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Abstract

Anisotropy in the cosmic-ray arrival direction distribution has been well documented

over a large energy range, but its origin remains largely a mystery. In the TeV to PeV

energy range, the galactic magnetic field thoroughly scatters cosmic rays, but anisotropy at

the part-per-mille level and smaller persists, potentially carrying information about nearby

cosmic-ray accelerators and the galactic magnetic field.

The IceCube Neutrino Observatory was the first detector to observe anisotropy at these

energies in the Southern sky. This work uses over 300 billion cosmic-ray induced muon events,

collected between May 2009 and May 2015 from both the in-ice component of IceCube as

well as the surface component, IceTop. The observed global anisotropy features large regions

of relative excess and deficit, with amplitudes on the order of 10�3. While a decomposition

of the arrival direction distribution into spherical harmonics shows that most of the power

is contained in the low-multipole (`  4) moments, higher-multipole components are found

to be statistically significant down to an angular scale of less than 10�, approaching the

angular resolution of the detector. Above 100TeV, a change in the topology of the arrival

direction distribution is observed, and the anisotropy is characterized by a wide relative

deficit whose amplitude increases with primary energy up to at least 5PeV, the highest

energies currently accessible to IceCube with su�cient event statistics. No time dependence

of the large- and small-scale structures is observed in the six-year period covered by this

analysis within statistical and systematic uncertainties.

Analysis of the energy spectrum and composition in the PeV energy range as a function

of sky position is performed with IceTop data over a five-year period using a likelihood-based
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reconstruction. Both the energy spectrum and the composition distribution are found to be

consistent with a single source population over declination bands.

This work represents an early attempt at understanding the anisotropy through the study

of the spectrum and composition. The high-statistics data set reveals more details on the

properties of the anisotropy, potentially able to shed light on the various physical processes

responsible for the complex angular structure and energy evolution.
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Chapter 1

Cosmic Rays

1.1 Introduction

In 2012 we celebrated the 100th anniversary of Victor Hess’ balloon flight, the event

credited with the discovery of cosmic rays [1]. Armed with two electroscopes, he ascended

5300 m in the air during a solar eclipse in an attempt to determine the source of background

radiation. It was the belief at the time that the radiation was coming from the Earth, but

Hess found that radiation levels increased as he climbed. With the sun eclipsed, this result

led him to the conclusion that these ionizing particles must be coming from space.

A century later, many pieces of the puzzle have been filled in. We know that cosmic

rays are predominantly made up of ionized nuclei, not the gamma rays that gave them their

name. We have measured a spectrum that spans over 12 orders in magnitude in energy,

using detectors underwater, underground, on the surface, in the sky, and in space. Yet the

question that Victor Hess strove out to discover 100 years ago remains largely unanswered:

where do they come from? It is with this question in mind that the following work was done;

small steps taken towards understanding.

In this chapter, we provide an introduction to the basic properties of cosmic rays: the

shape and features of their energy spectrum, composition, acceleration methods, potential

sources, propagation through the galaxy, and observed anisotropy in arrival direction distri-

bution.
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1.2 Energy Spectrum

One of the most striking aspects of cosmic rays is their energy spectrum, shown in

Fig. 1.1. The flux of cosmic rays as a function of energy, as traditionally taught, follows a

nearly unbroken power law of the form AE��, with a spectral index � ⇡ 2.7. Remarkably,

it does so over 10 orders of magnitude in energy, and 30 orders of magnitude in flux. This

power law behavior begins around 1010eV, where the influence from the solar wind fades. At

1011eV, the Earth sees a flux of cosmic rays at about 1 particle per square meter per second.

The spectrum continues with a spectral index of � = 2.7 until the first spectral break: the

“knee” at about 3 ⇥ 1015eV [2]. At the knee the flux is roughly 1 particle per square meter

per year, and begins dropping faster as the spectral index softens to � = 3.1. This behavior

continues until the second spectral break: the “ankle” at about 1019eV [3]. At the ankle

the flux is approximately 1 particle per square kilometer per year, and the spectral index

hardens once again to � = 2.6.

In 1991, the Fly’s Eye detector in Utah detected the highest-energy cosmic ray every

observed, with an estimated energy of 3⇥ 1020eV [4]. This cosmic ray was about 40 million

times more energetic than the highest energy achievable by the Large Hadron Collider (LHC),

with a center-of-mass energy about 50 times as high as what the LHC can currently produce.

Cosmic rays of this energy are incredibly rare, with a flux of approximately 1 particle per

square kilometer per century.

The highest energy cosmic rays are subject in theory to a cuto↵ due to the Greisen-

Zatsepin-Kuz’min (GZK) limit [6, 7]. The GZK limit describes the energy at which protons

become able to interact with the Cosmic Microwave Background (CMB) via the �+ reso-

nance. Protons with energies higher than ⇠ 6⇥ 1019eV then experience energy loss through

one of the following interactions:

p+ �CMB ! �+ ! n+ ⇡+

p+ �CMB ! �+ ! p+ ⇡0 .
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Figure 1.1 Cosmic-ray energy spectrum as measured with a variety of experiments [5]. The
spectrum behaves as a power law, with spectral breaks visible at the “knee” (⇠3PeV) and

“ankle” (⇠4EeV).
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This process does not limit the maximum achievable energy of cosmic-ray accelerators, but

instead limits the mean free path of protons above the GZK cuto↵ to a few tens of Mpc. A

suppression of the cosmic-ray flux for energies above 4 ⇥ 1019eV has been observed [8], and

while it is consistent with the theory, it is also possible this cuto↵ is intrinsic to cosmic-ray

accelerators.

The hardening of the spectrum around the ankle can be described as the flux from less

populous (or more distant), higher-energy sources overtaking the decaying flux from more

populous (or nearer), lower-energy sources as they reach the limits of their acceleration

methods. This idea is reinforced by the energies of these high-energy cosmic rays. Cosmic

rays are all subject to the Lorentz force, and thus are deflected by magnetic field lines. The

radius of the circular path followed is known as the Larmor radius L, and can easily be

derived from the centripetal force:

qv?B =
mv2

?
r

. (1.1)

Rearranging and replacing mv = p ⇡ E/c for relativistic particles gives us the following

relation:

L ⇡ E/c

ZeB
. (1.2)

The Larmor radius for particles above the ankle in typical galactic magnetic field strengths

of ⇠2µG [9] is much larger than the size of the galaxy, leading us to believe that cosmic rays

above the ankle are extragalactic in origin.

Describing the softening of the spectrum at the knee is more of a challenge. Sources

producing a hard spectrum (� = 2.7) would never be overtaken by sources producing a

softer spectrum (� = 3.1). Figure 1.2 shows an exaggerated version of this, in which we

can see a harder spectrum (�2) overtake a softer one (�1), as well as the problems that arise

in the opposite case at the intersection of �0 and �1. If these were truly spectral indices

produced by di↵erent source populations, the only way in which this transition could occur

was if the decline of the lower-energy (�0) sources coincided with the rise of the higher-energy

(�1) ones. This is incredibly unlikely.
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Figure 1.2 Example of three intersecting power laws with various spectral indices. Dashed
lines indicate regions where the continuation of a given power law would cause deviation
from the observed spectrum. The x- and y-axes represent energy and flux, respectively, in

arbitrary units.
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A di↵erent approach is to treat the softening spectrum not as a continuous power law

from a new source population, but instead as the decay of the sources that provided the prior

power law. The charged nature of cosmic rays makes this behavior possible. For a source to

accelerate a given charged particle over time, it must be capable of preventing that particle’s

escape. A source of a given size and magnetic field is able to contain relativistic charged

particles with energy E / Z (described in greater detail in Sec. 1.4). Therefore, the same

source can accelerate iron nuclei (Z = 26) to energies up to 26 times as high as protons. This

mechanism, as suggested by Peters [10], leads naturally to the acceleration of higher-Z nuclei

to higher energies, making the decay of a given source population appear more gradual. The

knee, in this case, would not be a continuous power law, but would instead be the sum of

multiple decaying power laws for elements with increasing Z.

In order to study this hypothesis, experiments capable of observing the knee with excellent

energy resolution and composition separation are needed in order to observe the fine structure

anticipated. This leads to the study of the knee being one of the most interesting and

challenging topics in cosmic-ray astrophysics.

1.3 Composition

The full cosmic-ray spectrum consists of about 85% protons, 12% helium nuclei, 2%

heavy nuclei (Z > 2), and 1% electrons and positrons. Figure 1.3 shows the flux of a

variety of compositions in the GeV to TeV energy range, as measured by balloon-borne (e.g.

CREAM) and satellite (e.g. AMS) experiments. These results indicate that protons account

for the bulk of the flux up until about 10 TeV, at which point helium becomes dominant. A

change in composition as a function of energy is consistent with the Peters cycle mechanism

described in Sec. 1.2. If the knee represents the acceleration limit of a source or multiple

sources, then the composition should become heavier as energy increases.

Di↵erences in chemical abundances at energies of hundreds of MeV per nucleon are

studied to gain insight into cosmic-ray acceleration and propagation processes. Figure 1.4

shows a comparison of solar and cosmic-ray elemental abundances. In general, the abundance
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2 26. Cosmic rays

The intensity of primary nucleons in the energy range from several GeV to somewhat
beyond 100 TeV is given approximately by

IN (E) ⇡ 1.8 ⇥ 104 (E/1 GeV)�� nucleons

m2 s sr GeV
, (26.2)

where E is the energy-per-nucleon (including rest mass energy) and � (⌘ � + 1) = 2.7
is the di�erential spectral index of the cosmic ray flux and � is the integral spectral
index. About 79% of the primary nucleons are free protons and about 70% of the rest are
nucleons bound in helium nuclei. The fractions of the primary nuclei are nearly constant
over this energy range (possibly with small but interesting variations). Fractions of both
primary and secondary incident nuclei are listed in Table 26.1. Figure 26.1 shows the
major components for energies greater than 2 GeV/nucleon.

Figure 26.1: Fluxes of nuclei of the primary cosmic radiation in particles per
energy-per-nucleus are plotted vs energy-per-nucleus using data from Refs. [1–12].
The figure was created by P. Boyle and D. Muller.

The composition and energy spectra of nuclei are typically interpreted in the context
of propagation models, in which the sources of the primary cosmic radiation are located

June 18, 2012 16:19

Figure 1.3 Spectrum for selected elemental components as compiled from a variety of
balloon-borne and satellite experiments [11]. Energy in the x-axis is given as kinetic energy

per particle per nucleus.
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Figure 1.4 Relative abundance of isotopes as found in the galactic cosmic rays (black) and
the solar system (blue). Valleys in solar system abundances are less prominent in galactic
cosmic rays due to spallation of higher-Z nuclei. This figure represents a collection of work
from CRIS [12] and BESS [13], along with a compilation by K. Lodders [14], as presented

in ACE News #83 - Oct 6, 2004.
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of elements in the cosmic-ray flux matches the abundances found in our solar system, with

some notable exceptions for some lighter (Z = 3�5) and heavier (Z = 20�25) elements. In

these cases, primary cosmic rays propagating to Earth are fragmented into lighter elements

via spallation processes in the interstellar medium. Thus, common, stable elements such

as carbon (Z = 6) and iron (Z = 26) produce the observed excesses. The strength of the

excesses indicates that galactic cosmic rays have an average age of about 107 years, which

will be discussed in greater detail in Sec. 1.6.

At energies above 10 TeV, direct detection of cosmic rays becomes unfeasible due to

the low rate. Ground-based experiments, however, are capable of detecting the secondary

air shower particles produced by collisions of the high-energy cosmic-ray primary with the

atmosphere. These showers, described in more detail in Sec. 2.1, do not allow for the

same power of composition separation, but several experiments are sensitive to the mean

logarithmic mass (hln(A)i) of the cosmic-ray primary. Figure 1.5 shows data from some

ground-based experiments, indicating a transition to heavier elements around the knee (left),

and a transition back to a proton-dominated flux near the ankle (right). At energies in

excess of 1019eV, the Telescope Array and Pierre Auger collaborations report compositions

consistent with proton and iron, respectively [15, 16].

1.4 Acceleration Mechanisms

The extreme energies of cosmic rays required new theoretical models of acceleration. In

1949, Enrico Fermi proposed a model based on stochastic interactions that would naturally

produce a power-law spectrum [19]. In this model, randomly moving magnetic clouds reflect

charged particles as they travel through interstellar space. In the case that a particle collides

head-on with a cloud, the velocity of the particle would be increased by the velocity of the

cloud:

�Ehead =
1

2
m(vparticle + vcloud)

2 � 1

2
mv2

particle . (1.3)

In the case that a particle is moving in the same direction as a magnetic cloud, and strikes

tail-on, the velocity of the particle would be correspondingly decreased by the velocity of the
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Figure 16: The mean logarithmic mass vs primary energy for a number of experiments, as labeled. The optical and
e/m measurements used the SIBYLL hadronic interaction model unless noted in parentheses. The IceTop/IceCube
40-string/40-station results are shown in (red) stars, with solid (red) error bars indicating the statistical errors, while
the shaded red region represents the systematic errors. The data indicate an increasing mass through the knee.
The results of this analysis are similar to measured results from some other experiments (in particular, most e/m
experiments) as well as the flux model from Eq. (15), but dissimilar to others (in particular, optical measurements).
Data points compiled from [28, 36].
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Figure 13: Average logarithmic mass of cosmic ray as a function of energy derived from Xmax measurements with optical detectors for di�erent hadronic interaction
models. Lines are estimates on the experimental systematics, i.e. upper and lower boundaries of the data presented.

that used this superseded model. Obviously, the systematic dif-
ferences in �Xmax� discussed in the last section propagate di-
rectly to �ln A�. To guide the eye and to be able to compare
the results from optical detectors with those of particle detec-
tors (see below), the upper and lower �ln A� ranges are sketched
in Fig. 13 by solid lines. As can be seen, the experimen-
tal systematics in �Xmax� translates to an uncertainty of about
�(�ln A�) � ±0.5. The composition trends that were already
visible in Fig. 8 can again be observed in �ln A�: All model
interpretations suggest a gradual increase of the average loga-
rithmic mass of cosmic rays between 1015 eV and 1017 eV fol-
lowed by a transition towards a lighter composition during the
next decade. The heaviest composition with �ln A� � 3.5 fol-
lows from the Tunka data interpreted with QGSJetII at around
1017 eV. The �ln A� values of HiRes and TA are compatible with
a pure proton composition when using one of the two QGSJet-
flavors. A trend towards a heavier composition would follow
from Auger data for all models and also for HiRes and TA if
interpreted using Sibyll or Epos. It is interesting to note that
the next version of QGSJetII [158] for which some model pa-
rameters were re-tuned to new data from the LHC will have a
similar �Xmax� as Sibyll and thus the combination of any of the

�Xmax� data with one of the contemporary versions of the three
available interaction models will result in a �ln A� significantly
di�erent from zero at ultra-high energies.

Particle detectors usually do not publish air shower observ-
ables but directly the interpretation in terms of elementary frac-
tions, and in that case only the di�erences between models with
which the data were analyzed can be used for a limited estimate
of the theoretical uncertainties. Results that were obtained with
out-dated interaction models like e.g. the AGASA measure-
ments [159] will be ignored in the following. Since usually only
fractions of elemental groups are quoted it is not obvious which
value of ln Ai to assign in Eq. (29). To translate the data from
Tibet AS� [89] into �ln A�, we assume equal fluxes of protons
and helium and assign to ‘heavy’ fragments A = 32. However,
we note that the chosen procedure of comparing fluxes from
di�erent measurement campaigns with di�erent event selection
and energy calibration may introduce additional systematic un-
certainties particularly in view of the steep power-law spectra
involved, which we can not account for here. For KASCADE-
Grande [92], where the intermediate mass group is composed
of He, C, and Si, we again assume equal fluxes and take the
logarithmic mean of A � 12. For data that were analyzed in

15

Figure 1.5 Mean logarithmic mass as a function of cosmic-ray primary energy.
Measurements near the knee (left) [17] are as measured by a variety of direct and indirect
detection experiments. Measurements near the ankle (right) are strongly influenced by the

hadronic model used [18]; here QGSJET01 is used.
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cloud:

�Etail =
1

2
m(vparticle � vcloud)

2 � 1

2
mv2

particle . (1.4)

The average energy gain for a particle, then, is given by �E = �Ehead + �Etail = mv2
cloud.

This results in a total relative gain of:

�E

E
= 2

✓
vcloud

vparticle

◆2

. (1.5)

This process is referred to as 2nd-order Fermi acceleration, because the fractional energy

gain is proportional to the square of the velocities. This model relies on the particles moving

much faster than the clouds, so the fractional energy gain (/ (vcloud/vparticle)2) is very small

per collision, making the process ine�cient.

