapolation of the radio
luminosity distribution to the lowest limit (as suggested by observation of
local pulsars).

6.2.2 Upper Limits on Mean Spin-Down Luminosity

PPPPPPPPP〈η±〉
〈NP〉 Known X-rayUL RadioLDF

5 11 40
MSP-mag 0.05 125 56.7 15.6
MSP-PWN 0.45 13.9 6.30 1.73
Crab-PWN 0.8 7.80 3.55 0.975

Table 6.4: Upper limits for mean spin-down luminosity [1033 erg s−1 ], given
estimates for particle conversion efficiency and pulsar population. Recall
that I have estimated that the mean spin-down luminosity can feasibly be:
{DB-local, 47 Tuc, DB-all} = {3.8, 22, 73}×1033 erg s−1 .

The mean spin-down luminosity in M13 is here constrained to be less
than the value assumed in B&S07 for all but one of the combinations of other
parameters of the model, as indicated in Table 6.4. Only in the case that
there are no more pulsars in M13 than have been detected to date and that
the efficiency with which those pulsars generate TeV electrons is consistent
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with the minimal assumption that they correspond with models of pulsar
gamma-ray emission can the spin-down luminosity assumed in B&S07 be
accommodated. For the most part, these limits are compatible with the range
of values I have estimated for MSPs (§6.1.2). However, if there remain more
pulsars to be found in M13 (as would seem reasonable given the sensitivity-
limited nature of radio surveys) we can infer that the acceleration of electrons
in globular cluster pulsar winds is incompatible with M13 having pulsars with
luminosities at least similar to those in 47 Tuc. In particular, the largest
pulsar population (derived assuming similarity with the local population of
MSPs) cannot coexist with acceleration of electrons in those pulsars’ winds,
unless the luminosities of pulsars in M13 are actually less than those of the
local MSPs.

6.2.3 Upper Limits on Conversion Efficiency

PPPPPPPPP〈Ls-d〉
〈NP〉 Known X-rayUL RadioLDF

5 11 40
DB-local 3.8 1.64 0.746 0.205
47 Tuc 22. 0.284 0.129 0.0355
DB-all 73. 0.0855 0.0389 0.0107

Table 6.5: Upper limits for the particle conversion efficiency, given esti-
mates for spin-down luminosity [1033 erg s−1 ] and pulsar population. Re-
call that I have estimated that the particle conversion efficiency can feasibly
be: {MSP-mag, MSP-PWN, Crab-PWN} = {0.05, 0.45, 0.80}. As effi-
ciency cannot exceed 100% (except in professional sports) an upper limit in
excess of 1 provides no physical constraint.

The conversion efficiency limits in Table 6.5 have a wide range but most
are below the maximum possible according to the pulsar wind’s energy bud-
get (∼90% of the spin-down luminosity). Note that all efficiency upper limits
are in excess of 1%, which was the value assumed to derive emission curves in
B&S07: i.e. by using realistic estimates of the spin-down luminosity and pul-
sar population, the model presented in B&S07 is rendered entirely consistent
with these observations.

On the other hand, in light of the discussion presented above concern-
ing models of pulsar winds, I can set interesting limits under certain self-
consistent conditions. If the pulsars in M13 have luminosities at least similar
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to those in 47 Tuc, we can infer that the acceleration of electrons in globular
cluster pulsar winds occurs with much less efficiency than might be expected
from studies of nearby pulsar wind nebulae, especially if there are more pul-
sars yet to be discovered (as is likely the case in most globular clusters).
Similarly, if the pulsars in M13 are like local MSPs (being part of a distri-
bution that extends to low spin-down and radio luminosities), we may again
conclude that electrons are accelerated in pulsar winds to TeV energies with
much less efficiency than is typically assumed.

6.2.4 Discussion of Limits to Physical Parameters

If we make reasonable assumptions concerning MSPs in M13 (i.e. that they
are fairly luminous, like those of 47 Tuc, or they are less luminous but numer-
ous, like local MSPs) the observational limits contradict the assumption of
efficient acceleration of electrons to TeV energies in pulsar winds. The con-
verse is that to support the idea that electrons are accelerated in the winds
of MSPs in M13 requires us to assume that those pulsars are unusually few
or unusually dim.

It may be that confinement of the wind by the interstellar medium is a
necessary spur for magnetic dissipation [153, 189] whereas the sparse gas in
the cores of globulars [77] offers little resistance to a streaming pulsar wind.

