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Abstract

Magnetic monopoles (MMs) are hypothesized particles that bear only a north or south

magnetic pole. Under a certain mass limit (< 108 GeV/c2), cosmic MMs are plausibly

accelerated to ultrarelativistic speeds (
 > 103) by galactic magnetic fields over large

timescales. If such a magnetically charged particle traverses the Earth, it is expected to

emit Cherenkov radiation in the atmosphere with an intensity 4700 times greater than

an ultrarelativistic particle that carries an elementary electric charge. Imaging atmo-

spheric Cherenkov telescopes—designed to detect very-high-energy gamma rays by the

Cherenkov radiation emitted when they produce electromagnetic showers—should also

be able to detect ultrarelativistic MMs. In this work, simulations of ultrarelativistic MMs

in the atmosphere are built using the Cosmic Ray Simulations for Kascade (CORSIKA)

program to study how their signal would be detected by the Very Energetic Radiation

Imaging Telescope Array System (VERITAS). A dedicated search through VERITAS archi-

val data is also discussed.
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Sommaire

Les monopôles magnétiques (MM) sont des particles hypothétiques qui ne portent qu’un

seul pôle nord ou sud magnétique. En deçà d’une certaine masse (< 108 GeV/c2), les MM

cosmiques pourraient bien être accélérés à des vitesses ultrarelativistes (
 > 103) grâce

aux champs magnétiques galactiques, sur de grandes échelles de temps. Si l’une de ces

particules de charge magnétique traversait la Terre, elle émettrait vraisemblablement un

rayonnement Tcherenkov dans l’atmosphère avec une intensité 4700 fois supérieure à ce

que ferait une particule utlrarelativiste de charge électrique élémentaire. Les télescopes

à imagerie Tcherenkov atmosphériques, conçus pour détecter les rayons gamma de très

haute énergie par le rayonnement Tcherenkov émis lorsqu’ils produisent des cascades

électromagnétiques, devraient aussi être capables de détecter les MM ultrarelativistes.

Dans cet ouvrage, des simulations de MM ultrarelativistes dans l’atmosphère sont con-

struites avec le programme Cosmic Ray Simulations for Kascade (CORSIKA) afin d’étu-

dier la façon dont leur signal serait détectable par le réseau Very Energetic Radiation

Imaging Telescope Array System (VERITAS). Une recherche spécialisée dans les archives

de VERITAS est aussi abordée.
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Chapter 1

Introduction

In all our observations of magnetism, magnetic �elds arise from the motion of electric

charges and changes in electric �elds. There are currently no known physical examples

of a “magnetic charge,” consisting of an isolated north or south pole, which acts as a

source or sink of magnetic �elds [1]. Yet, if they exist, magnetically charged particles—

termed “magnetic monopoles” (MMs)—would have interesting properties and would be,

in one way or another, a gateway to new physics.

One of the more remarkable characteristics attributed to MMs is an exaggerated Che-

renkov effect when they travel at relativistic speeds through a dielectric medium [2]. This

property has been the focus of targeted monopole searches in many experiments.

Under the assumption that ultrarelativistic MMs (with a Lorentz factor of 10 3 or greater)

behave in Earth's atmosphere similarly to highly energetic muons, their strong Cheren-

kov effect could be picked up by the muon detection software of imaging atmospheric

Cherenkov telescopes (IACTs). In this work, CORSIKA [3] simulations of MMs are built

to understand how they would be observed with the Very Energetic Radiation Imaging

Telescope Array System (VERITAS).

While VERITAS is an IACT array constructed for the study of gamma rays, it may also

have the potential to serve as a MM detector. With over 10,000 hours of observations taken

1



since 2007, VERITAS data might contain the signal of a MM waiting to be found. If the

data is searched and no signal is identi�ed, an experimental constraint can be placed on

the �ux of ultrarelativistic MMs. In this work, three VERITAS observation runs (totaling

80 minutes) are analyzed as a demonstration of the method developed herein to search

for MMs.

This thesis is organized as follows: Chapter 2 introduces MMs and describes their

expected properties, Chapter 3 speci�cally covers Cherenkov radiation, and Chapter 4

presents the most notable past searches of MMs of cosmic origin. Chapter 5 is a presenta-

tion of the VERITAS observatory and the science that underlies its operation. Chapter 6

covers the methodology behind the MM simulations and the choices that are made. Fi-

nally, results are presented in Chapter 7 and discussed in Chapter 8, with a look at future

possibilities.
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Chapter 2

Magnetic monopoles

2.1 Expanding Maxwell's equations

Maxwell famously revolutionized 19th century physics by combining Gauss's law, Fara-

day's law, and an improved Amp �ere's law into a system of four equations which describe

electricity and magnetism as the same force [1]:

~r � ~E = 4� � (2.1)

~r � ~B = 0 (2.2)

~r � ~E = �
1
c

@~B
@t

(2.3)

~r � ~B =
1
c

@~E
@t

+
4�
c

~J : (2.4)

In the above expressions, ~E is electric �eld, ~B is magnetic �eld, � is electric charge density,

~J is electric charge current density, and c is the speed of light. Note that these equations

and all others in this work are expressed in Gaussian units. In this realm, the unit for

electric charge is the statcoulomb (statC), which is equivalent to g 1=2 cm3=2 s� 1.

Maxwell's equations are striking in that their descriptions of the electric �eld ~E and

the magnetic �eld ~B are nearly symmetric. In fact, introducing additional terms to equa-

tions (2.2) and (2.3) would render equations (2.1) and (2.2) perfectly symmetric while mak-

3



ing equations (2.3) and (2.4) antisymmetric. With this, Maxwell's equations become [4]

~r � ~E = 4� �

~r � ~B = 4� � m (2.5)

~r � ~E = �
1
c

@~B
@t

�
4�
c

~Jm (2.6)

~r � ~B =
1
c

@~E
@t

+
4�
c

~J :

In the above system, � m represents a magnetic charge density and ~Jm represents a mag-

netic charge current density (i.e., the �ux of magnetic charges). Both these terms imply the

existence of a net magnetic charge: a single north pole without an accompanying south

pole (or vice versa). The use of Gaussian units highlights the symmetry between � and its

magnetic counterpart � m and between ~J and ~Jm , as these pairs are expressed in the same

units (g 1=2 cm� 3=2 s� 1 and g1=2 cm� 1=2 s� 2 respectively).

Mathematically, these equations are entirely self-consistent; nonetheless, there are cur-

rently no known physical manifestations of objects that bear a net magnetic charge. All

magnets observed in the Universe are—at minimum—magnetic dipoles, having both a

north and south pole, and are fundamentally the result of moving electric charges and

varying electric �elds (as described by equation (2.4)) [1]. There has been no convincing

evidence of one of these poles being found isolated from the other. However, this has

not dissuaded the many searches for a possible “magnetic monopole” (MM), a particle

bearing a magnetic charge (see Chapter 4). These searches are not only motivated by the

attainment of another natural symmetry; MMs can provide a justi�cation for the quanti-

zation of electric charge [5]. Furthermore, a form of MMs is a prediction of Grand Uni�ed

Theories (GUTs) [6, 7], and MMs could also potentially make up some of the “missing

mass” (dark matter) predicted to exist in the Universe [8].

