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ABSTRACT

The Fly’s Eye group has studied two of the most important topics of extremely high
energy cosmic ray (EHECR) physics — the spectrum and composition. The results from
study of these two topics show evidence of two components in EHECRs. One is a heavy
source, mainly iron nuclei, which dominates at energyies lower than 3EeV. The other
is a light source, mainly protons, which dominates at energies higher than 3EeV. This
study uses several anisotropy analyses to study the arrival directions of EHECRs. |

We start with a review of cosmic ray physics and the Fly’s Eye detector. The v
system resolutions and the difference between the real detector and the Monte-Carlo
are examined. Some systematic errors and differences are found. The data structure and
isotropic backgrounds are then discussed. Some improvements are made to avoid large
error or to increase statistics. Two types of backgrounds, scrambled events and live time,
are discussed and compared. For the first time, event rate is introduced in the live time
background. The two backgrounds are consistent with each other in the large scale.

The analyses consist of the six sky lobes, the harmonic analysis, the galactic plane
enhancement factor, the galactic latitude gradient, the galactic plane clustering, and the
supergalactic plane clustering. A consistent trend exists in all analyses except harmonics
analysis and supergalactic plane clustering; the largest anisotropy is at 0.4 — 1.0EeV and
then decreases as energy increases. This trend can be explained by an overestimation
of events near the galactic plane and an underestimation of events near the poles. This
trend shows that a small degree of anisotropy exists at energies below 3.2EeV and might
be a clue to the galactic origion of these cosmic rays. We also found a clustering of events
near the supergalactic plane. Although this finding is a confirmation of other reports,

the relation of this clustering and the supergalactic structure is not vet clear.
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CHAPTER 1

INTRODUCTION

Cosmic rays are energetic charged particles, some of which come from outside the
solar system. Their energy ranges from 10%eV, normally treated as high energy particles
in nuclear physics, to 10?%V. These cosmic rays are fascinating not only because of
their extremely high energy but also because of where they come from, how they are
accelerated, and what nuclei they are composed of. These questions constitute the main
topics in cosmic ray physics. The research on cosmic rays contributes not only to the
understanding their nature but also to high energy physics, cosmology, and astrophysics.

The Fly’s Eye is a detector of extremely high energy cosmic rays, EHECRS, which have
energy greater than 10'7eV. This dissertation concentrates on the question of the arrival
direction of EHECRs. The anisotropy of EHECRs may indicate where these cosmic
rays come from. Together with some information about the spectrum and composition
of cosmic rays, anisotropy studies will help solve theoretical problems related to the
acceleration models, the cosmic ray sources, and the galactic magnetic field strength.

Although the Fly’s Eye 1 detector was shut down in July 1992, some of the best
observational data have just been published by the Fly’s Eye group [1, 2, 3, 4, 5, 6, 7, 8).
Around 0.3 x 10™eV (the ankle point), the spectrum is shown to become flatter than
below 10'%eV, and the major composition appears to change from iron to proton. This
correlated change may indicate a transition between cosmic ray sources. One possibility
is that a heavy, mainly iron nucleus, galactic source terminates around the ankle point;
another light, mainly proton, extragalactic source begins to dominate.

Chapter 2 starts with a short summary of cosmic ray physics below 1017eV. This
sumimary serves as a foundation to the higher energy region. We then review some basic

experimental EHECR physics topics. We start with the interactions of cosmic rays in
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the atmosphere, then discuss how to use these interactions to detect the primary cosmic
rays. The classical topics of the spectrum, composition, and anisotropy are discussed
later. Finally, the galactic magnetic field, a major factor for anisotropy, is discussed in
order to understand its influence on anisotropy from several regions of the galaxy.

A brief introduction of the Fly’s Eye detector is presented in Chapter 3. The software
reconstruction of extensive air shower is discussed latter. The Monte-Carlo simulation of
the shower and the detector is then introduced. The final section compares the virtual
and real detectors.

Chapter 4 discusses the foundation of this research. It covers the processing of observed
-data and techniques of predicting the isotropic distribution. The most difficult part of
the anisotropy study is the prediction of what an isotropic distribution will look like::
Two types of prediction, event scrambling and live time, are used in this research. The
latter has never been successfully used in previous analysis; but due to some improvement
in algorithms, it is successfully applied to this research and is found consistent with the
scrambled event methods which were used in previous analysis.

The main topics of this dissertation are in Chapter 5 which discusses the algorithms
and results of anisotropy analyses. First, we compare the event probability density
and live time background in several coordinates. Then we discuss and present each
anisotropy analysis, such as the six-sky-lobes, the galactic latitude gradient, the galactic

_plane enhancement factor, the harmonic analysis, and the galactic plane clustering.

Finally, in Chapter 6 we summarize the new improvements, the new finding in system

resolution from previous chapters and the results from anisotropy analyses; we then

conclude with a possible explanation of those results.



CHAPTER 2

EXTREMELY HIGH ENERGY
COSMIC RAY PHYSICS

This chapter reviews cosmic ray physics. The first section gives a short summary of
cosmic ray physics from GeV to EeV energies; then all other sections concentrate on
extremely high energy cosmic rays.

The ultimate question of cosmic ray physics is cosmic ray origin and acceleration
mechanisms. Experimentally, using various kinds of detectors, we try to detect cosmic
rays and to identify their energy, composition, and arrival direction. Theoretically, we
apply physical laws to learn how these particles travel through space and the atmosphere
and to search for where and how they are accelerated to such high energy. By using
the observed data of energy spectrum, composition, and anisotropy, we may limit some
possibilities and learn about physical processes that cannot be reached within the solar

system.

2.1 Introduction to Cosmic Ray Physics
2.1.1 Spectrum

Cosmic rays have been studied for more than 90 years [9]. Before particle accelerators
were available, cosmic rays were the only available source for high energy particles and
many fundamental particles were found from the study of them [10]. Even now, the
energy of EHECR is unreachable by today’s accelerators.

The most distinctive feature of cosmic ray physics is that the flux of cosmic rays follows
a power law of energy

N(E)E x E~1dE

where 7 is called the spectrum index. Depending on the energy range, 7 is approximately

2.5 to 3.1. Due to this large index, the flux is decreasing dramatically. Therefore, it is

,,,,,,,,
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customary to multiply the differential flux with some power of energy. Figure 2.1 shows
the differential spectrum for the sum of all nuclei from 10eV to 10%V [7, 11].

Two spectrum breaks or changes of spectrum index can be found in Figure 2.1. The
first is called the ‘%nee’. The spectrum index is about 2.5 - 2.7 for the all particle spectrum
for energy below 10*°eV. It then steepens to about 3.1 above the knee.

The second break is called the ‘ankle’ and it occurs around 3 x 10'%eV, 3EeV. Due
to extremely low flux, the statistics are very poor in the EHE region. The existence of
this feature is still debated. According to recent Fly’s Eye results, the spectrum index
rises from 3.01 at 0.1EeV to 3.27 at 0.3F¢eV and then falls to 2.71 above 3EeV [2, 7).
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Figure 2.1. The all particle differential spectrum. The proton 4, Tien Shan, and Akeno
data are from {10]. The new Akeno, Yakutsk, Haveral Park, and Fly’s Eye data come
from [5].
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Although there is some dispute about these two points, I use them as landmarks to

distinguish different methods of research and physics in the subsequent contents.

2.1.2 Detection

2.1.2.1 Below the knee. Below the knee, cosmic rays can be stopped in a small
volume detector such as spark chamber, emulsion chamber, ... etc.. Therefore, both
energy and chemical composition can be studied directly. Direct measurements are valid
up to 10eV and are expected to be extended to 10'%eV in the near future. These
detectors can be flown on board balloons or satellites to avoid the absorption caused by
the atmosphere.

2.1.2.2 Above the knee. Due to low flux and deep penetration of the atmosphere,

cosmic rays above the knee can be detected only by their interaction with the atmosphere.

These detectors are discussed in detail in section 2.3.

2.1.3 Composition

2.1.3.1 Below 10'%V. Some cosmic rays below 10%V come from energetic solar

flares and solar winds. But the flux shows an anticorrelation with sun spot activity,
suggesting the existence of an extrasolar component whose transport is modified by the
solar wind.

2.1.3.2 10" to 10'eV. Cosmic rays above 101%V are less modulated by solar wind.

Figure 2.2 shows the histograms of the abundance of nuclei from cosmic rays and from
solar system material {12]. The composition of these cosmic rays is similar to matter in
the solar system. The secondary/primary nuclei ratio such as Be/C can be used to study
how much interstellar material these cosmic rays pass through. Radicactive isotopes,
such as '°Be, can be used to study the age of cosmic rays.

2.1.3.3 Around the knee. The reason for the formation of the knee is unknown.

There are two plausible theories. One uses a rigidity dependent leakage out of the galaxy.
The other assumes that the maximum energy of acceleration is limited by the acceleration

mechanisms. The former predicts an increasing fall-off of the flux with energy for lighter

e
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Figure 2.2. Nuclear abundances in cosmic rays and local galaxy. Data come from [12].

elements. The composition therefore will become gradually heavier [13]. Depending on
the exact acceleration mechanism, the latter theory predicts that the composition as a
function of energy could also be affected. Direct measurements are needed to resolve this
debate.

2.1.34 Above the knee, Above the knee, the composition is measured indirectly
and has large statistical fluctuations. The first important issue is to distinguish v ray
induced showers from charged cosmic ray showers. This distinction can be made by using
the muon content of a shower. The second issue is to find the atomic weight of cosmic

rays. That is difficult because only the secondary particles are recorded. Few results have



been reported. Recently the Fiy’s Eye group reported that the EHECRs are dominated by
heavy (probably iron) nuclei from 0.1 to 0.3EeV and change gradually to predominantly
light (protons) above 10EeV.

2.1.4 Anisotropy

The large scale anisotropy is normally defined as

§ = Imaa: - Imin
- Ima:c + Imin

where I, and Ip;, are the maximum and minimum flux at some coordinate. But this
definition is hard to use. Instead, harmonic analysis, discussed in sec 2.6, is the most

widely used technique.

2.1.5 Source and acceleration

2.1.5.1 Below the knee. The seeds of cosmic rays are believed to be generated

by violent star activity such as flares and supernova explosions. These particles are then
accelerated by supernova shock waves [16, 16]. Some gamma rays have been observed from
supernova remnants [14]. These gamma rays come from the interaction of cosmic rays
with the surrounding gas. Their direction and periodicity all show positive correlation

with supernova remnant activity.

2.1.5.2 Above the knee. It is generally believed that the source of above the knee

cosmic rays is galactic. But the aceeleration mechanisms are still a mystery. Some shoek
acceleration models are modified to work in these energy regions [17, 18].

2.1.5.3 Above the ankle. Due to the imit of proposed galactic acceleration mecha-
nisms, coSIic rays above the ankle are supposed to be extragalactic. Further investigation

is needed.

2.2 Interaction in the Atmosphere

2.2.1 The extensive air shower

Cosmic rays entering the atmosphere will collide with nuclei of atoms such as nitrogen

or oxygen. These interactions generate secondary particles such as nuclei and pions.
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These secondary hadroms collide with atmospheric nuclei and generate further secondary
particles in similar ways. The pions decay into muons and neutrinos or gamma rays,
which can generate secondary electron-positron pairs and electron neutrinos. This cascade
process, called an extensive air shower or EAS, continues until the mean energy of the
individual particle is too low to generate new particles and the number of particles, or
the shower size, reaches a maximum. This point is called the shower maximum, and the
depth of shower maximum is called Xpq,. After this point, the energy loss mechanisms
dominate over the particle production mechanisms. These parameters and the primary
energy are related to each other.

~* An easy toy model can explain some important connections between these variables.
Suppose the initial energy is E and each cascade generates M particles and passes
through A gm/em? of matter. The first interaction would occur in A gm/em? and have
M secondary particles, each having energy E/M. The second interaction happens at
2X gm/em? and has M * M particles each having energy E/M?2, .. et cetera. So the
Nth interaction will take place in N gm/cm?® and have MV particles. If the mean
energy reaches the critical energy E, the energy at which particles stop multiplying,
then' the maximum size Spor 18 M7, the depth of shower maximum X,,,, is NA, and E.

is B/8maz- So

In S0 _ InE/E,
InM  InM

E = EC ES Smcm: c Sma,;r

Xmaz = A% (0 Smaz/1n M)  In Spras

where the total initial energy is proportional to shower size at maximum and the depth
at maximum is proportional to the logarithm of the shower size.

Of course, the real world is not so simple. The cascade generates different secondary
particles according to the high energy interaction, and the interaction lengths depend on

the cross sections o, _,;; which depend on the energy of incident and secondary particles.



2.2.2 High energy interaction

Ignoring heavy meson production, the first interaction can be simplified to be either
hadronic shower : CR +NorO — Hadron+ 7% or K%
electromagnetic shower : v+ NorQ - Hadron + 7%° or K%

Y+Nor O —et +e
There are three channels of interaction after the first interaction.

Hadronic channel:
inelastic scattering Hadron + N or O — Hadron + #%9 4 K+0

Electromagnetic channel :

pion decay ™0 — 2y
pair production v — et+4e
compton scattering et +y = eFpny
Muonic channel :
pion/kion decay ¥ or K —  uF+u,(7,)
muon decay pt = et 4 (T + 7, (V)
bremsstrahilung e — e+put+pu

‘These teactions are well known but not in the extremely high energy region. The
interaction cross sections must be extrapolated from the low energy region and therefore
depend on extrapolation models. These interactions can be Monte-Carloed with some
assumption and model-dependent cross sections. Chapter 3 explains the energy recon-
struction and Monte-Carlo. Figure 2.3 shows a schematic of an EAS, the three channels,

and three types of deteciors.

2.2.3 Longitudinal development

For gamma ray induced showers, EAS simulations use two approximations. For the
first approximation, only bremsstrahlung and pair production are counted for the particle
generating process. Other processes are neglected and asymptotic diffusion equations are
used. For the second approximation, only the ionization loss of electrons and the compton
scattering of gammas are counted is for energy balance. For an electromagnetic shower,

the number of electrons, N, can then be parametized as [19]

N, = 9_@3@(1.0—1 .51ns)
vy

where s is the shower age parameter [20] which is 0 at the first interaction, 1 at maximum,

and 2 at the point where the number of particles is less than 1. The variable ¢ is the
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Figure 2.3. Schematic of an extensive air shower. The three channels of interaction and
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depth into the shower in radiation lengths. The variable y is similar to interaction times

N in the toy model. Here y = In(E/E,). The y, ¢, and s are related by

-_3_
=15 2%”
For a hadronic shower, the first interaction plays an important role since it gener-
ates secondary hadrons and pions/gammas which then initiate electromagnetic showers.
Therefore the hadronic shower can be treated as hadronic core plus electromagnetic
subshowers. Due to.this complexity, the hadronic shower lacks a well-defined shower
age. After shower maximum, the hadron generation stops; therefore the rest is just a
superposition of electromagnetic showers.
Gaisser el al. developed a model to describe the longitudinal development of nu-
cleons and pions 7* [21]. The 7° is not fed into the hadronic cascade since it decays

electromagnetically. The muon and neutrino are counted in the pion part.

dNg, (E, X) Ng,(E,X) . [* Fyn(E,E') Ng,(E',X)

= Rl ’ =) g
dx AN(E) e F AN(E’)
dlig,(E, X) [ 1 €x ] / Fiee(E, E') Ny (E', X)
—— = g (£, X

dFE’

/oo FWCTC(E E) Ng,(E', X)
A'JT(E’)

Ng,(E,X), g, (F,X) : Number of nucleons and pions at energy E and depth X
for primary energy Fg.
AN(E) An(gry ¢ Interaction length of nucleons and pions which are deter-
mined primarily by oi"¢,. and ol

Fu(E,E"Y : Feynman scaling for the reaction

a + air — b+ anything

ﬂb(E E’)— :nef/daabd ]

To find a solution one need to make some assumptions about scaling. According to

Monte-carlo calculation the result for a proton initiated shower can be parametized as

X _ XO (Xma:r"'XO)/’\ _
N(X) = Npe (m> e Xmaz—X )/ (2.1)
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Nyer @ shower size at maximum
N(X) : shower size at depth X
Xy : depth at first interaction
A ¢ interaction length = 70gm/em?

. Although this formula is derived for a proton initiated shower, the shower generated by
a heavy nucleus with atomic number Z can be treated as superposition of Z subshowers,
each with energy Eop/Z. This formula is used in Fly’s Eye data reconstruction and is in

good agreement with observed data.

2.2.4 Lateral development

The lateral distribution of an electromagnetic shower can be viewed from the cen-
ter of momentum system as electrons’ multiply scattering. The particle density at a

perpendicular distance r from the core is {20]

N ?
o) =5 () (22)
N : total number of electrons
s : age of electromagnetic shower
71 :  Moliere multiple scattering unit ~ 79 meter at sea level
f : Nishimura & Kamata formula

! (s’ %) - (%) B (1' * %)8_4.5 2::1‘;15()&;?4?55_) 23)

For hadronic showers, we can add a hadronic core to the electromagnetic shower.
Since the average shower age is approximately 1.25, equation 2.2 becomes the Nishimura-
Kamata-Greisen (NKG) lateral distribution

I'(3.25)
270(1.25)I'(2)

N 7 - P
— 483_.(— —0.75 1 3325
0.48 1“2(3“1) { +r1)

. N T 075 T\ w325
o) = FHE T D)

The whole formula is independent of atmospheric depth to the first order. But we should
bear in mind that this is an average and r; depends on depth. This formula s valid
for depths between 600 and 1600gm/cm? and large fluctuations from average should be

expected.
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The muon lateral development is a little bit complicated because pions are more likely
to decay when the energy of the pion is less than 30GeV or its height is above 5km.
Therefore the higher energy muons detected at sea level reflect the earlier part of the
shower. This is an important clue to distinguish electromagnetic showers from hadronic
showers. The muon lateral distribution for a nearly vertical shower with energy > 1GeV
is [20}

pu(r) = 18r707(1 4+ »/320)"23( N, /10°)7 muons/m?

The radial dependence is flatter than the electron development. This dependence enables

the muon detectors to be spaced wider apart than electron detectors.

2.3 Detection High Energy Cosmic Rays
The primary cosmic ray deposits its energy into the atmosphere through three chan-
nels. Most of the hadronic channels end up as electromagnetic chanpels. These charged
particles lose their energy by excitation and ionization. The fast moving particles also
generate Cerenkov light. These different forms of energy enable three different types of
detector to detect the shower. The ground/underground array detect the charge particles,
the Cerenkov telescope detect, of cause, cherenkov light, the Fluorescence light detector

detect the fluorescence light from excited nitrogen.

2.3.1 Charged particle detector array

These arrays use scintillation counters or other charged particle detection devices to
detect charged particles. To detect muons, the detéctor must be buried several feet
underground to shield out the vast number of electrons. Yor the neutrino part, deep
underground detectors, such as those used for proton decay or solar neutrino experiments,
must be used.

The main problem for ground arrays is that they detect only one slice of the lon-
gitudinal distribution through widely spaced detectors. It is possible to find the total
number of particles, N., by fitting the particle density sampled by individual counters

to a certain lateral distribution. Since there is no direct information on shower age s
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and initial particle composition, it is impossible to directly fit lateral distribution to the
NKG distribution. One way is thst the s is left as a free parameter to be determined
later. When the energy is below 10*eV, the shower size rather than the primary energy
is the directly measured quantity and is usually used in interpreting array data. As the
energy increases, the fluctuation becomes too large to have a good lateral fit. The other
way is the p(600) method, which uses the particle density 600 meters away from the core
to estimate the total number of particles. This method had been shown to be the least
dependent on shower development assumption [22]. The Haverah Park group estimated
the shower energy by
E =7.04 x 10" p,(600)"718 oy

where p+(600) is the corrected particle density for a vertical shower [23]

p.(600) = p(600)e(1018/X)(secb-1)

2.3.2 Cerenkov light

Cerenkov telescopes are widely used for gamma ray astronomy. To generate Cerenkov
light, the particle velocity v must be greater than the light velocity of that media, ¢/n(H),

where n is the index of refraction at altitude H. The minimum energy at H is
Erin = 0.511MeV //26

§=1-n=0.0029%+e "/
H, : scale height = 7.5Km at sea level

Cerenkov light is emitted in a small angle:
Omaz = Cos '(1/n) ~ 81v/6 degree

The angular distribution of Cerenkov photons come from this small angle plus the angular

spread of electron multiple scattering. It can be approximated by [19, 24]

dN, e
=
df) sin
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where

b = 0.83E_ 067

min
which generates an intense beam within about 6 degree of the shower axis.

The primary particle energy can be found from the total light flux of Cerenkov

photons. These photons are an integral over the total shower track:

Xg
o(k) = [ W(X)N(Eo, X )do (2:3)
T(X) = EE°_ Q(E)G(E,X)dE
Q(E) = % = 47 o (1 - (E%WY) / %d,\ photons/meter

@(F) : number of photons emitted by electron of energy F per unit length
G(E,X) : mnormalized electron energy spectrum of EAS at depth X
¥(X) : total number of electrons at depth X
Ne(Eg,X) : longitudinal development of EAS with energy Ko at depth X.

The only unknown is G(E,X) which can be found from Monte Carlo simulation of
hadronic showers. Results show it varies only slightly with enérgy and the ‘I!(X ) is
almost independent of depth X. Therefore ®(Fy) can be simplified as

Xaq
B(Eg) = U(Xma) j; No(Eo, X )dz

This equation simply means that the Cerenkov flux is the integral of the shower longitu-
dinal development above the observation altitude.

The lateral distribution of Cerenkov light has a “Cerenkov 1ing” around the shower
core which comes from early interaction at high altitude. This angular dependence and

pulse profile provide information about longitudinal development and shower maximum.

2.3.3 Nitrogen fluorescence

Ionized particles can excite nitrogen molecules, which then emit fluorescence photons,
mosily from the 2P band of N5 and 1IN band of N;", within about 10 to 30 nanoseconds.
The wavelength of this fluorescence light is about 3100A to 4400A. The atmosphere

is quite transparent in this wavelength range (attenuation length about 15 km for a
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vertical beam). The fluorescence yield is mildly dependent on altitude and temperature.
Although the fluorescence yield is quite small, the huge number of electrons and the
isotropic emission of fluorescence photons from the shower make it possible to detect
the fluorescence light even 25 kilometers away! This far reaching sensitivity allows this
detector to cover a huge area, making it suitable for the detection of an extremely low
flux of EHECR.

The -world’s unique fuorescence light detector operated by the University of Utah
Fly’s Eye group is in Dugway Utah. The details of hardware and software are covered in

Chapter 3.

2.4 Spectrum

2.4.1 Fly’s Eye energy spectrum

Figures 2.4 and 2.5 show the spectrum using steréo and monocular Fly’s Eye data
[2, 7]. The stereo spectrum can be divided into three regions and a dip is clearly seen.
Using the weighted least x? fit, the best fit spectral indexes are listed in Table 2.1.

The expected number of events based on the overall fit (renormalized at 10'76eV)
is 5936.3; the observed number is 5477. The significance of this deficit is 5.960. The
expected number of events above 10'%%e¢V based on the overall fit (renormalized at
1085¢V ) is 230.0; the observed number is 281. The significance of this excess is 3.40.

If we use the best fit in 10176 — 10132, the expected number is 205.9 which is 5.20.

Table 2.1. Spectral slopes and normalization of J(E)(m Zsr~1s71eV 1)

Energy range Normalized at
Type (eV) Power index log,y(normalization) (eV')
10172 — 10198 | —3.18 £ 0.01 -29.593 101%
stereo | 1017~ — 1017 | —3.01 £ 0.06 -29.495 1018
10176 — 10185 | —3.27 4 0.02 -29.605 1018
10385 — 10196 | ~2.71 4 0.10 -32.623 10%°
10172 —~ 10799 | —3.07 £ 0.01 -29.55 10'%
mono | 10773 ~ 107507 —3.08 £ 0.01 -29.56 1078
10190 — 10797 | —2.89 4 0.15 -29.62 108
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This clear ankle feature is washed out in monocular data by poorer energy resolution,

but the flattening of the spectral index is still significant.

2.4.2 Highest energy event

A 3201’2’3 EeV event was recorded by Fly’s Eye 1 on Oct. 15 1991 at universal time
7:34 am [25]. The depth of shower maximum, Xmar = 815732g/cm?, is consistent with
the expected depth of a proton (Xn.; = 850g/cm?). The arrival direction is 85.2 + 0.2
degrees of right ascension and 48.0722 degrees of declination or 9.6 degrees of galactic
latitude and 163.4 degrees of galactic longitude. This event comes from the direction near
the anticenter of the galaxy. At this energy, the gyroradius is about 150K pe for a proton
in the galactic magnetic field of 2.2uG. The angular deflection is less than 1 degree in
galactic magnetic fields [26]. Two nearby pulsars, the Crab and Geminga, are about 20
degrees away. No other known galactic energetic sources are near the arrival direction of

this event. However a radio galaxy 3C134 is in the vicinity. The source of this event is

probably not in the galactic disk but could come from outside our galaxy.

2.4.3 Greisen-Zatsepin-Kuzmin effect

The 2.7°K blackbody radiation photon can interact with the cosmic ray mainly through
Yoo + P — A (1232MeV) —p+7or n+ 7T

This interaction was discovered by Greisen [27] and independently by Zatsepin and
Kuzmin [28] shortly after the confirmation of the existence of microwave background
radiation. If cosmic rays are extragalactic, the cosmic ray flux above a certain energy
is attenuated by 2.7°K microwave photons with an attenuation length of about 6 Mpe
in intergalactic space. Most of the cosmic rays will be cut off above a certain energy.
Hill and Schramm [29] calculate the detailed interaction and consider the red shift of
the microwave background. The cut-off energy depends on the source spectrum and the
distance of the source. The further away the source, the lower the cut-off energy. If the

source is 18Mpc away, (the virgo supercluster is about 20Mpc away), then cosmic rays
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with energy > 100EeV are virtually unattenuated. But if the source is 144Mpc away, the
cut-off energy is about 60EeV. For a 300LeV proton, it is possible to come from 20Mpc
away but almost impossible to come from 100Mpc away.

M. Teshima combined Akeno, Fly’s Eye, Haveral Park, and Yakutsk data and assumed
that the spectrum continues and has a power index 2.6 £ 0.1 for energy above 100EeV
[30]. He predicted that 22 5 events should be observed by all four groups. The Haveral
Park group had five events and both Yakutsk and Fly’s Eye had one event above 100EeV.
Another 220EeV event was recorded by Akeno [31]. Although there is some systematic
difficulty in combining different experiments, such as energy scale and aperture, we still
see some deficit in the combined result or the results of the individual experiments;

therfore, the mystery of GZK cut-off still needs more statistics to be resolved.

2.5 Composition

2.5.1 Muon content

The muon content of an EAS is the ratio of the number of muons to the number of
electrons/positrons, N,/N.. Most of the muons come from decays of pions. Shortly
after the first interaction, the air density is low and the pion energy is high. The
pions are more likely to decay than to interact with atmospheric nuclei. Therefore the
highest energy muons directly reflect the early stage of shower development. If both the |
electron /positrons and the muons are detected, then the muon content, which is sensitive
to composition, can be used to distinguish a gamma ray initiated shower from a hadron
initiated shower. The muon number of a gamma ray shower is only about 5% of that of

a hadron shower at comparable energy.

2.5.2 X,z and elongation rate

The distribution of depth of shower maximum X4, depends on the chemical compo-
sition of cosmic rays due to different first interaction length and cross section. Therefore
Xmaz provides a sensitive clue to the original composition. The first interaction depth is

about 70gm/em? for proton and 15gm/em? for iron at 10*%eV region. The larger value
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of this parameter makes the depth of the first proton interaction fluctuate more than
iron does. The value of X,,,; is fluctuated by the first interaction. X, depends on the

product of the inelastic cross section o'"¢ and inelasticity K

K- Ey - FE
EO + Mn
where
Eg : initial energy
E' . energy after collision
M, : target mass

Therefore the X,,,, distribution also depends on the hadronic interaction model.
Another clue to the composition is the elongation rate, which is the change of X .2

per decade of energy.
d-Xm'ax
dloglo E

For a gamma ray shower, D,; depends on 7° decay only; D,; is then the radiation length

-Del =

in air & 80gm/cm?. For hadronic showers, however, D, depends on hadronic interactions
{therefore depends on models). I the composition is fixed, the elongation rate should
stay at the same value. If it changes, the composition must also change. The elongation

rate is less dependent on hadronic models than Xqz is.