It is also quite possible that the terminal energies of electrons, having
evolved through the pulsar wind, are not in the TeV range. Recall that in
the wind models examined above, the canonical terminal wind Lorentz factor
of γ ∼ 106 was assumed. However, considering the lower initial magnetisa-
tion that the winds of MSPs must have, when compared to those of young
pulsars, and the recent evidence for large multiplicities in MSP magneto-
spheres, which may dilute the energy available in the wind, a diminished
Lorentz factor does not seem implausible.

6.3 Limits on the VHE Emission Efficiency

of the Pulsar Population of M13

For completeness sake, I will here derive upper limits on the VHE gamma-
ray emission efficiency, ηVHE = LVHE/Ls-d of the pulsar population of M13.
Again, I will have to assume the feasible values of the number of pulsars
and mean spin-down luminosity derived above; the product of these provides
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the total luminosity of the pulsar population, Ls-d = NPL̄s-d. The upper
limit on the VHE gamma-ray luminosity, LVHE, of M13 will be constructed
from the integral flux upper limit derived in §5.3.2.2. For a flux of gamma
rays, F (ε) = dN

dε dA dt
= F0(ε/ε0)

−δ, the luminosity of the source, located at a
distance, d, in an energy range between εmin and εmax, is given by:

Lmin–max = 4πd2

∫ εmax

εmin

εF (ε) dε (6.41)

= 4πd2F0

∫ εmax

εmin

ε

(
ε

ε0

)−δ

dε (6.42)

For consistency with [101] (which lists the VHE-efficiencies of seventeen
PWNe), I will use the energy range 1–10 TeV, thus LVHE ≡ L1–10. and
ηVHE ≡ η1–10 = L1–10/Ls-d.

In particular, for the nominal spectral index of 2.6 adopted in §5.3.2.2
L1–10 = 4.1× 1033 erg s−1 but this result is dependent upon the spectral in-
dex: for the extreme values considered in §5.3.2.2, index 2.0 (3.2) corresponds
to 5.5× 1033 erg s−1 (3.1× 1033 erg s−1 ). For all these cases the distance to
M13 is taken to be 7.1 kpc . Using the nominal spectral index, Table 6.6
displays the efficiency of spin-down power to VHE emission for each combi-
nation of estimated L̄s-d and NP. These are all compatible with the range of
VHE efficiencies of individual PWNe calculated in [101], namely 0.01–1 %
(for objects with well-defined31 distance estimates).

In comparison, H.E.S.S. set an upper limit for this quantity of 3.0 % in
the context of observations of 47 Tuc, using an assumed spectral index of 2.0
and only the population of known pulsars [17]. Assuming the pulsars of M13
have similar mean spin-down luminosity to those of 47 Tuc (and likewise
using an assumed spectral index of 2.0 and only the population of known
pulsars) I derive an upper limit of 5.0 % which is compatible.

31Not dependent upon dispersion measure.
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PPPPPPPPP〈Ls-d〉
〈NP〉 Known X-rayUL RadioLDF

5 11 40
DB-local 3.8 22. 9.9 2.7
47 Tuc 22. 3.7 1.7 0.47
DB-all 73. 1.1 0.51 0.14

Table 6.6: Upper limits for VHE (1–10 TeV ) emission efficiency [%] given
estimates for spin-down luminosity [1033 erg s−1 ] and pulsar population. The
upper limit on VHE luminosity used here was calculated from the decorre-
lated integral flux upper limit assuming a spectral index of 2.6. The VHE
emission efficiency for individual PWNe seems to lie in the range 0.008–5% ,
as determined in [101], though the distances to the majority of these PWNe
were estimated only from dispersion measure.

6.4 Conclusions

I have analysed data acquired during observations of the globular cluster
M13 with VERITAS, an instrument sensitive to VHE gamma rays. No evi-
dence for a flux of VHE gamma rays was found and rigorously derived upper
limits on this flux, within the sensitive range of this instrument, were calcu-
lated. The observational upper limits were used to confront emission curves
predicted for this object in B&S07, which were calculated according to a
model concerning highly relativistic winds of electrons powered by a large
population of MSPs. I found, through a discussion of pertinent literature
and my own derivations, that the original implementation of this model was
over-optimistic in terms of the number and power of pulsars present within
this globular cluster. Nonetheless, through attempting to relate this model
to existing literature pertaining to pulsar winds, I have been able to exclude
efficient acceleration of electrons to TeV energies in the pulsar wind itself
(outside pulsar light-cylinders); this is under the condition that the pulsars
of M13 are either like the pulsars of other globular clusters (fairly power-
ful) or self-consistently like local MSPs (not so powerful, but plentiful). In
addition I estimated upper limits on the efficiency with which VHE gamma
rays are produced by the pulsar population of M13. These were found to be
compatible with the known range of such efficiencies found in PWNe in the
Galactic Plane.
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Appendix A