Now, instead of randomly moving magnetic mirrors, consider a strong magnetic shock

front moving through the interstellar medium with velocity U , shown in Fig. 1.6a. In front

of the shock front is the “downstream” region with density ⇢d, pressure Pd, and temperature

Td. Behind the shock front is the “upstream” region with corresponding density, pressure

and temperature ⇢u, Pu, Tu. In the reference frame of the shock, downstream material

approaches the shock at vd = U , while gas in the upstream region behind it moves away at

velocity vu. We can determine the ratio of vu to vd by using conservation of particle number:

⇢uvu = ⇢dvd. In strong shock fronts, we expect

⇢u/⇢d = (cp/cv + 1)/(cp/cv � 1) , (1.6)

where cp/cv is the ratio of heat capacities. In the case of fully ionized plasma, cp/cv = 5/3,

which results in vd/vu = 4. Therefore, as seen in Fig. 1.6b, gas flows away from the shock front

at vu = 1/4U . In the rest frame of the downstream medium, shown in Fig. 1.6c, particles

upstream approach the front with velocity 3/4U . In the upstream rest frame, shown in

Fig. 1.6d, particles downstream also stream towards the region with velocity 3/4U . Particles

crossing the shock front from either the upstream or downstream regions are likely to have

a head-on collision and gain energy.
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Defining V = 3/4U , as a particle encounters the shock front, the average energy gain per

collision is given by:

�E =
1

2
m(vparticle + V )2 � 1

2
mv2

particle

=
1

2
m
�
2vparticleV + V 2

�
.

(1.7)

For vparticle � V , this simplifies to:

�E ⇡ mvparticleV . (1.8)

The relative energy increase resulting from this simplified case is �E/E ⇡ 2V/vparticle. A

relativistic treatment changes this value to (4/3)V/c, but the general result remains the

same: this scenario provides fractional energy gains proportional to the velocity of the shock

front. Due to the similarity to Fermi’s original theory, this method is known as 1st-order

Fermi acceleration. Its increased e�ciency over the 2nd-order process makes it the preferred

method for cosmic-ray acceleration.

To study the spectrum produced by this method, assume the average energy of a particle

from the injection population after a collision with the shock front is given by E = �E0.

Taking P to be the probability that a particle remains in the shock front after one collision,

then after k collisions we have the following distributions:

N(k) = N0P
k , (1.9)

E(k) = E0�
k . (1.10)

These equations can be used to determine the counts as a function of energy by eliminating

k:
N(� E)

N0

=

✓
E

E0

◆ln P/ ln �

, (1.11)

which leads to:

N(E)dE / E ln P/ ln ��1dE . (1.12)

Next, to solve for the exponential term, we need to estimate the probability that a particle

remains in the shock front P . By averaging over angles and velocities, the rate of particles
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Figure 1.6 First-order Fermi acceleration as shown in the reference frame of (a) an
observer at rest, (b) the shock front, (c) the downstream region, and (d) the upstream
region. Note that in the reference frames of both the upstream and downstream regions,

particles are incoming with v = 3/4U .
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crossing the shock front in either direction is 1/4nc, where n is the number density of energetic

particles. Particles in the downstream region are rarely lost as they are constantly being

swept up in the shock. Particles in the upstream region flow away at a rate of nvu = 1/4nU .

With these two values, the fraction of particles lost is (1/4)nU/(1/4)nc = U/c. The fraction

of particles remaining after once cycle is

P = 1 � U

c
. (1.13)

Solving for � is easier: we know �E/E = (4/3)V/c, so

� ⌘ E

E0

= 1 +
4

3

V

c
. (1.14)

With U ⌧ c, this gives us

lnP = ln

✓
1 � U

c

◆
' �U

c
(1.15)

ln � = ln

✓
1 +

4

3

V

c

◆
' 4

3

V

c
=

U

c
. (1.16)

The result is lnP/ ln � = �1, so

N(E)dE / E�2dE . (1.17)

The resultant spectral index of �2 is close to the measured value of � ⇠ 2.7 mentioned in

Sec. 1.2. The di↵erence in values is believed to be a result of the propagation of cosmic rays

through the galaxy, and will be explored in Sec. 1.6.

Fermi acceleration is known as a “bottom-up” process, in which a low-energy particle is

accelerated through repeated interactions with its environment. Some more exotic theories

propose “top-down” processes, in which extremely high-energy, exotic objects decay, result-

ing in ultra-high energy cosmic rays among other products. Theorized candidates for these

exotic objects include extremely massive dark matter particles, and topological defects left

over from the Big Bang. Typically, the decay in these models results in other high-energy

byproducts, such as gamma rays and neutrinos. Results constraining these models [20] make

the bottom-up acceleration method the more likely of the two.
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1.5 Candidate Sources

The simplest approach to determine potential sources of cosmic rays is to calculate the

highest energy cosmic rays a given source could magnetically confine. The motion of a

charged particle in a magnetic field is given by equating the force on the particle from an

external magnetic field to the centripetal force, as in Eq. 1.1. Thus, we can calculate the

maximum energy attainable by a source solely through containment principles as:

Emax = ZeBR . (1.18)

This is known as the Hillas criterion [21]. Figure 1.7 is a Hillas Plot, displaying the magnetic

field of potential sources of the highest energy (100EeV and above) cosmic rays as a function

of their size. At the upper left end of Fig. 1.7 we have very small sources with extremely

high magnetic fields, like neutron stars and gamma ray bursts. Other larger sources with

lesser magnetic fields are also viable potential sources, including active galactic nuclei and

colliding galaxies. While the plot also shows that supernova remnants (SNRs) do not have

the requisite size and magnetic field strength to produce the highest energy cosmic rays, it

does not preclude them from being a source for energies around the knee. Note the separate

lines that exist for protons and iron; particles with higher charge are more tightly confined,

and therefore able to be accelerated to higher energies by a given source.

The detection of cosmic-ray sources is complicated by their motion in the galactic mag-

netic field. For ease of calculation, the gyroradius of a relativistic particle can be written

as:

rg/meter = 3.3 ⇥ (E/GeV)

Z(B/Tesla)
. (1.19)

Given an average galactic magnetic field strength of 50 nT, protons with E � 1019eV would

have a gyroradius of over 1018 m, about the diameter of our galaxy. Direct identification of

high-energy sources by searching for correlations in arrival direction is possible for cosmic

rays of these extreme energies, but the very low flux makes it challenging. Experiments such

as the Telescope Array and the Pierre Auger Observatory attempt the identification through
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Figure 1.7 Hillas Plot indicating potential sources of the highest energy cosmic rays based
on size and magnetic field strength [22].
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this approach, and have massive e↵ective areas — in the case of Auger about 3000 km2 [23]

— to account for the low flux.

An alternative to the detection of cosmic rays is the detection of secondary particles

produced by interactions near the source. If there is a high nucleon density near a source,

accelerated cosmic rays can interact with the medium, producing neutrinos via meson decay.

Neutrinos have no electrical charge and a very small weak cross-section, so they can travel,

unperturbed, directly outward from the source, carrying directional and energetic informa-

tion. The same qualities that make them good messenger particles, however, also make them

very di�cult to detect. The small cross-section requires detectors with large e↵ective areas of

the order of 1km3 [24]. Detectors like IceCube and the proposed KM3NET are both capable

of this type of source detection.

The interactions that produce neutrinos near the source should produce high-energy

gamma rays as well via the decay of neutral pions [25]. Gamma rays also have no charge,

but they are subject to absorption, as well as energy losses through pair-production with

background photons, significantly reducing their mean free path. The gamma-ray spectrum

of a source can indicate whether the neutral pion decays expected near a cosmic-ray acceler-

ator are occurring. Using this method, the Large Area Telescope on the Fermi satellite has

discovered hadronic emission in the GeV range from supernova remnants in our galaxy [26].

Other ground-based telescopes, such as VERITAS, HESS, MAGIC, and the newly completed

HAWC Observatory continue the search in the TeV range.

1.5.1 Galactic Sources

Supernova remnants (SNRs) provide both the environment and the required energy den-

sity to produce the observed cosmic-ray spectrum approaching the knee. Environmentally,

the shocks produced by young SNRs are capable of first-order Fermi acceleration, providing

the acceleration mechanism. From an energy density standpoint, the connection between

SNRs and cosmic rays was first proposed by Baade and Zwicky in 1934 [27]. A typical

core collapse supernova ejects masses with a total kinetic energy on the order of 1051 ergs.
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With an estimated rate of 1 supernova every 30 years, this corresponds to a power output of

1042 ergs/s. The observed cosmic-ray energy density in our galaxy is ⇠ 1eV/cm3. This, com-

bined with the volume of our galaxy (⇠ 4⇥ 1066 cm3) and an average escape time of 6⇥ 106

years results in a power of 5 ⇥ 1040erg/s needed to maintain a stable state. Therefore, an

acceleration e�ciency of a few percent would be enough to produce the observed cosmic-ray

spectrum.

More recent studies indicate that a young, nearby supernova could produce both the

spectrum and composition observed around the knee, and even suggest specific sources [28,

29, 30]. While it is not clear if these particular models are accurate, results from the Fermi

satellite linking neutral pion decays with two galactic SNRs are the first evidence for this

long-standing general theory [26].

1.5.2 Extragalactic Sources

As the highest-energy cosmic rays are not contained by the galactic magnetic field, we

look to extragalactic sources. As Fig. 1.7 shows, some of the highest energy sources in

the universe are considered as candidates for the acceleration of ultra-high energy cosmic

rays (UHECRs). This includes, but is not limited to, neutron stars, active galactic nuclei

(AGNs), gamma ray bursts (GRBs), and colliding galaxies. GRBs, while incredibly energetic,

could most likely not accelerate heavy elements: the extremely high number of gamma rays

produced in a GRB would photo-disintegrate any nucleus before it could be accelerated

to the highest energies. This rules out GRBs if the composition at the highest energies

is heavy, as indicated in results from the Pierre Auger collaboration. If the composition

remains light, photon-proton interactions should produce many TeV neutrinos at the source.

Recent IceCube results show no correlation of TeV neutrinos with observed GRBs, strongly

constraining their contribution to the UHECR spectrum [31].
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1.6 Propagation

The motion of cosmic rays in our galaxy is anything but straight-forward. After their

acceleration at a source, cosmic rays are subject to a wide variety of interactions as they

travel towards us. Upon arrival, cosmic rays can carry information on magnetic fields, dust

layers, background photons, and a variety of other mediums they may have encountered.

This section covers some aspects of the propagation of galactic cosmic rays and the di↵usion

equation. For more on the propagation of cosmic rays in the galaxy, refer to [32]. The

di↵usion equation and various approximations are covered in greater detail in [33, 34, 35].

The Milky Way is roughly the shape of a disc, with a radius of ⇠ 15 kpc and a thickness

of ⇠ 300 pc. A weak magnetic field (⇠ 2 � 6µG) acts throughout the disc, with a higher

field strength (⇠ 20�30µG) found in the center. This magnetic field has two components of

roughly equal strength: regular and turbulent. The regular component consists of field lines

many kpc in size, oriented along the spiral arms. The turbulent component, by contrast, has

a characteristic scale on the order of 10-100 pc. It is di�cult to measure the magnetic field

strength and distribution of our own galaxy, but Fig. 1.8 shows the magnetic field strength

and direction in M51 as an example. The magnetic field lines and the cosmic rays that travel

along them are interconnected; cosmic rays streaming along field lines produce Alfvén waves,

that in turn scatter incident cosmic rays.

As mentioned in Sec. 1.3, we can also study the elemental abundances in the cosmic ray

spectra for elements below 1PeV. As cosmic rays travel through the galaxy, spallation pro-

cesses cause common, stable nuclei to break into less common elements. The solar elemental

abundances are treated as our initial state, so the di↵erence in the ratio between an element

and its spallation byproduct (e.g. carbon and boron) compared to the initial state gives a

measurement of how much material the cosmic rays traveled through. These measurements

indicate that an average cosmic ray travels through a column density of 6� 10 g/cm2 before

reaching Earth. The confinement time can be calculated using this measurement: given the

observed column density, cosmic rays traveling near c through the typical hydrogen density
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Figure 1.8 Radio emission in M51 with magnetic field lines overlaid. The strong, regular
magnetic field lines follow the spiral arms. Image courtesy of NRAO/AUI.
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of the galaxy (⇠ 1 cm�3) propagate for ⇠ 107 years. Study of chemical abundances also

shows a lesser di↵erence in ratios at higher energies. This simple but important result tells

us that higher energy cosmic rays sense less matter, and therefore have shorter confinement

times. Since the higher energy cosmic rays spend less time in travel, it also means that the

acceleration and propagation processes must be di↵erent.

The arrival direction distribution of cosmic rays in the TeV energy range is primarily

shaped by di↵usion in the galactic magnetic field. Ginzburg and Syrovatskii [36] were the

first to analytically write the di↵usion equation, which describes the change in number

density over time of cosmic rays as a function of energy, position, and particle type:

@N

@t
= r · (DirNi) � @

@E
[bi(E)Ni(E)] � r · u Ni(E)

+Qi(E, t) � piNi +
v⇢

m

X

k�i

Z
d�i,k(E,E 0)

dE
Nk(E

0)dE 0 .
(1.20)

The first term of this equation describes the change in the number density due to the influence

of di↵usion. The di↵usion constant D can be written in terms of the di↵usive mean free path

�D and particle velocity v as D = (1/3)�Dv. The second term gives the influence of energy

loss or gain through particle interactions, with bi(E) representing the average rate of energy

gain per particle. The third term shows the e↵ect of convection with some characteristic

velocity u. The fourth term represents the contribution of accelerating sources. The fifth

term covers the loss of nuclei due to spallation processes and nuclear decay, where:

pi =
vp⇢�i

m
+

1

�⌧i

=
vp⇢

�i

+
1

�⌧i

. (1.21)

In this term, �i is the mean free path given the density of the medium ⇢, and �⌧i is the

lifetime of the nucleus. The sixth and final term represents the inverse of the fifth term: the

gain of particles due to cascades and spallation processes applied to heavier nuclei (k � i).

To study the e↵ect of the di↵usion equation on the cosmic-ray spectrum, first consider a

simplified model in which we have a uniform distribution of cosmic rays inside a containment

volume. Cosmic rays inside the volume have a probability of escape per unit time that

depends on their energy, and on average spend a time ⌧esc before escaping. As each particle
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travels through the volume, it is deflected such that ⌧esc is much greater than the time it

would take to travel directly out of the volume, and passes through an average amount of

matter given by

�esc = ⇢v⌧esc . (1.22)

This model is known as the “leaky box” approximation.

As discussed by Gaisser [34], in the leaky box model, a delta source Q that injects a

spectrum N0(E) at time t0 will result in the observed spectrum:

N(E, t) = N0(E)e�t/⌧esc . (1.23)

Assuming a steady-state solution while neglecting energy losses and gains through particle

interactions (the second term in the di↵usion equation) yields the following:

Ni(E)

⌧esc(E)
= Qi(E) �

✓
v⇢

�i

+
1

�⌧i

◆
Nj(E) +

v⇢

m

X

k>i

�i,kNk(E) . (1.24)

To further simplify this equation, we consider a proton-only spectrum in which the contri-

bution due to the spallation of heavier nuclei is negligible. The proton lifetime is so long

that the decay term 1/(�⌧P ) can also be neglected. Substituting ⇢v = �esc/⌧esc gives us

NP (E) =
QP (E)⌧esc(E)

q + �esc(E)/�P

. (1.25)

Based on an experimentally determined ratio of secondaries to primaries, Gaisser [34] cites

a fit of

�esc = 10.8� ⇥
✓
4

R

◆�

, (1.26)

where � = vc and R is the rigidity (ZE). For protons, �P ⇠ 55g/cm2, allowing the following

simplification since �P � �esc:

NP (E) ⇡ QP (E)⌧esc(E) . (1.27)

From a combination of Eqs. 1.22 and 1.26, we know ⌧esc / �esc / E��. The spectral

index produced by the source (↵), then, should be the di↵erence between the spectral index

observed (� ' 2.7), and the fit to the secondary to primary ratio (� ' 0.6), or ↵ ' 2.1. With
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a highly simplified model and approach, we arrive at a value close to the source spectrum

expected from Fermi acceleration methods, as discussed in Sec. 1.4.

Analytic solutions to the di↵usion equation can be found assuming certain symmetries

or boundary conditions, but there are also numerical approaches. Software packages such

as GALPROP [37] are frequently used to produce numerical solutions. The ability to deal

with non-uniform distributions is very important, since, unlike in the leaky box model,

the cosmic-ray density varies across the galaxy. The variations in density manifest as the

observed anisotropy, which will be discussed in greater detail in Sec. 1.7.

1.7 Anisotropy

Scrambling of cosmic rays in the energy range around the knee in magnetic fields should

lead to a completely isotropic sky. However, the study of the arrival direction distribution

of cosmic rays has shown that this is not the case. In the last few decades, a number of

experiments have provided long-term, statistically significant evidence of a faint anisotropy

in the cosmic-ray arrival distribution across six orders of magnitude in energy, from tens

of GeV to tens of PeV. The small amplitude of the observed large-scale anisotropy, on

the order of 10�4–10�3, alongside the energy-dependent topology and angular structure,

hint at multiple phenomenological contributions to the observations. Muon detectors in

the Northern Hemisphere observed cosmic-ray anisotropy from energies of several tens to

hundreds of GeV, which is beyond the direct solar wind influence [38, 39, 40, 41]. Various

surface arrays and underground detectors reported observations in the TeV energy range [42,

43, 44, 45, 46, 47, 48, 49, 50, 51], in some cases extending up to hundreds of TeV [52, 53].