2.5.3 Experimental result

" The Fly’s Eye detector can detect X,,qr for each individual shower. The stefeo Xrmoz
resolution is about 45¢m/cm?. Due to fluctuations of X, the individual X,,,, cannot
be used to determine which nuclel produced a given shower. Statistically, however, it is
possible to determine the mean X, and find the mean composition based on hadronic

models.

Figure 2.6 shows X, versus the primary energy for the experimental data and for
the Monte-Carlo prediction for proton and iron nuclei {3, 6]. The elongation rate below
0.3EeV is consistent with a constant composition of 50g/cm?. For 0.3EeV to 10EeV,
the X, distribution is inconsistent with any pure composition and the elongation
rate is 78.9 £ 3.0g/em?® a rate which indicates a changing composition, a change from

predominately heavy to predominately light.
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Figure 2.6. The X,,q. distribution of stereo Fly’s Eye data [3,6]. The data are shown in
the solid dot. The expectations of iron flux are shown as circles. The expectations for
proton flux are shown in squares. The expectations from two component fit are shown in
diamonds.

2.5.4 Two source fit

The dip structure of the stereo spectrum and the change of composition suggest a
change of cosmic ray source. We consider a two component fit, one being a steeply falling
power spectrum of predominantly iron flux, the other a flatter flux of protons. The best

fit results from 1017-%e¢V to 10196V are 6, 32]

iron flux :  log{J(E)(m?-s-sr-eV)~1] = 33.185 — 3.496 x log(F)
proton flux :  log[J(E)(m?-s-sr-eV)™'] = 16.782 — 2.610 x log(E)
The ratio of the two fluxes can be expressed as

iron flux = (0887 (log(E)-18.5)
proton flux
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The prediction of composition based on this two component fit is shown in figure 2.6. It
can be seen that it fits the Xy, observation very well. The predicted elongation rate in

10'%V to 10'%¢Y is 81g/cm? which is consistent with the observed value 78.9 + 3¢/em?.

2.6 Anisotropy

A nonzero anisotropy shows that the arrival direction of cosmic rays comes from some
preferred direction at either large scales or small scales. Above 1 EeV, the anisotropy
should point back to a source if the cosmic rays are protons and originate inside the
galactic disk. Therefore anisotropy provides a clear clue about cosmic ray sources. The
energy dependence of the anisotropy also provides a consistency check on assumptions
about composition.

Two coordinate systems are used in the large scale anisotropy analysis. The harmonic
analysis ﬁse_s cglestial coordinates; other analyses use galactic coordinates.

Small scale anisotropy searches for point sourtes which are concentrated in a small
region. This topic is important in gamma ray physics where no magnetic bending is

expeécted.

2.6.1 Harmonic analysis

Ground arrays have nearly uniform exposure in right ascension, (RA or a); the event
reconstruction does not depend strongly on RA but does depend strongly on declination,
(6). Therefore harmonic analysis is normally done in RA for a certain declination band.

For an N event data set, if the RA of each event is a;, the Rayleigh vector components

{z,y) are defined as
2 & 2 &
= ; cos(ey) V=% ;Sln(ai)

and the Rayleigh vector magnitude is given by 7 = /22 + 42 with a phase ¢ = Tan 1(z/y).
The phase points to the direction of the Rayleigh vector in RA. The expected Rayleigh
vector magnitude from N random samples of uniform phase is rg = 2/v/N. The proba-
bility of having a Rayleigh vector > ris P(> r) = €7 where s = (r/r0)* = Nr?/4. The
uncertainity of phase is Ay = 1/v/2x = \/2/N72.
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Figure 2.7. The amplitude of first harmenic as function of energy. Data come from [11].

The experimental result is normally expressed as a percentage which ranges from
0.1% at TeV to about 10% at EeV. Figure 2.7 shows the anisotropy as a function of
energy [11, 33]. This anisotropy has features similar to those of the spectrum. Below the
knee, the anisotropy is less than 1%; then it rises to several %s above the knee. There
are large differences around the ankle, but the amplitude is about 10% to 30% with large

uncertainty. The phases of first harmonics also show some dependence on energy [34].

2.6.2 Six sky lobes

Since most cosmic rays most likely come from our own galaxy, galactic coordinates
should be a better choice. The nonuniform exposure of a detector in galactic coordinates
is an additional complication.

The galactic coordinate consists of two components, galactic longitude () and galactic

latitede (b). The galactic latitude is the elevation angle from the galactic plane. The
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northern sky is positive; the southern sky is negative. The galactic longitude of an object
is the angle from galactic center to the projection of the object on the galactic plane. The
direction of motion of the spiral arm of Orion in which the solar system resides is in the
direction of I = 90°. The galactic center is at (i=0, b=0).

Figure 2.8 shows the three major axes of galactic coordinates: Center-Anticenter,
Forward-Backward, and North-South. These three axes are used to separate all the
sky into 6 equal area lobes centered on each axis. The sky lobe analysis searches for
excess/deficit from an isotropic prediction. Results from previous analyses [35] [36] and a
recent. analysis [4] all show no consistent and significant deviation from isotropic prediction
for several energy ranges starting from 10'7-%eV. Table 2.2 shows the result of recent

analysis [4].

I'hree major axes North b=+90
J Backward 1=270

Center =0 ’i%,/ AntiCenter =180
8

olar system

Galactic center Forward 1=+90
South b=-90

The six sky lobes in galactic plot.

Figure 2.8. The six sky lobes and three major axes of galactic coordinate.
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Table 2.2. Results from sky lobes analysis. # : Number of observed events. o :
Excess in unit of o.

log(E) Sky Lobes
range North South Center Anticenter Forward Backward
17.5- 180 # 2855 682 481 2928 4276 84
e -054 033 -0.19 -0.87 1.47 -0.72
18.0- 185 # 942 362 270 1087 1404 78
g -113 121 0.73 1.35 -1.48 0.64
18.5-19.0 # 267 90 68 251 380 39
a 120 -0.68  -1.03 -1.65 0.50 2.99
>19.0 # 59 33 20 71 91 14
o -0.84 0.83 -0.93 0.22 0.04 1.52

2.6.3 Galactic latitude dependence

If cosmic rays come from the galactic disk, the strong magnetic field of the galactic
disk may confine more particles in the disk and the arrival direction of cosmic rays may
have a galactic Jatitude (b) dependence. Wolfendale and Wdowczyk proposed a galactic

disk enhancement formula [37]
I0) =1 (1- fe + fue™)
which was later modified to [38]
I(b) = Io (1~ f +1.402 fge~*")

to conserve total flux. A positive fg indicates that the arrival directions favor the galactic
disk. Figure 2.9 shows experimental results on the Wolfendale and Wdowczyk ga,la,ctic
disk enhancement factor.

The normalization for this formula has been recalculated again; see Appendix A. It
should be 1.437 rather than 1.402. To compare our results with Wolfendale predictions,
1.402 was used for Figure 2.9. In this dissertation, I use 1.437 as the normalization
constant.

Although Wolfendale ef al. stated that an increasing fr was observed in his com-

pilation of world data [37, 38], most of their fg are less than 3¢ away from isotropy
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Fig*ure 2.9. Wolfendale and Wdowczyk galactic disk enhancement factor.

predication (fz = 0). There is no confirmation of galactic plane enhancement from the
Fly’s Eye analysis [5].

The other possible dependence is a galactic latitude gradient
I(d) = Io(1 + s x b)

where s is the gradient of latitude & [39, 40]. This formula searches for the extragalactic
source on one side of the galactic disk. If the cosmic ray sources are in the northern
galactic sky, such as the Virgo cl.uster, there should be more events from the northern
sky and a positive s could be expected. But no results have confirmed this dependence.

Table 2.3 lists the results of the galactic plane enhancement factor and the galactic

latitude gradient of the sterco Fly’s Eye data in 1993 analysis [8].
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Table 2.3. The results of galactic latitude dependent anisotropy, s is the galactic latitude
gradient and f is the galactic plane enhancement factor. The sigma is the uncertainty
from the least x? fit.

Energy (EeV) # of events st0, o fto; o
03-10 5971 —0.0316£0.0207 -~1.520 0.0420%£0.0376 1.120
1.0- 3.0 1772 -0.0757=0.0384 -1.97c¢ 0.0551+0.0688 0.80c
3.0 - 10.0 363  0.14224-0.0829 1.720 0.086310.1397* 0.620

> 10.0 631 0.10191-0.1824* 0.560 0.06861+0.4510" 0.150

1 : This bin has only 63 events, large fluctuation should be expected.

2.8.4 Point source search

Observation of some high energy gamma ray sources has been claimed. These gamma
rays could come from interactions of charged cosmic rays with the surrounding gas of these
sources; therefore, these gamma ray sources could also be charged cosmic ray sources.
Two of these sources had also been reported as cosmic ray sources. Cygnus X-3 had been
observed by the Fly’s Eye group [41, 42] and the Akeno group [43]. However, there is no
further indication that these sources are still producing excess flux [44]. Hercules X-1 had
been identified as EHE gamma ray source by Fly’s Eye group [45] and Dingus et al. [46],

but again there is no further identification.

The small scale anisotropy search for excess flux from a certain area of sky uses
techniques similar to those of large scale anisotropy but in a smaller cell. The excess of
flux should be compared to a set of simulated data to determine whether it is statistical
fluctuation. P. Sommers et al. find that no statistical significant point sources exist in
Tly’s Eye data [1]. Table2.4 list the result of small scale anisotropy of some candidates

of point source.

2.7 Cosmic Magnetic Field
Most cosmic rays are charged particles; their trajectories are bent by the magnetic
fields. It is essential to know the resolution of arrival direction under the influence of
the magnetic field. This section discusses the measurement of magnetic fields in several

regions of the universe and their influence on the propagation of cosmic rays.
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Table 2.4. Result for candidate sources for energy > 0.5EeV

Expected Percent  Chance 95% C.L.
density = excess probability flux upper limit
source  (/deg?) (cm~2sec™)
Cyg X-3  0.233 -7.73% 0.60 7.0 x 1071%
Her X-1  0.188  -13.9% 0.69 6.2 x 10718

Crab 0.205 -4.92% 0.56 8.0 x 10718

2.7.1 Measurement of magnetic field

_Several methods can be used for direct measurement of a magnetic field. The most
exact way employs a satellite to measure the local field when the sateﬂite flies through
:s;\)ace. This method is valid only inside the solar system. Astronomers also measure the
synchrotron radiation from gas clouds or Hy; regions. They measure the polarization,
Faraday effect, and Zeeman effect of star light to determine the magnetic field. Table 2.5

lists some magnetic fields found in the galaxy. [47]

2.7.2 Dynamics of charged particles in magnetic fields

Magnetic fields are the invisible veil of cosmic ray sources. Charged particles circle
around the magnetic field lines and lose information about the direction of their source.
A charged particle with charge ze, mass m and velocity ¥ traveling through a magnetic

fields B will be sub ject to a Lorentz force

. d -
- — mv) = sx B
F o {(ym¥) = ze¥ x

47 -
7m?§ =zet X B

where v is the Lorentz factor v = (1 — '02/(_'2)_1/2. If the pitch angle of the particle and
the magnetic field is 8, and v and vy are the projection of the particle velocity v parallel
and perpendicular to the magnetic field, the centrifugal acceleration is

2

d .
L _ 7m——v— = zev; B = zevBsin 8
T dt
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Table 2.5. Magnetic field in a.st:rol:)hysu:sJr

Field characteristic
Astrophysical object (Gauss) scale
Quarsers and radio galaxies 100 ~ 1pe
Intergalactic field < 1079
Galaxy - regular field (southern hemisphere) 2 x 10~ ~ dkpe
Galaxy - regular field (northern hemisphere) (0.7 £ 0.3) x 107°
Galaxy - irregular field 2x10°¢ ~ 100pc
Interstellar clouds 10~° 10pc
Dense cold clouds 1672 —~ 1072 10%6¢em
Sun - general polotdal field i 0.1-1Rg
Sun - sub-photospherical az:muthal field > 103
Sun - corona 1075
Earth? 1 6.4 x 10%em
Marst 6x 10~ 3.4 x 10%em
Interplanetary space 1073
White dwarf 108 — 108
X-ray binary near black hole ~ 10°
Pulsarst 102 ~ 10%em
X-ray binary near neutron star ~ 101% — 101®

i Compiled from table 2.2 of Ya.B. Zeldovich, A.A. Ruzmaikin, and D.D. Sokoloff
“Magnetic Fileds In Astrophysics”, p34.
1 The scale of magnetic field is approximated to be the size of the object.

where r is the gyroradius given by

_ ymusing (pc) sinfé

zevB ze) Be

and p is the momentum of the particle. For relativistic particles, the total energy F ~ pe.
The variable pe/ze is called the rigidity. Particles with the same rigidity and pitch angle
will have the same dynamical behavior in the same field. In most astrophysics work, the
sin # term is ignored and gaussian units are used,( 1 volt==1/300 statvolt). The gyroradius

is then simplified as
_FE FE
"~ zecB 300zB

This equation can be transformed to more convenient units

T = 3521E— (light year) = 1. 1 (k c)

e
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where Eqg is Energy in EeV, 10"V, and B, in micro-gauss, 10~ ®gauss.

The angular deflection is defined as the angular distance the particle travels,

Af = f U D
r T'U“

where D is the distance the particle travels through. For simplicity, we assume v, ~ Y

therefore

r4 B -Dk o
Al ~ _D/T' = (—-E'?B-) —“1.1'19

The angular deflection depends on the magnitude and dimension of the magnetic field.
Table 2.6 compares the strength and dimension in several regions of the universe. The
angular deflections are A = zx/FE1g where & = B, Dgp./1.1 is an indicator of the strength
of a specific field of B, and characteristic scale Dy, to deflect a charged particle.

If the Af > 1, the source direction information will be lost. But for protons, when
energy > 50EeV, the Ad < 1; therefore, it is possible to see clustering of cosmic rays
around the source.

From the comparison in table 2.6, the local solar magnetic field has Little impact on
the high energy charged particles. The galactic disk and halo have the most important

role regardless of whether the cosmic rays are galactic or come from extragalactic sources.

Table 2.6. Angular deflection from different regions of the galaxy

Source Maguetic field Strength Al (rad)*

region B{pG)  Dimension K 10%eV  10™8eV

Solar wind 10 6x10°Km | 2x107% ] 2x10~% 2x10~°

earth 10° 64 x 10°Km | 2x 1072 0.2  2x10™*
galactic arm thickness 2 100 pc 0.2 200 0.2
galactic center to sun 2 10 kpe 20 2 % 10* 20
calactic halo 0.2 50 kpc 10 10% 10

intergalaxy space <107° 10 Mpc 16 < 10% < 10

*: The angular deflection is calculated for proton; multiply by 26 for iron.




CHAPTER 3

FLY’S EYE DETECTOR

In this chapter we discuss the Fly’s Eye detector and the reconstruction of cosmic
ray events. Section 3.1 discusses the physical components and operation of the detector.
Section 3.2 and 3.3 describe the geometric and shower profile reconstruction. Section
3.4 discusses the virtual detectors, i.e., the Monte-Carlo that simulates the real detector.
Section 3.5 discusses the basic data cuts. Section 3.6 chécks the consistency between the

detector and Monte-Carlo. The last section discusses the resolution of detector.

3.1 Fly’s Eye Detector

The details of the Fly’s Eye experiment have been presented in earlier papers [48, 49].
Some brief descriptions are given in this section. Information that has been updated or

not mentioned before is also inclided in this section.

3.1.1 The physical components

The Fly’s Eye detector, located at Dugway, Utah, is a unique cosmic ray detector which
detects the fluorescent light generated by the secondary particles that cascade from the
primary cosmic ray. There are two detectors, Fly’s Eye 1, (FE1,) and Fly’s Eye 2, (FE2,)
located 3.4 km away from FE1. FE1 consists of 67 spherical mirrors; each mirror contains
12 to 14 photomultiplier tubes (PMT) 5.5 degrees in diameter. The mirrors and PMT’s
are arranged so that the whole night sky is imaged. FE2 consists of 36 spherical mirrors
and covers half of the night sky in the direction of FE1. The physical parameters of both

detectors are listed in Table 3.1.

S



Table 3.1. Fly’s Eye 1 and 2 parameters

FE1 to FE2 vector

parameter FE1 FE2
Longitude 112°509.25" | 112°48'59.07"
Latitude 40°11/47.78" | 40°13'18.00"
Height above sea level 1593 m 1459 m
Afmospheric depth 852 gm/em® | 867 gm/cm?

(1.668, 2.942, -0.134) (Km)

Number of mirrors/PMTs 67 / 880 36 / 464
Number of mirrors 67 36
Number of PMTs 380 464
PMT type EMI-9861B EMI-9793B
PMT peak quantum eff. 0.17 0.26
Mirror diameter 1.575 m

' Focal length 1.520 m
Mirror Obscuration 13%
PMT-Winston Cone aperture 6.57 x 1072 steradian
Standard Winston Cone eff. 0.80
UV filter type Hoya U-360
Peak filter transmission (350nm) 0.81

3.1.2 Different stages of Fly’s Eye operation

modifications of Fly’s Eye operation.

Table 3.2. The six epochs of Fly’s Eye operation.

Epoch Start End

Major Modification

11781 05/85
11/85 06/87
07/87 06/88
07/88 04/90
05/90 09/91
10/91 07/92

S O DN

FE1 start operation
UV filter installation; FE2 start operation
Mirror anodization
Remove channel 2 trigger

Hires 1 prototype start operation
Reinstall channel 2

32

FE1 began full operation in November 1981, and FE2 in November 1986. Both
detectors had many modifications, and the data are separated into several epochs. The

details of these modifications are listed in Appendix B. Table 3.2 lists the date and major
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3.1.3 Data acquisition and electronics

The data acquisition is illustrated in Figure 3.1. Fluorescent light travels through
the atmosphere, is collected by mirrors, passes through an optical filter, and is collected
by a Winston cone. The resultant light is transformed and amplified to electric pulse
by the photomultiplier (PMT). The pulse is then integrated, amplified, and digitized by
ommatidial boards (OMB). If the triggering conditions are satisfied, the digitized signals
are stored on a computer disk. Three stages of trigger are required. The first stage is
that the pulse height of the signal must be greater than a controllable threshold which
keeps the signal rate constant. The second stage is a local coincidence which requires two
or more tubes in a mirror triggered within the coincidence gate time, typically 8 to 50
psec. The third stage is the master coincidence. It requires two or more mirrors triggered
within a gate time. K. Green gives a detailed description of the electronics and triggering

requirement in his dissertation [50].

2.1.4 System calibration

The calibration can bé separated into several parts. The first part is the calibration of
the geometry of the system (for example, mirror alignment). Green discusses the mirror
alignment in detail in his dissertation. The second part is the calibration from fluorescent
light production to signals detected by the PMTs. The fluorescent efliciency is compiled
by Bunner from several articles in his dissertation {51]. There are two ways to calibrate
mirror reflectivity. An optical flasher is located inside each mirror can. Flasher data
are taken several times in the two week run period. Once every vear, a standard tube
and roving flasher are placed in each mirror to measure absolute reflectivity and the
flasher intensity. Detailed descriptions of this calibration are covered in [50] and [52].
The transmission efficiency of the UV filter and reflection coefficient of the Winston cone
is measured in the laboratory. The quantum efficiency of the PMT is also measured in
the laboratory. The third part is the daily electronics calibration made by the operator
before each night’s run. Occasionally, laser shot calibrations are made. The procedure

and physics are similar to the Lidar experiments which are used by atmospheric scientists.
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Figure 3.1. Schematic representation of Fly’s Eye data acquisition system.
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The known geometry and energy of the laser track provide a good check for the entire

system.

3.1.5 Atmosphere and weather monitoring

The most unreliable part of the calibrations is the atmosphere. Fortunately, the Fly’s
Eye was sited in the United States western desert where the atmosphere is quite stable
and the standard desert atmosphere model gives a reasonably good fit to the atmosphere.

To monitor the local weather, about 20 optical flashers are installed around the FE1
and flash every 30 minutes. These flashers provide a calibration of mirror reflectivity
and are good tools to detect clouds and fog. The other way to monitor the sky is the
weather code. The operator checks the night sky and reports a 4 digit weather code to
the computer at the start of data collection and once every hour. Table 3.3 lists the
definition of each digit in the code.

The weather code is somewhat subjective and is recorded only once an hour. In winter,
FE2 could be buried in valley fog but FE1, which is on top of Five Mile Hills, could stilt

have a clear night.

Table 3.3. Definition for weather code = FAOH. Horizon is defined as the part of sky
with elevation angle less than 20 degrees. Above 20 degrees is overhead.
Digit Type Code Definition
1F Frost No frost on mirrors, tubes, or cones
Frost on mirrors, tubes, or cones
Negligible scattering
Moderate scatiering
Heavy scattering (star below 30° probably affected)
Totally socked in fog (should not run)
No clouds visible
< 1/4 sky cloudy
< 1/2 sky cloudy
< 3/4 sky cloudy
> 3/4 sky eloudy
No cloud visible
Cloud visible

[aur]

2 A Atmosphere
Clarity

30 QOverhead
Cloud

4 H Horizon
cloud

— O N O B = O e

et
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3.2 Geometry Reconstruction - GEO
The raw data registered by the computer contain the trigger time, tube id, latch time,
and pulse height of the triggered tubes. Operators scan the raw data to separate flashers
and cosmic ray showers from noise. The resulting data are written to a file called *.sen.
The # is the month/day or month/year stamp. This information is used to reconstruct
the cosmic ray event. There are three levels of software reconstruction, GEO, SIZE, and

SHAPE. The data processing stream is

*.5CT — —-> *.geo — — *.5iz — | SHAPE | — +.shp

for monocular data and

x.scn{ FE1) — — *.g€0 ¥ .sen(FE2) — — *.ge2
*.ge0 % .ge2 — |S5TEREQ | — *irk — |SIZE | — +.5i2 — |SHAPE | — *.shp

for stereo data.
This section concentrates on the geometry reconstruction GEO. Section 3.3 discusses

the shower profile reconstruction SIZE and SHAPE. The GEO consists of these steps:
1. Use triggered tube direction to calculate the shower-detector plane.

2 Use stereo fitting or time fitting to find the shower track.
?3. Calculate the azimuth angle ¢ and zenith angle 6.

4. Calculate celestial and galactic coordinates.

3.2.1 Shower-detector plane

3.2.1.1 Coordinates system. The Fly’s Eye uses the east direction as the positive

X axis, north as the positive Y axis, and upward as the positive Z axis. Some of the angles
used in Fly’s Eye data have different definitions than those normally used by astronomers.

For instance, the zenith angle is used instead of the elevation angle. The azimuth angle
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starts from the east and rotates counter-clockwise which is consistent with mathematics

but not with astronomy.

3.2.1.2 Shower detector plane. The shower-detector plane, shown in Figure 3.2,

is the plane which contains the shower track and the detector. This plane is specified
by a plane normal vector N and can be found simply by the cross product of each tube
direction vector. The exact algorithm used in GEO is a least x? fit of the weighted sum
of the dot product of the shower normal vector and tube center direction vector.

Newses (0 — Ko ﬁ)2

2
oy

minimize  x? =
i=1

subject to the constraint :
NeN=1
Lagrange multipliers are used to solve these three linear equations. The eigenvector
corresponding to the largest eigenvalue is the plane’s normal vector. Detailed discussion

can be found in Green’s dissertation [50].

Those tubes away from the shower plane by more than 3° or nonconsecutive in time

sequence are treated as noise tubes and deleted from all reconstruction. After noise tubes

are removed, the same procedures are iterated again until all noise tubes are deleted.

ormal Vector

angle - theta N

£
(=)
& ! North

-~ azimnuth angle - phi_N

azimuth angle - phi_p
East

Figure 3.2. The shower-detector plane and shower normal vector.

e ey,
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The shower plane can be identified by two Eulerian angles, ¢, and 8n. ¢, is the angle
between the east and the intersection line of the shower plane and the horizon. The
angle 8 is the tilt angle between the zenith and the plane normal vector N aor the angle

between the shower plane and the horizon. These two angles can be derived from N by

By = Cog lN(3)

_ o1 [ N(2)
¢n = Tan (W)
¢p = ¢N - g

3.2.2 Shower track

3.2.2.1 Stereo fitting. The program STEREO reads #.geo files from FE1 and FE2

and does the stereo fitting. First, STEREO decides if this is a stereo event by checking
the triggering time. True coincidence events are within 1msec of each other. Then the
shower track is found by the intersection of the shower-FE1 plane and the shower-FE2
plane. Then the STEREOQ program does all the same things as GEO to find all the
geometrical variables. Timing information is used to determine the direction of shower,
i.e., whether it is going up orldown.

3.2.2.2 Time fitting. For monocular data, the latch times are used to find the track.

The latch time is the relative time that a tube fires with respect to the first triggered tube.
The geometry of shower track and latch time are shown in Figure 3.3. The latch time is
counted by a 20MHz clock which is independent from the trigger time which comes from
a WWVB clock. Let Tj be the time when the shower front passes the closest approach
point to the detector. If the impact parameter is R, and the incident angle is v, the
distance from shower core to the ¢’th tube is r; = R,/ sin §;. Here 6; is the opening angle
between the track and the line of sight of the ith tube. So the propagation time is

T dy

"l TH

where C(h) is the speed of light at altitude h. Although the speed of light is a function

of atmospheric density, and therefore a function of altitude, this effect is negligibly small.
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Impact point Detector

Figure 3.3. The shower track and latch time

Assume C(h) = C; then

g o R,  Rycsch;
YT Csing; T C

The velocity of these secondary particles can be assumed as C due to their high energy.
For a particle traveling from the intersection to the ith sighted point of the ith tube, the
distance is d; = B, cot 6;.

Thus the recorded time of the 7th tube is

T, = To-%+4

To+ Ei(—cot 6; + csc §;)

To + Z(tan §)

i

The angle 8; is related to ¥ by #; = m — v — x; where x; is the angle from the line of
detector-impact point to the line of sight of the ith tube. The cos x; is the inner product
of the tth tube unit vector and (cos ¢y, sin ¢,,0). Replace the 6; by = — ¢ — x;,

T;-:To-i—%cot@

Due to the width of the shower track, Ty is not well defined. Ty is left as a running
variable. A recursive process is used to find the values of R, and  that fit the latch time

best.
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3.2.3 Local coordinatees

To find the local coordinate zenith angle § and azimuth angle ¢, a unit vector along
the track is used to transform back to local coordinates. Assume the original Fast-North-
Zenith coordinates form a Cartesian x-y-z system. The first rotation is counterclockwise
through an angle ¢, about the zenith. The second rotation is clockwise through an angle
fn about X’. The third rotation is clockwise through an angle % about N. The FEuler

angle is ( ¢, -#n, -1) and the transformation matrix is

cos Y cos ¢y, + cosfn sin g, sin g cospsin ¢, — cos Hy cos ¢psiny  sin fy sin
+sin 4 cos ¢, — cos Oy sind, costp  sinsin g, + cos by cos P, cos Y sin Oy cos P
% sin Gy sin ¢, sin Ay cos ¢, cos Oy

Replace ¢, by én — 7/2. The unit shower vector is (1,0,0) in the new coordinates. So in

the East-North-Zenith coordinates , the unit vector is (z,¥y,2)

(costpsin g — cosfn cospnsiney, — cosipcosdy — cosfy sindysinth, sinesin )

The zenith angle § and azimuth angle ¢ are derived from the unit vector (z,y,z) by
#= Cos'z = Cosl(sinsinfy)

- i — Bar cos Py sin ¢
= Tan! — Tap-1 ( cos P sin ¢y — cos )
? /) A\ Teos P cos oy — cos O sin ¢y sin

After § and ¢ are found, the event trigger time is added to calculate the celestial and

galactic coordinates.

