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Abstract
A Spectral Analysis of the Crab Nebula and Other Sources with H AWC

The High Altitude Water Cherenkov observatory (HAWC) is an extasive air shower
particle detection array designed to study cosmic gamma ) rays in the Very High Energy
(VHE) regime (100 GeV to 100 TeV). One of the most thoroughly studd sources in this
energy range is the Crab nebula, a pulsar wind nebula createg the aftermath of supernova
1054. The core of this analysis revolves around the deterration of the di erential ux
spectrum of the Crab nebula using a process known as forwamlding. Forward folding
allows energy spectra to be t without requiring a direct meaurement of the primary energy
of individual extensive air showers. The energy resolutioof HAWC is very poor (on the
order of 50% or more), and so this method is ideal for any speaitanalysis carried out with
HAWC data. The di erential spectra are modeled as a power law ith a normalization ( o),
spectral index ( ), and a cuto energy (E.): dN=dE = o(E=Eg) e E=Fc. The normalization
of the Crab nebula was found to be:03 331 stat  0:19sys) 10 *2(TeV *cm 2s ') with
an index of 2:54 0:095stat 0:27sysand a cuto of 91:0 % stat with E; =4.0 TeV.
This method was also applied to 11 other sources, and the nmmim detection signi cance

required to constrain a spectrum was found to be between 10cath4
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CHAPTER 1

Light, The Universe, and Everything

The electromagnetic spectrum is vast. The part which we cares with the naked eye
accounts for only the tiniest fraction of a percent of the \laeled" portion of the spectrum,
which spans from the end of long waves with wavelengths on tleeder of a kilometer, to
the beginning of gamma rays, with wavelengths on the order affraction of a nanometer.
Yet, blind as we are, the universe yields a great many secrdts the visual spectrum, as
early astronomers quickly discovered. With the visual lighalone, we proved the heliocentric
model of our solar system. We numbered our planetary neighiseand uncovered the secrets
of their creation. We found comets and asteroids and meteorg/e discovered galaxies and
even our location within the Milky Way.

However, as potent a tool as the visual spectrum has proven t@ bmore can be learned
by examining the universe through the lenses of di erent sp&al ranges. In fact, one of
the greatest discoveries in modern astronomy was made withet poorly named Microwave
spectrum?. This discovery was of an isotropic, very nearly homogeneoield of microwave
radiation which we now know as the Cosmic Microwave Backgrod (CMB). The CMB has
taught us about the origin of the universe itself, and how th&€osmos, as we know it, was
formed. It is easily one of the greatest pieces of astrophyal evidence ever discovered and
it was found through the examination of non-visual light.

As is often the case in physics, the most interesting discoies are found in the extreme
frontiers. What can we see when we look through the lens of theost energetic light in the
universe? What new pieces of astrophysical evidence might wel? We call photons with

energies beyond the end of the x-ray spectrum Gamma Ray9,(and six orders of magnitude

IMicrowaves do not have wavelengths on the order of micrometers.



past this point is the region of interest for this thesis: The/ery High Energy (VHE) -ray
Spectrum. This introductory chapter will serve to examine tk \story" of VHE -rays, from
their creation to their eventual detection, and will provice the necessary background for the

rest of this document.

1.1. Cosmic Rays

When discussing VHE gamma rays, with energies between 100 Ge\dd®0 TeV, it is
important to also examine cosmic rays, which form the prinple background for most VHE
gamma ray experiments. Cosmic rays are a type of cosmogeradiation composed of bare
atomic nuclei, which strike the top of the atmosphere of the &th. Many of the physical
systems responsible for the creation of cosmic rays oftereate gamma rays as well. The
distribution of the di erential ux as a function of the energy of this radiation is known as

the cosmic ray spectrum. For the most part, the cosmic ray spgum obeys a power law,

dN
(1) d—E/ E

with a spectral index, , of approximately 2.7 [1] (see g 1.1).

The cosmic ray spectrum is divided into three distinct regias: solar, galactic, and extra-
galactic. Solar cosmic rays, contrary to the name, do not cafrom the sun but are instead
modulated by solar activity (with the exception perhaps of prticles associated with solar
ares). The solar wind, an expanding magnetized plasma geia¢ed by the Sun, partially
excludes lower energy galactic cosmic rays from the interiof the solar system. As a re-
sult of this e ect, the intensity of cosmic rays with energie below about 10 GeV strongly

anticorrelates with the 11 year solar cycle [1] .
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Figure 1.1. Combined cosmic ray spectrum from various experiments, fro[2]

Galactic cosmic rays are just that: cosmic rays with an origi within the Milky Way.

The galactic cosmic ray spectrum begins at energies above@€V and extends up to 1 PeV



(10%° eV), where the spectrum begins to gradually transition intothie extragalactic regime.
The beginning of this transition region is marked by a change the spectral index known as
\the knee", where softens to a value of 3.12 This transition occurs because cosmic rays
with energies above 1 PeV have a Larmor radius which beginspapaching the thickness
of the galactic plane. The Larmor radius (or cyclotron radig) is de ned as the radius of
the circular trajectory followed by a charged particle in a niform magnetic eld. While the
galactic magnetic eld is by no means uniform, as a generallauthe Larmor radiusr_ for

galactic cosmic rays can be approximated by

: E[EeV]
(2 re' 1 kpcm ;

whereE is the patrticle energy in EeV,Z is the charge in units of the electron charge, and

is the magnetic ux density in G [3]. The galactic magnetic eld has an average ux density
of about 10 G [4] so protons with an energy of 1 PeV have a Larmor radius obaut 0.1
pc (a pc, or parsec is a unit of cosmic distance and is approxtely three light years). The
stellar disk of the Milky Way has a thickness of about 600 pcpsprotons with an energy 1
PeV have virtually no chance of escaping. As the energy inceess, this radius increases, and
at about 1 EeV the Larmor radius of a proton is almost 20% of thehickness of the stellar
disk. Assuming galactic cosmic rays have been created sinbe tirth of the Milky Way,
particles with energies below the knee are trapped by the gatic magnetic eld and will
almost certainly remain so until they interact. Higher energ particles have a greater chance

of escaping, and when they do they can never be observed ontkarlt stands to reason

ASoft" energies are lower than \hard" energies. Because the index in@ases, the slope of the spectrum
increases negatively, reducing the ux of higher energies, thus stefning the spectrum



that cosmic rays observed below this transition energy weraost likely created within the
Milky Way while cosmic rays with observed energies increagly larger than the knee are
more and more likely extragalactic in origin.

Extragalactic cosmic rays come from origins outside our gady and dominate the spec-
trum at and above 1EeV. Cosmic rays in this energy range begia be subjected to an e ect
known as the Greisen|Zatsepin|Kuzmin (GZK) cuto. The GZK ¢ uto theory describes
a soft upper limit on the energy of extragalactic cosmic rayef a cosmologically distant
origin (greater than about 50 Mpc). This upper limit begins 850 EeV for protons and the
CR spectrum should be suppressed above this energy (the irdghould steepen). Cosmic
rays (speci cally protons) at or above this energy coming &ém beyond 50 Mpc will therefore
interact with the cosmic microwave background via resonaaovith  *, which immediately
decays into a nucleon and a* or © [5][6]. The * will decay into a muon and neutrino
while the ©° will decay to photons. The free neutrons will ultimately deay to protons,
electrons, and antineutrinos. The end result is that the itiial energy of the proton has been
drained away through these decay channels, leaving only th@ver energy decay products
and thus reducing the ux at energies above the cuto. The GZKcuto has been observed
by both the Pierre Auger Observatory and HiRes [7][8]

The production of electromagnetic radiation hinges on thecaeleration and interactions
of charged particles. In the end, all -ray producing astrophysical phenomena take the form
of naturally occurring particle accelerators. In order to ehieve -ray energies between 1
GeV and 100 TeV, these accelerators must be exceedingly wler exotic in nature. The

question to ask is a simple one. Where do theserays get their energy?



1.2. Genesis

The patrticle interactions that resultin -rays fall into four broad categories: Bremsstrahlung,
scattering, annihilation, and decay. All other possible prduction methods eventually boll
down to these four channels. Bremsstrahlung radiation istritly speaking, photonic radia-
tion that results from the acceleration of charged particke and directly translates from Ger-
man as \braking radiation". Bremsstrahlung radiation incudes cyclotron and synchrotron
radiation as more speci c forms.

Scattering refers to particle interactions that result in he exchange of energy or possibly
the creation of new particles. In the context of -ray production the most important form
of scattering is that of inverse Compton scattering. Compto scattering is the mechanism
through which high energy photons scatter low energy eleotns to higher energies, resulting
in a low energy photon. Inverse Compton scattering is simplthe reverse: low energy
photons scatter high energy electrons to lower energiessudting in a high energy photon.
The resulting nal energy of the scattered photon is a functin of scattering angle and the
energy of the electron.

Annihilation occurs when a particle interacts with its antimatter counterpart. There are
many di erent channels annihilation interactions can take but it can commonly result in two
photons. This is a frequent occurrence because most quantmombers (charge, avor, color
etc.) are inverted between a particle and its antiparticle @unterpart, forcing the byproducts
of the interaction to have those numbers be zero as well by carvation. These annihilation
channels are important because they produce discerniblafieres in the gamma ray spectrum
of a source. These features can yield important informatioconcerning the composition of

the matter that forms the source, and the energies of the phgal processes at work therein.



The nal production channel describes how -rays are created as the byproducts of the
decay of a separate parent particle. One of the most commortraphysical decay channels
for gamma rays is decay, that results in two -rays, but there are many other channels
that can lead to photons.

Particle interactions represent the ner points when desdning the creation of VHE -
rays. That is not to say that they aren't important, but rather, some larger mechanism needs
to be at work in order to get particles up to the necessary ergies required for interactions to
produce VHE -rays. These mechanisms are the natural particle accelevat of the universe,
all of which arise from the interactions of electromagnetiand gravitational elds.

Gravitational elds can create particle accelerators by dectly converting gravitational
potential energy into kinetic energy. One system which cononly accelerates particles in
this fashion are accretor-donor systems. Accreator-donoystems consist of a donor, such
as a large nearby star or nebula, and an accretor, which is adly a compact object such
as a black hole or neutron star. Matter from the donor falls ttough the gravitational

eld of the compact object where it accretes and gains kinetienergy. Conservation of
angular momentum forces the accreted matter into a quicklypgining disk, where it has

enough energy to interact and produce VHE -rays. There are many types of accretor-
donor systems based on what objects compose them, but thenmiple is always the same.
Gravitational acceleration of charged particles can alsoccour in the early stages of certain
types of supernovae involving extremely massive, iron-fag stars. When such a star runs
out of fuel, the surrounding layers of matter fall inwards teards the core, gaining kinetic
energy. Eventually these layers can cannot fall any fartheand quite literally bounce back

outwards forming a supernova. This process is known as comlapse and the gravitational



potential energy of the collapsing matter provides a portio of the energy for the resulting
explosion.

Electromagnetic elds that accelerate charged particlesputo to GeV and TeV range
are almost exclusively found in shock wave fronts. In the aaf accretor-donor systems
matter that does not fall onto the accretor is launched perpwlicular to the accretion disk,
forming jets of tightly con ned plasma. The di erence in vebcity between the dense plasma
of the jets and the interstellar medium forms shock fronts. fie magnetic elds produced
by these fronts are extremely ridged with respect to the intstellar medium (that is, they
very easily change the momentum of charged particles entagi the eld from outside the
shock) and randomized in direction. Low energy charged pa@les entering a jet shock front
are temporarily trapped by this magnetic eld, but eventualy gain enough energy from the
velocity of the shock to escape. The rapid, frequent, and rdamized acceleration of charged
particles in the the shock front of accretion jets may be ond the most likely sources of high
energy cosmic rays, and therefore-rays. Shock fronts also occur as a result of particularly
violent explosions such as those created by supernovae. &uypvae create a \short® burst
of cosmic and -rays when they occur, but result in more steady sources asetlmesulting
shock wave expands into the interstellar medium and bouncpatrticles up to higher energies.
The mechanism by which such shock fronts impart energy to dagged particles is known as
Fermi-acceleration [9].

Fermi-acceleration is an attractive hypothesis for natudaparticle acceleration because
it results in the power law spectrum noted in equation (1), ath this can be shown through
very simple arguments [10]. Suppose that with every cycle a€celeration in a shock front,
a charged particle gains energy some amount of energy thatpgeds on the initial energy

3Short with respect to the lifetime of the star that created the super nova. SN1054 was visibly detectable
with the naked eye for approximately two years before fading from view



of the patrticle, E,. Classically this makes sense; a ball bouncing elasticatly of a moving
wall will have a re ected speed equal to the sum of the initiapeed and the speed of the
wall, so the assumption that the re ected energy depends oihe initial initial energy is not

too wild.

3) E=akE,:

After n cycles of acceleration, the nal energy of the particle is g&n by

(4) E=E,(1+a)":

After every cycle of acceleration, the probability that a paticle escapes further cycles in-
creases slightly. Suppose the probability that a particleemains in the accelerator after a
single cycle isP. If there are N, particles initially, then the number of particles remainirg

after n cycles is

(5) N = NgP"

(6) In

nin(P) :

Solving forn in (4) and substituting into (6) yields

N _ In(Eo=E) In(P)
0 "N T In(L+ a)

E In(P)=In(1+ a)
(8) N = N, EO

E. s
9) = N EO



Taking a derivative with respect toE results in a form which agrees with (1).

dN
(10) aE

CE

(11) = CE ;

where C is a constant. This shows that the spectral index is dependent only on the
likelihood that a particle escapes the shock front and the amant of energy it gains each
shock cycle. These in turn are dependent on the magnetic eldensity of the source, the

velocity of the shock front relative to the interstellar medum, and geometry (see g 1.2).

1.3. Types of Sources

A -ray source is the origin of some-ray ux. These sources can be di use, covering
large angular regions of the sky on the order of several deggeor point-like, spanning a real
angular region much less than the angular resolution of modetectors. Sources can also be
transient, meaning that they only exist for short periods ofime on the order of seconds or
minutes, or steady, meaning that they are permanent xtureon sky. This thesis focuses
only on steady point sources.

There are many types of sources, but they can be grouped inteeoof six broad categories:
oscillators, shells, active galaxies, star clusters, starrst galaxies, and Pulsar Wind Nebulae
(PWNs). These are the categories used to divide registered soes on the TeV catalog
(http://tevcat.uchicago.edu/) which serves as the centrdarchive of con rmed VHE gamma
ray sources.

1.3.1. Oscillators.

Oscillators consist of X-ray binary systems, -ray binary systems, and pulsars. In short,
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they are objects with an intensity that oscillates in time?*. Binary systems are those with
two stars that orbit each other. The discovery of binary sygms that emit in the VHE
regime is a very recent one. Indeed, at the time of this writonthere are only ve binary
sources registered, all of which were discovered after 200®e exact mechanism that governs
VHE -ray production in these binary systems is still a mystery, dwever, all ve systems
house a massive type O or B(e) star with masses between 10420 and radii of about
10R [12]. This suggests an accretor-donor system where the désg -rays are created
by the interaction between highly energetic particles whithave fallen through the resulting
gravitational potential di erence.

A pulsar is a rapidly rotating neutron star (a highly compactobject composed almost
entirely of neutrons) which then precesses about a seconglaotational axis. The primary
rotational poles of a pulsar emit highly beamed electromagtic radiation resulting from
the conversion of the rotational kinetic energy of the stamio a strong, moving magnetic
eld. This eld then accelerates protons and electrons neahe surface of the star, resulting
in a tight beam of electromagnetic radiation. This radiatio can only be observed when
the secondary axis of rotation causes the beam to point at tHearth. These objects were
rst observed in the radio spectrum, but recently, GeV pulsge have been observed from the
Crab Pulsar, Geminga, and Vela. These are considered separaources from respective
nebulae containing them because the light from pulsars isestdily pulsed, and can therefore
be isolated. As an example, the Crab pulsar emits only about 186 the ux as the Crab
nebula and cuts o at an energy of about 150 GeV, while the nelallis steady up to about

700 GeV [13].

4MRK421 is an Active Galactic Nuclei. These categories are structurally dened instead of behaviorally
de ned. MRK421 would be considered a steady point source with transiet aring
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1.3.2. Shells.
Shell sources consist of Super Nova Remnants (SNRs), supditiles, and their nearby molec-
ular clouds. SNRs are the lasting remains of supernovae, anshsist of an expanding shell
of hot, dense plasma. VHE -ray production occurs as a result of shock acceleration in
the shell as it expands into the interstellar medium. This gxansion can last for hundreds
or thousands of years and SNRs can expand to be tens of parsecsiiameter before the
expansion rate begins to markedly decrease. Superbubbles simply compound SNRs that
can expand to sizes on the order of a hundred parsecs or so. &talar clouds are large
clouds of stable molecules, unlike the interstellar mediuor SNRs, which are both plasmas.
They are also grouped into this category because when theyeatlose enough to SNRs or
are deformed by SNR shocks, they can serve as secondary tasdet cosmic rays created by
the nearby shell. Shell type sources are one of the most nuimas sources of cosmic rays in
the Milky Way.

1.3.3. Active Galaxies.
Active galaxies are galaxies which host an Active Galactic Nucls (AGN). An AGN is a
compact, highly luminous region at the center of some gal@sd. It is believed that the
radiation observed from AGN is the result of matter accreatig onto a supermassive black
hole (black holes with masses between *t0° M ). This makes AGN's accretor-donor
systems, only in this case the donors consists of entire stsystems. AGN are primarily
characterized by the presence of massive, relativistic getcomposed of matter that failed to
fall into the black hole. These jets can be on the order of kp@rsecs in length (de ned by
the change in density at the shock front), and are thought to & the source of the highest
energy cosmic rays. A number of objects which were once thbtigp be unique are actually

just AGNs viewed from di erent perspectives. When the jets of m AGN are perpendicular
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to the line of sight from earth, it appears as a radio galaxy fte light it emits in the direction
of the earth is most intense in the radio spectrum). When the {g of an AGN are neither
perpendicular or coincident with the line of sight from eat, they are called quasars. When
the jets are coincident with the line of sight from earth, thg are called blazars. The closer
the jets of an AGN align with line of sight, the more VHE -rays are detected from that
AGN. There are many sub-types of AGNs, but any source playing Bbto an active nucleus
falls into this category.

1.3.4. Star Clusters.
Star cluster sources are composed of more than one star / otijebut are not galaxies.
Globular clusters and galactic star forming regions are wihes containing numerous stars
and source objects that, for one reason or another, are higlactive. An example of this kind
of source is Terzan 5, which is a globular cluster near the lgg of the Milky Way. There are
as many as 200 radio pulsars, 50 weak X-ray sources, and atidaX-ray burster, all within
a radius of 2.7 light years [14][15][16]. To put that in pergztive, the nearest neighbor to
SoP is Proxima Centauri, at 4.2 light years away. Terzan 5 exhibs a di use, non-thermal
VHE -ray emissions up to 24 TeV [15].

1.3.5. Starburst Galaxies.
Starburst galaxies are galaxies that exhibit an extremelyigh rate of star formation. The
associated stellar activity results in shock acceleratiasf cosmic rays, which can lead to VHE
photons. Starbursts usually occur as a phase in the evolutiof a galaxy or as the result of a
collision or interaction between galaxies. The most receaburce discovered in this category
is Messier 82, the cigar galaxy. It is approximately ve time more luminous than all of the

Milky Way as a result of starburst formations due to interacions with Messier 81, Bode's

5The sun
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galaxy [17]. At the time of this writing there have been onlywo starburst galaxies detected
in the VHE -ray regime: M82 and NGC 253.

1.3.6. Pulsar Wind Nebulae.
Pulsar Wind Nebulae (PWN) are the most numerous of the TeV-ray sources in our galaxy.
They consist of a central pulsar enveloped by a SNR. The eleatnagnetic and particle
\wind" from the pulsar powers VHE -ray production in the surrounding SNR. The most
luminous and steady PWN is the Crab nebula, which will be coved in detail in a separate
chapter.

1.3.7. Unidentified.
Unidenti ed sources are just that: Unidenti ed. These are diinct sources that either do
not exhibit any properties which would place them in one of #h above categories, or have
con icting identi cations across several experiments. VHE -ray sources that do not have
any other obvious counterpart in other wavelengths are clsised as dark sources, and are also
placed in this category. There is currently only one dark soce registered: HESS J1503-582

[18].

1.4. Extensive Air Showers

The atmosphere is completely opaque to VHE cosmic radiation drso it behaves as a
collision target for both -rays and cosmic rays. When such radiation (known as primary
radiation) interacts with the atmosphere it produces a larg number of secondary particles in
a series of successive collisions with atmospheric nuclefally nitrogen and oxygen). These
in turn produce more secondaries which then continue on, re@ting the process, creating a

cascade of particles known as an Extensive Air Shower (EAS). EABrve as the only channel
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through which some ground based particle astrophysics expeents can detect VHE cosmic
radiation.