Globular Cluster Properties

Name RA Dec. RGC [Fe/H] ISC MV

NGC# Other [kpc]
6205 M13 16 41 41.24 36 27 35.5 8.4 -1.53 F6 -8.55
7078 M15 21 29 58.33 12 10 01.2 10.4 -2.37 F3/4 -9.19
104 47 Tuc 00 24 05.67 -72 04 52.6 7.4 -0.72 G4 -9.42

- Ter 5 17 48 04.80 -24 46 45 1.2 -0.23 - -7.42
6342 - 17 21 10.08 -19 35 14.7 1.7 -0.55 G3/4 -6.42
6440 - 17 48 52.70 -20 21 36.9 1.3 -0.36 G4 -8.75
6624 - 18 23 40.51 -30 21 39.7 1.2 -0.44 G4/5 -7.49

Table A.1: Properties of globular clusters mentioned in this thesis. RA and
Dec. are J2000 values. RGC is the distance from the Galactic Centre. [Fe/H]
is the metallicity. ISC is the Integrated Spectral Class of all light from the
cluster. MV is the absolute visual magnitude. These values are reproduced
from the catalogue due to Harris [95] (2010 edition).
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Name RSol rc rh c µV ρ0 # PSR
NGC# Other [kpc] [pc] [pc] log([L�/pc3])
6205 M13 7.1 1.28 6.09 1.53 16.59 3.55 5
7078 M15 10.4 0.42 4.83 2.29 14.21 5.05 8
104 47 Tuc 4.5 0.47 4.17 2.07 14.38 4.88 23

- Ter 5 6.9 0.32 1.69 1.62 21.08 5.14 34
6342 - 8.5 0.12 1.80 2.5 16.97 4.97 1
6440 - 8.5 0.35 1.82 1.62 17.06 5.24 6
6624 - 7.9 0.14 2.00 2.5 15.32 5.3 6

Table A.2: Properties of globular clusters mentioned in this thesis. c =
log(rt/rc) is the King-model concentration where rt is the tidal radius. µV

is the central surface brightness in visual magnitudes per square-arcsecond.
ρ0 is the logarithm of the central luminosity density. These values are repro-
duced from the catalogue due to Harris [95] (2010 edition) with the following
exceptions: the core radius, rc, has been computed from the angular radius
and distance given in the Harris catalogue; the half-mass radius has been
computed as rh =

√
2rcrt/3 according to the relation stated in B&S07; the

number of known pulsars, # PSR, is the total of those listed by Friere at
http://www.naic.edu/~pfreire/GCpsr.html.

http://www.naic.edu/~pfreire/GCpsr.html


Appendix B

VHE Emission due to a Young
Pulsar Associated with
Terzan 5

Detailed stellar evolution modelling, with stellar populations comparable to
the content of globulars and taking into account stellar dynamics/interactions
in the dense environments which typify these clusters, indicates that an ob-
ject like Terzan 5, having a very compact core, should currently produce
young (i.e. non-recycled) pulsars at the rate of 20 – 40 Gyr−1 [116] via
electron-capture supernovae in O-Ne-Mg white dwarfs that have accreted
matter from a companion acquired during exchange interactions. This is in
line with observations of other globular clusters: up to four young pulsars
may be associated with up to three globular clusters, namely NGC 6624,
6440 and 6342 [46], which all have large metallicities ([Fe/H] & −0.55) and
large central densities (ρ0 & 105 L� pc−3 ).1 I note here that Terzan 5 has
a greater metallicity (−0.23, third-largest of all Galactic globulars) and a
comparable central density (1.4× 105 L� pc−3 ) with respect to these three
clusters.