3.2.4 Coordinate transformation

3.2.4.1 Celestial coordinates. To find the celestial and galactic coordinates, we
first transform the event trigger time to Julian day, JD, and sidereal time, ST. These
formulas all come from Jean Meeus “Asironomical Formulas for Calculators”. From this

book, thé declination &, local hour angle H, and right ascension « are

siné = singsinh — cosgcoshcos A
sin A

tanH = - .
cos Asin ¢ + tan hcos ¢
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H = -«

where ¢ is the observer’s latitude, which will be written as £ to avoid confusion. s,
the sidereal time, will be written as ST. A is the azimuth angle, measured from the south
counting clockwise. Note that this definition is different from the Fly’s Eye definition.
They are, however, related by Ajpr = 270° — ¢pg. (The altitude angle % which is 90° —#

in Fly’s Eye definition.) Changing to Fly’s Eye terminology,

gind = sinfcosf 4 cos&sinfsin g
— Cos ¢
tanfl - = —sin ¢sin & + cot G cos
a = ST-H

3.2.4.2 Precession correction. The coordinates just calculated refer to the equinox
of the event date. Precession correction must be made to the equinox of 1950. According

to the formula in Meeus’ book, the corrections are

(1950)

1

a—T(M + Nsinatand)

§(1950) & — T(N cos a)

where T is the difference of Julian day in units of years between event date and 1950. M,

N are two constants defined by

M = 3°.07234 4 0°.00186 * Teensury [seconds]
= 2.23492686 % 10™% + 1.3526301 x 107 % Tyear [radians]
N = 20".0468 — 0".0085 * Teentury [seconds]

9.7189629 % 107> + 4.1209162 + 10~ % % Tyear [radians]

Both second terms of M and N contribute less than 1.5% of the first term and less than
0.02° even at year 2000. This error is far less than the system resolution; therefore, it is
safe to ignore these terms and use only the first order of T.

3.2.4.3 Galactic coordinates. The galactic longitude [ and galactic latitude b are

sin(192°.25— )

tanz c0s{192°.25— ) sin 27°.4-tan § cos 27° .4
{ = 303°—=z
sind = sinésin27°.4 4 cos § cos27°.4 cos(192°.25 — a)

n, e,
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3.2.5 Time-slewing effect

A tube triggers when the pulse height is greater than the threshold. Therefore, the
trigger time is not the time that the track passes through the center of the tube. This time
difference is called the slewing time. Green did an extensive study of the time-slewing
effect; the result is shown in Appendix A of his dissertation [50]. The slewing time depends
on the pulse shape, tube threshold, and Winston cone response. The tube-Winston cone
response is measured in the laboratory. The absolute thresholds are recorded every 10
minutes; the relative threshold changes are recorded with each event. The pulse shape
depends on the shower track geometry. A closer track will have a shorter pulse width.
For the same distance track, a higher energy track will produce a larger integral. The
pulse shapes are modeled as a trapezoid. The slewing time is introduced in the timing
fit to produce a better geometry and is reiterated until the slewing time and geometry

converge.

3.3 Shower Longitudinal Profile Reconstruction

3.3.1 SIZE - Shower size reconstruction

The detected photoelectron signals comes from four parts: Scintillation photons,
direct Cerenkov photons, Rayleigh scattered Cerenkov photons, and Atmosphere (Mie)
scattered Cerenkov photons.

P=S+C+R+A

The number of Cherenkov photons C is the integral of all the past history of a shower.
To subtract these photons and convert to the number of electrons in the section viewed
by the PMT, an iterative process must be used. The details of these calculations can be
found in Green’s dissertation [50]. Here I give a short summary of how the SIZE program

works.

1. We combine PMT data into 6° bins. The mirror spot size, tube overlap region, and
shower lateral distribution must be taken into consideration. For stereo data, the
FE1 data are separated into 6° bins, and FE2 data are split into variable angular

bins fixed to correspond to FE1 bins.
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2. First bin : Assuming NO scattered Cerenkov contamination in the early part of the

shower:

P = 5+6G
51 = alNe (o : scintillation efficiency)
1 = [Ney (f: direct Cerenkov production efficiency)

Thus the number of electrons is

Net = Pif(e+5)

and the number of Cerenkov photons is

B = €xNey (e Cerenkov detection efficiency)

3. For the ith bins (¢ > 2) :

B; = fCi1*Bi1+e(Ne;+ Neyq)/2

where fC;_; is the ratio of Cherenkov light from ¢ — 1 bin to { bin,
P = (a+f)Nei+ (v +n)B:

where 7 is the Rayleigh scattering efficiency and 5 is Mie scattering efficiency.
All efficiencies are functions of wavelength and elevation; sums over all wavelengths
are needed and are implicit in these formulas. For data with optical filter over the tubes,

16 intervals of wavelength are necessary. It takes 40 intervals for data without filters.

3.3.2 SHAPE - Shower longitudinal profile reconstruction

After the number of electrons Ne; is found, the shower longitudinal profile can be
expressed as Ne(X;), where X; is the atmospheric depth of the i-th bin. The total electron
number and depth at shower maximum can be found by fitting the shower profile to a

Gaisser—Hillas formula.

Xmaz—Xo)/A
X —Xo )( o) e(Xmaz—X)/> (3.1)

N(X)=Npoe | v——
( ) (Xma.x_XO

where X is the depth of first interaction, A = 70g/em?. A simplified Gaussian form is



also used

profile of the 320FeV event.

3.3.3 Energy reconstruction

3.3.3.1 Electromagnetic energy. The energy of the primary cosmic rays can be

found from the integral of either the Gaisser and Hillas or Gaussian formula:
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Figure 3.4. The shower profile of 320 EeV events. The crosses are the measured points.
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E=2 / N(z)dz
Xo

where €g/ o is the ratio of the critical energy of an electron to the radiation length in air

and is taken as 2.18 MeV ¢! em?. The result of integration is

€
Egs = _O(gw)lszmawaidth
Xo

Egy = ;‘ZEAwaa—aear(a +1)
0

and & = 0.51In{E/e) — 1.

3.3.3.2 Total energy. Some of the energy is not in the electromagnetic component.

Energy in the form of muons E,,, neutrinos F,, undetected hadrons and nuclear excitation
E}, must be corrected for {53]. Linsley traced back the muon spectrum N, (E) to find
the neutrino spectrum. He found E, =~ 0.4F, jpeerveq and Ep =~ 0.3 ~ 0.8E, spserved-
By forcing the muon spectra and electromagnetic spectra to be consistent, the missing

energy can be found and corrected for [54]. The best fit parameter for Fly’s Eye data is
Eer = F12(0.98995 — 0.078176 + E;0-17519)

An iterative process is used to find the total energy. First assume the Ei,; = E.y,; then

find the predicted Ey, ) by

Eem
0.98995 — 0.078176 % E5-719

Eiora) =

then use the new Ei(1) as Eio; to find new Eyyy(g).

Eem

0.98995 — 0.078176 » K011

Etat(2) =

This process is iterated until Ey; converge.

3.3.3.3 Normalization constant. Due to an underestimate in the PMT calibration,

a multiplicative fudge factor of 1.1 must be used for all the data.
Due to changes in different epochs of the Fly’s Eye, the mirror reflectivity and cali-
bration scale are different for each epoch. The timing fit and stereo fit have a systematic

difference in R, which causes a difference in energy. This systematic error can be studied
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from the difference of stereo energy and monocular energy for FE1 and FE2 coincident
events ([50] pi49, fig. 5.15). A normalization constant is used to normalize the energy
scale over all epochs. Table 3.4 lists the normalization constant (including the fudge

factor 1.1) for each epoch.

3.4 Monte-Carlo Simulation
The detector performance was carefully modeled through Monte-Carlo simulation.
The Monte-Carlo has two levels. The first is a shower Monte-Carlo which uses high
energy interaction models to generate shower profiles. The second is the detector Monte-
Carlo which simulates the detector triggering condition and response. The Monte-Carlo
pjl:;)gram writes out simulated data files, These files are processed through the same

software reconstruction stream as the real data.

3.4.1 Shower Monte-Carlo simulation

There are several versions of the shower Monte-Carloe. The most recent version, which
is used in this analysis, uses high energy interaction models to simulate the shower
cascade.

Since there is no accelerator data in the Fly’s Eye energy range, we used three models to
extrapolate the accelerator data. These models are characterized by different predictions
of the energy dependence of inelasticity, the fraction in energy that is not carried out by

fragments of the primary particle. These three models are the low inelasticity statistical

Table 3.4. The normalization factor for Fly’s Eye data

Data Epoch Date normalization factor
stereo 26  11/86-07/92 1.1
1 11/81- 05/85 1.320
2 11/85 - 07/87 1.595
monocular 3  08/87-06/88 1.331
4 07/88 - 04/90 1.573
5 05/90 - 09/91 1.826
6 10/91 - 07/92 1.397
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model, the large and increasing high inelasticity QCD Pomeron model, and the slowly
increasing high inelasticity QCD minijet model [6].

The predicted mean X,,,, for these three models are listed in Table 3.5. Although
different absolute values of X, are predicted, the difference befween proton and iron
is always approximately 100g/cm?. The statistical model predicts an X4, too deep to
fit the Fly’s Eye data for any composition. The QCD-pomeron and QCD-minijet models
are both adequate fits and differ little from each other in prediction. The QCD-Pomeron

model results in a somewhat better fit and is therefore used in this analysis.

3.4.2 Detector Monte-Carlo

The detector is simulated by using the real data and threshold, OMB amplification,
mirror reflectivity, ...etc. The simulation use random numbers to generate {nput values
of variables such as R, 8, ¢ ...etc. A simulated shqwer profile from the real data
base or simulated data base is then read in. The scintillation photons, Cerenkov photons,
Rayleigh scattered Cerenkov photons, and_ Mie scattered Cerenkov photons are calculated
for each bin; then the night sky noise is added. These signals are detected by simulated
PMTs, then amplified by OMBs, and must pass all the trigger requirements. Finally,
a simnulated data file is written in the same format as that for the real data. All the
simulated data are processed in the same way as the real data.

The detector Monte-Carlo does not model the short term variation in electronics,
mirror reflections, and weather. Typical values of electronic gain and mirror reflectivity
are used. Thus fluctuations in real data are expected to be larger than these in Monte-

Carlo data.

Table 3.5. Mean X,,,, for three models and primary nuclei at 1 FeV.

Model H CNO Fe
QCD-Pomeron 750+1.9 711+0.9 653+0.8
QCD-Minijet 761419 719+1.0 6631+0.8
Statistical 780124 T44+1.1 681+0.8
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3.4.3 Two component Monte-Carlo

In this dissertation, we use two component models to perform the Monte-Carlo simula-
tion. First we separate energy iﬁto five intervals, 0.2-0.4FeV,0.4—1.0EeV,1.0-3.2EeV
3.2 — 10.0EeV, and > 10.0FeV. The heavy component uses iron nuclei as the primary
cosmic ray to generate the air showers. The light component uses protons as primary
cosmic rays to generate air showers. There are 5000 simulated events in each energy
interval. From the two component fit, the heavy component dominates at £ < 0.4FeV;

therefore, we have only iron Monte-Carlo events at the first energy interval, 0.2 —0.4EeV.

3.5 Basic Data Cuts
All the Fly’s Eye data are subject to a data guality cut, listed in Table 3.6. These cuts
make sure the reconstructed data are reasonable. Typical cuts for geometric variables
are their range; the maximum error for these variables is half of the range. Becaunse the
detector is spread out in an ellipse with a long axis of about 100 meters, the effect of
parallax and Cerenkov contamination is reduced by having a minimum impact parameter
cut at one kilometer. The minimum track length is 30°; that would require at least five

tubes triggered.

The lowest energy threshold of the detector is about 0.1 EeV; the energy cut is from
0.01 to 10*FeV. The shower size cuts, 107 — 103, correspond to energy cuts. The
maximum X,q, cut is 10°gm/cm? which corresponds to a slant depth of _zem:th angle
89.5°, well below the typical zenith angle cutoff of 80° in the data. The relative error
dRp/Rp, dX o/ Xmaz, a0d dEJE has a cut of 10 or 1000%. The first interaction depth

cut is —1000gm/cm?

. Although it may sound unphysical to have a negative depth, it
just shows that the Xy is dominated by large statistical fluctuaiion. Due to the few
particles in the early stage of the shower, it is very difficult to extrapolate data to the

first interaction.

Although these basic cuts are very loose, only about 20% to 25% of monocular data
and 45% to 50% of stereo data pass these cuts. Most cut-out events fail to pass the
shower profile cuts. These numbers also show that the monocular timing fit has larger

errors than the stereo fit.



Table 3.6. Basic data quality cuts for Fly’s Eye data. 1 : Relative error is used for these

variables.

Variable Min Max Uncertainity Max
Impact distance Rp 1.00 50.0 dRp i 10.0
Zenith angle of shower ] 0.0 90.0 de 45.0
Azimuth angle of shower ) -180. 360.0 do 180.0
Plane angle - -180. 360.0 dy 180.0
Incline angle P 0.0 180.0 d 45.0

Track length  trin 30.0 180.6
Zenith angle of shower normal é, 0.0 180.0 dé,, 45.0
Azimuth angle of shower normal ¢, 0.0 360.0 de¢, 180.0

Minimum viewing angle s 0.0 180.0

Right Ascension o 0.0 360.0

Declination é -90.0 90.0

Galactic longitude [ 0.0 360.0

Galactic latitude b -90.0 90.0

~ Julian time 0.0 10°

Weather code -10.0 10°
Shower size  § 107 100 ds i 16.0
Shower depth at maximum X,z 0.0 10°  dXpas t 10.0
Shower width W 10.0 104 dW i 10.0
Depth of first interaction  Xp  -1000.0 5 x 103 dXo 104
Energy FE 0.01 104 dE t 10.0

Photo electron yield 0.0 10?0

Will such loose cuts deteriorate our data quality? Since the Rp, Xmaz, and energy
variables play a minor role in anisotropy analysis, the most important effect is angular
resolution. ¥rom study of the-Monte-Carlo data, a minimum track length cut at 40° cuts
out about 12% of data and improves the mean theta error by 0.3°. Besides, the large
error will spread the event probability density into a larger area. It is not necessary to

cut out events with large geometric error. To increase statistics, I use the basic cuts only.

3.6 Resolution

The resolution can be defined in several different ways. The easiest way is to define it
as the uncertainty of each variable. Another way to define it is the reconstruction error.

In this section, we looks at the two definitions then examine these resolutions in detail.
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3.6.1 Definition of resolution

3.6.1.1 Uncertainty. The uncertainty of a variable first comes from the fitting of

a shower track. The uncertainties in Rp and ¢ are defined as the difference of Rp ()
between the fit at xZ;, and x2,. + 1. The uncertainty of # and ¢ is just the error
propagated from 6 Rp and §¢. Normally 68 and §¢ have an asymmetric distribution. The
uncertainties of celestial and galactic coordinates are not calculated in program GEO.

The uncertainties of size and energy come from two sources: uncertainty propagated
from geometric reconstruction and uncertainty in calculating the longitudinal profile
reconstruction in the program SIZE and SHAPE. The uncertainty in SIZE and SHAPE
is defined in a way similar to the geometric uncertainty, i.e. the difference of the best fit
value at x2,;, and the value at x2,; + 1. Table 3.7 shows the mean value of uncertainty
of real data and Monte-Carlo.

3.6.1.2 Reconstruction error. Before jumping into any serious analysis, we need
to know how well our soft‘ﬁvare reconstructs events. Since we do not know the actual
information about a real cosmic ray event, we must work with Monte Carlo data. The
reconstruction error is defined as the difference between the reconstructed data, which
is saved in the shape file *.shp, and the input data, which is saved in the file *.ful.
Due to added noise, the reconstructed data will not be identical to the input value. The

sreconstruction errors show the systematic error of the reconstruction programs. The
standard deviation of the resolution error therefore refiects the statistical error and the
system resolution.

The data chosen for this analysis are the Monte-Carlo of epoch 2, 3 and 4. To look for
dependence on primary composition, two types of composition, pure proton and pure iron,
are assumed. The errors of geometric variables do not depend on epoch or composition.
Epochs 2 and 4 have results very similar to those of epoch 3. The mean and standard
deviation of geometric variables of epoch 3 are listed in Table 3.7. The errors of X, oz
depend on composition, probably because of the difference in shower profile and X,z

distribution. The energy error depends on shower profile fitting and therefore, depends on
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Table 3.7. Resolution of some important parameters od epoch 3 real data and
Monte-Carlo. The stereo data and Monte-Carlo have a zenith angle cut at 70°.
Parameter Monocular data Stereo data
Energy | Data Monte-Carlo Data Moute-Carlo
(EeV) | unce. | unce. ~error unce, | unce. erTor
0.2-04 | 85 7.8 -1.0£ 79| 5.9 4.9 -0.2+ 6.2
04-1.0 | 8.9 8.2 31+ 95| 102 | 7.6 0.0+ 9.2
é6Rp 1.0-32 | 10.0 | 8.3 44+ 114 | 171 | 136 | -0.7+14.7
(%) 32-100] 9.8 9.3 744+ 135 23.6 | 215 | -2.5+25.9
>10.0 11.0 | 8.6 6.6+ 12.7] 16.2 | 21.8 | -3.6%+30.7
0.2-04 | 10.7 | 124 } -12+ 100} 1.9 1.7 | 0.04+1.70
04-1.0 | 10.2 | 11.9 2.0+ 10.8 | 2.8 1.9 |-0.03£2.36
&4 1.0-32 | 10.8 | 9.6 2.2+ 11.0 | 44 2.3 |-0.074£2.60
(deg) |3.2-10.0| 109 | 99 42+ 113 | 74 3.2 | 0.24£3.81
>10.0 11.0 | 8.3 2.8+ 102 | 94 4.1 0.2314.62
0.2-04 7.1 8.0 1.1+ 63 1.3 1.1 0.08+1.17
04-10 | 6.8 7.5 04+ 7.0 2.1 1.3 | 0.1241.45
66 1.0-32 | 70 6.0 -1.1+ 6.7 | 3.0 1.7 | 0.124+2.04
(deg) [3.2-10.0! 6.8 5.9 -1.5+ 6.6 4.4 4.5 |-0.1542.75
21040 6.7 4.8 0.1+ 521 34 34 | -0.14%3.26
0.2-04 | 73 8.3 -0.8+ 591 1.5 1.3 0.6+14.4
04-10 | 7.0 8.2 1.0+ 6.2} 2.0 1.3 -0.1+14.1
b¢ 1.0-32 | 76 6.7 12+ 7.0 3.3 1.5 0.4+16.7
(deg) | 3.2-10.0| 8.1 7.3 29+ 8.0| 5.8 2.3 -0.3+22.4
>10.0 8.5 6.4 20+ 7.5 9.5 3.3 | -0.3+£24.1
0.2-04 | 427 | 47.3 | 154+ 405 | 164 | 9.4 10.1+£16.6
GS 04-1.0 | 57.5 | 494 52+ 413 17.9 | 114 8.5+18.0
Xmaz | 1.0-3.2 | 69.5 | 40.8 23+ 427 246 | 123 6.7118.2
(%) 3.2-10.0 | 75.2 | 509 | -3.9+ 44.0| 349 | 13.7 444+19.1
>10.0 | 111.3 ] 40.5 0.4+ 43.1 | 12.2 | 13.2 3.3+21.1
0.2-04 ¢ 302 § 40.3 | 11.9+ 32,5 | 13.7 | 10.7 5.9+15.8
GH 04-10 | 303 | 43.2 2.8+ 351 | 144 | 103 5.3+18.0
Xmaz | 1.0-32 | 332 | 375 | -0.3+ 37.8| 181 | 108 4.14+17.5
(%) 3.2-100| 291 | 485 | -6.24 386 ] 29.1 | 13.7 2.8+194
>10.0 | 365 | 394 | -25+% 3661 14.1 | 13.8 2.8421.1
0.2-04 | 63.5 | 51.9 |-13.7% 75.2 ] 24.4 | 15.6 | -15.84+20.5
GS 0.4-1.0 69.7 | 40.4 | -2.5+£102.9 ] 22.7 | 16.1 | -15.8423.8
Energy | 1.0-3.2 | 79.8 | 32.6 | -2.7£120.7] 26.2 | 14.8 | -17.0+18.2
(%) 3.2-10.0 | 8.9 | 39.6 | -1.8+253.8 ¢ 33.4 | 16.8 |-21.7+18.9
>10.0 | 1104 | 39.2 1.4+578.0 | 19.6 | 18.8 | -27.3+17.8
0.2-04 | 683 | 716 |-21.7+ 34.5 | 51.3 | 394 |-13.4+19.7
GH 04-10 | 59.0 | 575 {-12.0+ 40.5 | 48.8 | 354 |-13.8422.1
Energy | 1.0-3.2 | 53.8 | 40.9 { -8.84 38.1 | 46.1 | 25.1 |-14.24+18.8
(%) 3.2-10.0 | 35.7 | 34.1 | -7.9% 43.7 | 555 | 20.1 |-16.2%15.9
>10.0 40.7 | 27.5 | -113+ 514 | 24.6 | 17.5 | -18.0+27.0
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composition too. The energy error also depends on epoch becaunse of different reflectivities

and efficiencies. The errors of X,,,.; and energy are shown in Tables 3.8 and 3.9.

3.6.2 Systematic error in stereo fitting

Although stereo fitting is generally more precise than time fitting. The stereo fitting
has large error at some position. If a shower coming at an azimuth angle near 60° and
240°, the direction of FE1 to FE2 vector, the stereo angle will be very small. The smaller
the stereo angle, the worse the stereo fitting. This azimuth dependence affects both data
and Monte-Carlo.

.- The other case, if the shower is near horizon, zenith angle # > 70°, two shower-detector
‘”:;g']'ﬁl’a;nes will almost coincide with each other. In this case, the stereo fitting has difficulty
détermi:n.ing the shower track and has large error in Rp and ¢. Few real events have

zenith angle 8 > 70°, but some Monte-Carlo events do. To compare data in a realistic

Table 3.8, The reconstruction error in X, and energy of the stereo Monte-Carlo. All
numbers are in percentage %. In the second column, P means proton shower, Fe means
iron shower.

parameter epoch 0.2-04 04-1.0 1.0-32 32-10.0 >10.0

Xomaz P 6.3 5.4 4.2 3.2

GS fit Fe 10.2 8.7 6.7 4.9 3.3

Kmazx P 3.6 3.5 2.9 2.9
GH fit Fe 6.0 5.2 4.0 2.9 24..

P 2 -12.9 -11.3 -18.0  -24.0

P 3 -14.0 -15.7 -20.7  -27.3

Energy P 4 -13.3 -14.4 -204  -264

GS fit Fe 2 -14.4 -16.2 -15.3 -19.8 -242

Fe 3 -15.8 -16.1 -17.4 -22.5 -274

Fe 4 -15.9 -15.2 -15.4 -22.1 -26.6

P 2 -8.3 -9.6 -13.2 -16.2

P 3 -10.6 -11.4 -145  -18.1

Energy P 4 -9.9 -10.5 -13.9  -17.2

GH fit Fe 2 -9.8 -13.8 -13.7 -15.9 177

ke 3 -134 -14.2 -15.1 177 W17

Fe 4 -12.5 -13.2 -13.1 -17.3  -19.5
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Table 3.9. The reconstruction error in X, and energy of the monocular Monte-Carlo
files. All numbers are in percentage %. In the second column, P means proton shower,
Fe means iron shower.

parameter epoch 02-04 04-10 1.0-32 32-10.0 2>10.0
Xmaz P 3.9 3.4 -1.6 2.1
GS fit Fe 14.1 7.6 3.8 1.3 1.2
Xoar P 0.6 0.1 -2.8 -0.7
GH fit Fe 12.6 4.8 0.6 -24 -2.3
P 2 5.6 12.6 17.5 3.8

P 3 6.8 49 -0.4 -1.6

Energy P 4 407 12.2 14 0.3
GS fit Fe 2 -8.4 0.5 9.8 5.1 25.8
Fe 3 -1.7 6.3 4.0 3.6 15.1

Fe 4 10.9 29.2 18.5 -26  -10.3

P 2 -2.8 3.5 9.0 1.6

P 3 -1.1 -1.5 -2.7  -10.7

Energy P 4 11.1 2.1 -2.1 0 -131
GII fit Te 2 -14.4 -12.2 -0.3 1.6 -1.6
Fe 3 -17.6 -6.9 -6.3 -7.8 -11.8

Fe 4 -1.3 7.0 8.7 -55  -11.9

situation, we apply a zenith angle cut at # = 70° for sterec data. No zenith angle cut is

used in mono data.

3.6.3 Geometric variables

3.6.3.1 Track length., The reconstruction error of the track length is not listed in

Table 3.7. It is less than 0.1° for stereo data and less than 0.5° for mono data.

3.6.3.2 Impact parameter Rp. There is a systematic error in the impact parameter

Rp. As the energy increases, the error ARp increases in the mono data. The time-fitting
tends to push events farther away from their real position. The stereo fitting has a
negligible dependence on energy. This systematic shift also affects the error of angle 1,
but the tendency is less significant than for ARp. Figure 3.5 shows the relative error of

Rp as a function of energy. The effect of increasing Rp is to overestimate the energy.

The other effect is that the uncertainty é§ Bp and standard deviation of error, ARpgrass,
of stereo data are greater than those of mono data at energies above 1EeV . This effect

reflects the decreasing stereo angle with increasing Rp.
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Figure 3.5. The relative error of Rp as function of energy. The error bar is the RMS
width of distribution.

3.6.3.3 Angular variables. For stereo data, the reconstruction errors of angular

variables have no significant correlation with any other variable or variables. The mean
error of all angular parameters is less than 0.6°, far less than the PMT size of 5.5°.
Therefore it is Teasonable to say that the stereo reconstruction is statistically faithful to
the real value. For mono data, the mean error Af is still less than 2° and the mean error
sin #A¢ is less than 3°. We may still consider time-fitting a reasonable fit.

The standard deviation of the error is approximately equal to the uncertainty for both
stereo and mono data. This equivalence confirms that the error comes from random

fluctuation of the signal.

3.6.4 Angular resolution

Angular resolution is defined as the mean angular separation between the recon-

struéted arrival direction T_f.shp and the input arrival direction Ve of Monte-Carlo datas



AR = Cos™! [Vshp . I_;mc:l

AR = Cos™? [cOS{Pshp — Prmc) * Sin Bspp * 8i0 Opne 4+ €08 Bspp * €08 01, ]

We may substitute reconstruction error by angular uncertainty:

dR = 1/ d#? + sin? 6dg?

For the real data, dR is the only available information to estimate the error of arrival

direction.
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Table 3.10 lists the angular resolution as function of energy and track length of

monocular Monte-Carlo data. Figure 3.6 shows the resolution AR and 6% in five energy

bins.

From Table 3.10, it seems that the angular resolution AR and é¥ is sensitive to track

length and energy. An event with longer track length has more degrees of freedom to

Table 3.10. The angular resolution for Monte-Carlo epoch 3 files.

Composition | Energy | Track Length {deg) 6 (deg) AR (deg)

(EeV) | mean RMS mean  RMS | mean  RMS
0.28 61.3 19.7 12.51 10.22 7.61 7.13
mono 0.59 62.2 21.5 12.08 10.24 8.06 8.10
Iron 1631 63.9 22.2 9.92 8.08 8.10 8.27
4.94 62.7 21.6 10.50 8.34 8.54 8.92
14.89 I 66.9 23.3 8.94 2.40 7.35 8.26
0.63 62.7 22.2 11.54 9.66 8.23 8.37
mono 1.71 63.8 22.6 9.76 8.12 8.12 8.08
Proton 5.26 | 64.4 22.3 9.92 8.22 8.36 8.82
15.85 67.9 234 8.38 7.83 7.05 7.94
0.30 63.6 204 1.83 1.48 1.27 1.25
stereo 0.62 69.1 22.9 2.00 1.75 1.37 1.45
Iron 1.57 77.0 223 2.46 2.15 1.76 1.86
4.94 80.0 21.0 3.44 2.87 2.52 2.89
14.52 83.7 22.0 4.29 3.22 2.99 3.55
0.64 70.1 23.8 2.05 2.10 1.39 1.38
stereo 1.73 77.5 22.3 2.48 2.15 1.77 2.23
Proton 5.20 81.2 21.1 3.43 2.64 2.43 2.93
15.95 85.1 21.7 4.28 3.26 3.11 2.54

P

Py

o
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Figure 3.6. The angular resolution of Monte-Carlo epoch 3 data.

détermjne arrival direction; therefore, it has better angular resolution. For the same track
length and Rp, the higher the energy, the higher the luminosity. However the Rp also
increases and the detected signals are inversely proportional to the square of distance
whereas the luminosity increases linearly with energy. Therefore the signal to noise ratio
does not improve too much. The angular resolution has only a weak dependence on
energy due to the longer track length at higher energy. We may use a two variable linear
fit to look for the dependence of reconstruction error AR on track length and energy. For

the monocular data, the result is
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AR = 0.811 % loglG( Energy) — 0.354 = track + 30.29

For typical values, track = 60° and Energy = 1.0EeV; the contribution from the energy
term is only 2.3% of the contribution from the track length term. Using the same fit as

that of AR, the dependence of 6R on energy and track length is
R = —0.993 * logl0( Energy) — 0.341 * irack + 32.55

The contribution from energy is less than 5% of the contribution from track length. Both
of the two fits prove that the reconstruction error depends mainly on track length.
Table 3.11 lists the reconstruction error AR and angular uncertainty §R as function
of track length of Monte-Carlo epoch 3 data. These results are also shown in Figure 3.7.
It seems that the variable 4R overestimates AR at shorter track length (< 80°) and
underestimates AR at longer track length (> 120°). The stereo data have better angular
resolution than mono data because stereo reconstruction is more precise than time fitting.
We may use the reconstruction error to predict overall resolution. The mean angular
resolution is about 8.24 ° for mono data and 1.45° for stereo data. Due to the shorter track
length in real data than in MC data, the real resolution could increase to approximately

8.8° for mono data and 1.6° for stereo data.