Recently, the IceCube Neutrino Observatory reported the first observations of cosmic-ray

anisotropy in the Southern Hemisphere, with unprecedented event statistics in the energy

range between 10TeV and 1PeV [54, 55, 56, 57]. Figure 1.9 shows the first observations of

this large-scale anisotropy in both the Northern (top) and Southern (bottom) Hemispheres.
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Figure 1.9 The first observations of large-scale anisotropy in equatorial coordinates in the
Northern (top) and Southern (bottom) Hemispheres. The Northern Hemisphere plot is as
observed by the Tibet-AS� experiment over four years of observation [42]. The Southern

Hemisphere plot is as observed by IceCube in one year of observation in a 22-string
configuration [54].
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All the observations show a topologically consistent large-scale anisotropy structure across

the sky in celestial coordinates. In the energy interval from 60GeV to 100TeV, the cosmic-

ray arrival direction distribution shows a wide relative excess in the 30�-120� range in right

ascension, and a deficit in the 150�-250� range. The degree of this directional asymmetry is

found to increase with energy up to about 10TeV, and to decrease at higher energies up to

about 100TeV. In the 100-300 TeV energy range, a major change in the anisotropy topology

is observed by both the EAS-TOP array in the Northern Hemisphere [52], recently confirmed

by the Tibet AS� Array [49], and by IceCube in the Southern Hemisphere [56]. IceCube data

show that at an energy in excess of a few hundred TeV, the cosmic-ray arrival distribution

seems mostly characterized by a relative deficit at a right ascension of 60�-120� [56], with

amplitude increasing with energy.

It is evident from the observations that the anisotropy cannot be described with a simple

dipole, although this is typically used to estimate the amplitude. Instead, a quantitative

description of the anisotropy requires a characterization of the distribution over a wide

range of angular scales. In particular, the arrival direction distribution can be described

as a superposition of spherical harmonic contributions, where most of the power is in the

low-multipole (`  4) terms. A fit using only the low-multipole terms, however, describes the

data poorly, indicating that the higher-multipole terms must be accounted for as well. In fact,

statistically significant smaller angular scale features, with amplitudes on the order of 10�5–

10�4, have been observed in the TeV energy range by several experiments [58, 59, 55, 46, 51].

More detailed studies with detectors in the Northern Hemisphere have shown that the energy

spectrum of the cosmic-ray flux in the most dominant excess region is harder than that of

the isotropic cosmic-ray flux [59, 46, 51]. Although further confirmation is needed, this result

might indicate that whatever produces the localized region of excess may be responsible for

the spectral deviation as well.

The evolution of cosmic-ray anisotropy in energy has also been observed by experiments

sensitive to ultra-high-energy particles. The Pierre Auger Observatory, in a search for a

dipole and quadrupole component of the cosmic-ray arrival direction distribution, found
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that a large shift in the phase of the anisotropy occurs at about 1EeV as well [60, 61, 62].

The relative excess moves towards the range in right ascension that includes the Galactic

anticenter direction, which may be an indication that a new population of extragalactic

cosmic rays begins to become dominant. At energies in excess of 1EeV, cosmic rays are less

bent by Galactic and intergalactic magnetic fields, making it possible to transition into the

regime of cosmic-ray astronomy [63].

1.7.1 Large-Scale Anisotropy

Compton and Getting first proposed a model for large-scale anisotropy in 1935 [64].

The motion of the solar system as it orbits about the galactic center should induce some

anisotropy with respect to the rest frame of cosmic rays, with an excess observed in our di-

rection of motion and a corresponding deficit opposite. The strength of this relative intensity

could be calculated using:
�I

hIi = (� + 2)
v

c
cos ⇢ , (1.28)

where � is the cosmic-ray spectral index, v the orbital speed (⇠ 200 � 240 km/s [65]),

and ⇢ the angle between ~v and the average direction of cosmic-ray motion [66]. With the

observed spectral index and velocity, a dipole is expected with an amplitude of ⇠ 0.35%.

This anisotropy has not been observed, leading to the idea that galactic cosmic rays are

co-rotating with the galaxy. A similar dipole anisotropy is also expected due to the Earth’s

motion around the Sun when the sky is plotted in fixed-sun coordinates. This anisotropy

has been observed, and is described in greater detail in Sec. 4.1.4.

One of the earliest analyses of large-scale anisotropy was performed by the Tibet-AS�

experiment. Through the study of the anisotropy over several years, they found that the

maps were consistent over periods of strong and weak solar activity [67]. This indicated that

the solar influence was not the cause of the observed anisotropy. The authors also found

that the large-scale anisotropy showed an energy dependence. The Compton-Getting e↵ect,

shown in Eq. 1.28, has no energy dependence, so the anisotropy is also not due to the motion

of our solar system through the galactic cosmic-ray medium.
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As mentioned in Sec. 1.6, di↵usion has an e↵ect on the observed cosmic-ray spectrum.

Specifically, the di↵usion and injection terms in Eq. 1.20 indicate that the cosmic-ray density

changes based on the distance to a source and the time of injection. Given the di↵usive

transport of cosmic rays through the galactic magnetic field, particles emitted by nearby

sources would arrive at Earth in a wide, general excess, leading to a dipole structure with

the excess pointing towards the nearby source(s) [68]. The full di↵usion equation predicts a

dipole anisotropy d, given by

d(E) =
3D(E)

c

rn(E)

n(E)
, (1.29)

where D is the di↵usion coe�cient and n the number density of cosmic rays [33]. The am-

plitude predicted by this approach is in the 10�3 to 10�2 range, with an energy dependence.

This model also predicts a shift in the direction of the dipole related to a shift in sources. At

lower energies, the anisotropy might be dominated by a star-forming region in the Orion arm,

relatively close to our planet. At higher energies the dipole might shift to more energetic

sources near to the center of the galaxy.

Recent work, however, has shown that in the presence of strong regular and turbulent

magnetic fields, the ability of the observed anisotropy to point back to sources in negligi-

ble [69]. In this work, cosmic-ray propagation is simulated through random realizations of

both turbulent and regular galactic magnetic fields. The authors found that in the case of

weak turbulence, cosmic rays with energies in the sub-PeV range arrive at the source in

a dipole, with the phase pointing along the regular component of the magnetic field. In

the case of strong turbulent fields, a dipole anisotropy still tends to arise, but with random

phase. In both cases, the dipole phase shows no alignment with the source distribution.

1.7.2 Small-Scale Anisotropy

As mentioned earlier, the anisotropy in the cosmic-ray arrival direction distribution is

not well-fit by a dipole. Statistically significant small-scale structures have been found by

a variety of experiments. Milagro was the first experiment to observe localized excesses –

two structures in the Northern Hemisphere titled Regions A & B, shown in Fig. 1.10. Since
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Figure 1.10 Small-scale anisotropy in equatorial coordinates as observed by Milagro [59].
The map is smoothed with a 10� angular radius, and structures larger than 30� in size
should not be visible due to the suppression of the lower multipole moments. Regions A
and B stand out as the only significant features, other than the Cygnus region which is

visible because gamma rays have not been removed from this data.

then, other experiments have confirmed their observations [46, 51], and extended them into

the Southern Hemisphere [55], as seen in Fig. 1.11.

Small-scale anisotropy can result from propagation e↵ects in the local magnetic field. The

work in [69] indicates that small-scale anisotropy arises naturally from the scattering of a

dipole signal. Through scattering, power in low-multipole moments can contribute to power

in higher multipoles. Recent work indicates that the resultant spectrum can be predicted

analytically through the use of Liouville’s Theorem [70, 71]. In this approach, the small-

scale anisotropy reflects turbulence in the local galactic magnetic field, and measurements

can provide information on magnetic fields within 10 pc of Earth. Other models suggest that

heliospheric e↵ects such as particle re-acceleration due to turbulent magnetic reconnection

could produce spectral di↵erences corresponding to local excess regions [72, 73]. Models

involving the heliosphere are appealing due to the proximity of Region A to the heliotail.

1.8 Overview

The analysis in this thesis uses 6 years of data – more then 300 billion cosmic-ray events

recorded between May 2009 and May 2015 – to study the energy- and time-dependence of

the cosmic-ray anisotropy as observed by IceCube. The large size of the data set allows for
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Figure 1.11 Relative intensity (left) and significance (right) of small-scale anisotropy in
equatorial coordinates as observed by IceCube [55]. The map is smoothed with a 20�

angular radius, and structures larger than 60� in size should not be visible due to the
subtraction of the lower multipole moments.
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the observation of structures on angular scales approaching the limit of the dataset’s angular

resolution, as well as a detailed study of the energy-dependence of the anisotropy in the TeV

to PeV energy range. At PeV energies, additional data from the IceTop air-shower array is

used to provide an independent analysis, with special attention paid to a new, likelihood-

based method of reconstructing the cosmic-ray primary energy and composition. Many of

the techniques used in this analysis are described in detail in [54, 55, 56] and [57].
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Chapter 2

Detection

This work focuses on the analysis of cosmic rays with energies approaching the knee and

above. The flux of cosmic rays with energies near the knee is approximately one particle per

square meter per year, so detectors with very large e↵ective areas are needed. In addition,

the atmosphere is opaque to cosmic rays in this energy range, so direct detection experiments

would need to be located at high altitude or in space. A detector in orbit with a square

kilometer of e↵ective area would record these high-energy cosmic rays at a rate of 0.03Hz.

Thus, direct detection at these energies is unfeasible. Fortunately, there are other approaches

available through indirect detection.

In this chapter, we focus on the basic properties of cosmic-ray air showers, the principles

that allow us to detect them, and the details of the IceCube Neutrino Observatory.

2.1 Air Showers

The interaction between a high-energy cosmic ray, written here as a proton, and some

absorber nucleus X can be written as:

p+X ! p+ Y + ⇡±,0 +K±,0 + ... , (2.1)

where Y represents the fragmented nucleus. The resultant proton, known as the “leading

particle” will go on to form the hadronic component of the shower. The mesons produced go

on to form the electromagnetic component of the shower. At energies above the knee, almost

any mesons can be created, but pions with little transverse momentum are the dominant

component. The products of a cosmic-ray primary with A nucleons and energy E0 can also
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Figure 2.1 Graphical representation of the development of a cosmic-ray air shower. The
interaction of the cosmic-ray primary with a nucleus in the atmosphere can produce

mesonic (⇡±,0) and hadronic (N) byproducts. Common interactions and decay processes
for these byproducts are shown, most notably the decay of charged pions to muons and

neutrinos, the decay of neutral pions to high-energy gamma rays, and the interactions in a
hadronic cascade. Source: CERN
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be estimated using Eq. 2.1 for A protons, each with energy E0/A. Figure 2.1 shows the

primary channels through which an air shower proceeds. The three main components of the

shower – hadronic, muonic, and electromagnetic – are discussed here in greater detail.

The hadronic component of the shower, while rarely detected, strongly influences the

size and shape of the shower. In the interaction described in Eq. 2.1, an incident cosmic

ray produces a leading particle, a fragmented nucleus, and a variety of mesons. Inelasticity

is a measure of how much of the incident particle’s energy was lost to meson production.

Typical interactions have an inelasticity of 0.6 [34], meaning that the leading particle retains

40% of the incident energy, more than any other individual component. The remainder

of the energy goes mostly to the production of pions, where it is split evenly between the

three flavors. The leading particle can then go on to interact again via the same process,

reproducing these steps many times before reaching the surface. High transverse momentum

in the leading particle can lead to a large spread in the shower’s lateral distribution. This

is an important e↵ect for interactions high in the atmosphere, where the thin atmosphere

allows for leading particles with small transverse momentum to travel a large distance before

interacting.

The charged pions produced by the shower weakly decay primarily via the following

channels:

⇡± ! µ± + ⌫µ

⇡± ! e± + ⌫e .

Charged pions decay to muons 99.9877% of the time, forming a penetrating component of

the shower. Relativistic muons produced will typically reach ground level without significant

deflection or decaying, despite their 2.2µs lifetime in their rest frame. Muons with energies

greater than 300MeV have enough energy to travel over 1.5 km in ice and trigger the IceCube

detector.
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Neutral pions decay to high-energy gamma rays via the electromagnetic force, and can

then produce electron-positron pairs via the following process:

⇡0 ! � + � ! 2e+ + 2e� .

Products of this decay can continue to produce high-energy gamma rays, either by the anni-

hilation of positrons with atmospheric electrons, or by electron-induced bremsstrahlung. The

resultant high-energy gamma rays can then begin the cycle anew through pair-production.

In a simplified model, the number of particles e↵ectively doubles every interaction length (�)

through pair-production, annihilation, and bremsstrahlung. In each generation the energy is

evenly spread over the particles produced, allowing the calculation of the energy per particle

as a function of depth:

E(X) =
E0

N(X)

=
E0

2X/�
.

(2.2)

This process continues until the average energy is less than the critical energy for pair-

production (Ec = 2mec
2 ⇠ 1MeV). Therefore, we can determine the depth at which the

shower has reached its maximum size as:

Xmax = � log2

✓
E0

Ec

◆
. (2.3)

This toy model shows important properties of shower development.

2.2 Detection Principle

As charged leptons pass through matter, they lose energy through both continuous and

stochastic energy loss processes. Electrons and muons lose energy continuously via ioniza-

tion, which results in Cherenkov radiation (see Section 2.2.1 for more details). There are

also multiple sources of stochastic energy losses that occur, including bremsstrahlung, pair-

production, and photonuclear interactions. Losses due to ionization tend to dominate below

a given energy value, giving way to stochastic losses at higher energies.
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Figure 2.2 Stopping power of a muon in copper as a function of muon momentum,
separated into regimes based on the dominant mechanism of energy loss. Particles in the
“Bethe” regime lose energy mostly through ionization. At higher energies radiative loss

mechanisms (e.g. bremsstrahlung) dominate. Source: [74]
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For electrons, the tipping point occurs around 1 GeV. Above this energy, bremsstrahlung

is the dominant process, while below it ionization is the leading source of energy loss. Elec-

trons lose energy at a high rate, which limits their range of propagation to a few meters of

water equivalent (mwe). This limited range makes electrons only detectable at or above the

surface.

Muons have a much greater (⇠ 2000⇥) mass than electrons, and as bremsstrahlung is

inversely proportional to the mass squared, this means their energy losses are much less.

The transition point between ionization and stochastic losses for muons is located around

1 TeV. Photon production is proportional to rate of energy loss, which is tied to the slope

in Fig. 2.2. Muons with energies below 1 TeV, in the ionization-dominant region, have a

roughly constant slope and thus produce similar numbers of photoelectrons. Above 1 TeV,

energy losses for muons are primarily stochastic and scale with muon energy. The energy

loss rate for these can be written as:

� dE

dx
⇡ a+ bE , (2.4)

where a ⇠ 0.26GeV/mwe represents the ionization term, and b ⇠ 3.57 ⇥ 10�4 mwe�1 is the

constant associated with stochastic losses [75]. Using this equation, the average range of a

muon with initial energy E0 can be estimated as:

x ⇡ 1

b
ln(1 +

b

a
E0) . (2.5)

Using this equation, a muon with an energy of 1 TeV will travel a mean distance of 2.4 km

in the ice.

2.2.1 Cherenkov Radiation

When relativistic charged particles move faster than the speed of light in a medium, they

produce an e↵ect known as Cherenkov radiation. As a charged particle passes through a

medium, it disturbs the orbitals of nearby electrons. The electrons relax into a stable state

through the emission of photons. In this way, a pattern of emission follows the path of

the muon. If the muon is moving faster than the speed of light in the given material, the
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resulting wavefronts will constructively interfere as shown in Fig. 2.3, producing an amplified

conical wavefront. This optical analog to a sonic boom is known as Cherenkov radiation. In

a medium with index of refraction n, with a particle traveling at � = v/c, we can use this

simple picture to determine the opening angle of the conical wavefront. In some time t the

wavefront will travel a distance cnt. In the same time, the particle will travel vt = �ct. Then

the opening angle of the cone can be found using:

cos ✓ =
cnt

�ct
=

1

n�
. (2.6)

This e↵ect occurs in air, where the average index of refraction is n = 1.0003 at standard

temperature and pressure. However, particles must be moving faster than v > c/n = 0.9997c

in order for the e↵ect to occur. In water, the average index of refraction is 1.33, meaning

particles moving faster than 0.75c will produce Cherenkov radiation. The use of a higher

index of refraction makes the detection of lesser energetic particles easier. This is why use of

a detector medium is so important, and why so many are made with the abundant resource

of water, or, in the case of IceCube, ice.

2.3 IceCube

The IceCube Observatory [77], located at the geographic South Pole, comprises a neutrino

detector buried in the deep ice (hereon labeled IceCube) and a surface air-shower array

(labeled IceTop). Shown in Fig. 2.4, the completed detector is a cubic kilometer in size,

consisting of 86 vertical strings with a total of 5,160 optical sensors, called Digital Optical

Modules (DOMs) buried between 1,450 and 2,450 m below the surface of the ice. The strings

are separated by an average distance of 125 m, and act as support, power supplies, and data

transfer mechanisms for the 60 DOMs evenly spaced along each one’s length. IceCube also

has eight strings that make up the DeepCore detector [78], with smaller DOM and string

spacing designed to allow for neutrino studies at lower energies. The detector is proving to

be remarkably stable over time, recently approaching 100% livetime.
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Figure 2.3 Cherenkov radiation schematic showing the combined wavefront produced by a
relativistic charged particle. Light waves produced at the numbered positions

constructively interfere along the cone with opening angle ✓. Adapted from [76].
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Figure 2.4 Schematic of the IceCube Neutrino Observatory, complete with IceTop stations
and DeepCore. A predecessor of IceCube, the Antarctic Muon And Neutrino Detector
Array (AMANDA II) is also shown [79]. The instrumented volume begins 1450m below

the surface. Source: IceCube.
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IceCube was built to detect neutrinos via the production of their charged lepton partners

(e±, µ±, ⌧±). Neutrinos interacting with the Earth — either in the atmosphere, ice, or

ground — weakly interact, producing charged leptons that retain energetic and directional

information. As these secondary particles pass through the ice, they induce Cherenkov

radiation, which is observed in the DOMs. The same method of detection is applicable to

cosmic rays: IceCube is also sensitive to downgoing relativistic muons produced by cosmic-

ray air showers.