4



2.2 The Dirac charge

The Dirac charge is the magnetic counterpart to quantized electric charge. In an effort to

explain the quantization of both the elementary electric charge e and a possible elemen-

tary magnetic charge g, Dirac proposed in 1931 [5] that

e g
c

= n
~
2

; (2.7)

for some integer n. In this relation, the product of the two elementary charges is restricted

to half-integer units of the reduced Planck's constant ( ~). Considering the minimal case

where n is unity, the Dirac charge is equal to

g =
~c
2e

� 68:5e ; (2.8)

where the �ne structure constant � = e2=(~c) � 1=137was used to convert away the other

constants. In Dirac's de�nition, g is at minimum about two orders of magnitude larger

than e.

2.3 Proposed monopole types

There are three main proposed types of MMs, which characterize their structure, mass,

and properties: the classical MM, the GUT MM, and the intermediate-mass MM (IMM).

2.3.1 The classical magnetic monopole

The classical MM (also known as the Dirac monopole) would be a beyond-Standard

Model (SM) fundamental point particle bearing a Dirac charge g. If we suppose that

its radius is comparable to that of the classical electron radius re, de�ned as

re =
e2

me c2
; (2.9)

5



where me � 0.511 MeV/ c2 is the mass of the electron, we can determine a mass scale for

the classical MM [8]. The mass of the classical MM mMM can be approximated as

mMM �
g2

e2
me � (68:5)2 me : (2.10)

This gives a value on the order of 2.4 GeV/ c2 for mMM . At this mass scale, the MM can

be probed by collider experiments, such as the Large Hadron Collider (LHC) at CERN.

Collider searches have so far not yielded a particle consistent with a MM, even at centre-

of-mass collisional energies as high as 13 TeV [8–10]. Searches for a classical MM with the

LHC continue to be an active area of study. However, given the differences in experimen-

tal approach, the search for this proposed type of monopole will not be discussed further

in this work.

2.3.2 The GUT magnetic monopole

The GUT MM is the type of monopole that is predicted to have been formed at � 10� 34

seconds after the Big Bang, during the phase transition from the GUT era to the elec-

troweak era. According to current understanding in cosmology, the GUT era preceded

cosmic in�ation and was characterized by a universe so dense and hot ( kB T & 1016 GeV)

that the three SM forces—strong, weak, and electromagnetic (EM)—were uni�ed [11]. In

the subsequent electroweak era, the strong interaction became distinct from the other two

forces (still uni�ed as the electroweak interaction). The symmetry breaking

SU(5)
kB T < 1015 GeV
���������! SU(3)C � [SU(2)L � U(1)Y ] *

would give rise to one GUT MM as a topological defect for each causal domain [8, 9].

This immediately poses a problem: GUT MMs would consequently be overabundant—to

the point where their density would exceed the critical density of the Universe. This cos-

mological incongruence is called the “monopole problem” and it is one of the problems

*In this expression, SU(5) is the special unitary group of the uni�ed force, which breaks into the groups
SU(3)C (the strong force) and [SU(2)L � U(1)Y ] (the electroweak force). The subscript C stands for “colour,”
L is for “left,” and Y represents weak hypercharge.

6



solved by the postulation of cosmic in�ation [11]. In�ation in the early universe would

dilute GUT MMs from this formidable density to a density so low that they may in fact

never be plausibly detectable.

Corresponding to the very large energy scale of the GUT-electroweak transition, GUT

MMs would retain an energy (and therefore mass) of 1016 to 1017 GeV [9]. This tremen-

dous mass would impede any acceleration induced on them by galactic magnetic �elds.

GUT MMs would thus remain gravitationally bound to the Galaxy (for MMs with speeds

� � 10� 3), the Sun (� � 10� 4), or the Earth (� � 10� 5) [9].

One interesting property of GUT MMs is that they would retain the ability of violating

baryon number conservation that is characteristic of the GUT era [8,9]. As a result of this,

a GUT MM travelling through baryonic matter would be able to catalyze proton decay.

This astonishing property is in fact the focus of some dedicated monopole searches.

Figure 2.1: Internal structure of a GUT magnetic monopole. Taken from [9].
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A GUT MM would be a composite particle made up of a GUT boson trapped in the

centre, surrounded by layers of force bosons and fermions. A single MM would have

a radius on the order 10� 13 cm (1 fm). Contained within this radius are four-fermion

condensates, which act as the baryon-number violating regions of the GUT MM [8, 9].

The structure of this object is illustrated in Figure 2.1.

2.3.3 The intermediate-mass magnetic monopole

IMMs are similar to GUT MM, except they would be produced at a later phase transition

in the early universe. IMMs could have masses on the order of 105 to 1013 GeV/ c2 [9].

In contrast with GUT MMs, IMMs created in the early universe would not be diluted to

minuscule densities because they would arise after in�ation [8]. Since a MM behaves in a

magnetic �eld the way an electron would behave in an electric �eld, MMs are accelerated

in the direction of galactic �eld lines, not de�ected around those lines. Over the coherent

length of a galactic magnetic �eld, an IMM can plausibly reach ultrarelativistic velocities

(de�ned in this work as having 
 > 103) [8,9].

If all an IMM's kinetic energy is provided by a galactic magnetic �eld as the monopole

travels along �eld lines, the maximum mass mmax that would allow it to reach a (mini-

mum) Lorentz factor 
 can be estimated with

mmax =
g B L

(
 � 1) c2
; (2.11)

where B is the magnetic �eld strength and L its coherent length. Equation (2.11) is ob-

tained by equating a monopole's kinetic energy (
 � 1) m c2 with the work done on it by

the magnetic �eld g B L, which is analogous to the work done by an electric �eld on an

electric charge. Assuming very little monopole energy loss in the interstellar medium and

choosing typical values of B � 3 � 10� 6 G and L � 1021 cm (approximately 300 pc) [8, 9]

reveals that an IMM of mass . 1010 GeV/ c2 can reach a Lorentz factor of 
 = 50†. For an

†This is around the minimum 
 necessary for a charged particle to produce Cherenkov radiation in air
at sea level, as will be discussed in Chapter 3.
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ultrarelativistic 
 = 103 or greater, an IMM would probably have to be no more massive

than 108 GeV/ c2.

Contrary to GUT MMs, IMMs would not be able to catalyze nucleon decay [8,9]. How-

ever, relativistic and ultrarelativistic MMs are expected to be responsible for an exagger-

atedly intense Cherenkov effect in their path through a dielectric medium (see Chapter 3).

Structurally, an IMM is very similar to a GUT MM, with the notable exception of having

no baryon-number violating regions [8,9]. The IMM structure is illustrated in Figure 2.2.

Figure 2.2: Internal structure of an intermediate-mass magnetic monopole. Taken from

[9].