3.6.5 Xma and energy resolution

3.6.5.1 Systematic error in energy. The systematic uncertainty in energy comes

from uncertainty in the fluorescent efficiency, the atmospheric scattering and transmis-
sion of light, Cherenkov subtraction, and uncertainty in geometric reconstruction. The
systematic errors for the first three are ~ 20%, ~ 10%, and < 4% respectively. For
the stereo dafa, the systematic uncertainty in energy due to geometric reconstruction is
< 5%. The monocular data have an extra 20% offset in energy when compared to the
stereo data; this deficit has been corrected in our analysis. In conclusion, we estimate
that the maximum systematic uncertainty in energy is about 40% in the worst case. The

random error is about 20% to 24% for stereo data {2, 3, 7, 55].
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Table 3.11. The reconstruction error as function of track length of mono Monte-Carlo
epoch 3 data. All quantities are in degrees except AR/R.

e Al [t S B S B S S R
70 80 S0 100 10 120 130 140 150

Teack Length (deg)

Track AR R AR/éR
Length | Mean RMS | Mean RMS
30—40 | 16.09 12.154 24.93 10.43 0.646
40-50 | 11.82 9.8 16.20 7.23 0.730
50 — 60 8.46 6.44 1 10.34 4.18 0.818
60 — 70 589 4.50; 6.74 247 0.874
70 - 80 440 342} 481 1.71 0.915
80 — 90 3.34  2.60 3.43 103 0.973
90 — 100 266 1.99:F 271 0.97 0.982
100 — 110 213 164 212 §.54 1.003
110-120¢ 1.93 1.25| 165 0.35 1.169
120—-130y 1.78 1.10| 1.27 0.28 1.407
130 — 140 1.72  0.94 0.98 (.17 1.759
146-150 | 198 090 | 0.74 0.17 2.687
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Figure 3.7. The angular resolution of mono Monte-Carlo epoch 3 data. The error bar is
the RMS width of distribution.
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3.6.5.2 Systematic error in X,,,,. The X, ., resolution for stereo data is about

45g/cm? on an event by event basis [3]. The systematic error of the absolute value of
Xmas is 20g/cm?. The systematic error of hadronic shower Monte-Carlo X,,q. prediction
is 10g/cm?, due to approximations in the Monte-Carlo [3].

3.6.5.3 Reconstruction error. For the shower profile variables, the relative error

of Ximar and energy have a linear correlation with X, and the logarithm of energy.

These relations are

Xmﬂ.’n‘ hp Xm’aﬂ:
s me _ A B Xma_q;
Xaom: T S
Egpp — E

E-mg: =4 + B+ log(Emc)

The relations depend on the composition and longitudinal profile fitting. Table 3.12 lists
the correction constants A and B. Figures 3.8 and 3.9 show the relative error vs actnal
value of energy and X,,,,. These errors are within systematic errors; we do not use these
correction in this dissertation.

The energy had an overall normalization constant in the shape reconstruction. From
this analysis, a linear function to log(Energy) would be a better normalization. Unfor-
tunately, these are Monte-Carlo data where we know the actual composition, X, 4, and
energy. For the real data, these three factors are tangled together. The X}, and energy
are calculated from the shower profile fitting. Although we could use X,,,. to separate
events into proton flux and iron flux, the resolution is not good enough to distinguish

proton from iron event by event.

Table 3.12. The energy calibration of stereo Monte-Carlo data.
(Esh.p - Emc)/Emc =A+ B=x* log(Emc)

Composition Fit model Atoy Bdtog LCA}
Proton (Gauss -0.156 + 0.637 -0.087 + 0.049 -0.960
G-H -0.118 £ 0.036 -0.043 £+ 0.034 -0.928

Iron Gauss -0.187 £ 0.027 -0.063 £+ 0.034 -0.932

G-H -0.153 = 0.026 -0.024 £+ 0.035 -0.851
TLCA : Linear correlation amplitude.
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Instead of untying this mysterious knot, an empirical formula could be used to correct
the overall energy scale statistically. We assume an ensemble of events which consist of a
given ratio of proton and iron showers and then find the linear correlation of input energy
and output energy. To exclude events with large errors, a tighter cut was used in the

selection of events.

3.7 Comparison of the Virtual and Real Detector

3.7.1 Gaussian fit vs Gaisser-Hillas fit

We have two ways to determine the energy and X,..: the Gaussian fit or the Gaisser-
Hillas fit. Table 3.13 lists the typical number of events for those two fits for epoch 3 data.
These data are also plotted in Figure 3.10. Comparing the number of events which pass
the data cuts, the Gaussian fit gives more events than the Gaisser-Hillas fit for monocalar
data, but the Gaisser-Hillas fit yields more events for stereo data.

For monocular data, the Gaussian fit has lower mean x? but higher mean AE/E than
Gaisser-Hillas fit. For stereo da.’ca__7 when the energy < 3.2FeV, the Gaisser-Hillas fit has

lower mean x? but higher mean AE/E than Gaussian fit. But at higher energy, this

Table 3.13. Comparison of Gaussian and Gaisser-Hillas fits of epoch 3 data. Data must
pass the basic data cuts. GS : Gaussian fit, GH : Gaisser-Hillas fit.

Energy (EeV)
Data Fit 02-04 04-10 1.0-3.2 32-10.0 >10.0

number mono GS 2022 1932 799 200 47
of GH 1483 1525 655 143 36
events stereo  GS 1434 1146 534 91 18
GH 1458 1164 502 101 19

mono GS 0.948 1.134 1.445 1.943 2.071

<x*> GH 1.017 1.311 1.805 2499  2.824

stereo  GS 1.440 1.593 2.517 3.962 7.764

GH 1.121 1.438 2.441 4.254 R.427

monoe  GS 0.661 3.806 0.831 0.830 1.218

<AE/E > GH 0.686 0.604 0.519 0.285 0.487
stereo  GS 0.209 0.277 0417 0.466 0.671

GH 0.466 0.433 0.472 0.402 0.266
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0 = mono data GS fit
& = mono data GH fit
+ = stereo data GS fit
x = sfereo data GH fit
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Figure 3.10. Comparison of Gaussian and Gaisser-Hillas fits of epoch 3 data. GS :
Gaussian fit, GH : Gaisser-Hillas fit.



64

tendency reverses. It is interesting that x% and AE have a reverse trend, but in an event
by event study, this anticorrelation is not seen.

It is hard to say which fit is better. Based on these comparisons, the Gaussian fit
is better for monocular data because of the larger event number and smaller x? even
though there is a slightly larger energy uncertainity. For stereo data, the Gaisser-Hillas
fit is slightly better because it yields more events. For energy > 3.2FeV the Gaisser-Hillas
fit has higher x? but lower AE JE.

Althougﬁ the Gaussian fit is not a good a priori physical model for shower development,
it is a slightly better fit than the Gaisser-Hillas function for monocular data because of
poorer detector resolution. In this dissertation, I will use the Gaussian fit for monocular

data and the Gaisser-Hillas fit for stereo data to provide more events for better statistics.

3.7.2 Consistency check of data and Monte-Carlo

The most important test of the Monte-Carlo is whether it is a good representation of
the real detector. Because there is no intrinsic connection between Monte-Carlo and real
data, we cannot compare them on an event by event basis as we did in the previous sectiomn.
We compare the distribution of Monte-Carlo and real data in various variables. Both data
sets are successfully reconstructed by all the software and pass through the same cuts.
We use the same program to generate histograms. Several significant differences are
found from this study. The mean value and standard deviation of MC and data of these
variables are listed in Table 3.14.

3.7.2.1 Track length. The mean track length of real data is shorter than that of MC

at higher energy. Figure 3.11 shows the track length as a function of energy for real data
and for MC. Because longer track length means more degrees of freedom to determine
shower geometry, we expect that the real data will have worse resolution than MC.

3.7.2.2 Impact parameter Rp. The mean impact parameter of MC data is less

than that of real data. This difference indicates that the MC triggers on more nearby
events than the real detector does. Figure 3.12 show the mean Rp as a function of

energy. We fit the Rp as a function of log,y Fnergy, the fitted line of real data and that



Table 3.14. Comparison of real data and Monte-Carlo of epoch 3 data. The number

shown in data and Monte-Carlo are mean + RMS width.

Stereo Data

parameter Energy (EeV) Data Monte-Carlo
' 0.2-04 235 £ 076 2.05 £ 0.68
0.4-1.0 3.154+1.18 258 £ 1.08
Rp (km) 1.0-32 446 £ 1.68 3.66 + 1.68
3.2-10.0 6.15 4+ 2.13 539 + 2.51
> 10.0 7.24 &+ 240 6.83 + 2.92
0.2-04 76.5 + 224 81.3 1+ 235
0.4-1.0 719 4+ 253 7321 25.1
Psi (deg) 1.6-3.2 64.9 + 25.5 59.5 £ 248
3.2-10.0 66.5 + 26.8  49.7 £+ 25.0
> 10.0 75.3 £ 23.1 451 £+ 244
0.2-04 324 +£12.8 334 1+ 13.1
04-1.0 36.3 + 143 371 4143
Theta {deg) 1.0-3.2 40.1 £ 15.7 43.5 4+ 15.9
3.2-10.0 413 £ 17.1  50.6 £ 17.3
> 10.0 43.7 £ 131 4.7+ 17.1
0.2-04 63.8 & 19.7 63.8 + 205
Track 0.4-1.0 65.0 £ 204  69.5 £ 23.1
length (deg) 1.0 - 3.2 66.8 £ 20.8 77.3 £ 225
3.2-106.0 64.7 £ 23.0 808 +21.2
> 100 648 £ 248 8494 219
Mono Data
0.2-04 241 £0.72 217 £ 0.67
04-1.0 329 + 1.19 3.09 £ 1.25
Rp (km) 1.0-3.2  491+200 4734215
3.2 - 10.0 728 £3.23  7.56 & 3.51
> 10.0 11.21 4+ 548 9.54 £ 4.11
0.2-04 7294236 786+ 263
0.4-1.0 68.9 +£ 25.0 75.6 & 27.2
Psi (deg) 10-3.2 659+ 283 65.6 % 27.1
3.2 -10.0 68.1 &£ 32.0 579 1294
> 100 66.2 £ 345 524 %+ 308
0.2-04 33.1 + 149 350 +14.3
0.4-1.0 36.9 £ 16.2 37.8 1+ 15.0
Theta (deg) 10-32  420£168 431+ 159
3.2-10.0 46.0 £ 16.4 50.5 £ 16.7
> 10.0 50.1 £17.8 56.4 £ 16.8
0.2-04 61.8 £ 184 61.8 &+ 19.9
0.4-1.0 60.4 4+ 18.6 62.8 &+ 21.8
Track length (deg) 1.0-3.2 58.4 £ 20.0 644 £+ 224
3.2-10.0 55.6 £.21.1 64.0 £ 22.2
> 10.0 50.3 4 18.8  68.1 &+ 23.5

Ay
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Figure 3.11. The mean track length as function of energy. The top figure is mono data.

The bottom figure is stereo data.
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of Monte-Carlo are almost identical to each other. Those two lines may suggest that there
is no difference in triggering between the real detector and Monte-Carlo. The problem
is that the mean energy of Monte-Carlo is less than the mean energy of real data. This
systematic difference could be caused by a steeper spectra index in the Monte-Carlo than
in the real data. |

3.7.2.3 Azimuth angle ¢ and zenith angle §. The mean ¢ distribution for the

real detector is quite flat. But the mean 3 of MC decreases as the energy increases.
Figure 3.13 shows this tendency. As a consequence, the mean zenith angle # increases
as the energy increases. Figure 3.14 show the mean # as a function of energy. This
systematic difference suggests that the MC triggers more than real data on events from
lower elevation.

3.7.3 Conclusion

In the previous section and this section, we discuss some systematic errors in event

reconstruction and in the detector Monte-Carlo. Here is a short summary.
1. The relative error of Rp of mono data increases as energy increases.

2. The relative error of X4, and energy have linear relations with X,qe or

log;o Energy. These relations may depend on composition and epoch.
3. The mean track length of real data is shorter than the Monte-Carlo prediction.
4. The mean Rp of real data is larger than the Monte-Carlo prediction.

5. The mean % of real data does not change much with energy. But the mean 2 of

Monte-Carlo decreases as the energy increases.
6. The mean @ of real data is smaller than the Monte-Carlo predictation.

The combined effect of 1 and 4 is to underestimate the number of distant events. If
this underestimation is corrected, the aperture should increase. However the effect of 6

on # could compensate for this increase [62]. Therefore, the overall effect does not change
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Redl data ---- Monte Carlo
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1.6

Figure 3.14. The mean zenith angle # as function of energy. The top figure is mono data.

The bottom figure is stereo data.
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the aperture much. The energy calibration (as mentioned in the previous section) boosts
individual energies up approximately 5% to 20%, and therefore increases statistics at
higher energy. Those two effects will certainly change the spectrum and composition.

The best way to reduce these errors would be to find out where the energy deficit and
trigger bias are coming from, correct them, and then rerun the spectrum analysis and
rerun the Monte-Carlo simulation according to the new spectrum index and composition
model. This process is out of reach of my research. Furthermore the energy plays only a
minor part in the anisotropy analysis since we separate the data into five energy intervals.
In order to simplify the calculation, the energy calibration is treated as a second order
effect which does not change the spectrum index.

In this dissertation, I compare data with all previous analyses on composition and
spectrum. In these analyses, a constant energy normalization was used. I will use the
same normalization as these analyses and DO NOT introduce an energy dependent
correction.

The systematic difference 3 (track length) will make angular resolution of real data
worse than that of Monte-Carlo prediction. The systematic difference of ¢ and# will
also affect the background prediction when we do the anisotropy analysis. As we saw,
the Monte-Carlo has a different # distribution than the real data and the difference is
greater than angular resolution at energy £ > 32.FeV where we need Monte-Carlo data
to calculate acceptance (detector efficiency as a function of zenith angle ). Therefore the
Monte-Carlo data is used in the analyses. Section 4.2 discusses a special treatment

to overcome the real data errors.

e,



CHAPTER 4

ISOTROPIC BACKGROUND
PREDICTION AND DATA
PROCESSING

This chapter discusses data structure first; then two types of background prediction
techniques are discussed. This dissertation tries to use a single set of data files and

different analysis programs to perform all the anisotropy analyses.

4.1 Data Processing

The data processing stream is shown in Figure 4.1. The raw data (*.sen, *.sim) are
processed through GEO, SIZE, and SHAPE. The filter program ANIFLTR reads these
shape files (*.shp) and stores data in several files (*evn.dat, *dir.dat, and *tim.dat).
The program EVN2GAL transforms the event into an event probability and stores it in
galactic coordinates. The program MCEPD reads event arrival direction from *dir.dat
and randomly chooses a run time from *im.dat to make a fake event and then does
the same things as EVN2GAL. The program CALACC reads the arrival dlrectlon from
“*dir.dat and calculates the acceptance. The program LIVETIM reads the acceptance and
*tim.dat, then calculates the acceptarce weighted live time. These programs are covered

in later sections.

4.1.1 ZEnergy intervals

Anisotropy may change with energy, so we need to separate data into several energy
intervals. Based on the study of spectrum and composition, five intervals are chosen. The
minimum energy of our data is about 0.2FeV. The elongation rate becomes steeper at
0.4FeV. At about 3EeV the spectrum flattens and the iron flux is almost equal to the
proton flux. Tnstead of 3, I chose 3.2 because it is one half of an interval in log scale. The

five intervals are 0.2 —0.4EeV, 0.4—1.0EeV, 1.0 —3.2EeV, 3.2 - 10.EeV, and > 10EeV.
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‘ Detector ’ : ( Monte-Carlo )
T

* scn * sim *_ful

GEO

* geo * geo {

{

* siz * 5iz
SHAPE .

* shp . * shp *{ CMPFULSHP 5

ANI FLTR CMPOBMC {

*evn.dat *4Him.dat *dir.dat *dir.dat

[ ACCSTE / ACCMONO ] ,
| ONTIME | i ;-

*acc.dat

* ontime "

[ ] Logond - -

[EVmGAL ) ( MCEPD J NORMLIV File name |
[_*epd | *pxxepd | | *iv | (erocram

Figure 4.1. Flow chart of data processing and analysis. The data file names are enclosed {
in rectangles. The command or program is enclosed in the rounded rectangles and
capitalized. The final data files used in anisotropy studies are at the bottom, ..pzz.epd,
«-epd, and ,.liv.
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4.1.2 Pixel size

In the previous analysis, an equal area bin of 10° of galactic longitude and 0.174 of
sin(galactic latitude) which is about 10° near the galactic plane is used. This method
has the disadvantage that the bin shape is distorted at higher latitudes. In addition this
bin is too large to perform small scale anisotropy. In this work, a fine resolution, 1° x 1°

grid is used to store data for all small scale and large scale analyses.

4.1.3 Event number vs event probability

Event numbers per bin were used for most oprevious analysis. But some events have a
large error in arrival direction, causing large fluctuation in the number of events for each
plxel There are two methods to smooth out the large fluctuation. One is using a larger
pixel size, but at the same time; good resolution is sacrificed. The other is using a tight
cut to cut out events with large errors, but this method will reduce the number of events.

Instead of event number count, an event probability density is used. Section 4.2
discusses the point spread function which explains how the event probability is spread
out over an area. The point spread function of each event is carefully calculated; the
probability density is then transformed from local coordinates to galactic coordinates.
The details are covered in the next section. This method preserves the original informa-
tion. An event with a large error will spread out over a large area. It is unnecessary to

apply tight cuts and therefore increase the statistics.

4.1.4 Selection of events

The main concern of this analysis is the study of arrival direction. The more events
we have, the smaller the fluctuation will be. In the next section, we show the techniques
used to esﬂmate the error distribution; therefore, we do not worry about the large
uncertainities of arrival direction. We use only the basic data cut. As mentioned above,
we use the Gaussian fit energy for monocular data and Gaisser-Hillas fit energy for stereo

data. The number of events for all epochs are listed in Table 4.1.
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4.1.5 Isotropic background prediction

A background based on an isotropic distribution is necessary for comparison to the
data. How to predict the isotropic background is the most difficult part of the anisotropy
analysis. A different prediction could lead to totally different results. Two methods are
used in this analysis to insure we have a self consistent background prediction. The
scrambled event method uses real events with randomly chosen event arrival direction
(8, ¢) and arrival times T to simulate a fake event. Section 4.3 discusses this method.
The live time method uses the detection efficiency and live time of the detector to calculate
the effective detection aperture. Section 4.4 discusses the detection efficiency, called the
acceptance in this dissertation. Section 4.5 discusses the live time of the detector. The

consistency of these two methods is discussed in the first section of Chapter 5.

4.2 Point Spread Function
The point spread function, PSF, is the spread of probability around the detected
direction. In the previous analysis, the PSF was assumed to be a Gaussian probability

distribution. However, do our data really obey a normal distribution? This analysis

Table 4.1. The total number of events of all epochs

epoch Date , Energy (FeV)
month/Year 0.2-04 0.4-1.0 1.0-32 3.2-100 >100 All
Monocular Data

1 11/81 - 05/85 1208 1331 787 228 85 3639
2 11/85 - 07/87 2170 1696 829 227 5 4973
3 08/87 - 06/88 2895 1966 842 198 55 5956
4 07/88 - 04/90 2300 2156 1146 262 70 5934
5 05/90 - 09/91 1094 1095 595 136 52 2972
6 10/91 - 07/92 1245 979 438 95 28 2785

Total 10912 9223 4637 1146 341 26259

Stereo Data

2 11/86 - 06/87 456 382 215 32 6 1091
3 07/87 - 06/88 1489 1127 476 90 15 3197
4 07/88 - 04/90 1725 1470 659 113 23 3990
5 05/90 - 09/91 841 721 350 66 15 1993
6 10/91 - 07/92 657 4901 209 42 4 1403

Total 5168 4191 1909 343 63 11674
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intends to understand more about the intrinsic nature of Fly’s Eye data rather than
assuming some known probability function to study the unknown in nature.

How well can the Fly’s Eye reconstruct the arrival direction of a cosmic ray event? We
can use the Monte-Carlo data to study this question, because we know the real direction

which are stored in * ful files. The reconstruction errors are defined as

Al = eshp - Bful A¢ = ‘;bsh.p - Qf’ful

If we plot the A# distribution, it is certainly not a good normal distribution. It is
biased because of the different uncertainties df of different events. A standardized variable

must be used to look for a point spread function.
Zoy = AG/do Zy = Ag/de

Figure 4.2 and 4.3, show the Z; and Z, distribution. The mean value and standard
deviation of these distributions are also listed in these figures. If the point spread function
is a perfect normal distribution, the mean should be 0 and the SD should be 1. From
these figures, we see clearly that they are not perfect normal distributions. For the stereo
data, the mean value is approximated 0 but the 8D is quite large. It isl a- leptokurtic
normal distribution, which means it has a thin central peak and a long tail. A special
algorithm is developed to perform the fitting. A normal distribution fits the central peak,

“sticther normal distribution fits the long tail, and we let the width and ratio ‘of those
two distributions be varied to find a minimum y?. We sample all the Monte-carlo data,
more than 5000 events, to find the best fit dual width normal distribution. The total
probability is _

P(Z)=rG(Z,0,w1) + (1 — r}G(Z,0,w)

gz—a;z
G(z,0,w) = #e‘ w

where G{Z,0,w) is the Gaussian probability of mean value 0, width w, and variable Z.
Table 4.2 lists the results of the dual width normal distribution fit.
For the real data, since we do not know the actual value, we can only scientifically

guess. The probability of the expected error distribution should be similar to that of
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Monte-Carlo. Using this method, we can predict the error in the theta distribution.
Figures 4.2, and 4.3 show the real error distribution and the prediction using the dual
width fit. ‘In section 3.6, we found that the angular resolution of real data is slightly
greater than that of Monte-Carlo data. Because the standardized variables take care of
all the differences between Monte-Carlo and real data; we do not have to modify the error

distribution.

This method not only models the error distribution; it also helps to increase the
statistics. In the previous analysis, because we did not quite understand the point spread
function, we had to cut events that had poor resolution. Much of the monocular data
were thrown away due to their poor resolution. Using this model, we can use standard

cuts and almost all the data are available for analysis.
An event with arrival direction (# £df , ¢+ d¢) in local coordinates, could come from

nearby pixels, each with a certain probability. The probability of this event comes from

(¢, ¢') is P(¢',¢") which can be calculated by

Zy = (¢ —6)/db
Py(Zy) = r6G(Zg,0,wg1) + (1 —16)G(Z5,0,wp 5)

Zy = (¢'~¢)/do

Table 4.2. Result of dual width normal distribution fit

Energy (EeV)
02-04 04-10 1.0-32 32-10.0 >10.0
r 0.6565 (.6815 0.6525 0.6225 (.5585
¢ wil 0.5559 0.6797 0.7069 0.6917 0.6994
monocular w2 1.6121 1.7281 1.7261 1.6789 1.6009
data T 0.7364 0.7255 0.7495 0.8225 0.8185
¢ wil 0.6444 0.7582 0.8061 0.8769 0.9379
w2 1.8416 1.8876 1.9543 2.1884 21742
T 0.7476 0.7641 0.8000 0.7900 0.8218
g wl 0.7755 0.7874 0.8379 0.8509 0.8786
stereo w2 2.9909 3.1590 2.9713 3.2302 4.7654
data T 0.8127 0.8244 0.9133 0.8900 0.5052
¢ wl 0.6980 0.6800 0.7146 0.6696 0.6832
w32 2.4718 2.3148 4.0630 4.3917 7.0975

oy
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Ps(Zg) = 14G(Z24,0,w51) + (1 — r4)G(Z4,0,wp.2)

P(#,¢) Py(Zg)Py(Z,)

Although this point spread function comes from Monte-Carlo data, we believe the
nature of the non-Gaussian distribution comes from the nature of the software recon-
struction. Because the Monte-Carlo and real data use the same programs in processing
data, this point spread function should be valid for real data too. In the next two sections,

we use the point spread function to convert event number to event probability.

4.3 [Event Probability Density

The event probability density, EPD, is the probability that an event can ex}st in a
certain pixel. In the previous analysis, the EPD is assumed to be a Gaussian probability
distribution. As the last section showed, the point spread function of Fly’s Eye data
is not a normal distribution. Each event spreads out the probability into some nearby
pixels. If we integrate over all pixels, the total probability should be equal to the total
number of events. Therefore this probability is called the event probability density.

In this analysis, galactic coordinates are used. But the point spread function cannot
be applied to galactic coordinates directly because of the nonlinear transformation and
time dependence. So a coordinate transformation from (6,¢/,T), where T is the event

arrival time, to (,¥') is required.

4.3.1 Event probability density of data

The shower direction of an event with arrival direction (§ = df , ¢ + d¢) at a time
T can be calculated by the dual width normal distribution as discussed in the previous
section. Then we can transform the P(#,¢',T) to galactic coordinates P(¥,4). The
program EVN2GAL performs this calculation and transformation. This is a very time
consuming job, because for every event approximately 30 to 50 nearby pixels must be
calculated and then transformed to galactic coordinates. This event probability density

is stored in data file *.epd.
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4.3.2 Scrambled event background prediction

It is much simpler for ground arrays to predict the isotropic background be‘cause
of their almost continuous on time and symmetry in the azimuthal distribution. This
means that the right ascension distribution is isotropic. The background of any source
can be chosen as the mean of some other points at the same declination by sweeping
the right ascension. This method is widely used by gamma ray physicists and cosmic
rays physicists. Fly’s Eye operates intermittently and the stereo data are not azimuthal
symmetric! So this method must be modified. In order to preserve the original arrival
direction, the values of # and ¢ are stored in a data bank which contains the geometric
information. The arrival time is stored in another data bank which contains the run time
and trigger rate information. Then a pseudo event is generated by randomly choosing a
set of (f,¢) and arrival time from each data bank. In this way, we preserve all detector
biases without knowing the details of the detector. Because there is no direct link between
arrival time and (8, ¢), this randomization destroys any relation (anisotropy, if it exists)
in the original events.

In this dissertation, for each epoch, we simulate 100 scrambled event background files,
then sum over all epochs. This result is transformed by using the same point-spread
function and is stored in the same format as *.epd files. Each file has the same number of
events as real data *.epd. The mean value of these simulated files represents the eéxpected
isotropic background, and the fluctuation of these simulated files reflects the fluctuation
of real data.

Figures 4.4 to 4.13 show the contour map of the scrambled event background. The
number shown in these figures is event probability density in 5° x 5° pixel.

How well this method works depends on the statistics. At hig‘her energies, due to the
repeated use of a few events, the scrambled events probability density is faithful to the
real isotropic background only up to a certain zenjth angle. From Figure 4.13, some ring
structure can be seen. These rings are the results of repeated use of a few zenith angle and
randomized azimuth angles and universal time. The other method previously discussed

uses Monte-Carlo data to form the (f, ¢) data bank; thus it will eliminate the problem of
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limited statistics. The problem, however, is shifted to knowing that the Monte-Carlo is
a good representation of the real detector when there are few events to compare with!?
There is no good answer for this question. Since we see some systematic inconsistency
between the Monte-Carlo and the real detector, we will use the first method, using real

data, to obtain the background.

