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ABSTRACT

This paper presents four searches for flaring sources ofinesitusing the lceCube neutrino
telescope. For the first time, a search is performed over rtieegparameter space of energy,
direction and time with sensitivity to neutrino flares lagtibetween 2Qus and a year duration
from astrophysical sources. Searches which integratetionerare less sensitive to flares because
they are affected by a larger background of atmospheriainestand muons that can be reduced
by the use of additional timing information. Flaring sowgcensidered here, such as active galactic
nuclei, soft gamma-ray repeaters and gamma-ray burstst@masing candidate neutrino emitters.

One search is "untriggered” in the sense that it looks for pogsible flare in the entire sky
and from a predefined catalog of sources from which photoedlhave been recorded. The other
two searches are triggered by multi-wavelength infornmatio flares. One triggered search uses
lightcurves from Fermi-LAT which provides continuous mimning. A second triggered search
uses information where the flux states have been measungdoorshort periods of time near the
flares. A search for periodic emission of neutrinos is alsdopemed on binary systems in the
galaxy which are thought to be sources of particle acceteralhe searches use data taken by 40
strings of IceCube between Apr 5, 2008 and May 20, 2009 and lsgrb®s of IceCube between
May 20, 2009 and May 31, 2010. The results from all searchees@mnpatible with a fluctuation
of the background.
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ABSTRACT

This paper presents four searches for flaring sources ofinesitusing the lceCube neutrino
telescope. For the first time, a search is performed over rtieegparameter space of energy,
direction and time with sensitivity to neutrino flares lagtibetween 2Qus and a year duration
from astrophysical sources. Searches which integratetionerare less sensitive to flares because
they are affected by a larger background of atmospheriainestand muons that can be reduced
by the use of additional timing information. Flaring sowgcensidered here, such as active galactic
nuclei, soft gamma-ray repeaters and gamma-ray burstst@masing candidate neutrino emitters.

One search is "untriggered” in the sense that it looks for pogsible flare in the entire sky
and from a predefined catalog of sources from which photoedlhave been recorded. The other
two searches are triggered by multi-wavelength infornmatia flares. One triggered search uses
lightcurves from Fermi-LAT which provides continuous mimning. A second triggered search
uses information where the flux states have been measungdoorshort periods of time near the
flares. A search for periodic emission of neutrinos is alsdop@med on binary systems in the
galaxy which are thought to be sources of particle acceteralhe searches use data taken by 40
strings of IceCube between Apr 5, 2008 and May 20, 2009 and lsgrb®s of IceCube between
May 20, 2009 and May 31, 2010. The results from all searchees@mnpatible with a fluctuation
of the background.



Chapter 1

Introduction

High-energy neutrinos can be produced in the direct vigioftcharged cosmic ray sources
by the interaction of the high-energy cosmic rays with nradtgphoton fields. In those processes,
charged pions are produced and result in a flux of high-enegirinos. The latter are unique mes-
sengers with which to observe the universe, as they haveargeland interact weakly, traveling
directly from their point of creation essentially withouisorption, distinguishing them from cos-
mic rays and high energy photons. Neutrinos are key in utalgisig the mechanisms of cosmic
ray acceleration, and their detection from an astrophypmat source would be a clear indication
of hadronic acceleration in that source. Time-integratealyses suffer from a high irreducible
background of atmospheric neutrinos and atmospheric muoaking them less sensitive for the
detection of flaring sources. Time-dependent analysesaieduce this background by searching
over smaller time scales around the flares. The searchassdest in this paper are about a factor
of four to five more powerful than time-integrated searcloedléres of~ 1 s.

We call “triggered” searches those using multi-wavelen®hVL) information from photon
experiments as a method of selecting flaring periods. Basdtisinformation, we select cat-
alogues of interesting candidate neutrino-emitting fldreen sources such as Active Galactic
Nuclei (AGN) and Soft Gamma Repeaters (SGR). The analysis ai$igslihood ratio method
comparing a signal plus background hypothesis to a backgromly one to describe the data.
The underlying assumption of triggered searches is thahéwrino emission follows the time-
dependent emission of the photons, as a consequence of ancedhstate of the source when
the jet can accelerate particles to higher energies thameimuiescent state. This hypothesis is

assumed in the likelihood method as a prior. In order to makesearch for flares as general



as possible, also an “untriggered” scan for clusters of ®vientime and direction without prior

timing information is performed.



Chapter 2

Candidate Sources of Flaring Neutrino Emission

Currently no source of neutrinos gf 100 GeV energy has been identified. The Sun and super-
nova 1987a have been identified as sources of neutrinos wai éhergies, however. SN1987a
was detected in three detectors: Kamiokande Il (11 newrj@p, IMB (8 neutrinos [?]), and
Baksan (5 neutrinos?]).

These sources are interesting candidates for high enetdsim@production due to their non-
thermal spectra, which could make them capable of accelgrparticles to extremely high ener-
gies which are seen in the cosmic ray spectrum.

Classes of Galactic and extra-galactic astronomical sewgghibit time-dependent emission
that range from short bursts of the order of seconds up totesrfuiom GRBs or giant flares from
SGRs, to longer flares from AGNSs, lasting from hours to weeksur&s thought to be steady
are also included here since surprises are expected, subh &ab Nebula supernova remnant,
used as a 'standard candle’ for TeV photon emission, exddhivo large flares observed in GeV
photons in 2010-11.

2.1 Extragalactic source candidates
2.1.1 Active Galactic Nuclei

The first known AGN, now classified as 3C 273, was known to no& Is¢ar because it did
not have the right absorption features and had very strafig eamission. It was theorized to be a

distant galaxy with a bright core regiof][



AGN are powered by supermassive (0° solar mass) black holes. Matter is collected in an
accretion disk around the black hole, which heats up astgtavmal potential is transformed into
potential energy, and radiates in the optical. The area tfdtating gas forms a magnetic field
perpendicular to the disk, where two relativistic jets ottaeare expelled from the active center of
the galaxy. Blobs of matter are occasionally emitted fromciatral region down the jets, which
emit brightly and are expected to be shock environmentsddrigbe acceleration.

Now hundreds of AGN are knowr?], and their observed emission features are mainly deter-
mined by the angle between the relativistic jet with the Ea@ther classification features are the
strength of object in radio bands, and the overall lumiryosit

Faranoff Riley (FR) galaxies are observed from the side, shahthe jet and inner torus is
visible. These galaxies are split into low and high ovenathinosity branches (FR-I and FR-II,
respectively). Seyfert Galaxies are also oblique like FRugas, but are radio quiet and exhibit
strong absorption lines.

Objects with the jet pointing directly at the Earth, the teat are nearly all due to the relativis-
tic particles with highly beamed emission. These are diasisas BL Lac type objects (radio loud,
low luminosity) or Flat Spectrum Radio Quasars (FSRQs, whietradio loud with high overall
luminosity). These are the most interesting for neutrintcoa®my, since nuclear decay products
from the jet will also be beamed in the direction of the Earfinese objects also exhibit strong
and fast variability due to the small emission region coragdo the rest of the galaxy. The AGN
tested for flaring behavior are exclusively BL Lacs or FSRQmmonly unified in the AGN class
of blazars.

The spectral energy distributions (SEDs) of blazars extdeérs of magnitudes across the
electromagnetic spectrum and are characterized by stesctd low and high energy non-thermal
peaks (see Figure 3.2). The low energy component in the tadioft X-rays is due to synchrotron
radiation of electrons gyrating in a magnetic field. The hégiergy component (X-ray te-ray)
is explained in leptonic models by synchrotron emission@dteons in the jet and subsequent up-
scattering of photons (inverse Compton) by the electron ladipn responsible for the synchrotron

emission. Hadronic models are used to explain the high gremgponent with relativistic protons,



with energies above the threshold forymr p-p pion production, which will decay tg-rays and
also neutrinos. Proton synchrotron emission can also iboitérto the high-energy component if
they are accelerated to very high energies (for a review atletssee e.g. [5, 6, 7] and references
therein).

The emission from blazars is known to be variable at all wavgths. Simultaneous MWL ob-
servations are crucial for understanding the cause of #riahility [8, 9, 10, 11, 12]. The intensity
of these objects can vary by more than an order of magnitutieclea different observing epochs.
The typical time scales of AGN flares vary from hours to dalysugh high-energy variability has
been observed on much shorter time scales, in some casedawverto just a few minutes [13, 14].

The most prominent candidate model for the SED structurdadaos explains the emission
using only relativistic electrons (and positrons). Thecetens gyrate in the electric field, emit-
ting synchrotron radiation, which accounts for the loweemgy emission hump. The photons are
upscattered via the inverse Compton effect on the same pgapulaf electrons, giving the Syn-
chrotron Self Compton (SSC) model for blazar emission. Thensity and peak of the second
emission hump are controlled by the energy and density #etreh population, and fluctuations
in emission from both peaks will be correlated. Another gmescause of the blazar SED is rela-
tivistic protons being accelerated in the emitted blobsciviwill undergopp andp~ interactions,
producing pions. Neutral pions decay to gamma-rays up toefergies, forming the high energy
peak. Charged pions will also be produced, which will prodlie¥ neutrinos upon decay, so
detecting neutrinos is unambiguous evidence of hadromelaation.

Perhaps the most compelling evidence of hadronic modelsta®rvations of “orphan” flares,
defined as TeV photon emission without accompanying X-raysh as the 1ES 1959+650 flare in
2002 [15]. An a posteriori observation with AMANDA-II of twevents [16], one exactly during
the flare and another 31 days later, triggered some thealreadculations [17, 18]. A previous
stacking search for neutrinos from AGNs used AMANDA data][1Bvo recent flares included
in the MWL triggered searches (see Sections 11.1 and 11@[20s21, 22, 23]) are suspected to
be orphan flares, but X-ray observations were not simultameasth gamma-ray observations and

there is a possibility of having missed the X-ray flare.



2.1.2 Gamma-ray Bursts

Gamma-Ray Bursts are believed to be produced by the most pdywégnomena in the uni-
verse [24, 25], are interesting as time-dependent careigeditrino sources [26, 27]. lceCube
conducts dedicated searches using satellite informatiotinése objects ([28], [29], [30]). Untrig-
gered searches are also sensitive to this source class drtmore neutrinos can be detected from
the same GRB. While the dedicated searches are in general muelsersitive due to the timing
and directional information from GRBs observed in gamma- oa)s), the untriggered search has
the potential to detect a burst which was not observed ingotsofdue to e.g. absorption or lack of
monitoring).

Presently the best candidate model for high-energy enmi$sion GRBs is the fireball model.
The prompt gamma-rays are made in expanding shocks in pleguoid in a relativistic, highly
beamed Il = 100 — 1000) jet. These jets may be produced by the merger of neutros stary
the formation of a black hole, and may also accelerate hadmieV energies leading the the
production of neutrinos. GRBs come in two populations, sepdray the duration of high-energy
emission: GRBs less than two seconds are thought to be duettomstar mergers, those longer

than two seconds thought to be be due to black hole formatisopernova explosions.

2.2 Galactic source candidates

Source candidates in the Milky way are thought to dominagectismic ray spectrum up to the
knee at 3 PeV. These source candidates are related to thgyeabyased in supernovae in some
form: the estimated number of supernovae in the Milky Way g8 century, and the observed
flux over the cosmic ray spectrum up to the knee corresponasigghly 10% of the energy from

the shock front of material released in these massive expies



2.2.1 Supernova Remnants

As a star ages, it gradually begins to fuse successively massive nuclei in its core, until
it reaches iron where fusion becomes an endothermic readtiot material which does not con-
tribute to the energy budget of the star accumulates in the while fusion continues in shells
outside the core, where electron fermion degeneracy sisdtae core against the pressure of outer
layers. When a white dwarf has a mass-ot .44 solar masses, the theoretical radius of the object
becomes less than zer®, [?]. At that point, the it become energetically favorable foe protons
in the star to capture electrons, forming neutrons. Thisas#s the gravitational energy of the
dwarf or stellar core in a shower of electron neutrinos in wwhalassified as a supernova. The
compact remnant depends on the mass of the original starcamtbe either a black hole or a
neutron star. Neutron stars have strong magnetic fieltl$ G) and a rotational period of as low
as milliseconds, while black holes are so compact that tbapesvelocity is faster than the speed
of light.

When a star explodes in a supernova, much of its material ¢$egjen a spherical shell with
typical radial velocities 0of0°> m/scite. As the shell expands, it will push out into the thin material
of the interstellar medium forming a shock front. This eomiment will energize particles via
Fermi acceleration (see Section 4.3.1). These objects altawd energy spectra with a cutoff for

gamma-rays above 10 Tedtte.

2.2.2 Soft Gamma-ray Repeaters

The neutron star remnants from supernova explosions aghlpd0 km in size, and feature
extremely strong magnetic fields and have rotational psrddnilliseconds to seconds, depending
on the age and surrounding material. There is a narrow, teeightromagnetic beam which can be
seen if it crosses the observer’s line of sight.

SGR’s are X-ray pulsars that show variability at differembdscales and a persistent X-ray
emission with luminosityl. ~ 10%* erg/s with short bursts of X- ang-rays withL ~ 10*! erg/s
lasting~ 0.1 — 1 s (for review see [31]). These X-ray pulsars, together wittodalous X-ray

Pulsars, are considered to be the best candidates for naagjnsblated neutron stars powered by



huge magnetic fieldsH{ ~ 10* G). At times these sources emit giant flares with initial spike
of hard non-thermal radiation up to luminosities -of 10%° erg/s lasting some seconds. These
flares may also accelerate baryons and produce neutrino83334]. Limits for photons in the 10
TeV-100 PeV energy range using AMANDA-II data were publdfi®m the powerful giant flare
observed in Dec. 2004 from SGR 1806-20 [35]. In the catalageel in one of the triggered flare
searches (Section 11.2), a period of intense flares from SEER+#%516 discovered by SWIFT
on Aug. 22, 2008, and observed also by RXTE/ASM, Konus-Wind #we Fermi GBM [36] is

included.