Table 2.1 presents a summary of the three different types of monopoles.
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Table 2.1: Properties of different proposed types of magnetic monopoles

Classical monopole GUT monopole
Intermediate-mass

monopole
Point-like

or composite
Point-like Composite Composite

Mass range
(log[GeV=c2])

� 0 16 – 17 5 – 13

Context of creation Unknown
GUT-to-electroweak

phase transition
Phase transition
later than GUT

Ability to induce
nucleon decay

No Yes No

Likelihood to be observed
with relativistic speed

Likely Unlikely
Likely

(for masses. 1010 GeV/ c2)

2.4 Bounds on magnetic monopole �ux

The �ux of cosmic MMs detectable on Earth is weakly limited by theory. Two such upper

limits are explored in this section: an essential bound from critical density and a bound

imposed by galactic magnetic �elds.

2.4.1 Critical density

To start at the most basic limit, we can be sure that the universal density of MMs cannot

exceed the critical density of the Universe. This upper limit on MM density gives us a

starting point for the �ux of cosmic MMs for a potential detector on Earth.

Requiring the number density of cosmic MMs nMM to be smaller than the critical den-

sity � c divided by the monopole mass gives us an upper limit on the number �ux � MM .

This �ux, de�ned as the number of MMs ( N ) per detection area (A) per unit time ( t) per

solid angle of the sky ( 
 ), must have the constraint [8]

� crit
MM =

dN
dA dt d


=
nMM � c

4�
<

� c c
4�

�
m

� crit
MM . 2:5 � 10� 13 h2 �

m =(1017 GeV=c2)
cm� 2 s� 1 sr� 1 ; (2.12)
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where h � 0:7 is the dimensionless Hubble constant [12]. This limit is a function of both

the massm and relative speed � of MMs.

2.4.2 The Parker bound

MMs are accelerated by galactic magnetic �elds. Consequently, they cannot be so abun-

dant as to deplete galactic �elds of their energy; otherwise, these �elds would not be

observed. The maximum energy acquired by MMs must therefore be less than the mag-

netic energy generated by the dynamo effect. The dynamo effect is approximated by the

energy density of the galactic magnetic �eld � B divided by the galactic rotation period � .

As such, the energy generated per unit volume per unit time is

dEdynamo

dt dV
=

� B

�
=

B 2

8�
; (2.13)

where B is again the galactic magnetic �eld strength [8].

Energy transferred to MMs is ~JMM � ~B and cannot exceed the value given by equa-

tion (2.13). The MM current volume density ~JMM is equal to g nMM ~v (for some character-

istic MM velocity ~v). With this—and if we consider that cosmic MMs will travel largely

in the direction of magnetic �eld lines—, we obtain an upper limit on the MM �ux

� Parker
MM .

B
32� 2 � g

� 10� 16 cm� 2 s� 1 sr� 1 : (2.14)

This upper limit imposed by the persistence of galactic magnetic �elds is called the Parker

bound [13]. A more careful analysis by Turner et al. [14] brings the Parker bound closer to

about 10� 15 cm� 2 s� 1 sr� 1 by considering the random relation between MM direction and

magnetic �eld lines and choosing reasonable astrophysical parameters. It is this looser

value that is recurrently quoted as the benchmark for MM searches. Note that, contrary

to the previous limit (equation (2.12)), the Parker bound is independent of MM mass and

speed.
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Primordial magnetic �elds are expected to be greatly diluted by the expansion of the

Universe. Taking into account the survival of an early seed of the galactic magnetic �eld,

one can also de�ne an “extended Parker bound”

� extd Parker
MM . 1:2 � 10� 16

�
m

1017 GeV=c2

�
cm� 2 s� 1 sr� 1 ; (2.15)

which becomes a function of the monopole mass [15].

2.5 Magnetic monopole energy loss

Any strong interactions MMs might have with matter are unclear, so this work focuses

only on EM interactions. But if these strong interactions occur, they would likely be the

dominant interaction [16].

The energy loss of a MM per unit length of matter travelled is described by

�
dE
dx

= a + b E ; (2.16)

where a and b are terms that are only weakly dependent on the Lorentz factor 
 =

1=
p

1 � � 2 of the MM [17, 18]. Based on models of muon and tau lepton energy losses

[19, 20], MM energy loss is divided into two components: a largely energy-independent

ionization (the a term) and energy-dependent losses (the b term). This latter component

is composed of bremsstrahlung, induction of pair production, and photonuclear inter-

actions [17, 18]. Bremsstrahlung (“braking radiation”) is the emission of a photon by a

charged particle—in this case, magnetically charged—as it is accelerated (de�ected) by

the close encounter with an atom in matter. The intensity of this effect is inversely propor-

tional to the square of the mass of the travelling charged particle [21]. In pair production,

the MM is preserved, but part of its energy is lost to the creation of an electron-positron

pair. In photonuclear interactions, energy from the MM is transferred in a collision with

an atomic nucleus. Of these, bremsstrahlung is likely very negligible given the mass scale

of GUT MMs and IMMs, and so it is safe to disregard it [17,18,22]. Ionization dominates
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below 
 � 104 while pair production and photonuclear effects are dominant in the ul-

trarelativistic regime. Figure 2.3 shows the energy loss experienced by a MM in air at

different Lorentz factors.

Figure 2.3: Energy loss of a magnetic monopole in air. The solid black curve represents

the sum of all the energy loss mechanisms. The dotted red line is the contribution of

ionization; it is very weakly dependent on MM energy and is the dominant mechanism

below 
 � 104. The blue and green dot-dashed lines are pair production and photonuclear

effects respectively; these energy-dependent mechanisms dominate above
 � 104. The

contribution of bremsstrahlung (also energy-dependent) remains negligible and is not

shown. Taken from [22].

Because an IMM is so massive, it only loses a small fraction of its energy as it trav-

els through matter at ultrarelativistic speeds. Following from Figure 2.3, an IMM with


 � 104 (and therefore total energy & 109 GeV) loses only about 30 MeV for every cm

travelled in air at sea-level density ( 1:205� 10� 3 g/cm 3 [23]). At 
 � 1012 (total energy
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& 1017 GeV), the energy loss climbs to 107 GeV/cm—a tremendous amount to impart to

the atmosphere, but still relatively small compared to the energy of the monopole. It is

safe to assume that an ultrarelativistic MM reaching the Earth would not be effectively

slowed down by the atmosphere [16].

The long-range interaction between a MM and a fermion, nucleus, or atom is due to

magnetostatics. The work done on the electrically-charged object is described by

W = � ~� � ~BMM ; (2.17)

where ~� is the magnetic dipole moment of the fermion, nucleus, or atom and ~BMM is the

magnetic �eld generated by the MM [8]. For an electron interacting with a Dirac charge on

the scale of a Bohr atomic radius, the energy of this interaction is comparable to atomic

binding energies. We can therefore expect deformation of an atom when a MM passes

nearby [8]. For a proton interacting with a Dirac charge at � 1 fm, the interaction energy

is greater than nuclear binding energies and so the nucleus can be deformed by a close

encounter with a MM [8].