4.4 Acceptance
Due to the geometric configuration: of the detector and position of the shower, the
detector has a different efficiency to detect events from different regions of the sky. This

efficiency is called the acceptance in this dissertation.

Event probability density at (8,¢) of energy E P(9,¢, E)

A9, ¢, E) = Total number of events of energy E "~ Yo P(0,0,E)

The acceptance is the normalized event probability demnsity in terms of local coordi-
nates (,4). Acceptance is sensitive to the data acquisition system. We need enough
statistics to reduce random fluctuation; therefore, it is better to collect all data from
one epoch to form a data bank and then calculate acceptance. Some of the epochs have
similar distributions, for example, epoch 4 and 5, because neither of them has channel
2, the fastest channel which triggers on nearby events. As the shower energy increases,
the mean R, also increases. So for the lower energy events, differences in the detector
system play an important role in the § distribution. We must separate the acceptance for
different epochs. Some of the major differences are listed in Table 4.3. For higher energy
events, these events are further away from the detector and the differences of the detector
system become unimportant. We can sum all epochs to calculate the acceptance at high

energy.

4.4.1 Monocular acceptance

Fly’s Eye 1 covers the whole range in the azimuth angle; therefore, monocular FE1
data is azimuthally symmetric. We can ignore the dependence on azimuth angle ¢. The

mean value and RMS width of # and ¢ are listed in Table 4.4, Figure 4.14 plots the 6



Table 4.3. Major differences between epochs.

epoch, NA means that the feature is not available.

Epoch
Faatures 1 2 3 4 5 6
UV filter NA Yes Yes Yes Yes Yes
Mirror Anodization NA NA Yes Yes Yes Yes
Channel 2

Yes Yes Yes NA NA  Yes

88

Yes means the feature exists in that

and ¢ distribution of monocular data. From the figure and table, the average ¢ is about

181¢ which is consistent with a symmetric azimuthal distribution.

Because the monocular acceptance depends on the zenith angle @ only, the number of

. degrees of freedom is 90 (0° ~ 90°). To have good quality data, we impose a minimum

number of events per number of degree of freedom requirement. This cut is 9 events. In

this case, the poisson width is /9 = 3 and the significance is 9/3 = 3¢. This cut sets the

confidence level at 99.7%. The minimum total number of events is 9 x 90 = 810.

From Table 4.4, we look for small deviations between epochs in order to find some

epochs to form a data bank to calculate acceptance. Table 4.5 lists the groups we used to

calculate acceptance. The only group that fails the minimum events number cut of 810

Table 4.4. The mean value and RMS width of azimuth angle ¢ and zenith angle 6 of
monocular data.

epoch

Energy (EeV)

0204

0.4-10

1.0~ 3.2

32-10

> 10

0+ df

28.1 £ 13.7
30.9 + 13.7
32.6 + 14.2
31.6 £ 14.3
32.0 £ 13.9
33.0 £ 154

31.9 £ 14.2
35.2 £ 15.3
36.9 = 15.8
374 £ 15.7
36.9 £ 14.9
38.6 = 17.0

38.3 £ 15.8
40.3 £ 16.6
42.2 = 16.7
43.8 & 16.7
43.7 £ 16.6
43.5 £ 17.7

45.0 £ 17.3

455 £17.7

47.8 £ 174
48.7 + 18.0
46.9 + 19.0
44.9 + 184

48.1 = 201
47.1 £ 16.0
49.6 = 17.7
50.8 £ 19.1
52.0 = 16.1
448 £ 1756

¢+ dé

ST WON O G W

177 £ 101
177 £ 103
181 £ 106
181 £ 103
185 + 101
182 = 102

181 = 105
179 £ 105
181 = 102
184 £ 103
180 £ 103
183 &= 104

184 + 104
187 + 105
178 £ 102
181 £ 103
185 + 106
176 £ 103

172 £ 103
178 + 104
184 £ 99
181 £ 105
176 £ 111
182 £ 101

163 = 103
178 + 98
194 4+ 108
184 £ 98
191 = 110
194 + 104
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is the highest energy interval. It has only 341 events. In this case, the confidence level is
V341 = 1.950, or 94.9%. It is still good enough.
Figure 4.15 shows the monocular acceptance of epoch 3. As the energy increases, the

system has higher efficiency at high zenith angle.

4.4.2 Stereo aceeptance

Because FE2 covers only part of the sky facing FE1, the stereo data is not azimuthally
symmetric. The mean value and RMS width of 8 and ¢ are listed in Table 4.6. Figure 4.16
shows the # and ¢ distribution of the stereo data. Because of the FE1 - FE2 configuration,

the collecting area is an ellipse with & major axis 150° off the east. But as the energy

Acceptance %
15

1.2

¥ T T T i ¥ = ¥ T T M
o 0 20 30 40 50 60 70 BO 90
Zenith Angle 8

Figure 4.15. Monocular acceptance of epoch 3. Those five lines represent five energy
intervals and the are under the curves are normalized to 100%.
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Table 4.5. Groups of epochs for monocular acceptance.

Energy Group of epochs
02-04 1 2 (36) (45)
04-10 1 2 (345 6
10- 3.2 1 2 3 (456)
3.2-10.0 (1-6)

> 10.0  (1-6)f

i : number of events below 8§10

increases, the collecting area extends outward and the difference between the major
and minor axes decreases; therefore, the difference between maximum and minimum
acceptance decreases. When the shower coming from near ¢ = 60°, parallel to the line
of FE1 and FE2, the Cerenkov contamination is severe and most of these events will be
cut out.

Because the stereo acceptance depends on the zenith angle 8 and azimuth angle ¢,
the degree of freedom is 27/86A = 27/(1° x 1°) = 20627. But the total number of
stereo events is only 11674! Using the PMT size, the 64 can be replaced by effective
area, §4 = m X 5.5%/4 = 23.8, so the degree of freedom is about 20626.5/23.8 ~ 868.
Because of this high degree of freedom, we will not enforce the cut on the minimum

number of events. Originally, we wanted to use Monte-Carlo to find the acceptance, but

Table 4.6. The mean value and RMS width of azimuth angle ¢ and zenith angle ¢ of
stereo data.

Energy (EeV)

epoch

0.2 - 04

0.4-1.0

1.0-3.2

3.2-10

> 10

2
3
g+dé 4

26.8 £ 11.9
32.1 + 12.7
30.7 £ 12.5
30.5 £ 12.7
31.9 + 12.9

34.0 £ 12.5
34.9 £ 13.7
34.7 £ 13.7
344 £+ 13.5
36.0 + 13.7

37.7T + 143
36.9 & 14.4
37.3 £ 14.7
36.4 £ 14.2
37.5 + 14.6

39.3 £ 144
36.4 + 15.3
36.2 + 15.6
374 £ 15.2
38.3 + 15.7

359+ 9.8
41.1 + 13.2
40.4 + 15.5
39.8 1+ 16.2
38.0 £ 21.9

¢+ do

D U W R

197 £ 97
202+ 94
194 £ 97
198 = 100
192+ 95

189 = 103
196 = 97
195+ 98
195 £ 96
195+ 96

196 £ 108
197 = 97
189 £ 98
196 + 99
195 £ 99

190 £ 100
178 £ 89
200 £ 101
193 £ 104
199 £ 92

227 £ 110
161 £ 127
189 £ 85
209+ 92
219 + 74

N T
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due to some systematic differences between the data and Monte-Carlo, we prefer using
something faithful to the data. As a result, the stereo acceptance is valid only in large

scale and some systematic errors are inevitable due to low statistics.

From Table 4.6, we look for small deviations between epochs in order to find some
epochs to form a data bank to calculate acceptance. Table 4.7 lists the groups we used to
calculate acceptance. Figures 4.17 to 4.21 show the contour plots of the stereo acceptance

(in 5° x 5° pixel) of epoch 3 data.

4.5 Live Time

4.5.1 System run time

The data acquisition system starts to record data from the time the system is permitted
and stops taking data when the system is inhibited. The live time of the detector is
recorded in the raw data file mMMdDDpPP.scn. However it is not available in the final
shape files. During the operation of Fly’s Eye, a weather code is input to the computer
when the data acquisition starts and is then entered each hour on the hour by the operator.
This process is illustrated in Figure 4.22. In the previous analysis, we used the weather
code to cut out bad weather data and live time. We also used the time of the first weather
code as the system permit time and the time of the last weather code as system inhibit
time. The time of the first weather code could be before or after system permit (normally
before the permit), and the time of the last weather code could be ahead of the system
inhibit for up to almost one hour. Using the weather code, accidentally we gain a couple

minutes at the beginning of the run and lose about 1/2 hour at the end. Sometimes the

Table 4.7. Groups of epochs for Stereo acceptance.

Energy Group of epochs
0.2-04 21 3 (4,5) 61
04-1.0 2t (34,5) 6§
1.0-3.2 (2-6)
3.2-100 (2-6)t

>10.0 (2-6)t

i : number of events below 868
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data are separated into several parts which could have no weather code before the system
permits. This is not a good algorithm!

Instead of using the weather code time, I tried to recover the permit/inhibit time
from the trigger frequency. The Fly’s Eye triggers at a constant rate, so the inverse of
the trigger rate is the mean separation time, AT, between events. Theoretically, the
*ﬁfst trigger happens at approximately AT after the system is permitted, and the system
is inhibited at approximately AT after the last trigger. However, the shape files keep
only successfully reconstructed events, not the raw triggers. Even the trigger rate is not a
good indicator because sometimes the sky or system is noisy and the electronic thresholds
change over time. Therefore we must use the successfully reconstructed event rate instead
of the trigger rate. This method could predict the permit /inhibit time with an error of less
than ten minutes. Besides, the weather could cause the good event rate drop quite large
but noise would still keep the system running at constant rate. The detection efficiency

will certainly decrease significantly in this case and it would not be reflected in the old
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Figure 4.22. Algorithm of system run time determination.

algorithm or by using the trigger rate. The successfully reconstructed event rate could

be a good indicator of the overall condition of the weather and the system. {

The prediction of permit/inhibit time and event rate are calculated by program {

ontime.f. It first identifies different parts by the separation time between events, i.e.,

if this time is greater than 1.5 hours, it separates the events into different parts. The

mean event rates (within £15minutes) are calculated. The separation time is checked;

if it is longer than expected time from mean event rate, the events are separated into
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different parts again. This procedure helps to reduce some parts separated less than 1.5
hours. Some mistakes will be introduced here, such as having only one event within one
hour; however, this extrreme case will not affect our background prediction too much
because the event rate is so low that we can safely ignore the time between events and
count it only as several minutes around that event. Statistically, it would be very similar
to exposure for a long time with low rate or to exposure for a short time with proper
rate.

After events are separated into parts, the permit/inhibit time is calculated from the
mean event rate. Both time and rate are written into a file *.ontime to be used in live time
background prediction. Figure 4.23 shows the event fate and reconstructed on/off time
of the November 1988 stereo data. Table 4.8 lists the system on time of both monocular

and stereo data based on the new algorithm.

Table 4.8. The total run time of all epochs. The unit is Julian day.

Monocular Data Stereo Data
epoch Date run time Date run time
11/81 - 05/85 7459157
11/85 - 07/87 50.72216 11/86 - 06/87 17.50593
08/87 - 06/88 35.31582 07/87 - 06/88 32.82493
07/88 - 04/90 55.27137 07/88 - 04/90 50.58574
05/90 - 09/91 30.29416 05/90 - 069/91 25.97057
10/91 - 07/92 19.42440  10/91 - 07/92 15.92963

Total 265.61948 142.81686

[T L IETORNE U K




99

y88mf Day

o ﬂ 30

o 1 T T T T T
o 1 -| r] 29
°.‘ J J T T T T T T T T ; 1

o 16

Q T T T T T 1 T
2+ J_J'“V\] J"—} u
°-' y T T T T T y T 1 y T
- W -
°- ' [I T 1 J T ' T - " T
e L.rJJ"L,uﬂ' ’
o - ‘T—’le-q T T T T T T

Rate
0 10
~

o 6
o T T
o 5

AL
ivLﬁ__D],r]‘

UT hour

Figure 4.23. The event rate as function of universal time of November 1988 stereo data.




100

4.5.2 Live time background

The live time background is defined by acceptance and event rate weighted live time

) Toss
liv(l,b, E) = /T R(T) A(8,6,E)Q(1,b,0,6,T)dT

Eerod

where liv is acceptance weighted live time of longitude ! and latitude b at energy £,
E(T) is the successfully reconstructed event rate at time T. A(6,¢) is acceptance, the
geometric efficiency which is the relative ability to detect events from a certain # and ¢.

2 is a coordinate transformation which finds the 8 and ¢ for (1,4) at time T.
The program livtime.f calculates the live time background and writes to file *.liv. In

order to have a pixel size of 1°, the step size of time dT is chosen as 4 minutes. It is a

massive task to calculate 360 x 180 pixels for every 4 minutes of run time. The price is

“worth it since it produces a smooth background and is faithful to the limit of thé visible
sky. ‘

R(T) is introduced in this background calculation for the first time. It not only makes

the formula dimensionally correct but also reflects the dynamic variation of the data

acquisition system and the weather conditions.

After the livetime, the live time of each pixel should be proportional to the event
probability density. A normalization to the total number of events is necessary so that
the value of each pixel represents the same meaning as the event probability density.
_F:or each epoch, we sum up all monthly */iv and then normalize to the total number of
events. Because the monthly number of events fluctudtes more than the number (ﬁ events
of each epoch, it is better to normalize to the whole epoch rather than to individual
months. This method infroduces some differences between monthly event probability
density mMMdDD.epd and live time mMMdDD.liv. The normalized data are overwritten

to the same file. Figures 4.24 to 4.33 show the contour map of live time backgrounds.

The advantage of live time background is the smooth transition. The disadvantage
is the lack of knowledge of fluctuation. Although Poisson distribution can be used to
predict the fluctuation, it is not faithful to fhe real world when the event probability
is very small. We still need scrambled event backgrounds in order to understand the

fluctuation of background.
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CHAPTER 5
ANISOTROPY ANALYSIS

This chapter presents results of the anisotropy analysis. First, in section 5.1, we
compare two types of background. Then several coordinates are used to search for
dependence of anisotropy on these coordinates. The galactic coordinates are separated
into six lobes to search for large scale excesses; the six lobe anisotropy is described in
section 5.2. Section 5.3 discusses the dependence of anisotropy on galactic latitude.
Section 5.4 discusses the classical topic, harmonic analysis of anisotropy. Section 5.5

discusses the most recent search for a supergalactic plane excess.

5.1 Comparison of Background

We have two types of background calculation. One is based on acceptance and live
time, as mentioned in section 4.5.2. This background will be called /iv. The other type
uses scrambled event arrival direction and trigger times to calculate the event probability
density as mentioned in section 4.3.2. We simulate 100 sets of scrambled events and use

the average of those 100 data sets as the background; this background will be called ave.

This section discusses those two types of background and studies the difference between
them. First we study the difference in large scale by comparing the mean value of both

backgrounds in 10° bins. Then we compare the difference in 1° x 1° pixels.

5.1.1 Difference in large scale

We group both backgrounds into 10° bins according to different coordinates, such as
right ascension (o}, declination (), galactic longitude (1), and galactic latitude (). Then
the difference of the mean value of the two backgrounds can be found by

(liv(z, E)) — (ave(z, E))
(liv(z, E))

A(lE,E) =

- where z is a certain coordinate and F is energy. The results are listed in appendix C.

Except for some bins which contain most of the lower declination and thus have higher
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errors, most of A(e, E), A(l, E) and A(b, E) are within +£25% for mono background and
within +45% for stereo background.

The overall means and standard deviations for the four coordinates are listed in
Table 5.1. The overall mean values of all four coordinates are less than 3% for mono
background and less than 5% for stereo background. We may conclude that the projec-
tions of those two backgrounds, liv and ave, are quite consistent with each other. For
the right ascension band, the means and standard deviations are small for the mono
background and slightly larger for the stereo background. This deviation suggests that
the azimuth angle dependence of stereo acceptance needs some small adjustment. For
declination, although the overall mean is still small (0.3% for mono background and 3%
for stereo background), the fluctuation are greater than 10%. We may need to modify the
zenith angle dependence of both the mono and stereo acceptance. For galactic longitude

and latitude bands, most of the large errors come from lower declination pixels.

5.1.2 Difference in small scale

As we found, the declination bands have some systematic difference between two
backgrounds. We need to understand the difference in detail. Here we use small scale,
1°x 1° pixels, to study the relative difference between the two backgrounds. The relative
difference is defined as |

liv{l,b, E) ~ ave(l,b, E)

AL, E) = liv(l,b, E)

Table 5.1. The overall mean value and standard deviation of difference on large scale
comparison. All numbers are in percentage %.

Mono Stereo
mean SD | mean SD
Right Ascension « | 0.219 4981 | 0.562 9.629

Declination 610302 12363 2.966 17.617

i
b

Galactic Longitude 2.178  7.641 ¢ 5.081 13.809
Galactic Latitude 0.288 7.308 | 0.662 8.366
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where [ is galactic longitude, & is galactic latitude, and F is energy. In this definition, we

have two extreme cases such as,
liv(l,b,E} < ave(l,b, E) = A(l,b, E) € ~1

liv{l,b, E) > ave(l,b, E}) = A(l,;b,E) ~ 1

The first case happens at the rim of visible sky where the /iv background has very small
coverage but the ave background could have an event come from that region and thus
produce a large probability density. The second case could happen at a position where
the ave background has no events due to limited simulation data sets. This case happens
more frequently at higher energy and at the rim of visible sky because there are fewer
events.

In order to avoid the first case, we apply a declination cut at ~40°. Thatwould roughly
correspond to the zenith angle @ cut at 80° which is quite reasonable. We do not have
events which come from & > 80°; but due to the point spread function, some probability
density is spread over these region. The only way to avoid the second case is by increasing
the number of simulations. However, this iricrease will cost a lot of computer time and
memory space. After the declination cut, both liv and ave are normalized to the number
of events at each energy interval.

In order to study thé_ systematic difference, we group A{l,b, F) into 10° bins and
study the A as a function of declination. The declination has a closer relation to local
coordinate zenith angle 8. In ¢calculating mean and standard deviation, the first extreme
case A € --100% is excluded. to avoid bias caused by these points. Tables 5.2 and 5.3 list
the mean and standard deviation of A as a function of declination for mono and stereo
background. These results are also plotted in Figures 5.1 and 5.2.

Generally, the relative difference of the mono backgrounds is less thaﬁ the difference
of the stereo backgrounds. This difference is reasonable because of the larger number of
events and smaller degree of freedom required in mono background calculation than in
stereo. However, there is still some systematic difference between liv and ave. For mono

background, at declination §<—20° and 30°<§<50° the liv background is less than the
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Table 5.2. The mean and standard deviation of relative difference on small scale between

live time background liv and scrambled events background ave for mono data.

§]02<E<04104<E<10|10<E<32(|32<E<10 100< FE
mean SD | mean SD | mean SD | mean SD | mean SD
-30 1.53 31.54 | -12.28 25.63 | -16.20 36.62 | 12.10 40.17 | 39.41 50.54
-20 | -4.74  26.35 | -14.95 29.07 | -0.24 31.23 | 1460 33.76 | 35.56 43.23
-10  10.7¢ 14.92 | 10.18 20.54 | 10.21 20.37 | 11.07 31.51 ! 26.03 33.09
0 14.86 14.49 | 12.78 12.96 6.66 17.36 | 11.97 2575} 11.32 2991
10| 12.531 9.38 9.18 12.58 8.96 15211 4.10 26.01 4.94 29.82
20 4.81 910 -092 11.19 2.23 1489 -0.17 2296 7.30 30.38
30 247 20.68 203 2081 | -415 2242 | -263 32.31|-13.01 43.59
40 | -18,12 12.66 { -13.62 11.40 | -16.33 16.55 | -7.28 24.95 5.99 20.35
50 | -15,50 10.25 | -11.76 11.48 | -10.05 18.93 1.62 21.69 -9.11 35.20
60 | -2.99 10.33 047 10.68 | -1.16 16.31 859 16.27 1 -5.59 27.75
70 6.98 8.78 5.30 9.11 083 1169 | -1.04 17.40 4.75 21.73
80| 15.69 8.70 | 11.16 6.66 | 10.44 1260 | -6.92 16.21 | 19.76 31.00
90 | 25.28 6.73 | 17.97 746 | 19.62 10.31 | -3.59 21.18 | 51.61 11.18
ave 2.569 14.15 1.20 14.58 0.83 18.81 3.26 25.40 | 13.77 32.06

Table 5.3. The mean and standard deviation of relative difference on small scale between

live time background liv and scrambled events background ave for stereo data.

§|02<E<04|04<E<10]10<E<32[32<E<10 10K E
mean SD | mean SD | mean SD | mean SD { mean SD
-30 | 8640 28.85 | 83.80 30.30 1 68.72 31.20 | 17.7% 54.06 | 94.26 10.77
-20 ] 85.91 26.14 | 76.77 32.89 | 63.24 32421 60.53 31.533 | 60.65 47.67
-10 ¢ 55.17 49.03 | 27.09 43.25 | 23.35 40241 17.04 43.51 | 49.01 45.75
0 28.95 4290 13.09 33.07| 1244 33301 26.31 35.85 | 52.81 40.13
10| 16.79 36.19 | 16.76 30.71 | 14.56 26.85 ! 2254 3598 | 36.01 46.52
20 7.16 34.68 7.03 29.66 553 29.29 | 16.22 35.71 | 13.54 42.23
30 | 1532 43.62 | -3.65 4120 10.51 39.00 | -2.09 42.15| 30.29 42.57
40 | -15.38 35.19 | -15.85 32.72| -8.61 31.86 | -6.53 36.16 | 22.39 48.45
50 | -17.67 37.23 | -13.06 34.95 | -12.55 32.09 | -3.85 38.78 | 30.99 41.49
60 0.10 37.09 0.06 34.56 | -1.66 28.16 | 15.18 34.90 | B8.65 4959
70 8.46 37.69 542 33.59 | -8.98 20.61 | 13.22 40.11 | 22.82 39.48
80} 13.06 3756 | 294 33.70 | 13.48 27.85 | 28,51 3256 | 27.07 33.26
90| 17.10 41.51 | 13.74 29.07 | 10.07 28.05| 1.26 30.57 | -4.74 36.10
ave | 23.30 34.85 | 16.47 33.82| 14.62 31.53| 15.86 37.84 | 34.13 40.31




110

T T Y

3.2<E<10.0

Difference %
—37.2614.50 8.25

—29.759.50 10.75

L T A ML LR R RN A B L

o 0.2<E<04
-
- =
...N. ..................................................................................
b4
I

L R L L L e
=40 =20 0 20 40 60 80

Declination

Figure 5.1. The mean and standard deviation of relative difference on small scale of liv
and ave of mono background. The error bar is + one standard deviation. The dotted
line is relative difference 0%.
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ave background at £<3.2FeV and larger at higher energy. At higher declination §<50°
, the liv background is larger than the ave background for all energy intervals except

3.2<E<10LeV. This difference suggests that the acceptance needs a small adjustment.

5.1.3 Conclusion

In the comparison of background in the large scale, the mean difference is less than
3 + 13% for mono background and less than 6 &+ 18% for stereo background. We may
conclude that the live time background I4v is quite consistent with the scrambled events
background ave in the large scale, except for a small dependence on declination. We can

modify the acceptance to make those two backgronnds more consistent with each other.

* For comparison in the small scale, the relative difference increases significantly due to
the statistical nature of the scrambled event background. For the mono background, the
mean relative error is approximately 4.3% and the mean fluctuation is about 21%. For the
stereo background, the mean relative error is approximately 21% and mean fluctuation
is approximately 36%. For such high fluctuation, these backgrounds are not suitable for

small scale anisotropy analyses.

For all further analyses, we will use the 100 sets of scrambled event background
to perform the same analysis as we do on the real data. From now or, whenever we
say background, we mean scrambled event background. Using scrambled event
backgrounds, we will generate statistical fluctuation of the anisotropy. The anisotropy
from the data should be compared with the mean and the standard deviation of results

from the scrambled event backgrounds.

5.2 Coarse Lobes Analysis
5.2.1 The six sky lobes

The whole sky can be separated into six equal area lobes. Each lobe is centered at
one of the three coordinates axes. These axes, shown in Figure 2.8, are center-of-galaxy
to anticenter-of-galaxy, from the forward direction of the solar system in the galactic arm
to the backward direction, and south to north. In this analysis, the criteria that separate

the whole sky into six lobes are:
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e North : if b > 42° (b is galactic latitude)

South : if b < —42°

Center : if —42° < b < 42° and —~45° <1 < 45° (I is galactic longitude)

Forward : if —42° < b < 42° and 45° <[ < 135°

Anticenter : if -42° < b < 42° and 135° <[ < 225°

L ]

Backward : if —42° < b < 42° and 225° <1 < 315°

Although these criteria produce a slightly smaller area at north and south lobes, the

result is not changed because both the data and the background use the same criteria.

5.2.2 Analysis and result

We compare the integrated event probability density of each lobe with the background
of scrambled events. The RMS width of the scrambled event will be used as the width of

distribution to find the significance of deviation from the isotropic backgreund.

D(2) = ) of tobe :P{L,0) observed event probability density
B(1,7) = 2(15) of tobe i P, 5,7} expected event probability density

M) = Y B(,5)/ Y3 mean value of isotropic background

L) —M())2 :
W(i) = \/ 2 (B(Zj)j M) width of isotropic background

S(1) = (D(i) — M(3))/W{(i) significance of data deviated from background

The results of this analysis are listed in Tables 5.4 and 5.5 for monocular and stereo data,
respectively.

Figure 5.3 shows the significance of mono and stereo data. From monocular data,
some lobes have deviation of more than +30 from the isotropic background; the stereo
data does not show significant deviation from the isotropic background but has the same
trend. From Figure 5.3 we found some common trends between mono and stereo data.

The backward lobe has no common trend between mono and stereo data.



Table 5.4. The result of six lobes anisotropy analysis of monocular data.
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_ Energy (LeV

Lobes 0.2-04 04-1.0 1.6.- 3.2 3.2-10.0 > 10.0
D 2864.2 1 2203.2 1030.8 262.1 76.8
North M 2869.4 2239.0 1061.7 241.3 77.8
w 36.1 35.0 26.5 13.0 6.7
S -3.15 -1.03 -1.17 1.59 -0.15
D 609.8 620.1 427.8 103.3 40.0
South M 672.0 675.5 435.3 112.2 30.0
w 20.7 21.2 16.7 9.4 5.0
S -3.00 -2.62 -0.45 -0.94 1.99
D 438.7 506.3 324.7 77.0 19.0
Center M 539.0 560.4 361.6 95.4 28.2
W 18.8 19.6 15.7 6.0 4.3
S -5.35 -2.76 -2.35 -2.69 -2.14
D 3907.9 3258.7 1494.3 356.3 100.0
Forward | M 3750.5 3155.7 1465.4 358.1 103.6
W 36.7 - 38.7 31.1 14.9 9.4
S 4.29 2.66 0.93 -0.12 -0.39
D 2038.1 2405.2 1191.8 283.4 | 77.8
Anitcenter | M 2855.7 2315.8 1120.4 275.6 77.7
1% 289 32.2 26.4 11.2 6.8
S 2.75 2.7T8 2.70 0.69 0.02
D 125.1 | 182.9 123.9 46.8 194
Backward | M 170.0 201.7 128.2 42.8 13.8
W 94 11.5 7.3 6.8 2.9
s -4.80 -1.64 -0.58 d.59 1.83

¢ Negative significance for north lobes at £ < 1.0EeV and south lobes at F < 0.4FEeV.

o Negative significant at center lobes except a 0.15¢ of stereo data at 1.0 < F <

3.2EeV.

Positive significance at forward lobe for F < 3.2EeV.

Positive significance at anticenter lobe except for £ > 10.0EeV.