Extensive air showers are extremely di cult to properly desribe as a result of the sheer
number and types of interaction that can occur. Before speciphysics can be discussed it is
necessary to set up a sca olding of de nitions and conceptsjost importantly the coordinate
system and parameters used to describe EAS. The primary coorate axis used to describe
an EAS is called the longitudinal axis. It is de ned as a line fsm the point of rst interaction
to the point on the surface of the earth where the primary partle would land without the
presence of the atmosphere. The development of an EAS along tlongitudinal axis is
parameterized by atmospheric depth. Atmospheric depth is measure of the quantity of
atmosphere through which the shower core has propagated.istde ned by the barometric

formula, which assumes that atmosphere is isothernial
(12) X (h) = X.et [gem 2

This equation describes the mass of atmosphere containedarcolumn of above height h,
with a cross sectional area of 1 ctn Here, X, is the depth of the atmosphere at sea level
(1,030 g cm?) and hg is the characteristic height (8.4 kmj. Because the development of an
EAS is parameterized by its atmospheric depth, this quantitys also referred to as the \age"
of a shower, with \younger" showers having penetrated thragh less atmosphere than \older"
ones. The secondary coordinate axis used to describe an EA8aBed the lateral plane, and

is simply de ned as the plane normal to the longitudinal axist a speci ¢ atmospheric depth.

5The barometric equation is derived under the assumption of an isotherral atmosphere. Complex at-
mospheric models that utilize the barometric equation do so in isotlermal layers (usually 5 or 6). The
temperature in a given layer is a ected in X,.

"The atmospheric depth depends on the angle, as h is measured along theimpary axis of the shower. Highly
inclined showers traverse more atmosphere than vertical showers
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At any given point in time, all particles within an EAS are de ned with respect to the lateral
plane and longitudinal axis, and the foremost edge of an EASksown as the shower front,
which contains the vast majority of particles in the cascade

Extensive air showers are described by the development ofetlshower longitudinally
(along the momentum of the primary) and laterally (perpendiular to the momentum of the
primary). The longitudinal development of the shower is garned by the number of particles
produced by interactions as a function of depth within the ahosphere, which is known as
the longitudinal distribution. As more and more secondarieare produced throughout the
lifetime of the EAS, each secondary will carry a smaller and siter fraction of the total
energy of the primary. Eventually this fraction will be so srall that particles within the
shower will have insu cient energy to produce more secondes. As a result, the number
of particles rapidly increases to some maximum value at soraamospheric depth, and then
gradually begins to fall o . The depth at which the maximum number of particles are present
in the shower is dependent on the zenith angle and energy oktprimary particle.

A toy model of this process can be developed by consideringextical cascade consisting
of identical particles that interact after some interactimm length, to produce exactly two
secondary particles of the same type. Suppose this cascalmitiated by a primary particle
with an energy ofE,. After one interaction length the cascade consists of two fales,
each with half the energy of the primary,E,=2. After two interaction lengths there are 2
particles, each with an energy oE,=2% and so on. This suggests that the number of particles
at adepth X = N is 2V where N is the number of interaction lengths through which té
cascade has propagated. Eventually the energy of individyzarticles will reach some critical
energy, E., where they cease interacting with the mediuni, and no new particles will be

8Remember, this is a toy model. In reality these particles may cotinue ionizing the atmosphere even past
the critical energy.
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produced. The maximum number of particles that could posdypbe present in this cascade,
Pmax, IS the ratio between the primary and critical energy of the @ascade. If the number of
particles in the cascade goes a$' Zhen the maximum number of interaction lengthsN max
is log(Eo=E;) and so the maximum depth of the shower is

E
(13) Xmax = |092 E_O
c

From this, the toy model reveals two very important pieces ahformation about the devel-
opment of showers. First is that the maximum depth of the longidinal distribution varies
logarithmically with the primary energy, and second is thathe number of particles in the
cascade at the maximum depth is proportional to the primary reergy.

The lateral development of an EAS is dependent on the number pérticles with mo-
menta transverse to the longitudinal axis. The 2D distribubn of particles de ned on the
lateral plane is known as the lateral distribution. The lateal distribution is dependent on
the type and number of possible interaction channels that arpresent in the shower. For
example, the interaction of leptons and gamma rays within aikAS is governed by elec-
tromagnetic processes, including bremsstrahlung, whiclarc create photons that are highly
beamed. Hadronic process produce more particles with largementa in the lateral plane
than the electromagnetic component. The result of this is #t electromagnetic showers are
more laterally compact than hadron showers.

Indeed, the characteristics of an EAS are strongly dependeoi the type of the primary
particle. Most EAS are initiated by hadron primaries and can b thought of as three separate
particle cascades occurring simultaneously, each desewlby the types of interactions which
govern the production of secondaries: the nuclear cascadlee mesonic cascade, and the

electromagnetic cascade. The nuclear cascade of an EAS osdupsm interactions between
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protons and neutrons. Nuclear debris from the primary intergtion shatters other atmo-
spheric nuclei, which in turn do the same. There are many bypducts that can occur from
such interactions other than atomic nuclei, but the most comonare , ,K ,andK .
The charged mesons either strike other atomic nuclei, progating the nuclear component, or
quickly decay into  and neutrinos, which then penetrate down to the surface of ¢hearth.
The mesons which do not interact nuclearly are the mesonicraponent of an EAS, and the
secondary patrticles produced in this cascade (muons and trews) will almost certainly
reach the surface of the earth before interacting. The newa mesons initiate the electro-
magnetic cascade. These decay into photons, which then paioduce into leptons and in
turn create more photons either through annihilation or bresstrahlung. These interactions
continue successively until the particles reach the surfamf the earth. Often the nuclear
and meson portions of an EAS are described as the \hard compatieof the shower because
they can penetrate deeply into the atmosphere and, indeedhd earth. The electromagnetic
cascade is usually referred to as the \soft component".

Extensive air showers initiated by a photon primary are almst exclusively electromag-
netic particle cascades. Muons are still present in-ray primary showers, but there are
signi cantly fewer of them than in a hadronic shower. This idoecause there are really only
two ways to produce muons in an EM cascade. The rst is througthe single photon pair
production of muons. Technically speaking, so long as a ploothas an energy of at least 2m
where m is the mass of any lepton, pair production through thdepton channel is possible.
That said, single photon pair production can only occur in th presence of heavy atomic
nuclei for kinematic reasons, which suggests that there isnaass dependence on the single
photon pair production cross section. Indeed, this crossci®n has been calculated [19] and

it is proportional to m 2, which means thate* e pair production is over forty thousand
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times more likely than *  and more than twelve million times more likely than *

So muons can be created through single photon pair produation EM cascades, but only
very rarely. The other possible source of muons in EM cascadeomes from photonuclear
interactions, which can create a short lived nuclear showeesulting in charged mesons and

therefore muons, but again, the likelihood of this is small.

1.5. Detection Methods

An EAS is characterized by the the thin but radially extended sbwer front, which
propagates at essentially the speed of light along the lomgdinal axis. Detection of an
EAS involves either the direct detection of the particles intis front, or the detection of
e ects produced by this front. These e ects include Chererdv light, air uorescence, radio
emissions, atmospheric ion recombination, and even acdasvibrations. The rst three
e ects, Cherenkov, uorescence, and radio emissions, aslMas particle detection arrays are
presently employed in live astroparticle physics experimes. The remaining e ects have yet
to be actually employed (and EAS acoustic signals are still pely hypothetical).

1.5.1. Imaging Air Cherenkov Telescopes (IACTS).

Cherenkov radiation results from the passage of charged pales through some medium at
a speed greater than the speed of light in that medium. The rel$wf the particle traveling
faster than electromagnetic waves in that medium results ia conic, constructive phase front
of photons not unlike a sonic boom. The cosine of the openingghe of this radiation is the
ratio between the speed of light in the medium and the speed thfe particle (see g. 1.3)

Cosmic rays moving at highly relativistic velocities ( 1) can create EAS which emit

Cherenkov radiation within the atmosphere. This radiationcan be detected by specially

designed telescopes known as Imaging Air Cherenkov Teless®lACTS).
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Figure 1.3. A 2D schematic of the conic, constructive phase front formed
by a particle radiating cherenkov radiation.

IACTs consist of a large, segmented concave mirror that foseis down to an array of
highly sensitive PhotoMultiplier Tubes (PMTSs) (see chapte2). These PMTs are monitored
by extremely fast electronics which amplify, digitizes, andave the pattern of Cherenkov light
created by the activation of the PMT array. These data are inurn used to reconstruct the
geometry and energy of the shower. By creating an array of IAG the detection sensitivity
and angular resolution can be increased by requiring a shawe trigger multiple IACTs at
once. A prime example of an IACT array can be seen in the MAGIOMajor Atmospheric

Gamma imaging Cherenkov Telescopes) experiment, which e@ts of two, 17m diameter
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IACTs located at the Roque de los Muchachos Observatory on [RBalma, one of the Canary

Islands (see g 1.4)

Figure 1.4. The two MAGIC IACTs. Photo retrieved June 9, 2016
from https://commons.wikimedia.org/wiki/File:MAGIC_Teles cope_-_
La_Palma.JPGunder the Creative Commons Attribution-Share Alike 3.0
Unported Liscense.

The advantage of using IACTs to detect EAS lies in the ability ® detect an EAS as
it propagates through the atmosphere. Information about tb number and distribution of
particles in an EAS is needed to properly reconstruct the ergyr of the primary particle.
Furthermore, the number of Cherenkov photons emitted by a fativistic particle in the at-
mosphere is very large. As a result, the detected Cherenkoght is not subject to large

Poissonian uctuations. This means that any uctuations déected by IACTs are caused
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by the uctuation of the actual physical process that take phce within the shower, or uc-
tuations in the background. As a result, IACTs can not only be sed to directly measure
cosmic ray sources, but they can also be used to directly maesthe physics at work within
an EAS.

The primary disadvantage IACTs have in detecting EAS arisesdm the combination of
the requirement for the telescope to be pointed at a sourcencgthe extremely small duty
cycle of IACTs. Because PMTs are so sensitive to light, IACTsan only be operated on
moonless nights, resulting in a yearly duty cycle of appraxiately 10%. IACT experiments
must monitor the atmosphere for aerosol content in order torpperly reconstruct a detected
EAS from data. As a result, IACTs are only e ective on clear nigts. IACTs must also be
pointed at a speci c location on the sky because Cherenkovdiation is so highly beamed. In
order to properly image a source, the number of detected EAS stiexceed the background
estimate for that location on the sky or it will appear empty. This makes IACTs ill suited
for searching for new cosmic ray sources, and much more adaptprecise measurement of
known sources.

1.5.2. Air Fluorescence Detectors (FDs).

Fluorescence is the process by which matter (atoms, molejletc...) absorbs photons of
one wavelength and then emits photons of a second wavelengilkually lower than the rst).
The absorption of light excites electrons in certain matteinto excited states, and after some
time these excited electrons relax back down, emitting a ptam. When an EAS passes
through the atmosphere, photons in the shower excite diatamnitrogen and nitrogen ions
which then uoresce light with a wavelength between 300 - 40m. Unlike Cherenkov light,

orescent light is emitted isotropically. Air uorescence Detectors (FDs) do exactly that:
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detect the orescent light created by EAS (as well as any Chen&ov light directed at the
FD).

uorescence detectors resemble IACTs, and have a similargseented concave mirror
focusing down to a PMT array. Unlike IACTs, FDs do not need to pait, and so to increase
coverage on the sky they are made smaller and combined in gosuo cover a large area of
the sky (it is much less expensive to have several, smallerrrors then one large mirror).
An example of modern FD design can be seen in the Telescope Arraperiment, which
is located in the high desert of Millard County, Utah, and consts of 3 FD clusters, each
containing between 12 and 14 FDs, and a particle detection ay (see g. 1.5).

The primary advantages of FDs is they do not need to have showealigned along the
telescope axis to detect them. As a result of this, FDs can moait huge volumes of the
atmosphere over a large area. This makes FDs ideal for detagtithe highest energy cosmic
rays, which have the lowest ux on the surface of the earth. laddition, the ability to detect
a shower o the longitudinal axis means that FDs can directly raasure an EASs longitudinal
distribution, which is a good estimator of the primary compsition and energy.

The primary disadvantage of FDs is the duty cycle which, likeACTs, is small due to
the need for moonless clear nights. This is actually an ovetenate for FDs because of the
weaker intensity of uorescence light and the generally Iger distances between the detector
and the shower as compared to IACTs. This requires FD experimis to monitor the aerosol
and dust content of the atmosphere much more strictly than IET experiments.

1.5.3. Particle Arrays.

Particle arrays directly detect the shower front of an EAS a# reaches the ground. Such

arrays are composed of particle detectors which sample theosver front as it passes through
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Figure 1.5. The FD cluster located a the Black Rock Mesa site. Photo
by John Matthews. Retrieved June 9, 2016 fronhttps://en.wikipedia.
org/wiki/File:BRM-FD-open.jpg  under the Creative Commons Attribution-
ShareAlike 3.0 Liscense.

them. By using the geometry of the array, the number of deteetl particles, and the rela-
tive timing as individual detectors are triggered, the shoer geometry and other important
parameters can be reconstructed.

Unlike FDs and IACTs, particle arrays have a very large duty cyle ( 100%) and are
able to, technically, survey the entire sky from horizon toemith all day every day (in reality
quality cuts are often applied to remove highly inclined shwers). The modular nature of
particle arrays also o er a signi cant advantage. Particlearrays use many more individual

detectors than FDs and IACT arrays, which means that the costraindividual particle
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Figure 1.6. The Tibet Air Shower Array at the Yangbajing site in Ti-
bet. The white boxes contain individual particle detectorsPhoto courtesy of
Jordan Goodman.

detector is usually low relative to the cost of the experiménThis gives two main advantages.

Firstly, particle arrays are easily extensible (that is, thg can be expanded gradually, one
detector at a time, as funding permits). Secondly, particlarrays are relatively insensitive

to the failure of a single detector, which means maintenanead repairs to the array can be

performed while the rest of the detector array is functionig.

The primary disadvantage to using particle arrays comes fnothe fact that shower fronts
are only partially sampled at ground level. That is to say, pdicle arrays can only ever give
an incomplete snapshot of an EAS in time. This means that it isosnetimes extremely
di cult (or even impossible) to reconstruct the primary composition and energy. Almost

all information of the longitudinal development, which is leavily dependent on primary
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composition and energy, is lost when detected with a partelarray, save the few nanoseconds

it takes for the front to pass through the ground.
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CHAPTER 2

The High Altitude Water Cherenkov Gamma Ray

Observatory

The High Altitude Water Cherenkov (HAWC) Observatory is an EAS paticle array
designed to study gamma rays in the very high energy regime. WA resides on the anks
of the Sierra Negra volcano near Puebla, Mexico, at an altitedof approximately 4,100
meters above sea level. The detector is the successor to thigalgto experiment [20], which
was the rst water Cherenkov detector to observe TeV gamma yasources. HAWC has a
time integrated eld of view of 8.4 sr between -26and 64 in declination, and a nearly 100%
duty cycle, providing the means to create the deepest survey the sky in the VHE regime
to date. The Observatory is composed of 300 densely packed té&/aCherenkov Detectors
(WCDs), covering an area of 20,000 fn approximately ten times that of Milagro (see ¢

2.1).

Figure 2.1. The HAWC Observatory in the nal days of construction.
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Each WCD consists of a water lled, bladder lined, cylindrial steel tank 7.3 m in diam-
eter and 5 m deep, containing four upward facing photon detiees: three, 8 inch diameter
Hamamatsu R5912 PhotoMultiplier Tubes (PMTs) and one centilalO inch high e ciency
Hamamatsu R7081 PMT. These PMTs rest at the bottom of each WCOprming an equi-
lateral triangle with each corner 1.8 m from the central PMT.The dome of each PMT is
surrounded by a conic, polypropylene ba e with white interor and black exterior surfaces.
These ba es are designed to restrict the eld of view of each PM to only downward trav-
eling light without optically isolating the PMTs. The PMTs t hemselves are partially sealed
within a waterproof container®, which houses the base electronics of the PMT and is fed by
a single RG-59 cable carrying both the PMT signal and its higlioltage supply. The optical
isolation of the WCDs allows the detector to better sample thdistribution of particles within
the front of Extensive Air Showers (EAS). This aspect of HAWC's dsign greatly improves
the angular resolution of the detector when compared to Mitgago, and will be discussed in
further detail in section 2.1.

The Milagro collaboration performed the deepest, wide eldurvey of the TeV gamma
ray sky to date [21]. HAWC, with its larger detection area and ptically isolated WCDs,
boasts a 15-fold increase in sensitivity over its predeces$22](see g. 2.2). At the time of
this writing, HAWC is complete, though most data presented he were taken with the rst
250 WCDs.

This chapter will describe HAWC through the perspective of acAS, from the creation

of light in a WCD to the recording of data to a hard disk.

9The detection surface is directly exposed to water
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Figure 2.2.  The sensitivity of HAWC compared to other TeV astronomy expeaments.

2.1. Water Cherenkov Detectors (WCD)

The HAWC observatory is modular, being composed of hundred$ imdependent water
Chernenkov detectors (WCDs). As the name suggests, WCDs aresigned to facilitate and
detect the Cherenkov radiation emitted as charged partickeof an EAS front pass through
the water in the WCDs. The optically isolated nature of the W®s is a relatively new
innovation for EAS particle detection arrays, and this aidsn the discrimination between

-ray and hadron induced showers by constraining the locaticof muons produced by EAS.
The construction and design of the WCDs was an iterative press, which began at Los
Alamos National Lab and concluded with a working prototype / plysics test at Colorado
State University (see g. 2.3).

The outer surface of each WCD is composed of a cylindrical #heff galvanized corrugated

steel 7.3 m in diameter and 5 m tall with a ribbed dome roof of ditary-grade opaque canvas.
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Figure 2.3. A Diagram of a single HAWC WCD. Person for scale.

This shell protects a single polypropylene water bladder sfmilar dimensions. The bladder
is photon tight with a black, non re ective interior coating and holds some 200,000 liters of
water puri ed at the sub-micron level. At the top of the bladder is an access hatch and four
light tight instrumentation ports which feed the necessarycabling for the depth monitor,
temperature monitors, calibration ber optics, and PMTs. The bottom of the bladder is
tted with four plastic pucks, which secure the PMTs in placerelative to the bladder.

The dimensions of the WCDs were chosen to both optimize thensitivity of HAWC to

TeV EAS and to minimize the dependence of the number of detedt@hotoelectrons on the
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Figure 2.4.  The average number of PEs detected as the result of a simuldte

100 MeV gamma ray, creating a cascade just above a very wide W@s a

function of PMT placement.
location of the PMTs at the bottom of the WCDs. For shallow waér depths, low energy
secondary particles penetrate all the way to the bottom of # WCD. This causes a large
number of PEs to be detected at the PMTs, so every detection the PMT results in a
large signal (every detection looks like an EAS secondary).h& depth was chosen to based
on the penetration depth of vertical muons produced by TeV swers (about 10.5 radiation
lengths). The width of the WCD was chosen based on the depthna insures that the
PMT response is uniform as a function of radius out to the edgd the WCD (see g. 2.4).

This maximizes the amount of Cherenkov light emitted by the mst penetrating charged

particles that enter the WCD'°. The water contained in a WCD is ltered and sterilized

10The more water a relativistic charged particle penetrates through, the more Cherenkov light it emits.
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such that Cherenkov light has an attenuation length betweed m-17 m within the WCD.
This attenuation is repeatedly tested using a laser and a 100 glass water- lled tube. It
requires approximately 60 million liters of Itered water © fully instrument the HAWC array.

When Cherenkov light from a charged particle reaches the baiin of a WCD it can
activate one or more of the four upward facing PhotoMultipkr Tubes, which is the rst step

in data acquisition.

2.2. Photo Multiplier Tubes (PMT)

Photomultiplier tubes are a class of extremely sensitive,igh gain vacuum phototubes
speci cally designed to detect a range of the EM spectrum. Hse devices are sensitive
enough to detect single photons, and comprise the core ddtec instrumentation for many
modern particle astrophysics experiments. Every PMT corss of two primary components:
the photocathode (see g. 2.5) and the electron multiplier yhode chain (see g. 2.6).

The photocathode consists of a thin metallic Im, coating tle interior of the glass PMT
dome. This layer converts incident light into photoelectros (PEs) by means of the photo-

electric e ect. The maximum kinetic energy of PEs producedtahe photocathode is given

by

(14) Kmax = hf W,

whereh is Plank's constant,f is the frequency of the incident photon, andV is the work
function of the photocathode. The work function describeshe minimum energy required
to remove a single electron from the surface of the photocaittie. It depends both on the

electrostatic potential of the cathode, and the physical mperties of the cathode material.
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Figure 2.5. The R5912 Hammatsu PMT used for HAWC. All units are in
mm unless otherwise noted (image from the Hammamatsu R5912 FPNata
sheet).

It is extremely di cult to detect the resulting single electron photocurrent, so this current
must be ampli ed before it can be used.
The electron multiplier is the second primary component ohte PMT, and it is responsible

for increasing the photocurrent to the point where it can beaad out by standard equipment.
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Figure 2.6. Basic schematic of a Hamamatsu at faced
PMT which illustrates the dynodes and the motion of sec-
ondary emission electrons. Retrieved on June 3, 2016 from

http://www.hamamatsu.com/jp/en/technology/innovatio n/photocathode/index.html

It consists of a series of interleaved metallic plates callelynodes, each of which is held at
a successively higher positive potential with respect to éhphotocathode. Photoelectrons
produced at the cathode accelerate towards the rst dynodeaining kinetic energy. When
they impinge on the rst dynode they produce additional elettons through a process known
as secondary emission (see g. 2.6). These then acceleratwdrds the next dynode, gaining
energy and producing additional electrons upon collisiorand so on until the cascade of
electrons reaches the base of the PMT. By this time, the cumehas increased several orders
of magnitude, and is now easily measurable. There is a direalationship between the
number of the incident photons and the integrated charge ohe nal current. This means
that if a PMT is properly characterized, it can be used to counphotoelectrons by making

measurements on the resulting current pulse.
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Each WCD in HAWC is instrumented with four PMTs. Three of theseare 8 inch diameter
Hamamatsu R5912 SEL PMTs, which have been refurbished fromI&fyro for use in HAWC.
These form an equilateral triangle at the bottom of a given WO, with corners 1.8 m from
the center. In the center of this triangle rests a single, umvd facing, 10 inch Hamamatsu
R7081 high e ciency PMT. These PMTs have been purchased neweaci cally for HAWC,
and increase the sensitivity of HAWC to lower energies. PMTs@ subject to many di erent
types of noise and by having multiple PMTs in a single tank thee e ects can be reduced by
comparing the signals between PMTs. The most prominent sates of noise in PMTs are
dark currents, prepulsing, and afterpulsing.