Different models have been proposed for the stopping power of MM slower than 
 �

100in matter. An appropriate model for monopoles with speeds 0:2 < � < 1 follows an

adapted Bethe–Bloch formula (proposed by S. P. Ahlen in 1978 [24]):

�
dE
dx

=
4� n e g2 e2

me c2

�
ln

�
2me c2 � 2 
 2

I

�
�

1
2

�
�
2

+
K
2

� B
�

: (2.18)

In the above equation, ne is the electron density of the medium, me � 0:511MeV/ c2 is the

electron mass [25], andI is the mean ionization potential of the medium. Also included

are correction terms � (a density effect correction), K (a quantum electrodynamics correc-

tion), and B (called the Bloch correction). The density correction term � is itself a function

of � and is dependent on the medium. Methods to determine � are described by R. M.

Sternheimer and R. F. Peierls in [26]. As for K and B, they are respectively set to 0.406

and 0.248 for monopoles bearing a single Dirac charge, according to Ahlen [24].
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For a slow MM travelling at 10� 3 < � < 10� 2, the medium is best approximated as a

degenerate electron gas for metallic absorbers as well as for non-metallic absorbers with

atomic number 10 and greater [8,27]. The energy loss then follows

�
dE
dx

=
2� n e g2 e2 �

me c vF

�
ln

�
2me vF a0

~

�
�

1
2

�
; (2.19)

where a0 � 5:29 � 10� 9 cm is the Bohr radius and vF = ( ~=me) (3� 2ne)1=3 is called the

Fermi velocity ‡ of the medium [8]. Equation (2.19) can be further multiplied by a factor

of 1.37 to account for the coupling of a MM with an electron's magnetic moment [8]. This

formula is useful to evaluate a slow monopole's energy loss through solid Earth but is

not a good approximation for the atmosphere (where the predominant elements, nitrogen

and oxygen, have atomic number smaller than 10).

MMs with speeds � . 10� 3 may not be ef�cient at exciting atoms. Energy loss would be

primarily through elastic collisions caused by coupling with magnetic moments of atoms

or nuclei. Energy loss through the medium would be released in the form of thermal and

acoustic energy [8].

‡The Fermi velocity is the speed a fermion has if its kinetic energy is equal to the Fermi energy of a
material. The Fermi energy is the energy difference between the highest and lowest states at absolute zero.
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Chapter 3

Cherenkov radiation

3.1 Cherenkov radiation from electrically charged particles

In a dielectric medium with refractive index n, a photon only travels at speed c=n. Other

particles, however, are not subject to this constraint. With suf�cient energy, speeds v >

c=n are accessible to massive particles. When a charged particle traverses a dielectric

medium faster than light can, there arises a disturbance which results in the production

of observable photons [20, 28]. These photons, emitted by the dielectric medium rather

than by the offending particle, propagate at an angle with respect to the particle's direc-

tion. This happens because the charged particle induces polarization of the surrounding

molecules as it passes. As these become polarized and depolarized, they emit an electro-

magnetic (EM) pulse [28]. Unlike the case of the slow-moving charge, where the polar-

ization remains symmetric along the path of travel (see Figure 3.1(a)), the pulses interfere

destructively in all directions except at one angle related to the particle's velocity (see

Figures 3.1(b) and 3.2). The resulting observable wavefront is called Cherenkov radiation

(or Cherenkov–Vavilov radiation), named for the scientist who �rst described the phe-

nomenon in 1934 [29]. For his discovery, Pavel Cherenkov was awarded the 1958 Nobel

Prize in Physics, which he shared with Il'ja Frank and Igor Tamm for their interpretation

of the effect [30]. The Cherenkov effect has been an indispensable detection tool for many

particle and astroparticle experiments.
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Figure 3.1: Polarization of a dielectric medium induced by the passage of a negatively

charged particle. (a) Case of a slow-moving charged particle. (b) Case of a charged parti-

cle travelling at v > c=n. Taken from [28].

In the wake of a particle travelling at � > 1=n, the angle at which Cherenkov photons

are emitted is called the Cherenkov angle (denoted � c) and is given by

� c = arccos
�

1
� n

�
; (3.1)

as can be understood from Figure 3.2 [20, 28]. Cherenkov radiation is azimuthally sym-

metric around a charged particle's path. From every point along the path, the emitted

photons form a Cherenkov cone with opening angle 2� c.
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Figure 3.2: Cherenkov wavefront produced by the passage of a relativistic charged parti-

cle. In a time t, the particle travels a distance v t from A to B while the EM pulse reaches

a distance c t = n from A. Photons emitted at the Cherenkov angle ( � c) are coherent and

make up the Cherenkov wavefront. Modi�ed from [28].

The Cherenkov spectrum is described by the Frank–Tamm equation [20,31]:

dN
dx d�

=
2� � q 2

e2 � 2

�
1 �

1
� 2 n2(� )

�
=

2� � q 2

e2 � 2
sin2(� c(� )) ; (3.2)

where � is the �ne structure constant, � is the wavelength of the Cherenkov photon, q

is the electric charge of the particle, and e � 4:8 � 10� 10 statC is the elementary electric

charge. It is important to note that the index of refraction is usually slightly dependent on

wavelength and, consequently, the Cherenkov angle (equation (3.1)) is also a weak func-

tion of wavelength [32]. Equation (3.2) gives the number of Cherenkov photons emitted
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per length dx travelled by the charged particle in a wavelength interval d� . To obtain

the total number of photons radiated along the particle's path, equation (3.2) must be

integrated over the relevant length of the path and over all wavelengths for which n(� )

meets the Cherenkov condition � > 1=n. The integral converges because this condition

is not met at all wavelengths down to zero. An important takeaway from equation (3.2)

is that Cherenkov emission is inherently independent of the particle's mass and depends

on the particle's speed rather than its energy. As a result of this, among particles that are

ultrarelativistic ( � � 1), there is no appreciable difference in Cherenkov output or angle

for any additional increase in energy, as these reach an asymptotic limit.

With the appropriate substitutions, equation (3.2) can reveal the energy provided by

the particle to induce the Cherenkov effect. The energy per unit length travelled is

�
dE
dx

=
�

2� q
c

� 2 Z

� j � n (� ) > 1
� sin2(� c(� )) d� ; (3.3)

where � is the frequency of the Cherenkov photon. As particles must at least be relativistic

to induce Cherenkov radiation, this energy loss is negligible for the particle.

3.2 Cherenkov radiation in the atmosphere

The index of refraction in air at sea level is approximately 1.00028 [32], with a weak depen-

dence on wavelength—the index increases slightly for smaller and smaller wavelengths.

In this medium, the minimum speed a charged particle must travel to be responsible for

the emission of Cherenkov radiation is � � 0:9997; this corresponds to a Lorentz factor of


 � 42.