These common trends could be explained by systematic error in background prediction

and/or anisotropy. Fly’s Eye has more exposure and better efficiency at north, forward,

and anticenter lobes. At energy < 3.2FEeV, we see overestimation of background at the




Table 5.5. The result of six lobes anisotropy analysis of stereo data
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o Energy (FeV

Lobes 02-04 [ 04-1.0 1.0-32 ] 3.2-10.0 >10.0
D 1302.1 914.0 410.8 78.6 17.5
North M 1322.8 1018.6 449.7 77.1 11.9
W 25.6 28.2 14.2 6.0 2.7
S -0.81 -3.71 -2.74 0.25 2.03
D 4083 397.8 199.9 30.5 5.2
South M 426.1 408.0 198.2 31.5 6.2
W 19.0 14.7 13.9 4.8 2.2
S -0.94 -0.70 0.12 -0.21 -0.48
D 220.2 247.5 1232 14.5 4.5
Center | M 248.7 249.2 121.1 25.0 4.8
' W 13.2 12.1 14.3 | 3.8 1.6
S -2.16 -0.14 0.15 -2.82 -0.16
D 1722.3 1412.1 613.8 112.5 24.8
Forward | M 1697.7 1357.7 590.7 111.1 17.8
W 214 28.9 20.2 8.6 34
S 1.15 1.88 1.15 0.16 2.07
D 1448 4 1149.1 530.6 99.5 9.8
Anitcenter | M 1407.8 1089.7 516.5 89.3 20.7
W 230 | 25.5 19.5 6.2 3.3
S 1.797 | 2.34 | 0.72 1.64 -3.30
D 66.8 70.2 30.6 7.3 1.1
Backward | M 64.8 67.8 32.7 8.9 1.6
W 6.3 5.1 5.4 2.0 1.0
S 0.32 - 0.48 -0.40 -0.79 -0.48

north lobes and underestimation at anticenter and forward lobes. This situation may

suggest that these systematic trends cannot be completely explained by systematic error

in the isotropic background.

We also compare this analysis with P. Sommer’s analysis, listed in Table 2.2, at

common energy intervals, E > 1.FeV; most of the differences in significance are between

—2.5¢ and 1.50. The two analyses have quite similar results. However, if we look only

at energy £ > 1FeV, those common trends become unclear at energy E > 1.0FeV.

Whether anisotropy exists or not needs further study.
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5.3 Harmonic Analysis

For ground arrays, harmonic analysis is the easiest way to study anisotropy because
of their uniform coverage of right ascension (RA). Therefore anything which produces a
nonuniform distribution in RA must be related to anisotropy. Although this method can
be applied to Fly’s Eye, some differences must be noticed. Because of the intermittent
operation and anisotropic coverage of stereo data, the right ascension is not uniformly
covered in Fly’s Eye data. Therefore the expected Rayleigh vector must be calculated
from the isotropic background. The magnitude of the Rayleigh vector cannot be taken as
the magnitude of anisotropy; it reflects mainly the nonuniform exposure of the detector.
Only the difference between data and isotropic background has a physical meaning.

In this analysis, the declination is separated into nine approximately equal area bands.
These are —26°, —15°, —5°, 5°, 15°, 26°, 38°, 53°, and up to 90°. For each band, the

Rayleigh vectors of first and second harmonics are calculated by

2 & 9 5
= 5 251: p(l,b) cos(a) T2 = ¥ %: p(l,b) cos(2a)
2 5 9 bz
n = = p(lb)sin(a) 2 = —>_p(,b)sin(2a)
N o N =
R, = V:I:%-I—ylz Ry = 1/$§+y§
1,01 1 T
QS = Ta.n (= T — —1 _2
1 (yl ) o2y 2Tan (y2

where p could be the event probability density of data or scrambled events and N is the
total event probability density in that declination band. o and § are the right ascension
and declination of each point (I,b) where [ is galactic longitude and b is galactic latitude.
The Rayleigh vector distribution of scrambled events gives the mean and width of the

isotropic background. The significance is defined as

data — mean

ignificance =
516 © width

The complete result of this analysis is listed in Appendix B. The results of all sky band
(—26° < § < +90°) is listed in Table 5.6 and plotted in Figure 5.4.
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Table 5.6. The results of harmonics analysis of all sky band, declination from —26 degree

to 490 degree.

Energy magnitude phase

(EeV) Data. Mean width sigma | Data Mean width sigma
Mono Data First Harmonic

0.2-04 | 0.4746 0.4660 0.0111 .78 | 12341 127.11 1.52 -2.43
04-1.0 | 0.5304 0.5289 {.0150 6.10 | 124.78 12895 1.64 -2.54
1.0 - 3.2 | 0.5395 0.5394 0.0220 0.00 | 122.86 127.47 2.47 -1.87
3.2-10.0 { 0.5292 0.5530 0.0396 -0.60 | 131.30 125.96 4.05 1.32
> 100 0.5686 0.6100 0.0774 -0.66 | 120.83 131.81 6.67 -0.30

Mono Data Second Harmonic
0.2-04 |0.1585 0.1545 0.0114 0.36 911  10.20 2.36 -0.42
0.4-1.0 |0.1059 0.0859 0.0114 1.75 6.40 9.25 4.36 -0.65
1.0-3.2 | 0.1603 6.1017 0.0221 -0.08 0.99 9.94 6.95 -1.29
3.2-10.0 | 0.1134 0.0684 0.0332 1.36 6.64 -12.00 28.64 0.65
> 100 0.1371 0.0953 0.0437 0.96 | 11.99 8.04 52.74 0:07

Stereo Data - First Harmoniec

02-04 | 06141 0.5897 0.0155 1.57 | 115.73 116.81 1.90 -0.57
04-1.0 [0.6671 0.6202 0.0186 2.52 [ 115.90 117.94 244  -0.84
1.0-3.2 | 0.6497 0.6286 0.0312 0.67 | 119.22 116.29 3.44 0.85
3.2-10.0 | 0.5723 0.6295 0.0628 -0.91 { 117.66 123.11 760 -0.72
> 10.0 | 0.9857 (.5539 0.1307 3.31;126.10 110.88 19.30 0.79

Stereo Data Second Harmonic
02-04 |0.1705 0.1968 0.0197 -1.33: 16.82 19.36 2.69 -0.94
04-10 [0.1484 0.1507 0.0202 -0.21 | 20.18 27.32 469 -1.52
1.0 -3.2 | 6.1146 0.1551 0.04069 -0.99 | 18.04 15.13 .10 0.21
3.2-10.0 | 6.1288 0.1913 0.0788 -0.79 | 36.92 0.68 13.84 2.62
> 10.0 0.1234 0.2496 0.1361 -0.93 | 11.39 -12.22 38.69 0.61

Figures 5.5 and 5.6 plot the magnitude of first harmonics as functions of declination of

monocular and stereo data. The first harmonics of data are very similar to the background

prediction. Although the first harmonics magnitude is greater than 1 at declination

below +15°, the isotropic background also generate a similar number and the difference

between data and background are not significant, less than 2.5¢ for mono data and less

than 3.8¢ for stereo data. Figures 5.7 and 5.8 show the histograms of significance from

all declination bands of mono and stereo data. These distributions follow the normal

distribution. The declination dependence of harmonics is the result of uneven exposure

of sky. No significant first harmonic or second harmonic is found in this analysis.
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5.4 Galactic Latitude Dependence

Two types of galactic latitude dependence are analyzed here. Ome is the galactic
plane enhancement factor; the other is the galactic latitude gradient. Because of different
magnetic field orientation, the anisotropy might be different for different regions of the
sky. To look for this dependence, several regions were chosen. The simplest choice is the
whole sky which covers the entire range of galactic longitude. The other choice is the
four direction of major axes as mentioned in section 5.1: center, forward, anticenter, and
backward. For the forward region, the regular magnetic field lines are almost facing the
solar system; for the backward region, these field lines leave the solar system.

This analysis integrates over galactic longitude to find the total event probability as
function of the galactic latitude, D{b) = 3°; p(I,0)4are- The same process applies to the
real data, the scrambled event data and the live time background, T(8) = 3, o(1,8)i;0-
Then the event ratio r(b) = D(b)/T(d) is used to find the latitude dependence.

In the 1993 analysis [5], we used only one scrambled event background; it was sampled
100 timmes then renormalized to the same number of events as real data. The galactic plane
enhancement factor fr and galactic latitude gradient s fitting only gives a number and
error of this number. It is impossible to know the systematic error of this scrambled event
background. We can only assume that the expected fg/s of isotropic background is 0.;
then the significance is fitted value divided by error of fitted value.

In this new analysis, in order to know how the background fluctuates, we use 100
sets of scrambled events backgrounds each has the same number of events as real data.
For each set, we run through the same analysis as we did for real data. So we have
100 sets of fg and s. The mean value and SD of these 100 data sets are the mean and
SD of background. Therefore, the mean of background should be the expectation of the
isotropic background and the SD is the fluctuation of the isotropic background. The mean
value of background also shows the systematic error of the scrambled events background.

The significance is defined as

data — mean of background
V/(error of data)? + (error of background)?

significance(o) =

ot

AT
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5.4.1 Galactic plane enhancement factor

Since most stars and gas are concentrated on the galactic plane, it is natural to ask
whether the arrival direction of cosmic rays is concentrated on the galactic plane. If
the origin of these cosmic rays is inside the galactic plane, an enhancement near this
plane could be expected. Wdowczyk and Wolfendal have developed a galactic plane

enhancement formula to look for this kind of anisotropy [37].
I(5) = Ip(1 ~ fg + ¢ x fg x €7%)

where ¢ is a normalization constant and fg is the energy dependent galactic plane
enhancement factor. They use 1.402 [38]; but according to my calculation, (see appendix
A), ¢ should be 1.437. In a previous analysis, I use ¢=1.402 in order to coﬁpme our
with their fg [5]. However, in this dissertation, I will use 1.437. This will reduce fe by
approximately 2.5%.

If the cosmic rays are isotropic, the flux I(b) should be equal to Iy. If the cosmic rays

are anisotropic, the ratio of flux to the background could be a function of €~ B%,

_ Do) _ 1) _

) = 7y = T, =1-fp+exfpxe ™ =1-fp(l—cxe)

A weighted least y? linear fit is used to find the enhancement factor fr. The results are
listed in Tables 5.7 and 5.8 and shown in Figures 5.9 and 5.10.

Consider the all sky data first. The most prominent effect is at energy 0.4 — 1.0EeV.
There is a 2.240 excess for monocular data and a 1.76¢ for stereo data. The trend, the
significance rises to maximum at 0.4 — 1.0FeV then drops to negative above 10EeV, is
similar for both monocular and stereo data.

For all four general directions, we do not see a consistent trend between monocular and
stereo data. Only two bins have significance higher than +2¢. Those two are consistent
with random fluctuation. The overall results of the four general directions show that the
enhancement factor fg is quite consistent with the isotropic background for both stereo

and monocular data at all energy intervals.
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Table 5.7. The galactic plane enhancement factor of monocular data

Longitude | Energy Data background Sigma
(degree) (EeV) Mean SD | Mean SD| (o)
1 0.2-04 1 0.0657T £+ 6.0262 ) 0.0011 £+ 0.0215} 1.90
All 04-10 7 0.082 £+ 0.0288 | 00024 <+ 0.0233| 2.24
1-360 {10-321{ 00860 £+ 00412 0.0058 £+ 0.0376 | 1.44
3.2-10.0 | 06.0107 £+ 0.0833 | 0.0256 + 0.0746 | -0.13
>10.0 [-0.1292 =+ 0.1478 | 0.1089 £+ 0.1663 | -1.07
02-04|-0.2055 £+ 0.0729 [ -0.0018 <+ 0.0635 | -2.11
Center 04-1.0 | 0.0075 £+ 0.0765 | -0.0008 <+ 0.0633 | 0.08
-45 -~ 444 | 1.0-3.2 [ -0.0373 £ 0.1015] 0.0145 + 0.0958 | -0.37
3.2-100 | -0.0537 £+ 0.1743 1 0.0362 £ (.1539 | -0.39
>10.0 |-0.1423 + 0.2858 | 0.2351 + 0.3823 | -0.79
0.2-04 | 00888 =+ 0.0414 | 00026 £+ 6.0345| 1.60
Forward | 0.4- 1.0 | 0.0956 + 0.0454 | 0.0055 + 0.0312 | 1.63
45-134 11.0-3.2 | 0.0682 £ 0.0642| 0.0105 £ 0.0512| 0.70
3.2-10.0 } -0.0648 + 0.1333 | 0.0558 £+ 0.1062} -0.T1
> 10.0 [-0.3527 + 0.2424 | 0.1499 + 0.2037 | -1.59
02-0.4 | 0.0956 + 0.0444 | 0.0042 + 0.0343| 1.63
Anticenter | 0.4- 1.0 | 0.0516 <+ 0.0512 | 0.0064 <+ 0.0373 ! 0.70
135-224 1 1.0-32 | 0.1298 =+ 0.0719 | 0.0122 £+ 0.0661 | 1.20
3.2-10.0 | 0.1551 £+ 0.1421; 00666 £ 0.1213 | ©0.47
> 10.0 0.2637 = 0.2265 | 02494 + 0.2440.| 0.04
0.2-04 |-0.2603 + 0.1015|-0.0137 + 0.0842 | -1.87
Backward | 0.4- 1.0 | -0.0151 + 0.1056 | -0.0164 + 0.0824 | 0.01
225-314 { 1.0-3.2 | 0.0529 £+ 0.1468 | -0.0204 + 0.1066 | 0.40
3.2-16.0 | -0.0872 £+ 0.2365 | -0.1014 + 0.2548 | 0.04
>10.0 | 0.3183 + 0.4444 | 0.0434 + 0.3865 | 0.47

5.4.2 Galactic latitude gradient

If the cosmic rays source is extragalactic and comes from one side of the galactic plane,
the particle flux could be higher on one side of the galactic plane than on the other. This

situation could lead to a galactic latitude gradient [39, 40].
I(b)=I3(1—sxb)

where s is the galactic latitude gradient. The ratio of event probability density can be
fitted to find the gradient.

r(b):%:%:l—sxb

T
T
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Table 5.8. The galactic plane enhancement factor of stereo data

Longitude | Energy Data background Sigma
(degree) (FEeV) Mean SD | Mean SD| (o)
0.2-04 | 00726 X 0.0406 ;| 0.0426 £+ 0.0856 | 0.31

All 04-1.0 | 0.1687 * 0.0434 | 0.0429 L 0.0567| 1.76
1- 360 1.0-32 } 0.1457 %= 0.0638 | 0.0282 £+ 00683 1.26
3.2-10.0| 01949 £ 0.143 | 0.0939 + 0.1326| 0.52

> 10.0 0.4002 £+ 0.2302 | 0.7200 + 0.4441 | -0.66

02-04 |-0.1866 + 0.1089 | 0.0404 + 0.1892 | -1.04

Center 04-106 4 0.1835 4+ 0.1130| 0.0190 + 0.1038| 1.07
-45-+44 ¢ 1.0-3.2 ¢ 01297 + 0.1627 | 0.0837 + 0.2366 | 0.16
3.2-10.0 | -0.5850 £ 0.2988 | -0.1303 + 0.3490 | -0.99

>10.0 |-0.1149 £+ 0.6403 | 0.0388 =+ 0.5178! -0.19

02-04 | 01295 £ 0.0627 { 0.1318 £ 0.1617 -0.01

Forward 0.4-10 ) 0.1147 + 0.0698 ; 0.1755 £ 0.1382 | -0.39
45134 | 1.0-3.2 | 6.0372 £ 0.1048 | 0.0797 + 0.1230 | -0.26
3.2-10.0 | 0.6275 X 0.1854| 02211 + 02170 | 1.42

>10.0 | 0.7189 + 0.3688 | 0.6709 =+ 0.3549 | 0.09

02-04 | 0.0825 =+ 0.0701| 0.0621 =+ 0.0809 | 0.19

Anticenter | 0.4 - 1.0 | 0.2733 % 0.0718 | 0.0447 £ 0.0758 | 2.19
135-224 | 1.0-32 | 0.1873 = 0.1065| 0.0731 + 0.1203| 0.77
3.2-10.0 | 0.3856 £ 0.2243 | 0.2418 £+ 0.1937 | 0.49

> 10.0 0.1663 + 0.2447 | 0.6128 =+ 0.3542 | -1.04

0.2-04 | -0.1494 + 0.1812 | -0.4554 £+ 0.3102 | 0.85

Backward | 0.4- 1.0 | -0.1946 £+ 0.1570 | -0.1493 + 0.1807 | -0.19
225-314 | 1.0-3.2 | 0.1098 £ 0.2179-0.3070 =+ 0.3084; 1.10
3.2-10.0 | -0.6700 % 0.3067 ; -0.5303 =+ 0.3575 | -0.30

>10.0 |-1.1532 % 0.7564 | -0.0845 + 0.4423 | -1.22

The results for both monocular and stereo data are listed in Tables 5.9 and 5.10. Fig-
ures 5.11 and 5.12 show the overall results

Ouxly two bins have high significance. Both are monocular data at energy 0.2—0.4EeV .
One is 2.530 at the center direction. The other is 2.050 at the backward direction. The
results show that the galactic latitude gradient s is quite consistent with the isotropic
background for both stereo and monocular data at all energy intervals. No significant

difference is found between the four general directions.



a 0
=] ~N
i Al
" i1
o -
&4
o
< |
o
(& R
o4
1
"M . n
7 K
o | a
? i 1 13 ¥ T 'r
-1 05 0 065 1 15
logt0fEnergy (EeV)}
¥ 0
- [ ™~
Center [
[ 0
o
[ i=]
] [ v
1 Bl
4 =1
0 ] [
s £
4 i
] “
T J 1 ¥ ] L ?
-1 -05 0 05 1 15
log10§Energy (EeV)}
0 n
o ™~

Anticenter

Figure 5.11. The galactic latitude gradient as function of energy of mono data.

s 0 o5 1 1s
log10§Energy (EeV)}

Sigma

Mono Data

¢ Dota

GRAD

o Monte~Carlo

x  Significance

n n
o g o~
| Forward .
i o
o -~
) ] .q
[= by o o
E
- "2
S pah
1 I
" ‘ - w0
7] i
o] v
?' T T T T T ol‘
-l =05 0 05 1 15
log10{Energy {FeV)}
- 0
Backward
: [
. o~
5o [ g
-é--c- Ecl e’ Sego . SN SRS S g‘
2%
-
o
n
[ n
T ¥ I T i I ‘?
-1 =05 0 05 1 15

log10§Energy {EeV)i '

129

e



Al

-1

-1

¥
-05 D

1
05 1 1.5

log10§Energy (EeV)}

o5 : .2
< | 3 [

5 X - [ 9
?1 x x oo [

L
1] ; [

] L,

‘? ] Ll 1 13 : 1 ‘?
-1 =05 0 05 1 15 2

log10fEnergy (EeV)}

- 0
] Anticenter 5

] ' o

W : s
O": : [

o

1 (=]

"

(=]

: 1

o

T

0

T 1 i 1 ] 1 t!‘
-1 =05 0 05 1 15 2

log10§Energy (EeV)i

Figure 5.12. The galactic latitude gradient as function of energy of stereo data.

Sigma

Stereo Data

s Data
.2 _Monte—Carlo
x  Significance

GRAD

Forward

1 =05 0 05 1 15 2
log10{Enerqy (EeV)
2 — o
Backward| |
< | : ' | 0
o I
wi] X 4 ! -0 o
| X i T [ E”
- - -3 ?
| [ v
- e O S -
4 ==e- 1
1 1 2]
T y - T I T ‘?
-1 =05 0 05 1 15
log10§Enerqy (EeV)}

130



131

Table 5.9. The galactic latitude gradient of monocular data

Longitude | Energy Data background Sigma
(degree) (EeV) Mean SD | Mean SD| (o)
0.2-04 |-0.0052 + 0.0155]0.0005 + 0.0126 | -0.29
All 04-101-0.0029 £ 0.0169 | 0.0011 £ 0.0145| -0.18
1-360 1.0-32 | -0.0143 £+ 0.0233 | 0.0013 * 0.0255 | -0.45
3.2-10.0 | 0.0605 £ 0.0485 | 0.0069 + 0.0511 | 0.76
>10.0 |-0.0710 £+ 0.0928 { 0.6321 + 0.1138 | -0.70
0.2-04 ) 02142 £+ 0.0659 | 0.0084 =+ 0.0480 | 2.53
Center 04-1.0 | 0.0604 x 0.0582}0.0147 + 00439 | 0.63
-45-+44 | 1.0-3.2 | 0.0406 = 0.0752 | 0.0213 + 0.0669 ] 0.19
3.2-10.0 | 04467 £ 0.1656 | 0.0963 + 0.1214 | 1.71
> 10.0 0.2398 £+ 0.3278 | 0.3224 + 0.3070 | -0.18
0.2-0.4[-0.0097 £ 0.0231 | 0.0006 + 0.0167 | -0.36
Forward | 0.4-1.0 | 0.0224 £+ 0.0254 | 0.0011 4+ 0.0232 | 0.62
45-134 | 1.0-32 | 00086 <+ 0.0359 | 0.0029 £ 0.0359 | 0.11
3.2-10.0 | 0.1466 £ 0.0786 | 0.0198 =+ 0.0667 | 1.23
> 10.0 0.0617 £+ 0.1525 | 0.0181 £ 0.1431 | 0.21
0.2-04 | 0.0217 = 0.0258 | 0.0020 + 0.0216 | 0.59
Anticenter | 0.4 - 1.0 | 0.0197 £ 0.0292 { 0.0024 + 0.0237 | 0.46
135-224 | 1.0-3.2 | -0.0080 = 0.0387 | 0.0025 + 0.0372 | -0.20
3.2-10.0 | -006114 £ 0.0819 | 0.0147 £ 0.0667 | -0.25
>10.0 ;-0.0385 = 0.1532]0.0795 + 0.1975 | -0.47
0.2-0.4; 03422 £+ 0.1401 | 0.0183 + 0.0725] 2.05
Backward | 0.4- 1.0 | 0.0823 + 0.1054 | 0.0231 + 0.0749 | 0.46
225-314 | 1.0-3.2 | 0.0683 £ 0.1277 | 0.0397 £ 0.0850 | 0.19
3.2-10.0 | 0.1307 £+ 0.2378 [ 0.1062 + 0.2638 | 0.07
>10.0 |-0.0204 £+ 0.3827 | 0.5520 £ 0.4787 | -0.95

5.4.3 Compare with previous result

Table 5.11 lists the fg and s of the current analysis and the 1993 analysis. For
the galactic plane enhancement factor fz, three data sets all give a consistent trend.
Maximum deviation from the isotropic background happens at around 0.4 — 1.0EeV;
then the significance drops at higher energy. For the galactic latitude gradient, although
the 1993 analysis had some positive gradient, this analysis shows no signs of galactic
latitude gradient.

T,
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Table 5.10. The galactic latitude gradient of stereo data.
Longitude | Energy Data background Sigma
(degree) (EeV) Mean SD | Mean SDi (o)

' 02-04 1 00108 == 0.0233 | 0.0210 £+ 0.0623 -0.15
All 0.4- 10 | -0.0511 £ 0.0246 | 0.0203 £ 0.0358 | -1.64
1~ 360 1.0-32 | -0.0408 + 0.0361 | 0.0078 £+ 0.0320 | -1.01
3.2-10.0 ) 0.0830 £ 0.0866 | 0.0354 + 00953 0.39
> 10.0 05301 + 0.2089 | 03164 £ 04179 : 0.46
0.2-04 | 02823 L+ 0.1226 | 04837 X+ 03322 -0.57
Center 0.4-1.01 60931 L 0.0887 ¢ 0.1300 £+ 0.1001: -0.27
-45 - +44 | 1.0-3.2 | 0.0678 + 0.12903; 0.1904 £+ 0.1726 | -0.57
3.2-10.0} 1.3849 + 0.7065 | 0.1232 + 06026 1.36
> 100 0.56454 + 1.2478 | 04090 L 2.8237 | 0.04
02-04 | 00314 £+ 0.0361| 0.0445 £ 0.1119; -0.11
Forward | 0.4-1.0 |-0.0298 4+ 0.0394 | 0.0718 £+ 0.0869 ; -1.08
45-134 | 1.0-3.2 | -0.02714 £+ 0.0584 | 0.0089 + 0.0650 | -0.42
3.2-10.0 | 0.2610 + 0.1274 | 00190 + 0.1619! 1.18
> 100 6.4077 £+ 0.2916 | 02671 + 0.5167 | 0.24
0.2-04 | 0.0257 = 0.0403 | 0.0221 £ 0.0474 | 0.086
Anticenter | 0.4 - 1.0 | -0.0411 £ 0.0416 | 0.0116 =+ 0.0486 ; -0.82
135-224 | 1.0-3.2 | 0.0498 £+ 0.0614 | 0.0156 + 0.0607 | 0.40
3.2-10.0 | -0.1512 £ 0.1415} 03101 £+ 0.1840: -1.13
>10.0 | 02198 + 0.7138 | 0.2968 + 0.4856 | -0.09
0.2-04 ] 0.1861 £+ 0.2445 | 0.2868 £+  1.7938 | -0.06
Backward | 0.4-1.0 | 0.3645 £+ 02708 | 0.1294 + 0.3612 | 0.52
225-314 | 1.0-32 {-0.0352 + 0.2915 | 0.1807 £+ 09899 | -0.21
3.2-10.0 | 6.8436 <+ 14.4536 | 0.4156 £+ 10.0039 | 0.37
> 10.0 3.8126 +  3.7058 | -0.6275 £+ 38.5181 | 0.11

Table 5.11. Summary of galactic latitude dependent analyses in sigma. Stereo 93

means results in 1993 analysis using stereo data. The lowest energy bin of stereo 93 is

0.3 - 1.0FEeV.

IE S

Energy (EeV) | mono stereo stereo 93 | mono stereo stereo 93
0.2-04 1.0 031 -0.29  -0.15

0.4-1.0 224  1.76 112 | -0.18 -1.64 -1.53

1.0-3.2 144  1.26 0.80 | -0.45 -1.01 1.97

3.2 - 10. -0.13  0.52 0771 076  0.39 1.72

> 10. -1.07  -0.66 0.15| -0.70  0.46 0.55
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5.5 Super Galactic Plane
The supergalactic plane is a plane in the sky which runs through the Virgo cluster
and most of the nearby galaxies. Shaver and Pierre extend this to radio galaxies with an
approximate distance cutoff of red shift z = 0.03 {56, 57, 58]. This plane intersects the

galactic plane at a longitude about [ = 137° and 317° at an angle of about 82°.

5.5.1 Clustering along super galactic plane

The cosmic rays may come from some sources related to the distribution of stars. The
majority of stars lie in the galactic disk. Cosmic rays above the EeV energy range have a
gyroradius longer than the thickness c)f the galactic disk. Therefore the arrival direction
of EeV cosmic rays may follow the mass distribution of the local galaxy or clusters of
galaxies, depending on where the sources are. It might be interesting to look for clustering
of cosmic rays along the galactic or the supergalactic plane [59, 60, 61]. The absolute and
root-mean-square values of both the galactic latitude and the supergalactic latitude are

calculated and compared to background data.

(B = Z oiey) = Sl
RMSy(E) = %,(}b) RMS.(E) = %&gg

where b and sgl are the galactic/supergalactic latitude, and E is the energy bin. If cosmic
rays are clustering around the galactic plane, they should produce smaller (j5(E)|) and
RM 5y(E) than an isotropic background does. By counting how many background files
produce smaller values than data, we have a probability that represents the chance of an
isotropic background producing a better clustering than the data do.

Number of background files that (|b{E)|)sackground < {|8(E)|}data
Total number of background files

P((I5(E)) =

Stanev et al. claim that EHECRs are clustering around the supergalactic plane [61].
The effect is most prominent at energy greater than 40EeV. Here we use a similar analysis

and nse monocular FE1 data to search for this effect.



134

There is a small difference between the work of Stanev et al. and this work. They use
ground array data, (including Haverah Park, part of AGASA data, Volcano Ranch, and
Yakutsk); they need to use a zenith angle cut at 45°. Since Fly’s Eye is more sensitive to
showers near zenith angle 45° when the energy is greater than 10E¢V, it is not necessary
to use such a cut.

We use a filter program to read out events with energy (from Gaussian fit) greater
than 10FeV and write them to a file. Because the number of events is low, data quality

becomes important. To make sure we have good events, we add several strict cuts:
¢ The angular error df and sin #d¢ must be less than 15°.

-+ o The shower maximum must be between two boundaries X, 4,00 anid Xonaz—high-
Xmax—!ow = 300 + 80 10g10(E)

Xma.a:—high = 1100 + SOIOgIU(E)

where F is energy in FeV.
¢ The relative error of shower maximum dX,0z/ Xmar must be less than 1.
¢ The shower width must be between 140gm/em? and 400gm/em?.

e If the Gaisser-Hillas fit is available, the first interaction depth must be less than

400gm /cm?.