Dark current is noise that originates from currents travehg through the electron multi-
plier when the PMT is not being exposed to light. The nature oPMTs requires the use of
materials that have low work functions for both the photocatode and dynodes. As a result,
these materials are prone to the thermionic emission of elems. The current density of
these emissions within a PMT is heavily dependent on the terepature and (to a somewhat
lesser extent) on the age of the PM®. This is an important consideration in HAWC as the
majority of the PMTs deployed in the array are refurbished.

Prepulsing is noise that appears as a smaller secondary gulghich precedes the larger,
primary pulse. This is the result of a particle penetratingtie PMT housing at the photocath-
ode, and stopping at some depth within the electron multipir. When this particle passes
through the photocathode, it deposits enough energy to crathe initial photoelectrons of
the primary pulse. The initial charged patrticle then stops asome depth in the electron

multiplier ahead of the primary cascade, and creates a sedamy cascade. The secondary

Most likely as a result of the degradation of the vacuum within the PMT
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cascade reaches the base rst, but has not been fully ampldebecause it did not travel the
entire length of the electron multiplier. This is then follaved by the primary pulse.

Afterpulsing is noise that appears as a smaller secondary pelwhich follows the larger,
primary pulse. This is the result of electrons ionizing trae gaseous elements within the
PMT. When a photoelectron is emitted by the cathode, there is amall probability it will
interact with, and ionize, trace atmospheric gases withinne PMT. This heavy cation then
accelerates in the opposite direction of the electron, batéwards the photocathode. When
it collides with the photocathode or part of the dynode chaipadditional photoelectrons are
produced, which then proceed down the electron multiplienithe usual fashion.

Signals produced by the PMTs in a HAWC WCD travel via a cable sysm out the top
of the bladder, over the edge of the corrugated steel tank amtbwn into the ground where
they are routed to the counting house, which is at the centerf éhe array and contains all

of HAWCs processing electronics.

2.3. Electronics

Each 8 inch PMT in HAWC generates pulses at a rate of approximaly 20 kHz from
a combination of dark noise, real EAS patrticles, and other eats . Suppose that this rate
holds for all the central PMTs as well (it is much lower than tle true rate of the central
PMTs). If we were being conservative with our memory and waat to digitize these pulses
with an ADC into 10 time bins with a resolution of 4 bytes each (dong integer), then the
full HAWC observatory would generate approximately 320 Mbg of raw data. This is a little
over 10 petabytes per year, or 2.7 Libraries of Congress payd?. The LHC clocks in at

about 25 petabytes per year, and motivated the creation of éhworldwide LHC computing

125ee Peter Lyman, Hal R. Varian (2000-10-18). \How Much Information?". Retrieved 2011-1129 from
http://groups.ischool.berkeley.edu/archive/how-much-info/
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grid, an intranet consisting of over 170 computing centers i36 di erent countries. Su ce
it to say, direct digitization of PMT pulses is out of the quesion for HAWC. Many of the
electronic systems employed by the observatory were reaalfrom Milagro, and so they
have been engineered to help solve this data volume problers a result, each WCD in
HAWC vyields less than 50 kB/s of raw data (about one Library of @ngress per week).

The rst stop a PMT signal has before making it to disk is the aalog Front End Board
(FEB), also recycled from Milagro. The analog board providdsigh voltage to PMTs within
a set of 4 WCDs (16 channels) and also separates the high freqoy PMT signals from
the high voltage provided by the board. Once the analog sigisaare picked o of the high
voltage, they are processed into digital square waves befaontinuing on to the next step in
processing. Analog pulses from the PMTs are split, and passdough a low gain (1x) and a
high gain (7x) ampli er. The low gain signal is then passed ttough a \high" discriminator,
while the high gain signal is passed through the \low" disaminator. Every time one of these
pulses passes the threshold de ned by each discriminator,dgyital edge is generated. The
resulting square pulses from each threshold have a durati@gual to the time the analog
pulse spent over the threshold speci ed by the given discrimator.

These digital signals from the analog boards are passed viaastom back end to the
digital FEBs. The digital FEBs combine the digital signals fron the analog FEB to create
a stream of digital pulses, colloquially known as \hits", with characterize the shape of the
analog PMT pulse. This technique is known as Time Over Threskd (TOT) digitization
and, for this experiment, is the chosen alternative to full plse digitization with FADCs. The
digital board multiplexes the pulses from each threshold aian exclusive OR, resulting in
two-edge and four-edge hits. Two edge hit (one square pulseg formed when a PMT pulse

crosses the rst threshold but not the second. A four edge hitwo square pulses separated
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by a gap in the signal) occurs when the PMT pulse crosses bottrésholds. This section of
the FEB also provides triggering and monitoring informatior(the trigger is a remnant of the
multiplicity trigger in Milagro). From here, the TOT hits ar e passed to the Time to Digital
Converters (TDCs), which convert the time of each edge intoifary, which is then written
to disk. The TDCs have a minimum time resolution of 0.1 ns, ando some reshaping is done
when the digital time pulses are multiplexed together, in @er to insure that the di erence
in time between two edges in a hit are not less than the resolah of the TDCs.

At this point, the Extensive Air Shower has been successfullggitized to hard disk,
and from here online and o ine reconstruction begins. HAWC des not employ any form of
electronic multiplicity trigger. All hits are written to dis k, and these hits are either combined

into events or discarded as noise through software technigi

2.4. Online Processing: Edge Finding

An example stream of post TDC edges can be seen in gure 2.7. Timglividual edges
in a four-edge hit are labled consecutively as t0, t1, t2, antd. Time di erences are labeled

with two numbers,

(15) t0l = t1 t0
(16) t12 = t2 t1
(17) t23 = t3 t2
(18) t03 = t3 tO:
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Figure 2.7.  An example of the post TDC data stream and the resulting edgentes.
The time t01 is representative of the time it takes the PMT pute to rise to some maximum
value (small tO1 indicates a short rise time). The time t23 isepresentative of the time it takes
the PMT pulse to return to zero (small t23 indicates a short flhtime). The times t03 and
t12 represent the time the pulse spends over the low thresdglLoTOT) and high threshold
(HITOT) respectively. Because of this, they are related to tb number of photoelectrons
produced by the PMT which generated the pulse.

Consider four square pulses (8 edges) streaming out of a TD@hich edges belong to a
two edge event (a PMT pulse that only crossed the low threstd)l and which edges belong
to a four edge event? The method used for answering this questis known as edge nding.

The edge nding process discriminates between two-edge afalir-edge events by applying
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a set of statistical cuts to the data stream as it is produced.These cuts are determined
by pulling a sample of raw edge data from the stream, which isngply a series of time
values. First, a period of at least 10 s of silence is found within the stream, which marks
the beginning of the edge nding analysis. After this periodgconsecutive sets of edges are
arbitrarily grouped into two-edge and four-edge hits, andhe resulting HITOT and LoTOT

values are examined as a 2D histogram (see g. 2.8).
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Figure 2.8. The result of arbitrarily pairing edges from the TDC data
stream. Courtesy of Joshua Wood.

The random pairings of edges will result in two superimposedistributions. The rst is
a relatively uniform distribution resulting from pairs of real two-edge sets being considered
as four-edge hits. Because these sets are physically twgediits, they can land anywhere in

HITOT-LoTOT space that is permissible by the electronics, @ating a at haze of random
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hits. The second distribution is the result of real four-edg sets being correctly grouped as
a four-edge hit. In this case, HITOT and LoTOT are physically elated because they come
from the same analog PMT pulse. These real four-edge hits nmukerefore land within
the region of HITOT-LoTOT space permissible by the physics gerning PMTs, creating a
uniquely shaped region with much higher statistics. The bauls of this region are then used
to de ne a set of linear cuts in TOT space. Once these cuts are thed, then any set of hits
falling within the cut region are considered to be a four-edghit, otherwise it is a pair of

two-edge hits (see g. 2.9).

5 7000
[ —
o -
8 -
6000 —
8 - 4 10°
— -
5 5000 —
= C
= C 10°
4000 —
2000 —
- L 10
1000 —
0 :|_ | | | | | | 1 1 | | | | | | | | | | | I | | | | | 11 | | | 1 1 1 | 1
0 1000 2000 3000 4000 5000 6000 7000

LoTOT [TDC counts]

Figure 2.9.  Example cuts for de ning four-edge events. Courtesy of JosauNood.

The statistical nature of this process means that some foadge hits are misclassi ed
two-edge pairs. This process is known as PE promotion becalBMTs with promoted hits

are reconstructed as having produced more PEs. This e ect fidbeen deeply studied by the

42



HAWC collaboration and it has been determined that PE promotin only occurs about 0.4%
of the time (that is, about 0.4% of four-edge hits are actuallpairs of two-edge hits in disguise
[23]). The presence of PE promoted hits in the data is almosh#rely removed via a process
known as edge re ning. Similar to edge nding, a stream of edges arbitrarily grouped into
four-edge sets, and the resulting TOT values are used to datane the location of real hits
within some TOT space and de ne a cut for future use. In edge r@ng the relationship
between t01 (the time between the rst and second edges) and DT is examined (see g.
2.10). Physical hits will exhibit slewing, meaning that smider hits (smaller HiITOT) have a
longer rise time than larger hits (larger HiITOT). Again, the sewing region is identi ed and
any previously classi ed four-edge hit that falls outside fothis slewing region is reclassi ed

as a set of two-edge hits.
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Figure 2.10. The presence of charge slewing in t01-HiTOT space. The
sharp edges are present because this is post edge re neméritiese data are
considered to be real four-edge hits.
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CHAPTER 3

Offline Reconstruction

At this point, the raw data are complete. Individual PMT hits have been grouped into
events containing the individual HITOT, LoTOT, hit times, and PMT IDs for every hit in
the event. These data still need to be cleaned (remove faulthannels, ignore PEs that fall
below or above some calibration threshold, etc...), but thas done on a per-reconstruction
basis. The goal now is to use geometric, timing, and intengitnformation to determine the

trajectory of the primary particle and locate its origin on he sky.

3.1. Calibration

The goal of any calibration system is to translate raw recostl data into meaningful
information. For HAWC, this means converting TOT values intosome number of PEs, and
converting the time stamp on each hit into the time at which eeh PMT was hit. These
two translations are known as the charge and slewing caliltian respectively, and both rely
on examining the detector response to a controlled amount bfht released into the WCD
array. The system begins with a 532 nm wavelength laser thaufses at a given repetition
rate through an optical ber. The light is split along two paths; one to a radiometer to
measure the energy of each pulse, and the other to a seriesltér wheels. The Iter wheels
attenuate the light to some chosen level, before it is splitgain to be measured by a second
radiometer. The remaining light travels along the ber optcs through a series of switches
and splitters until it nally makes it to one of the calibrati on di users that are contained in
every tank. From here the light is split one last time. Part ofthe light is sent back to the
calibration house in order to record the time of ight while he remainder travels downward

through the WCD until it impinges on the photocathode of any 6the four upward facing
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PMTs in each WCD. This system allows for the injection of a knen quantity of light, which
in turn allows for the measurement of the detector respons® ta controlled signal. The
goal of the calibration procedure is to relate the measuredMPT response to the number
of photoelectrons produced at the photocathode of a PMT. Thiss done by relating the
probability of a PMT producing photoelectrons to the intengty of the light released into a
WCD.

The probability of a photocathode producingn P Es from a single light pulse is governed

by the Poisson distribution about a mean PE value of

(19) P(n )= e

Because the laser light is pulsed at a known rate, the hits wdhi result from light pulses can
be isolated using a time cut. In the ideal case this sample gntontains hits that resulted
from the laser light entering the WCD. All of these hits represnt the presence of some
number of PEs greater than zero. When the number of PEs produtes small (the low
intensity regime) the ratio of the number of measured hits tahe number of injected laser
pulses is the probability of the photocathode producing » 0 PEs when said light pulse is

expected to produce .

(20) - signal _ o 00 = mPEI:

" trigger
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Here, is known as the occupancy. The probability of seeing some nber of PEs and not

seeing any PEs must sum to 1. Therefore,

(21)

1 P(n=0; =<nPE>)

(22) 1 eh nF’Ei:

If all of the hits in the selected laser time window were sighathis would allow for the
direct calculation of < nPE > by simply measuring ,. Unfortunately the cut window is
contaminated by random radiation events (stray muons, darkurrents, etc...). By measuring
the hit rates outside of the sampling window, the number of nee hits within the sampling
window can be estimated. With an estimation of the number of nge events within the
sampling window, the occupancy can be directly calculated dahe ratio between the number
of laser shots detected, to the number of shots red. This imigs that

N hit N noise

N laser N noise

(23)

where Ny is the number of hits within the sampling window,N,ser is the number of laser
shots red, and Npise iS the number of unrelated radiation hits within the samplig window.
There is some probability that a noise hit will land with the bser shot. That is to say, the
PMT will register a hit that is in time with a laser shot, but is actually the result of noise.
The Npoise term in the numerator and the denominator accounts for this.

With these two corrections to the occupancy, the expected nuar of PEs can be calcu-

lated to be

(24) mMPEi = In(1 )
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It is important to note that this equation was derived by assming that the number of PEs
present is small and so can be modeled by a Poisson distrilmuti (it is assumed that the
occupancy can be directly measured by looking at the ratio efgnal to trigger). At low light
intensities this is ne as the probability of a light pulse na creating at least 1 PE is non
zero. At high light intensities this is no longer true, and eery single light pulse will produce
multiple PEs at the photocathodes of the WCD PMTs.

In this high intensity regime it is better to assume that the mimber of photoelectrons
at the cathode of a PMT is proportional to the light intensity in the WCD. This implies
that there is a linear relationship betweerk NPE > and the transmittance set at the lter

wheels of the calibration system

(25) MPEi= In(l )= AT +B;

whereT is the transmittance. The transmittance of a medium (in thiscase the Iter wheels)
is de ned as the ratio of radiant ux after the medium to the radiant ux before the medium.
This is calculated to be the ratio of the energy readings frorthe radiometers before and

after the Iter wheels: |, and | respectively.

(26) MPEi = A(I=l ¢t ) + B :

Assuming the calibration laser is stablel s is the maximum laser output, or 5.3 10 8 J.

A measurement of zerec NPE > should correspond to a transmittance of zerd (is zero),
and so the parameter B is expected to be zero. If parametBris zero, the parameter A
represents the maximum number of PEs that can be produced dté photocathode (when

transmittance is 1). By combining equations (26) and (22) wether, a new expression for
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the occupancy can be obtained.
(27) - C[l e A(l=lper )+ B]

This provides a functional t to between the measured intengy of the laser after the Iter
wheels and the measured occupancy. For a given occupancyafths, for a given laser
intensity), this t can then be used to simulate the distribution of the actual number of PEs,
assuming they follow a Poisson distribution with a mean of nPEi. The PMT response
distribution can be simulated and then percentile-matcheavith the measured distribution
in increments of 10% in order to create the calibration curgerequired to translate hit TOT

values into a measure of PEs.

3.2. Core Fitting

The next step in the oine reconstruction is to determine the location of the shower
core (detailed in chapter 1). In order to accomplish this, tb core position must rst be
estimated somehow. This is done by simply calculating the @er Of Mass (COM) of the
hits located on the array. It should be noted that this estimge restricts the core location to
only positions on the HAWC array.

P

(28) Teom = ‘F%

Where r; is the position of thei™ PMT in detector coordinates andg is the number of
photoelectrons detected by thé™ PMT. Because this is a center of mass calculation, this
initial estimation of the core position can only ever be on #array. In order to get a better
estimate of the position of the shower core, the lateral digbution must be t (detailed in

chapter 2). This tis done via simple 2 minimization using the COM location as the initial
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seed (details concerning? minimization can be found in chapter 4). For HAWC the lateral
distribution is observed as the distribution of particle dasity as a function of distance from
the core. This distribution is described by the Nishimura-Keata-Greisen (NKG) function,

N (4:5 5) r S?2 LT s
2R 2m0| ( S) (4 5 23) Rm0| Rmol '

(29) (ns;N) =

wherer is the radius with respect to the core locationl\ is an arbitrary amplitude parameter,
and s parameterizes the shower age such that when= 1 the number of particles in the
shower is maximized R is the Moliere radius [24], which is the radius of a cylindeoaxial
to the core containing 90% of the particles generated by thdi@ver. HAWC uses a value
for Rmo @s 124.21 m, which is a calculated value based on the radiatiength of electrons
in air, the density at the observed altitude, and the ratio b&veen the electron scattering
energy and critical energy. This function was obtained theetically and requires several
rough approximations of electromagnetic cascade theorythit is still used by HAWC and
other projects to describe the LDF of EAS [25] (see g 3.1).

Once the core is reconstructed, a parameter known as the Cdiielucial Scale (CFS) can
be de ned. This parameter de nes the percentage of the radialistance to the center of
the array from where the core lands. A CFS value of 100 indicatehat the core has been
reconstructed directly on the edge of the array, while a CFS & means that the core was
reconstructed at the de ned coordinate origin (roughly thecenter of HAWC). A quality cut
of CFS< 90 can be used to insure that all showers are well containedin HAWC. As the
energy of the shower increases, the probability of the shaweore landing within some area
per unit time decreases while it's lateral distribution at he ground increases in area. This
means that high energy showers are biased towards being oray events, and so this CFS

cut e ectively places an upper limit on the sensitivity of HAWC. This has yet to be studied
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by the collaboration as the CFS cut is, at the time of this writhg, a recent addition and so

was not used in this analysis.
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Figure 3.1. A histogram of the reconstructed core positions with HAWC
over 125 seconds of live time (no cuts). The bright spots regsent more events
being reconstructed with cores at that location. Near the céer of the array
the NKG t tends to place the cores directly on the WCDs. Near theedges of
the array, the probability of the core being o of the array ircreases, and so
the reconstructed cores get pulled o of the array.
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3.3. Plane and Angular Fitting

The next step in the reconstruction is tting the shower frort plane. This t provides
information on the trajectory of the primary particle and therefore the location at which it
originated on the sky. Fitting the particle trajectory involves minimizing the di erence in

time between when a PMT was hit and when a PMT was expected to bet for a shower

with some trajectory p: Consider the two dimensional case shown in gure 3.2.

Figure 3.2.  Schematic of a shower front plane in two dimensions. The gray
boxes represent WCDs and the dotted blue line is the showepht plane

The shower front plane moves in the p direction at a velocity of ¢c. Detector O is triggered
at time to and position ¥y, detector 1 at timet; and position+; and so on. The di erence in
time betweenty andt, is known as the residual of detector n. The time that it wouldake the

shower front plane to trigger detector n after triggering diector 0 is k+, k=\, whereV is the
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velocity of the plane in the x direction andf, is (Xn;VYn; Z,). To t the plane the di erence

between these two times must be minimized [26]. This is don@&v 2 minimization.
(30) = Wy (th to)+ =

Here, w, is the weight given to the nth detector, and the positive sigmomes from the fact
that the velocity of the plane is opposite the direction op* The weight of each detector is
based on the number of PEs detected by that speci c PMT. In thgeneral, three dimensional

case wherep” (i;j;k ) such thati? + j2 + k? = 1 the argument of 2 becomes

X 2
(31) 2 = T w1 to)+‘°”c'° ;
n

X

(32)

Wn (th to+ Xpl + ynj + an)2 ;
n

where the value of ¢ = 1 is implied. In order for 2 to be an extrema,

@2

@?* _
(34) @ -

@> _
(35) o - O

must be true. The time derivative can be solved explicitly.

36 — =0
(36) @i
X
(37) = Wy (th  to+ Xpi + Vo] + Z4K)
X X o
(38) ) to W, = Wi (th + Xni + Ynj + ZpK) -
n n
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The form of the t; equation suggests the following variables.