2.2.3 Microquasars and Binary Objects

When two stars of unequal masses are in a binary system, thlegvaive through the main
sequence at different rate®,[ one expiring before the other. If the more massive starassive
enough to explode in a supernova, the stellar remnant, aamestar or black hole, will remain
gravitationally locked with its companion star. X-ray hiies are systems with a companion star
and a stellar-mass compact object. There are two classasarfylsystems: High Mass X-ray
Binaries (HMXB), where the companion star is a large O/B stad bow Mass X-ray Binaries
(LMXB), where the companion is only a few solar masses. Wherctmepanion star overfills
the Roche Lobe of the system, the overflow falls into the ga#iaihal well of the compact object,
forming an accretion disk. In the disk, the material ac@ks and heats up due to friction closer
to the last stable orbit.

Microquasars are special cases of X-ray binaries, whereophamission is visible from two
jets from the compact object, similar to AGN. X-ray and in ooases gamma-ray emission is
visible from the central part of the system, and optical tia@&mission from farther out along the
jet. These systems are variable, some, such as Cygnus X-1 aymi€¥X-3, exhibit occasional
bursts of activity. Others, such as LS | +61 303, have highigteal orbits and are seen to emit

TeV photons during the part of the orbit when the binary olisj@ce farthest (apastron) [37].



2.3 Acceleration potential of sources

Charged particles can be accelerated in the shock fronts R &NAGN, rotating neutron
stars can also have tremendous time-dependent magnetis With the potential to accelerate
particles. However, a given source will have a maximum entrgvhich it can accelerate particles
depending on the strength of the magnetic field and the siteeaegion permeated by the field.

A charged particle will no longer be confined to a region withagnetic field when the Larmor
radius is greater than the size of the region, which sets gaerdpnit on the energy of particles
which can be produced. The Larmor radius of a particle withmastump’in a magnetic field with
perpendicular componet, is expressed as:

pl _ EJe
R=— =" 2.1
qBJ_ ZeBl ( )

The equation for the maximum particle energy is then:

Emax -2 R B
Grev_3><1O XZXHXG (2.2)

The maximum energy is proportional to the charge of the glarff, the size of the region and the
strength of the magnetic field, leading to a plot showing thedidate accelerators for the top of

the cosmic ray spectrum (see Figure 2.1)
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Figure 2.1: The Hillas plot of the distribution of sourceeszand magnetic field strengths required
to accelerate cosmic rays to specific energies, here maokguidtons and iron. Classes of astro-

nomical objects which may be accelerators are marked. Rlot [?].
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Chapter 3

Multi-Wavelength Observations

Observations of sources in photons is essential for tharagterization, since the processes
which accelerate particles to relativistic energies wgbaexhibit emission of high-energy photon
with a characteristic spectrumote this comes before the discussion on particle acccelgian
right now. Sources in the Milky Way have been observed to emit photbrs W0 TeV in energy
cite.

The first known AGN, now classified as 3C 273, was known to noa Is¢ar because it did
not have the right absorption features and had very stratig emission. It was theorized to be
a distant galaxy with a bright core regiofd] [Now hundreds of AGN are knowr?], and their
observed emission features are mainly determined by thie &edween the relativistic jet with
the Earth. Other classification features are the strengtibgfct in radio bands, and the overall
luminosity.

Objects with the jet pointing directly at the Earth, the teat are nearly all due to the relativis-
tic particles with highly beamed emission. These are diasisas BL Lac type objects (radio loud,
low luminosity) or Flat Spectrum Radio Quasars (FSRQs, whielradio loud with high overall
luminosity). These are the most interesting for neutrifrcoa®my, since nuclear decay products
from the jet will also be beamed in the direction of the Earfinese objects also exhibit strong
and fast variability due to the small emission region coragdo the rest of the galaxy. The AGN
tested for flaring behavior are exclusively BL Lacs or FSRQs.

Faranoff Riley (FR) galaxies are observed from the side, shahthe jet and inner torus is

visible. These galaxies are split into low and high ovenathinosity branches (FR-I and FR-II,
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respectively). Seyfert Galaxies are also oblique like FRugas, but are radio quiet and exhibit

strong absorption lines.

3.1 High Energy Photon Observatories
3.1.1 Swift X-Ray Space Telescope

The Swift telescope was launched on November 20, 2004 wsthuments to detect and study
GRBs, with several instruments to detect the initial burstt@astudy the afterglow after slewing
to the burst coordinate®]. The Burst Alert Telescope is designed to cover a 3 sterguliese of
the sky, with a randomly distributed coded mask of lead .tifese BAT energy range is 15-150
keV, but photons of> 50 keV energy pass through the mask and cannot be used to déanvo
into pointed measurements. Swift also has instruments kemainted ultraviolet and optical
measurements (the UVOT) and the X-ray Telescope (XRT) te paknted images and spectra of
GRB afterglows.

3.1.2 Fermi Gamma-Ray Space Telescope

The Fermi satellite was launched on June 11, 2008. It has tintapy instruments, the Large
Area Telescope, or LATY], there is also the Gamma-Ray Burst Monitor, or GBM, designed to
detect GRBs over a 9.5 steradian field of vietj [

The LAT is a pair-production telescope with a 2.4 steradiefdfof view. It operates in a
continuous scanning mode, so it is able to scan the entiresay two orbits, or about 3 hours,
and for any object it samples the lightcurve severaltimesdpg. The main component is a 4x4
array of silicon-strip pair tracker with tungsten conversioils and a Cesium lodide calorimiter
for energy measurement. The tracker and calorimiter areredvby a plastic scintillator anti-
coincidence detector to veto tracks due to the much largereus of cosmic-rays. The angular
resolution is strongly energy dependent, from 68% conteiririn 3° at 100 MeV t00.04° at 100
GeV. Energy resolution of the LAT is typically better than%4@or the nominal energy range of
100 MeV to 300 GeV.
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After 11 months of operation, the Fermi-LAT collaboratiarbtished their first AGN catalogue
[38] containing 709 GeV-sources associated with AGNs, nzdnyhich are in the previously pub-
lished Bright Source list catalogue [39]. The Fermi-LAT adlbration has a study of the fluctu-
ations of a sample of blazars using the first 11 months of ®tddaturing many of the sources

tested with IceCube for coincident gamma and neutrino eonssi

3.1.3 Ground based observatories

At photon energies above 1 TeV, satellite based obseresatow longer have the area nec-
essary to get sufficient statistics for the purposes of psorce astronomy. TeV energy photons
interacting in the atmosphere create electromagneti@adasahrough bremmstalung and electron-
positron pair production. These cascades propogate doangh the atmosphere in a thin pancake

of light which can be detected by ground based observatories

3.1.3.1 Imaging Atmosphericéerenkov Telescopes

IACTSs use a telescope to focus the light from about diameter view of the sky onto photo-
multiplier tubes, forming an image of the shower track. Du¢he detection technique, data can
only be taken on clear, moonless nights, resulting in a dytjecof roughly 10%. The energy
sensitivity ranges from 100 GeV to 10 TeV. The first type o$tiketector is the single Whipple 10
m telescope, which first detected TeV photon emission frarCiab nebula].

However, detecting the same shower in multiple locatiolws\al for a better angular resolution,
on the order 0f).05° to 0.1°. The VERITAS array of four telescopes is located at the basgca
of the Fred Lawrence Whipple Observatory in southern ArizoAGIC is a set of two 17 m
diameter telescopes on the Canary Island of La Palma. Thelfuor telescopes of H.E.S.S. are

located in the Khomas Highland of Namibia.

3.1.3.2 WaterCerenkov Detectors

A second method of detection of air showers from TeV photerts ihave a ground array of

detectors. Methods of ground based detection also deteatesh due to charged primary cosmic
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ray interactions. The Milagro experimer¥| was a large water pool with outriggers located at Los
Alamos, New Mexico, performing a scan of Northern hemisplsgrurces . Another experiment,
the High Altitude WateiCerenkov (HAWC) detector, is under construction in Mexico ta¢héhe
peak of the Sierra Negra mountal?.[

These detectors have a large field of view and a high duty eylsieh is not dependent on the

weather or daylight, but with typically worse angular regimn than IACTs £ 1° for Milagro).
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Figure 3.1: The motion of ejected blobs of material from thezlr PKS 1510-089 seen with 43
GHz radio images. The images are convolved with a circularsGian beam of the shaded circle
at the lower right. Dates are given by calendar and with TIDZ450000). The color shows the

intensity of the polarization intensity. Figure fror?| [
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Figure 3.3: Hadronic model (left) and leptonic model (ridits to the spectral energy distribution
of the blazar Markarian 421. In the hadronic model, the bidaked line is the contribution of
70 cascades, the green dash-dotted line isrfocascades, synchrotron and cascade is the blue
dash-triple-dotted line, and proton synchrotron and a#seanission is the red dashed line. The
sum of all components (including the synchrotron emissioglectrons forming the low bump) is
the solid black line. The leptonic model uses two minimumalaitity timescales to determine the

size of the emission region: 1 day for the red curve, 1 houtifergreen. Figures fron?].
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Chapter 4

Neutrinos and Neutrino Astronomy

One of the major challenges in understanding the propestiasutrinos and the development
of neutrino astronomy is their small interaction crosstises. In order to build up sufficient
statistics, neutrino telescopes must have an enormousredhstrumented, on the order of a cubic
kilometer. Natural bodies of water or clear ice can be used &sget medium, light from the

neutrino interaction products can also be measured in sdekeator.

4.1 Neutrino

Neutrinos are subatomic particles which interact only fimweak nuclear force. They were
first theorized to explain the spectrum of electron energieated in beta-decay nuclear processes
in 1930 [?]. They were first discovered in 1956 by observing electrantmeo capture producing
positrons P].

When a neutrino with flavolr undergoes a charged-current interaction with a nucleusoit p

duces a charged lepton with flavior
v+qg—1+q (4.1)

wheregq is a quark in the nucleus anrdis a quark of a different flavor.

Neutrino interactions with atomic nuclei have two primargdes: charged-current (CC) and
neutral-current (NC). In charged-current interactionsittogdent neutrino is replaced by an out-
going charged lepton in a reaction mediated by a W bosongwhé neutral current interactions
recoil off of the nucleus, mediated by a Z boson. The Feynniagrams for these interactions can

be seen in Figur@?. There is also the interaction of anti-electron neutrindb wlectrons, which
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Figure 4.1: Feynman diagrams for the neutrino-quark Cha@edent (top row) and Neutral

Current interactions (bottom row).

has a resonance at neutrino energies of 6.3 PeV. Analogtaradations with muons and taus are
possible, but are not practical for neutrino astronomy.

For NC interactions, there will be a shower of photons fromhladronic cascade, which can
be seen if within the detector volume. In this thesis CC irdtoas are the focus, specifically
those of muon (anti-)neutrinos. Since IceCube does not hawegmnetic field, we have no way
of distinguishing leptons from their antilepton pairs, se wefer to e.g. antimuons and muons
as simply muons throughout. Muons created by high-energyrine interactions can travel for
tens of kilometers before decaying. Electrons, by compariwill lose their energy over several

meters, and is currently indistinguishable from a NC cascad

4.2 Lepton Propogation

Leptons lose energy as they travel due to pair productionization, stochastic losses due to
bremsstrahlung, and photonuclear interactions, whiclritute in different amounts depending

on the lepton energy before, in the case of a muon or a tauwaydeand produces another shower.
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4.2.1 Electrons

Above 1 GeV the energy losses from electrons are mainly dugrémnsstralung radiation
cite PDG. The energy is lost within a few meters water equivalent (fweking it a point-like
source of light compared to the scales of neutrino telescog@ergy reconstruction is possible,

but directional information is lost with scattering lengtiypical of the South Pole ice.

4.2.2 Muons

Due to the larger mass of the muon, energy losses per mwe aflesthan that of electrons, so
their energy can be lost over much longer track distance®vwBeITeV, ionization losses dominate,
producing a continuous track of 200 MeV per mwe. Above thisrgy stochastics losses become
more prevalent, which are proportional to the muon energne @nergy loss per unit distance can
be modeled as:

dE

—— =a+bF (4.2)
dx

where a is the ionization losses of 0.268 GeV per mwe and beistibichastic loss term which
is roughly 3.6 x 10~ per mwe in ice. This yields track lengths for TeV energy mumsch

are roughly 2.5 km, above 1 TeV the length increases logardhlly, and at 1 PeV the typical
distance is 20 km. This means that IceCube is sensitive to sndoe to interactions far outside

of the instrumented volume.

4.2.3 Taus

Tau energy lossses per mwe are even less than that of muodsigiio the particle’8.9x 10712
s lifetime, typical propogation lengths are much shortére particle’s decay will reproduce a tau
neutrino along with a cascade of light due to the daught@ofepr meson. This gives taus have
a "double-bang” topology, where there will be initial cadea when the tau is created and later
decays, with a connecting track frofrerenkov radiation. Taus with 30 PeV will have livetimes

long enough for them to travel through IceCube with a sigratira less energetic muon. The
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branching ratio to decay to a muon is 17.7%, so it is also ptes$or the daughter muon to be

detected by a neutrino telescope.

4.2.4 Cerenkov radiation

When a charged particle moves faster thgn, wheren is the index of refraction of the
medium, the particle’s radiation forms a coherent frontisTavefront will propogate at a specific

angle determed by the index of refraction:

1
Bn(A)

For particles with energies used in this work, particlesshalv ~ 1, and the index of refraction

(4.3)

cosf,. =

of ice ni. = 1.32, yielding . ~ 41°. The wavelength distribution aterenkov photons is given
by the Franck-Tamm formula:

d*N 2T« 1

—=— 1= 4.4

dxd\ A2 ( BQnQ(/\)) ’ (4.4)
whereq is the fine structre constant. The distribution is peakecdhatter wavelengths, giving

Cerenkov light a bluish color. Taking the integral of 4.4 fr865 nm to 600 nm yields 210 photons

per centimeter, where the wavelength limits are choserflectehe glass and ice transparency.