After these strict cuts, we are left with 195 events with energy greater than 10EeV,
compared with 341 events using standard cuts. Then 10,000 background files are simu-
lated by using the zenith angle of real events, the randomly assigned azimuth angle, and
the scrambled real run time.

Figure 5.13 plots the position of all events used in this analysis. Table 5.12 lists the
number of events in each energy interval for ¥ly’s Eye and Stanev et al..

Results from Stanev. et al. and our analysis are listed in Table 5.13. Some systematic

difference can be found. Due to the zenith angle cut, the results from Stanev ef al. are
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Figure 5.13. The position of events used in supergalactic plane clustering. The solid line
is the supergalactic equator. The dash line is the declination -30 degree, approximately

the lower limit of the visible sky of Fly’s Eye.

Table 5.12. The result of supergalactic plane clustering. The world data set includes
data from Haverah Park, part of AGASA data, Volcano Ranch, and Yakutsk only!

Energy (FeV) Haveraph Park World data

set Fly’s Eve

> 10.
> 20. 73
> 40. 27
> 60. 12
>100.

195

143 69
42 23
16 9
8 2

smaller than our results both in data and background. From Table 5.13, we see some

results similar to those of Stanev et al. The probabilities of both analyses are shown

in Figure 5.14. The probability reaches a minimum at energy greater than 40EeV. We

have a probability 0.0662 of {|sgl|) and 0.0173 of RM S;,. That would correspond to

1.340 and 2.130 effect. Figure 5.15 shows the distribution of the supergalactic latitude

at energy £ > 40EeV. Due to the low number of events, the probability rises at energy

SO N
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Table 5.13. The result of supergalactic plane clusteﬁng

Energy Fly’s Eye ~ Stanev ef al.
(EeV) | Data Dbackground Prob. | Data background Prob.
> 10 | 33.58 32.63 0.7397
>20 | 3821 32.68 0.9853 | 31.2 30.2 0.880
Gy | >40 |4200 3268 09814 | 383  30.0 0.998
> 60 ¢ 37.71 32.64 0.7608 | 41.0 31.3 0.978
> 100 | 38.12 32.78 0.6529 | 35.5 314 0.690
> 10 | 39.50 38.84 0.6731
=20 | 42.93 38.98 0.9453 | 37.9 36.7 0.890
RM S, > 40 | 46.35 39.42 (.9437 | 45.6 36.8 0.998
> 60 | 44.02 40.57 0.6688 | 48.1 38.4 0.976
= 100 | 67.33 52.37 0.7784 | 479 40.2 0.820
> 10 | 31.83 31.76 (.5174 '
> 20 | 30.71 31.80 0.3453 | 25.5 273 6.310
(sgll) | >40 |2494 3170  0.0662] 203 274 0.012
> 60 | 21.94 31.50 0.0890 § 19.7 29.5 0.027
>100 | 1517  31.60  0.1566 | 18.8 30.4 0.058
> 10 | 37.53 38.45 0.2760
> 20 | 36.17 38.61 0.1794 | 31.9 33.5 0.340
BMS,5 {1 > 40 | 28.86 38.90 0.0173 ¢ 26.2 33.8 0.012
> 60 | 27.37 39.64 0.0584 | 264 36.6 0.038
> 100 | 25.09 49.19 0.1701 | 26.2 38.3 0.072

greater than 60FeV. Our results seems to reproduce the low probabilities of {|sgl|) and
RM 5,4 as observed by Stanev et al. However if the standard cuts instead of strict cuts
were used, the low probabilities disappear. This disappearance might be caused by those

poorly reconstructed events which have large error and wash out the effect of clustering.

5.5.2 Clustering along galactic plane

To see whether lower energy cosmic rays cluster along the galactic plane, we extend
the previous analysis to lower energy. Two data sets are used in this analysis. The first set
~ uses the same strict data cuts and a program similar to those used in previous analysis.
This strict data set contains events that have good geometric and energy resolution.
Six eﬁergy intervals are used, from 0.2EeV to above 32FeV. The background files are
generated in the same way they are generated in previous analysis but only 2500 data

sets are generated. The results are shown in Table 5.14.
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Figure 5.14. The probability of clustering along galactic plane and supergalactic plane
that come from isotropic background.
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Table 5.14. The result of clustering analysis of strict data set,

Energy (EeV) Data Mean width sigma Probability

0.2-04 3250 3217 031 1.068 0.852

0.4-1.0 31.74 3233 0.31 -1.856 0.026

(I3)) 1.0-32 3195 3249 040 -1.342  0.098

3.2-10.0 31.56 32.56 0.78 -1.281 0.100

16.0-32.0  32.00 3262 1.59 -0.389 0.350

> 32.0 4267 3271 395 2.526 0.991

0.2-04 39.37 3897 031 1.298 0.896

0.4-1.0 38.36 3886 0.31 -1.585 0.054

RM S, 1.0 - 3.2 38.23 38.78 0.40 -1.415 0.085

3.2 - 10.0 37.67 3877 0.77 -1415 0.081

10.0-32.0 38.15 3885 1.58 -0.806 0.324

> 32.0 47.54 3942 3.98 2.039 0.977

0.2-04 30.05 30.28 0.29 -0.817 0.208

04-1.0 31.44 30,68 0.30 2.487 0.993

{|sgt]} 1.0-3.2 31.91 3120 040 1.765 0.964

3.2 - 10.0 31.74 3154 0.79 0.251 0.608

10.0 -32.0 33.65 3185 170 0.705 0.757

> 32.0 23.63 31.71  4.04 -2.000 0.019

0.2-04 36.32 36.61  0.30 -0.993 0.164

0.4-1.0 37.85 3713 031 235 0.991

RM Sy 1.0-3.2 38.53 37.74 041 1.946 0.975

3.2-16.0 37.97 38.15 0.79 -0.221 0.425

100 -32.0 3896 3854 1710 0.243 0.591

> 32.0 27.67 38.77 4.14 -268 0.005

For the second data set w use the event probability density we used in other analyses.
This data set contains some events with large error but has a built-in point spread
function. The analysis program is similar to the program used for the strict data set.
The definition is somewhat different: the absolute and root-mean-square value of both

galactic latitude and super galactic latitude are weighted by the event probability density.

Zl,b p(lvb?E) X |bi Zl,bp(lspr) X Isgl|

(o) 2P0, E) (lagH(E)]) Yupp(l,b,E)
Yip el b, E) x b2 . s p(1,0, E) x sgi?
RMS(E) \j 2 01,8, E) RM Syt E) J Yy P, b, E)
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where p(l,b, E') is the event probability density of data or scrambled events. The results
are shown in Tables 5.15 and 5.16. Figure 5.16 show the probability of clustering along
the galactic plane and the supergalactic plane.

For the galactic plane clustering, both monocular and stereo data show a rising
probability as the energy increases and the maximum deviation that happens at energy
interval 0.4 — 1.0FeV. This effect is washed out at energy above 3.2EeV. Figure 5.17
shows the distribution of the galactic latitude of the mono data and the background at
0.4 — 1.0FeV. The excess of events come from a small bump near the galactic plane.
There are about 925 events in ~10° < b < 10° but only 862.3 events are expected. This
éxcess is approximatelyéa, similar to the result integrated from —90° to +90°.

For the supergalactic plane clustering, the deviation from isotropic background predi-
cation is most significant at energy greater than 32 EeV. However, this clustering is seen
‘only in the strict data set. Figure 5.18 shows the distribution of the supergalactic latitude
at £ > 32FeV. At supergalactic latitude —50° ~ +50°, the data have 28 events but
only 21.8 events are expected. The excess is only about 1.30. However, the deficit of
event at jsgl| > 50° is about 2.48¢. In order to produce such a pair of excess and deficit,
the probability is only 0.5%, approximately 2.57¢.

Another interesting feature is that at low energy (E < 3.2FeV) most of the events
come from low galactic latitude and high supergalactic latitude but this trend reverse at

higher energy (E > 10EeV).
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Table 5.15. The result of clustering analysis of monocular data.

Energy (EeV) Data Mean width sigma Probability

0.2-04 31.91 3243 0.18 -2.960 < 0.01

0.4-1.0 31.58 32.21 0.8 -3.583 < 0.01
{16]) 1.0-3.2 31.82 3248 030 -2.213 0.01
3.2-100 3221 32.06 0.56 0.260 0.64
> 10.0 33.93 32.21 1.11  1.545 0.95

0.2-04 38.50 38.92 0.153 -2.690 < 0.01

0.4-1.0 38.00 38.56 0.17 -3.273 < 0.01
RM 5 1.0 - 3.2 38.16 38.75 0.29 -2.024 0.02
3.2 -10.0 3831 3819 055 0.225 0.58
> 10.0 39.93 3854 1.10 1.266 0.89

02-04  31.01 3111 0.6 -0.628 0.26

0.4-10 318 3187 019 0.134  0.53

{Isgl]) 1.0-32  32.24 3192 031 1.048 0.85
32-10.0 3246 3224 054 0404  0.66

> 10.0 32.90 3311 093 -0.223 043

02-04 3735 3752  0.17 -0.990 0.18

04-1.0 38.41 3833 0.18 0.404 0.61

RMS;q 1.0-32 38.80 3858 032 0.684 0.711
3.2 -10.0 38.63 3888  0.57 -0.430 0.35

> 10.0 38.96 3954 0.93 -0.624 0.28

_Table 5.16. The result of clustering analysis of stereo data.

Energy (FeV) Data Mean width sigma Probability

0.2-04 3241 3285 0.25 -1.761 0.02
04-1.0 31.95 3312  0.27 -4.348 < 0.01

(i8]} 1.0-32 3184 3279 050 -1.913 0.02
3.2-100  31.67 3241 0.82 -0.901 0.18

> 10.0 33.77 30.39 223 1.518 0.93

0.2 04 3384 3921 0.24 -1.561 0.04

0.4-1.0 38.21 3944  0.29 -4.224 < 0.01

RMS, 1.0-3.2 37.92 3895 0.45 -2.268 < 0.01
3.2-100 38.13 38.60 0.84 -0.560 0.25
> 10.0 39.63 36.25 243 1.390 0.91

0.2-04 32.34 3200 0.2t 1.618 0.94
0.4-1.0 32.72 32.10 0.29 2.116 0.99

{|sg|) 1.0-3.2 33.56 3269 051 1.712 0.96
3.2 -10.0 32.68 33.35 1.05 -0.647 0.27
> 10.0 31.65 3461  2.56 -1.158 0.11

0.2-04 38.65 38.38 0.22 1.253 0.92

0.4-1.0 39.24 38.50 0.30  2.160 0.98

RMS, 1.0-3.2 3394 3918 0.49 1.548 0.95
3.2 -10.0 38.72  39.89 1.05 -1.116 0.13

> 10.0 38.20 41.67 242 -1.400 0.10

RN —
y R
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Figure 5.18. The galactic and supergalactic latitude distribution at energy E > 32FeV.
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CHAPTER 6

SUMMARY

The origin of extremely high energy cosmic rays is always an important topic. The
Fly’s Eye group has studied two of the most important topics of EHECR physics —
the spectrum and composition. Results from those two studies show evidence of two
components in EHECRs. One is a heavy source, mainly iron nuclei, which dominates at
energy lower than 3FEeV. The other is a light source, mainly protons, which dominates
at a higher energy. It is widely believed that the first (heavy) component originates
in our galaxy and probably is a continuation of the knee’ region. Due to a lack of
possible galactic acceleration mechanisms, the second (light)} component is believed to be
extragalactic in origin. The main task of the anisotropy analysis is then to determine

where these EHECRs come from. This is the main concern of this dissertation.

It would be nice if we could trace back the trajectory of cosmic rays and see where they
come from. Unfortunately, most of them are charged particles. Their trajectories are bent
by magnetic fields. For iron nuclei at an energy of 15E€eV, the gyroradius in the galactic
magnetic field is about 300pc, equivalent to the thickness of the galactic disk. Below this
energy, the smaller gyroradius will make detection. of anisotropy more difficult. However
at higher energy, protons appear to dominate the flux and should have good anisotropy.
But the extremely low flux of these cosmic rays and the relatively small aperture of the
current detector make detection of this anisotropy very difficult. Statistics are extremely
low and result in high statistical fluctuation. Although many papers have reported on
the study of anisotropy in the extrahigh energy region, the results are quite ambiguous.

This dissertation tries to dig out a small anisotropy buried in an isotropic background.
Although some improvements were made from previous analyses, the result is still limited
by low statistics and large fluctuation. I try to use several analyses and then draw a

conclusion from the results of all analyses.
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I start with a reexamination of system resolution and study the difference between
the real detector and Monte-Carlo. Some systematic errors and differences are found.

Section 6.1 reviews these errors and differences.

Section 6.2 reviews some major improvements presented in this dissertation. The
results of anisotropy analyses are summarized in section 6.3. The final conclusion of this

dissertation is in section 6.4.

6.1 Systematic Errors
In the sections 3.6 and 3.7, we observed some systematic errors in event reconstruction

and in the detector Monte-Carlo. Here is a short summary.

"o The relative error of R, of mono data increases as the energy increases.

o The relative error of X,,,, and the energy have a linear relation with X,,.. or

log,o Energy. The relation may depend on composition and epoch.
e The mean track length of real data is shorter than that of the Monte-Carlo.

¢ The mean % of real data does not change much with energy. But the mean % of

Monte-Carlo data decreases as the energy increases.

o The mean € of real data is smaller than that of Monte-Carlo.

"The effect of these systematic differences will change the aperture and make the
resolution worse than predicted by Monte-Carlo. This dissertation makes no a.ttemﬁf
to correct the spectrum and composition and does not use the zenith angle 8 distribution

of Monte-Carlo for acceptance. All the analyses use data from real events.

6.2 New Improvement
Several new improvements were made in this dissertation. Some of the major improve-

ments are listed belowed.

¢ Reconstruct system on/off time from triggering pattern. This new system on/off
time replaces the weather code and is a closer approximation to the real system

on/off time.
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¢ Study of the point spread function of zenith angle & and azimuth angle ¢. This
function can predict the error distribution statistically. This improvement makes it
possible to use events with large uncertainity and therefore increases statistics. This

improvement also benefits to small scale anisotropy analysis.

e Using the point spread function, we are able to predict the shower zenith distribution

more precisely and generate acceptance to produce a smooth isotropic background.

e A new term, the event rate, is introduced in the live time background prediction.
This term helps to reflect the dynamic trigger condition caused by both detector
and weather. It generates a more realistic background prediction. This background
is quite consistent with the scrambled event background in large scale for both
the mono and the stereo background. In small scale, there is ap?rmdmately a 21%
difference between two types of the stereo background. However, the mean difference

in the mono background is only 4.3%.

+ Based on my calculation, a new normalization constant, 1.437, was used in the
galactic plane enhancement equation. The original value of 1.402 was used by

Wolfendale and others.

* A new clustering analysis which studies the probability of events clustering along

the galactic or the supergalactic equator was performed.

6.3 Summary of Anisotropy Analyses

There are three data sets. The first two, mono and stereo, are the event probability
densities that use events that pass the standard data cuts and have a built-in point spread
function. Thus the geometric information is correct but the energy factor may not be so
precise. The third data set uses events that pass strict data cuts to insure good geometric
and enérgy reconstruction but does not have a built-in point spread function.

In order to compare results from five analyses, I rewrote some results from significance
o to probability according to one sided Gaussian probability. It is the probability of an

isotropic background generating an anisotropy as large as that of the observed data. The

oy

5 TRy

o
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smaller the probability, the larger the anisotropy. Some results of the analyses are listed
in Table 6.1.

6.3.1 Anisotropy related to galactic structure

6.3.1.1 Isotropic background predication. Ii large scale, the live timie and the

scrambled events backgrounds are quite consistent. The systemati¢ difference between
the two types of background is less than 3+13% for mono data and less than 5+18% for
stereo data. However, as the energy increases, the fluctuation increases due to the smaller
number of events. All the subsequent analyses use the scrambled events backgrounds.

6.3.1.2 Six lobes analysis. We see some common trends between mono and stereo

data. The north and south lobes have smaller event probability density than expected.
The center lobe also has smaller event probability density than expected, whereas the
anticenter lobe has more event probability density than expected. This effect cannot be

completely explained by systematic error in the background prediction.

Table 6.1. Summary of analyses related to galactic structure.
Probability
Energy (EeV) 02-04 04-10 1.0-32 32-10 >10 > 32
Six lobes analysis
mone north  0.4404 0.1515 0.1210 0.9441 0.4404
south 0.0013 0.0044 0.3264 0.1736 0.9767
stereo mnorth  (0.2090 0.0001 0.0031 0.5987 0.9788
south 0.1736 0.2420 0.5478 0.4168 0.3156
Galactic plane enhancement factor
mono  0.0287 0.0125 0.0749 0.5517 0.8577
stereo  (.3783 0.0362 0.1038 0.3015 0.7454
Galactic plane clustering {bgys)
mono 0.01t 0.01% 0.01 0.64 0.95
stereo  0.02 0.01% 0.02 0.18 0.93
~ strict  0.852 0.026 0.098 0.100 0.350  0.991
supergalactic plane clustering (sglpams) ‘
mono (.18 0.61 0.71 0.35 0.28
stereo 1192 0.98 0.95 0.13 0.10
strict  0.164 0.991 0.975 0.425 0.591  0.005

i : original probability < 0.01, use 0.01 as upper limit.
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6.3.1.3 Galactic plane enhancement analysis. We see a positive galactic plane

enhancement factor fr at energy below 3.2FeV. Although the significances are low,
(highest significance 2.24¢), the trend is the same for mono, stereo, and 1993 stereo
analysis. We do not find significant difference between the four general directions: center,
forward, anticenter, and backward.

6.3.1.4 Galactic latitude gradient analysis. The galactic latitude gradient anal-

ysis does not show significant gradient in the whole sky or the four general directions,
meaning that the arrival direction of cosmic rays is quite symmetric along the galactic

plane,

6.3.1.5 Harmonic analysis. We search for harmonics in nine different declination
bins. None of these bins have significant first and second harmonics. Although the
harmonic analysis does not give us any information about galactic coordinates, it does
give an independent view of the isotropic background.

6.3.1.6 Galactic plane clustering. Both the mono and stereo data sets support a

clustering along the galactic plane at energy < 3.2EeV with a probability <2% coming
from random background fluctuation. But the strict data sets have an 85.2% probability
at 0.2 — 0.4EeV; then the probability drops to 2.6% at 0.4 — 1.0EeV. All bins except one
support anisotropy. The overall trends between mono, stereo, and strict data sets are the
same: lowest probability (highest clustering effect) at 0.4 — 1.0 EeV and probability rises

as energy increases.

6.3.2 Anisotropy related to supergalactic structure

To look for anisotropy related to the supergalactic plane, we combined several energy
intervals. These compound probabilities are listed in Table 6.2. For the higher energy
bins, the clustering analysis shows a significant clustering effect along the supergalactic
plane above 32FeV. This effect is most significant in the strict data set. This effect is
washed out in the same analysis when standard data cuts are used. The reason may be
that the poor energy resolution in the mono/stereo data sets allows some lower energy

events to penetrate into the higher energy bins and destroy the clustering effect.

e,
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Although both the strict data set and that of Stanev et al. support some effect of
clustering along the supergalactic plane, the statistics are still low. The Akeno group
also reports that about 30% of events that have energy > 40EeV are concentrated in a
band from 0° to 10° in the supergalactic latitude. They also have about 19% of events
come from supergalactic latitude {sgl| > 50°. Contradictory te Akeno’s result, our strict
data sets have no events coming from |sgl| > 50°. This clustering effect is not yet solidly

confirmed.

In another study, E. Waxman, et al. study the correlation of this clustering effect and

the large scale structure of some nearby clusters of galaxies. They find the clustering

- - effect but do not find a correlation of this effect with the known large scale structure [63].

.: Although this clustering effect is confirmed by Waxman ef al. and by us, it may not-be

direct evidence of extragalactic origin of EHECRs.

6.4 Conclusion
Anything we see in anisotropy is a combination of background pfedjction and possible
anisotropy. In this study, we generate two types of backgrounds (live time background
and scrambled event background) and study thé difference between them. Statistically,
two backgrounds are quite consistent with each other in the larger scale comparison.
However, the relative error between two backgrounds has a large fluctuation, typically
+10% ~ +20%. The harmonics analysis shows no signs of significant deviation from the

isotropic background. This result also supports the fact that the background is reasonably

Table 6.2. The compound probability of supergalactic plare clustering. These results
combine several energy intervals, as shown on the first row.

Compound Probability
Energy (FeV) >32 >10.0 >32 <3.2EeV

mono 0.3256 0.28 0.6376
< |sgl| > stereo 0.1341 0.10 0.9998
strict  0.1484 0.0753 0.019 0.7798
mono {.3256 0.28 0.5307
sglpprs  stereo 0.0695 0.10 0.9994

strict  0.0377 0.0202 0.005 0.7193
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isotropic. However, the large fluctnation still plays an important role in interpreting our

data.
If the scrambled events backgrounds are really isotropic, then the mean result of fg

and s should be 0. But instead of 0, we always have a certain number and certain
fluctuation. The nonzero mean value tell us that there are some systematic errors in the
background. How significant are these systematic errors? We can justify this question
by the value of mean/fluctuation. If this number is within £1, it could be treated as
statistical fluctuation and the background is reasonably isotropic (within 1 sigma). In
our data, most of the analysis has the mean of background less than the fluctuation of
background except at £ > 10EeV. The highly fluctuated background at E > 10EeV is
a natural consequence of the scrambled events background when the number of events is
low. We may readjust the background to let the mean of backgrounds equal 0, but this
adjustment may introduce other unknown factors and may be valid for one analysis and
invalid for other analyses. So no attempt has been made to adjust backgrounds.

Due to the small systematic error, our anisotropy result may not be as large as the
observed number. However, we use statistical difference between data and background
to examine the statistical significance of our data.

_ mean of data — mean of background
~ /lerror of data)? + (error of background)?

a

This is the sigma I used in Chapter 5. In this way, our results are independent of
systematic error of background and have the same statistical significance as results that

use a perfect isotropic background.

We found some degree of anisotropy in the six lobes analysis, the galactic plane
enhancement factor, and the galactic plane clustering. These effects are closely related
to each other. The lower event probability density in north and south lobes will generate
positive fg and indeed positive fg is observed at energy below 3.2FeV. The clustering
of events near the galactic plane will make north and south lobes have fewer events than
expected and combined with no latitude gradient, a positive fg must exist. These analyses
form a consistent figure. They all show a possible excess of events near the galactic plane

and a possible defict of events near the galactic poles at energy below 3.2EeV.
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However, these analyses use identical data and backgrounds. A consistant result
in different analyses should be quite natural. Near the galactic plane, the systematic
background fluctuation is only about 5%; our data have excess (925 out of 862.3 at
04 < E < 1.0EeV) approximately 7.3%. Although this excess has a 20 significance
statistically, systematicai error still dominates. Unless we can reduce the systematic
error, we can not solidly conclude that there is an anisotropy.

From thesé anisotropy analyses, we see some evidence that there are certain degrees
of anisotropy which relate to the galactic plane at energy £ < 10FeV. We also see minor
evidence to support supergalactic plane clustering. However, the results are limited by
systematic error. A better isotropic background is neceséary to reduce the systematic
error and improve the statistical significance. More statistics at £ > 10EeV*are still
needed to prove the correlation between supergalactic structure and arrival direction of

cosmic rays.



APPENDIX A

NORMALIZATION OF GALACTIC
PLANE ENHANCEMENT FACTOR

Assume the normalization factor of the galactic plane enhancement factor is z,

1) = Io(1-fe+zx fue")

r(b) = I—l(r? =1-fg+2ox fg€t

the isotropic distribution would predict I(d) = I, so r{b) = 1. Two distribution should

normalized to the same number in the range —7/2 < b < +7/2.

+7/2 +7/2
f coshdb = ] r(b)cosb db
—r/2 —xf2

fl

- [2 5%
// (1- fz + 2 x f5€") cosb db
—xf2 ’

Rearrange the formula

+7 /2 +7/2 P
fEf cosbdb = ccfE] e cosh db

—-7f2 -T2
The left hand side is

+ar/2 i /2
LHS = fE/ |, C0sbdb = fp sinb {17 2)p
—r )2
The right hand side is
+m/2 2
RHS = 2zfg [ €™ cosh db
1]

then z is
LS _ 1
RHS — (/2 e-0% (o5p db

The denominator can be calculate by numerical integral,
+m /2 52
f e-4* cosb db = 0.6957
0

So the normalization z is

= 14374

T = 06057



APPENDIX B

SHORT HISTORY OF FLY’S EYE
OPERATION

1. epoch 1:11/81 - 05/85

¢ 11/81 FE1 construction complete — 27 steradian coverage
¢ 2/83 Individual tube threshold adjustment — increased sensitivity

¢ 6/83 FE2 prototype (8 mirrors) — test of stereo methods
2. epoch 2 : 11/85 - 06/87

¢ 11/85 UV filter installation — Improved Signal/Noise
¢ 9/86 FE2 expansion (36 mirrors) — Increased stereo aperture

¢ 11/86 FE2 construction complete — Stereo data taking began
3. epoch 3 : 07/87 - 06/88

e 7/87 Mirror Anodization (FE1) - Improved Signal/Noise

¢ 8/87 Mirror Anodization (FE2) — Improved Signal/Noise

¢ 9/87 PeV “Blast” capability at FE2 — PeV v ray astronomy

¢ 12/87 New signal filtering at FE1 — Increased detector sensitivity

¢ 4/88 Michigan muon array operating near FE2 — PeV « ray astronomy
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. epoch 4 : 07/88 - 04/90

o 8/88 Removal of channel 2 trigger at FE1 — attempted to increase detector

sensitivity

e 3/90 CASA on-line with 500 units — PeV v ray astronomy
. epoch 5 : 05/90 - 09/91

» 2/91 2 mirror Hiresl prototype operational — New generation detector

¢ 3/91 CASA/MIA completed
. epoch 6 : 10/91 - 07/92

e 10/91 Reinstall channel 2 at FE1 — Return to normal operation

e 10/91 320 EeV event detected
. new generation : 08/92 - 10/95

e 7/92 Last FE2 data run

1/93 Last FE1 data run

2/93 14 mirror Hires prototype completed

5/93 Restart FE2 to operate with Hiresl in stereo mode

7/94 Start to decommission FE1

10/95 FE1 decommission completed.



APPENDIX C

THE LARGE SCALE BACKGROUND
COMPARISON

We comapre two background in 10 degree bins of several coordinates, declination, right

ascension, galactic longitude, and galactic latitudes. The liv is acceptance and event rate

weighted live timme. The ave is the mean value of 100 sets of scrambled event background.

Alz, B} =

{liv(z, )}y — {ave(z, E))

(liv(z, E))

where z is a certain coordinate and F is energy. The relative differences are listed in

tables C.1 1o C.4.

Table C.1. The relative difference on large scale between liv and

declination. The unit is percentage %.

ave as function of

Stereo

Mono
DEC 1 2 3 4 5 1 2 3 4 5
-30 | -13.34 -20.04 -31.85 932 -10.08 1} B6.52 83.41 68.41 -880 904.53
-20 1 -11.73  -9.98 2.25 9.33 3.22 | 73.13 4081 29.39 4223 38.95
-10 | 10.51  11.35 9.61 7.66 22811 1537 1736 13.41 -16.33 2.36
0 14.55 13.28 6.47 1257 7.53 1 21.70 11.30 9.92 1943 29.30
10 1220 10.10 7.93 2.92 2211 13.83 1648 13.35 11.92 6.86
20 4.87 -1.00 1.31 0.41 3.80 500 - 7.56 1.86 8.3 -8.11
30 490 -5.95 -9.86 -13.03 -3047 | -2.69 -1391 -6.08 -27.22 -1.77
40 | -19.07 -15.77 -13.88 -14.21  -0.88 | -20.89 -21.55 -15.65 -10.88 -31.08
50 1 -14.76 -12.38 -9.48 -0.43 -22.61 | -24.45 -16.81 -14.65 -10.05 6.10
601 -2589  -0.66 0.59 833 -794 | -6.36 -490 -4.88 7.72 -39.85
70 7.13 5.09 0.19 -2.83 4.09 5.37 3.29 -11.57 1.18  25.00
801 1585 11.13 1042 -7.57 1886 7.26 0.04 11.72 2049 29.39
90 | 25.27 18.0Y 1958 -4.01 51.37 9.39 1297 9.83 -16.25 -14.08
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Table C.2. The relative difference on large scale between liv and ave as function of right

ascension. The unit is percentage %.