X
(39) W = Whp
n
X
(40) Ay = Wn Xp
n
X
(41) Ay = WnXnXn
n
X
(42) Ay = WnXnYn

(43) to= —+ +

The partials in i and j are also straight forward. In both cases the substitutiork =

P 1 i? |2 must be used because the system only has three degrees ofitree

@ 2
44 —— =
@9 5 =0 |
X 2 2
(45) = Wy (th  to+ Xpi+ Yo + Z0k) Xp + Zn@) ! I- J
n @i
X o i
(46) = Wh(th,  to+ Xpl + Ynj + ZoK)(Xn + 2, E)
n
[ . .
) Axt tO EAZ Ax + I(Axx Azz) + JA Xy
i2 i i
(47) + kK F AXZ KAyZ + EAZt =0:
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And similarly,

(48) Ayt to JEAZ Ay + J (Ayy Azz) + iAxy

j? i Ja -0 -
+ k ? Ayz EAXZ + EAzt =0:

Substituting t, from equation 43 into equations 47 and 49 produces two equats of three

unknowns
) i Bt i
(49) i By By EBXZ T Byy EByZ +(By + kBy) =0
) i B i
(50) § By Bi 1B - +i By 1By +(Byu+kBy)=0
where
AnA
(51) Bmn = Amn r\nNn

By rst assuming is small (sok 1), these equations become linear and an exact
solution for k can be found. This can then be plugged into the original set efjuations to
nd solutions for i and j. By repeating these steps the components of the best t showe
front plane approach that which minimizes 2. This assumes that theW,, values chosen for
each detector in the array is correct. In reality, some of thkits detected by a PMT may
not be from the shower front. The arrival time residuals of ¢ which belong to the shower
front plane should be Gaussian. By tting the time residual dstribution to a Gaussian, hits
from outside the shower front plane can be removed. This e #eely changes theW, for

each PMT. This iterative tting method is extremely fast and after only a few cycles, the
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zenith angle changes by less than:0001. This shower front plane can now be used at the
seed to a likelihood t.

Likelihood tting is an e ective procedure for determining the parameters that best t
some model to a given data set. Suppose there is a data getonsisting ofxy; X; X3; :::X;,
independent observation of some physical phenomena (sdg EAS time residuals of n PMTs
in a particle detector array like HAWC). These observationsan e ectively be thought of
being pulled from an unknown distribution with some probabity density function f (X)
where X is some vector of parameters needed to de rie For example, iff were a Gaussian
distribution, X would represent a speci c mean and standard deviation ¢f. For a chosen
set of parametersX, the probability of drawing x; from the distribution f (X) is written as
f (Xx1jX). The joint probability of drawing X, given x; would bef (Xx1;x,jX) = f(XjX)

f (X2jX). It follows then that the joint probability of drawing the set x is then

Y
(52) L(xjx) = f(xijX);

i=1
where L is known as the likelihood. The unique set of parameteb$, that maximizes L
are therefore those parameters that would most likely proade the observed data set. The
analytical t to the shower plane is used to set the initial eBmates on the parameters used

to calculate the likelihood, which signi cantly reduces tle parameter space which must be

searched to maximize..
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CHAPTER 4

Simulation

The most basic form of the scienti c method is to create someyhothesis, test it against
observation, and then modify the hypothesis to match the olsvations. In particle astro-
physics this hypothesis takes the form of intricate simuladns of both the physical interac-
tions taking place and the detector itself. If the disagreeemt between the behavior of the
simulated detector and the real detector can be minimizedhén the presence of a disagree-
ment between the observed data and the simulation is indidse of unsimulated, or possibly

new physics.

4.1. CORSIKA

The simulations used for this analysis begin with CORSIKA (8smic ray simulations for
Kascade) [27]. CORSIKA is a program that produces detailed dmte Carlo simulations of
extensive air showers initiated by a wide variety of cosmi@y primaries, including photons
and protons, respectively the principle signal and backguod for HAWC. Originally written
in 1989, CORSIKA is a conglomeration of FORTRAN code designdd handle everything
from individual particle interactions to atmospheric modéng. Much of the code was written
speci cally for CORSIKA, but some of it (particle interaction models) was written to be
utilized by any simulation suite.

CORSIKA showers are created by simulating in discrete timeteps referred to here as
cycles. Each cycle can be thought of as being divided into tvaistinct phases: interaction

and propagatiort®>. Each of these phases occurs for every particle in the EAS, linding

13This description is dramatically oversimpli ed, but a full disc ussion of CORSIKA is beyond the scope of
this thesis
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Cherenkov and ourescent photons. At the end of a cycle, thersulated EAS has e ectively
been propagated through time by some small amount dt.

The interaction phase of a CORSIKA cycle invokes some form ioteraction model based
on user input and the particle currently being targeted by tle simulation. CORSIKA rec-
ognizes 52 unique particles including photons, leptons,lseted baryons and antibaryons,
resonant states, and nuclei up to A=56. There are eight intecion models available to
CORSIKA: these are VENUS [28], QGSJET [29], DPMJET [30], SIBYLL [31]GHEISHA
[32], FLUKA [33], UrQMD [34], and EGS4 [35]. Each of these modals used for di erent
energy regimes and particle types. VENUS, QGSJET, DPMJET, and SM_L are opti-
mized for high energy inelastic hadron interactions, whil&6HEISHA, FLUKA, and UrQMD
are optimized for low energy hadrons. EGS4 is used only forgibn and lepton interactions
(including any form of bremsstrahlung or Coulomb scatterigp). For the purposes of this
analysis these models can be thought of as functions that apt initial particle 1Ds, and
momenta, and then uses these parameters to draw randomizesbults (a set of post inter-
action parameters) from numerical distributions based onxperimental data. All of these
interaction take place within the atmosphere, and so this nai also be characterized with
some mathematical model by CORSIKIA.

As brie y mentioned in chapter 1, the atmosphere is a highly aaoplex, dynamic, and
literally uid system. With a depth of approximately 17 km at sea level, it would take a
vertical cosmic ray about 56 s to traverse. Because of this timescale, the atmospheric deb
used in CORSIKA is completely static, as any time dependenaviations in density or depth
would occur at characteristic times on the scale of hours. €hatmosphere of the Earth is
modeled by CORSIKA in ve layers, with a uniform simpli ed composition of N, at 78.1%,

O, at 21.0%, and Ar at 0.9%. Each layer is characterized by the gotty of mass present
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above a speci c altitude, known as the mass overburden(h), and is characterized by the

equations
(53) T(h)= a + be "i=1;2,34
bsh
h) = = -
(54) T(h)=2 -

Here, T (h) is in units of g/cm?, while a, b, and ¢ are chosen constants based on measurements
made of the real atmosphere at specic locations on the earthHAWC uses CORSIKA
atmospheric model 22, which is characterized by measurerteemade at Malargue, Argentina
[27]. The constants can be found in table 4.1. CORSIKA, by dailf, simulates a at
atmosphere. This is a ne approximation as the curvature oftte earth is only about 7.84
cm/km. A shower primary with a zenith angle of 75 traverses approximately 10 m more
atmosphere under the at approximation that it would if a redistic curvature were taken
into account (remember, zenith angle limit for this analys is 65). CORSIKA can simulate

a curved atmosphere using tables of atmospheric depth as adtion of angle, but this may
signi cantly increase simulation time, and so a at atmosplere was used as the di erence

between the two for this analysis is small.

Table 4.1. The parameters for atmospheric model 22. The parameters
listed are the exact values used by CORSIKA (hence the sigiant gures).

Layer # | Altitude h (km) a (g/cm?) b (g/cm?) ¢ (cm)
0 to 10.2 -125.11468467 | 1169.9511302947742.88769
2 10.2 to 15.1 -14.591235621 | 1277.6768488685089.57509
3 15.1 to 35.9 0.93641128677 | 1493.5303781609640.01932
4 35.9 to 100.0 | 3.247559098510 4| 617.9660747 747555.95526
5 > 100 0.01128292 1. 10°
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The next step in a single CORSIKA cycle is the propagation pls&, where no particles
are created or destroyed in the simulation. In this phase thpost interaction secondary
particles are only moved through the atmosphere. When chaearticles translate through
a medium, energy deposition occurs whereby some of the eeod secondary particles is
given up to the surrounding medium. At high energies (where 1) the trajectories of
charged secondary particles are largely una ected. The eteomagnetic elds generated by
the motion of these patrticles literally rips electrons awafrom local atoms in the medium in
a process known as ionization, which reduces the energy oé tbecondary. It is reasonable
to assume that the amount of energy lost as a secondary propégs through some tiny path
length, is dependent on the charge and relative velocity ohé secondary, the local electron
density, and the energy required to remove an electron fronrhit (for the elements that
compose the medium). Indeed, this process was rst articukd by Hans Bethe in 1930 and

is well described at high energies by,

4nz?2 e ? 2mec?( 2 1) )

E = [ X
(55) d mec2 2 4 0 n Uatmo ’
V2
(56) = ? ;
(57) =@ A

where is the thickness of the medium traversed, z is the charge ofdtparticle, v is the
velocity of the particle, n is the number density of electrasin the medium,mg is the electron
mass,e is the electron chargelUs;mo iS the mean excitation potential, o is the permittivity

of free space, and c is the speed of light. Most of these fast@re constant for a medium of
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uniform composition. Condensing those constants yields,

(58) dE = 2—22 (n( 2 1) %2+ )

where ;=0.153287MeV g ! cm? and ,=9.386417 (unitless) are derived for dry air using
[36]. For a given path length, , this expression can be used to compute the ionization energy
loss for a single secondary particle. For muons with exceptially large Lorentz factors

( > 2 10%, additional energy losses occur due to bremsstrahlung aetle production.

If at the end of a simulation cycle the Lorentz factor drops dew threshold, the muon is
dropped from these additional calculations.

The propagation phase of each computation cycle also inckgl calculations concerning
the de ection of secondary particles through scattering ahthrough interaction with the
magnetic eld of the Earth. In both of these cases, the energgf the secondary particle
is held constant; only the trajectory is modi ed. The scatteing of charged particles in
CORSIKA is considered for both muons and electrons. This ptess is simpli ed into the
modi cation of the trajectory of a secondary particle only mce per propagation phase. In
a real EAS, these particles may scatter multiple times as sonpath length is traversed,
each time resulting in a tiny change in trajectory. In CORSIK\, once a given particle has
reached the middle of the propagation path length for a giveoycle, the trajectory of that
particle is modi ed by randomly pulling deviation angles fom a prede ned distribution.
This Coulomb multiple scattering distribution is well approximated by a Gaussian, but can
also be explicitly calculated by employing Moliere's thegr[24].

The nal step of the propagation phase involves a process kno as statistical thinning.
For most showers, it is computationally unreasonable to sutate each and every particle

produced in an EAS. This is because computing times for EAS sitations roughly scale
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with the primary energy (the number of particles in a showergnerally increases with energy).
Thinning is the process by which this scaling e ect is mitigeed for high energy showers. All

particles in the simulation except neutrinos that fall belov some adjustable fraction of the

primary energy (min = E=Eg) are subject to this process. At the end of a cycle, if any
single particle has an energy less than, Eo, thinning takes place. Each particle for which

this is true is assigned a survival probability of

Ei .
hEo

(59) P =

where E; is the energy of thei® particle. Survivors are selected at random based on their
probability, and are assigned a weight ofdp. The remaining particles are discarded. In
this way, the surviving particles represent more than one sendary in the shower, but only
require one particle's worth of computational time.

After thinning occurs, the simulation cycle repeats until tle shower front reaches some

prede ned altitude and the next phase in the simulation can égin.

4.2. GEANT4 and HAWCsim

At this point the simulation exists as a set of les for each snulated primary type:
rays, protons, helium, oxygen, silicon, carbon, magnesiymeon, and iron. Each le contains
the values of the particle weights, locations, and velocés at the end of the CORSIKA
simulation for each shower in the le, 10m above the tops of hHAWC WCDs. These serve
as the input to GEANT4, which will propagate the showers throuly a simulated HAWC
array. Like CORSIKA, GEANT4 simulates the motion and interactons of particles but
unlike CORSIKA, GEANT4 is speci cally designed to handle inteaction through multiple

media and interfaces. GEANT4 can handle things like the re ean of photons from the
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interior of the WCDs and the production of PEs at the photocatode of the PMTs in HAWC.
HAWCsim is the speci ¢ implementation of the GEANTA4 libraries br HAWC. HAWCsim

de nes all the geometries and variables needed to propagatarticles through the WCDs of
the HAWC array.

For a single shower post CORSIKA, every particle in that showes de ned by a particle
type ID, position, and momentum. From this HAWCsim translates the particles through
HAWC in a very similar manner as CORSIKA translates them throgh the atmosphere,
cycling between interaction and propagation. The major chrege here is that HAWCsim ex-
plicitly checks for interaction at the interface between mdia (between the plastic bladder and
water, for example) and changes the propagation behaviorerf the interface accordingly®.
The output of HAWCsim contains, among other things, the creabn time and energies of
every PE created by the interaction between the simulated @nenkov light within the WCDs
and the simulated photocathodes of the HAWC PMTs. Given thatnformation, the elec-
tronics output can be determined and from there, the simulan can be reconstructed in the

exact same fashion as the data (with the same software).

4.3. SWEETS

At this point, the simulation is reconstructed. For the primaries thrown (simulated) by
CORSIKA, there are now les containing the nal reconstruction of the associated EAS as
if they been detected by the real HAWC detector (assuming thersulation is perfect). The
challenge is now to use these reconstructed simulations tooguce physically meaningful
results. EAS are thrown onto the simulated HAWC array in a delibrately non-physical way

in order to maximize the e ectiveness of the simulation (foexample, there is no point in

14pgain, this is dramatically oversimpli ed. HAWCsim / GEANT4 includes a much wider range of interac-
tion and decay models than CORSIKA does. It is a much more detailed isulation.
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wasting CPU time simulating a shower that will not even partally land on the array). In
doing so, two biases are introduced to the simulation.

The rst bias is in the primary energy. The distribution of primary energies thrown in
the simulation takes the form of a power lawE 2, while in reality the cosmic ray spectrum
is most closely approximated byE 27. This means that higher energy events are more
frequently simulated than what would be detected in realiti?. This is done because the
behavior of the HAWC observatory must be properly studied atlaenergies, and a steeper
simulated spectrum would increase the rarity of high energgvents.

The second bias is in where the showers are thrown on the ariagyde ned by the distance
r from the shower core to the center of HAWC. Physically more ewts should land at larger
r than smaller r, simply because there is more area at larger In the simulation, events are
thrown such that this distribution goes asr !, which throws more events near the center
of HAWC than what would be there in reality. Again, this is done o purpose to more
e ectively study the behavior of HAWC.

In order to get a simulation of a physical source transitingwer the array, these biases
must rst be removed, and then weights must be introduced tolange the distributions
re ect physicality. This is where the Software for Weightig Events and Event-like Things
and Stu, SWEETS?'%, comes in. Given a source spectrum and a declination, SWEETS
reweights the events in a reconstructed simulation to mimithe distributions that would be
seen were that source to transit over HAWC. These weights care lzalculated analytically

as follows.

15The reason why energy is not thrown uniformly is because of the increasin computation times at high
energy.
16| feel a great disturbance in the Force, as if millions of lives face paled and were suddenly silenced.
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The throwing biases suggest that the di erential distributon, T, with which events are

thrown in CORSIKA has the form of

dN E 2
(60) T—T(E,r)—dEdAd / .

This describes the number of events with an energy between BdaE+dE that will fall on
some tiny patch of area dA a distance r from the center of the thetor which came from
some tiny patch of sky d. It is the time independent di erential ux arti cially created
by throwing events with CORSIKA. Integrating this across thephase space must yield the

total number of events thrown, such that

zzzz _,

(61) Nivrown = C Tcos( )sin( )dE dAd d ;
E A

where C represents the proportionality constant of the di erentid distribution. The form
of this integral demands comment. The rst comment is that si( )d d is the di erential
solid angle d . The second comment concerns the presence o&€) in the integrand which

is present because the incident ux on A decreases with increasing zenith angle as a result
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of geometry’. A ecting the integral results in

222 .2, _,

f f
Nthrown = C ETCOS( )sin( JdE dAd d
E; A 0
Z E Z £ 2
= C (cog(;) cog(+)) TdE dA
E; A

C (cos( i) cos())(E ' EY) r *dA
A

Z Ry zZ,
= C (cog( i) cod(+)E ' EY rdrd °
Ri 0
Niwown = C2 2(cos( i) coS( ))(E; ' EHR: Ry)
(62) ) C = Nthrown

2 2(cof( ) cog( )(E ® E YR R

The ranges for R, , and E are 0 to 1km, 0 to 75, and 5 GeV to 2 PeV respectively. The

distribution with which events are thrown on the simulated aray is now fully de ned.

|
2
N thrown E

03 TED= S 2cog()) o )E T EHR R) 1

Note the units on T(E;r). The units of di erential ux include inverse time, but T does
not. This is because the simulation has no time. The arrivalime of simulated showers
relative to each other is not simulated. The tricky questions this: how do you reweight the
simulation and use it to calculate dN/dt, the number of events detected per second, for a

uniform di erential ux described by ( E)= o(E=Eg) where has units of inverse area

1’Remember, the di erential describes in part the number of evens that will fall on some tiny area of the
detector. If those events come from a large zenith angle, then this tip area will appear edge on and no
events will be able to fall on it. Basically, with a bit of vector maths i,gzcan be sl]gwn that for a vector eld
F, the integral ux through some area de ned by normal vector Ais F dA = Fcos()dA.
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time energy? Letw be some yet to be de ned weight function. What is the form ofv such

that
dN z
(64) e = WT(E;r)cos()dAd d E
Z
(65) = (E)cos()dAd d E ?

Assuming both integrals have the same limits, then the form @he weight function must be
w = ( E)=T(E;r) by association, and so

rE2 ( E)

(66) w=w(E;r)=
Nthrown

2 *(cos’( ) cos()(E ' Ef)Rr Ri):

It is important to note the units of ( E) and w(E;r). Again, because the relative time
between events is not simulated the energy, area, and solidgde units of the di erential ux
cancel with the units of T(E; r) leaving the weight in units of Hz, as intended.

This is all well and good on paper, but the simulation is disete. Given a le, nding
the number of events in the le (and therefore the number of siwers thrown) is as simple
as looping over the le and counting the number of entries. TiB is similar to carrying out
the integration with the weight function w = 1. The weight function derived above can be
used to assign an individual event a new weight other than uritand nding dN/dt from

the simulation should be approximately equal to summing theveights.

Nt)(own dN
(67) W(E;; 1) ot :
i=0

With the tricky question out of the way, a new question is rais& How do you reweight

the simulation and use it to calculate &N/dt, the number of events detected per second,
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for a di erential ux described by ( E) = o(E=Es) coming from a speci ¢ declinatior?
Calculating w in this case will be slightly di erent than in the isotropic case because the
location on the sky from which ux originates changes as theosrce transits. Basically, the
zenith and azimuth angles become time dependent, and thispgndence must somehow be
accounted for with the weight in order for the simulation to l@ meaningful.

Because the simulation has no time, a good rst place to stawould be to parameterize
the time dependence of a single transit by some other variasl ideally and . First,
consider the physical case, where the total number of evemtstected during a single transit

can be described by

tmax Z Z

(68) Niransit = 2 ( E)cos( (t))dtdE dA ;
0 E A

wheretmax is the time required for the source to rise to its maximum altude (assuming it
rises at t=0). Notice that the solid angle dependence of the tiagral is no longer present.
This is because the source is a point, and subtends no solidyenon the sky. The factor of 2
comes from symmetry. If the detector is symmetric in azimutha fair assumption for HAWC,
then the same number of events will be detected as the sourcsgs as would be detected as
it sets. The transit of the source from horizon to its maximunaltitude (or reverse) is single
valued in sin( (t)) and cos( (t)). In order to determine the weight by association as done

for the isotopic case, reparameterization should be doneterms of sin( )d .

Z7Z 7

(69) Niransit = 2 (E)

_ (E) g cosOsin()d dEdA;
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At this point, the integral does not depend on time, and so it @an be compared to the

simulation
ZZ7Z Z it
(70) Nianst = 2 ( E) ————cos()sin( )d dE dA
d
25 A sin( )
(72) = 2 WT(E;r);cos()sin( )d dE dA ;
E A

Where the integral has been carried out. Again, by association, the vgdit must be

1 (E) dt

(72) WE )= —FEnsn()d

The transit of the source over the detector is completely desbed by the derivative d/d . In
order to examine this derivative, we need a conversion be®ethe time independent equa-
torial coordinate system and the timedependenthorizontal (also known as local) coordinate
system. This conversion is known as the transit function andan be explicitly derived.

The local coordinate system has already been discussed. ésdribes the location of an
object on the sky with respect to zenith ()!® and azimuth ( ). The equatorial system is
slightly less intuitive because it describes the locatiorf an object on the sky with respect to
the celestial sphere, as opposed to some location on the goef of the Earth. The celestial
sphere appears to turn coaxially with the rotational north mle of the Earth and the plane
that lies normal to this axis is the equatorial plane becausedirectly intersects the equator
of the Earth. A second plane can be de ned by the path in whichhie earth orbits the sun.
This path is known as the ecliptic, and it intersects the equarial plane at exactly two points

on the celestial sphere: the vernal and autumnal equinoxes.

18altitude can also be used, which is /2 - . Altitude is the angular altitude of an object as measured from
the horizon.
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Figure 4.1.  Schematic showing the de nition of the vernal and autumnal
equinoxes on the celestial sphere as seen when viewed fromvalihe northern
hemisphere of the ecliptic. The dashed red lines represefitet intersection
between the ecliptic and equatorial planes, while the blackrrows represent
ecliptic projection of the north rotational pole.

It can be dicult to visualize (see g. 4.1) but a good way to understand this is to
imagine standing anywhere on the equator during the vernalgeinox. At that time and
place, the vernal equinox is the location on the sky that rstrises in the east as the sun
sets behind you. The equatorial system de nes a xed point othe celestial sphere by
the right ascension (the angular displacement from the veahequinox) and the declination
(the angular displacement from the equatorial plane). Comniently, because of how the
equatorial system is de ned, the right ascension of a celedtbody is the time required for
that object to rise from the horizon after the vernal equinoXknown as the local hour angle).