4.3 Cosmic Rays

The Earth is constantly bombarded with charged particla® fspace, predominantly protons,
but also heavier nuclei, electrons, positrons and photmmszing radiation was discovered to be
coming from space in 1912 by Victor Hess, who discovered déima¢lectroscope will discharge
faster at high altitudes than at sea level when he ascendelanair balloon up to altitudes of 5.3
km.

In the 100 years since Hess's discovery, cosmic rays fromgeaseof10° eV up to10%° eV
using a variety of detection mechanisms from balloon anellgatborne detectors to arrays cov-
ering thousands of square kilometers to detect extensiwhawers from cosmic rays interacting

with particles in the atmosphere.
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Figure 4.2: Illustration oferenkov emission. While a particle travéle in a timet, its emitted
light only travelsct/n, forming a coherent front in a cone around the direction ofiomo Use of

this directionality is used in the reconstruction of thetjode’s properties.

There are several interesting structures in the cosmicpagtaum (Figure??) in addition to
a turnover at low energies due to the solar wind: there is epst@ing in the spectral index at
approximately 3 PeV in primary energy, called the "knee” leé spectrum; at several EeV the
spectrum hardens to aB 3! spectrum, called the "ankle”; finally for energies above &¥Ehe
spectrum steepens sharply.

The cause for the steepening of the cosmic ray spectrum fticlea above 3 PeV could be
due to particles escaping the confines of the Galaxy, it cbaltb a petering out of the galactic
cosmic ray accelerators an inability to accelerate abogeitiee. It is believed that at the ankle,
there is a transition from galactic objects to more poweekiiragalactic sources as the primary
accelerators. The steepening abo@eEeV is evidence of the cutoff predicted by Greisen, Zatsepin
and Kuzmin (GZK), where protons above the energy threstwlgtioto-pion production with the

cosmic microwave background will lose energy due to thathrarism as they travel.
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The cosmic ray spectral indices for different energy rargjésterest are):

2.67 log(E/GeV) < 6.4,
Y=14 310 6.4 < log(E/GeV) < 9.5, (4.5)
2.75 9.5 < log(E/GeV).

Protons and other nuclei are the primary component of cosays; electrons and positrons
form a smaller contribution. The relative ratios of protéa$eavier nuclei across the spectrum is
still an active area of research but there are hints thatrdwtiéon of heavy nuclei rises above EeV
energiedhttp://arxiv.org/abs/1107.4804, is there a better citabn than this?. Some models for
the knee use spectral breaks at different energies for geaies of nucleus as energies grow too
large for galactic objects to accelerate or become uncahfiméhe galaxy (e.g. the poly-gonoto
or "'many-kneed” modeiind citation).

At roughly TeV energies, deflection in the galactic magni¢ills make the arrival directions
for cosmic rays nearly isotropic, though a smal{*) anisotropy exists, though it is not known
what is the source. It may be due to a nearby accelerator,roaytbe due to structures in the
galactic magnetic field near the solar system, or even thetaglstructure in the Sun’s magnetic
field.

4.3.1 Cosmic Ray Acceleration

Fermi acceleration is thought to be the most promising aatdifor the acceleration mech-
anism of cosmic rays. The expectation is that charged pestare accelerated through a series
of interactions across a relativistic shock front. Theseigas are confined to the shock due to
inhomogeneties in the magnetic field, and are given enertjyasgich pass through the shock front.
This idea was first presented by Fermi [#), and further developed by others, [?, ?]. The re-
sulting particle spectra follow a power-law closefo?. Detailed calculations show, however, that
depending on the shock conditions, the spectra can alsorbevduat flatter or steeper, see e.g.

[?, ?]. Here, we use aiv—2 spectrum as a first order estimate.
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Neutrinos will be produced in interaction with the acceddhparticles in the dense region, the

initial nuclear reactions produce charged and neutralgiomhe following reactions:

py —AT (4.6)
AT —p+ 7Y
AT s n+at

ny —AY (4.7)
A = p+7

AY = n+ 70

pp —p+p+a° (4.8)
p+n+ at

pn —p+p+7w (4.9)
p+n+m°

(4.10)

Once the pions are produced, the charged species will oedmugly decay to muons and

neutrinos, while neutral pions decay to gamma-rays whichbeaobserved in GeV energies:

™ —=ut 4, (4.11)
et o+,

T —=u U, (4.12)
W o—e + Uty

70—y (4.13)

(4.14)

4.3.2 Cosmic Ray Air Showers

The main source of muons in IceCube is from cosmic rays in bathupgoing and downgoing

regions. High energy cosmic rays collide with atoms in theasphere, creating extensive air
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showers of electrons, muons, pions, kaons and neutrine€ulze detects mainly muons produced
in air showers in the atmosphere above the South Pole, blsoitdetects neutrinos produced in

air showers on the opposite sides of the Earth. These atranspteutrinos are the predominant

background for astrophysical neutrinos in regions whemoapheric muons are absorbed by the
Earth.

4.3.2.1 Atmospheric Neutrinos

Conventional atmospheric neutrinos are produced by theydefcenuons, pions and kaons.
Since the Earth’'s atmosphere is much more dense than tygstaphysical media, air shower
products are more likely to interact before decaying. Tliechis energy-dependent, particles
below a threshold energy will likely decay before having arate to decay, and the decay products
will have roughly the same spectrum as the incident cosnyie ¢ga £~27). Above this threshold
(115 GeV forr®), the particle will most likely interact, losing energy imetprocess. The spectrum
of these particles is typically E~37. Since the threshold for muon detection in IceCube is
roughly 1 TeV, this is the spectrum of atmospheric muon mesasuPrompt atmospheric fluxes
from the decay of relatively heavy, charmed mesons haveemt measured, but are expected to
follow the CR spectrum.

These atmospheric neutrinos make up an irreducible backdréor Northern hemisphere
neutrino point source searches. The rate is mostly flat (spedj, with roughly+5% annual
fluctutations due to the change in the density of the uppeospimere as a result of temperature
fluctuations.

section on nu absorption/oscillation through the Earth
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Figure 4.3: The cosmic ray energy spectrum measured by aemwhblifferent experiments. The
cosmic ray flux has been multiplied iy to enhance features such as the knee and ankle, which

are marked. Figure from [2] and references therein.
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Electramagnetic
Shcwer

Figure 4.4: Cosmic rays produce extensive air showers uplhisico with particles in the up-
per atmosphere, shown here. Muons and neutrinos are p@mgfparticles which can reach the

IceCube detector through the overburden of ice or througbuheof the Earth, respectively.
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Chapter 5

The IceCube Detector

The IceCube Neutrino Observatory is a kilometer-scale meutelescope situated at the geo-
graphic South Pole [41, 2]. It consists of three sub-detsat@rking in concert: IceCube, IceTop,
and DeepCore, which are described here. Each of the subtaistetake use of one principal de-
tector component, an optical detector with digital reagouDigital Optical Module (DOM). The
In-Ice portion of the detector is composed of a deep arrayéa$tngs each holding 60 DOMs,
which are deployed between 1450 and 2450 m below the glagitdce. IceCube strings are
horizontally separated by about 125 m with DOMs positionedigally 17 m apart along each
string. The bulk of ice above the detector shields muons ftosmic rays of less than 200 GeV
from reaching the detector. Eight of the IceCube strings énrttiddle of the detector have high
guantum efficiency DOMs and a smaller spacing than the resteofietector: 6 strings with 70m
spacing and two more with spacing of 42m. All 8 of these s&ingve 7m vertial spacing between
DOMSs, which are placed in the bottom half of the detector, igtibe ice is the clearest. These 8
strings, along with the seven neighboring strings repraberDeepCore sub-detector, the purpose
of which is to improve the neutrino energy detection for gres below 1 TeV. Since it is situated
in the center of the detector, the outer strings can be usedttodowngoing cosmic ray muons
and select neutrinos which interact inside of the DeepCoueitidi volume.

A surface array, IceTop, consists of 162 tanks of highly pceeeach with two DOMs frozen
to the top of the ice. Each of the 81 stations has two tanksedlaear the top of the main grid
of strings. IceTop is designed to detect the electromageetnponent of cosmic ray air showers.
This information can be used to reject events seen in thesideimg from air showers for tracks

less thars 30° from vertically downgoing.
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The construction of IceCube started with a first string itsthin the 2005-6 season [42] and
has recently been completed in the austral summer of 201T¥el configurations of IceCube that

have been used for the analyses performed in this paper@msh Figure 5.2.

IceCube Lab

X‘_—".—__-_: = IceTop

= Tt = = :_—‘/81 Stations, each with

50mE— T Sl e S 2 IceTop Cherenkov detector tanks
i e 2 optical sensors per tank
| | il 324 optical sensors

| IceCube Array
‘ 86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

1450 m

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m

2450 m

2820 m

Figure 5.1: Schematic view of the IceCbue Neutrino Obseryatad its subdetectors at the geo-

graphic South Pole.

5.1 Digital Optical Module

IceCube is composed of thousands of independent data aaui$dAQ) devices. The elec-
tronics of each DOM are housed in a 35.6cm diameter, 13mrk g#pbere of borosilicate glass.
This bathysphere is designed to resist a pressure of up tatd@vhich can withstand the pressure

of deployment and the refreezing of the ice afterwards.
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Figure 5.2: The growing IceCube detector seen from the tdj@edrircles inside empty circles in-
dicate deployed strings for each configuration, where atigs used in the 40-string configuration
were also used in the 59-string configuration, and likewilsgtiangs in the 22-string configuration

were used in larger configurations.

The most prominant feature of each DOM is a R7081-02 Hamanpdwstomultiplier (PMT)
with 25 cm diameter [43], the quantum efficiency of the PMTkseat 25% for light with a wave-
length of 390 nm, and the spectral response is from 300-650Tma PMT is optically coupled
to the glass with a layer of silicone gel. A mu-metal grid ofiekel-iron alloy shields the photo-
multiplier from the Earth’s magnetic field, which would otihvése degrade the timing of the PMT.
Each DOM also contains a modular 2kV high voltage supplylierRMT.

A main electronics board for waveform digitization in eacbla [44] reads, digitizes and

timestamps the analog PMT voltage. This is done with two syplewaveform digitizers, first,
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an Analog Transient Waveform Digitizers (ATWD) chip colld@8 samples for the first 420 ns.
Three digitizers act in parallel on the signal fed throughphiners with gains ofx16, x2 and
x0.25. The data uses the highest unsaturated gain channel. Tyws ate included since after
triggering, the ATWDs have a 2@s readout time, and are used alternately to minimize deadtim
The PMT signal to the ATWDs is read through a line on the delartoallowing digitization of
roughly 70 ns of waveform before the trigger. The second Yeawe digitizer is a fast Analog to
Digital Converter (fADC) which takes 256 samples of the PMTtagé over 6.4s. This gives

a coarser sampling than with the ATWD, but the fADC has a mucigéo readout time and a
dead time of only two clock cycles between separate readdimes transmission of the data after
digitization to the surface are handled by field-programegate arrays (FPGAS), also on the
main board.

Finally, a flasher board with twelve light emitting diodes=[Ds), which are used fdn situ
calibration of the ice properties. Half of the LEDs pointigdly outwards from the top half of
each DOM, the rest are angled upward at an angle of Z8e flashers are typically peaked at a
wavelength of 405 nm, during the 2010/11 deployment sed30s with LEDs peaked at 340,
370, 450, and 505nm were also deployed to study the wavélelegiendence of the scattering and
absorption in the ice.

All DOMs are connected to the surface via four sets of twigiadt cable which enter the
DOM on the penetrator assembly. On the surface near eacly $tria junction box where the
IceTop DOMs are connected, and a cable to the IceCube Lab (I&iexts each string to a single
DOM Hub for readout.

Pic: DOM efficiency vs \? What about C and absorption length(\) plots?

5.2 Trigger & Data Acquisition

Hits on DOMs can come in two modes: hits which arrive withinl s from another hit
on the neighbor or next-to-nearest neighboring DOM on tmeesatring register as Hard Local
Coincidence (HLC) hits. This correlation condition greatgluces the data rate due to PMT noise

or photons from radioactive decay in the glass housing. thikohits are referred to as Soft Local
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Figure 5.3: Outline of the IceCube Digital Optical Moduletlwtomponent pieces labeled.

Coincidence (SLC) hits. These hits were kept starting withS®estring data taking period for
improved reconstruction of low-energy events and enhaoapdbility to identify neutrinos which
interact inside of the detector.

IceCube uses a simple multiplicity trigger, which requitest tat least eight DOMs are triggered
within 5 us. For a DOM to trigger, it is both required that the DOM PMT tagle crosses the
discriminator threshold (0.25 of a typical photoelectran)d this “hit” to be in coincidence with
at least one other hit in the nearest or next-to-neareshhergng DOMs on a string withia-1s.
This greatly reduces hits due to uncorrelated PMT noise adibactivity in the glass. Once the
simple multiplicity condition is satisfied, informationcim all triggered DOMs within at10 us
window is read out and merged to create an event. This meah&Qkus is the effective limit on
how close two events can be in time for the 59-string or 4ivgtlata. Improvements in physics

event definition remove this constraint for data taken with¢ompleted detector.
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Once read out to the surface, the digitized waveforms arkoear using a Bayesian unfolding
algorithm, extracting the total number of photoelectrong their arrival times (“pulses”) using a
template single photoelectron response. These pulsesadamuvarious event reconstructions to
determine if events pass one of the filters for transmittivegevent information over the satellite.