The Antarctic winter is too harsh for construction, so IceCube was built in stages during

December and January, the warmest months. For the remainder of the year, IceCube took

data in partial detector configurations. The seasons, from IC1 to IC86 are named based on

the number of operating strings, and shown in Fig. 2.5. After the detector was completed

in 2010, the following seasons are labeled by the year in which they began (IC86-2011,

IC86-2012...). The analysis in this work uses six years of data from IC59 to IC86-2014.

2.3.1 Digital Optical Modules

The Digitial Optical Module (DOM), shown in Fig. 2.6, is a customized device that is

at the heart of the IceCube Observatory. The outside of each DOM consists of a pressure-

protective glass sphere, 35 cm in diameter. The glass houses a 10” diameter R7081-02 pho-

tomultipler tube (PMT) made by Hamamatsu photonics, as well as a power supply, light

emitting diodes (LEDs) for calibration, and onboard electronics for digitization of PMT

signals [80, 81]. The pressure sphere is made of 1/2 inch-thick borosilicate glass that can

withstand pressures up to 690 atm, and is filled with nitrogen gas at ⇠ 1/2 atm. Radioactive

decays in the glass cause fluorescence in the ice, and are a major contributor to the dark

noise rate (< 500Hz) observed by the PMT. The photocathode is protected from the Earth’s

magnetic field by a mu-metal grid. Each DOM consumes approximately 3.5W of power from

the 48V source sent down the string. The DOMs were built to last; even within their extreme

environment, stress tests indicate the survival probability after 15 years is ⇠ 94%.
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Figure 2.5 Top-down view of the IceCube array. Strings deployed for each season are
marked in di↵erent colors, beginning with IC-1 in yellow on the right edge of the figure.

Source: IceCube.
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Figure 2.6 Schematic of a Digital Optical Module (DOM) and its primary components.
Source: IceCube.
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Each DOM has two types of digitizers onboard for converting the signal from the PMT.

The Analog Transient Waveform Digitizer (ATWD) is a custom low-voltage system, featuring

128 switched capacitors that store the analog signal with a 300MHz sampling rate. Each

ATWD has four channels: three for input with di↵erent gains at a ratio of 16:2:1/4, and

one for digitization. The digitzation process takes 29µs, so each DOM has two ATWDs

that alternate operation to minimize dead time due to signal readout. The second type of

digitizer is the Fast Analog to Digital Converter (FADC). FADCs are commercial digitizers

with a 40MHz sampling rate. In comparison to ATWDs, they have no dead time, providing

valuable coverage for long signals, but they do have a limited dynamic range and wide timing

resolution.

A DOM’s typical response to a single photoelectron (SPE) is an electric pulse with an

amplitude of 10mV, width of 5 ns, and a time resolution of ⇠2 ns. Digitization is started

by the Field-Programmable Gate Array (FPGA) when a signal exceeds the discriminator

threshold of 1⁄4 SPE. A full “DOM launch” consists of waveforms from both the FADC and

ATWD, as well as a timestamp. Onboard storage space and communication rate with the

surface, however, limit the data rate, so IceCube runs in two kinds of coincidence modes.

Hard Local Coincidences (HLCs) require two of the four nearest neighboring DOMs to be

hit within a 1µs coincidence window. HLCs occur at a rate between 3-15Hz per DOM, and

cause the ATWD to be read out. By contrast, Soft Local Coincidences (SLCs) have a rate

of around 350Hz, and only three FADC samples are read out for each. Most SLC hits are

noise — note the closeness in rates — but they can occasionally provide valuable missing

event information.

Data packets with timestamped HLC and SLC information are sent from the DOMs up

strings to computers in the IceCube Lab, near the center of the detector on the surface.

These packets are then ordered in time and checked against trigger conditions. The primary

trigger for IceCube is Simple Majority Trigger 8 (SMT8), which requires coincident hits in

8 DOMs within 5µs. If this trigger is passed, all locally-coincident hits within a ±10µs

window are recorded, with overlapping time windows merged. The SMT8 trigger has an
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Figure 2.7 Rate over time for various detector configurations. Large discontinuities in rate
occur due to the activation of new IceCube strings, and therefore an increase in detector
e↵ective area. Variations within a given detector configuration are due to seasonal e↵ects

such as average temperature and pressure.

average rate of ⇠ 2700Hz for the completed detector, with a seasonal variation of ±10%.

Figure 2.7 shows the seasonal variation in rate as a function of time, with the jumps in rate

corresponding to the beginning of a new season with more active strings. Data packets that

pass the SMT8 or other trigger conditions are combined into events that are then sent on to

reconstruction and filtering.

2.3.2 Ice Properties

The ice at the South Pole is not a uniform medium: it has been built up layer by layer over

100,000 years. Understanding the properties of the ice is extremely important for IceCube,

as it directly a↵ects the accuracy of event reconstructions. The ice properties are described

in terms of the absorption and scattering of ultraviolet light, the region where Cherenkov

radiation peaks.

Starting at the surface is a 50m deep layer of compacted snow, called “firn.” The solid

ice begins below the firn, but it does not immediately reach the transparency levels desired.

Air bubbles embedded in the ice strongly scatter light, leading to a mean free path of ⇠10m.

The scattering from these air bubbles is the dominant factor until ⇠1300m down. At depths
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near IceCube, the air bubbles are compressed to the point that they become air hydrate

crystals, with each molecule of air surrounded by molecules of ice. The index of refraction

of air hydrates is nearly identical to that of the ice itself, making the air bubbles no longer

a source of scattering. At IceCube depths, the properties of the ice can be tested by using

LEDs located on the DOMs. In a “flasher run,” light is emitted in a pattern from one DOM.

Ice properties can be determined by using the arrival time distribution (see [82] for more).

Results from these tests indicate that from 1, 450 � 2, 450m, the average scattering length

goes from 25 to 70m, and the absorption length increases from 70 to 200m.

With air bubbles no longer a major factor, dust becomes the dominant source of scat-

tering and absorption at these depths. The dust occurs in layers; several dust peaks are

shown in Fig. 2.8. The strongest of these dust peaks, known simply as the “dust layer,” is

approximately 65,000 years old, corresponding with periods of lower temperature in the late

Pleistocene. The dust layer is 2,025m down, and has an absorption length of < 20m and

a scattering length of 5m. Dust layers in general are parallel to the surface, but towards

the bottom of the detector they begin to exhibit a tilt believed to reflect the shape of the

bedrock beneath the ice. The ice model used in reconstructions accounts for the fact that

the absorption and scattering are not just a function of depth.

2.3.3 Data Storage and Transfer

IceCube’s trigger rate of 2.6 kHz and limited bandwidth available from the South Pole

necessitates a method of storing essential data in a compact form. Events that pass a series

of filters have their full information stored, but for events like cosmic-ray air showers that

dominate the trigger rate, this is not possible. The Data Storage and Transfer (DST) format

was created with this in mind.

For every event that triggers the detector, the DST format stores the time, number of

triggered DOMs, the angular information from two directional reconstructions, and some

other basic parameters. The arrival direction is first estimated using a �2 linear-track fit

to the DOM hits. Then, using this estimate as a seed, a more complex likelihood-based
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Figure 2.8 Peaks in absorption due to dust as a function of depth for a variety of IceCube
strings [83]. The average absorption decreases as a function of depth, but various peaks

due to dust layers, most notably at 2000m, are visible. The tilt of the dust layers can also
be seen in this plot as the dust features show a dependence on string position.
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reconstruction is applied, accounting for aspects of light generation and propagation in the

ice. For more information on the angular reconstruction procedures, refer to Section 3.1.1.

The directional fits are stored as a pixel number in a HEALpix map with nside = 1024

(see Section 4.3.1), so that both zenith and azimuthal information can be stored in a single

number. The data are then compressed and transferred via the South Pole Archival and

Data Exchange (SPADE) satellite communication system, which allows about 3 Gb of data

per day.

Studies of cosmic-ray anisotropy using IceCube primarily rely on the DST dataset. Sim-

ulation studies with the CORSIKA Monte Carlo program1 [84] indicate a median energy of

20TeV and a median angular resolution of 3� for the likelihood-based fit.

2.4 IceTop

IceTop is the surface array component of the IceCube Observatory. It consists of 81

surface stations spread over a square kilometer. Each station is located near an IceCube

string, so the stations have an average spacing of 125m in a hexagonal grid. Also similar

to IceCube, IceTop was built in phases, and the naming convention reflects the number of

stations active during that season. IceTop is described in detail in [85]. The data used in

this analysis was taken between May 2009 (IT59) and May 2015 (IT81-2014).

IceTop stations consist of two light-tight tanks, each one 1.8m in diameter, 1.3m in

height, and filled with transparent ice up to a height of 0.9m. Each tank hosts two DOMs,

identical to the ones used in IceCube (see Section 2.3.1). Figure 2.9 shows an IceTop station

during installation (left), and the placement of the DOMs inside an IceTop tank (right).

The DOMs are operated at di↵erent gains for an increased dynamic range, with a high-

gain DOM at 5 ⇥ 106 and a low-gain at 105. IceTop detects showers through the same

mechanism as IceCube, but its surface location near the shower maximum, shown in Fig. 2.10,

makes it sensitive to the full electromagnetic component of the shower, not just the muonic

component.

1COsmic Ray SImulations for KAscade: http://www-ik.fzk.de/corsika/
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Figure 2.9 An IceTop station during installation (left), and DOM setup inside an IceTop
tank (right). Source: IceCube.

Figure 2.10 Simulated shower development (left) and size of shower as a function of
atmospheric depth (right). IceTop’s location near shower maximum is marked.
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IceTop has a base trigger rate of 1600Hz per DOM. To reduce this, the high gain DOMs

in each station are operated in Hard Local Coincidence (HLC) mode. Data from the DOMs

is read out if both are hit within ±1µs. The HLC requirement reduces the trigger rate from

1600Hz per DOM to 3000Hz for the whole detector. To reduce the trigger rate further,

a simple majority trigger (SMT) similar to that of IceCube is applied. The SMT trigger

requires at least 6 HLC hits within a time window of 5µs. As there can be two HLC hits

per station, the trigger requires at least 3 stations to be hit. The SMT trigger brings the

rate down to 30Hz.

Tanks in IceTop record signal in units of vertical equivalent muons (VEMs). One VEM

corresponds to the charge produced by a single muon entering the tank vertically, and is

calculated on a tank-by-tank basis. Since 2009, this calibration has been performed with a

single-muon calibration trigger to avoid downtime for separate calibration runs. Figure 2.11

shows the calibration plot for a single tank, with the clear peak from VEMs.

Even with the reduced rate from the SMT trigger, there is limited bandwidth for data

transfer from the South Pole via satellite. In IceTop, data is filtered according to the number

of stations triggered. The filters used are of the form IceTopSTAX[_InIceSMT]_YY, where X

indicates the minimum number of stations hit, _InIceSMT indicates that it also passed the

in-ice SMT, and YY is the year of operation. Each filter is given a prescale that determines

what fraction of events that pass that filter are kept. A prescale of 3 indicates that 1/3 of the

events that pass that filter are kept. Table 2.1 shows the filters and corresponding prescales

used in this analysis.
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Figure 2.11 Histogram of charge deposited in photoelectrons for a single IceTop DOM
taken from experimental data [85]. The curves for the feature from VEMs and the
background are fit with a muon fit function for high-gain DOMs as determined from

simulation.

Filter Prescale

IceTopSTA3 09 8

IceTopSTA3 InIceSMT 09 3

IceTopSTA8 09 1

IceTopSTA3 [10-11] 3

IceTopSTA3 InIceSMT [10-11] 2

IceTopSTA8 [10-11] 1

IceTopSTA3 [12-14] 10

IceTopSTA8 [12-14] 1

Table 2.1 Names and prescales for each filter used in this analysis
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Chapter 3

Event Reconstruction

In this chapter we discuss angular reconstruction and energy estimation methods used in

both IceCube and IceTop. Special attention is paid to ShowerLLH: a project developed for

this analysis that reconstructs the most likely cosmic-ray primary core position and energy

in IceTop for a variety of composition assumptions.

3.1 IceCube

3.1.1 Angular Reconstruction

In IceCube, the timing and location of DOM hits are used to reconstruct the arrival

direction of the muon(s) passing through the ice, and therefore obtain an estimate for the

direction of the primary particle.

As a first guess, the event is treated as a plane wave moving through the ice. The basic

reconstruction algorithm linefit performs a linear track fit by minimizing the sum of the

squares of the distances between the track and the hits, ignoring the conical shape of the

Cherenkov wavefront (see Sec. 2.2.1) and the scattering and absorption in the ice. The

chi-square distribution to be minimized can be written as:

�2 =
NX

i=1

( ~x0 � ~xi + ~v(ti � t0))
2 , (3.1)
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where ~xi and ti represent the position and time of the ith hit, and the particle passes through

~x0 at time t0 with velocity ~v. This algorithm is very fast, and results in an angular res-

olution with an accuracy of a few degrees, which makes it a good seed for more complex

reconstructions.

More advanced reconstructions attempt to use more of the information available, notably

the shape of the Cherenkov cone and the properties of the ice, to get a more accurate result.

Starting with p(~xi, ti|~a) as the probability of observing a hit at position ~xi and time ti given

a muon track with parameters ~a, likelihood-based reconstructions attempt to maximize

logL =
NX

i=1

p(~xi, ti|~a) . (3.2)

The probability density function for p is given by the Pandel parameterization [86], an

analytic expression that describes the likelihood of a photon traveling some distance d with

a given time residual tres using a gamma function:

p(tres, d) =
1

�(a)ba
xa�1e�tres/b (3.3)

a =
d

�
, b =

1

⌧�1 + c/(nX0)
, (3.4)

where X0 represents the absorption length of light in ice, and � and ⌧ are characteristic

length and time scales, respectively, treated as free parameters. The time residual represents

the di↵erence between the arrival time of a given photon and a “direct hit” photon that

travels directly from the source to the DOM. This parameterization accounts for the index

of refraction n, as well as the scattering properties of the ice via the ⌧ , �, and X0 parameters,

which are all determined by simulation [87]. The advantage of the Pandel parameterization

is that it reasonably approximates a complex solution at a very high speed.

There is no such analytic solution or approximation for the likelihood value, so numerical

minimization algorithms such as MINUIT are used to search for the minimum of � logL. To

avoid settling in local minima, the search is performed iteratively with a variety of starting

conditions. For each event, anywhere from one to thirty-two pseudo-random seed directions
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are chosen from a Sobol sequence in order to increase the probability of finding a global

minimum.

A simple likelihood-based reconstruction uses a single photoelectron (SPE) approach to

muon track reconstruction [88]. The SPE reconstruction only considers the first photon to

arrive at each DOM in its likelihood calculation, ignoring DOMs with no hits. This method

improves upon the linefit reconstruction it uses as a directional seed. SPE is also fast,

allowing a single iteration to be calculated in almost real-time and recorded in the DST

dataset. All IceCube cosmic-ray event reconstructions used in this analysis are calculated

using the SPE algorithm. Figure 3.1 shows a particle track through IceCube, with the red

line indicating the SPE reconstruction.

More advanced reconstruction algorithms — such as the multiple photoelectron (MPE)

fit that uses the timing information of all hits instead of just the first one [89] — o↵er better

performance, but are slower. The ability of the SPE reconstruction to run in near-real time,

coupled with its reasonable angular resolution, make it an excellent choice for anisotropy

analysis.

3.1.2 Energy Estimation

In order to study the anisotropy in cosmic-ray arrival direction as a function of primary

energy in IceCube, a similar energy estimation procedure to that of [56] is used. Events

are classified using the number of DOMs that collected Cherenkov light, Nchannel, and the

reconstructed zenith angle, ✓reco. Nchannel is used as an energy estimator of the muons detected

by IceCube. The reconstructed angle ✓reco is considered because at larger zenith angles

muons, and therefore the primary cosmic-ray particles, must have higher energy in order to

reach and trigger the buried IceCube experiment. Simulation data are used to determine

bands in primary particle energy as a function of Nchannel and the cosine of ✓reco, as shown

in Figure 3.2. The figure shows that for a given muon energy, events at larger zenith angles

are produced by cosmic-ray particles with higher energy.
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Figure 3.1 Sample response of IceCube to a muon passing through the detector. The size
of each DOM hit indicates the number of photons detected, and the color indicates the

arrival time, from early (red) to late (blue). The red line indicates the linefit directional
reconstruction.
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Figure 3.2 Median true energy as a function of the cosine of the reconstructed zenith angle
✓reco and the number of DOMs hit in the event, Nchannel, from simulation.
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The treatment of Nchannel as an energy estimator is dependent on the detector configura-

tion. In addition, procedures such as event splitting have changed over time. To account for

these changes, the above process is repeated with simulation for each detector configuration.