In addition, the same simulations (amongst others, e.g. [139]) indicate
that many of the pulsars born in a typical globular are ejected from the cluster
and that an object like Terzan 5 will retain little more than half. Pulsars are
shed in this way because their births, in supernovae, tend to impart a large

1 The association of a young pulsar in a close binary system with NGC 6342 is uncertain,
partly because its position would be in the outskirts of the cluster.
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velocity [108], a natal kick, which can be sufficient to exceed the escape
velocity of the cluster. A recent statistical study of the measured proper
motions of 233 pulsars [108] indicates that the distribution of transverse
velocities of these objects has a mean of ∼ 211 km s−1 and extends up to
∼ 1600 km s−1 ; in comparison, the estimated escape velocity from the core
of Terzan 5 is 49.4 km s−1 [206]. In fact this distribution is likely composed
entirely of pulsars created in core-collapse supernovae instead of the less-
powerful ECSe [132] which must be the source of young pulsars in globulars.
For this reason, the afore-mentioned simulations [116] adopted natal kicks for
ECSe one-tenth of those for core-collapse supernovae; I note here that this led
to a retention of neutron stars in excess of observations and that [132] claimed
compatibility between the results of their simulations and observations of the
Crab SNR, the pulsar of which has a transverse velocity of 140 km s−1 [108].

Thus, it is a distinct possibility that a young pulsar may have been created
recently within Terzan 5 but was promptly ejected with a transverse velocity
of ∼ 100 km s−1 . Here I entertain the possibility that the VHE emission
observed from the direction of Terzan 5 is due to such a pulsar which has
encountered the dense ISM near the galactic core and formed a powerful
PWN. Thus the pulsar is associated with Terzan 5 but is not bound to
it. This may alleviate the difficulty of an unassociated young pulsar being
accidentally superimposed upon Terzan 5 (demonstrated in [100] to have
a probability of chance coincidence of only ∼ 10−4) while simultaneously
allowing for the offset in the emission maximum relative to the core of Terzan
5.

There are previous instances of PWNe having been discovered as TeV
sources before the identification of the pulsar itself. For example, the first
unidentified TeV source was found by HEGRA (TeV J2032+4130) [13, 14]
and could not be identified through X-ray observations [49], but it was later
associated with a Fermi -detected pulsar (PSR J2032+4127) [2] which itself
was finally detected in the radio and characterized as the power source of the
TeV object [52]. Also, an extended Milagro source (MGRO J1908+06) [11],
confirmed by H.E.S.S. (HESS J1908+063) [16], was later revealed to contain
a radio-quiet gamma-ray pulsar (PSR J1907+0602) [8].

Age and luminosity. If we consider this hypothetical young pulsar to
have been created in the core of Terzan 5 with a transverse velocity of vT '
100 km s−1 , we may estimate its age by its current position. Assuming the
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pulsar is near the centroid of the TeV emission2, which is offset from the
centre of Terzan 5 by δ = 4′.0, at the distance3 of Terzan 5, d = 5.9 kpc ,
it must have travelled some δd = 6.9 pc = 2.1× 1014 km. Thus the age of
the pulsar is given by δd/vT = 6.7× 103 years . Given that Terzan 5 may
be expected to generate pulsars of this sort at the rate of 20–40 Gyr−1 ,
the probability of one no older than this existing may be estimated as the
product of this age and the rate, yielding 1–2×10−4 . Thus this object is
no less probable than the chance coincidence of a PWN associated with the
galactic plane.

The H.E.S.S. detection of Terzan 5 identifies a power-law spectrum from
the source with index 2.5 and normalization at 1TeV of 5.2× 10−13 cm−2 s−1 TeV−1.
This result corresponds to a VHE gamma-ray luminosity (in the range 1–10TeV)
of 4.7× 1033 erg s−1 . The efficiency with which H.E.S.S.-detected PWNe con-
vert pulsar spin-down power to VHE gamma rays has been summarised to be
in the range 0.08–5% [101]. Thus I can claim that the spin-down luminosity
of this hypothetical pulsar should be in the range 0.095–5.9× 1036 erg s−1 .

Period and spin-down rate. The characteristic age of a pulsar, τc, as-
sumes that the spin-down rate, Ṗ , is proportional to the rotation rate, 1/P ,
and that the pulsar’s period, P , is initially very small, compared to its present
value :

τc =
P

2Ṗ
. (B.1)

In addition, the characteristic spin-down luminosity of a pulsar, Ė, is related
to its period and spin-down rate with an assumption of the moment of inertia
[147], I ' 1045 g cm2 :

Ė = −4π2I
Ṗ

P 3
. (B.2)

Insofar as these assumptions are valid and the characteristic values are
representative of actual physical properties, I may set the age estimate from
the travel time of the pulsar equal to the characteristic age and the spin-down

2 Generally the TeV component of a PWN is offset from the powering pulsar’s position;
it is not understood if this is due to the pulsar drifting away from a cocoon of energetic
electrons emitted soon after its birth (here implying a faster or older pulsar), or the pulsar
wind impinging upon an asymmetric medium (here implying a slower or younger pulsar).
In any case, the offset of the pulsar from the cluster core would presumably be of the same
order as that of the nebula.