With the coordinate systems de ned, the transit function canbe derived.
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Imagine standing at any point on the northern hemisphere as star transits across the
sky. Let € be the unit vector from that point to the star, let 2 be the unit vector to the local
zenith (straight above you), and letP be a unit vector directed towards the north, parallel
to the rotational axis of the Earth (see g. 4.2). The latitude, | at this point on the Earth is
the angular displacement from the equator along the meridiato that point. Therefore, the
angle betweer? and P is the di erence between the latitude and 90 The declination, , of
the star is the angular displacement from the equatorial pfee to the star, and so the angle
between theP and € is the di erence between the declination and 90 The zenith angle of
the star is the angular displacement from the zenith to the ar, which is the angle between
Z and €. These three angular displacements form the highlighted setical triangle in g.
4.2

To summarize,

(73) Z € = cos()
(74) 2 P = cos(=2 I)=sin(l)
(75) P ¢ = cos(=2 )=sin( ):

If the goal is to determine the time dependence of then the opposite angle, the relative
local hour angleH must be de ned (spherical anglé ZPC in g. 4.2). Again, this is the
angle between the meridian plane and the plane containing thoP and €. To de ne H, we
need to de ne two unit vectors which are both perpendiculara P, one pointing along arc

PZ and one along ard® C. These vectors are,

0= C PP _C Pein)

(76) k& B@® Ek  cos()
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Figure 4.2. Schematic showing the relevant geometry of the transit of an
object on the celestial sphere in local coordinates. P is thetational axis of
the earth, Z is the local zenith, and C is the transiting objeic The associated
great circles are the equator (blue), the meridian (red) anthe transit path
(green). In equatorial coordinates the declination of thelgect is the angular
displacement from the equator to the transit path.

and

2 PP 2) _Z PB(sin)

) U e e 2 s

respectively. The cosine of the hour angle is therefore

cos() sin(l)sin( ) |
cos( )cos()

(78) ¥ Vi =cosH) =

Rearranging this yields the transit function.

(79) cos() =sin(l)sin( ) + cos( )cos()cosH) :
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The time dependence of the transit function is expressed kt, the relative local hour angle.
Any point on the celestial sphere will, by de nition, return to that location on the sky after
one sidereal day. The relative local hour angle is the anguldisplacement between the initial
location of said point and the current location at timet, and soH = 2 t=t 54 wheretgy is the
duration of a sidereal day. Because the transit function isedned in terms of cos() changing

the variables used to calculate the weight appropriately Wiclean up the derivatives, and so

- 1 (E) dt
(80) wET ) ~T(E;r)sin( )d
1 (E) dcos() *
oy TOT(E;r) | dt
(82) ) WE;r; ) = ( E) tsid

2 2T(E;r)cos()cos()sin(2 t=t o)

Normally these kinds of di erential manipulations would regire more rigor, but these are
known physical quantities and so the derivative ddt is simply the ratio between a tiny
di erence in angle and a tiny di erence in time. Note that eventhought is present in the
weight, it can be directly calculated by inverting the tran#t function and using the zenith
angle of a given simulated event. Any event with a zenith angless than the minimum
transit zenith of the source is assigned a transit weight of. O

With the entirety of the universe that matters well de ned, the spectrum of the Crab

nebula can be discussed.
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CHAPTER 5

The Crab Nebula

The Crab nebula, the remnant of supernova SN 1054 located & from Earth at
an equatorial right ascension of 83.64and declination of 22.01, is a source of Very High
Energy (VHE) gamma rays. The physical structure of the Crab Neba consists of an
optically luminous shell of gases approximately 11 ly in diaeter enveloping a central 33 ms
pulsar. The production of gamma rays in the Crab is powered knteractions between the
relativistic electron wind produced by the central pulsar ad the surrounding nebula. This
energetic ow of electrons scatters lower energy synchrotr photons up into the TeV range
where they can be observed by HAWC [37]. The Crab nebula is anpartant VHE gamma
ray source because of its stability. While it does occasiohal are [38], it is still widely
regarded as stable when observed over the course of monthsdiisTmakes it an important
comparative tool because it can act as a standard candle aneference.

Historically, the Crab Nebula rst appeared as a supernova inhe skies of 1054 C.E., when
it was recorded by Chinese, Middle Eastern, and Native Amerinaastronomers. Historical
documents from the period describe the event as a \guest stavhich was visible, even during
the day, for two years before fading from view. Modern obsetions of the Crab nebula have
been made by many di erent TeV gamma ray experiments includgn Milagro[39], HESS[40],
and Whipple[41], which was the rst to observe TeV emissiongdm the Crab in 1989.
The physical properties of the Crab, including its size, exmsion rate, and spectrum have
been very thoroughly measured since its discovery. The spat properties of the Crab
are often used to characterize experiments, study TeV gamnmrays and evaluate related

systematic uncertainties. The size of the Crab nebula is sigcantly smaller than the point
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spread function of most ground based TeV observatories, wehi means it can also be used
to calibrate the angular resolution of a detector. This angkis is primarily a study of the
spectrum of the Crab nebula with the HAWC observatory, but otler sources of interest are

also examined.

5.1. The Data

The data used in this analysis were recorded between AugustZ)13 and January 11,
2016 and are comprised of four parts. The rst two parts consiis of 181 days of live time
ending on March 3, 2014, spanning the construction of the hd6 WCDs leading to the
completion of the rst 111 WCDs of HAWC (consequently, these ata are also referred to as
HAWC-111). These parts are known as epoch 1 and epoch 2 (thelgand late period of the
construction of these 16 WCDs). These two epochs are usuallyamined together because
the only change in the detector between the two is the numbef BMTs active in the array.
The epoch 1 and epoch 2 data sets exist as one large group ofsruvhich must either be
manually separated, or the combined set must be analyzed wiappropriate weighting. The
third part of the data is known as epochs 1+2 which is simply tb combined epoch 1 and
2 data set. Examining the combined set will illustrate how taappropriately weight data
that has a uctuating number of active PMTs!®, without needing to separate the data sets.
The fourth and nal part of the data used in this analysis consts of 340 days of live time,
ending in January 2016, after the completion of the array andsiknown as HAWC-SFE°.
This portion of the data was used to determine the spectral pperties of the Crab and other

sources.

19Even with a completed detector, the number of PMTs uctuates slightly with time as a result of mainte-
nance and malfunction.
20SP is an acronym for the most recent reconstruction, known as Saucy Plafus.
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5.2. Bins and Cutting Variables

The data used for this analysis were divided into 10 bins dead by the fraction of PMTs
triggered in the HAWC array (fHit). Data within each fHit bin wer e further excluded from
this analysis based on quality, probability of being backgund, and reconstructed location on
the sky (see table 5.1). Unless otherwise stated, bins 0 and érevexcluded from the analysis.
At the moment, the purity of events (the relative fraction ofreal gamma rays to real cosmic
rays) in these bins is being studied by the HAWC collaboratianlt is suspected that these
bins contain mostly cosmic rays, but bin composition was nagxamined for this analysis.
Furthermore, t spectra do not result in reasonable 2 values onany of the examined sources
when bins 0 and 1 are included. Strictly speaking, i possible that this is evidence that the
tested models do not t the data, but given that HAWC is still young and the Crab is so well
characterized as a standard candle, it is more likely that #hquality of the data in bins 0 and
1 is poor. In the future, when the detector is better understwd and the signal-background
selection methods are improved, this will probably changd-or now this simply means that
the results of this analysis only apply at energies well abe\800 GeV.

This section will describe these cutting variables while thfollowing sections will describe
how these variables are used in the creation of skymaps foiglanalysis, and the systematic

uncertainties associated with these variables.

5.2.1. fHit and Energy.
HAWC is, at its most fundamental level, a calorimeter. When an>densive air shower front
passes through the array, it deposits energy into the WCDs drthis is, essentially, what
gets recorded as data. EAS array experiments such as MilagnadaHAWC, which make no

measurement of the shower before it reaches the ground, ardyoable to directly measure
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Table 5.1.  Cuts used for this analysis of the Crab Nebula with HAWC.

Bin # | fHit > | fHit Angular Bin (degrees)| Compactness> | PINC <
0 0.045 | 0.067 1.06 21.0 1.50
1 0.067 | 0.105 0.84 7.0 2.20
2 0.105| 0.162 0.65 9.0 3.0
3 0.162 | 0.247 0.52 11.0 2.30
4 0.247 | 0.357 0.41 15.0 1.90
5 0.357 | 0.485 0.35 18.0 1.90
6 0.485| 0.618 0.33 17.0 1.70
7 0.618 | 0.740 0.25 15.0 1.80
8 0.740 | 0.840 0.23 15.0 1.80
9 0.840 | 1.00 0.20 3.0 1.60

the energy that arrives at the ground. Unfortunately, an EAS pmary of a given energy that
interacts at a shallow atmospheric depth will deliver sigreantly more energy at the ground
than one with the same energy that interacted deeper. This iplies that the correlation
between the energy at the ground and the energy at the rst imtraction is very weak (if
it exists at all). Most ground based EAS experiments de ne soencalculated variable that
strongly correlates with primary energy that can be used asf@oxy. Analysis bins are then
de ned with respect to this energy proxy variable.

Regardless of these facts, it is not necessary to determime tprimary energy of individual
showers in order to measure the spectrum of TeV gamma rays #ed by a source (as
discussed in section 5.6). The fraction of PMTs in HAWC that a triggered by an EAS,
known as fHit, is used as the energy proxy for this analysis. Axpected, fHit correlates

weakly with energy, as can be see in g. 5.1.
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Because fHit serves as the energy proxy in this analysis, thHiff bins were speci -
cally chosen such that the mean simulated energy of the biner evenly separated across

log,,(energy) space.

Energy Distribution by Bin #

— Bin0
— Bin1
Bin 2
Bin 3
Bin 4
Bin 5
—— Bin6
— Bin7
—— Bin8
—— Bin9

0.8

0.6

0.4

0.2

& ] 1 L ) | 1 L L I L L 1 L
0 1 2 3 4 5 6 7
log10(MC Energy)

Figure 5.1.  The distribution of simulated energy in units of log,(E/GeV)
for HAWC-111.

5.2.2. Angular Bin.

The angular bin de nes the radius about a given location on # sky within which events
are accepted into the analysis. The optimal angular bin size that which maximizes the
statistical signi cance of a given source and it is a functio of the angular resolution of

HAWC.

A good estimation of statistical signi cance for any countig measurement governed by

the Poisson distribution is

Excess

83 Signi e
(83) 'gni cance Background
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where the background is the number of counts assuming the nbifpothesis, and the excess is
the number of counts above or below the background. In this sa, the statistical signi cance
is explicitly the number of standard deviations a given measement is away from a Poisson
background.

Consider a circular angular bin of radius R degrees. If the bleground is isotropic, then
the number of background events that come from that circulabin is proportional to the

area of that bin,
(84) Background/ R?:

If there is a source in a certain bin, then the number of excessgents is dependent on intensity
of the source and the angular uncertainty of reconstructedrents in the associated fHit bin,
which is expressed as the point spread function (PSF). Thisration de nes the likelihood
of reconstructing an event on the sky at a location other thamhere it originated. To rst
order, the PSF of HAWC is a radially symmetric Gaussian disthution, which is coaxial
with the circular bin used to calculate the background. Thedtal excess in a given bin is

then the integral of the PSF over the circular bin.

Z, Zg

r2 2
(85) Excess = Aez7rdrd =2 2A(lL ez7);
0 0

where A is a constant that accounts for the intensity of the soce and is the angular

uncertainty of reconstructed events in this fHit bin. The sigi cance is then,

- A 2 R2
(86) Signi cance = ?(1 ez2);
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where the constants have been absorbed into A. If R is writtem iunits of this becomes

2
(87) Signi cance = ﬁ(l e%) ;
which peaks at 1.58 (see gure 5.2). This implies that the angular bin which optinizes the
signi cance is 1.58 times the reconstructed angular unceinty in that bin. Ideally this would
mean that nding the optimal bin is simply a matter of measuring the angular uncertainty of

the HAWC detector. To second order, the PSF of HAWC is not a singlradially symmetric

Figure 5.2. Signi cance as a function of bin radius in units of angular
uncertainty. The vertical line is the maximum at 1.58 .

Gaussian. It is in fact most closely approximated by the sumfdwo Gaussians.

(88) PSF(AI; 1; )= Ae "2i4+(1 A 723

The 1.58 approximation serves ne as a rst step, but the true PSF of HAWC must be

accounted for. Determining the optimal bin size can be cagtl out in the same fashion
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as for a single Gaussian: derive an expression for the sigr@ince of a source on isotropic
background, and maximize for the bin radius.

The total signal from a source in a radial bin R is now

Z, Zgh i

(89) Excess = Ae i+ A)e 722 rdrd ;
0 0

and the background still goes aR?. The signi cance of the source is then

2 2
(90) Signi cance = C % 1 eR=21 4 % 1 eR=2:% .

where the integration constants have been absorbed into Chik can be simpli ed somewhat
by changing the units such thatR! R ; and , = ;. Taking a derivative with respect

to R and setting the result equal to zero results in

1

2

eR2:22 (1 A)Z.

1 L A 1
(91) 0=A 1+— eR?2Z 41 A)? + o S

R? R?

which is transcendental. An approximate solution can be foalby expanding the exponential

terms to second order.

_ R? R4

(92) e =1 g
A(* 1+1 _, 3A(2 1)+3 _, 1
= ————— R R+ -
(93) ) 0 g 4 g 2 2

The above expression is quadratic ifR? and can be explicitly solved with the quadratic

equation, resulting in complex roots on the domain oA = [0;1] and =[1;+1 ). The real

81



part of these roots are identical, and is explicitly

A(2 1)+1

(94) RE(R) = g ? A(P D+l

Note that the real parts of the roots do not solve the quadratidn R?, however, they do
provide reasonable optimal bins with a measurable systenmat The optimal bins can there-
fore be found by tting the distribution of angular uncertainty in MC to a double Gaussian,
determining , and then simply calculating the optimal bin. The optimal bn can also be
found numerically by nding the maximum value of the integrd of the angular uncertainty
distribution in units of 1/R (see table 5.2). The analyticalbins were chosen for this analysis
for two reasons. First, the analytical angular bins are not hnited by the arbitrarily chosen
bin width used to discretize the angular uncertainty distibution into a histogram (in this
case, 0.025 degrees). Second, the analytical bins are lesgenced the presence of statistical
uctuation in the simulation sample.

Table 5.2.  Comparing the analytical optimal bin to the numerical soluion.

The values A, ?; 3,and are found by tting the angular uncertainty in MC
to a double Gaussian.

Bin# | A 2 2 2| Analytical Bin (deg) | Numerical Bin (deg)
0 0.929| 0.492 | 1.669| 3.387 1.06 1.275
1 0.983| 0.319 | 3.366| 10.519 0.84 0.775
2 0.993| 0.189 | 2.883| 15.239 0.65 0.575
3 0.995| 0.121 | 2.236| 18.452 0.52 0.425
4 0.997| 0.0783| 1.899| 24.249 0.41 0.325
5 0.998| 0.0553| 1.519| 27.448 0.35 0.275
6 0.996| 0.0506| 0.990| 19.557 0.33 0.275
7 0.995| 0.0278| 0.467| 16.821 0.25 0.175
8 0.990| 0.0237| 0.280| 11.814 0.23 0.125
9 0.980| 0.0181] 0.161| 8.900 0.20 0.125
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5.2.3. Compactness.

The events used in this analysis are those which have passeded of cuts to distinguish
gamma rays from cosmic rays. That is to say, the background msade only of events that
appear gamma-like (the background exists because this daty method is far from perfect,
and cosmic rays vastly outhumber gamma rays). One of the pangters used to do this
is known as the compactness, which is a measure of how compadiven shower is about
its longitudinal axis. Compactness is calculated by examimy muon-like signals occurring
far from the core of an extensive air shower. Gamma ray showesrimarily produce muons
through photonuclear reactions that lead to pions, or throug pair production high in the
atmosphere [42], and so the muon content in gamma showersnsad in comparison to cosmic
ray showers simply because there are signi cantly fewer gioction channels in a gamma ray
shower. The muons produced in a gamma ray shower will fall mucloser to the shower core
in comparison to a cosmic ray shower. This is because the @lemagnetic cascade products
(pair produced electrons and bremsstrahlung photons) do nnwn average, gain the large
transverse momenta often seen from hadrons emerging fronpityal production reactions.
As a result, gamma ray and cosmic ray EAS have signi cantly di eent spatial structures.
Gamma ray showers are simply more compact that cosmic ray sters (see g. 5.3).

The signiture used to calculate compactness appear in thetdaas PMTs with very large
signals, as would be produced by muons. Cosmic ray showers #ierefore discriminated
by examining the ratio of the total number of PMTs triggered m an event to the number of
PEs measured in the PMT with the largest signal outside 40mdm the reconstructed core.

nHit

(95) Compactness :m
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Figure 5.3. Example CORSIKA shower simulations for (from left to right)
a 1 TeV photon, proton, and iron nucleus. Compiled by Fabian cBmidt,
University of Leeds, UK.

Here, nHit is the total number of PMTs in the recorded event and €PE40 is the number
of photoelectrons recorded from the hottest PMT outside a 40 radius around the shower
core. A large compactness value is more gamma-like. The calues on compactness used
for this analysis were determined by maximizing the signi&nce on a simulated Crab nebula
as a function of the cut value.

5.2.4. PINCness.
The Parameter for Identifying Nuclear Cosmic rays (PINC) is tle the second parameter used
to separate gamma-like showers from hadron-like showers. discussed in previous chapters,
the lateral distribution of PEs in a single HAWC event is t to the NKG distribution in order

to reconstruct the shower core location. The lateral distbiutions of hadron induced EAS
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have characteristically larger 2 when t to the NKG distribution, and a good rst thought
might be to cut on this 2 to separate gammas from hadrons (after all, the NKG distributin
is technically only de ned for electromagnetic cascades)Jnfortunately, if a shower lands
partially o of the HAWC array or even if there are signi cant uctuations in the shower
front, 2 may increase. There are many variables which could lead to angma ray shower
having a hadron like 2 from the core t. PINCness takes this idea to the next level and
compensates for these issues.

PINCness assumes that gamma ray EAS are axially symmetric anddially smooth.
This is a fair assumption as the other gamma hadron separatacompactness, speci cally
targets LDF asymmetries in hadron showers. If a shower digpis axial symmetry and radial
smoothness then the charge measured at a given PMT some dmst@a R meters from the
shower core should be close to the mean charge of all PMTs atathradius. Here the
de nition of closeness is the 2 deviation of that PMT from the mean of all PMTs at R

meters. Naturally, a rst attempt de nition of PINCness is

1% (g g)?.
N z

i=0 !

(96) p=

where N is the number of PMTs in the eventg is the measured number of PEs in PMT ig is
the mean number of PEs measured by all PMTs within an annulaegion ofR = R; 5 m?!,
and ; uncertainty in the e ective charge as de ned by the calibraion. This is a great rst
de nition and works ne on paper and in practice, but slight nodi cations to this calculation
have recently lead to a new version of PINC (aptly named PINCnssversion 2). Because

the distribution of possible PE counts in an event is very wiel (1 to 1000 or more), PINC

21The location of PMTs in the array is a discrete variable, and so an annularregion is needed to choose
PMTs \at the same radius".

85



is actually calculated using the log of the number of measwtd’Es. The uncertainty, i, is
calculated using a functional form that was derived based gpmast observations of gamma
ray like events with HAWC. The uncertainty reported by the caibration only describes the
uncertainty in the measurement, and does not account for th&tatistical uncertainty arising
from uctuations inherent in all EAS. If the symmetry and smodhness assumptions used for
gamma ray showers are consistent with observations, and e uncertainties are properly
de ned, then PINC should be 1 for gamma ray showers, and hadrshowers will be "more
PINC" than gamma ray showers. As a result of this, typical cut vlues for PINC version 2
range from 1 to 2.

Like compactness, PINCness was optimized by choosing cutwed that maximize the
signi cance of a simulated Crab nebula.

Now that the data and all of the analysis variables have beengtiussed, the rst step in

the analysis can be examined, which is the creation of skyngap

5.3. Skymaps and the Background

Reconstructed event data include the location on the sky fno which a given event
originated. These locations form a two dimensional histogm known as a skymap. Skymaps
are created with uniform bins of 0.1 characteristic dimension using the HEALPIx library,
and cover HAWCs eld of view (approximately 8.4 sr, or 2 sr ingintaneous). All events
are recorded in the J2000 coordinate epoch, and for each arssdybin (these bins are of
the energy proxy variable, fHit, discussed in 5.2.1) two mapare created: a signal map and
a background map. The signal map contains the measured numhbaf events on the sky
while the background map contains the expected number of bagpound events. Because the

relative excess between signal (TeV gamma rays) and backgnad (cosmic rays) is very small,
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the background must be estimated both precisely and accugdy or real signal excesses will
be indistinguishable from statistical uctuations.

The background is estimated through a method known as MilagrDirect Integration
(MDD[39]. The goal of MDI is to create a background skymapB(; ), in bins of right
ascension and declination , which can then be subtracted from the raw signal skymap,
S(; ) to produce a single map of event excesses. Hadronic cosmigsriorm the principle
background for all measurements made with HAWC. At the TeV engy scale, it is assumed
that they arrive at the earth in an isotropic distribution because they are created by distant
sources, and so must propagate through the magnetic eld dii¢ galaxy. Cosmic rays in the
TeV energy range are completely scrambled by this eld and naot be used to point back
to their source. As a result of this di use propagation the hambnic background is steady
in time, and carries enough energy to not be e ected by solactwvity. Thus, the observed
background is only sensitive to variations in the detectorrad atmosphere [39].