Standard IceCube runs are eight hours long, with roughly twautes between the end of
one run and the beginning of the next. Downtime can be duerts with active flashers, cali-
bration runs, or temporary issues. IceCube has approxiynat®9% uptime for data taking, but
not all is useful for analysis. Calibration runs (prevaleatidg commissioning new strings after
deployment) and runs with active flashers are excluded., Alsme runs will have one or multiple
strings missing while problems with particular DOMs are (ix¢éo remain capable of detecting
extraordinary astrophysical events, such as a galactersapa or a particularly bright GRB.

Runs which fail within 20 minutes are typically unstable ame excluded in analysis. Run
monitoring in the North is perfomed for all runs to check faterirregularities for individual filters
and individual DOMs and to check DOMs for other issues, sisch lsigher current draw, a change
in pulse shape or temperature. The rate of each run is funtiogitored and checked for any
deviation from an average that accounts for a seasonallystedj average rate [45]. To ensure
stable detector conditions, the event rates of runs wenairexfjto be within5s from a rolling

average ovet-2 days. This loose constraint allows for short-term weatlagiability.

5.3 Optical properties of the South Pole Ice

The glacial ice beneath the South Pole is the clearest rabkawwn for wavelengths between
200 and 400 nntite ice paper, but it has deposits of dust in varying amounts in layers ddpe
ing on the global climate at the time the ice was formed (up-t@00, 000 years ago, se€?]).
Characterizing the optical properties and how they changfeaiglacier is important for properly
simulating light in the detector.

The main property varying in the ice of the instrumented nwubetween 1450 and 2450 m
is the presence of vertical variations in the dust concéatra in the ice due to changes in the

climate, affecting the scattering and absorption coefiisién those layers.
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5.3.1 Scattering

Less than 1400 m below the surface of the glacier, air bulaskethe primary cause of scatter-
ing of light in the glacier. Below this, the pressure from tbe above over time has caused the air
and ice to form clathrates, and dust particles are the pyiwaumse of scattering. For IceCube, the
light seen by PMTs has typically been scattered severaktisemultiple photon

The scattering follows the Mie treatment in [46], which iglilly peaked in the forward direc-
tion, with (cosf) = 0.94. The effective scattering length,, is defined in terms of the scattering
length )\, and the mean scattering angle:

As

Ne=— 2t
1 — (cos )

(5.1)

which functions as the distance required to randomize tteetion of an average photon. IceCube
has an average effective scattering length of about 20 midbt &t 400 nm, the peak of the
Cerenkov spectrum, much shorter than the typical absorfstimyth of 110 m.

One additional characteristic of the ice is from the redidgusabubbles left in the ice melted
during deployment of the DOMSs. Since the 2010/11 australnsema video camera deployed at
the bottom of one of the IceCube strings has made observatfdhe refreezing. The camera has
observed that the hole freezes from the outside in, fordiegair bubbles toward the center of the
region. This leaves only a narrow column of ice with highettring than the surrounding glacial
ice. Functionally this line of ice with more scattering irgecting with the DOMs smooths out the

response function of the PMTs.

5.4 Data Filtering

Due to constraints on the amount of data which can be tratesihiid the northern hemisphere
via satellite from the South Pole, IceCube uses variousditeeselect events. All events are saved
on tape and physically transported to the North every yelrev&nts have initial reconstructions
performed using track and cascade based hypotheses, savhebfare selected for transmission
over satellite to the northern hemisphere for additionatpssing and analysis. The muon filter

focuses on the selection of upward-going track-like events
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Figure 5.4: Stand-in plot for the Ice Models, the lines are Dima'’s iteratons to find out the
SPICE model.

Before quality cuts are applied, IceCube data are dominates/éyts caused by downgoing
atmospheric muons. This is the case in the upgoing signedineg well, since some atmospheric
muons are misreconstructed as upgoing and must be rejecthd process of applying analysis
cuts. The atmospheric muon rate exhibits a seasonal ariatiroughly+10% due to changes in
density of the atmosphere at the South Pole [45]. When thesqtiheoe is warmer and less dense
during the austral summer, the fraction of pions and kaoag ishowers which decay before inter-
acting is increased compared to the winter. The muon rabevalses several percent on timescales
of several days as a result of weather phenomena in Antard&or upgoing atmospheric neutri-
nos the seasonal variations are smaller, approximately\sb#te neutrinos are created over a wide

range of Earth’s latitudes compared to the atmospheric siamrated near the South Pole.
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The rate of the 40 string final event sample is shown in Figtirand for the 59 string final

event sample in Figurg? for upgoing and downgoing events and for the overall samples
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the increased detector size, between the 40 and 59-strirggpehe muon filtered events required events to have beitid
reconstruction parameters, so the filter rate decreasgglglto conserve satellite bandwidth. The effective terapee can be

seen in purple.
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Chapter 6

IceCube Event Reconstruction

This chapter focuses on the treatment of the data betweenitia¢filtering at the South Pole
and before the final event selection for analysis. This itneat involves performing a number
of muon reconstructions, or finding a track which represémesdata well. The first-guess and
likelihood-based reconstructions using scattering arsdigdtion in the ice are described here.

Several different assumptions which are made in differecomstructions. Some are designed
to find mis-reconstructed background and use the downgadmgspheric muon distribution as a

starting point, others assume that the event is best deslcabtwo separate muon tracks.

6.1 Hit Cleaning

The first step in cleaning hits is to remove those from DOMscWiare known to have issues:
some do not communicate, some have high current throughiphigb noise rates compared to
other DOMs, or have a broken local coincidence connectioreighboring DOMs. For the 40 and
59 string configurations, bad DOMs are only about 2% of thal teployed.

The event builder at Pole uses all hits freri0 us from the trigger, which is much wider
than the transit time of a particle from one side of the detett the other (3.3:s per km). This
means that the readout window can contain a significant ahudunoise or even multiple particles
from air showers can be included. This additional light ia tretector which is not described by
a single-track hypothesis can confuse the reconstructcassing good neutrino events to be cut
out or, more likely, to cause atmospheric muons to appeasmterapgoing tracks. A first method

which is designed to minimize the effect of noise is to cldanhits in each event with a sliding
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time window of 6us. It scans over the entire readout window and selects treewimdow where
the sum of the charge of hits in the window is at a maximum. Titeedutside that window are
removed and not used for reconstruction. Other implemiemsif hit-cleaning algorithms are
used at higher levels of processing in order to better @jaigh coincident events and noise (see
Section 6.3).

6.2 Track Reconstructions

This work only considers track-like events depositing fighthe detector. Other analyses,
however, can look for cascade-like spheres of light indrgedetector due to electron neutrinos or

neutral current interactions. For all reconstructions wd the parameters of some track:
a= (T_éat0797¢a EO) 3 (61)

where the particle with energly, passes through some positignat timet,, moving in the direc-

tion given by the zenith and azimuthual ang(ése).

6.2.1 Line Fit First-Guess Reconstruction

The initial reconstruction done on all events uses all HLS ta reconstruct an event as a plane
wave passing through the detector. This is uses to caldhlateverage velocity in each direction
x,y, andz to form a track passing through the center of gravity for theng¢ calculated using the
charge to weight each DOM. The assumption is that the hitdeastescribed as the wave passes

through the detector, so the position of each-hitan be described as:
T =710+ Ut; (6.2)

wherery is the initical location and,; is the time since somg of theith hit. They? distribution

of the hits is then:
=D (77— it) (6.3)

i
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This can be minimized analyically by differentiating withspect ta” andv, yielding the di-
rection and vertex of the track:
ro = (i) — U{ts) (6.4)
and B B
(rit;) — (ri)(t:)
(t7) — (t:)*

In the data processing this track and starting vertex ard asehe first guess for an initial track

U=

(6.5)

reconstruction using a maximum likelihood method.

6.2.2 Maximum Likelhiood Track Reconstruction

More sophisticated reconstructions use the informatiautthe angle oferenkov radiation
and the expectation of scattering and absorption in thedaefine a likelihood of observing a
photon at a particular time and distance from a particulaomtuack. The goal is to reconstruct a
set of unknown muon track parametergiven a series of photon arrival times and locatiohs

The likelihood£ of a tracka given the data’; is the product of the probabilities of each hit:
L=1J r@la) . (6.6)

wherep(Z;|d) is the probability density function (PDF) of observing eduihz; given the muon
track parameterg. The best-fit track is not calculable analytically, s@& is minimized using a
numerical minimizer. The MINUIT SIMPLEX routine is used,daiterated with different starting
conditions to increase the chances of finding the globalmmim for the event, the most likely
track.

The expectation of the photon arrival times at each hit DOMedtionr; would be:

d(7, — 7 + dtand
towp = to + (7 r”j an f) (6.7)

with d as the closest approach of the muon track and the DOMatite Cerenkov angle in the

medium.
where the time residual of the hit is calculated as:

tresidual = thit — texp
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6.2.2.1 Pandel Function

More sophisticated reconstructions use a likelihood fiencivhich takes into account the scat-
tering and absorption length in the ice. The Pandel fundtiis an analytic expression which is
designed to express the likelihood otarenkov photon from a particular track arriving at each hit
DOM at the reconstructed time residual:

d(r; — 79 + dtan 6,
texp:t0+ (T TOZ_ an ) (68)

The Pandel function is an estimate for the distribution of/attimes of photons fronCerenkov

photons from an isotropic source:

d
4 2
S v
I 7% tresidual *(tresidual(%Jrn;aJrT\d )) (6 9)

p(tresidual) - N(d) F(d/)\) @

where
CT [ —d

N(d) = % (1 + —)5 | (6.10)

nA,

Here n is the index of refraction of the icg, is the absorption length with an average value of
98 m, d is the distance of the detected photon from its point of eimiss'(d/\) is the Gamma
function andN (d) is the normalization factor of the pdf. Parametgérandr are free parameters

determined by Monte Carlo simulation.

6.2.2.2 Single Photo-Electron

This first method uses the time of only the first hit in each DQMthe photon arrival expec-
tation distribution for an arbitrary photon. This metho@sishe Line Fit first guess as a seed, and
is run with one iteration for the online filtering of eventd)ig iterative process was run 32 times
in the offline processing of 40-string data, while 8 iteraiovere found to be sufficient for the

59-string data.

6.2.2.3 Multiple Photo-Electron

This formation of the likelihood uses the timing of the firgtWwith the photon arrival expec-

tation for the correct number of hits. Each DOM which has nmtbexn one photon is also given
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an additional weight in the likelihood. This reconstruatitypically uses the result of the Single
Photo-Electron reconstruction as a first guess. That récmti®on is better at sampling the like-
lihood space over the sky to find the global minimum, sinceattiditional information from the

number of hits per DOM causes the likelihood space of thétoacthe sky to have more features

and local minima, and as such it requires a starting point thesglobal minimum.

6.2.2.4 Paraboloid Fit

This reconstruction samples the likelihood space near themam found in the MPE best fit,
testing the likelihood values of tracks with a known anguéiset from the best track, and fits
a two-dimensional parabola to the result. The point wheedlikelihood is half of the value of
the maximum is defined as the average expected error of tim. eMaree concentric circles with
eight sampling directions each are used, so this trackajlpitakes 24 times longer than the basic
likelihood fits.

6.2.2.5 Bayesian Track reconstruction

This method uses the known zenith distribution of muons feasmic ray showers as an addi-
tional weight in the Pandel likelihood method. The knownittedistribution is fit with a polyno-

mial and used as a prior using Bayes’ thorem:
P(d|7) = ———~——* (6.11)

whereP(d|%) is the probability of there being a muon track with paranmssiagiven the set of hits
%, the probability using the Pandel formula of a muon to predaset of hits if?(¥|a), and P(a)

is the prior probability from the known distribution of cosmmay muons. This weight requires the
track to have a zenith angle above the horizon. Since thegbackd due to air showers is~<a0°
larger than the neutrino background, a powerful rejectamtdr for events in the upgoing region is

the ratio of the likelihoods from the Bayesian and standacdnstructions.
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6.3 Coincident Muons

Roughly 10% of events at trigger level have more than one githeyg muon in the detector
in a single readout window. Typically noise in the detecehandled appropriately by the re-
construction algorithm, even when there are two separathaiver muons in the detector at the
same time. However occasionally the noise or multiple sael be offset with the proper time to
mimic a throughgoing track. If the timing of two of these tags right, it can mimic the signature
of an upgoing track, and also recieve a very good track likeld value. This background can
be rejected more efficiently with track reconstructionselaith specially cleaned portions of the

hits. Two algorithms are used to split each event into sépatzh-events:

6.3.1 Split Track Reconstructions

A simple way of splitting events in to different sets of hitssperformed, taking half of the
events split both by the geometry and in half in the arrivadetiof the hits. Each of the four
sub-events has the standard likelihood track reconstmgtpplied. Events which are made of
coincident muons will expect to have one of the sub-everdsn&ructed as a downgoing track.
Upward going neutrinos will expect to have both sub-eveetsdzonstructed as upgoing tracks

with a small space angle separating their direction.

6.3.2 Topological Trigger hit cleaning

A more sophsiticated method of splitting events uses inébion about the average expected
travel distance of a photon in the ice, the timing and theadist of hits for an event to iterate
over all hits and separate it into causally-connected seiMs. The settings used for the 59-
string processing counted events as being causally cath@diich were less than 300m apart
horizontally (about two string spacings), less than 30 DQddcings vertically (or 510 m), and
were within 450 ns (roughly the expected lifetime of photorthe detector) from being consistent

with coming from the same track-like event.
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This method is especially useful in rejecting coincidergrgs. In the 59-string processing for
track-like events, a cut was applied to events where thetavas reconstructed as upgoing, but

the largest topologically split subevent was reconstdietedowngoing.
6.4 Energy Reconstruction

The energy of the particle is determined by e, F’ energy reconstruction algorithm. It uses
the average density of the photons along the muon track cadpa the density expected given
a certain energy. The reconstruction requires a track asebd, and it uses this seed track to
calculate the density using the DOM angular acceptanceris to the track, and the scattering
and absorption in the ice. Above energies of roughly 1 Te¥, éhergy loss per meter water
equivalent scales with the energy of the muon. The energyutsn is roughly 0.3 ifog,, of the
muon energy at closest approach to the center of the deflectparticles with energies between
~ 10 TeV and~ 100 PeV.
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Chapter 7

The 40 and 59-string datasets

This work utilizes data taken with both forty and fifty-ningisgs of IceCube. The detector
took data with the 40-string configuration from April 5, 200&il May 20, 2009, with the 59-string
configuration taking data from May 20, 2009 until May 31, 2010

There were several changes in the method of data processihgvant selection between the

configurations, which will be covered below.