A B-spline function in Nchannel and cos(✓reco) is used to fit the data in Fig. 3.2 in order to

reduce the errors due to limited simulation data statistics. Events are then separated into

nine statistically independent data samples, and assigned the mean primary particle energy

of the corresponding energy band. The resolution of such a reconstructed energy depends on

the detector configuration and energy band, but is on the order of 0.5 log10(E/GeV). This

energy resolution is primarily limited by the relatively large fluctuations in the fraction of

the total shower energy that is transferred to the muon or muon bundle.

3.2 IceTop

3.2.1 Angular Reconstruction

In IceTop, the timing, location, and the charge deposited at each DOM are all used to

reconstruct the arrival direction of the cosmic-ray primary.

Similar to IceCube, the most basic fitter treats the shower front as a plane wave, ignoring

the curvature in favor of speed. This reconstruction, called ShowerPlane, begins by setting

the origin position at the shower’s center of gravity: the signal-weighted average of the tank

positions. With the shower core set, the time at which a tank is hit as a function of position

~x can be written as

t(~x) = t0 � 1

c
(~x � ~x0) · ~s , (3.5)

where ~x0, t0 are the position of the origin and the time the shower passes through it, re-

spectively, and ~s is the unit vector normal to the shower plane. The goal of the fitter is to

minimize the square of the weighted time di↵erence

�2 =
X

i

wi(ti � t(~xi))
2 . (3.6)
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A constant weight of wi = 1/�2 is applied, where � = 5ns is the uncertainty in the measured

trigger time. Through expansion, the equation becomes

�2 =
1

�2

X

i

[ti � t0 + (di,xsx + di,ysy + di,zsz)]
2 . (3.7)

Since ~s is a unit vector with ~s = (sx, sy,
p

1 � s2
x � s2

y), this equation is non-linear. To

approximate the solution, ShowerPlane is solved in two iterations. In the first, z is set to a

fixed value hzi, an approximation that is valid since the maximum variation in height across

IceTop tanks is small (⇠ 5m). With fixed z, the program minimizes the equation:

�2 =
1

�2

X

i

[ti � t0 + di,xsx + di,ysy]
2 . (3.8)

In the second iteration, ShowerPlane corrects for tank heights by adjusting the hit times at

each tank correcting for the tank heights,

t0i = ti +
zi � hzi

c
cos ✓ , (3.9)

where ✓ is the reconstructed zenith angle from the first iteration. The steps from the first

iteration are then repeated using the adjusted times to return a final direction.

This reconstruction results in a median angular resolution of 3�, as calculated using

simulation, similar to the angular resolution of the likelihood fit stored in the DST dataset.

More detailed angular reconstructions exist — notably laputop, a likelihood-based algorithm

used in IceTop energy spectra analysis — but these require quality cuts that markedly

reduce statistics. The speed, reasonable angular resolution, and low requirements make the

ShowerPlane reconstruction a good choice for anisotropy studies.

3.2.2 Likelihood-based Reconstruction (ShowerLLH)

A major part of this thesis was the development of a likelihood-based reconstruction for

cosmic-ray air showers detected by IceTop. As discussed, IceCube has large statistics, but is

limited in two ways. First, the high trigger rate makes the use of the DST format necessary,

limiting the information retained per event. Second, IceCube is only sensitive to the muonic
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components of air showers. As described in Sec. 3.1.2, there is a significant amount of

variation in the fraction of the primary energy that is transferred to the muonic core, placing

an upper limit on our energy resolution. IceTop has a much lower rate, but is able to store

more information per event, and it sees the entire electromagnetic component of the shower.

This allows in theory for superior energy resolution. ShowerLogLikelihood (ShowerLLH) was

designed to take into account the additional information available — specifically the snow

depth and charge at each tank — and return the most likely core position and primary energy,

with the special function of being able to do so for a variety of composition assumptions.

3.2.2.1 Method

The ShowerLLH reconstruction begins with the building of likelihood tables from simula-

tion. For every active tank in every shower, the appropriate bin in a 4-dimensional histogram

(primary energy (E) ⇥ snow depth at tank (S) ⇥ distance from shower core (D) ⇥ charge

deposited (C)) is filled. Tanks which are active but not hit are included. Saturated DOMs

are placed in the maximum charge bin. The completed tables are then normalized so that

each bin (E ⇥ S ⇥ D ⇥ C) gives the probability that a primary particle with energy E de-

posited a charge C at a tank D meters away with S meters of snow on top of it. These

tables are built up using single-composition simulations, e↵ectively adding a fifth dimension

of composition.

To use these tables for reconstruction, a kind of brute-force method is applied. For each

shower we have two measurable quantities: snow depth and charge deposited at each tank.

Using these, the goal is to return the most likely composition, core position, and primary

energy for the shower. The composition is a special case, and will be treated separately, so

for now we will focus on the core position and primary energy. Given a shower from data, the

program begins by testing a series of preset coarse grid positions across the array. For each

test position, the reconstruction calculates the log-likelihood logL that a shower of energy

E deposited the observed charges (Ci) at each tank by summing the appropriate bins in the
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log-probability table P :

logL(E) =
n
tanksX

i=1

P (E, Si, Di, Ci) . (3.10)

This process is repeated, returning a likelihood value for every energy bin at the tested core

position. By comparing the highest likelihood value for each position, we can find the most

likely core position in our coarse grid. This entire process is repeated twice more, each time

with a finer grid centered on the previous most likely position. The grid steps are initially

125m apart, then 20m, then 5m. At the end of the process, the most likely core position,

primary energy, and likelihood value are returned.

Recall that the likelihood tables are made for single compositions. By repeating the above

method for a variety of compositions, ShowerLLH can return the most likely core position

and primary energy for a variety of composition assumptions. Because it also returns a

likelihood value, it e↵ectively returns a most likely composition as well.

As mentioned in Sec. 3.1.2, air showers are a↵ected by the amount of atmosphere they

must pass through, leading to a zenith-dependence in the energy estimation. While capable

of including zenith bins in the likelihood tables, the current iteration of ShowerLLH does not

do so, as it results in zenith bin migration, a↵ecting our ability to produce skymaps. In

place of zenith bins, simulation is used to determine the median energy bias and resolution

of ShowerLLH as a function of reconstructed zenith angle. A B-spline function is fit to the

result and then used to correct the reconstructed energy values. Section 3.2.2.2 provides

more information on the e↵ect of this fit.

The accuracy of ShowerLLH is strongly influenced by the simulation used to build the

likelihood tables. Large amounts of simulation are needed to properly fill the 4-dimensional

likelihood tables, but the tables are mostly independent of detector configuration. Since

more simulation is available for IT73 than IT81, the IT73 simulation sets shown in Table 3.1

were used to make the likelihood tables. The tests performed in Section 3.2.2.2 were run

over low-energy simulation in addition to determine the e↵ect of showers outside of the

reconstructed energy range. The low-energy simulation is shown in Table 3.2.
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ID Composition Energy Range Number of Events

[log10(E/GeV)]

7006 H 5.0 � 8.0 3 ⇥ 106

7579 H 7.0 � 9.5 1.2 ⇥ 106

7241 He 5.0 � 8.0 1 ⇥ 106

7263 He 5.0 � 8.0 2 ⇥ 106

7791 He 7.0 � 9.5 1.2 ⇥ 106

7242 O 5.0 � 8.0 1 ⇥ 106

7262 O 5.0 � 8.0 2 ⇥ 106

7851 O 7.0 � 9.5 1.2 ⇥ 106

7007 Fe 5.0 � 8.0 3 ⇥ 106

7784 Fe 7.0 � 9.5 1.2 ⇥ 106

Table 3.1 Information on simulation used to build the likelihood tables for this analysis.
All of the above simulation datasets throw showers with zenith angles ranging from 0 � 40�

with an E�2 spectrum.

ID Composition Energy Range Number of Events

[log10(E/GeV)]

7351 H 4.0 � 6.0 5 ⇥ 105

7483 He 4.0 � 6.0 5 ⇥ 105

7486 O 4.0 � 6.0 5 ⇥ 105

7394 Fe 4.0 � 6.0 5 ⇥ 105

Table 3.2 Information on low-energy simulation used to test the reconstruction of low
energy events. These simulation datasets were not used in the creation of the likelihood

tables.
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3.2.2.2 Performance

Before applying ShowerLLH to data, a set of quality cuts is developed. Figure 3.3 shows

the e↵ective area for the IT73 configuration as a function of true energy with no cuts applied.

The goal of the cuts is to improve the energy resolution, and for the detector e↵ective area

to reach and maintain a peak value as a function of energy.

The cuts used are adapted from previous work [90]. The cut names and percentage of

events cut are shown in Table 3.3. The first cut just insists that ShowerLLH ran success-

fully, e↵ectively ensuring that the plane fit succeeded. The second cut selects events with

cos(zenith) � 0.8. The simulation sets used were designed for IceCube-IceTop coincidence

analysis, and throw showers in the zenith range of 0� � 40�. The zenith cut was chosen close

to, but not exceeding, the 40� simulation limit. Note that, in theory, ShowerLLH could recon-

struct showers well beyond this limit, given adequate simulation. The third cut requires the

reconstructed position to be inside the detector. The grid search method used in ShowerLLH

allows for the reconstruction of showers outside the array, but accuracy is greatly improved

when reconstructing contained showers. The fourth cut requires that the loudest station is

not on the edge of the detector. Along with the third cut, this serves to restrict the sample

to contained showers. The fifth and final cut requires the maximum charge deposited to be

at least 6VEM. This helps reduce contamination of the high-energy sample from low-energy

showers.

Figure 3.4 shows the e↵ective area of the detector (in the IT73 configuration) with the

quality cuts applied. The best-fit line is shown beginning where the curve flattens at about

6.2 log(E/GeV). All following performance-related plots were created using these quality

cuts, and begin at the point where the e↵ective area becomes flat.

As mentioned in Section 3.2.2.1, the reconstruction does not account for the zenith-

dependence. Figure 3.5 shows a consistent underestimation of the energy for higher recon-

structed zenith angles. To adjust, the energy resolution as a function of zenith is fit with a

B-spline function. Using this function, we can apply an energy correction as a function of

zenith for each event.
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Figure 3.3 E↵ective area of IT73 simulation as a function of true energy with no quality
cuts applied.

No. Cut Name Cut Percentage Cumulative Percentage

1. Reconstruction Passed 88% 88%

2. Zenith Cut 82% 70%

3. Containment Cut 75% 61%

4. Loudest Station not on Edge 71% 50%

5. Max Charge Cut 50% 27%

Table 3.3 Quality cuts applied to ShowerLLH. Each cut is listed by name, with the
percentage of events that pass the cut (“Cut Percentage”), and the percentage of events

that pass that cut and all others before it (“Cumulative Percentage”).
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Figure 3.4 E↵ective area of IT73 simulation as a function of true energy with all quality
cuts applied. The solid line represents a flat, linear fit to the data above 6.2 log(E/GeV).

Figure 3.5 Energy resolution as a function of reconstructed angle (cos(✓reco)). Points
indicate the median value, with error bars showing 68% containment. The solid line

indicates the best-fit B-spline function. The energy resolution is defined as the di↵erence
between the logarithms of the reconstructed energy (ELLH) and the true energy (Etrue).
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With the cuts and zenith correction applied, we can now study the performance of

ShowerLLH. Figure 3.6 shows the probability that a simulated cosmic-ray primary with

a energy ELLH is reconstructed with energy Ereco. The distribution is peaked along the

ELLH = Etrue line. There are some high-energy events – whose cores are typically located

outside the detector – that are reconstructed as contained, low-energy showers. This mis-

reconstruction is far less damaging, however, than the opposite case where low-energy events

contaminate the high-energy sample. High-energy events have a much lower flux than low-

energy, so even a small percentage of mis-reconstructed low-energy events could dominate

the high-energy bins.

With the shape of the distribution in Fig. 3.6 in mind, we can look at the energy resolution

as a function of various parameters. Figures 3.7a, 3.7b, and 3.7c show the median energy

resolution as a function of true energy, zenith angle, and distance from the center of the

array, respectively. In each of these we can see the success of the reconstruction: with the

exception of the few outliers in each case, the reconstructed energy is typically within a bin’s

distance (0.05 log10(E/GeV)) of the true energy. In Fig. 3.7b, the beneficial e↵ect of the

zenith correction is evident (compare to Fig. 3.5).

In addition to most-likely energy and composition values, ShowerLLH also returns a most-

likely core position, found using the iterative grid-search method. Figure 3.7d shows the

distance between the reconstructed and true core positions as a function of true energy. The

finest grid search was performed with a grid spacing of 5m, and the resulting core resolution

is primarily < 10m.

3.2.2.3 Composition Sensitivity

As mentioned in Sec. 3.2.2.1, the likelihood values returned by ShowerLLH can be used to

determine a most likely composition for each event. The power for composition di↵erentiation

lies in the lateral distribution of the shower, which is discretized in the charge and distance

bins in the likelihood tables. Figure 3.8 shows the distribution of the di↵erence between the

iron and proton likelihood values for proton (blue) and iron (red) simulation, for a given bin
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Figure 3.6 Probability (log-scale) that a cosmic-ray primary with energy Etrue is
reconstructed with energy ELLH. This plot includes simulated events with energies below
ShowerLLH’s low-energy threshold for reconstruction. None of the low energy events are
reconstructed with log10(E/GeV) > 6.2, the value where the e↵ective area becomes flat.

Mis-reconstructions primarily occur in the under-estimation of high-energy events.



66

Figure 3.7 ShowerLLH performance with quality cuts applied. The energy resolution is
shown as a function of (a) true energy, (b) true zenith angle, and (c) distance from the
center of the array. The core resolution is also shown (d) as a function of true energy.

Points indicate the median value with error bars containing 68% of events.
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in true energy. This plot illustrates that the most-likely composition returned by ShowerLLH

does not itself have much value; the iron distribution peaks at 0, indicating iron showers at

these energies are equally likely to be reconstructed as protons. The di↵erence between the

iron and proton likelihoods, however, has some composition-separation power. The Bayes

factor, described in greater detail in Sec. 4.5, is a useful method for determining whether two

distributions arise from the same or separate sources. Values of B21 > 1000 are considered

strong evidence against a single-source hypothesis. Figure 3.9 shows the natural log of the

Bayes factor calculated by comparing a pure proton sample to one with some percentage of

iron, with the line on the plot indicating a Bayes factor of 1000. The calculated Bayes factor

reaches the target value at samples composed of approximately 23% iron. The calculation

of the Bayes factor is highly dependent on the number of events, and these values were

found using ⇠16,500 events from simulation, compared to the median bin size of ⇠37,000

events in the data sample used for this part of the analysis. This method is not currently

powerful enough to do a detailed analysis of composition near the knee, but when applied

to large-statistics datasets can provide some composition separation power.
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Figure 3.8 Distributions of the di↵erence between iron and proton likelihood values for
simulated events with true energy between 6.5 and 6.75 log10(E/GeV), from simulation.

The blue line corresponds to the distribution for proton simulation, and the red
corresponds to iron. The separation of peaks indicates the power of ShowerLLH to do

composition separation.
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Figure 3.9 Natural log of the Bayes factor, calculated by comparing a pure proton sample
to one with some percentage of iron. The green lines indicates a Bayes factor of 1000. All
simulation was weighted to an E�2.7 spectrum and had quality cuts applied. Randomly
selected events from an iron distribution were added multiple times. Points indicate the

median of the resulting distributions for each iron percentage, and error bars 68%
containment.
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Chapter 4

Analysis Method

This chapter details the methods used to study the cosmic-ray anisotropy. First, we

provide an introduction to the coordinate systems used in Sec. 4.1. Next, the time-scrambling

method used to estimate an isotropic background from data and methods of subtracting

large-scale structure are detailed in Sec. 4.2. The binning of the sky and calculation of

relative intensity and significance are covered in Sec. 4.3. Then, the calculation of the power

spectrum from the sky maps is described in Sec. 4.4. Finally, Sec. 4.5 describes the Bayes

factor, a useful method of determining whether two distributions share the same source by

comparing their shapes.

4.1 Coordinate System

The research presented in this thesis relies heavily on the production and analysis of

skymaps. This section focuses on the definition of the coordinate systems used, and the

transformations between them.

4.1.1 Local Coordinates

Events that trigger the IceCube detector are reconstructed in the local coordinate system.

Local coordinates are fixed to the detector, with the origin near the center of the detector.

Figure 4.1 shows the local coordinate system with some key reference points. Zenith is defined

as directly overhead. The directions of the International Reference Meridian (sometimes

known as the Prime Meridian) and International Date Line are used as grid directions of
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Figure 4.1 Local coordinate system with zenith angle ✓ and azimuth angle � shown for a
sample event. Zenith angle is calculated from directly overhead, and azimuth
counterclockwise from grid east. Grid north points in the same direction as the

International Reference Meridian.

north and south, respectively. The arrival directions of events are defined in this system

using two angles. The zenith angle (✓) is measured from the zenith. The azimuth angle

(�) is measured counter-clockwise from grid east. For reference, in this coordinate system,

✓ = 0� is directly overhead, ✓ = 90� is the horizon, � = 90� is the International Reference

Meridian, and � = 270� the International Date Line.