The background rate inlocal coordinates is denoted by (t; h; ) wheret is the sidereal
time, h is the hour angle, and is the declination. Because of the isotropic, di use nature

of the hadronic backgroundF is separable.

(97) F(th; )= R() (h; )

Here, R(t) is the all-sky event rate and (h; ) is the local angular distribution of events.
This implies that even large changes iR(t) do not a ect the local angular distribution of

events. Furthermore, it implies that the local angular distibution is a constant with respect
to time. As a result, each of these terms can be directly meagur using the same data.

Once R and are measured, the background ma@B(; ), can be calculated.
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To calculate B(; ) an integration duration, t, is chosen (typically 24 hours). Next,
events are recorded for this duration andR(t) is calculated using events from the entire
sky while (h; ) is calculated using events from the entire duration. A piXelocated at a
right ascension of is at a local sidereal timet = + h. The time bins of R(t) where this
relationship is true are multiplied by the corresponding lms in (h; ), and summed together,

nally resulting in a single bin of B(;; ).

X
(98) B(; )= R() (h JOh; )
t=0 8
El; ifh=t
(99) o(h; )=

7 0; otherwise

This e ectively creates a background map of relatively unifion intensity. These maps have a
striated structure as a result of the continual sum along seteal time, but the e ects of these
uctuations are small (see g. 5.4). It is important to note that the sum used to calculate
B(; ) does not distinguish between signal and background. As a vits B(; ) slightly

over estimates the background at a given location on the skit is possible to compensate
for this by masking regions of interest when the background calculated, but these methods
were not employed for this analysis because the e ect is sih@n the order of one part in ten

thousand?). In 24 hours of recording time, approximately 40 million esnts are detected in
the vicinity of the Crab nebula and the di erence between ths and the estimated background

is on the order of 20 thousand.

22The ratio between excess and background in bin zero for the Crab is abouf0013
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For this analysis, the maximum signi cance on the Crab Nebulwas detected at (83%2 ;2202 ).
The exact pixel location on the map is known to 0.0001 degredmut the angular resolution

of the detector is on the order of 0.01 degrees at the absolltest.

PEELHPS L0 OBOL OIS LIPS
b g » e

67.2 67.6 68.0 68.4 68.8 69.2 69.6 70.0 70.4
background map data map

Figure 5.4.  The background as expected using Milagro Direct Integratio
(MDI), B(; ) (left), and the measured signalS(; ) (right) at zenith dec-

lination in number of events. The striations are a result oftte integration

over sidereal time. Note that the di erence in scale was presed in order to

illustrate the structural di erence between the MDI backgiound and observed
signal.

5.4. Probability

The signi cance of deviation of signal above the expected tieground is calculated using
Li & Ma equation 17 from [43]. This signi cance test assumesdisson uctuations and that

the excess signal is small in comparison to background, whis ideal for HAWC.

(100) N = pé Nonln

1+ im N N off 2
—2 = + Noff In (1+ LiMa ) —
LiMa Non + Noff Noff + Non
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This expression was originally derived with a pointable tescope in mind, wheréN,, and
Nofs Were the counts while pointing on and o source respectivelyiiva is the relative time
exposure between the two, antlls is the number of standard deviations by whiciN,, exceeds
Nots . HAWC however does not point, because it is an air shower arrainstead excess counts
are found by taking the di erence between skymaps. In this c&, the on counts come from
the signal mapS(; ) while the o counts come from the background ma@B(; ). The
background map is over exposed in comparison to the signal pnand the relative exposure

corrects this.

(101) Non(; )= S(; )
B(; )

LiMa

(102) Nott (5 )=

Absolute signi cance values greater than 5 are usually considered to be a discovery by
other experiments. For HAWC this is not necessarily the caseDue to the sheer amount
of sky surveyed with the observatory and the point spread fumion of the detector, a 5
uctuation may occur quite frequently. For example, suppos you were to randomly sample
some value which follows a normal distribution. The odds ofekecting a value at random
beyond 5 standard deviations from the mean is 1 in 1,744,278. If yoweve to sample this
distribution 17 million times, you would expect to get aboutl0 values outside of 5 just
by sheer chance. For a large data set with no sourcd$s is normally distributed about
0 with a standard deviation of 1. The presence of sources and cits appear as tails in
this distribution (see g. 5.6). If each pixel represented & independent sampling of this
distribution and there are about 8 million observable pixalin the map used for this analysis,

then a little less than 5 pixels with excess or de cits outsiel 5 would be expected to have
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come from statistical uctuations. However, each pixetloes notrepresent an independent
sampling of the signi cance distribution. This is becausefdhe PSF of the detector. The
excess in a single pixel is dependent on the excess in neigimgppixels, and so signi cantly
more 5 uctuations are present in the map than would be expected fra purely independent
sampling. As of this writing the trials factor, the factor by which the signi cance of a source
is reduced due to the sample size, is still being discusseddaso the e ect of trials on this
analysis is not accounted for.

For this analysis, the Crab was detected at a signi cance of38 above background (see

g. 5.5) and the trials factor is a non-issue.

5.5. 2 and Models

The goal of this analysis is to determine the spectral modehd parameters which best
describe the observed distribution of detected excess asuadtion of energy. A reasonable
starting point is the spectral model discussed in chapter Bquation 11. This is known as

the two parameter model.

dN E
(103) )= o &

In this equation, , and are the t parameters of ux and spectral index, respectivel.
The value E,, is known as the pivot of the spectrum and is a constant duringtting. It is
chosen to maximize the linear independence of and . This model is perfectly ne in that

it arises from simple assumptions and rst principle equatins used to describe the escape
of high energy particles from plasma shock waves, but it isncompletely physical. The
greatest non-physical attribute of the two parameter modek that it is not energy limited.

It is unreasonable to assume that this model will hold at arlarily low or high energies.
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The Crab Nebula

Figure 5.5.
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The spatial signi cance of the Crab nebula from HAWC-SP.

Low energy e ects (characteristics that appear below 100 G&@ are not a major concern

for this analysis, because events with su ciently small ermgy will not trigger HAWC, and

so don't need to be accounted for in this model. High energy ets will trigger the array,

and do need to be accounted for. It is reasonable to assumettlaa some energy the type

of processes at work will change, or the generated radiatiovill interact in some way. At

that point, new gamma rays may not be observable or possiblyen generated, and so the

observed ux from the source will rapidly fall o. This suggests a third parameter which
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Significance at Crab Declination
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Figure 5.6. The distribution of signi cance for the skymap created withthe
HAWC-SP data. The tail on the far right indicates that there are intense
sources present in the map.

encapsulates this idea.

dN
(104) E( 01 E C) - [ I—— e

Here, E. is the cuto energy. As the measured energy approach&s the modeled ux will

rapidly fall to zero. This is known as the three parameter maal.

With the models well described mathematically, the questiobecomes this: Given a set

of measurements of ux as a function of energy, which model d@dmrmodel parameters best
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describes those measurements? This is an extremely commaresiion in most scienti ¢
elds, including physics.

Suppose you were to take a set of measuremerys,which depend on some other variable,
X; (where the subscripts here represent thd' measurement). Suppose also that you have
a hypothesis: thaty; depends onx; as described by some mathematical modgl = f( x;; ~)
where ~ is a vector of your model parameters (for example, if the moldes linear, ~ would
be a speci ¢ slope and intercept). If you were to take a greatamy measurements of; at a
speci ¢ x; then the distribution of measuredy; values would approach a normal distribution
of width ; centered on a mean that can be considered to be the \true" vaw?. The

probability P of measuring a singley; in this distribution is

(105) P(y)/ e & ¥’ .

If your hypothesis well describes this true valug,® = f( x;; ~), then the probability P explicitly

depends on-~.

(106) P_(y;)/ e O fximn?=2§ .

The joint probability of the hypothesis giving the true value of every single point is

(107) P-(yuiyaiy) = P-(ya)  P-(y2) :::P-(wi)/ e “2;
where
(108) 2= W f(;<i:~))2:

i yi
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This is known as the 2 statistic. The speci ¢ model parameters,~ which minimize 2
will maximize the probability that the measured valuesy; were sampled from some true
distribution described by f(x; ~). The procedure for determining~ seems simple, just search
for those model parameters which minimizes?.

So what value of ? is good? Any hypothesis can be chosen and a minimuni can
be found for that hypothesis, so what characteristic valuesf 2 would indicate that the
chosen model best ts the data? Too large and the model obvigly does not describe the
measurements well. Too small and the model describes the @abo well?®. In order to use

2 to claim agreement with a model (or exclusion of said model) guantitative measure of
\agreement" must be de ned.

A good place to start is to determine the expected? measurement for a model that
ts the data well. Such a model would ideally be within most othe error bars ; for the
measurementsy;, and so each term in the 2 sum would be on the order of 1 or less and the
total 2 would be on the order of the number of data points used to calete the t. In
reality, the minimum 2 for a model that best ts the data is always less than the numbe
of points. This is because the model parameters constrain the possible values that the
other measurements could take. For example, consider trgiio t a line to a single point.
An in nite number ~ (slope intercept pairs) exist which de ne lines that pass ttough this
single point. Once a second point is added, a singtecan be selected thaexactly ts these
two points, resulting in a 2 of precisely zero. Adding a third point would result in a 2
of order 1 or less because at least one point is free (the t i®nhrequired to pass exactly
through this point in order to distinguish a single~), and so on. As a result, the expected

2 for a good t is approximately equal to the number of degrees of freedorhetween the

23Think connect the dots. This is known as over tting or overtuning the model. A model with hundreds of
parameters can t any measurement you please.
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model and the data. This number is de ned a;®  m wheren is the number of data points
and m is the number of parameters used to specify the model [44].
Given this, a new parameter can be de ned, the reduced?, as the ratio of 2 to the

number of degrees of freedom,

(109) 2= ;

and the goal is to nd f(x;~) and ~ such that ~? is close to 1. Quantifying the agreement
between some model and some measurement is to set a limit oe thaximum value of 2,
above which said model can be rejected. This is e ectivelytsag a limit on the probability of
nding a ~2 at least as extreme (large) than the originally observed?-when the experiment
is repeated. If that probability is large, then the originaly observed < is likely to occur given
the hypothesis fk; ~), and so there is no reason to doubt that f describes the measments
well. On the other hand, if the probability of nding a more exreme ~? is small, then the
originally observed value isunlikely to occur given the hypothesis #; ~), and so f is rejected
as a hypothesis. The plan of attack is therefore to rst cho@sa rejection probability, and
then determine the critical limit of ~? given that probability. If a tested model yields a
minimum ~? that exceeds this critical limit, then that model can be rejeted with the chosen
probability.

In order to set this limit, the probability density of posside ? values must be known
for a given number of degrees of freedom. Probability can becanfusing topi¢* and so it's

best to rst cover the basics. Consider the function

- 2
_Zy:

1
(110) fy)= —p5e”
y
24pnyone who says otherwise is lying.
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In the language of statistics,f (y) is the probability density function of a random variable
Y and is known as the normal or Gaussian distribution. It can béhought of having units
of probability per unit of y. The best way to think about this is to imagine a machine
that prints out a single number whenever you tell it to, and ttat the number it chooses is
governed byf (y). The single number you get from the machine i¥: a single draw from
the distribution f (y). If you get many numbers from the machine and create a histogmn of
the numbers the machine gives you, that histogram will b&(y) up to a scale factor as the
number of draws approaches in nity. The probability of geting a numberY that is greater
than y as governed byf is noted asPs (Y >y) and is the integral off (y) from y to positive
in nity. The function f (y) is de ned such that the total area under the curve is 1, and sthe
probability of getting Y >y is the area under the curve beyond that point, or the fraction
of that area to the total area.

Assingle term in Zis given by y yiue)>= 7 wherey is normally distributed about yyuye
with a variance of 3 This should be equivalent to 2 with precisely one degree of freedom.
Without losing generality, this can be shifted to be about zer, and so the probability density
of y (and therefore  ?) is exactly that given in equation 110.

Now, consider a new random variableZ = Y? (this is a good question to ask because

2 is governed byY?). Imagine a new machine that prints out numbers equal to thegsiare
of those given to you by the rst machine. What is the functiong(z) which governs this
machine? It is immediately obvious thatPy(Z < 0) = 0 because the square of a number is
always positive. The probability of drawingZ < z from g(z) must be equal to the probability
of drawing Y? < z. The probability of drawing Y2 < z from g(z) must be equivalent to

p

drawing Y between "y from f (y) for y = z, and as stated before this must be equal to

P

the area underf (y) between " Yy. This integral is therefore equal toP4(Z <z) for z> 0

97



and so the derivative of this with respect taz must be g(z). To put it concisely,

Z, Zpr

(1112) P(Zz<z)= g(z)dz = o f(y)dy
0 d szz

(112) )o@ = o, L TOdy:

The limits of integration can be cleaned up a bit with some siple arguments,

(113) P( Py<y <Py = pv <Py pPv< Py,
(114) = p(iY<"y) a Py <Py
(115) = 2p (Y <Py 1;
and so

d"
(116) a(z) = Zd_z . f(y)dy

a4z 1 L,

= _ y= .

(117) 2dZ . —yp?e vdy ;

1 ey
(118) ) 9(2) = > Py

y

This function, g(z), is the probability density function which governs 2, and can be used
to calculate the critical 2 for some probability at one degree of freedom.

The general 2 distribution (see [45]) is known to be

Zk=2 1

(119) &(2) = me =2,
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where is the gamma-function,

Z,

(120) (t)= x' e Xdx ;
0

and k is the number of degrees of freedom. For this analysis=k6 for the two parameter
model and k = 5 for the three parameter model (8 bins - 2 or 3 pamseters). By setting
k to the appropriate value, integrating from 2 to positive in nity and setting the result
equal to 0.05, and then solving for 2, the critical limit for 2 can be found for a rejection
probability of 95% (which is the percent of 1 - 0.05). As it turs out, for k 7 the 95%
critical 2 is approximately 2k, and so for this analysis if at any time th chosen optimal t
has a minimum <  2:0 the chosen model is rejected with a probability of at least596.

There is one last important thing to note about 2. If there is no reason to doubt the
tested model, then 2 can be used to determine the uncertainties on the t paramets
themselves. Consider the vector space spanned by all poksib for a given model. This
space would have a number of dimensions, p, equal to the numlmé parameters used in
the model. The optimal ~ for a given set of measurements is a single point in this space
Repeating the experiment and testing the new measurementsliwesult in a new point in
this space which may not be the same as the old point. Repedalithe experiment many
times will result in a p dimensional distribution of possik¢ ~, each with a di erent 2. The
guestion is then, what is the region in p space that contains866 (1 ) of these points? How
is that region de ned?

This concept was rst described and expressed by the astrogdicist Yoram Avni in 1976
[46]. He found that these con dence regions in p space were ded by some increment,

, on the minimum 2. This increment only depends on the dimension ef and not the

number of degrees of freedom of?. For p=2 (the two parameter model) this increment is
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2.30 and for p=3 (the three parameter model) this incrementsi3.50. This means that for
the two parameter model, the region of space where solutions will fall 68% of the time is
the de ned by the contour of constant 2 which has a value of 2, +2:30. The size of this

contour de nes the statistical uncertainties on the paramiers of the solution space.

5.6. Forward Folding

Because the energy resolution of HAWC is poor (about 50%) it impossible to directly
t the measured ux as a function of energy (see section 5.2.1Instead, ts are done with
respect to fHit. In order to do this, distributions of the expeted excess as a function of
fHit must be simulated, and compared to data. The 2 statistic is used to determine the
goodness of t of these simulations with respect to the datalhe spectrum that produces the
simulated expectation distribution that minimizes 2 is then reported as the tted spectrum
for the data. This method of simulating a detector responsend tting the result to the
observed result is known as Forward Folding and was most retly employed to great e ect
by Fermi-LAT [47]. At rst glance this may seem like a computaionally intensive task, but
in reality it can be done very quickly.

Forward folding is most easily expressed in the language ofdar algebra. Consider the
measured excesk; where the indexi runs over the HAWC analysis bins. The measured
excess can be expressed as the linear transformation of saea ux, f; through some
matrix Cj , plus the measured backgrount}, where the indexj runs over real energy bins.

In short,

(121) Ei = Cijfj + b :

100



where the summation over j is implied. The matrixC; can be thought of the detector
response matrix. Mathematically, it transformsf; from the energy basisj, to the analysis
bin basis,i. In physical terms it maps a real ux through the detectors reponse, e ectively
simulating the detector output. If C; can be determined then the simulation of the expected
excess of a given spectrum becomes computationally trivial

In practical terms C;; is created by rst simulating some spectrum, in this case th€rab
nebula as measured by HESS, at the declination of a source thatto be t (thatis, Cj
must be created for every unique declination to be analyzedistributions of the simulated
energy for events passing signal selection cuts are creafed each of the ten fHit bins.
These energy distributions are then reweighed, energy bily lenergy bin, by the inverse of
the expected ux from the Crab nebula at the median energy oftiat bin. The result is a
cache of distributions, where the distribution in the™ analysis bin is weighted at a simulated
energy,Enc, by

Xi(Emc) .

(122) Wi(Ene) = Figsy |

where X;(Emc) Is the simulated excess in analysis binat energyEyc and F(Eyc) is the
calculated expected ux of the Crab nebula at energ¥yc . The simulated excess of a new
spectrum in a given fHit bin is just the integral of the appropiate distribution after it has

been reweighed by the calculated ux of the new spectrum.

5.7. Minimization Algorithms

With the ability to quickly calculate the value of 2(~) for a given model and model
parameters, the next goal is to determine the most e cient wato nd the global minimum

of 2. The vector ~ described in section 5.5 is a member of the vector space spzahrby
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all possible solutions for a single model. In the case of adar model, this would be a
2-space spanned by all possible combinations of slope anttioept. Finding the minimum
value of 2(~) for such a linear model would involve traversing the spacégeally in some
intelligent fashion, and evaluating (=) at each traversal step until some minimum is found.
Note that because such a space is continuous, it is impossildend an exact solution that
best ts a set of physical measurements because that wouldguere an arbitrary precision.
In reality, the precision of the solution is limited either ly the physical uncertainty of the
measurements (either statistical or systematic) or the retution of the searching method,
whichever is worse.
The rst, most direct algorithm used in this analysis for nding the minimum 2(~) is

a process known as grid searching. A grid search of the vecgpace~ involves dividing
the space into a grid, evaluating ?(~) at each grid intersection, and then simply selecting
the smallest value. There are some serious issues with thigaithm, but there are also
a couple benets. First, a coarse evaluation of 2(~) across the whole space is needed
to properly characterize the uncertainties associated witthe t parameters. Second, if
the grid resolution can be arbitrarily large (so the grid spees are arbitrarily small) a grid
search will always return the global minimum of the scannedpace. That is to say, the
grid search algorithm cannot be trapped by local minima or byegions where the change in

2(~) is very small. On the other hand there are a number major dravacks. First is the
prohibitive cost (in number of function evaluations) of se@hing the entire space. This cost
rises exponentially with the resolution and the number of diensions in the vector space (so
with 10 evaluations per dimension, it would take 100 evalumins to search two dimensions,
1000 for three, etc...). Second, the precision of the soloti is directly dependent on the

resolution of the search. At best, a solution reported via dict grid search has an absolute
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minimum uncertainty of about one grid width. Finally, using the grid search method requires
some knowledge about where to begin searchiagd knowledge about the possible range of
reasonable solutions. For these reasons, grid searchingswaed for minimization for only
those sources which could not be constrained to the three paneter model, and for all
sources in order to evaluate the uncertainty on the t parameers.

The second algorithm used for 2(~) minimization in this analysis is the Nelder-Mead
simplex descent algorithm. The simplex descent algorithns ia heuristic search algorithm
that can be applied to any n dimensional space, and does notgtere any knowledge or
evaluation of the derivatives of the objective function to b minimized ( ?(~) in this case).
The algorithm functions by rst de ning a simplex of n+1 points within the search space
(so a triangle in two dimensions, a tetrahedron in 3 dimengis, etc...). This simplex is
deformed and moved through the space based on the evaluatiohthe objective function
at the vertices. The goal of simplex descent it to encapsutathe global minimum within
the simplex, and then contract the simplex around the minimen until the di erence in the
relative positions of the vertices is small, at which pointhe algorithm ends. Once a simplex
of n+1 points ~1; ~; : . : ~nh+1 has been chosen a single cycle of the descent algorithm isroel
as follows.

First, all points in the simplex are sorted in ascending orddsased on the evaluation of

2 and the centroid, C, of all but the worst point (the one with the largest 2 value, ~+1)

is calculated,
(123) ’(~1) () (~n+1)
(124) C = 0 ~i

103



Next the worst point in the simplex, ~,+1, iS re ected across the centroid, creating a new

point ~,

If ~, is better than ~, but worse than ~; (that is, 2?(~1) < 2(~;) < 2(~p)) then the
re ected point would improve the simplex. The worst point isreplaced by~, and the cycle
returns to the beginning.

If it turns out that ~, is better even than the best point-; (that is, if the re ected point

leads \downhill"), then the expanded point,~¢ is created and tested,
(126) ~=C+2(~ OC):

If this expanded point is better than the re ected point, 2(~.) < ?2(~), then the worst
point is replaced by the expanded point and the cycle return®therwise the worst point is
replaced by the re ected point and the cycle returns.