7.1 Event Selection Techniques

One method of selecting events is for the analyzer to mansalect a set of cuts, testing
the fraction of signal vs fraction of background kept for age of values for each parameter.
This process is iterated over for several different vagapfinding the most efficient parameter
to cut on at each stage, until a data sample of sufficientypafiatmospheric neutrinos(95%)
is obtained. This method was used in the selection of theriigssample [47], and was tested
against a Boosted Decision Tree event selection for theri@gsample.

A Boosted Decision Tree (BDT) is a machine learning algorithesigned to separate two
different populations. The decision tree is similar to themmal selection of cuts described above,
in that the method makes a series of choices of cut paramesgaris of which is the most efficient at
separating signal and background for a given sample. Imgaéing this as an algorithm allows for
an iterative process, where for each step in the decisierbioéh the signal-like and background-

like samples are tested for the next best cut parameter dnel. vehe boosting concept takes the
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signal events which were labelled as background in thetreédkcision trees are given additional
weight in the cut selection of the next formulation of theidem tree.

The choices for the input parameters to the decision trdededhe event quality parameters,
the number of branching levels for each decision tree, ammim number of events in a branch
for it to be considered to be split again, and a maximum nurobéerations of the decision tree
and boosting process before coming to a final result.

After the algorithm finds a final result, it gives each eventars from [-1,1], where higher
numbers indicate more signal-like events. We use the séaesseveral different trees to char-
acterize each event: two signal weights are used, one foexhectedE 2 spectrum for Fermi
acceleration and one for a softer27 spectrum observed in Galactic cosmic rays. Two BDTs are
trained for each spectral weighting using separate setseot guality parameters. The background
data sample used is the data: this provides a more robusbchetihejecting the background, which

may include classes of events which are not produced in thelation chain.

7.2 Data Selection

Data selection is done using parameters related to thetgjaall accuracy of the event recon-

struction, including:

e Reduced Log Likelihood The likelihood track reconstructions maximize the likelod of
the resulting track given the data. In practice, this ltkebd scales as the number of hit
DOMs, so a reduced log likelihood is used. The reduced lagilikod is the log likelihood
divided by the number of hit channels minus fiveg(Lyipr/Npoms — 5), or the number of
degrees of freedom in the track fit. It is observed that thengfity has a slight dependence
on the energy of the event, toward selecting higher energytev This is modified by another
method of creating a reduced log likelihood which is the-r /Npowms — 2.5, which is found

to be a track quality parameter which does not depend on gnerg
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e Line Fit Speed|v];;: The magnitude of the velocity vector as calculated by tliteairLine
Fit reconstruction is used to identify tracks which appedrd travelling at the speed of light.

This can be a useful parameter to distinguish coincidentmawvents.

e Angular Uncertainty Estimator : oy\ppr TO estimate the angular uncertainty on the track
reconstruction direction, the likelihood is calculated daections near the final reconstruc-
tion and a two-dimensional parabola is fit. The error elligzseefined as where the log
likelihood of the track reconstruction is equal to 1/2 of theximum value P]. The angular
uncertainty is used as a term in the signal weight term in ttadyais, it is also a powerful
paramter to reject mis-reconstructed events. In practieeahgular uncertainty requires a
rescaling based on simulation, as the method returns a wdiiod is too small and becomes
worse at high energies. It is presently not understood,sttdught to be due to stochastic
losses and a mismatch between the true photon timing ditiiband that described by the

Pandel function.

e Muon Energy Reconstruction M E: The photon density along the track is compared with
the expected density corrected for the effective area oPtl&s near the track. For muon
energies above 1 TeV, stochastic losses dominate, andtiheats models the track as a
sum of Cerenkov light and diffuse light along the track. Foromenergies above 10 TeV

the energy resolution is 0.3 Ing;o(F).

e Number and Length of Direct Hits N DirC' and L DirC'": Given the best-fit reconstructed
track, the arrival time residuals of each photon are caledlaWe use a time residual win-
dow of -15 ns to +75 ns to mark photons which are not scatteB#uce scattering delays
the photons and reduces their directional information.cRsawith many direct hits and a
longer maximum distance projected along the track betwéeatdcits are typically better

reconstructed.

e Zenith-weighted log-likelihood ratio log(Lspr/Lpayes): The relative log-likelihoods of a
track being from a cosmic ray air shower to the best-fit retanson is used to reject mis-

reconstructed downgoing tracks, which greatly outnumipgoing neutrino events. This
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requires the upgoing track to be significantly more likelgirttthe best-fit downgoing track

in order for the event to be included in the neutrino sample.

e Minimum Zenith anngle of Split reconstructions 6, min: The four tracks from the time
and geometry split hit series are examined and the most n@sigbing track zenith angle
is used, (i.e. the track which most looks like a downgoing mud-or events which have
good track reconstructions, the split hit series will gieeighly the same direction of the
track. In practice it is found that the zenith angle is a byatté parameter than the space
angle between the split reconstructions since nearly atenbnstructed events originate

from air showers.

7.2.1 40-string Event Selection

The 40-string event selection was chosen with the aim ofinibig the best sensitivity for an

E~2 spectrum neutino flux.

| owps < 3° AND
log Lype/(Npowms — 5) < 8.3 AND
(log Lapr/(Npoms — 5) < 8.0 OR log Lyipr/(Npoms — 2.5) < 7.1) AND
Ospiit,min > 80° AND
(log(Lspr/Lpayes) > 30 OR Oypr < 90°) AND
NDir > 5AND
LDir > 200m| OR
ompe < 1.5° AND
log Lyvipe/(Npoms — 5) < 7.5 AND
log MuE > frrug a0 (QMPE)] ,

Here firuz 40 1S @an energy threshold designed to keep a constant numbegmtisger unit solid

angle in the downgoing region. It is calculated using a potygral fit to events ircos 6.
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7.2.2 59-string Event Selection
7.2.2.1 Upgoing region of 59 strings

We use the scores from several different BDTs to characteazé event: two signal weights
are used, one for the expectétd? spectrum for Fermi acceleration and one for a soffef”
spectrum observed in Galactic cosmic rays. Two BDTs areddafor each spectral weighting

using separate sets of event quality parameters.

The first BDT (dt1) uses the following quality parameters:

log Lape/ (Npowms — 2.5)

blogl — s8logl

6)time—s.plit,mim

egeo—split,min

ﬁbayes,geofsplitfl - ﬁbayes,geofsplitZ - Lbayes,SPE
MuFE

QMPE

OMPE

And the secondiit2) uses these parameters to separate data and signal:

N Dir
log »CMPE/(NDOMS - 5)
LDir
|U]1s
The BDT scores are combined to form two parameters, one fdB B which uses data and

E~2 spectrum signalilty;,,) and the one which uses data afid* " spectrum signal:
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i (bdt1 + 1) * (bdt2 + 1)

bdtpign = bdtl 4+ 1) x (bdt2 4+ 1
g

The best cut found for the two BDT scores was:

bt > 1.45 OR
(7.1)
biltpign > 1.4

plots: data vs mc for zenith, rlogl, sigma, delta bayes BDT lovand high plots for data vs

mc

7.2.2.2 Downgoing region of 59 strings

The downgoing region uses the same technique as was usezl 40 string sample, to select
a constant number of events per solid angle for well-recoottd events. An additional tool was
used in the vertically downgoing region: the use of IceTo@ agto for cosmic ray air showers.
Hits in IceTop tanks were used to reject events where thetgtsaw two or more hits in IceTop
which were compatable with being from an air shower with t@e directionality and timing as
the reconstructed muon track inside the glacier. Additicngs oflog Lype/(Npowms — 5) < 7.4
andoypr < 1.5° were used to select only very high-quality tracks.

We find that this veto rejects 99% of air showers which areceadty downgoing, correspond-
ingly reducing the energy cut which is required to obtain astant event rate per solid angle. This
reduction can be seen % and it significantly improves the sensitivity #6-2 spectrum sources

in for angles close to the vertical (s@@).
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59 Strings| 40 Strings
Total Events| 107,569 | 36,900
Upgoing 43,339 14,121
Downgoing | 64,230 22,779
Livetime (d) | 348.138 | 375.539

Table 7.1: Summary of the final event selections with the 5B4hstring configurations.

7.3 Local Coordinate Dependence

Due to the requirements for triggering and filtering, thesajtplied, Earth absorption proper-
ties and detector geometry, the final sample of events ismiédrm in the detector local coordi-
nates zenithd), and azimuth ). For time-integrated point source searches, the azimeplermt
dence is usually neglected because it is smoothed in riglengson by the rotation of the Earth
over long integration times. However, in a time-dependetyssis the azimuth dependence be-
comes important for time scales shorter than 1 day. The lomatdinate (zenith and azimuth)
distribution of 40 string data is shown in Figure 8.1 (top)lefin the northern sky there is the
effect that events traveling along the longer axis (seer€i@®) of the detector have a longer lever
arm, and are more likely to trigger the detector and be vweabnstructed. In the southern sky,
there is a selection criterion on the integrated charge seaihDOMs as part of the online muon
filter. This gives a preference to events which pass nearaolirstrings, yielding a six-fold peak
in rates corresponding to the main axes of the detector symmkhe effect of the growth of the
detector from 40 to 59 strings can be seen in the top right@iféi 8.1: the horizontal preference
for well-reconstructed events is gone, with the six-folchgyetry remaining due to the charge cut,
and can also be seen much less strongly in the upgoing reg@ewknts along these axes being

slightly more well reconstructed since they typically havere hits at a particular energy.
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Figure 7.1: A graph of the rate of the final sample of 40 strimgngs, in bins of 10 days. Errors
are statistical. Also plotted are the individual rates of@ipg and downgoing events. The total

fluctuation in the final data rate i#55% for downgoing events antt ~ 4% for upgoing events.
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Figure 7.2: An example of an event vetoed by the IceTop arfénere is an obvious air shower
signature in the surface array, a sign of an electromagsktiwer due to a cosmic ray interaction.
Muon neutrinos in the downgoing region will produce a singiaon, which will not have an

extensive air shower signature.
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Figure 7.3: A plot of the efficiency of data and signal of theTlop veto as a function of zenith

angle ¢os(1) is directly downgoing).
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Figure 7.4: A graph of the rate of the final sample of 59 strimgngs, in bins of 10 days. Errors
are statistical. Also plotted are the individual rates ofjeipg and downgoing events. The total
fluctuation in the final data rate #s10% for downgoing events and is not noticible here for upgoing

events.
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Chapter 8

Analysis Method

The unbinned likelihood searches performed here are baséiieamethod described in [48]
and extended to searches for time-dependent behavior jn [d%his likelihood ratio method, a
combination of signal and background populations is usedddel the data. For a data set with
N total events, where, is the number of signal events, the probability density efith event is
given by:

%si +(1- %)Bi. (8.1)
whereB; is the background pdf ang; is the signal pdf. The likelihood of the data given the
value ofn, is the product of the individual event probabilities:

L(n,) = U {"Ns (11— %)Bi]. (8.2)

This likelihood is maximized with respect ta, and any other nuisance parameters which are a
part of the signal hypothesis. The maximization provideshhbst-fit values of these parameters.

The background probability distribution function, or p#, is given by:
B; = B*(6;, ¢;) B{""® (E;, ;) B{™ (¢, 6;), (8.3)

and is computed using the distribution of data itself.

The spatial ternB;>*“(6;, ¢;) is the event density per unit solid angle as a function ofdicell
coordinates, shown in Figure 8.1 (left). The energy prdiighB;"“"*" (E;, 6;), is determined from
the energy proxy distribution of data as a function of theirm@®f the zenith angleos§; (see

Figure 8.1 on the right). The energy cut for the southern skye decreases for larger zenith
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angles, creating a strong zenith dependence of the eneiipe isouthern sky as can be seen in
Figure 8.1 (right). Note that for the northern sky the enetgpendence on zenith is small. The
time probability B{™¢(¢;, 6;) of the background can be modeled including the expectedsahs
modulations, which are less than 0% and depend on the zenith angle, or taken to be flat since
these modulations are negligible compared to possiblakflyrctuations.

The signal pdfS; is given by:
Si = S| & — T |, 00) S (B, 03, 76) S (8.4)

whereS;**“ depends on the angular uncertainty of the eveaind the angular difference between
the event coordinatg; and the source coordinaig. S;"“*" is a function of the reconstructed
energy proxyF;, and the fit spectral indey; is calculated from an energy distribution of simulated
signal in a zenith band that contains the evesjt™, the signal time probability, depends on the
particular signal hypothesis, which will be different incbasearch described in this paper. For
each search, signal is injected with the same functionat {@aussian, box or lightcurve) in time
as is being tested.
The test statistic’(.S) is calculated from the likelihood ratio of the backgroumay (null)
hypothesis over the signal-plus-background hypothesis:
TS = —2log (M) (8.5)
LR, ¥s: Ts)
The test statistic is expressed as in Equation 8.5 in orddritiwill distribute as a chi-square
function with number of degrees of freedom equal to the nurabit parameters. By maximizing
TS the best fit parameters, 7, and any fit time parameteﬁ% are obtained.
Larger values ofl'S are less compatible with the null hypothesis, and indidategjection at
a confidence level equal to the fraction of the scrambledstaove thel'S value found in the
data. Data scrambling is done by assigning a random timedo @znt from a period of active
data taking and performing the proper coordinate transéition to get a new right ascension and
declination. The fraction of trials above t&S value obtained from data is referred to as the

p-value. This leads to the definition of the discovery potanthe average number of signal events
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required to achieve a-value less than 2.8710~" (one-sided &) in 50% of trials. Similarly, the
sensitivity is defined as the average signal required tambta-value less than that of the median

of the test statistic distribution of scrambled (backgminomly) samples in 90% of trials.