In local coordinates, the e↵ective area of the detector is not constant as a function of

azimuth, due to lanes in the hexagonal lattice. Figure 4.2 shows the event distributions in

zenith and azimuth for one day of data.

4.1.2 Equatorial Coordinates

Equatorial coordinates are used to define the locations of distant objects on the celestial

sphere. Referred to in this work as the sidereal coordinate frame, equatorial coordinates

are a fixed-star coordinate system, so the locations of distant objects do not change over

time. The celestial sphere is defined by the projection of Earth’s features outward to infinity,

namely the equator and poles. The plane in which the Earth orbits around the sun is known

as the ecliptic plane, and is separated from the celestial equator by the tilt of the Earth’s
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Figure 4.2 Local acceptance of six years of IceCube data in zenith (left) and azimuth
(right). Events with zenith angles above 90� are mis-reconstructed and therefore not

expected to follow the same distribution. Note the preferred lanes for detection in azimuth
that result from the hexagonal lattice shape of the detector.
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axis. The intersection of the ecliptic plane and the celestial equator is defined as the vernal

point.

Similar to local coordinates, equatorial coordinates use two angles to assign direction, as

shown in Fig. 4.3. Declination (�) is measured from the celestial equator to the source, with

values from �90� at the south celestial pole to +90� at the north. Right ascension (↵) is

measured from the vernal point counter-clockwise along the celestial equator. The equatorial

coordinate system treats the tilt of the Earth’s axis as a constant value, when in reality the

Earth precesses. Fortunately, this change is very slow (precession occurs with a period of

⇠26,000 years), so over epochs of 50 years the tilt is e↵ectively constant. In this work, the

J2000 epoch is used.

Equatorial coordinates also come with their own time frame, known as sidereal time.

One sidereal day is the time it takes for the Earth to rotate 360�. In the time it takes the

Earth to perform one rotation, it has also moved in its orbit, so it must rotate slightly more

for the sun to return to the same local position. The result is that the solar day of 24 hours

is 4 minutes longer than the sidereal day.

In a fixed-star coordinate system, the detector rotates throughout the day. The lanes in

e↵ective area found in the local coordinate system are averaged out, leading to a smooth

detector acceptance in right ascension, as seen in Fig. 4.4.

4.1.3 Coordinate Transformation

For every reconstructed event, the directional information is stored in local coordinates

(✓, �), and the arrival time in Modified Julian Date (MJD). The Julian Date (JD) has

been long used by astronomers, and represents the number of days since the beginning of

the Julian period on 1/1/4714 BCE. The MJD was introduced in 1957, making a half-day

adjustment so each day begins at midnight Greenwich Mean Time:

MJD = JD � 2400000.5 . (4.1)

The coordinate transformation for the IceCube detector from local to equatorial coordi-

nates is made easy by virtue of its location at the South Pole. All conversions are written in
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Figure 4.3 Equatorial coordinate system, showing sample lines of constant declination and
right ascension. The plane formed by the celestial equator is tilted at an angle with respect

to the ecliptic plane due to the tilt of the Earth. Credit: [91].
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Figure 4.4 Equatorial acceptance of six years of IceCube data in declination (left) and
right ascension (right). Events with declination angles above 0� are mis-reconstructed and
therefore not expected to follow the same distribution. The preferred lanes of acceptance

present in local coordinates are averaged out over time.
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degrees, unless expressly noted otherwise. Conversion of zenith angle to declination is given

by � = ✓ � 90�. Calculating right ascension from a given azimuth angle is done with the

hour angle (HA) as an intermediary, where HA = �+90�. Right ascension can be calculated

from the mean sidereal time ts and HA:

↵ = ts � HA . (4.2)

The calculation of mean sidereal time from MJD is given by:

ts = 280.46061837+1.31850007701⇥107T+3.87933⇥10�4T 2�2.58331181⇥10�8T 3 , (4.3)

where

T =
MJD � 51544.5

36525
. (4.4)

Conversions in this analysis were performed using the SLALIB library [92].

4.1.4 Solar Coordinate Frame

As the Earth orbits around the Sun, we observe an excess in the relative intensity of

cosmic rays in the direction of motion and a corresponding deficit in the direction opposite

to the motion, similar to the Compton-Getting e↵ect mentioned in Sec. 1.7.1. This e↵ect

manifests itself as a dipole in the relative intensity when the cosmic-ray arrival directions are

plotted using solar time, i.e., in a frame where the position of the Sun is at a fixed location

↵solar = ↵ � ↵� . (4.5)

In this coordinate system, only a conversion in the right ascension coordinate is applied.

The sun does move in declination, but at the South Pole the motion is very gradual and

ignored for purposes of this analysis. This solar dipole has been measured previously by

IceCube [55, 56], and now serves as a check of the sensitivity of the analysis methods used.

4.1.5 Non-Physical Coordinate Frames

Ideally, the solar dipole should not cause any systematic uncertainties in the analysis of

cosmic-ray arrival directions in sidereal time, as any signal in solar time averages to zero over
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a year. In practice, however, seasonal variations, gaps in detector uptime, and limited sky

coverage can all cause the solar anisotropy to influence the sidereal frame, and vice versa.

In order to study this mutual influence, we consider two non-physical time scales: anti- and

extended-sidereal time.

In frequency space, solar time has a frequency of 365.24 cycles per year. The sidereal day

is roughly four minutes shorter, with a frequency of 366.24 cycles per year. The influence

of the solar dipole on the sidereal anisotropy can be estimated from the influence it has on

the other side band in frequency-space, i.e., on a frame with 364.24 cycles per year. This

is the anti-sidereal frame. No physical signal is expected with a frequency of 364.24 cycles

per year, so any significant “signal” that appears in the anti-sidereal frame stems from a

modulation of the solar frame, and is equivalent to the systematic e↵ect of the solar frame

on the sidereal frame. Frequency-space can also be used to estimate the e↵ect of the sidereal

anisotropy on the solar dipole. In this case, the second side band of the sidereal frame, the

extended-sidereal time frame with a frequency of 367.24 cycles per year, can be analyzed [93].

4.2 Background Estimation

In order to study the anisotropy in the cosmic-ray arrival direction distribution, we must

simulate the detector response to an isotropic sky, known as the reference map. As shown

in Fig. 4.2, the grid layout of the detector creates preferential lanes for detection. Thus,

the detector response to an isotropic sky is not itself isotropic. Ideally, simulations would

be used to reproduce the detector response to an isotropic background, but it is di�cult to

produce simulations with accuracy down to the part-per-mille (or better) level. Instead, the

reference map can be calculated directly from data.

4.2.1 Time-Scrambling

Consider a map of all detected events in the sidereal coordinate frame. This data map

is anisotropic in nature, partly due to the anisotropy of astrophysical sources, but also

partly due to detector e↵ects. Di↵erences in detector acceptance as a function of zenith and
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azimuth, gaps in detector uptime, and seasonal variations all a↵ect the observed anisotropy

in equatorial coordinates

The time-scrambling method, described in detail in [94], is a common method for esti-

mating a reference map from the local distribution of events. The goal is to separate the

anisotropy due to detector response from the anisotropy due to astrophysical sources. The

method, in general, involves keeping local coordinates fixed, and assigning times randomly

sampled from real arrival times within a given time window. The resultant reference map

has events shu✏ed in right ascension while maintaining the local event distribution.

In greater detail, for every event, 20 events are added to the reference sample with the

same arrival direction in the detector’s local coordinate system (✓,�). Each of these events is

then given a new time value randomly selected from a histogram of real arrival times within

a chosen time window �t. They are then converted to equatorial coordinates (�,↵), and

given a weight of 1/20. The creation of additional events and subsequent weighting serves

to reduce statistical fluctuations.

The size of the time window selected determines the sensitivity of the search to features of

various angular sizes. Since the Earth rotates 360� in 24 hours, a time window of four hours

would make a search sensitive to structures of 4 hr / 24 hr ⇥360� = 60� or smaller in size.

The size of the time window can intentionally be limited to mask large-scale structures, or

limited out of necessity due to changes in detector configuration and/or the environment. The

IceCube detector is stable over periods longer than 24 hours, and environmental conditions

at the South Pole change very slowly, so in this work a scrambling period of 24 hours is used

to make the search sensitive to structures on all angular scales.

It is important to emphasize that scrambling the time of events with a given zenith

angle in local detector coordinates is equivalent to randomly modifying the right ascension

of the event within the same declination band, with the width of the band determined by the

pixelization used (see Sec. 4.3.1). As a result, the residual between the actual arrival direction

distribution and the reference maps is sensitive primarily to anisotropy modulations in right

ascension. Simulation studies [95] indicate that any large-scale structure is e↵ectively reduced
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to its projection onto the equatorial plane, limiting the sensitivity to the determination of

the true anisotropy. However, small-scale features, i.e., features well localized in the field of

view of the experiment, are not a↵ected by significant deformation. More information on

the advantages and disadvantages of this method can be found in [96].

4.2.2 Dipole and Quadrupole Subtraction

Covered in greater detail in Sec. 4.4, large-scale structures in anisotropy can dominate

skymaps. To observe small-scale structures, methods of subtracting the large-scale structures

are needed. Two methods of subtraction are presented here: time scrambling with windows

shorter than 24 hours, and subtraction of a best-fit low-multipole map.

One method for removing the dipole and quadrupole moments was mentioned in Sec. 4.2.1:

creating the reference map with time windows of less than 24 hours can mask larger-scale

structures. A time scrambling window of 4 hours should only be sensitive to structures 60� or

smaller in size, equivalent to masking the dipole and quadrupole components. Unfortunately,

analysis of the power spectra of maps produced using this method reveals strong dipole and

quadrupole terms (refer to Sec. 4.4 for more details).

A second option is to calculate a two-dimensional fit for the relative intensity map (see

Sec. 4.3.2). A directional vector (�,↵) can be written as a unit vector in cartesian coordinates

~v with components (vx, vy, vz). The fit to relative intensity then solves for the coe�cients of

the normalized, real Cartesian spherical harmonics for the monopole (` = 0), dipole (` = 1),

and quadrupole (` = 3) moments:

�I = m0
1

2
p
⇡
+ d�1

r
3

4⇡
vy + d0

r
3

4⇡
vz + d1

r
3

4⇡
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+ q�2

r
15

4⇡
vxvy + q�1

r
15

4⇡
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16⇡
(3v2
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r
15

4⇡
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r
15

16⇡
(v2

x � v2
y) .

(4.6)

The coe�cients m, d, and q correspond to ` = 0, 1, and 2 respectively. The subscript for

each coe�cient indicates the m value of the term. The minimization of the weighted sum of
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Figure 4.5 Pixelization of the sky using HEALPix with (left to right) Nside = 1, 2, 4, and
8, producing maps with 12, 48, 192, and 768 equal-area pixels, respectively. Dots indicate

pixel centers, which align in bands of equal-latitude. Source:
http://healpix.jpl.nasa.gov/

(I � �I)2 is then performed using MINUIT, returning best-fit values for the coe�cients. This

second method is what was used in the making of Fig. 1.11.

4.3 Mapmaking Procedure

4.3.1 HEALPix

The skymaps in this analysis were produced using HEALPix1 [97]. As the name suggests,

HEALPix divides the unit sphere into pixels of equal solid-angle, with rows of equal latitude.

The resolution of a given map is determined by theNside parameter, with the number of pixels

Npix = 12 ⇥ N2
side. Nside is a power of 2, ranging from 1 to 1024; the bins for various Nside

values are shown in Fig. 4.5. For this work, Nside = 64 was used, dividing the sky into 49,152

pixels, each with an angular size of 0.84 sq. deg (2.56 ⇥ 10�4 ster.). At this resolution, the

pixel size is smaller than the median angular resolution (⇠ 3�) of the reconstructions used

in this work.

In this analysis, all maps undergo a top-hat smoothing procedure in which a single pixel’s

value is the sum of all pixels within a given angular distance, or smoothing radius. In the case

of this data set, the median angular resolution, as found from simulation, is 3�. Therefore,

1Hierarchical Equal-Area isoLatitude Pixelization: http://healpix.jpl.nasa.gov



81

a smoothing of 5�, roughly equivalent to the optimal bin size for point-source searches [94],

is applied to the maps. When statistics are limited, a smoothing of 20� is frequently applied

to increase our sensitivity to larger-scale structures.

4.3.2 Relative Intensity and Significance

After the creation of the reference map using the time-scrambling algorithm, relative

intensity and significance maps are used to study the anisotropy.

Relative intensity maps display the signal intensity relative to background intensity on a

pixel by pixel basis. For pixel i with Ni events and a background (reference map value) of

hNii, the relative intensity is given by:

�Ii =
�Ni

Ni

=
Ni(↵, �) � hNi(↵, �)i

hNi(↵, �)i
. (4.7)

It is important to note that the error on the relative intensity is large at the limits of the

detector exposure because of the small number of events in that region.

The uncertainty in relative intensity must account for the resampling involved in the

construction of the reference map. The resampling ratio ↵r is given by ↵r ⌘ 1/nresample =

1/20 in this analysis. To solve for the uncertainty in relative intensity, we can use propagation

of error:

��Ii =

s✓
@(�Ii)

@(hNii)

◆2

�2
hNii +

✓
@(�Ii)

@(Ni)

◆2

�2
Ni

. (4.8)

By rewriting �Ii = Ni/hNii � 1, this simplifies to:

��Ii =
Ni

hNii

s
1

Ni

+
↵r

hNii

. (4.9)

We also need a way to determine the significance of the di↵erence between the data and

reference maps. The statistical significance in this analysis is calculated using the method

proposed by Li & Ma [98] — a calculation commonly used when looking for a small signal

in samples with a large background. The formula is written for observations of point source

(Non) and o↵-source (No↵) events. The ratio of the length of on- to o↵-source observations is
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defined as ↵Li�Ma, which, in the case of time-scrambling, is equivalent to ↵r. The statistical

significance S is given by:

S =

s

2Non ln

✓
1 + ↵r

↵r

◆✓
Non

Non +No↵

◆�
+ 2No↵ ln


(1 + ↵r)

✓
No↵

Non +No↵

◆�
. (4.10)

In our adaptation, Non is the number of counts from our data map (Ni). No↵ is the number

of counts from the reference map before weighting (hNii/↵r).

4.4 Power Spectrum

The search for structure at various angular scales can be extended through the study of

the power spectrum. This analysis begins with the expansion of the relative intensity map

�I = �N/hNi in a spherical harmonic basis:

�I(�i,↵i) =
1X

`=1

X̀

m=�`

a`mY`m(�i,↵i) , (4.11)

where Y`m are the Laplacian spherical harmonics and a`m the multipole coe�cients. Given

full sky coverage and 100% detector uptime, the a`m coe�cients could be estimated with

a`m ⇠ ⌦p

N
pixX

i=0

�I(�i,↵i)Y`m(�i,↵i) , (4.12)

where ⌦p is the solid angle subtended by each pixel, which is constant for a given Nside in

HEALpix. Using these a`m values, the power spectrum could be found using

C` =
1

2`+ 1

X̀

m=�`

|a`m|2 . (4.13)

The resulting strength of the C` values for a given ` indicates structure on the corresponding

angular scale. The dipole component (` = 1) corresponds to structures 180� in size, the

quadrupole (` = 2) to structures 90� in size, and so on.

The primary issue with this approach is that it requires an idealized detector for the

Fourier decomposition to work. When analyzing the relative intensity observed by a detector

with partial sky coverage and gaps in run time, the Y`m spherical harmonics no longer form
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an orthonormal basis, resulting in the coupling of `-modes. The work in [99] provides a more

detailed discussion on the e↵ects of this coupling, and several ways in which to correct for

it.

In this analysis, the PolSpice2 [100, 101] software package is used to produce the power

spectrum. To correct for the partial-sky bias, PolSpice calculates C` values through the

two-point correlation function ⇠(⌘):

⇠(⌘) = h�I(�i,↵i) �I(�j,↵j)i , (4.14)

where ⌘ is the angle between pixels i and j. The two-point correlation function is related to

C` via the inverse of a Legendre series expansion:

C` = 2⇡

Z 1

�1

⇠(⌘)P`(cos ⌘) d(cos ⌘) . (4.15)

PolSpice reduces, but does not eliminate, correlation between di↵erent `-modes. Other tools

such as apodization are applied, but in the final result low-` multipoles with high power can

still a↵ect high-` modes. Figure 4.6 shows the power spectrum as calculated in [55], with

all events (blue), with the best-fit dipole and quadrupole map subtracted (red). Di↵erences

between the power spectra above ` = 2 are indicative of the e↵ect of the low-multipole

moments on higher `-modes.

To estimate errors for a given set of C` values in this analysis, we create a large number

of maps from the power spectrum using the synfast function from HEALPIx. The power

spectra for each of these maps is then recalculated using PolSpice, and its values stored.

The error bars shown contain 68% of C` values (34% in each direction) produced using this

method.