If the cycle hasn't returned by this point, it is certain that ~, is between pointn and

n+ 1. If this occurs, then the contracted point,~. is created and tested,
1
(127) =CH 5t C):

If the contracted point is better than the worst point, ?(~.) < ?(~ns+1), then the worst

point is replaced and the cycle returns.
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If this fails, then the simplex is reduced with respect to thdest point, ~;. All points

except the best point move towards the best point,
1
(128) ~i= Tt §(~i ~1)

and the cycle returns.

This descent method is relatively insensitive to local mima and starting conditions, and
is much faster than a simple grid search. A precise three pamnater grid search with 100
bins per dimension takes upwards of 1 hour for this analysisingplex descent accomplishes
the same task in a matter of seconds. Because the algorithmhsuristic, there is no way
of knowing if the solution returned by this method is indeedtte optimal one, but this issue
is mitigated by throwing multiple simplex starting conditions, and taking the best returned

result.

5.8. Uncertainties

It is impossible to perfectly match a mathematical model toeal data. This is a direct re-
sult of the presence of both statistical and systematic undainties. Statistical uncertainties
(those that result from the natural uctuations in any physical measurement) will always
be present, and can really only be mitigated by taking more gkrvations. There are three
statistical uncertainties that need to be accounted for whe tting spectra with HAWC, and
these are the uncertainties associated with the measuredmioer of events, the estimated
background, and the simulation. The statistical uncertaity for the measured number of
events and the estimated background (done via MDI) are bothsaumed to be derived from
Poisson statistics. The distribution in the di erence in time of sequential events detected

with HAWC is inversely exponential. The more time that passeafter an event is detected,
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the more likely it is that another will follow. This leads to adistribution of the number of

detected events per unit time that is Poissonian,

e
n!

(129) P(n) =

whereP (n) is the probability of detecting n events within some interval, and is the average
number of events in the interval. This distribution has the mteresting property that the
variance of the distribution is the mean, . The number of events detected in an fHit bin is
taken to be the mean, , of this distribution and so the uncertainty in that number is the
standard deviation, orp B

The statistical uncertainty inherent in the simulation is ®mewhat trickier, because as
discussed in the previous chapter, the simulation has no ftie". Instead this must be derived
through the propagation of the uncertainty in the weights. Tke number of simulated events

from forward folding in a single fHit bin, MC, is

X
(130) MC = WiN; ;
whereW; is the forward folding weight for thei!™ energy bin of this fHit bin, and N; is the
sum of transit weights in that bin (e ectively the number of smulated events at energy bin

i). The uncertainty in MC, yc comes from error propagation ofV; [44].

X MC 2
(131) o= D

The partial derivative picks out a singleW;, and so

X
(132) we = WP
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The variance in N; is entirely dependent on the transit weighted sum of actualhtrown

simulations in energy bini.

X
(133) N; = Twgt; M; ;
where Twgy is the transit weight for the simulated source as calculatedith equation 82 and
M;j is the number of thrown events with weight Twgt. As before, calculating ,%,i involves

propagating uncertainty.

X @nN 7
134 2 - [CL
(134) N; oV M,

X
(135) = Twgt? & :

The uncertainty, u,, is the uncertainty of throwing M; events in the simulation that have a
weight Twgt; . This number is non zero because the simulation is governeg ldonte Carlo
processes. Ideally, we can assume that the random number getor used in the Monte
Carlo is perfect, and so v, would be the same as ifeal events were observed with the raw

simulated spectrum. Therefore, y, must bep M; and so

X X
(136) = Twgt’M; = Twgt, ;
j k
X X
(137) ) e = W2Twgty ;
ik

Where, again,i is over energy bins and is over the actual thrown events in bini. Recall

that Twgt contains a factor of 1=Niown - More than six million events are simulated for
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gamma rays alone, and so this uncertainty is vanishingly sth@much less than one event)
and can be ignored. It is included in this analysis for compkness.

Systematic uncertainties (those which result from the impé&ctions present in the detec-
tor or the analysis method) can be reduced by either modifygnthe detector or the detector
simulation. Systematic uncertainties are therefore disagements between the simulated be-
havior of a detector and the observed behavior (assuming naknown physics is at work).
These disagreements must be minimized or at least charaésexd in order to detect the
presence of new physics. For every variable used to cut data this analysis, there is an
associated systematic.

5.8.1. fHit.

The systematic uncertainty in fHit represents a disagreemettetween the number of PMTs
in the simulation compared to the real detector. In order to gantify the e ects of a dis-

agreement in fHit on the t spectra, data from the mid stages ofhe construction of HAWC,

known as HAWC-111, were t and examined. These data are dedoeid in section 5.1. In
order to do this properly a separate set of cuts needed to be ked and optimized assuming
365 PMTs for epochs 1 and 429 PMTs for epoch 2(see table 5.3).

As these data were recorded before the creation of PINCnessettore t 2 is used in
its place.

The methods and the two parameter model from section 5.6 waseed to t the spectrum
of the Crab nebula using epoch 1 and epoch 2 data. Only the twagameter model was used
because there is insu cient data in epoch 1 and 2 to constraithe three parameter model.
The 2 space spanned by , and was scanned to directly nd the global minimum. First,
the Crab nebula was t using the epoch 1 and 2 data sets indepaently using only bins 2

through 9.
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Table 5.3.  Cuts used in the analysis of epoch 1 and epoch 2 data for HAWC.

Bin # | fHit > | fHit Angular Bin (degrees), Compactness> | Core Fit 2< | Angle Fit 2<
0 0.045 | 0.067 2.26 2.0 13.0 13.0
1 0.067 | 0.105 1.94 3.0 18.0 12.0
2 0.105| 0.164 1.48 4.5 21.0 11.0
3 0.164 | 0.252 1.10 6.0 20.0 10.0
4 0.252 | 0.371 0.95 8.0 14.0 8.0
5 0.371| 0.511 0.80 11.0 15.0 7.0
6 0.511 | 0.655 0.80 12.0 11.0 8.0
7 0.655| 0.781 0.75 15.0 12.0 6.0
8 0.781 | 0.878 0.45 20.0 12.0 14.0
9 0.878 | 1.00 0.35 13.0 22.0 14.0

The epoch 1 spectrum was

dN . E 2:59 0:23
1 . = : 1:2 1 11 .
with a 2 of 1.85 and the epoch 2 spectrum was
dN . — . 1:3 11 E 268 .

with a 2 of 6.86 with 6 degrees of freedom. The pivot &, = 1TeV was chosen to make the
t results easily comparable to HESS. The tilt of the ellipsailal contours of the 2 space for
both ts indicate that the t parameters are not linearly ind ependent of each other (see g.
5.7 and 5.8). This will be examined and corrected for, but farow it does not matter as only
the change in the minimum is used for this systematic study Ife statistical uncertainties in
these ts were ignored when calculating the systematic).

The epoch 2 t has a slightly steeper index than the epoch 1 t. This is an e ect
resulting from the geometry of HAWC and the choice of binningariable. A 10 TeV shower

will saturate HAWC: every single PMT will probably trigger if such a shower lands on the
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X2 space for the Crab nebula with Epoch 1 X2 space for the Crab nebula with Epoch 2
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Figure 5.7. The 2 space for the epoch 1 t (left) and the epoch 2 t
(right). The dark region represents 1 uncertainty and the light region is 2 .
Both are within 1 of the HESS spectrum
10° Crab measured and simulated excess over Epoch 1 10° Crab measured and simulated excess over Epoch 2
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Figure 5.8. The epoch 1 t (left) and epoch 2 t (right). The dark and
light grey bands represent the 1 and 2 excess uncertainties predicted the
simulation of the HESS Crab.

array. The proxy energy variable used in this analysis is fHitthe fraction of the array

triggered by a shower. Because of this epoch 1 has a lower sation energy than epoch 2.
Any events above this saturation energy will fall into the lasfew bins (depending on where
it lands on HAWC). For equal exposures to the same source, thgoess counts in the higher
energy bins of epoch 1 are expected to be slightly larger thérose in epoch 2, thus resulting

in a slightly harder spectrum for epoch 1.
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Using these t results, the systematic uncertainty in the t parameters can be estimated
by examining the t values as a function of the number of PMTsn the array. Remember,
the primary thing that changed between epoch 1 and epoch 2 wé#se number of PMTs
present in the HAWC array. Knowing this, the increase of 64 PM3 from epoch 1 to epoch
2 steepened the index and and increased the normalization thie t spectrum by 2.3%
(from -2.59 to -2.65 in index and from -10.44 to -10.43 in log6rm)). This means that,
assuming the relationship is linear, every inactive PMT intie full HAWC array will shift
the index down and the normalization up by 0.035% per PMT whert with a pivot of 1
TeV. Assuming a liberal estimate of 10% of the array being o ineat any given time (120
PMTSs), this e ect would contribute 4.2% to the total systemaic uncertainty.

If there is a su ciently large number of inactive PMTs, then handling the resulting data
will resemble the combined epoch 1+2 data set. In order to alyae the combined epoch 1
and 2 data set (and therefore compensate for any systematieat results from a change in
the number of active PMTSs), the fraction of the total data conprising each epoch must be
determined. This can be found either by directly tting for the fraction of epoch 1 in the
joint data set, or by calculating a theoretical value basedrolive time and area.

Assuming that the measured excess is represented by somedmeombination of the

epoch 1 and 2 measurements, then

(140) Ei,=aE; + (1 a)E2 .

Fitting this value to the measured excess in the combined datet results ina=0:51 0:20.
Ignoring any e ects that do not directly involve the detecta, the total raw number of
gamma ray events in an epoch is proportional to the duratiomiwhich data was recorded, and

the e ective area of the detector. The e ective area of the dector is directly proportional

111



to the number of PMTs in HAWC. This suggests that

(141) o= P17 OBz

where

(142) b= (duration of epoch 1)(365PMTS) ;
and

(143) ¢ = (duration of epoch 2)(429PMTSs)

The duration of epoch 1 was 2,507 hours and the duration of eggp2 was 1,843 hours.

Relating these values ta shows that

O

(144) a= = 0:53;

(o
+
(¢}

which agrees with the t result for a.
The Crab spectrum for the data set containing both epoch 1 an@l was t by creating
a cache le for each of the epoch 1 and epoch 2 con gurations.h& expectation used for

forward folding was then calculated using

(145) Ewa = aCj,fj +(1  aCj,fj + bis ;
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with a value of a = 0.53, which is consistent with the t resultof a = 0:51 0:20. This
resulted in the spectrum

2:62 0:17
E

dN . — . 0:79 11 .
(146) GE( 0 )=(B:46 ) 107 ,

with a 2 of 4.55 and 6 degrees of freedom (8 bins - 2 parameters). THsoaagrees with the
results from HESS, but is signi cantly closer in both index ad norm than the epoch 1 and
epoch 2 ts alone (because of the di erence in exposure, segs 5.9 and 5.10). This suggests
that the reweighting method used is a reasonable way to comsate for the change in the

number of PMTs from epoch 1 to epoch 2.

X2 space for the Crab nebula with HAWC
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Figure 5.9.  The epoch 1+2 2 space. The dark region represents lun-
certainty and the light region is 2 .
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& Crab measured and simulated excess over Epoch 1+2
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Figure 5.10.  Resulting t for the epoch 1+2 analysis. The dark and light

gray bands represent the 1 and 2 excess uncertainties predicted by the

simulation of the HESS Crab.

5.8.2. Angular Bin.

The systematic uncertainty in the angular bin is a result of he disagreement between the
simulated and measured PSF for HAWC. Quantifying this di erece is a di cult task because
determining the angular uncertainty of HAWC without simulation requires knowing the true
origin location on the sky for a given event. It is impossibléo know with certainty the
origin of a single event, and so it is impossible to calculatee angular di erence between
the reconstructed and true origin on an event by event basisThat said, it is possible to

examine a well known point source and determine the angulancertainty (and therefore

the PSF) from that. If the angular extent of a source is very smhbwithin the eld of
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view of a detector, then the measured distribution of eventround that source is the PSF.
Conveniently, the Crab ts this criteria well.

Determining the optimal angular bin from data can be done inwto ways, just as it can be
done in simulation: either t a double Gaussian to the distibution of events vs angular dis-
tance from the Crab and calculate the analytical optimal binor select the angular bins that
numerically maximize the signi cance of the source (see dgs1l1 and 5.12). These methods
will yield slightly di erent angular bins, and so both shoutl be examined to determine a
systematic uncertainty in the PSF. The angular bins resultig from applying these methods

to the data are in table 5.4.

200

150

100

i Uﬂﬁﬂﬂmﬂﬂuﬂmﬂﬂ L
YR

Figure 5.11. The distribution of the excess events in a given pixel as a
function of the radial distance from the Crab to said pixel. Te integral of
this distribution from 0 to r will be the measured excess in aangular bin of
radius r degrees. The red line is a double Gaussian t.
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Figure 5.12.  The distribution of signi cance as a function of angular bin
size R (the integral of gure 5.11). The maximum signi cancels found at
R=0:3.

Using the values from calculating the optimal angular bin basl on tting the PSF to
data results in the spectrum

2:55 0:09
E

E=150 $§]Tev
1TeV

dN .
(147) d_E( 0r s E c) = (3 :34 8% 10 1 e X

With a 2 of 8.48 with 5 degrees of freedom (8 bins - 3 parameters). Agaihe statistical
uncertainties are not used to determine the systematic ungainty. Using the values from
choosing the angular bins which optimize the signi cance ahie Crab in data results in the
spectrum

2:60 0:07
E

1TeV

E=319 1788 Tev

dN .
(148) =( o iEQ)=(3:60 §3) 10" e :
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Table 5.4. Comparing the analytical optimal bin to the numerical soluion.
The analytical bins were chosen for this analysis becausesthumerical bins
are limited by the bin width used to discritize the PSF distrbution into a

histogram.

Bin # | Chosen analytic bins (sim) Crab analytic bins (data) | Crab numerical bins (data)
0 1.069 0.00214 3.70
1 0.849 0.979 1.34
2 0.652 0.553 0.70
3 0.522 0.520 0.58
4 0.419 0.395 0.38
5 0.353 0.276 0.30
6 0.337 0.227 0.26
7 0.250 0.233 0.18
8 0.231 0.182 0.18
9 0.202 0.115 0.14

With a 2 of 8.41 with 5 degrees of freedom (8 bins - 3 parameters). Themre perfectly
reasonable ts (- < 2:0 in both cases) which can yield some insight. First, it is pratbly
impossible to constrain the cuto of the spectrum with HAWC in a meaningful way, as
slight changes to the angular bin dramatically changed theuto . This suggests that the
systematic uncertainty on the cutto is demonstrably largeand dependent on the angular bin
size. Second, without knowing the true Crab spectrum, the mimum systematic uncertainty
on the index and normalization from an inaccurate charactesation of the angular resolution
can be estimated by comparing these two t results. From thisthe estimated minimum
normalization systematic is 7% and the index systematic i$2
5.8.3. CxPE and PINC.

The compactness and PINCness are both gamma hadron separai@nd so disagreements
between data and simulation on these parameters should alsad to an estimate of system-

atic error in the spectral t. The rst step in characterizin g this systematic uncertainty is
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Figure 5.13. The normalized distributions of CxPE40 (left) and PINC
(right) for both data (blue) and simulation (red) for bins 2-9.

to measure the di erence between the simulation and data fdyoth CxPE and PINC (see
g 5.13).

As it turns out these di erences are small and the distributios are qualitatively similar
when examining bins 2-9. Instead of tuning these variablea each individual bin, each
individual value for PINC and CxPE in the simulation was shifed by a multiplicative factor
equal to the fractional di erence between data and simulatin in the means of the distribu-
tions from g 5.13. CxPE and PINC values in the simulation wereshifted down by 1.05%
and 5.31% respectively. The Crab nebula was then t using th&orrected" simulations,

resulting in a spectrum of

2:66
E E=294TeV .

dN . — . 11
(149) GE( 0 )=@54 101 o ,

with a 2 of 4.01 and 5 degrees of freedom (8 bins - 3 parameters). Thigmge to the
simulation shifted the normalization by 1.1% and the index ¥ 4.5% for the t with a pivot
of 1 TeV. The shift in the cuto was again more than 100%, sugg#sg the true systematic

uncertainty in the cuto is huge.
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Scanning through a range of shift values and tting the restihg simulations to data
illustrates sensitivity of the t parameters to both CxPE and PINC (see g 5.14). The t
index is most sensitive to changes in PINC, requiring a disaggment between simulation and
data of only 10-20% in order to change the index by 10% while EE would have to disagree
by more than 60% to a ect the same change. The t normalizatio is most sensitive to
changes in CxPE, requiring a disagreement between simutati and data of 20-30% in order
to change the log(Norm) by 1%, while PINC would have to disagrdgy more than 60% to

a ect the same change. It is for this reason that both of thesgamma-hadron separators are
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5.8.4. Total Systemaitic.

Each of the systematics addressed above shifts the index amatmalization of the spectral t
in a speci c direction. However, this systematic study only ganti es the di erence between
the data and Monte Carlo simulations, and notwhat causes the disagreement. Because
of this, the systematics used for this analysis cannot be cected for. Indeed, it isn't even
possible to say with certainty that determining the cause ahe disagreements and correcting
them would shift the spectrum in the appropriate direction,because it could result in new
systematics which have not been addressed here. As a redhiits study can only say that the

t results are within some estimated systematic range. A libral estimate for the minimum
systematic uncertainty would be the sum of the discussed $gmatics, or 12.3% uncertainty

in normalization and 10.7% uncertainty in index at a pivot ofl TeV (see table 5.5). The

uncertainty in the cuto as estimated by these methods is alwst certainly on the order of

100%, and so only the statistical uncertainty will be repoed.

Table 5.5. The systematics used for this analysis.
Source % of Norm (1 TeV) | % of Index (1 TeV) | % of Norm (4 TeV) | % of Index (4 TeV)
fHit (10% array failure) 4.2% 4.2% 4.2% 4.2%
Optimal Bin 7% 2% 0.62% 2.3%
CxPE and PINC 1.1% 4.5% 14% 4.5%
Total 12.3% 10.7% 18.8% 11%
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5.9. The Crab Spectrum

The methods and spectral models from the previous sectionsn used to t the spectrum
of the Crab nebula using HAWC-SP. Bins 0 and 1 were excluded, cthe resulting t for
the two parameter model was

E 2:66 0:027stat +0:28sys

dN . - . 0:21 . 11 )

with a 2 of 13.47 with 6 degrees of freedom (8 bins - 2 parameters. sgeb.15 and 5.16).
Here, the reduced 2 is greater than two, and so the two parameter model is rejecteabove

95% con dence as a valid spectral t for the Crab Nebula as obsed with HAWC.
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Figure 5.15. The 2 space of the Crab nebula as compared to HESS. The
dark blue region represents 1 t uncertainty, and the light blue is 2

The linear correlation between index and normalization caseen in the slope of the 1 and
2 regions of 2 space. This can be adjusted by changing the pivot of the speat from 1

TeV to 4 TeV. Recalculating the systematic uncertainties at 4reV yields systematics of
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Crab measured and fit excess over 340 days
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Figure 5.16. The resulting t excess and data excess from HAWC in two
parameters (top) and the residual, data-t/t (bottom). Th e error bars on
the trepresent the t results for solutions on the boundaryof the 1 contour

in 2 space.

18.82% in normalization and 11% in index. The resulting spectrum at this new pivot is

dN E 2:66 0:030stat 0:29sys
- . = - 0:28 . 13 )
dE( o; )=(9:375 038 stat 1.8sys) 10 AoV :

with a 2 of 13.42 with 6 degrees of freedom (8 bins - 2 parameters. sge5.17). Again,
the two parameter model of the Crab Nebula is rejected above %5con dence.

Examining the three parameter model at 4 TeV results in a spgam of

E 2:54 0:095stat 0:27sys

4TeV

N .
N _ (103 3% st 01959 10

e E=(01:0 &' stat Tev) .
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Figure 5.17. The 2 space of the Crab nebula as compared to HESS. The
dark blue region represents 1 t uncertainty, and the light blue is 2

witha 2 of5.87 and 5 degrees of freedom (8 bins - 3 parameters, see. 1®%nd 5.18). This s
areduced 2 of 1.18 and the probability of getting a 2 larger than this is approximately 32%,
So there is no reason to doubt that the three parameter moded valid. That said, the cuto
energy is almost certainly untrustworthy, given the large ad perhaps unreliable systematics
it is subject to. Crossectional slices of the? space which intersect with the solution fail
to properly characterize the parameter uncertainties. Thiis because the solution space is
now extended into three dimensions, and the once two dimeasal contours are now three

dimensional surfaces (see gures 5.20, 5.21, and 5.22).
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data residual

Crab measured and fit excess over 340 days
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Figure 5.18. The resulting t excess and data excess from HAWC in three
parameters (top) and the residual, data-t/t (bottom). Th e error bars on
the trepresent the t results for solutions on the boundaryof the 1 contour
in 2 space.
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Figure 5.19. The 2 space for the three parameter Crab t. The minimum
solution is within the blue surface, which represents 68% oertainty (1 )
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Figure 5.20. The 2 space of index versus log(cuto ) for the three param-
eter model as viewed looking along the normalization axieft) and as viewed
with an intersecting plane at the solution (right). The surfce is at 1 , while
the intersecting plane shows both 1 in dark blue and 2 in light blue.
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CHAPTER 6

Other Sources

With the Crab nebula t and systematics calculated, this tti ng method can be applied
to other sources within the eld of view of HAWC, again using tle HAWC-SP data set.
That said, there are two core assumptions to the method dedeed for this analysis which
must hold in order for the results to make physical sense. Firghe source must be spatially
small in extent (point like). If a source is extended (that isif it subtends a region of the sky
more a few tenths of a degree) then the optimal bin calculatis and measurements break
down, and the simulation will greatly disagree with the data Second, the source must be
steady in time. If a source is transient (that is, the ux of ganma rays from the source
wildly changes in time), then scaling the simulations in tire (which are per transit) will not
accurately represent the ux from the source, even if the soce is signi cant on the sky.