8.1 Event Weight

The method returns a value for the signal fraction for a sddest-fit signal parameters, but
in an unbinned method there is not a clear-cut way of definamjqular events as signal-like or
background-like, as would be done by selecting a signabregi a binned analysis. A useful
parameter to describe individual events is the rati&&gf3; given the set of parameters of the
tested location and spectral index. The spectral indexad ustwo ways: as the best-fit spectral
index for all events and before the best spectral index iadpeach event has a spectrum which
will maximize the signal weight. This is used to determine thost signal-like events for purposes
of calculating a first-guess set of parameters in searches.

In Figure 8.2, the dependence of the energy weight in theakiginm can be seen for events
with declinations betweeb? and20°. The value of the spectral index giving the best energy weigh
is highlighted by a dashed black line. In Figure 8.3, we seedétpendence on the spatial event
weight as a function of the space angle of the event from tsteddocation (here at locations of
RA, dec 0f343.5°, +16.2° and 74.3°, —23.4°), calculated from an average of 10,000 scrambled
maps. What we see from this distribution is that no event leas 1° from the tested northern
sky location has &;/B; of less than~ 1000, and the same for the southern sky events less than
0.5° from the tested location. The shape of the distribution isipalic, as to be expected as the
signal pdf of events are modelled as two-dimensional Gandsinctions, and since the angular
uncertainty is calculated on an event-by-event basis, weassuperposition of many Gaussians
here.

A cutoff is used in theS; / B; ratio at a value of one, where the event goes from being ndiypina
signal-like to nominally background-like. It is interesgito note that events which are nominally

signal-like can come from up tt2° distance from the tested location.
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From the energy distribution, we see that there is a broaal@revents with less than roughly
13 TeV in energy, and fit spectral indicies softer than*, where the energy ratio is roughly
one, and the addition of the energy term does not assisttingiisshing signal from atmospheric
background compared to an analysis which does not use angyaneighting. Jim found that

trimming things from T" of 2-2.7 helped, discuss this?

8.2 Combining Datasets

Unbinned likelihood methods are ideal for combining data.géach event carries its own pdf
and background can be estimated for each sample. The oliketihood is maximized for the
combined data sets, assuming a uniform signal hypothesis.eVent-wise pdf now depends on

the particular data set of which thih event is a part:

i j 4
P=—>5]+ (1 -~ ) Bl (8.6)
Mot Mot

where the index refers to the specific dataset from which the event came. licase, it can take
on valuesj = {IC40, IC59}. That is,n/ , is the total number of events in then data setp! is
the background pdf of the for thigh data set, etc.

The likelihood is again the product @ over all events in each data set. The likelihood is
maximized globally, assuming the same signal hypothesgist(imo flux) in all data sets. There-
fore, vy = v1¢40 = 41C59 |n general, the number of signal events is not the same iaédi sets,
but depends on the live time, detector acceptance, andfaier€y of each data set. Simulation
is used to determine the fraction of the total number of digmants in each data s¢t = f7 (v),

so thatn, = f7n’. The total number of signal events is given by:

ne = an (8.7)

In this way, our likelihood remains a function of the same bemof parameters. The maxi-
mization of the likelihood is again done by finding the begineste ofn, and~ along with any
time-dependent features, now the total number of signaitevie all data sets and the uniform

spectral index and time hypothesis, respectively.
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8.3 Sensitivity and Discovery Potential

Aside from thep-values from searches, in the absence of a signal uppes loait be provided.
Upper limits on the average flux normalization are naturgkessions, since no time dependence
is assumed. For time-variable sources we place limits offilieace from the source, defined as

the integral in energy and time of the flux upper limit:

tmax FEmax Emax P
f= / dt / dExE— = At / dExEE—O = At®g [In(Emax) — In(Eni)] , (8.8)

Inln rnln Ernin

where®, is the upper limit on the normalization on @12 spectrum andz,,;, and £, spec-
ify the declination dependent energy range containing 90%eosignal spectrum at final sample
selection criteria obtained from simulationAt is the duration of the emission. There is a cor-
respondence between the fluence and the average numbents degected, shown as a function
of the declination in Figure 8.4. The limits are calculatedading to the classical (frequentist)
construction of upper limits outlined by Neyman in [50] ame tsystematic error of 16% is ne-
glected in all upper limits since the limits are dominatedshatistical fluctuations for flares. The
analysis in Section 12 uses the ordering method of Feldmadi€ansins to calculate upper limits,
and the systematic errors. It is found that using the Feld@®aunsins implementation to calculate
upper limits yields results 15% higher than using the Neymathod. The 16% systematic errors
add roughly 3% to the limits calculated, since the numbewnehts is typically near the statistical

minimum.
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Figure 8.1: Above Left: The normalized event distributidhe 36,900 events in local coordinates
for the 40 strings data (the space term in Equation 8.3). élhez two predominant effects: for
upgoing events (northern sky, bottom half), events tragetiown the longer end of the detector
are more likely to trigger and pass cuts; for downgoing evé&duthern sky, top half), there are six
peaks in the event rate. This is due to the initial filter cnods at the South Pole that select tracks
more efficiently when they pass close to aligned strings.v&tf®ight: Normalized distribution of
cosine of zenith as a function of the energy proxy (the enérgy in Equation 8.3). The lower
row shows the same distribution for the 107,569 events wa&ldor the 59 string sample. The two

peaks for upgoing events travelling down the long end of wsting detector is gone.
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Figure 8.2: The energy weight"“® (E;, 0;, )/ B;""* (E;, 0;) for events wheré; = 106° (+16°
in declination), for the 40 and 59-string datasets (top asttbim, respectively).
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Figure 8.3: The event weigl#l;/B; for events with respect to the locations with right ascemsio
and declination 0843.5°, +16.2° (top row) and74.2°, —23.4° (bottom row), for the 40 and 59-

string datasets (left and right columns, respectively)e €hergy weight used is the maximum for
each event, following the line in Figure 8.2 For both samples sample in the southern sky has a

tighter cut on the angular error, so the weight falls offéashan in the Northern sky.
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Chapter 9

Simulation and Detector Performance

This chapter describes the simulation of neutrinos and wosay air showers used to model
the signal and background for the IceCube detector and ttheestfectiveness of cut and analysis
strategies. The charged leptons are propogated througbethalong with emitted light and sec-
ondary particles. The light is tracked to the DOMs where tNE'Rand electronics are simulated.
At that point the simulation is in the same form of the IceCulB&)Xand it is processed identically
as the data. At that point the simulation is in the same forth@fceCube DAQ and it is processed
identically as the data.

To within the uncertainty on our simulation models, disitibns of parameters used in event
selection agree in data and simulation. Simulation alsmallus to test the resolution of our
detector and efficiency of the cuts used in point- sourceckear It is also used to characterize the
effectiveness of the reconstructions in terms of the amgartar in a track reconstruction or in the
energy reconstruction resolution.

The probabilities of point source searches are computed)usily data, but a physical inter-
pretation of the results require the use of Monte Carlo sitiaria This includes understanding
the efficiency of the trigger, filters and quality cuts to obthe final data sample, also calculating

upper limits and discovery potentials of the search methods
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9.1 Simulation Chain
9.1.1 Neutrino Simulation

Neutrinos are simulated on the ANIS (All Neutrino InteraatiSimulation) progrargite, the
cross-sections for deep inelastic neutrino-nucleon aatéyns use the parton distriution functions
from CTEQ5cite.

Simulation begins at the surface of the Earth, with the meaifpropogated through the planet
toward the South Pole. This takes into account energy losg@NC interactions, and absorp-
tion and regeneration due to CC interactions. Once in thenitycof the IceCube detector, all
unabsorbed neutrinos are forced to interact — muon nestdan interact within the range of the
daughter muon from the detector. All events are given a weé@btepresent the probability of the
simulated interaction.

Standard neutrino simulation generates events from 100t6d¥ EeV with to anF—! spec-
trum, which is then reweighted according to the desiredadigpectrum. This is done to ensure
that there is sufficient statistics for high energy eventshe®neutrino simulation uses an2
spectrum, which has better statistics in the energy randeldf TeV, the energy range of the bulk

of atmospheric neutrinos seen by IceCube.

9.1.2 Cosmic Ray Simulation

Atmospheric muons from cosmic ray air showers are simulasaty the CORSIKA (COsmic
Ray SIimulations for KAscade) prograaite using the SIBYLL hadronic interaction modeite.
Since the rates can vary over the year due to changes in tipetatare in the stratosphere, where
initial cosmic ray interactions typically occur, four mastfrom different seasons are simulated.
The atmospheric muon background is generated to test theiaity of cuts and to estimate the

contamination for the final muon sample.
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9.1.3 Propogation

Charged leptons are propogated through ice and rock by thenMiamte Carlo (MMC) pro-
gramcite. This simulates the energy losses due to ionization, padysstion, and stochastic losses
from bremmsstrahlung. The number@érenkov photons from the muon and any secondary show-
ers along the track are also calculated.

Photons in the ice are handled with the Photonics softwiee which is designed to use the
measured ice properties to guide propogation using theesicef and absorption at different points
in the ice. Tables with the photon amplitudes and timingritistions are pre-calculated for grid
points in the simulated volume, which makes the simulatienmory-consuming but greatly speeds

up the calculation of the detector response.

9.1.4 Detector Simulation

For photons which intercept a DOM in the Photonics packausy &re then given to another
package to simulate the transmission through the glassha@MT response, based on waveform
calibration done on DOMs before deployment. The pulsesead out by a program simulating
the PMT discriminator, digitization of the waveform, ancktlocal coincidence condition from
neighboring simulated DOMs. The same trigger conditioresadso applied as are run online as a
criterion for reading out the detector state.

The livetime of the background simulation is typically l¢san the livetime of the data due to
computational constraints. For the 40 and 59 string corditgums, the data livetime is roughly one
year, while the simulation of cosmic ray events is roughlg tmeeks. A simulation dataset with a

different weighting

9.2 Detector Performance

The knowledge of the true direction and energy of the padichjected with simulation allows

us to test the performance of the detector for point-souneéyaes. This requires us to have a good
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idea of the accuracy of the reconstructions along with thityabf the filter and event selection

chain to detect neutrinos of different energies.

9.2.1 Neutrino Point Spread Function

We use the point spread function (PSF) to characterize thipg ability of the detector,
which is essential for point-source searches. It uses thedA V) between the reconstructed
muon track and the direction of the neutrino primary to detee the spatial spread of events from

a true neutrino point source.

9.2.2 Neutrino Effective Area

The neutrino effective area is useful parameter to compéiiereht event selections across
different energy ranges. We can also use the neutrino piéesitea at a particular declinatiorto
estimate the neutrino event rate for differential flidx/d £:

av,(E,,9)

B (9.1)

Nevents((s) - /dEA,e/ff(Ewé)

The effective areas for the 40 and 59-string event sampéestawn in Figure? for a variety of
declination bands. The highest energy neutrinos are méea absorbed as they travel through
the bulk of the Earth, which can be seen here. The effect oétieegy cuts can be seen in the

downgoing region.
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Figure 9.1: Data and to Monte Carlo comparisons usign the inggmint source sample from
the 59 string configuration. Data is in black, the atmosgheautrino distributions using the
Bartol flux is in green, while the contribution from atmosphenuons is in blue. The sum of all
atmospheric simulation is gray, and the expected distdhiufor neutrinos with an? =2 spectrum

is in purple, with the normalization set to match that for aspheric neutrinos.
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Figure 9.2: The muon neutrino effective areas for the 40 ahating point source samples.
Upgoing declination bands are shown on the left, downgogdidations on the right. Bands are
plotted in the same color for the 40 and 59 string samples4thgtring effective area is dashed,

while the 59 string sample is solid.
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Chapter 10
All-Sky Time-scan

In this chapter we present the most general of the searclhéd) ¥8 designed to search over the
entire sky and livetime for a clustering of events in time apéce. The improvement in discovery
potential and the analysis method of reliably finding the insagnificant flare are described, and
results are presented. The output of the analysis is thesigrsficant clustering in time and space
for the time covered by the analysis, which searches fortmmarces of flaring emission from
time scales from 2@s (the minimum time between events in the 40 and 59 string ks an
entire year. The search is applied separately to the 40 astrisg samples, as the sensitivity of
the analysis is time-dependent, so the sensitivity for @iipgime covered by one sample is not
improved by adding data from another period.

The all-sky time-dependent search complements the alkskych applied separately to the
IceCube 40 and 59-string datasets. While a time-indepenaantts has the best sensitivity to
steady sources, a source which has emitted neutrinos fgradimhited period of time might not
be detected. The time-dependent analysis here scans fgmificgint excess with respect to back-
ground over all time scales (from sub-seconds to the fult)yateach direction of the sky. For
flares shorter than-100 days, the discovery potential of the time-dependentkdgpically be-
comes better than the time-integrated one, and in prin@@hort burst can be discovered with
only two events if they occur close enough together in timbe &dvantage of such untriggered
searches is their ability to cover all emission scenarieduding neutrino emission without any

observed counterpart in the electromagnetic spectrum.
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10.1 Method and Expected Performance

The method in [49] is adapted for this search to a real dategtb non-uniform acceptance
and deadtime. The non-uniform acceptance can be seen idéadtime compensation is shown
below in 10.1. The time-dependent probability density fiorcfrom Equation 8.4 for this search

is a Gaussian function:

. 1 (t; — TO)2)
Gtime ex _ 10.1
e ( - (10.1)

wheret; is the arrival time of the event, and fit parametesramdo, are the mean and sigma of the
Gaussian describing flaring behavior in time. The maxinmredf the test statistic returns the best-
fit values of the Gaussian mean (the time at which the flareg)eadd sigma (corresponding to the
duration of the flare). Both the background and expected nuaoflevents are small, distinguishing
a box-type function from a Gaussian would require many mesnis than required for as5
discovery, and we find that using either of these flare hypath@erforms similarly. It was found
that the fitting method used in this section worked betteln witontinuous function, so a Gaussian
functional form was chosen.