The Cauchy formula [33] is often used to describe the variation of nair with wavelength:

nair (� ) = 1 +
�

A +
B
� 2

+
C
� 4

�
; (3.4)
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where A = 2:73� 10� 4, B = 1:23� 10� 14 cm2, and C = 3:56� 10� 24 cm4 are empirically

determined [32].

Figure 3.3: Refractive index of air as a function of wavelength at 1268 m above sea

level (the altitude of the VERITAS observatory). The range plotted corresponds to the

wavelengths to which the VERITAS photomultipliers are sensitive (nominally, 185 nm to

650 nm). The blue shaded region represents the optical band. The grey shaded region

represents the UVC band (< 280 nm), where the atmosphere is essentially opaque. The

index is very weakly dependent on wavelength in the relevant (i.e., optical) range.

Altitude also modestly affects the index of refraction of air [32]. The altitude depen-

dence of nair is due to the change in air density. The pressure and temperature pro�les

of the atmosphere are the determinants for air density. Pressure variation with altitude

follows an exponential relation, coming from hydrostatic equilibrium of Earth's atmo-

sphere. The temperature pro�le is more complex as the direction of temperature change

is different for each layer of the atmosphere [34]. Humidity in the troposphere is also an

important factor affecting the temperature pro�le of this layer. Neglecting temperature,

the variation of nair with altitude h can be approximated by the exponential relation

nair (�; h ) = 1 + ( nair ; 0(� ) � 1) e� h = h0 ; (3.5)
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where nair ; 0(� ) is the index at sea level given by equation (3.4) and h0 = 8:4� 105 cm is the

scale height of the atmosphere [32]. As a result of this, the index of refraction is slowly

increasing as a cosmic charged particle travels downwards through the atmosphere. The

altitude at which the Cherenkov condition begins to be met therefore depends on the

particle's speed and is slightly higher for the emission of shorter wavelengths.

Figure 3.4: Refractive index of air as a function of altitude for 380-nm photons (around

peak sensitivity of VERITAS photomultipliers). The dashed line indicates the altitude

of the VERITAS observatory (1268 m), where nair (� = 380 nm) is 1.000244. The index

has an exponential relation with altitude as it closely follows air density and therefore

atmospheric pressure.
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Figure 3.3 shows the refractive index of air as a function of wavelength at the altitude of

the VERITAS observatory (1268 m a.s.l.). Atmospheric absorption of the ultraviolet (UV)

band C (100–280 nm) [34] greatly impedes the propagation of higher-energy Cherenkov

photons. While equation (3.2) indicates higher-energy photons are radiated more abun-

dantly, the relevant Cherenkov spectrum detectable in air peaks in the blue-UV band.

Figure 3.4 shows the index as a function of altitude for 380-nm photons.

As can be understood from equation (3.1), the Cherenkov angle reaches an asymptotic

limit as � approaches 1. This limit is 1.36� in air at sea level and 1.26� at 1268 m. Figure 3.5

shows how the Cherenkov angle evolves with a muon's energy. The high-energy muon

is a good reference because it is relatively stable in its passage through the atmosphere.

Figure 3.5: Cherenkov angle as a function of muon energy for 380-nm photons at 1268 m

above sea level. Lorentz factor, which varies linearly with total energy, is indicated on the

top (
 = E=(m� c2) where m� c2 � 0:106 GeVis the muon's rest energy [25]). The vertical

dashed line indicates the minimum muon energy where Cherenkov photons with a mini-

mum wavelength of 280 nm (UVB-UVC boundary) are produced. The high-energy muon

is used as reference because it is relatively stable in its passage through the atmosphere.
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3.3 Cherenkov radiation from a magnetic monopole

The relativistic passage of a magnetic charge through a dielectric medium is capable of

inducing Cherenkov radiation through the same mechanism described in Section 3.1 [35].

The Cherenkov angle remains the same, so equation (3.1) and Figure 3.5 are applicable to

MMs. The Frank–Tamm equation can be adapted to the case of a relativistic Dirac charge

(g) by introducing a factor (n g=e)2 to the q = e case in equation (3.2) [2, 16]. Hence, the

Cherenkov spectrum generated by a MM is

dN
dx d�

=
� n 2(� )
2� � 2

sin2(� c(� )) : (3.6)

In air ( n � 1:00028), this is roughly a 4700-fold uniform increase on the entire Cherenkov

emission spectrum for a MM compared to a particle bearing an elementary electric charge

at the same speed. Figure 3.6 shows the atmospheric Cherenkov spectrum of a MM with


 � 104 compared to that of a muon with the same speed.
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Figure 3.6: Atmospheric Cherenkov spectra of a magnetic monopole with 
 � 104

(dashed blue curve) and of a muon with 
 � 104 (solid red curve). The refractive index

of air is evaluated for 1268 m above sea level (the altitude of the VERITAS observatory).

The range plotted corresponds to the wavelengths to which the VERITAS photomultipli-

ers are sensitive (nominally, 185 nm to 650 nm). The blue shaded region represents the

optical band. The grey shaded region represents the UVC band (< 280 nm), where the

atmosphere is essentially opaque. The high-energy muon is used as reference because it

is relatively stable in its passage through the atmosphere. A MM induces � 4700 more

atmospheric emission across the spectrum compared to a muon with the same speed.
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Chapter 4

Past searches for GUT and

intermediate-mass magnetic monopoles

4.1 Dedicated magnetic monopole experiments

In 1982, Blas Cabrera reported a signal consistent with a MM in his small-scale induction

experiment at Stanford University, in California [36]. The event—nicknamed the “Valen-

tine's Day monopole” for its occurrence on February 14th of that year—was a measured

change in magnetic �ux through a 5-cm-diameter superconducting loop wholly consis-

tent with the passage of a Dirac charge. Cabrera remained prudent and never claimed

a discovery as there was no way to rule out an instrument malfunction (Cabrera noted

the possibility of a “spontaneous internal stress release mechanism” [36], although he

deemed it improbable) or some accidental or malevolent human intervention (the lab was

thought to be unoccupied at the time of the event but this could not be ascertained) [37].

The signal was not reproducible in later attempts by Cabrera [37].

In the years that followed the “Valentine's Day monopole,” a number of large experi-

ments were conceived with the goal of detecting cosmic MMs. Two important dedicated

MM experiments were MACRO and SLIM. At the end of this chapter, Figure 4.1 shows

the upper limits published by these MM experiments as well as upper limits established
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by parasitic searches with experiments designed to study neutrinos, cosmic rays, and

gamma rays. Table 4.1 presents a summary of the studies discussed in this chapter.

MACRO

MACRO (the Monopole, Astrophysics and Cosmic Ray Observatory) was a dedicated

MM experiment which ran from 1989 to 2000 in Gran Sasso, Italy [38]. It incorporated

many different search strategies, using scintillators, streamers, and a nuclear track-etch

detector to measure the energy lost by MMs in matter. Together, these were sensitive to a

wide range of monopole masses (106 GeV/ c2 and above) and velocities 4 � 10� 5 � � < 1.