3The value used here is that quoted in the H.E.S.S. paper, due to [74].
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luminosity, estimated from the gamma-ray flux, equal to the characteristic
spin-down luminosity. I can then solve these two equations to arrive at
estimates of the period and period derivative.

P = π
√
I

√
2τc

τ 2
c Ė

(B.3)

Ṗ = π
√
I

√
1/(2τc)

τ 2
c Ė

(B.4)

The resulting values are indicated in Table B.1 and the general region of the
P -Ṗ plane implied is indicated in Figure B.1.

τc Ė P Ṗ
[kyr] [×1036 erg s−1 ] [s] [×10−15 s s−1 ]

6.7
min 0.095 0.31 0.74
max 5.9 0.040 9.4

Table B.1: Estimated properties of a hypothetical pulsar powering VHE
gamma-ray emission near Terzan 5.

The estimated pulsar properties are quite feasible, especially for the
smaller spin-down luminosities, i.e. for larger assumed VHE efficiencies (a
smaller spin-down loss is required to account for the same measured gamma-
ray luminosity). This tallies with the estimated age of the pulsar given that
PWN VHE efficiency seems to increase with age.4 At the very least, that
the estimated age and spin-down luminosity of this hypothetical pulsar can
correspond to a feasible set of pulsar characteristics is an intriguing coinci-
dence.

4 Dividing the sample of seventeen PWNe which may be associated with H.E.S.S.
sources and are listed in [101] into roughly equal halves, according to characteristic age,
nine have τc ≤ 16kyr and eight have τc > 16kyr (the youngest of these has τc = 21kyr ).
The mean VHE efficiency of the younger portion is 0.9% whereas that of the older portion
is 1.9%.
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Figure B.1: The P -Ṗ diagram from the First Fermi Pulsar Catalog with
the approximate region indicated (orange ellipse) where a hypothetical young
pulsar powering VHE emission near Terzan 5 would be situated. Im-
age credit — adapted from Fig. 2 of [4].
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Appendix C

Comparison of Integral Upper
Limits to Non-Power-Law
Modelled Flux

To compare an integral upper limit, based upon the assumption of a source
spectrum with a fixed power-law index, with a modelled spectrum, that gen-
erally does not obey that assumption, there are essentially two possible paths.
Firstly, one could try to equate the total flux from the derived upper-limit
power-law spectrum with that of the modelled spectrum. Secondly one could
use the upper-limit flux normalisation at a particular spectral point as a di-
rect comparison to the modelled flux-level at that point. Both are frustrated
by the assumptions made in deriving the integral flux upper limit.

Total flux. Given a power-law above a certain threshold and up to a limit-
ing energy, one might wish to claim that it approximates an arbitrary model
if the total flux of gamma rays in that energy range from power-law and
model are equal. However, an upper limit calculation is based upon an ex-
cess count rate (or lack thereof), so to properly compare the two curves it
may be necessary to account for variation of the effective area: the model
curve and the power-law do not necessarily yield the same count rate because
the energy distribution of photons is (by construction) different between the
two and, thus, the mean effective area per photon may differ.

To estimate the scale of uncertainty, I took a typical power-law spectrum
(red curve in plots: index 2.5; 0.219–30TeV; normalisation 1.37× 10−8 m−2 s−1 TeV−1

at the decorrelated spectral point, 0.464 TeV ) as an example and compared
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it to each of the M13 models (blue curves). Several examples are shown in
Figures C.1, C.2, C.3 and C.4. I scaled the model curve to give the same
integral flux as the power-law within the latter’s range (the resulting curve is
the green one). I then multiplied the scaled model curve and the power-law
by an example effective area function (each resulting function is a dotted
line) and integrated across the energy range to give a count rate. The ratio
of the count rate from the power-law to that from the model curve I termed
the ‘correction factor’: the scaled model curve would need to be multiplied
by this factor to recover the count rate implied by the integral upper limit.
The correction always requires that the model be scaled upwards and ranges
from a few percent to almost thirty percent.

It should be noted, that the count rate for the model has been calculated
using an effective area curve that was not derived assuming that spectrum,
so these ‘correction’ factors only indicate the range of uncertainty in scaling
the model to the power-law and don’t allow accurate reconstruction of the
count rate (upper limit) due to a given model.