4.5 Bayes Factor

The sensitivity of IceTop to the entire electromagnetic component of cosmic-ray air show-

ers allows for energy resolution approaching log10(E/GeV) ⇠ 0.05 using ShowerLLH (see

2SPatially Inhomogeneous Correlation Estimator for temperature and Polarisation: http://www2.iap.

fr/users/hivon/software/PolSpice/



84

Figure 4.6 Power spectra for IC59 data as produced using PolSpice, shown for all events
(blue) and the residual after subtracting the best-fit dipole and quadrupole map (red).
Light and dark gray bands indicate 68% and 95% containment, respectively, of power

spectra generated by isotropic maps. Source: [55]
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Sec. 3.2.2.2). With this level of energy resolution, the energy spectrum can be studied as

a function of sky position, as binned with HEALPix. The spectrum for any given bin will

naturally be di↵erent from other bins, due to di↵erences in relative exposure. In order to

compare bins, a Bayesian approach is used to compare the shape of a distribution while

allowing for di↵erences in exposure, as detailed in [102].

Given two observed distributions F1 and F2, the Bayes factor is defined as the ratio of

the likelihoods that the observed distributions resulted from one- or two-parent hypotheses,

H1 and H2 respectively.

B21 =
P (F1,F2|H2)

P (F1,F2|H1)
(4.16)

Using Bayes’ theorem, we can write the posterior probability of the one-parent hypothesis

as

P (H1|F1,F2) =
P (F1,F2|H1)P (H1)

P (F1,F2|H1)P (H1) + P (F1,F2|H2)P (H2)

=
1

1 +
P (F1,F2|H2)P (H2)

P (F1,F2|H1)P (H1)

=
1

1 + B21
P (H2)

P (H1)

(4.17)

In the case that neither model is favored before taking data (P (H1) = P (H2)), this becomes

P (H1|F1,F2) =
1

1 + B21

(4.18)

Using this equation, a Bayes factor of B21 > 100 indicates strong evidence (> 99% chance)

that the distributions compared have di↵erent sources. A Bayes factor of B21 < 10�2 in-

dicates strong evidence (> 99% chance) that the distributions compared have the same

source.

The primary formula used is the calculation of the natural logarithm of the Bayes factor,

which compares the shapes of distributions F1 and F2, with N1 and N2 events, respectively:

lnB21 =
NX

i=1

[ln(�(F1,i + 1)) + ln(�(F2,i + 1)) � ln(�(F1,i + F2,i + 2))]

+ ln(�(N1 +N2 + 2)) � ln(�(N1 + 1)) � ln(�(N2 + 1))

(4.19)
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Chapter 5

Results

In this chapter, we will detail the results of observations of cosmic-ray anisotropy as a

function of angular scale, time, and energy. Solar, anti- and extended-sidereal timeframes are

considered for consistency checks and error estimation. Finally, the results of studies with

ShowerLLH are presented, with a focus on the energy spectrum and composition distribution

as a function of sky position.

5.1 Angular Scales

As mentioned in Sec. 4.2.2, the anisotropy in the cosmic-ray arrival direction distribution

manifests over a large number of angular scales. In this section, we look at the dominant

large-scale components, as well as the small-scale structure revealed after their subtraction.

The dataset used for this analysis consists of observations over a 6-year time period, as shown

in Table 5.1.

5.1.1 Large-Scale Structure

Figure 5.1 shows relative intensity and pretrial significance sky maps for the large-scale

structures, as shown in Mollweide (top) and polar (bottom) projections. All of the maps

contain six years of IceCube data, smoothed with a 5� angular radius. The relative intensity

map, shown in the left plot of Fig. 5.1, is similar to previously published work based on IC59

data [55] and shows anisotropy at the 10�3 level, characterized by a large excess from 30�

to 120� and a deficit from 150� to 250�. The corresponding significance of the large-scale
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Configuration Livetime (days) Number of Events

IC59 339.38 (91.7%) 3.579 ⇥ 1010

IC79 315.76 (92.6%) 4.131 ⇥ 1010

IC86 343.04 (93.0%) 5.906 ⇥ 1010

IC86-II 331.92 (94.0%) 5.630 ⇥ 1010

IC86-III 362.20 (97.9%) 6.214 ⇥ 1010

IC86-IV 369.76 (97.8%) 6.327 ⇥ 1010

Total 2062.06 (94.5%) 3.179 ⇥ 1011

Configuration Livetime (days) Number of Events

IT59 338.25 (91.4%) 2.887 ⇥ 107

IT73 312.66 (91.7%) 3.690 ⇥ 107

IT81 343.04 (93.0%) 3.800 ⇥ 107

IT81-II 332.26 (94.1%) 3.713 ⇥ 107

IT81-III 361.20 (97.6%) 3.101 ⇥ 107

IT81-IV 362.61 (95.9%) 2.810 ⇥ 107

Total 2050.01 (94.0%) 1.719 ⇥ 108

Table 5.1 Detector configurations and their respective number of events for all years used
in this analysis. IC indicates IceCube, IT IceTop, and the number that follows indicates

the number of strings or stations participating in data acquisition.

structure, shown in the right plot of Fig. 5.1, shows the increasingly solid evidence of the

observation.

5.1.2 Small-Scale Structure

While the large-scale structure dominates the anisotropy, there is also anisotropy on

smaller scales. This structure, with a relative intensity on the order of 10�4, becomes visible

after the best-fit dipole and quadrupole are subtracted from the sky map. Figure 5.2 shows

the relative intensity of the residual map (left), and the corresponding significance map

(right), as shown in Mollweide (top) and polar (bottom) projections. These maps show the
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Figure 5.1 Relative intensity (left) and pretrial statistical significance (right) maps for
large-scale structure in Mollweide (top) and polar (bottom) projections. The maps are in

equatorial coordinates and use an angular smoothing radius of 5�.
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presence of cosmic-ray anisotropy at TeV energies at angular scales approaching the angular

resolution of IceCube for cosmic-ray primaries.

Table 5.2 shows the positions and peak significances of excess and deficit regions with

a pretrial significance exceeding 5�. The regions are numbered to maintain consistency

with [55] whenever possible. The significances quoted are pretrial, and any blind search

would have to account for the fact that we search for significant excess or deficit regions

anywhere in the roughly 104 independent bins of the map. However, all but two of the

regions listed in Table 5.2 have been previously reported in the analysis of the IC59 data set.

In the new data set, which includes the IC59 data set but is a factor of 7 larger, all regions

appear with greatly increased significance.

The study of small-scale structures in previously published studies [55] was limited by the

statistics available at that time. In order to observe larger structures, a scan in smoothing

scale was performed and results were reported for smoothing scales that maximize the signif-

icance. With six years of data, this procedure is no longer necessary, as we can now observe

small-scale structures at high significance with smoothing radii approaching our angular res-

olution. Figure 5.3 provides two examples of the increased angular resolution available using

the new data set. The left plots show regions as observed using only the IC59 data set with

20� smoothing applied, as in [55]. The same regions are shown in the right plots, using the

updated data set and 5� angular smoothing. In both cases, what previously appeared as one

region is now observed as two distinct regions, each at high significance. This di↵erence does

not appear to be the result of a time-dependence of the small-scale structure, as the same

split is visible in the IC59 map with 5� smoothing but not at high enough significance to be

previously reported.

5.1.2.1 Four Hour Time-Scrambling

The small-scale structure can also be observed by using a four hour time window in the

production of the reference maps, which should mask all structures on angular scales > 60�

(see Sec. 4.2.1). The results of this method are shown in Fig. 5.4, and largely correspond
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Figure 5.2 Relative intensity (left) and pretrial statistical significance (right) maps shown
after dipole- and quadrupole-subtraction in Mollweide (top) and polar (bottom) projections.

The maps are in equatorial coordinates and use an angular smoothing radius of 5�.
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Region Right Ascension (deg) Declination (deg) Peak Significance

1a 142.5+4.9
�2.4 �49.7+2.3

�3.9 11.0�

1b 110.5+5.3
�3.5 �55.9+5.4

�2.3 6.9�

2 261.0+3.4
�8.5 �48.9+4.7

�2.3 11.4�

3 200.4+2.8
�1.4 �38.7+2.3

�2.3 10.8�

4 327.9+11.9
�16.8 �74.6+4.4

�4.4 11.0�

5 215.6+18.7
�8.6 �72.4+5.2

�2.2 �9.3�

6 74.5+4.2
�4.2 �36.4+5.0

�3.8 �10.3�

7a 317.1+4.2
�2.1 �38.7+5.2

�1.5 �7.2�

7b 292.5+1.4
�1.4 �41.0+1.6

�1.6 �9.6�

8 164.7+3.2
�2.9 �48.1+4.7

�3.9 �11.9�

9⇤ 94.1+9.4
�40.9 �82.0+5.1

�2.2 �7.9�

10⇤ 27.4+4.9
�1.4 �27.3+3.3

�2.0 10.6�

Table 5.2 Locations and pretrial peak significance values for the small-scale structures
visible after subtracting the best-fit dipole and quadrupole moments. Negative significances
indicate deficits in the sky map. Errors indicate the positions of the furthest pixels within

1� of the peak significance. Regions marked a and b were previously reported as one
region. Regions with an asterisk are new to this analysis.
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Figure 5.3 Significance maps in the vicinity of Region 1 (top) and Region 7 (bottom) (see
Table 5.2) as previously published using only data taken with the IC59 configuration ([55])
with 20� smoothing (left) and for the full data set used in this analysis with 5� smoothing

(right). Maps are shown in equatorial coordinates.
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to the structures found in Fig. 5.2. This method is not treated as the primary method of

dipole-quadrupole subtraction, due to the continued presence of low-multipole moments in

the power spectra (see Sec. 5.1.3).

5.1.3 Power Spectrum

The angular power spectrum for the six-year data set is shown in Fig. 5.5. Similar to

previous work, it is calculated using PolSpice [100, 101], which corrects for systematic e↵ects

introduced by partial-sky coverage. The power spectrum is shown before (blue) and after

(red) subtracting the dipole and quadrupole moments from the sky map. In addition, the

power spectrum is calculated using a four hour time-scrambling window, illustrating the

failure of the method to completely remove low-multipole moments. To calculate the error

bars, randomized maps were generated using the C` values from the original relative intensity

map (see Sec. 4.4). The error bars contain 68% of the resultant C` values from the new maps.

The power spectrum confirms the presence of significant structure up to multipoles ` ' 20,

corresponding to angular scales of less than 10�.

The comparison of the angular power spectrum before and after subtraction of the best-

fit dipole and quadrupole moments serves as an estimate of the systematic error caused by

the partial-sky coverage. Because of this limitation, the di↵erent multipole moments are

no longer independent, and while PolSpice tries to mitigate the e↵ect of coupling between

multipole moments, a significant coupling between the low-`modes remains. This is apparent

in the strong reduction in the power of the ` = 3 and ` = 4 multipoles after the dipole and

quadrupole subtraction. The systematic error on the ` = 3 and ` = 4 multipoles is therefore

large. For multipoles ` � 6, the distortion is much smaller and the spectra agree within

uncertainties. For these moments, the systematic errors on the C` are therefore at most of

the same order as the statistical errors.

In the unsubtracted power spectrum, the uncertainty in the lower multipole moments

causes the C` value for ` = 5 to be negative — a result of PolSpice’s calculation of the

C` values through the use of the two-point autocorrelation function. Simulations using
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Figure 5.4 Relative intensity (left) and pretrial statistical significance (right) maps
produced using a four hour time-scrambling window, shown in Mollweide (top) and polar

(bottom) projections. The maps are in equatorial coordinates and use an angular
smoothing radius of 5�.
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artificial sky maps with strong dipole components indicate that this behavior is typical for

the weighting and apodization used in this analysis and is another indication of the coupling

between low-` multipoles.

5.1.4 Systematic Checks

In [54], several sources of systematic bias are considered, including detector geometry

and livetime, nonuniform exposure to di↵erent regions of the sky, and seasonal variations

in atmospheric conditions. The location of the IceCube detector continues to minimize the

e↵ect of some of these sources; the southern celestial sky is fully visible at all times, and

seasonal variations are slow and accounted for in the estimation of the reference level. The

checks performed in that previous analysis continue to hold, and the detector livetime has

improved on average, as seen in Table 5.1. In this section we expand on one possible source

of systematic bias that the increased data set allows us to study in more detail: the possible

influence of the solar dipole on the sidereal signal and vice versa.

5.1.4.1 Solar Dipole Analysis

As the Earth orbits around the Sun, we observe an excess in the relative intensity of

cosmic rays in the direction of motion and a corresponding deficit in the direction opposite

to the motion. This e↵ect manifests itself as a dipole in the relative intensity when the

cosmic-ray arrival directions are plotted using solar time, i.e., in a frame where the position

of the Sun is at a fixed location (see Sec. 4.1.4). This solar dipole has been measured

previously [55, 56] and now serves as a check of the consistency and reliability of the analysis

methods used.

Figure 5.6 shows the solar dipole as seen in both IceCube and IceTop. The statistical

advantage of IceCube produces a significant dipole. In comparison, IceTop’s limited statistics

make the dipole less significant. The relative intensity map (bottom left) has a strong feature

near ↵ � ↵� = 0 at the upper edge of the map. This feature is augmented by the decreased
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Figure 5.5 Angular power spectra for the relative intensity map for six years of IceCube
data. Blue and red points show the power spectrum before and after the subtraction of the
best-fit dipole and quadrupole terms from the relative intensity map. Green points show
the power spectrum calculated from maps made with a four hour time-scrambling window.

Error bars are statistical (see the text for a discussion of systematic errors). The gray
bands indicate the 68% (dark) and 95% (light) spread in the C` for a large sample of

isotropic data sets.

Figure 5.6 Relative intensity (left) and significance (right) maps for IceCube (top) and
IceTop (bottom) data in solar time with 20� angular smoothing applied. The latitude
coordinate still represents declination �, while the longitude coordinate represents the

di↵erence of the right ascension of the event and the right ascension of the Sun (↵ � ↵�).
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Figure 5.7 Projection of relative intensity as a function of right ascension in anti-sidereal
and extended-sidereal time (left) and solar and sidereal time (right). Error boxes for the
solar and sidereal projection indicate systematic errors. Note that both the anti-sidereal

and extended-sidereal frames are non-physical, so “right ascension” has no physical
meaning in these frames. For the solar frame, the right ascension axis shows the di↵erence

between the right ascension of the event and the right ascension of the Sun.

statistics towards the edge of the map, and is diminished in the significance map (bottom

right).

Ideally, the solar dipole should not cause any systematic uncertainties in the analysis of

cosmic-ray arrival directions in sidereal time, as any signal in solar time averages to zero over

a year. In practice, however, seasonal variations in the solar dipole can manifest themselves

as an anisotropy in the sidereal time frame and vice versa. In order to study this mutual

influence, we consider two nonphysical time scales: anti- and extended-sidereal time.

5.1.4.2 Non-Physical Time Analysis

As mentioned in Sec. 4.1.5, detector e↵ects such as seasonal variation, gaps in uptime,

and limited sky coverage can all lead to the mutual influence of the sidereal and solar signals.

The anti- and extended-sidereal frames are studied in order to estimate the influence of solar

signals on the sidereal frame and vice versa, respectively.

Figure 5.7 (left) shows the projection of the relative intensity in anti-sidereal and extended-

sidereal time. Note that the amplitude of these projections is an order of magnitude smaller
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than the amplitude of the solar dipole and the sidereal anisotropy (right), indicating that

the e↵ect of the solar on the sidereal frame and vice versa is small. We use the maximum

amplitude of the relative intensity in the anti- and extended-sidereal frames as a conservative

estimate for the systematic error in the sidereal and solar frame resulting from the other.

With systematic errors, we can study the one-dimensional projection of the relative in-

tensity in the sidereal and solar frames, as shown in Figure 5.7 (right). In this system, the

Sun is located at 0�, so the maximum of relative intensity is at an angle of 270�, in the

direction of the Earth’s motion. The solar dipole is well measured with six years of IceCube

data, and the fit with a dipole results in a �2-probability of 0.38 (�2 = 20.41 for 23 degrees

of freedom). The amplitude of the sidereal anisotropy is larger, but is not well described by

a dipole. Statistical errors are shown, but are very small due to the high statistics of the

data set.

5.2 Time Dependence

The IceCube data used in this analysis was recorded over a period of six years and

therefore also allows for a study of the stability of the anisotropy over this time period.

An observed time-modulation of the anisotropy, in particular one that coincides with the

11-year solar cycle, could be evidence for a heliospheric influence on the observations. Time-

dependent studies have been performed previously by several experiments, with contradictory

results. Milagro [45] reported a steady increase in the amplitude of their deficit region over a

seven-year time period (2000-2007). Both the Tibet [67] and ARGO-YBJ [46] experiments,

however, have observed no significant variation in the anisotropy.

5.2.1 Time Dependence of Large-Scale Anisotropy

Figure 5.8 shows the one-dimensional projection of the anisotropy for each detector con-

figuration used in this analysis, each one corresponding to approximately a year of data (see

Table 5.1). The shaded regions represent systematic errors determined by calculating the
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Figure 5.8 Projection of relative intensity for all declinations as a function of right
ascension for each configuration of the IceCube detector from IC59 to the fourth year of

IC86. The shaded areas indicate systematic errors, calculated using the anti-sidereal frame
for each year independently.



100

Configuration �2 Ndof p-value

IC59 23.68 23 0.42

IC79 23.69 23 0.42

IC86 21.61 23 0.54

IC86-II 14.90 23 0.90

IC86-III 25.86 23 0.31

IC86-IV 35.06 23 0.05

Table 5.3 Results of a �2 test comparing the relative intensity profile (see Figure 5.8) for
each year to the collective ensemble. The table provides �2 values, number of degrees of

freedom, Ndof , and corresponding p-values.

maximum amplitude of the signal in the anti-sidereal time frame. Systematic errors are

estimated separately for each detector configuration.