Because there are many more independent small time windanwsdtge ones, the test statistic
formula of Equation 8.5 is modified to include a marginali@atterm to correct for this effective
trial factor and avoid undue preference for short flares.[#8E marginal likelhood will be:

L(z5,ns,7) = 7[ 1 [ L@, ns, 7, Ty, 00) P(T5) P(logor)dT,d(log or) (10.2)
ologor
Where P(T,) = 1/T}, during detector uptime Since the search is for a localizeé-tilependent
behavior,T, has significant freedom over the livetiriig over many orders of magnitude for short

bursts. Integrating ovél, we can approximate the integral assuming an always-ontdetec

1 NGr .
[ L&, 13,5, Ty Or) - dT, = "L (i1, 4, T, ). (10.3)
To L L

The test statistic formula that is maximized is then:

TL % E(ns = O)
V2rop  L(hs, A, 60, Ts)

TS = —2log (10.4)
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where the first factor in the square brackets is the margiaiadin term and the second is the
likelihood ratio. T is the total livetime of data taking,, ¥, 61, T. are the best-fit values for the
number of signal events, spectral index, width and meanefGhussian flare, respectively. In
order to prevent the marginalization term from becoming kan 1, an upper limit is placed on
the flare widtho. This is done to prevent flares with zero amplituélg=0) from having a positive
test statistic, which would happen if the flare width were allowed to be greater than 2.

The numerical maximizer needs an initial candidate flardifat‘guess”). Due to the compli-
cated behavior of the time-dependent likelihood space naenical minimizer requires a starting
value which is close to the true minimum, which requires nasampling. To calculate this first
guess in this analysis we use the criteria to select events§yiB; > 1, whereS; and B; are
defined in Sectior??, omitting the time term. A plot of the values for this ratio@a$unction of
the distance from the tested point source location is sh®¥rA scan is performed over sets of
m temporally consecutive events, wherec2n < 5. So, for a stream consisting of time-ordered
events numbered 1,2,3,4,5,6,7..., the initial scan testste (1,2), (2,3), (3,4) etc., (1,2,3), (2,3,4),
(3,4,5) etc., (1,2,3,4), (2,3,4,5), (3,4,5,6) etc., an@,84,5), (2,3,4,5,6) etc. Each set is tested
using the described likelihood formula for compatibilitythva flare with an E? spectrum. The
candidate with the best test statistic (from Equation 18.4%ed as the initial guess for the param-
eters in the maximization. The 40-string analysis alsoguer$ additional scans over m = (10, 15)
consecutive events, and in the 59-string analysis, wher@timber of events is roughly a factor
of 3 higher than the 40-string sample, the number of sets mé@tutive scanned events has been
increased to add m = (10, 15, 25, 40, 65) improving the seitgito longer flares. This brings
the performance of the analysis close to that of the corredipg time-integrated analysis at large
time scales. Given that more than 5 events are requireddoodery foro; > 2 days (see Fig?),
if the maximumm is not increased, the method will occasionally only find asstlof the injected
events, hence increasing the total signal required to ¢hesthreshold for discovery.

Figure 10.2 (left) shows the mean number of injected evenis fa Gaussian time function
needed for &o discovery for 50% cases (black solid line) as a function ef diaration of the

flare o for a fixed source location at declination fl6° with the 40-string data. Sources at
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other declinations yield similar results. This is compaiethe number of events needed in a time-
integrated search (black dashed line): the number of evextded to discover a flare of 1s duration
is about a factor of 4 lower than for a time-integrated seafdhong timescales the flare search
performs only 10% worse than the time-integrated searam auth 2 additional free parameters
in the fit. In the same plot the median upper limits at 90% CL & for the time-dependent
search and for the time-integrated one. On the right theespanding fluence is given, where a
correction is introduced for the median dead time duringvemiflare as a function of the flare
width (see Figure 10.1).

The fact that the 50%dbdiscovery potential curve descends below the 90% mediaerdiopit
curve is due to the effect of Poisson statistics. The ungrigd search must observe at least two
events in order to identify a flare. For a simulated flaringrsewvhich injects a mean number of
eventsu, 1 must equal at least 1.68 for 50% of simulated trials corredp to 2 or more signal
events. Therefore, at the shortest timescales, the meaal sigeded for a discovery in 50% of trials
asymptotically approaches 1.68 events. We find the seigitiv90% CL saturates at 2.9 events,
which is already near the time-independent sensitivity. b5&vents and the statistical limit.. This
is the reason why the discovery potential curve is lower tharsensitivity in Figur&?.

The method is applied as an all-sky scan over a d@rigf (x 0.5°) in right ascension and dec-
lination. The final result of the analysis is the set of begtditameters from the location with the
highest test statistic value. A finatvalue for this analysis is obtained by performing the same
scan on scrambled data sets, and counting the fraction afndded sets which have a maximum

test statistic greater than or equal to the maximum founterdiata.

10.2 Results

Using the 40-string data, the location which deviates masnfthe background expectation
is found at (RA,Dec) = (254.75 +36.25). Two events are found, with a best-fit spectrgm
of 2.15, mean of the flaré, of MJD 54874.703125 (February 12, 2009) and width of 15

seconds. The two events are2apart in space and 22 seconds apart in time. Theg, ,(p-value)
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corresponding to this observation is 4.67. A clusteringighhr significance is seen in 56% of
scrambled skymaps, a result consistent with the null hygsashof background-only data.

Figures 10.3 to 10.5 show maps of the pre-tialalues and best-fit parametefs and or.
Figures 10.4 and 10.5 require that the best-fit number obsigvents be greater than zero, white
area corresponds to being consistent with no flare beingieéete

The most significant flare in the 59-string data is found at (&%) = (21.385, -0.25). The
peak of the flare occurs on MJD 55259 (March 4, 2010), and haislth w, of 5.5 days and a
soft spectral index of = 3.9. The—log,,(p-value) of the flare is 6.69, a value of which is found
in 14 of 1000 of scrambled maps. Figures 10.6 to 10.8 show rohfie pre-trialp-values and
best-fit parameterﬁ’o andor. Figure 10.9 shows the event weights from the position ofimam
significance plotted throughout the year, a clustering mieartime of the best-fit parameters is
clearly visible. The reconstructed directions of the 19 nwignal-like events with their time-

independent event weights can be seen in Figure 10.10.
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Figure 10.1: The fractional duration of randomly-simuthfares which occur during the uptime
for the 40-string configuration for a range of different flakgrations. The black line marks the
median fraction of fluence occurring during the detectatlime for a given flare duration, which
is used as a correction factor for the fluence of observedstl&@r instance, for flares shorter than
one minute, there is approximately an 8% chance of the flaverdog completely during detector
downtime. Flares longer than one day will always have somiestom during uptime; on average

92% of the total emission will coincide with usable run time.
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Figure 10.2: The 50% &b discovery potential and 90% median sensitivity in termshaf inean
number of events (left) and fluence (right) for a fixed source-E° declination. The number
of events for the median sensitivity and discovery potéfiathe time-integrated search are also
shown. Flares with @ of less than 100 days, or a FWHM of less than roughly half thal tot

livetime, have a better discovery potential than the stessdych.

Figure 10.3: The equatorial coordinate map showgthialue of the most significant flare in time
and space during the 40-string data taking period at eaetitwcof the grid where the likelihood
is calculated. The-value is indicated on the z-scale on the right, with the mmaxn at 16h 59m,

+36.25", The black curve is the Galactic plane.
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Figure 10.4: The equatorial coordinate map shows the best fite mean time of the flaré,
(MJD-54,000) for the most significant flare during the 40rgtrdata taking period found at each

location of the grid where the likelihood is calculated. Tita&ck curve is the Galactic plane.

Figure 10.5: The map in equatorial coordinates of the besidith o7, in days, of most significant
flare at a given location found using the 40-string data ahdacation of the grid where the

likelihood is calculated in the search. The black curve és@alactic plane.
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Figure 10.6: The map in equatorial coordinates of the @letrivalue for the 59 string dataset
all-sky flare search. The most significant flare can be seemeicenter-right at 1h 25m, -0.25

The black curve is the Galactic plane.

Figure 10.7: The equatorial coordinate map shows the best fite mean time of the flare,
(MJD-54,900) for the most significant flare during the 59rgfrdata taking period found at each

location of the grid where the likelihood is calculated. Ttack curve is the Galactic plane.
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Figure 10.8: The map in equatorial coordinates of the besidith o7, in days, of most significant
flare during the 59-string data taking period at a given locafound at each location of the grid

where the likelihood is calculated in the search. The blackesis the Galactic plane.

Calendar Date
2009.07.02 2009.10.01 2010.01.01 2010.04.02
: 1 : AL : I : LR

IceCube Events
Best-Fit Flare

10°

10*

10°

Time-Dependent Event Weight

10?

10 55000 55050 55100 55150 55200 55250 55300

Event Time (MJD)
Figure 10.9: The event weights tested from the most sigmifittare location from the 59-string
data at (RA=21.35 §=-0.25) and the best-fit spectral index af 3.9. The events are somewhat
low-energy and roughly® from the hottest location, only particularly standing oyt\irtue of

their time structure. The best-fit Gaussian flare is showedh r
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Chapter 11

Triggered Searches for Flares of Neutrino Point Sources

This chapter presents the introduction of astronomicarmftion as ara priori motivation
for time-dependent neutrino point source searches. Thergd®n is that in objects such as
blazars, emission in neutrinos and high energy photonsbsiltorrelated, and when there is an
enhancement in GeV-TeV photons there will also be an enmaecefor neutrinos detectable with
IceCube.

Two methods are described, depending on the temporal gefahe source in a particular
waveband. For both cases the method is described and résuttatalogues of flaring sources
are presented. The first method is used for sources with flargavebands where photon data is
comprehensive, and at any point in time the source can bécsshélin a h igh or low state; a second
method is used for sources or bands with sporadic coveragtharsource is mostly uncovered in
the waveband, the MWL data is used to makegmiori cut in time near a flare. For flares lasting
on the order of one day, MWL information can produce a disgpvéth about one third fewer

signal events with respect to untriggered searches ([49]).

11.1 Triggered Searches Based on Continuous Photon Obsetins

This section describes searches in which the photon olig@rsaare essentially continuous,
the flux measurements provided by the Fermi Gamma-Ray Spéescdpe are used. The source
selection was motivated by Fermi alerts, which are onlyadsfor sources seen at a flux level
greater than.5 — 2 x 1075 photons s! cm~2. The selected sources are listed in Table 11.1. These

sources include 23 objects seen to be flaring in either th&tdifg or 59-string datasets, or both.
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They are mainly FSRQs, with several BL Lac objects. The ligives were produced for this
work using the Fermi Public Release data, using the diffusesatvent selection. For each source
the Fermi Science Tools v9r15p2 package is used to select phétom within2° of each source
and calculate the total exposure. Photon events with zangles greater than 10%ere excluded
to avoid contamination due to the Earth’s albedo. Time binene day width were then used
to calculate an average flux. There are two modificationsitoptocedure: the blazar 3C 454.3
was seen in a massive outburst before official science opeif&tl], for this source the published
lightcurve is used. Also, the source PKS 1502+106 was nothd\e a large outburst immediately
before official science operations began, extending skdtaya after the public information begins
[20, 21]. PKS 1502+106 is taken to be flaring since the timdnefdlert at a fixed flux level. This
flaring activity is a possible orphan flare in hard X-rayscsithe SWIFT-BAT did not observe any
evident flare in the 15-50 keV band while SWIFT XRT and UVOT alied a flare in soft X-rays

and optical.

11.1.1 Method and Expected Performance

A Maximum Likelihood Block (MLB) algorithm [52, 53] is used toedoise the lightcurves
by iterating over the data points to select periods from idpet¢urves which are consistent with
constant flux once statistical errors are taken into accodie MLB algorithm compares the
likelihood that a set of points between andz, is compatible at a confidence level with the
change of state between the pointsandz.,; contained in the interval. The confidence level
requires that for a given set of data points frepto x; that the set of points from; andz. and

Zeq1 tO 2y DE:
E(xh xc)ﬁ(xc+17 If)
L(x;,xyf)

whereL(z,, x;) represents the likelihood that a set of points frognto x, represents a constant

log > log C', (11.2)

flux state from the source between the points, @nd the confidence level. The level of the flux
state is determined using the error-weighted mean of thetptested. The method iterates over
the different possible changepoints taking the most likely changepoint for the entire dataset a

iterating over each subsection of the data. We tested valukeg C' from 1 to 1000, for values
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below 5, the typical denoised lightcurve typically followah data point, for values from 9 to 100
very similar results for the denoised lightcurves were thuiihe final value ofog C used in the
analysis was 20.

With the hypothesis that the intensity of the neutrino erais$ollows the intensity of the pho-
ton lightcurve, the signal time PDF is simply the normalitigtitcurve itself. A slightly modified
hypothesis is that the neutrino emission follows the lighte, but only when the photon flux goes
above a certain thresholfl,. In this case, the value df};,, can be used as a free parameter in
the analysis, finding the value of the threshold which mazésithe significance of the data. This
method also avoids any penalty from making an incoreeptiori choice on a flaring threshold.
F(t;) is defined as the value of the denoised lightcurvg and the fit parametefy,, is the flux
threshold below which no neutrino emission is assumed §i&°=0 if F(¢;) < Fy;,). In the case
of F'(t;) > Fi,, the probability of neutrino emission is assumed to be priagaal to the flux level

above that threshold:

F(t;) — Fu
Ny ’

where the normalization factay, is the integral of the denoised lightcurve above the thriesho

time __
stime —

(11.2)

This time-dependent pdf is then used as before in Equatibn Bhis method is illustrated in
Figure 11.1.