Spectral point. The scale of an integral flux may be stated as the flux
normalisation at a particular normalisation energy. If one examines the inte-
gral upper limit shown in Figure 5.15 it is readily apparent that, for a range
of spectral indicies, there is a particular energy (near 1.5 TeV in that case)
at which the flux normalisation is insensitive to the assumed spectral index.
This is another approach to constructing a decorrelated integral flux upper
limit and yields a decorrelated spectral point at this ‘special’ normalisation
energy which may be termed the decorrelation energy. To be clear, this
differential flux limit at the decorrelation energy is a point on a power-law
function that describes an integral upper limit. Thus it remains sensitive to
assumptions about the spectral shape (beyond a simple power law) across
the range covered by the integral upper limit.

If the goal is to compare this single spectral point to the level of an
emission curve at the same energy it is worthwhile to estimate how much
error is introduced for an actual flux that provides the same flux of gamma
rays as implied by the integral upper limit. To this end, I also calculated
the relative error of the differential flux point at the decorrelation energy
between the flux-scaled model curve and the power-law: This can be large
(∼ 20%) and depends critically upon the relative slope of the model curve
and power-law near the decorrelation energy.
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Figure C.1: Example integral upper limit scaling to the emission curve for a
globular cluster injection spectrum of mono-energetic (1 TeV ) electrons.
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Figure C.2: Example integral upper limit scaling to the emission curve for a
globular cluster injection spectrum of mono-energetic (10 TeV ) electrons.
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Figure C.3: Example integral upper limit scaling to the emission curve for
a globular cluster injection spectrum of power-law distributed (0.1–30 TeV ,
index 2.1) electrons.
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Figure C.4: Example integral upper limit scaling to the emission curve for
a globular cluster injection spectrum of power-law distributed (0.1–3 TeV ,
index 3.0) electrons.
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Summary. The correction factor for the integral upper limit and the rel-
ative error of the decorrelated spectral point are minimised when the model
curve’s slope and energy range are similar to the power-law’s. This suggests
that uncertainties in the comparison of these curves may be kept under con-
trol if integral upper limits are derived that have been deliberately tailored
in both range and spectral index to approximate each of the model curves
individually. However, this somewhat defeats one of the primary goals of
constructing an integral upper limit, namely its generality.
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Appendix D

Glossary of Acronyms

ACT Atmospheric Cherenkov. Relating to the emission of Cherenkov radi-
ation by the Earth’s atmosphere.

ACT Atmospheric Cherenkov Telescope. A telescope system designed to
detect and reconstruct EASs by gathering the photons they emit via
Cherenkov radiation.

AGN Active Galactic Nucleus. The luminous core of a galaxy powered
by active accretion of matter onto the super-massive black hole at its
centre.

ATNF Australia Telescope National Facility. The umbrella organisation
that coordinates Australia’s radio observatories for the national govern-
ment body for scientific research in Australia. It maintains a database
of the properties of known pulsars.

CANGAROO Collaboration between Australia and Nippon for a Gamma
Ray Observatory in the Outback. An imaging ACT array which oper-
ated in southern Australia between 2004 and 2010.

Chandra A very successful X-ray observatory which was launched in 1999
and remains operational. It has the best angular resolution of any
astronomical X-ray instrument.

CGRO Compton Gamma-Ray Observatory. A large satellite which oper-
ated from 1991–2000 and carried EGRET, a pair-production telescope.
The predecessor to GLAST.
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CMB Cosmic Microwave Background.1 The strongly red-shifted relic pho-
tons from the surface of last-scattering, when the Universe first became
transparent.

CV Cataclysmic Variable. A binary system containing a white dwarf and a
normal (i.e. thermonuclear-powered) star. The system is powered by
accretion onto the white dwarf upon whose surface hydrogen accumu-
lates and is heated until a cataclysmic outburst of thermonuclear fusion
occurs.

EAS Extensive Air Shower. The shower of particles initiated by the impact
of a very energetic particle upon the upper atmosphere. Such particles
are mostly charged cosmic rays, which themselves are mostly protons
(hydrogen nuclei).

EGRET Energetic Gamma-Ray Experiment Telescope. See CGRO.

FADC Flash Analogue-to-Digital Converter. An analogue-to-digital con-
verter which continuously digitises an analogue signal allowing fine
time-resolution in the recording of the waveform. For their use in VER-
ITAS see §3.2.3.2.