Within errors, the large-scale structure is stable over the data-taking period considered

here. Table 5.3 shows the �2 values calculated by comparing each year to the collective

ensemble. The resulting p-values are consistent with random fluctuations, indicating there

is no time dependence over the period of this study. A study of the stability over a period of

twelve years (2000-2012) using data recorded with the AMANDA and IceCube detectors [103]

with the same method also did not find evidence for a time dependence of the structure.

5.2.2 Time Dependence of Small-Scale Anisotropy

To study the time dependence of the small-scale structure, we analyze the relative inten-

sity of the excess and deficit regions listed in Table 5.2 as a function of time. For the location

of the regions, we use the values determined from the full six-year data set. Figure 5.9 shows

the relative intensity for each detector configuration, i.e., as a function of time, for each re-

gion. Also shown is the average value as determined from the analysis of the full six-year data

set. The error bars on the data points and the error band on the average indicate statistical

uncertainties only, but we list the average flux, including statistical and systematic errors,

for each region in the figures. The systematic errors for the individual years have similar
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Figure 5.9 Relative intensity as a function of detector configuration for the excess and
deficit regions of the small-scale structure listed in Table 5.2. The horizontal lines indicate
the six-year average flux. Error bars and bands are statistical, but the relative intensity,

including statistical and systematic errors, is given for each region.
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values. The relative intensity at the excess and deficit regions of the small-scale structure is

constant within errors for the time period covered by this analysis.

As an additional test of the stability of the small-scale map, we subtract the relative

intensity sky map of the full six-year data set from the sky map of each individual detector

configuration, i.e., of each of the six years of data, and calculate the angular power spectrum

of the residual maps. Figure 5.10 shows that for each year, the power spectrum of the

resulting maps are, within errors, compatible with isotropy, indicating that there are no

significant di↵erences between the maps for individual years and the average. The small-

scale anisotropy, like the large-scale anisotropy, is constant over the time period covered by

this analysis.

5.3 Energy Dependence

To study the energy dependence of the cosmic-ray anisotropy, we split the data into

the nine energy bins described in Sec. 3.1.2. This results in a sequence of maps with in-

creasing median energy, starting with 13TeV for the lowest-energy bin to 5.3 PeV for the

highest-energy bin. The sky maps in relative intensity for all nine energy bins in equatorial

coordinates are shown in Fig. 5.11. In addition to the nine maps based on IceCube data, we

also show the IceTop map with its median energy of 1.6 PeV. Because of the reduced statis-

tics in these maps, we have applied a top-hat smoothing procedure with a smoothing radius

of 20�, improving the sensitivity to larger structure. Note that the relative intensity scale

for these plots is identical for energies up to 1.4PeV, after which it switches to a di↵erent

scale to account for the strong increase in relative intensity.

The maps clearly indicate a strong energy dependence of the global anisotropy. The

large excess from 30� to 120� and deficit from 150� to 250� that dominate the sky map at

lower energies gradually disappears above 50TeV. Above 100TeV a change in the topology

is observed, and at higher energies, the anisotropy is characterized by a wide relative deficit

from 30� to 120�, with an amplitude increasing with energy up to at least 5PeV, the highest

energies currently accessible to IceCube. To further illustrate the phase change, the relative
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Figure 5.10 Power spectra calculated for residual maps produced by subtracting the
six-year relative intensity map from the relative intensity map for each detector season,

from IC59 (upper left) to IC86-IV (lower right). Error bars are statistical (see the text for
a discussion of systematic errors). The gray bands indicate the 68% (dark) and 95% (light)

spread in the C` for a large sample of isotropic data sets calculated for each detector
configuration independently.
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Figure 5.11 Relative intensity maps in equatorial coordinates for the energy bins described
in Sec. 3.1.2. The median energy of the data shown in each map is indicated in the upper

left. Maps have been smoothed with a 20� smoothing radius. The final two maps are
shown on a di↵erent relative intensity scale. The map at 1.6PeV in the lower left panel is

based on IceTop data, all other maps show IceCube data.
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Figure 5.12 Relative intensity maps in polar coordinates for the energy bins described in
Sec. 3.1.2. The median energy of the data shown in each map is indicated in the upper left.
Maps have been smoothed with a 20� smoothing radius. The final two maps are shown on
a di↵erent relative intensity scale. The map at 1.6PeV is based on IceTop data, all other

maps show IceCube data.
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intensity sky maps are shown in polar coordinates in Fig. 5.12. It is important to note that

the time-scrambling method used to calculate the reference map decreases in sensitivity as

we approach the polar regions. This e↵ect is clearly visible in Fig. 5.12, where the relative

intensity approaches zero at the pole for each map, but is not indicative of the topology of

the true anisotropy.

Because of the poor energy resolution, which causes each sky map shown to have a wide

energy distribution, it is di�cult to determine precisely where the transition in anisotropy

occurs, as its slow transition over several maps could be due to overlapping energy distribu-

tions or the actual mechanism of change. To illustrate the energy dependence of the phase

and strength of the anisotropy, we show in Fig. 5.13 amplitude (left) and �-component of

phase (right) of the dipole moment as a function of energy. Both values are calculated by

fitting the full set of harmonic functions to a one-dimensional projection of the relative in-

tensity onto right ascension. We fit this projection rather than the full sky map because the

two-dimensional fit of spherical harmonics to the map is di�cult to perform with a limited

field of view. As a result of the method we apply to generate the reference map, the sky map

will in any case only show the projection of any dipole component, so the one-dimensional

fit is su�cient to study the energy dependence of the dominant dipole.

The red data points in Fig. 5.13 are based on the IceTop data. While the phase agrees

well with that of the IceCube data at similar energies, the amplitude of the anisotropy is

larger for the IceTop data than for any IceCube energy bin. Given the large uncertainty

on the relative intensity and energy, the discrepancy is currently not statistically significant.

If additional data confirms this discrepancy, a possible explanation could be the di↵erent

chemical composition of the IceCube and IceTop data sets. Table 5.4 shows the relative

composition of cosmic rays detected in IceCube and IceTop according to simulation, based

on a primary cosmic-ray composition according to the model by Hörandel [104]. For IceCube,

we list the composition for all nine energy bins. Elements are grouped in four main categories

with increasing mass number as described in the caption. The simulation indicates that

the data set recorded by IceTop is composed of 34% protons and 12% heavy elements.



107

Figure 5.13 Amplitude (left) and �-component of phase (right) of the dipole moment of
the projection of the relative intensity map onto right ascension for the nine energy bins of
IceCube (blue) and for IceTop (red). The projections were fit to the full set of harmonic
functions, but only the dipole is reported here. Data points indicate the median energy of
each energy bin, with error bars on the energy showing the 68% containment interval.

At a comparable median energy, in the second-highest energy bin, the data set recorded

by IceCube is composed of 24% protons and 21% heavy elements. If the anisotropy is

predominantly caused by protons, the lighter composition of the IceTop data could lead to

a stronger dipole amplitude.

5.4 Composition and Energy Study

A major goal of this analysis is to study spectral di↵erences as a function of sky position,

capitalizing on the advanced reconstruction procedures allowed by the IceTop detector. In

this section, ShowerLLH is run over 5 years of data, from IT73 to IT81-2014, with all quality

cuts applied (see Sec. 3.2.2.2). Thus, for each event, we have a most-likely energy value and

composition. Note that the quality cuts limit the zenith range to cos ✓reco � 0.8, so the mask

is increased compared to other parts of this analysis.

Figure 5.14 shows the natural log of the Bayes factor (lnB21) in equatorial coordinates.

In order to eliminate the natural dependence of the energy spectrum on declination, the

Bayes factor is calculated by comparing each pixel’s energy spectrum to the average of its
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declination band. The result is still dominated by the pole, but, based on the Bayes factor

criteria, indicates that the spectra across the sky is consistent with a one-source hypothesis.

In an e↵ort to show structure at higher declination angles, the polar region out to 10� is

masked in the right plot of Fig. 5.14.

To test a simplified case, the spectrum of the deficit can be compared to the spectrum

of the rest of the sky. Figure 5.15 shows that the two spectra are consistent within errors.

The resulting Bayes factor is lnB21 = �0.17, which is still consistent with a one-source

hypothesis.

ShowerLLH also returns a most-likely composition for each event. Figure 5.16 shows the

relative intensity (left) and significance (right) in equatorial coordinates for events whose

most likely composition is proton, helium, oxygen, and iron (top to bottom). Figure 5.17

follows the same format, but an additional cut has been applied, requiring log10(E/GeV) >

6.2 for the minimum reconstructed energy. In all of these maps the structure is fairly

consistent, with the deficit from 30� � 120� as the most significant structure in the sky.

Table 5.5 lists the number of counts for each map.

The likelihood distribution can also be studied by classifying reconstructed cosmic-ray

primaries as heavier or lighter. Using the Bayes factor, we can study the distribution of

the di↵erence between iron and proton likelihood values (D = fLLH � pLLH) returned by

ShowerLLH. The upper plots of Fig. 5.18 show lnB21 for each pixel on the sky as compared

to the average of its declination band without (left) and with(right) a mask applied at the

pole. Similar to Fig. 5.14, top-hat smoothing with an angular radius of 20� was applied.

These maps are also consistent with a one-source hypothesis. As the upper-right plot shows,

there is even less structure than in the energy spectra plots. Even though there is no visible

structure, since the Bayes factor just indicates how di↵erent two spectra are but not in what

way, we can still look at the deviation of the mean likelihood distribution value for each pixel

from the average of its declination band. The result, shown in the bottom plot of Fig. 5.18, is

a very slight di↵erence that is primarily visible around the edges of the plot, where statistics

are lower.
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Figure 5.14 Natural log of Bayes factor in equatorial coordinates calculated by comparing
each pixel’s energy spectrum with its declination-band average. A mask at � = �80� is

applied in the right plot to show structure outside of the pole. Top-hat smoothing with a
20� angular radius is applied, similar to Sec. 5.3.
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Figure 5.15 Normalized energy spectrum for deficit (↵ = 60� � ↵ = 120�), compared to the
rest of the sky. A top-hat smoothing with an angular radius of 20� has been applied to all

pixels. The resultant value of lnB21 is �0.17 at this sky position, indicating that the
spectra are consistent with a one-source hypothesis.
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Figure 5.16 Relative intensity (left) and pre-trial significance (right) in equatorial
coordinates for most-likely compositions as returned by ShowerLLH without any cut in

reconstructed energy. Shown (top to bottom) are proton, helium, oxygen, and iron. Maps
have been smoothed with a 20� smoothing radius.
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Figure 5.17 Relative intensity (left) and pre-trial significance (right) in equatorial
coordinates for most-likely compositions as returned by ShowerLLH with a minimum

reconstructed energy of log10(E/GeV) > 6.2. Shown (top to bottom) are proton, helium,
oxygen, and iron. Maps have been smoothed with a 20� smoothing radius.
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Figure 5.18 Analysis of the distributions resulting from the di↵erence in iron and proton
likelihood values (D = fLLH � pLLH) as a function of sky position. Bayes factors (upper-left,
upper-right) calculated by comparing each pixel’s energy spectrum with its declination

band average. Di↵erence from the mean (bottom) calculated by comparing the mean value
of the individual pixel’s likelihood distribution to its declination band average.
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log10(Emedian/GeV) P He CNO Fe

4.12 0.74 0.21 0.04 0.01

4.38 0.70 0.23 0.06 0.01

4.58 0.67 0.25 0.07 0.02

4.85 0.61 0.27 0.09 0.03

5.12 0.54 0.28 0.12 0.05

5.38 0.46 0.29 0.16 0.09

5.77 0.35 0.30 0.21 0.14

6.13 0.24 0.28 0.26 0.21

6.21⇤ 0.34 0.30 0.24 0.12

6.73 0.17 0.18 0.28 0.37

Table 5.4 Chemical composition of each IceCube energy bin and for IceTop as determined
by simulation using a primary chemical composition following [104]. Listed is the relative
fraction of the composition group in the detected cosmic-ray flux. The composition groups
are as follows: P : 1

1H, He:
4
2He �11

5 B, CNO : 12
6C �39

19 K, Fe: 40
20Ca �56

26 Fe. The IceTop bin is
marked with an asterisk.

Composition Counts Counts (log10(E/GeV) > 6.2)

Proton 4.53 ⇥ 107 2.21 ⇥ 107

Helium 2.13 ⇥ 107 1.05 ⇥ 107

Oxygen 1.53 ⇥ 107 8.90 ⇥ 106

Iron 1.99 ⇥ 107 1.34 ⇥ 107

Total 1.02 ⇥ 108 5.48 ⇥ 107

Table 5.5 Most-likely compositions returned by ShowerLLH and their respective number of
events for all years used in this analysis. Counts are reported with and without a minimum

energy cut.
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Chapter 6

Conclusions

The analysis of 300 billion cosmic-ray events recorded between May 2009 and May 2015

shows anisotropy in the arrival direction distribution consistent with previously published

IceCube results [55, 56]. The increased statistics of this data set allow for observation of the

small-scale structure at a level approaching the angular resolution. The resulting sky map

shows separate structures not resolved in previous analyses, as well as two new regions, an

excess and a deficit, observed with high statistical significance.

In addition, a detailed study of the evolution of the anisotropy as a function of energy in

the TeV to PeV range shows a strong dependence of the amplitude and the topology of the

anisotropy on energy. This analysis extends our previous work [55, 57] and confirms that

the anisotropy changes rather dramatically between 130TeV and 240TeV; the phase of a

best-fit dipole shifts from 50� to around 200� in right ascension. At energies below this shift,

the amplitude of the best-fit dipole decreases. Above the shift, it increases again, up to the

highest energies currently accessible to IceCube.

A study of the time dependence of the global anisotropy and the small-scale structure

over the six-year period covered by this analysis reveals no significant change with time. This

result is consistent with previous studies in the Northern and Southern Hemispheres [46, 67,

103].

A search for di↵erences in the energy spectrum as a function of sky position was per-

formed using a detailed energy reconstruction procedure with IceTop, revealing a spectrum
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consistent across declination bands. In addition, the likelihood values for di↵erent compo-

sition assumptions returned by the reconstruction were used to search for a composition-

dependence as a function of sky position. This search also indicated consistency across

declination bands, with no significant areas of heavier or lighter composition.

The source of the cosmic-ray anisotropy remains unknown. The large-scale anisotropy

may be qualitatively explained on the basis of homogeneous and isotropic di↵usive propaga-

tion of cosmic rays in the Milky Way from stochastically distributed sources. Such discrete

sources are responsible for a density gradient of cosmic rays, which causes a dipole anisotropy.

Numerical studies show that it is possible to find a given realization of Galactic source dis-

tribution that explains the observed non-monotonic energy dependence of the anisotropy

amplitude, although for an ensemble of realizations the mean amplitude is overestimated

compared to observations [68, 105, 106, 107, 108].

It is known that transport of cosmic rays in magnetic fields is anisotropic, even for large

magnetic perturbations compared to the regular mean field [109, 110, 111, 112, 113] and that

propagation perpendicular to the local magnetic field direction is slower than in the parallel

direction. The misalignment between the regular magnetic field and the cosmic-ray density

gradient decreases perpendicular di↵usion. This makes it possible to explain the observed

smaller amplitudes of the anisotropy [114, 115, 69], but it also means that the anisotropy

does not point in the direction of any particular nearby source.

The fact that cosmic-ray anisotropy is not a simple dipole, nor well fit solely by lower-

multipole terms, seems to suggest that other transport processes might be important as

well. For instance, drift di↵usion driven by a gradient of cosmic-ray density in the local

interstellar medium, producing a bidirectional anisotropy, was considered by [58] and [116].

Since cosmic rays up to 10 TeV energy scale have a gyroradius approaching the thickness

of the heliosphere (see e.g. [117, 118]) an e↵ect from heliospheric magnetic fields should be

expected at some degree. Such an e↵ect may be responsible for a redistribution of TeV

cosmic ray arrival direction distribution [119, 120, 121].
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The small-scale angular features in the cosmic-ray anisotropy may be produced by prop-

agation e↵ects in the local magnetic field. Resonant scattering processes in heliospheric

magnetic perturbations or particle re-acceleration in the inner tail from turbulent magnetic

reconnection [72, 73] might explain the harder energy spectrum apparent in some localized

excess regions. On the other hand, such an observation is also compatible with cosmic rays

interacting with interstellar magnetic turbulence, that produce perturbations in the arrival

direction distribution of an anisotropic distribution of cosmic-ray particles within the scat-

tering mean free path. Such perturbations may be observed as stochastic localized excess

or deficit regions [122, 123], and the corresponding angular power spectrum can be analyti-

cally predicted from Liouville’s Theorem [70, 71], or simply as an e↵ect of global cosmic ray

redistribution due to escape from the propagation region [124].

In the near future, additional experimental information on the anisotropy will continue

to come from detectors with good energy resolution and ability to determine the chemical

composition of the cosmic-ray flux, such as the IceTop air-shower array. While this analysis

did not find evidence of a di↵erence in the energy spectra or composition of di↵erent regions

in the sky at PeV energies, the reconstruction method used was new and refinements can be

made. With its current levels of detector stability, there will hopefully be many more years

of IceTop data that can help shed light on this mystery.
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