After �nding no detections in any of the sub-detectors, the combined velocity-dependent

90% con�dence level (C.L.) upper limits were published, ranging from 1:3� 10� 16 to 3:1�

10� 16 cm� 2 s� 1 sr� 1 [38]. MACRO also looked for evidence of Grand Uni�ed Theory

(GUT) MMs by searching for nucleon decay but found none [39].

SLIM

SLIM (the Search for Light Monopoles experiment) was an array of plastic nuclear track

detectors designed to search for MMs at the Chacaltaya high-altitude laboratory in Bolivia

from 2002 to 2006 [40]. During its run, it was sensitive to MMs with masses between 10 4

and 1018 GeV/ c2, but with a particular focus on intermediate-mass MMs (IMMs) with

masses under 1013 GeV/ c2. SLIM did not restrict the search to MMs bearing only a single

Dirac charge—as de�ned in equation (2.8)—; the possibility of 2 g MMs, > 2g MMs, and

dyons (particles having both magnetic and electric charge) was also studied. For the 1g

case, two 90% C.L. upper limits were published: 1:3� 10� 15 cm� 2 s� 1 sr� 1 for MM masses

below 1013 GeV/ c2 (more stringent than MACRO) and 6:5� 10� 16 cm� 2 s� 1 sr� 1 for masses

above [40].

4.2 Neutrino experiments

Many experiments built to study neutrinos using water or ice Cherenkov detectors have

also performed speci�c searches for MMs. Since neutrinos are neutral and so do not in-
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duce Cherenkov radiation themselves, these experiments are designed to instead detect

the radiation induced by the energetic charged particles coming out of the weak inter-

actions between neutrinos and the nucleons in water molecules [41]. Neutrinos have an

extremely small interaction cross section (on the order of 10 � 38 cm2/GeV [42]), so these

detectors must be very large to be effective. The index of refraction in water is n � 1:33

while it is n � 1:31 in ice [43], with some dependence on salinity and density. So follow-

ing from equation (3.6), the Cherenkov radiation from a MM in water is as much as � 8300

times more intense than that from a charged lepton at the same speed. This characteristic

of MMs is what makes these Cherenkov experiments an interesting tool for their search.

In general, the assumption must be made that cosmic monopoles can traverse the Earth

at relativistic speeds—and so they are more likely to be in the mass range of IMMs rather

than that of GUT MMs.

RICE

Embedded in the Antarctic ice of the geographic South Pole, RICE (the Radio Ice Che-

renkov Experiment) was a neutrino detector that used 16 radio antennas sensitive to

Cherenkov radiation in the 200–500 MHz band [17]. RICE was operational between 1999

and 2012. The MM search was sensitive to ultrarelativistic IMMs with 107 � 
 � 1012 and

masses between 104 and 109 GeV/ c2. In the dataset from 2001 to 2005, RICE established a

speed-dependent 95% C.L. upper limit ranging from 9:5� 10� 19 to 2:2� 10� 18 cm� 2 s� 1 sr� 1

[17].

BDUNT

BDUNT (the Baikal Deep Underwater Neutrino Telescope) was a water Cherenkov de-

tector in the depths of Lake Baikal, in Siberia [44]. A MM search was conducted with

data taken between 1998 and 2003, when BDUNT was under the “NT-200” con�gura-

tion, consisting of eight strings �xed in the lake, each with 12 pairs of optical modules.

The search was sensitive to MMs with mass � 107 GeV/ c2 and Lorentz factors between

1.67 and 103. The search produced 90% C.L. upper limits ranging from 4:6 � 10� 17 to
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1:83� 10� 16 cm� 2 s� 1 sr� 1 depending on MM speed [44]. BDUNT was upgraded in 2015

to become the Baikal Gigaton Volume Detector (Baikal-GVD) [45].

AMANDA-II

AMANDA-II (the Antarctic Muon And Neutrino Detection Array) was a Cherenkov

detector deployed at the South Pole, with 677 optical modules deep in the Antarctic ice

[16]. A MM search was performed on data taken in the year 2000. The search considered

monopole masses� 105 GeV/ c2 with 1:54 � 
 � 1013. A distinction was made between

downward-travelling and upward-travelling (through the Earth) MMs. Speed-dependent

90% C.L. upper limits ranged from 3:8 � 10� 17 to 8:8 � 10� 16 cm� 2 s� 1 sr� 1 for the �rst

category and 2:9 � 10� 16 to 1:7 � 10� 15 cm� 2 s� 1 sr� 1 for the latter [16]. A search for

monopole-induced nucleon decay was also performed but found no evidence of this.

AMANDA-II is now integrated into the larger neutrino observatory, IceCube.

Super-Kamiokande

Located inside the Kamioka mine in Japan, Super-Kamiokande is a neutrino experi-

ment consisting of a Cherenkov detector which contains 50,000 metric tons of pure wa-

ter [46]. The approach taken with Super-Kamiokande was different than with other

Cherenkov experiments: under the assumption that slow GUT MMs would be bound

to the Sun and accumulate in its centre, Super-Kamiokande could detect the low-energy

neutrinos produced following the monopole-induced decay of protons ( p)

p �! mesons +e+ or � + ;

where e+ represents a positron and � + a positively-charged muon [46]. The neutrinos in

question would arise as decay products of mesons and of muons (these two decays are

discussed in some more detail later in Section 5.2.2). The monopole search thus focused

on GUT MM masses (1016–1017 GeV/ c2) and speeds10� 5 � � � 5 � 10� 2. Finding no evi-

dence of proton decay catalyzed by GUT MMs, very constraining speed-dependent 90%
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C.L. upper limits were established, ranging from 6:3 � 10� 28 to 8:8 � 10� 24 cm� 2 s� 1 sr� 1

[46].

IceCube

Successor to AMANDA-II, IceCube is a neutrino telescope inside a cubic kilometre of

Antarctic ice at the geographic South Pole [41]. IceCube uses 5160 digital optical modules

deployed across 86 vertical strings for the detection of Cherenkov light. The IceCube col-

laboration has already published a few results from MM searches. One such search [47]

for monopoles with speeds � � 0:51was performed on one year of data between 2011 and

2012, while assuming a general monopole mass around 1011 GeV/ c2. For the detection

of MMs below the Cherenkov threshold in ice ( � < 0:76), IceCube relied on the possibil-

ity for monopoles to knock off � -electrons to above Cherenkov threshold. Following this

search, a 90% C.L. upper limit of 1:55 � 10� 18 cm� 2 s� 1 sr� 1 was published in 2016 [47].

Another MM search [35] in eight years of IceCube data from 2011 to 2018 was sensitive

to monopole masses between 108 and 1010 GeV/ c2 and speeds0:75 � � � 0:995. The Ice-

Cube collaboration published an overall 90% C.L. upper limit of 2:0� 10� 19 cm� 2 s� 1 sr� 1

for this speed interval in 2022 [35]. Contrary to the search with AMANDA-II, the IceCube

studies only considered upward-travelling events, owing to the fact that downward sig-

nals are overwhelmed by a background of atmospheric muons.