Fermi See GLAST.

GLAST Gamma-ray Large Area Space Telescope. Renamed Fermi after its
launch in 2008, the principle instrument on this satellite is the LAT, a
pair-production telescope (see §1.1).

HE High Energy. Refering to gamma-ray radiation in the range 0.03–100GeV.
This can be thought of as an operational definition: it is the energy
range in which the use of pair-production telescopes is effective (see
§1.1).

HEGRA High-Energy Gamma-Ray Astronomy array. The first imaging
ACT to apply the stereoscopic reconstruction method.

H.E.S.S. High Energy Stereoscopic System. A very successful imaging ACT
array which operates in Namibia.

1a.k.a. ‘cosmic microwave backround’ because it’s behind everything and all around.
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HMXB High-Mass X-ray Binary. An X-ray luminous binary system con-
taining a normal (i.e. thermonuclear-powered) star which is more mas-
sive than its degenerate companion. The companion is usually thought
to be a neutron star or black hole and the system is powered by accre-
tion onto this object.

IC Inverse Compton. Refers to the scattering of a photon by a charged
particle which results in a transfer of energy to the photon (see §2.2.1).

ISM InterStellar Medium. The haze of gases, dust and a weak magnetic
field that permeates the galaxy between individual stellar systems. The
main component is ionised hydrogen.

L1 Level 1. Relating to the VERITAS trigger system, this is the pixel-level
trigger, determining if an individual pixel has been subject to a pulse
of light.

L2 Level 2. Relating to the VERITAS trigger system, this is the telescope-
level trigger, determining if multiple neighbouring pixels have been sub-
ject to a pulse of light and consequently that the telescope may have
intercepted light from an extended object such as an EAS.

L3 Level 3. Relating to the VERITAS trigger system, this is the array-
level trigger, determining if multiple telescopes have been subject to
a pulse of light and consequently that the array has likely intercepted
the coordinated light-front from an EAS.

LAT Large Area Telescope. See GLAST.

LMXB Low-Mass X-ray Binary. An X-ray luminous binary system contain-
ing a normal (i.e. thermonuclear-powered) star which is less massive
than its degenerate companion. The companion is usually thought to
be a neutron star and the system is powered by accretion onto this
object.

MAGIC Major Atmospheric Gamma-ray Imaging Cherenkov Telescopes.
An imaging ACT array with a low energy threshold which operates in
the Canary Islands.

MHD MagnetoHydroDynamics. The physical description of electrically
conducting fluids. In such a medium, it is necessary to describe the
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flow of matter with reference also to any electromagnetic fields present.
In the extreme case, the kinetic energy and inertia of the fluid is neg-
ligible and the behaviour of the magnetic field governs any flow.

MSCL Mean Scaled Cut Length. See MSCP.

MSCP Mean Scaled Cut Parameter. The Parameter in question can be
either Width (giving MSCW) or Length (giving MSCL). These are
the principle gamma/hadron separation cuts used in the analysis of
VERITAS data (see §4) and are based on the expected shape of images
of gamma-ray induced EASs.

MSCW Mean Scaled Cut Width. See MSCP.

MSP Milli-Second Pulsar. A pulsar whose period is less than ∼ 100 ms .
This usually implies a recycled pulsar, whose spin-down rate is small
and period will, therefore, remain short for many millions of years. For
example, the Crab pulsar has a period of 33 ms but is not usually
referred to as a MSP because it is a young pulsar, slowing rapidly.

NSB Night-Sky Background. The stochastic flux of photons from the night
sky (see §3.1.1.2).

OSS Optical Support Structure. In relation to VERITAS this is the space
frame which defines the spherical surface upon which individual mirror
facets are mounted.

PMT Photo-Multiplier Tube. A highly photo-sensitive analogue electronic
device with very fine time resolution. It relies on the photo-electric
effect and has the capacity to detect individual photons.

PSF Point-Spread Function. A characteristic of an image forming device
(e.g. a telescope). The distribution of light formed at the imaging
surface / focal plane due to a distant point source. For such an object,
light rays enter the device uniformly and parallel. This represents the
smallest image that can be formed and the limit of angular resolution.

PWN Pulsar-Wind Nebula. The energised, luminous medium surrounding
and powered-by a pulsar.
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SNR SuperNova Remnant. The ejected material and associated shockwaves
due to a historical supernova.

UL Upper Limit. Relating to the strength of a potential signal which is be-
low the threshold of detection, it is a level which has a large probability
of being greater than any possible signal.