Hotspots that are isolated enough can be explicitly named bed on the nearest single
source. If a source cannot be named either because it is toase to several known sources or
because it is not near any known sources, it is designated byetpre x HAWC followed by
the location of the hotspot in right ascension and declinain to the nearest 0.01 degree (for
example, HAWC12345-6789 is a hot spot located at (123.45,-89) in J2000 equatorial. This
designation scheme is not the designation scheme used by tmlaboration for con rmed
sources. This is because the analysis makes no claim as to twbe or not a hotspot is
actually a source.

The top ten most signi cant hotspots observed with HAWC were t using forward folding.
The hotspot in the region of Geminga was also t, as this is cuently a source of interest to

the collaboration.
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6.1. Markarian 421

Markarian galaxies are a class of galaxies rst described@studied by Benjamin Markarian
in 1963. All Markarian galaxies are characterized by the presce of intense ultraviolet
radiation far exceeding that of other galaxies. Markarian2ll (or Mrk421) is a blazar located
in the constellation of Ursa Major, between 122 Mpc and 133 Mgrom earth (making it one
of the closest known blazars). Markarian 421 stands out as awsce candidate because the
spectrum of Mrk421 extends well into the TeV range. That saijoMrk421 is prone to intense
intermittent aring, and even outside of these ares, the ux of Mrk421 is still highly variable.
For this analysis, Mrk421 was detected with a signi cance &2 at (166:16 ;3821 ) J2000
equatorial (see gures 6.1 6.2 and 6.4). Bins 2 though 9 wersad and the resulting 2

parameter spectrum was

dN E 3:26 0:045stat  0:36sys
—E( o )=(4:79 3% stat 0:90sys) 10 '3

q 4TeV ;

with a 2 of 16.77 and 6 degrees of freedom (8 bins - 2 parameters), Whiejects the 2
parameter model. Note that the 2 region is very small. This means that the region around
the minimum value is very \deep", not that the t is particula rly good. In three parameters

the spectrum is

dN a6 E 2:61 0:39stat 0:28sys

gE = (1728 §§ stat  0:23sys) 10 12 oy g E=(6:4 ¥ statTev) .

with a 2 of 4.74 with 5 degrees of freedom (8 bins - 3 parameters, seara@ps 6.5, 6.6, 6.7,

and 6.8).
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Figure 6.1. The blazar Markarian 421 as seen with the HAWC observatory.
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Figure 6.2. The measured excess form Markarian 421 and the t spectrum in
two parameters. The error bars on the trepresent the t resits for solutions
on the boundary of the 1 contour in 2 space.
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Figure 6.3. The measured excess form Markarian 421 and the t spectrum
in three parameters (top) and the residual, data- t/t (bot tom). If an error
bar is not present it means that the uncertainty extends to OThe error bars
on the t represent the t results for solutions on the bounday of the 1
contour in 2 space.
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Figure 6.4. The 2 space for the t of Markarian 421. Dark blue is 1
uncertainty, and light blue is 2 .
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Figure 6.5. The 2 space for the three parameter t of Markarian 421. The
minimum solution is within the blue surface, which represeés 68% uncertainty

1)

Figure 6.6. The 2 space of index versus log(cuto ) for Markarian 421 t
with the three parameter model as viewed looking along the moalization axis
(left) and as viewed with an intersecting plane at the solutin (right). The
surface is at 1 , while the intersecting plane shows both 1 in dark blue and
2 in light blue.
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Figure 6.7. The 2 space of index versus log(normalization) for Markarian
421 t with the three parameter model as viewed looking alonthe normaliza-
tion axis (left) and as viewed with an intersecting plane athe solution (right).
The surface is at 1 , while the intersecting plane shows both 1 in dark blue

and 2 in light blue.

Figure 6.8. The 2 space of log(normalization) versus log(cuto ) for
Markarian 421 t with the three parameter model as viewed loking along
the normalization axis (left) and as viewed with an intersdétg plane at the
solution (right). The surface is at 1 , while the intersecting plane shows both
1 indark blue and 2 in light blue.
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6.2. Markarian 501

Markarian 501 is another Markarian class galaxy. It, like Marian 421, is a blazar that is
highly variable in the TeV range and is prone to aring. Markaian 501 is located in the
constellation of Hercules, and for this analysis it was detsd with a signi cance of 21.7

at (25348 ;3979 ) J2000 equatorial (see gs.6.9 6.10 and 6.12). Bins 2 thoughn@re used

and the resulting t spectrum was

E 3:06 0:065stat 0:33sys

dN . — . 0:53 . 13
d_E( o )=(3:16 333 stat 0:69sys) 10 oy

with a 2 of 16.16 and 6 degrees of freedom (8 bins - 2 parameters), Whiejects the 2

parameter model at a con dence of 95% or more. In three paratees, the spectrum is

dN 47 s E 2:19 0:31stat 0:24sys
E:U 25 5gstat  li4sys) 10

e E=(7:94 6, stat TeVv) .
1

4TeV

with a minimum 2 of 2.66 with 5 degrees of freedom (8 bins - three parametersesgures

6.13, 6.14, 6.15, and 6.16).
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Figure 6.9. The blazar Markarian 501 as seen with the HAWC observatory.
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Figure 6.10. The measured excess form Markarian 501 and the t spectrum
in two parameters. The error bars on the t represent the t results for
solutions on the boundary of the 1 contour in 2 space.
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Figure 6.11. The measured excess form Markarian 501 and the t spectrum
in three parameters (top) and the residual, data- t/t (bot tom). If an error
bar is not present it means that the uncertainty extends to OThe error bars
on the t represent the t results for solutions on the bounday of the 1
contour in 2 space.

138



Figure 6.12. The 2 space for the t of Markarian 501. Dark blue is 1
uncertainty, and light blue is 2 .
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Figure 6.13. The 2 space for the three parameter t for Markarian 501.
The minimum solution is within the blue surface, which repreents 68% un-

certainty (1 )

Figure 6.14. The 2 space of index versus log(cuto ) for Markarian 501
t with the three parameter model as viewed looking along theormalization
axis (left) and as viewed with an intersecting plane at the $ation (right).
The surface is at 1 , while the intersecting plane shows both 1 in dark blue

and 2 in light blue.
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Figure 6.15. The 2 space of index versus log(normalization) for Markarian
501 t with the three parameter model as viewed looking alonthe normaliza-
tion axis (left) and as viewed with an intersecting plane athe solution (right).
The surface is at 1 , while the intersecting plane shows both 1 in dark blue
and 2 in light blue.

Figure 6.16. The 2 space of log(normalization) versus log(cuto ) for
Markarian 501 t with the three parameter model as viewed loking along
the normalization axis (left) and as viewed with an intersetg plane at the
solution (right). The surface is at 1 , while the intersecting plane shows both
1 indark blue and 2 in light blue.
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6.3. HAWC27646-1340

Hotspot HAWC27646-1340 is closest in proximity to PWN HESSJ182B37. It was de-
tected at 19.32 and t using bins 2-9 (see gs. 6.17, 6.18, and 6.19), resulty in a spectrum

of

E 2:86 0:12stat 0:31sys

dN . — . 2:3 . 13 .
d—E( oy )— (6 61 16 stat 125yS) 10 m ;

with a 2 of 5.2 and 6 degrees of freedom (8 bins - 2 parameters).

Figure 6.17. The hotspot HAWC27646-1340 as seen with the HAWC observatory.
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Figure 6.18. The measured excess form HAWC27646-1340 and the t spec-
trum (top) and the residual, data- t/ t (bottom).
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Figure 6.19. The 2 space for the t of HAWC27646-1340. Dark blue is 1
uncertainty, and light blue is 2 .
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6.4. HAWC27936-0665

Hotspot HAWC?27936-0665 is closest in proximity to PWN HESS J183169. It was
detected at 17.72 and t using bins 2-9 (see gs. 6.20, 6.21, and 6.22), resulfy in a

spectrum of

E 3:09 0:10stat 0:34sys

dN . — . 0:66 . 13 .
d—E( or ) = (2 63 0:53 stat 0495y3) 10 m ;

with a 2 of 10.02 and 6 degrees of freedom (8 bins - 2 parameters).

Figure 6.20. The hotspot HAWC27936-0665 as seen with the HAWC observatory.
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Figure 6.21. The measured excess form HAWC27936-0665 and the t spec-
trum (top) and the residual, data- t/ t (bottom).
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Figure 6.22. The 2 space for the t of HAWC27936-0665. Dark blue is 1
uncertainty, and light blue is 2 .
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6.5. HAWC27980-0583

Hotspot HAWC27980-0583 is closest in proximity to the unidened source HESS J1841-
055. It was detected at 16.77 and t using bins 2-9 (see gs. 6.23, 6.24, and 6.25), resuitj

in a spectrum of

E 3:09 0:14stat 0:34sys

dN . — . 0:69 . 13 .
d_E( o )=(2:51 gz, stat  0:47sys) 10 eV ;

with a 2 of 6.21 and 6 degrees of freedom (8 bins - 2 parameters).

Figure 6.23. The hotspot HAWC27980-0583 as seen with the HAWC observatory.
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Figure 6.24. The measured excess form HAWC27980-0583 and the t spec-
trum (top) and the residual, data- t/ t (bottom).
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Figure 6.25. The 2 space for the t of HAWC27980-0583. Dark blue is 1
uncertainty, and light blue is 2 .
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6.6. HAWC28107-0332

Hotspot HAWC28107-0332 is closest in proximity to both the udienti ed HESS J1843-
033 and J1844-030. It was detected at 14.3&nd t using bins 2-9 (see gs. 6.26, 6.27, and

6.28) resulting in a spectrum of

E 2:82 0:13stat 0:31sys

dN . — . 0:.91 . 13 .
d—E( or ) = (2 :09 0:63 stat OSgsyS) 10 m ;

with a 2 of 0.59 and 6 degrees of freedom (8 bins - 2 parameters).

Figure 6.26. The hotspot HAWC28107-0332 as seen with the HAWC observatory.
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Figure 6.27. The measured excess form HAWC28107-0332 and the t spec-
trum (top) and the residual, data- t/ t (bottom).
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Figure 6.28. The 2 space for the t of HAWC28107-0332. Dark blue is 1
uncertainty, and light blue is 2 .
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6.7. HAWC28433+0280

Hotspot HAWC28433+0280 is closest in proximity to HESS J1857+@?2 It was detected

at 14.26 and t using bins 2-9 (see gs. 6.29, 6.30, and 6.31), resulty in a spectrum of

E 3:05 0:12stat 0:34sys

dN . — . 0:46 . 13 )
d_E( o, )=(1:45 g3 stat 0:27sys) 10 ITev :

with a 2 of 3.81 and 6 degrees of freedom (8 bins - 2 parameters).

Figure 6.29. The hotspot HAWC28433+0280 as seen with the HAWC observatory.
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Figure 6.30. The measured excess form HAWC28433+0280 and the t spec-
trum (top) and the residual, data- t/ t (bottom).
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Figure 6.31. The 2 space for the t of HAWC28433+0280. Dark blue is 1
uncertainty, and light blue is 2 .
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6.8. HAWC28710+0643

Hotspot HAWC28710+0643 is closest in proximity to MGRO J1908+6. It was detected

at 14.26 and t using bins 2-9 (see gs. 6.32, 6.33, and 6.34), resulty in a spectrum of

E 2:65 0O:1lstat 0:29sys

dN . — . 0:54 . 13 )
d_E( o )=(1:48 g3 stat 0:28sys) 10 ITev :

with a 2 of 1.39 and 6 degrees of freedom (8 bins - 2 parameters).

Figure 6.32. The hotspot HAWC28710+0643 as seen with the HAWC observatory.
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Figure 6.33. The measured excess form HAWC28710+0643 and the t spec-
trum (top) and the residual, data- t/ t (bottom).
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Figure 6.34. The 2 space for the t of HAWC28710+0643. Dark blue is 1
uncertainty, and light blue is 2 .
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6.9. HAWC30476+3680

Hotspot HAWC30476+3680 is closest in proximity to VER J2019+368It was detected

at 15.43 and t using bins 2-9 (see gs. 6.35, 6.36, and 6.37), resulty in a spectrum of

E 2:46 0O:1lstat 0:27sys

dN . — . 0:59 . 13 )
d_E( o )=(1:14 {3 stat 0:21sys) 10 ITev :

with a 2 of 3.77 and 6 degrees of freedom (8 bins - 2 parameters).

Figure 6.35. The hotspot HAWC30476+3680 as seen with the HAWC observatory.
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Figure 6.36. The measured excess form HAWC30476+3680 and the t spec-
trum (top) and the residual, data- t/ t (bottom).
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Figure 6.37. The 2 space for the t of HAWC30476+3680. Dark blue is 1
uncertainty, and light blue is 2 .
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6.10. HAWC30784+4151

Hotspot HAWC30784+4151 is closest in proximity to MGRO J2031+4. It was detected

at 10.32 and t using bins 2-9 (see gs. 6.38, 6.39, and 6.40), resulty in a spectrum of

E 2:52 0:22stat 0:28sys

dN . — . 10:0 . 14 )
d_E( o, )=(9:12 ;P stat 1:7sys) 10 TTev :

with a 2 of 4.79 and 6 degrees of freedom (8 bins - 2 parameters). Begathe uncer-
tainty in the normalization is approximately the value itsdf, the t cannot be constrained

in normalization space.
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Figure 6.38. The hotspot HAWC30784+4151 as seen with the HAWC observatory.
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Figure 6.39. The measured excess form HAWC30784+4151 and the t spec-
trum (top) and the residual, data- t/ t (bottom).
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Figure 6.40. The 2 space for the t of HAWC30784+4151. Dark blue is 1
uncertainty, and light blue is 2 .
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6.11. Geminga

Geminga is a PWN located only 250 parsecs from Earth in the cdalation of Gemini.
Unlike the Crab, Geminga is highly extended, with a charactestic diameter of about 3.
TeV emissions were rst reported by Milagro 2007 but were nade nitively detected until
2009. For this analysis, a hot spot of 5.6 was detected within the vicinity of Geminga at
(97:91 ;1692 ) J2000 equatorial (see gs.6.41 6.42 and 6.43). Bins 4 thrdu@ were used
and the resulting t spectrum was

E 2:73 0:37stat 0:30sys

dN . — . 10:4 . 14 .
E( o )=(5:75 33" stat 1:08sys) 10 YRSY, ;

with a 2 of 0.99 and 3 degrees of freedom (5 bins - 2 parameters). Begathe statistical
uncertainty in normalization is greater than the value, the t cannot be constrained in

normalization space.
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Figure 6.41. The PWN Geminga as seen with the HAWC observatory.
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Figure 6.42. The measured excess form Geminga and the t spectrum (top)
and the residual, data- t/ t (bottom).
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Figure 6.43. The 2 space for the t of Geminga. Dark blue is 1 uncer-
tainty, and light blue is 2
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CHAPTER 7

Conclusions, Discussion, Future Work

and All That Jazz

The tabulated results from tting sources can be seen in tabl 7.2. There are a few
important conclusions to draw from them.

First, the minimum signi cance and normalization a source mst have before a t can be
properly constrained is between 10 and 14with a normalization of at least 10 *TeV ‘cm 2s
Anything less than this results in an uncertainty on the normhzation on the order of the
normalization value. This means that the HAWC observatory ca constrain the Crab with
less than a week of observation time. Anything less than thisnd the t uncertainties
increase rapidly (see g 7.1).

Second, the systematic uncertainties are reasonable butgsthbly unreliable. Quantita-
tively speaking, 19% on the normalization and 11% on the ingés within the expected range
for a particle array experiment. Milagro reported a systentec in normalization of 30% and
a systematic in the index of 0.1 (about 5%% [39]. Qualitatively, the reason why the system-
atics of this work should be considered unreliable comesrrdhe e ect of systematics that
would not be detected by comparing simulations to data. Forxample, suppose the simu-
lated PMTs trigger at a slightly di erent threshold than what is observed in HAWC. The
trigger \rate" for all PMTs in the simulation would change, which would change the number

of events per transit in every bin without changing the indiidual variable distributions. This

25HESS reports a systematic of 20% in normalization and .1 in index (on the ordeof 5%), and as an IACT
with a comparable sensitivity to that of HAWC, | would expect HAWC to ha ve an uncertainty close to or
greater than this.
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systematic would be entirely undetectable with the methodased for this analysis. Because
of this, the reported systematic uncertainty should be cordered lower limits.

Third, HAWC currently cannot constrain the cuto energy, and this can be seen in the
statistical uncertainties in the cuto , which are on the orcer of the value. This is probably
a result of the energy proxy chosen for this analysis, fHit. Bause the energy resolution of
HAWC is poor when using fHit, the cuto energy should have an urertainty of 50% at
best That said, the results from the Crab force the rejection ofite two parameter model at a
con dence above 95%. Even though the cuto cannot currentlype constrained with HAWC,
this result strongly suggests that the two parameter modekian insu cient description of
the physics at work within the Crab.

Finally, source identi cation is key to being able to get usefl t result. Consider
HAWC27936-0665, HAWC27980-0583, and HAWC28107-0332. These three hot spots
that could very easily be three distinct sources, or a singkource and two statistical uc-
tuations. There is no way to tell without having some measurefdhe statistical certainty
that a given hot spot on the sky is a unique TeV source. As a resuthere is no way to
attribute the t spectra to a specic source or physical proess. A \clump" of sources on
the sky might look like one very large source, and visa versaéhis is especially apparent for
Geminga, which is highly extended. The best way to mitigatehis problem is to only apply
this method to extra galactic sources, far from the galactiplane.

The most pro table direction for future work would be in the de nition of a new energy
proxy variable. A direct extension of fHit would be to examinghe fraction of hits in PE
bins, and derive an energy heuristic from that. For exampleonsider de ning two PE bins:
a low bin for hits with less than 10 PEs, and a high bin for hits mre than 10 PEs. It is

reasonable to assume that an event that triggers with an equiaction of PMTs in the low
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bin as the high bin would haveless energy than an event that triggers with a signi cantly
larger fraction of PMTs in the high bin than the low bin.

In general, this work demonstrates the ability to measure engy spectrawithout the
need to directly measure primary energy. The methods presed here could be applied to
any ground array experiment, which are possibly some of léasostly and most e ective
cosmic ray detectors at very high energies. This work also @glto our knowledge of the
Crab nebula, the standard candle for any cosmic ray experimte Further constraints on
the spectrum of the Crab will improve the mathematical modsl we use to to describe the
processes at work. These models may directly lead to new pel¢ acceleration technologies

and applications.

Figure 7.1. The 2 space for all sources that had a two parameter t with
a reasonable 2 overlaid on the same range. The change at 1% is dramatic.
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Table 7.1. Table of nal 4.0 TeV, two parameter t results determined by this analysis.
Designation Norm (TeV 'cm 2s 1) Index 2=DOF
HAWC27646-1340| 19.3| (6:61 %3 stat 1l:2sys) 10 | 2:86 0:12stat 0:31lsys| 5.2/6
HAWC27936-0665| 17.7| (2:63 & stat 0:49sys) 10 ¥ | 3:09 0:10stat 0:34sys|10.02/6
HAWC27980-0583| 16.7| (2:51 28 stat 0:47sys) 10 13| 309 O:l4stat 0:34sys| 6.21/6
HAWC30476+3680| 15.4| (2:09 32 stat 0:39sys) 10 *| 282 0:13stat 0:31sys| 0.59/6
HAWC27980-0583| 14.3| (1:45 §48 stat 0:27sys) 10 3| 3:05 0:12stat 0:34sys| 3.81/6
HAWC28433+0280| 14.2| (1:48 333 stat 0:28sys) 10 *| 265 O:llstat 0:29sys| 1.39/6
HAWC28710+0643| 14.2| (1:14 935 stat 0:21sys) 10 | 2:46 Ollstat 0:27sys| 3.77/6
HAWC30784+4151| 10.3| (9:12 1%%stat 1.7sys) 10 # | 252 0:22stat 0:28sys| 4.79/6
Geminga 56 | (5:75 1% stat 1:.08sys) 10 4| 273 0:37stat 0:30sys| 0.99/3
Table 7.2. Table of nal 4.0 TeV, three parameter t results determined ly this analysis.
Designation Norm (TeV 'cm 2s 1) Index Cuto (TeV) 2=DOF
Crab 83| (1:03 %L stat 0O:19sys) 10 2| 254 0:095stat 0:27sys|9L0 14 stat | 5.87/5
Markarian 421| 32| (1:.23 2§, stat 0:23sys) 10 2| 261 0:39stat 0:28sys | 6:4 1% stat | 4.74/5
Markarian 501| 21| (7:25 3f stat Li4sys) 1013 219 0:31stat 0:24sys | 7:94 1% stat | 2.66/5
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