ANTARES

ANTARES (the Astronomy with a Neutrino Telescope and Abyss environmental RE-

Search project) was a Cherenkov experiment in the waters of the Mediterranean Sea,

south of Toulon, France [48]. ANTARES used 12 vertical detection lines each composed of

75 optical modules. A search for monopoles with masses between 1010 and 1014 GeV/ c2

and speeds 0:55 � � � 0:995 was performed with data taken between 2008 and 2022.

Like with IceCube, ANTARES relied on signals from � -electrons for the detection of MMs

below the Cherenkov threshold in seawater ( � < 0:75). Finding no evidence of MMs,

90% C.L. upper limits were calculated between 5:9 � 10� 19 and 8:0 � 10� 18 cm� 2 s� 1 sr� 1
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depending on monopole speed [48]. As of this writing, these limits are in pre-publication.

ANTARES is currently being replaced by KM3NeT (the Cubic Kilometre Neutrino Tele-

scope).

4.3 Other experiments

Two other experiments are notable for their work on MMs: the Pierre Auger Observatory

and H.E.S.S.

Pierre Auger Observatory

The Pierre Auger Observatory is an ultra-high-energy cosmic-ray experiment located in

western Argentina [22]. It makes use of two detectors with an effective area of 3000 km 2:

the Surface Detector, composed of 1660 water Cherenkov tanks, and the Fluorescence

Detector, consisting of 24 telescopes in total [49]. The Surface Detector measures the wa-

ter Cherenkov radiation coming from secondary particles as they travel through the tanks

and can operate day and night. These secondaries are created in the hadronic showers ini-

tiated by cosmic rays in the atmosphere (cosmic rays and hadronic showers are discussed

in more detail in Section 5.2.2). The Fluorescence Detector measures the ultraviolet (UV)

light emitted by the nitrogen molecules that are excited by these same secondary particles

and can only operate during clear, moonless nights. For the purpose of a MM search, the

Pierre Auger collaboration studied only events that were detected by both detectors. The

search focused on ultrarelativistic IMMs with a total energy equalling 10 16 GeV, meaning

that the searched monopole mass was constrained to vary inversely with 
 . The search

was sensitive to IMMs with 108 � 
 � 1013. Speed-dependent 90% C.L. upper limits were

found to range from 2:51� 10� 21 to 8:43� 10� 18 cm� 2 s� 1 sr� 1 [22].

H.E.S.S.

H.E.S.S. (the High Energy Stereoscopic System) is a very-high-energy (VHE) gamma-

ray experiment using �ve imaging atmospheric Cherenkov telescopes (IACTs) in the
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Khomas highlands of Namibia [50]. The VHE band is generally de�ned as photons with

energies ranging from 100 GeV to 100 TeV. How IACTs operate is discussed in more detail

in Chapter 5, which presents the VERITAS telescope. The ability of IACTs to detect ultra-

relativistic MMs is also explored in that chapter. In 2009, Gerrit Spengler [51] used simu-

lations to determine the kind of images an ultrarelativistic MM would create in H.E.S.S.

In his thesis, he asserted that MMs would produce a pair of bright clusters in the instru-

ment's camera plane and searched for their signature through 2400 hours of data taken

between 2004 and 2009. At the time of that analysis, H.E.S.S. only had four telescopes—

the �fth telescope (larger than the other four) was only added in 2012 [50]. Spengler's

work was never published in a scienti�c journal, but he established a 90% C.L. upper

limit of 4:5 � 10� 14 cm� 2 s� 1 sr� 1 for MMs with mass � 103 GeV/ c2 and 
 � 105 [51, 52].

The limit is very poorly constraining (even less so than the Parker bound), but Spengler

showed the potential for IACTs to search for MMs in a novel way, independently from

the methods used by dedicated MM experiments and by neutrino experiments. Addi-

tionally, the search with H.E.S.S. for ultrarelativistic MMs with a Lorentz factor of 10 5 is a

parameter space not nominally explored by the Pierre Auger Observatory or RICE, which

also considered only very high Lorentz factors. Spengler's thesis served as inspiration for

this work with VERITAS.
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Figure 4.1: Flux upper limits for GUT and intermediate-mass magnetic monopoles with

respect to monopole relative speed (� ) and Lorentz factor ( 
 ). Different coloured curves

represent the results from different searches. All upper limits are 90% con�dence level

except for RICE's, which are 95%. For searches with multiple overlapping limits (e.g.,

AMANDA-II's direction-dependent limits, SLIM's mass-dependent limits), only the most

stringent limit is shown. These limits do not all apply to the same monopole mass range.

The Parker bound (dashed black line) is set at 10� 15 cm� 2 s� 1 sr� 1. Note that these curves

are approximations; for more detailed graphical representations, the reader is referred to

the individual publications cited.

32



Ta
bl

e
4.

1:
N

ot
ab

le
se

ar
ch

es
fo

r
G

U
T

an
d

in
te

rm
ed

ia
te

-m
as

s
m

ag
ne

tic
m

on
op

ol
es

.
A

ll
�u

x
up

pe
r

lim
its

ar
e

90
%

co
n�

de
nc

e

le
ve

le
xc

ep
tf

or
R

IC
E

's
,w

hi
ch

ar
e

95
%

.

E
xp

er
im

en
t

E
xp

er
im

en
tt

yp
e

Li
ve

tim
e

(d
ay

s)
E

xp
os

ur
e

(c
m

2
sr

s)
M

M
m

as
s

ra
ng

e
(lo

g[
G

eV
=

c2
])

M
M

ve
lo

ci
ty

ra
ng

e
F

lu
x

up
pe

r
lim

its
(c

m
�

2
s�

1
sr

�
1
)

A
M

A
N

D
A

-I
I[

16
]

Ic
e

C
he

re
nk

ov
ne

ut
rin

o
te

le
sc

op
e

15
5

5–
18

�
=

0
:7

6
(u

p)
�

=
0

:8
(u

p)
�

=
0

:8
(d

ow
n)

�
=

0
:9

(u
p)

�
=

0
:9

(d
ow

n)
�

�
1

(u
p)

;



�
10

3

�
�

1
(d

ow
n)

;



�
10

3

�
8:

8
�

10
�

16

�
6:

7
�

10
�

17

�
1:

7
�

10
�

15

�
4:

3
�

10
�

17

�
4:

2
�

10
�

16

�
3:

8
�

10
�

17

�
2:

9
�

10
�

16

A
N

TA
R

E
S

[4
8]

U
nd

er
se

a
C

he
re

nk
ov

ne
ut

rin
o

te
le

sc
op

e
32

86
10

–1
4

0:
55

00
�

�
<

0:
59

45
0:

59
45

�
�

<
0:

63
90

0:
63

90
�

�
<

0:
68

35
0:

68
35

�
�

<
0:

72
80

0:
72

80
�

�
<

0:
77

25
0:

77
25

�
�

<
0:

81
70

0:
81

70
�

�
<

0:
86

15
0:

86
15

�
�

<
0:

90
60

0:
90

60
�

�
<

0:
95

05
0:

95
05

�
�

�
0:

99
50

�
8:

0
�

10
�

18

�
5:

8
�

10
�

18

�
3:

0
�

10
�

18

�
3:

2
�

10
�

18

�
3:

1
�

10
�

18

�
3:

4
�

10
�

18

�
2:

6
�

10
�

18

�
1:

1
�

10
�

18

�
6:

7
�

10
�

19

�
5:

6
�

10
�

19

B
D

U
N

T
[4

4]
U

nd
er

w
at

er
C

he
re

nk
ov

ne
ut

rin
o

te
le

sc
op

e
10

03
�

7
�

=
0

:8
�

=
0

:9
�

�
1;



�

10
3

�
1:

83
�

10
�

16

�
6:

5
�

10
�

17

�
4:

6
�

10
�

17

H
.E

.S
.S

.[
51

]
IA

C
T

ar
ra

y
10

0
�

3



=
10

5
�

4:
5

�
10

�
14

Ic
eC

ub
e

[3
5,

47
]

Ic
e

C
he

re
nk

ov
ne

ut
rin

o
te

le
sc

op
e

31
1

28
86

�
11

�
8–

10
0:

51
0

�
�

�
0:

87
0

0:
75

0
�

�
�

0:
99

5
�

1:
55

�
10

�
18

�
2:

0
�

10
�

19

M
A

C
R

O
[3

8]
D

ed
ic

at
ed

M
M

de
te

ct
or

ex
pe

rim
en

t
(s

ci
nt

ill
at

or
s,

st
re

am
er

s,
nu

cl
ea

r
tr

ac
k

de
te

ct
or

s)
34

70
�

6

4:
0

�
10

�
5

�
�

<
1:

0
�

10
�

4

1:
0

�
10

�
4

�
�

<
1:

1
�

10
�

4

1:
1

�
10

�
4

�
�

<
2:

6
�

10
�

4

2:
6

�
10

�
4

�
�

<
1:

2
�

10
�

3

1:
2

�
10

�
3

�
�

<
1:

9
�

10
�

3

1:
9

�
10

�
3

�
�

<
3:

0
�

10
�

3

3:
0

�
10

�
3

�
�

<
4:

1
�

10
�

3

4:
1

�
10

�
3

�
�

<
5:

0
�

10
�

3

5:
0

�
10

�
3

�
�

<
0:

1
0:

1
�

�
<

1

�
2:

1
�

10
�

16
–3

:1
�

10
�

16

�
1:

6
�

10
�

16

�
1:

3
�

10
�

16
–1

:5
�

10
�

16

�
1:

6
�

10
�

16

�
1:

4
�

10
�

16

�
1:

3
�

10
�

16

�
1:

6
�

10
�

16

�
1:

6
�

10
�

16
–1

:6
6

�
10

�
16

�
1:

5
�

10
�

16
–1

:8
�

10
�

16

�
1:

4
�

10
�

16

P
ie

rr
e

A
ug

er
[2

2]
U

ltr
a-

hi
gh

-e
ne

rg
y

co
sm

ic
-r

ay
de

te
ct

or
(w

at
er

C
he

re
nk

ov
ta

nk
s,

U
V

�u
or

es
ce

nc
e

te
le

sc
op

es
)

3:
66

�
10

17

3:
00

�
10

19

1:
42

�
10

20

9:
94

�
10

20

1:
23

�
10

21

3–
8



=

10
8



=

10
9



=

10
10



=

10
11



�

10
12

�
8:

43
�

10
�

18

�
1:

03
�

10
�

19

�
2:

18
�

10
�

20

�
3:

12
�

10
�

21

�
2:

51
�

10
�

21

33



Ta
bl

e
4.

1
co

nt
in

ue
d

E
xp

er
im

en
t

E
xp

er
im

en
tt

yp
e

Li
ve

tim
e

(d
ay

s)
E

xp
os

ur
e

(c
m

2
sr

s)
M

M
m

as
s

ra
ng

e
(lo

g[
G

eV
=

c2
])

M
M

ve
lo

ci
ty

ra
ng

e
F

lu
x

up
pe

r
lim

its
(c

m
�

2
s�

1
sr

�
1
)

R
IC

E
[1

7]
Ic

e
C

he
re

nk
ov

ne
ut

rin
o

te
le

sc
op

e
67

5
4–

9



=

10
7



=

10
8



=

10
9



=

10
10



=

10
11



�

10
12

�
2:

2
�

10
�

18

�
1:

9
�

10
�

19

�
2:

8
�

10
�

19

�
6:

2
�

10
�

19

�
6:

0
�

10
�

19

�
9:

5
�

10
�

19

S
LI

M
[4

0]
D

ed
ic

at
ed

M
M

de
te

ct
or

ex
pe

rim
en

t
(a

rr
ay

of
pl

as
tic

nu
cl

ea
r

tr
ac

k
de

te
ct

or
s)

15
40

4–
13

13
–1

8
4

�
10

�
5

�
�

<
1

(d
ep

en
di

ng
on

m
ag

ne
tic

&
el

ec
tr

ic
ch

ar
ge

s)
�

1:
3

�
10

�
15

�
6:

5
�

10
�

16

S
up

er
-K

am
io

ka
nd

e
[4

6]
W

at
er

C
he

re
nk

ov
ne

ut
rin

o
de

te
ct

or
28

53
16

–1
7

�
=

10
�

5

�
=

10
�

4

�
=

10
�

3

�
6:

3
�

10
�

28

�
6:

3
�

10
�

26

�
6:

3
�

10
�

24

34



Chapter 5

VERITAS

5.1 Introduction to VERITAS

The Very Energetic Radiation Imaging Telescope Array System (VERITAS) is a ground-

based stereoscopic array of four imaging atmospheric Cherenkov telescopes (IACTs) de-

signed to study the gamma-ray universe, located south of Tucson, Arizona, at the base of

Mount Hopkins (+31 � 40' 30.21”, � 110� 57' 7.77”, altitude 1268 m a.s.l.) [53]. It is on the

site of the Fred Lawrence Whipple Observatory and part of the Smithsonian Astrophysi-

cal Observatory.

VERITAS does not observe gamma-ray photons directly. Instead, it measures the short

�ashes of Cherenkov light produced in the extensive air showers (EASs) that gamma

rays initiate in the atmosphere [28, 54]. VERITAS is also sensitive to EASs initiated by

cosmic rays, which are overwhelmingly more abundant. Section 5.2 discusses EASs in

more detail. An important part of data reduction with VERITAS is to use the properties

of EASs to distinguish the gamma-ray events from the cosmic-ray events.

Each of the four telescopes follows a Davies–Cotton design and is a 12-m dish com-

posed of 345 hexagonal mirrors that re�ect light into a central camera. Figure 5.1 is a pho-

tograph of one of the four telescopes. Each telescope's camera (see Figure 5.2) is an array

of 499 Hamamatsu R10560-100-20 photomultiplier tubes (PMTs) arranged in a hexago-
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