VERITAS Very Energetic Radiation Imaging Telescope Array System. An
imaging ACT array which operates in Arizona, USA. Currently the
most sensitive VHE detector in operation.

VHE Very High Energy. Refering to gamma-ray radiation in the range
0.1–30 TeV . This can be thought of as an operational definition: it is
the energy range in which the use of ACTs is effective (see §1.1).

Whipple 10 -m ACT at the Fred Lawrence Whipple Observatory. The
pioneering imaging ACT which detected the first astrophysical source
of VHE gamma rays.

ZCFD Zero-crossing Constant Fraction Discriminator. An electronic device
which determines the time at which a waveform exceeds a set threshold.
In addition, for a fixed pulse shape, the time offset relative to the peak
of the waveform is fixed regardless of the pulse height.



224 APPENDIX D. GLOSSARY OF ACRONYMS



Bibliography

[1] A. A. Abdo, M. Ackermann, M. Ajello, A. Allafort, E. Antolini, W. B.
Atwood, M. Axelsson, L. Baldini, J. Ballet, G. Barbiellini, and et al.

Fermi Large Area Telescope First Source Catalog.
ApJS, 188:405–436, June 2010.
11, 12

[2] A. A. Abdo, M. Ackermann, M. Ajello, B. Anderson, W. B. Atwood,
M. Axelsson, L. Baldini, J. Ballet, G. Barbiellini, M. G. Baring,
D. Bastieri, B. M. Baughman, K. Bechtol, R. Bellazzini, B. Berenji,
G. F. Bignami, R. D. Blandford, E. D. Bloom, E. Bonamente, A. W.
Borgland, J. Bregeon, A. Brez, M. Brigida, P. Bruel, T. H. Burnett,
G. A. Caliandro, R. A. Cameron, P. A. Caraveo, J. M. Casand-
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T. J. Johnson, W. N. Johnson, T. Kamae, H. Katagiri, J. Kataoka,
M. Kerr, J. Knödlseder, M. Kuss, J. Lande, L. Latronico, S.-H.
Lee, M. Lemoine-Goumard, M. Llena Garde, F. Longo, F. Loparco,
M. N. Lovellette, P. Lubrano, A. Makeev, M. N. Mazziotta, P. F.
Michelson, W. Mitthumsiri, T. Mizuno, C. Monte, M. E. Mon-
zani, A. Morselli, I. V. Moskalenko, S. Murgia, M. Naumann-Godo,
P. L. Nolan, J. P. Norris, E. Nuss, T. Ohsugi, N. Omodei, E. Or-
lando, J. F. Ormes, B. Pancrazi, D. Parent, M. Pepe, M. Pesce-
Rollins, F. Piron, T. A. Porter, S. Rainò, R. Rando, A. Reimer,
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M. Schilling, F. Schröder, M. Siems, W. Stamm, M. Tluczykont,
H. J. Völk, C. A. Wiedner, and W. Wittek.

Evidence for TeV gamma ray emission from Cassiopeia A.
A&A, 370:112–120, April 2001.
15

[13] F. Aharonian, A. Akhperjanian, M. Beilicke, K. Bernlöhr, H. Börst,
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Reyes, W. Rhode, J. Ripken, G. Rowell, V. Sahakian, M. Samorski,
M. Schilling, M. Siems, D. Sobzynska, W. Stamm, M. Tluczykont,
V. Vitale, H. J. Völk, C. A. Wiedner, and W. Wittek.

Is the giant radio galaxy M 87 a TeV gamma-ray emitter?
A&A, 403:L1–L5, May 2003.
15

[16] F. Aharonian, A. G. Akhperjanian, G. Anton, U. Barres de
Almeida, A. R. Bazer-Bachi, Y. Becherini, B. Behera, W. Ben-
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Y. A. Gallant, L. Gérard, B. Giebels, J. F. Glicenstein, B. Glück,
P. Goret, D. Hauser, M. Hauser, S. Heinz, G. Heinzelmann,
G. Henri, G. Hermann, J. A. Hinton, A. Hoffmann, W. Hofmann,
M. Holleran, S. Hoppe, D. Horns, A. Jacholkowska, O. C. de Jager,
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S. Schlenker, R. Schlickeiser, C. Schuster, U. Schwanke, M. Siewert,
H. Sol, D. Spangler, R. Steenkamp, C. Stegmann, J.-P. Tavernet,



238 BIBLIOGRAPHY
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