Mono Stereo

RA 1 2 3 4 5 1 2 3 4 5
10 -1.81 -1.85 -10.97 -8.05 1.06 1.30 -14.40 442 -5.99 8.84
201 -1.67 -1.60 -917 -4.03 -1.52] -6.01 2.51 540 -2.19 -3.46
30| -1.64 5.02 -4.97 -4.57 1.56 447 1.10  -5.36 1535 -8.58
40 | -0.89 1.19 -7.58 2.46 5.22 6.86 8.17 -13.65 481 10.13
530 | -7.03 281 -2.91 253 1244 -11.94 -451 -8.19 1.23 -0.26
60!-3.89 7.26 -2.60 -3.89 17.22 7.15  -0.74 -522 -0.12 -10.25
70| -1.56 7.23 -4.57 0.70 12.16 0.53 719 -6.72 -13.17 -23.52
20 | 3.25 4.47 .78 -8.74 11.33| -7.15 419 -1.10 -7.24 .32.71
90 | 464 -0.16 849 -4.32 -2.35| -3.37 6.46 -5.07 0.63 -13.26
100! 7.20 1.03 3.04 -3.03 143 -0.18 1244 743 1.39 -48.04
110 | 8.09 5.40 5.13 2.83 0.17 | 11.65 -5.87 4.22 7.06 -70.19
120 | 3.51 4.28 6.14 1.20 2.78 7.82 1.88 11.26 8.87 -17.91
130 | 6.60 -2.40 13.04 4.72 6.65 818 -6.25 9.06 7.27 -24.15
140 | 4.97 -0.40 4.98 2.50 4.65 6.07 5.32 296 -1.22 -24.48
150 | -0.53 0.78 2.82 2.37 3.89 | -0.03 2.59 -418 13.03 37.35
160 | -2.98  1.96 2.48 410 -6.76 | -5.00 -0.16 1.91 1047 -8.74
170 | -2.86 -2.38 1.50 -769 -7.69 8.76 -4.02 -4.08 1.83 13.55
180 | -3.28 -6.44 0.81 11.47 -10.44 |-10.03 -3.22 -3.39 2191 2784
190 | -1.53  2.08 -0.56 4.77 6.99 | -2.56 1.12 7.16 17.02 21.54
200 2.09 431 -1.80 9.92 1.40 1 10.94 0.63 734  -3.00 25.11
210 | -1.49 215 2.58 2.18 6.34 836 -3.87 845 -11.08 31.88
2201 231 1.95 5.48 6.46 7.75 | -16.98 2.86 437 -2.06 3.70
230 :-0.13 1.22 3.07 -1.02 -6.01 0.77 7.25 4.66 -11.26 -6.72
240 | -0.60 -0.05 0.16 333 -7.79| -853 -647 3.14 -19.44 9.82
250 | -0.46 -3.88 2.81 3.1 -4.16| -6.29 4.07 201 -11.92 19.73
260 | -2.77 -2.48 2.41 2.95 565 | -2.81 1.39 639 -14.45 15.20
270 | -2.24  2.22 1.52 -2.13 1.98 0.63 833 -313 -9.55 -927
280 | 3.24 192 -3.00 -0.51 -3.16 | 1347 2.89 558 -22.15 -22.80
290 | 6.14 -0.07 -3.92 1.60 3.84 0.17 -494 -0.87 -1.84 -956
300 | 3.6%0 -1.06 -0.50 0.45 3.05 2.76 9.15 5.68 10.48 6.58
310 | -3.26 -4.79 -2.93 -6.47 -11.90 0.85 287 -0.61 10.96 2047
320 | -5.99 491 -4.67 0.26 -1964 | -4.34 -4.07 2,51 11.87 11.29
330 | -5.10 -2.,55 -0.92 -13.38 -16.68 | -7.80 -9.69 2.50 4.32 2838
340 | -0.76 -6.16 -1.09 -6.30 -9.84 250 -4,18 -12.87  -1.44 12.70
350G | 2.51 -7.81 632 -1.11 -874| -5.85 -T.71 -12.72  -1.80 4.35
360 | -2.49 -537 -4.39 -2.08 247 -049 415 -6.83 1.08 21.65
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Table C.3. The relative difference on large scale between liv and ave as function of
galactic longitude. The unit is percentage %.

Mono Stereo

! 1 2 3 4 5 1 2 3 4 5
10 5.68 3.69 -1.56 6.07 10.30 838 15.11 19.02 -7.15 3.49
20 3.96 1135 1.94 18.25 20.60 876 1127 12.01 591 14.74
30 5.28 790 243 8.95 9.86 566 10.03 17.23 -4.78 21.96
40 8.98 193 -3.38 -3.68 -4.65 R.25  -4.43 7.77  -2.79 -15.35
50 4.71 0.12 -1.24 3.68 2.53 | -0.68 226 -12.44 -14.70 -7.40
60 -0.56 -4.70 -G.11 449 -4.99 1.16 -584 -5.17 -7.72 -0.38
701 -6.82 -823 -796 -7.28 -16.18 | -5.37 020 -0.34 -9.44 3.66
80 | -11.21  -924 -1.50 -1500 -2460 1 -889 -0.93 0.93 -1261 23.55
90 | -5.73 -6.44 398 -10.07 -24.42 | -9.74 0.58 -1.94 5.67 7.97
100 | -3.00 -968 002 -1.79 -7.79} -1.24 -994 _7.64 0.48 25.43
110 | -1.48 -2.00 -223 -1.77 -560| -3.38 -7.69 -10.63 5.87 15.42
120 3.86 446 -3.68 -1.04 10.19 -2.01 -11.29 0.14 -4.91 4.80
130 3.63 557 1.16 -3.23 14.73 | -6.01 2.64 2.47  -1.67 3.58
140 1.11 417 -1.28 -4.26 1047 | -417 -028 -0.21 331  -1.54
150 1.35 051 -418 -7.86 -4.02; -3.51 -0.18 -11.50 192 -20.23
160 | -2.50 3.70 441 3.38 10.28 745 342 -17.25 -10.60 -51.92
170 | -2.65 3.27 -0.46 2.78 771 (-1319  -7.44 -10.38 2.75 -27.09
180 ] -6.93 -1.28 -2.23 -3.60 1.64 {1 -14.37 -946 -8.14 447 -18.43
190 | -5.52 -2.81 -1.00 -0.80 -5.781-11.70 -0.71 4.99 4,36 -26.34
2001 -2.66 403 264 -1.54 -015| 1131  -6.80 7.05 -9.78 .12.37
210 2,14 -2.00 -2.28 -3.38 10.67 | 15.06 7.14 2.05 2.65 20.35
220 8.38 7.95 8.29 16.52 7.24 | 15.74 1243 -1.02 21.07 9.75
230 8.59 9.23 1050 11.24 1.57 | 1157 14.01 12.33 24.33 -25.29
240 9.25 053 12.98 0.19 642 | 21.61 2256 1843 12356 2395
250 9.42 8.26 13.57 4.54 2.45 | 23.75 21.36 20.25 10.14 13.03
260 9.31 -5.12 9.12 421 -19.86 8.61 19.60 5.08 2464 -3.02
270 | 10.07 -14.48 5.94 7.62 -11.29 | -4.46 7.53 9.95 33.52 24.74
280 7.03 -12.17 114 9.57 -45.31 049 16.60 11.61 26.14 39.04
290 411  -3.21 13.06 19.06 -6.43 | 1247 11.65 13.36 11.06 48.77
300 | 12.48 4.20 11.12 5.16 11.28 9.50 12.19 3.10 .20 26.99
310 6.58 5.51 550 1941 -12.47 | 36.72 1288 1095 -1.80 33.61
320 3.12 037 1.06 -1.24 1.18 § 15.47 5.47 18.64 -1.77 56.14
330 6.70 5.01 1175 -7.18 2166 1515 -1.95 40.73 -2721 56.04
340 | 11.20 2.09 841 -9.08 6.57 1 17.43 5.17 34.67 -33.87 39.75
350 | 9.85 4.78 6.71 6.90 -10.051 11.01 6.56 1730 -5.10 29.83
360 5.70 1448 21.55 4341 1556 1895 15.68 14.81 20.72

0.70
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Table C.4. The relative difference on large scale between mean live time background liv
and mean scrambled events background ave as function of galactic latitude. The unit is
percentage %.

Mono Stereo

b 1 2 3 4 b 1 2 3 4 5
-80 | 10.57 -16.78 -3.09 12,73 51.51 | 84.70 63.53 33.62 62.10 -3.70
-70 9.91 5.88 3.34 591 7.00 | 17.60 9.74 18.94 3.02 -54.62
-60 | 17.23 10.21 5.96 1.28 12.46 | 32.25 466 631 23.69 29.74
-h0 | 12.62 13.38 0.67 4.76 16.77 | 19.88 14.77 7.59 10.26 28.32
-40 6.07 822 -264 046 11.31 8.19 6.76 1.97 8.55 -0.18
-30 | -3.69 -(.32 -3.22 297 -10.82 -2.66 -0.95 -4.22 -2.46  10.63
-20 | -9.32 -5.19 -8.02 -6.61 1.62 -7.89 -1.88 -9.57 -0.28 -10.51
-10 ] -8.79 -9.92 -10.8 -7.17 -13.06 -7.37 -7.67 -8.55 -6.29 -4.60
0| -6.13 -6.17 -3.05 -1.18 -14.19 -4.37  -1.87 -4.55 -1.65 -10.28
10 1.44 1.38  -1.00 106 -1.90 -548 410 -2.51 6.77 -11.92
20 5.73 2.96 296 -341 4.25 5.46 3.28 1.53 . -3.44 -13.08
30 7.08 4.18 590 -3.17 7.07 7.81 4.03 761 -3.11 -10.26
40 1 3.94 -0.73 731 0.99 9.95 0.35 2.38 823 -6.17 3.52
50 1.52 2.23 314 365 -1.11 -0.36 2.84 -0.43 1.07 -0.64
60 | -1.83 1.07 1.28 506 -9.24 | -3.29 -2.38 -0.28 5.85 8.34
70 | -5.48 -3.34 -0.83 6.39 -6.06 | -2.23 -3.36 -0.92 6.47 13.23
8 | -7.68 -7.73 -7.81 -136 -6.069|-12.71 -14.80 -5.38 -T.17 35.85
90 | -0.58 1.24 -9.96 0.14 -17.46 | 1547 -5.91 1833 -14.71 3837




APPENDIX D

RESULTS OF HARMONICS
ANALYSIS

The Rayleigh vectors of first and second harmonics are calculated by

9 b 5 & .
T 5 %:.P(la b) cos(a) 2 = 5 %: p(1,b) cos(2a) |
2 & ' 9 &
ho= 5 Z-P(‘lv b) sin(e) Y2 = = Z o(1,b)sin(2a)
N T N ~
Ry = \/3%‘*”9% Ry = \/$%+y§
= Tan}(2 o Lo %2
1 (9’1 ) 2 2sz (19'2 )

where p could be the event probability density of data or sctambled events and N is the
total event probability density in that declination band. o and § are the right ascension
and declination of each point (I,b) where [ is galactic longitude and b is galactic latitude.
‘'The Rayleigh vector distribution éf scrambled events gives the mean and width of the

isotropic background. The significance is defined as

_ data — mean
- width

The results of first and second harmonics are listed in Tables D.1 to D.4.



Table DD.1. First harmonics of mono data.
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Rayleight Vector |R|

Phase (degree)

Energy  Declination Data mean width Z{o) Data mean width
—-26 ~ —15 1.559 1.583 0.019 -1.295 133.41 13092 3.15
~15 ~ =5 1410 1413 0.018 -0.191 123.04 128.28  2.38

-5 ~ 5 1.251 1.255 0.016 -0.257 126.82 12931  2.04

0.2 5 ~ 15 1119 1.111 0.020 0.372 129.49 126.18 1.80
! 15 ~ 26 0933 0912 0.018 1224 124,59 126.10 1.75
04 26 ~ 38 0.662 0.638 0.014 1.730 122.91  126.76 2.40
38 ~ 53 0.158 0.129 0.019 1.544 117.63 127.75 7.95

53 ~ 90 0.084 0.057 0.021 1.301 96.80 107.25 71.77

—-26 ~ 90 0475 0466 0.011 0.779 123.41 127.11 1.52

—-26 ~ —15 1.632 1.609 0020 1.135 130.56 -126.37 3.09

-15 ~ -5 1424 1.446 0.023 -0.937 128.79 127.40 1.98

-5 ~ 5 1.292 1.283 0.021 0.425 127.38 127.89 1.81

0.4 5 ~ 15 1.125 1161 0.017 -2.193 127.28 131.55 1.96
| 15 ~ 26 0.986 0970 0.018 0.908 125.76 13646  2.31
1.0 26 ~ 38 0.703 0.670 0.022 1.490 128.04 132.78  2.61
38 ~ 53 0.209 0.172 0.027 1.365 109.63 116.93  8.77

53 ~ 90 0.091 0.088 0.023 0.166 108.89 121.07 15.47

-26 ~ 90 0530 0.529 0.015 0.096 124.78 12895  1.64

-26 ~ —-15 1.602 1.592 0.027 0.397 124.40 132.89 3.65

—15 ~ -5 1.448 1.450 0.028 -0.066 125.24 127.75 2.86

-5 ~ 5 1.268 1.306 0.031 -1.215 12505 128.12 2.27

1.0 5 ~ 15 1.158 1.150 0.027 0.330 126.66 126.78 3.19
| 15 ~ 26 0946 0.905 0.037 1.085 127.37  131.21 2.65
3.2 26 ~ 38 0.685 0.629 0.033 1.709 123.14 132.30 3.86
38 ~ 53 0113 0.153 0.038 -1.058 109.07 117.87 16.35

53 ~ 90 0.09 0.073 0032 0.728 87.84 86,79 38.66

-26 ~ 90 0.540 0.539 0.622 0.003 122.86 127.47 247

-26 ~ =15 1.574 1.583 0.052 -0.174 129.34 131.20 5.93

—-15 ~ =5 1473 1438 0.060 0.580 118.02 126.53 4.70

-5 ~ 5 1.368 1.305 0.059 1.060 129.93 131.35 5.80

3.2 5 ~ 15 1149 1159 0.670 -0.150 135.64 126.04 5.93
| 15 ~ 26 0955 0.943 0.071 0.173 120.47  133.46 6.40
10.0 26 ~ 38 0.593 0.727 0.066 -2.048 119.73  125.61 8.81
38 ~ 53 0.236 0.176 0.083 0.717 144.49 10531 54.71

a3 ~ 90 0.121 0115 0.652 0.130 -~-157.27 53.99 65.19

—2 ~ 90 0529 0553 0.040 -0.602 131.30 125.96 4.05

-26 ~ —15 1.752 1.673 0.099 0.808 118.97 129.42 9.47

-15 ~ =5 1532 1414 0.103 1.156 109.82  124.69 10.35

-5 ~ 5 1423 1318 0.109 0.972 113.48 13167  9.89

5 ~ 15 1.225 1.241 0.111 -0.145 106.51 131.69 8.12

> 10, 15 ~ 26 0817 1.607 0.093 -2.039 132.27 134.18 9.50
26 ~ 38 0700 0.737 0.142 -0.265 128.16 140.25 14.62

38 ~ 53 0.262 0363 0.146 -0.685 117.65 114.89 72.16

83 ~ 90 0362 0170 0.097 1980 -144.46 29.38 98.09

-26 ~ 90 0.559 0.610 0.077 -0.664 129.83 131.81 6.67




Table D.2. Second harmonics of mono data,
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Rayleight Vector |R)]

Phase (degree)

Energy  Declination Data mean width Z(¢) Data mean width
-26 ~ —15 0.570 0.649 0.059 -1.356 88.67 4223 73.88

=15 ~ -5 0320 0.279 0052 0800 6153 66.84 32.46

-5 ~ 5 0.166 0.093 0.039 1.869 3449 28.35  15.74

0.2 5 ~ 15 0.225 0.243 0.042 -0.419 1239 11.84 4.21
! 15 ~ 26 03656 037 0.031 -0.290 8.33 4.98 1.90
0.4 26 ~ 38 0.376 0.390 0.019 -0.740 1.03 2.68 1.85
38 ~ 53 0.087 0.080 0021 0.343 19.16 1860 9.74

53 ~ 90 0.019 0.050 0.021 -1.479 852 31.36 18.75

—-26 ~ 90 0.159 0.155 0.011 0.360 9.11 10.20 2.36

—-26 ~ —15 0.802 0.733 0.061 1.136 8539 76.01 17.25

-15 ~ —5 0295 0377 0.856 -1.477 75.36 72.92 5.44

-5 ~ 5 0.118 0.137 0044 -0.426 4681 46.04 11.92

0.4 5 ~ 15 0.200 0.124 0.028 2.708 6.73 8.93 8.54
| 15 ~ 26 0.262 0.272 0.027 -0.371 3.29 4.03 3.14
1.0 26 ~ 38 0.280 0.334 0.028 -1.577 -4.03 0.08 2.07
38 ~ 53 0.088 0.050 0.024 1606 20.97 16.88 19.00

83 ~ 90 0.021 0.030 0.015 -0.575 -10.51 -22.69 52.89

=26 ~ 90 0.106 0.086 0.011 1.751 6.40 925 4.36

-26 ~ —15 0.710 0.667 0.080 0.532 74.70 14.61 84.42

~15 ~ =5 0375 0.364 0.072 0.152 7202 70.08 28.35

-5 o~ 5 0.139 0.139 0.062 -0.008 36.96 58.02 15.21

1.0 5 ~ 15 0.173 0.197 0.053 -0.461 1242 11.72  9.69
| 5 ~ 26 0332 0383 0.062 -0.830 -0.42 -1.25 3.93
3.2 26 ~ 38 0308 0428 0.050 -2414 -476 -217  2.88
38 ~ 53 0.138 0.063 0.033 2.094 -12.43 23.61 39.23

33 ~ 90 0.031 0.0562 0.028 -0.739 -39.12 20.67 35.94

-26 ~ 90 0.100 0.102 0.022 -0.064 0.99 9.94  6.95

—26 ~ -15 0.615 0.646 0.160 -0.198 8193 38.77 71.39

-15 ~ -5 0.517 0.359 0.140 1.125 5742 59.01 36.94

-5 ~ 5 0.244 0.179 0.089 0,733 83.74 1454 56.73

3.2 5 ~ 15 0173 0.256 0.118 -0.700 -24.27 15.01 23.91
] 15 ~ 26 0.425 0353 0.113 0.641 1264 -2.15 9.66
10.0 26 ~ 38 0.435 0.234 0.068 2.941 -5.19 -7.56 14.69
38 ~ 53 0.119 0.120 0.057 -0.613 -3.83 -39.36 25.66

83 ~ 90 0.033 0.111 0.061 -1.273 0.22 -29.23 47.31

—-26 ~ 90 0.113 0.068 0.033 1.358 6.64 -12.00 28.64

-26 ~ 15 1.172 0.924 0.298 0.830 72.05 34.05 70.68

-15 ~ -5 0.760 0.408 0.183 1.923 51.15 26.87 54.36

-5 ~ 5 0.544 0.294 0.163 1.5331 51.35 237  59.06

5 ~ 15 0444 0.262 0.147 1.242 2651 -3.76 56.06

> 10 15 ~ 26 0635 0.249 0129 2994 -0.86 7.64 26.74
26 ~ 38 0.208 0.357 0.164 -0.359 -12.27 -6.26 21.80

38 ~ 33 0.115 0.176 0.090 -0.684 -2845 -7.756 57.24

53 ~ 90 0.115 0.157 0.082 -0.506 -25.85 -0.79 57.87

-26 ~ 90 0.137 0.095 0.044 0.957 11.99 8.04 52.74




Table D.3. First harmonics of stereo data.
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Rayleight Vector |R]

Phase (degree)

Energy  Declination Data mean width Z(¢) Data mean width
—-26 ~ —15 1777 1.653 0.153 0.810 107.72 128.46 35.28

—15 ~ =5 1487 1464 0.051 0.465 115.60 124.04 3.85

-5 ~ 5 1.289 1.309 0.043 -0.482 121.67 120.78  3.07

0.2 5 ~ 15 1.157 1.130 0.028 0.963 120.85 120.25 3.01
| 15 ~ 26 0978 0943 0.029 1.233 11949 121.52 3.33
0.4 26 ~ 38 0743 0.718 0.030 0.866 114.29 118.42 3.14
38 ~ 53 0201 0120 0.039 2.049 8494 7694 21.14

53 ~ 90 0.165 0.163 0.043 0.047 111.83 85.17 14.64

-26 ~ 90 0.614 0590 0.016 1.572 115.73 116.81 1.90

—-26 ~ —-15 1.629 1.644 0.060 -0.250 120.94 122.79 6.07

15 ~ -5 1464 1486 0.044 -0.515 127.36 118.80  3.62

-5 ~ 5 1325 1319 0.031 0.188 12231 119.84 295

0.4 5 ~ 156 1.208 1.122 0.027 3.184 118.54 121.26 2.86
| 15 ~ 26 0.946 0.955 0.036 -0.278 123.27 124.02 2.93
1.0 26 ~ 38 0691 0.685 0.037 0.174 121.86 12608 546
38 ~ 53 0328 0.193 0.035 3.809 8331 83.68 13.82

53 ~ 90 0.224 0.163 0.044 1.400 87.89 8294 1539

-26 ~ 90 0.667 0620 0.019 2,519 11590 11794 244

-26 ~ =15 1576 1.619 0.080 -0.536 121.56 132,78  7.93

-15 ~ -5 1513 1482 0.057 0.540 120.59 11741  5.63

-5 ~ 5 1274 1359 0.039 -2.163 12838 11945  4.83

1.0 5 ~ 15 1228 1.143 0.046 1.829 119.34 121.39  4.87
| 15 ~ 26 1.028 0.946 0.050 1.646 11232 11941 4.28
3.2 26 ~ 38 0.626 0.652 0.060 -0.439 121.63 116.19 7.52
38 ~ 53 0224 0194 0.070 0424 106.60 8955 42.74

53 .~ 90 0.105 0.142 0.060 -0.628 128.04 76.65 51.25

-26 ~ 90 0.650 0.629 0.031 0.675 119.22 116.29 3.44

—-26 ~ -15 1299 1.689 0.126 -3.099 141.72 128.63 15.67

—-i5 ~ =5 1255 1.517 0.141 -1.866 116.51 124.66 10.85
-5~ 3 1332 1.287 0.101 0.448 118.19 12342 9.88

3.2 5 ~ 13 1106 1.125 0.082 -0.227 13445 128.10 9.66
| 15 ~ 26 0831 0924 0.104 -0.896 12562 127.96 9.47
10.0 26 ~ 38 0.772 0.642 0.125 1.037 116.34 13437 9.10
38 ~ 53 0426 0.255 0.117 1465 9278 73.14 97.12

33 ~ 90 0051 0.297 0.118 -2.089 -16.17 64.85 55.91

-26 ~ 90 0.572 0.630 0.063 -0.910 117.66 123.11 7.60

~26 ~ —15 1.687 1.886 0.112 -1.767 14247 109.28 50.21

=15 ~ -5 1446 1.717 0.176 -1.533 128.66 113.39 55.88

-5 o 5 1.776 1303 0.203 2330 13185 133.96 38.95

5 ~ 15 1564 1.216 0.186 1.863 119.68 137.89 18.14

> 10. 15 ~ 26 1.070 1175 0.227 -0.463 133.94 12868 21.08
26 ~ 38 1.164 0.88% 0.297 0923 13340 93.01 39.49

38 ~ 53 0.732 0.696 0.281 0.127 14498 27.70 28.88

33 ~ 90 0456 0485 0.226 -0.129 9290 -27.62 56.92

-26 ~ 90 0986 0.554 0.131 3.305 126.10 110.88 19.30

creney g
it :



Table D.4. Second harmonics of stereo data,
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Rayleight Vector | R]

Phase (degree)

Energy Declination Data mean width Z(o) Data mean width
-26 ~ —15 1.216 0.947 0415 0.647 61.31 1034 67.03

~-15 ~ -5 0.490 0.468 0.115 0.188 59.27 65.03 8.32

-5 ~ 5 0270 0275 0.079 -0.065 42.70 50.58 9.95

0.2 5 ~ 15 0.272 0302 0.044 -0.676 26.92 2217 4.59
| 15 ~ 26 0370 0.399 0.039 -0.748 14.26 9.46 3.57
0.4 26 ~ 38 0.303 0.298 0.035 0.117 2.88 7.68 3.44
38 ~ 53 0105 0.106 0.033 -0.009 29.71 21.63 11.12

53 ~ 90 0.066 0.117 0.041 -1.257 -27.82 2941 10.60

-26 ~ 90 0.171 0.197 0.620 -1.332 16.82 19.36 2.69

-26 ~ —15 0.7561 0.852 0.185 -0.544 7348 68.44 28.71

-15 ~ -5 0454 0553 0110 -0.902 70.68 62.18 5.92

-5 ~ 5 0271 0.288 0060 -0.285 52.63 46.23 7.01

0.4 5 ~ 15 0.229 0279 0.065 -0.780 3293 16.04 4.99
| 15 ~ 26 0.355 0.361 0.044 -0.157 6.74 13.23 4.31
1.0 26 ~ 38 0.376 0.365 0.054 0.214 2.43 4.62 4.49
38 ~ 53 0.132 0.095 0.047 0.802 26.89 44.58 39.57

53 ~ 90 0.031 0.108 0.039 -1.973 -81.79 4255 58.54

=26 ~ 90 0.146 0.151 0.020 -0.213 20.18 2732 4.69

—-26 ~ —15 0.845 0.784 0230 0.267 62.59 17.01 79.06

-15 ~ -5 0.535 0.534 0.147 0.009 68.85 60.40 7.56

-5 ~ 3 0.179 0.300 0.090 -1.345 45.93 56.76 12.03

1.0 5~ 15 0234 0231 0098 0.031 3746 1451 16.32
| 15 ~ 26 0.359 0.405 0.072 -0.631 12.20 5.98 5.23
3.2 26 ~ 38 0345 0454 0074 -1471 -852 -1.40 4.78
38 ~ 53 0.052 0.126 0.053 -1.412 -3.04 11.06 17.81

23 ~ 90 0.020 0.107 0.045 -1.902 86.01 1430 62.51

26 ~ 90 0.115 0.155 0.041 -0.991 18.04 16.13 9.10

-26 ~ —-15 0.141 1.015 0.329 -2.662 -25.54 26.20 67.91

-15 ~ -5 0435 0.662 0.285 -0.798 23.61 37.72 55.79

-8 ~ 5 0.360 0.413 0.165 -0.318 50.51 36.31 21.94

3.2 3 ~ 15 0379 0.347 0.160 0.199 20.71 4.50 23.21
l 15 ~ 26 0.500 0.406 0.151 0.625 16.28 204 14.29
10.0 26 ~ 38 0.106 0.431 0.146 -2.223 2337 -10.23 12.12
38 ~ 53 0.162 0.231 0.108 -0.638 83.55 1222 35.92

53 ~ 90 0.148 0.207 0.106 -0.557 86.59 -23.81 33.49

-26 ~ 90 0.129 0.191 0.079 -0.793 36.92 068 13.84

—-26 ~ —15 0.951 1.632 0.324 -2.104 -80.52 17.37 55.25

-15 ~ =5 0.253 1.151 0469 -1.915 8846 22.62 59.96

-5 ~ 5 1.274 0.590 0.303 2.260 86.75 -14.10 42.33

5 ~ 15 0.780 0.515 0.233 1.137 67.16 -10.86 39.33

> 10. 15 ~ 26 0.238 0.531 0262 -1.119 -13.70 -2.69 44.34
26 ~ 38 039 0.615 0319 -0.703 38.98 -5.88 27.41

38 ~ 53 0.335 0484 0.226 -0.659 9.63 -30.90 26.83

33 ~ 90 0.854 0.340 0.187 2.756 -10.19 -18.95 52.04

-26 ~ 90 0.123 0.250 0.136 -0.927 11.39 -12.22 38.69
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