The effect of adding this additional degree of freedom infthean be seen in Figure 11.2.
The effect is small compared to the penalty of fixing the thoés to an incorrect value. The effect
of allowing an unknown lag up te-50 days between the photon and neutrino emissions was also
tested, and was found to give a marked increase in the nunfleeats required for discovery.
Hence, we used the method allowing only up ta@5 day lag that accounts for the 1 day binning

of lightcurves.

11.1.2 Results

The results from all sources using the combined 40 and &%gsiiata are listed in Table 11.1.
The most significant source is PKS 1622-253, which has arfaleptvalue of 8%. The method

finds two events during the strongest flare during April 20¥ find ap-value which is more



84

significant from any of the sources in 53% of scrambled sasppiich is compatible with back-
ground fluctuations. The analysis was first performed usimyg the 40-string data, the most

significant source is PKS 1502+106, with a pre-tpatalue of 5%, which occured in 29% of

scrambled trials.
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Table 11.1 — continued from previous page
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Table 11.1: The sources and locations of the 23 objectsdtesitéy the continuous lightcurve
search. Also plotted are the denoised light curves withithe-independent event weights at the

source location. If a non-zero best-fit threshold on thettigtve is found, that is also plotted.

11.2 Triggered Searches Based on Intermittent Photon Obseations

Ground based observatories such as HESS, MAGIC, and VERITABotanonitor sources
continuously, because they can only operate when thereos gighttime visibility. Their obser-
vations are nevertheless extremely important for neusearches, because they detect photons at
TeV energies that are potentially better correlated tomeas of the energies to which IceCube is

sensitive. While these observatories can issue alerts fwcs@ctivity, they often cannot constrain
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the beginning or end of the activity to within a few days. Fars such as these, the present
analysis uses a simple time cut, taking a window for evengsdaty before and after the identified
flare. The catalogue corresponding to the 40-string datades a recent suspect “orphan flare” at
the level of 10 Crab from Mrk 421 observed by VERITAS and MAGIQ,[23].

11.2.1 Method and Expected Performance

The nature of this analysis is a simple cut in time betwggnandt,,..., which can be expressed

as:

H(tmax - tl) X H(tz - tmin)

time __
Stime —

(11.3)

z(:max - tmin

wheret; is the arrival time of the event,,., andt,,;, are the upper and lower bounds of the
time window defining the flare, anl is the Heavyside step function. This time-dependent signal
pdf is then used in Equation 8.4. In this analysis, the sigopllation size:, and spectrum index

~ are the only fit parameters.

11.2.2 Results

Of the six sources tested with the 40-string data (Table)1fiv2 showed no excess of events
in the vicinity of the sources during the selected time p#sidhe final post-triab-value for the
40 string analysis combined these flares and 11 sourcesrsedmeightened state with the Fermi
LAT, and is 29%.
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Figure 11.1: (Left) An example of the one-day binned Ferghtcurve (blue points, with statistical

errors) and denoised lightcurve (pink solid line) for thazar PKS 1510-089 during the 40-string
data taking period. The dashed line is an example fit threshdhe lightcurve begins here on

August 10, 2008 (MJD 54688), when Fermi science operatiegai, while the time axis shows
the entire 40-string data taking period. (Right) The timeymsHd in the neutrino signal hypothesis
corresponding to the example photon threshold shown ineftegtaph § x 10~¢ photons s!

cm2).



94

= = = = Discovery Potential, Fit Threshold and Lag

| == === Discovery Potential, Fit Threshold
: Discovery Potential, Known Threshold
= mmmmn Discovery Potential, Time-Integrated Search

[N
=

10

Mean Number of Events
Mean Number of Events

2
Time %%ove Threshold for I‘;I'r?'nission (day)

10
Threshold for Emission (photonsls/cmz)

Figure 11.2: The plot of thés 50% discovery potential for the source PKS 1510-089 (theseor
sponding lightcurve is shown in Figure 11.1), as a functibthe true flux threshold for neutrino
emission (left) and as a function of the duration the lightetspends above the threshold (right).
The discovery potential curves are plotted for the timegnated case (black short dashed line),
and from bottom to top for the case where the threshold is fizetie true threshold (solid red
line), the case where the threshold is a free parameterk(bdag dashed line, used in this anal-
ysis) and the case where there is an unknown lag (up & days) between GeV and neutrino

emission (blue dashed line).



Source dec ] | ra[’] | Alert Ref. Time log Fin | log Fnax | p-value Fluence
Window (GeV) (GeV) | (pre-trial) Limit

(MJD) (GeV/cnt)
Markarian 421 | 38.2 | 166.1 [54] 54586-54592 3.3 5.8 — 151

[23] | 54621-54631

W Comae 28.2 | 1854 [55] 54623-54627 3.4 6.0 — 1.32
S50716+714 | 71.3 | 110.5 [56] 54572-54582 3.0 5.3 0.34 3.26
SGR 0501+4516 45.3 | 75.3 [57] 54700-54706 3.2 5.7 — 1.72
1ES 1218+304| 30.2 | 185.3 [58] 54859-54864 3.4 6.0 — 1.43
Markarian 501 | 39.8 | 253.5 [54] 54951-54953 3.3 5.8 — 1.78

Table 11.2: Flare list seen with occasional coverage duhed0-string data-taking. References are for the alerttwriompted
the selection. The-value is calculated only whei, is greater than zero. The flare windows for Markarian 421 veeided

together, only one-value and upper limit for both periods is calculated.

G6



96

Chapter 12

Periodic Emission Search

This chapter outlines a search for neutrinos emitted byrpisgstems in the galaxy which
are thought to be particle accelerators. These binary mgstgpically contain a large OB or
Wolf-Rayet star and a compact object such as a neutron stdack bole. Gas from the star is
gravitationally pulled off by the compact object, forming accretion disk. The result is an object
which is a diminuative version of an active galaxy, objectdcl are seen to emit jets of matter
are termed “micro-quasars.” We present the results of theckeusing the 40 string data, and
comparisons to emission models for the binary objectsdeste

The binary system LS | +61303 has been observed to have a periodic modulation of thepho
emission in the TeV and Ge¥ bands [59, 60], this search is extended to other microqaasat
binary systems. The modulation in the LS | #6303 emission is interpreted as an indication of
the absorption ofy-rays in the system depending on the relative position obtheerver and the
accelerator. Also included in the catalogue are sourceshve not been observed in TeV
rays, but exhibit modulation in lower energy bands and haké&al periods obtained from optical
observations. Photons from the jet of the compact objectbeaabsorbed in the massive star
companion when it is between the compact object and the Eauberior conjunction), while
neutrinos may be produced close to the superior conjunotievhen the jet skims the edge of the
massive star. It is assumed that the neutrino emissiongerie same as for photons, but in this
search the phase is left as a free parameter in the methoel sienisitive to possible shifts in phase

between neutrinos and photons.
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12.1 Method and Expected Performance

This search obtains the best fit values for the signal frac8pectral index, and the peak phase
and duration of neutrino emission by maximizing the likebl ratio. As a signal hypothesis, a

Gaussian emission repeating each orbit is assumed. Hemtendrdependent pdf is:

, 1 _lei=wol
Spme = e 12.1
i oo (12.1)

whereo is the width of the Gaussiamp, is the phase of the event ang is the phase of the peak
of the emission. The fit parameters areand,.

Comparing to the unbinned time-integrated analysis, thecke@r periodicity in neutrino
emission results in a better discovery potential if the tlonaof the emissioro is less than
about 20% of the total period (see Figure 12.1). As the timgeddent search adds two additional
degrees of freedom to the analysis, the discovery potdatraughly 10% worse if neutrinos are
actually emitted at a steady rate or over a large fractiomefoeriod. If the emission hasoa of

1/50 of the period the method requires half as many eventisoovery.

12.2 Results

Seven predefined sources are tested, listed in Table 12ty the 40-string event selection,
and found that the most significant deviation is for Cygnus. X43e pretrial p-value of this source
is 0.00186, where an equivalent best p-value from any ofdbeces is found in 1.8% of scrambled
samples, a result which is compatible with random fluctutid’ he peak emission is found to be
at phase>, = 0.8, andar = 0.02. The best-fit number of source eventajs= 4.28 and spectrum
is soft aty, = 3.75. In a one-degree bin centered on Cygnus X-3, 4 events areveloseith a
mean background of 1.9 events.

Fig. 12.2 compares the 40-string time-integrated limitdye®omodel predictions in [4] for each
source. The model predicts the neutrino flux based on thatreeliluminosity associated to the
jet from radio observations in quiescent states and durangdl The duration of flares is specified
in Tab. 4 in the paper. The figure shows limits for both the igegat case and the time dependent

one for a time window similar to the observed flare but not cigient to it (since IceCube was not



Period p-value To Po or Time-Dependent UL| Time-Integrated UL

Source (days) | (pretrial) (MJD) (phase) | (period=') | Reference| (TeV—lcm=2s~1) | (Tev—lcm2s71)
Cygnus X-3 0.199679| 0.00186 | 53760.583997| 0.819 0.02 [61] 3.0110- 11 6.6410~12
Cygnus X-1 5.5929 0.080 41874.707 0.031 0.02 [62] 4.0810~12 7.4110—12
LS 1+61° 303 26.498 0.23 43366.775 0.916 0.02 63] 1.8210 1t 9.7810~12
GRS 1915+105| 30.8 0.43 53945.7 0.502 0.045 64] 25710712 3.231012
SS 433 13.0821 0.35 50023.62 0.779 0.02 [65] 3.151012 3.031012
XTE J1118+480| 0.169934| 0.28 52287.9929 | 0.985 0.132 [66] 7.2910712 8.1810 12
GRO J0422+32| 0.21214 0.037 50274.4156 | 0.831 0.02 [67] 1.4610- 11 6.8910 12

Table 12.1: System name, period, pre-trial p-value, andithe of zero phase for the binary systems testedis the fraction

of the standard deviation of the best-fit Gaussian of theodeof the binary system. Also included is the reference used f
the orbital information. In the last columns we give the uppaits of Feldman-Cousins [1] 90% confidence intervals a&s th
normalization on an B spectrum flux for the time-dependent and integrated hygethéor the 40 strings data. The upper

limits also incorporate a 16% systematic uncertainty.

86
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active at the time of radio observations noted in the paper).the persistent case of SS 433 the
model predicts more than 100 events during the 40-string td&ing period, which is excluded at

greater than 99% condence level. It should be considereditbauthors indicate in their paper

that the model may be biassed by the fact that the sourcermsuted by a the diffuse nebula W50

that can affect the estimate of the radio emission used imtbael for SS 433.

The main parameters on which the neutrino flux depends imtbigel are: the fraction of jet
kinetic energy converted to internal energy of electrorgs rmagnetic fieldy,; the fraction of the
jet luminosity carried by accelerated protons, and the fraction of energy in pion., which
strongly depends on the maximum energy to which protons eaacbelerated. The case of a
3-day burst of Cygnus X-3 is used as an example of how the paeasnare constrained by the
IceCube results. We assume equipartition between the magdiedéds and the electrons and the
proton componenty, = 7.) for setting a constraint ofi, < 0.11. If equipartition does not apply,
itis assumed thaf; = f: ,c.x as given in Table 2 in the paper (for Cygnus X3,.. = 0.12) and
constrainy, to be less than 92% of.. Deriving these limits it is assumed that the Lorentz factor
of the jet is well known from radio measurements, but in maases there is a large uncertainty on
this parameter. Overall the constraints are roughly at tbdehpredictions, but will be improved

by the addition of more data.
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P=0.5 50 Discovery, Time Dependent Search

P=0.9 Median Upper Limit, Time Dependent Search
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Figure 12.1: Discovery potentials€£5n 50% trials, solid black lines in the plot) and the median
sensitivity at 90% CL calculated with the Feldman-Cousingf&kcription (solid and dashed blue
lines) for the periodic search applied to the 40-string dadéso shown are the values for the

time-integrated search [3] (dashed lines).
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Figure 12.2: The time-integrated upper limit (UL) at 90% Clcisnpared to the expected number
of events for model predictions according to [4] for speaarces for the 40 string configuration.
The neutrino energy range used to calculate the total numibevents is10® — 5 x 10 eV,
compatible to what assumed in the model. For non persistérftasing sources, the parameters
of the model were estimated for flares observed before IceCabstruction. Hence the time-
dependent upper limits are calculated averaging over aidaraqual to the model flare during
40-string data taking (indicated as MUL in the legend). L$1%*303 is assumed to be a periodic

flaring source in a high state during 26% of the orbit.
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Chapter 13

Conclusions

still from flare paper In this paper we discuss four time-dependent searches:ravaatrig-
gered” and scan over direction, energy and time to look fastelrs of neutrino events; the others
are “triggered” by multi-wavelength information. While tHiest two searches are generic and
sensitive to flares not seen in photons, the others are mosgtige because of the reduced trial
factor but concern specific catalogues of variable sourtese-dependent searches can be more
sensitive to short flares thanks to the reduction of the backgl of atmospheric muons and neu-
trinos over short time scales. The untriggered search foe@ghined catalogue of variable sources
shows a post-trigh-value of 95% and upper limits on the fluence are calculategl Table??). The
all-sky scan over all directions finds that the most significduster of events is separated in time
by 22 s and in space 37 and has a-value of 56%. The most significant observation of a flare
from catalogues compiled using Fermi-LAT and IACT alertsinigithe 40-string configuration
data taking is PKS 1502+106, withpavalue of 29% after trials. The most significant flare during
the 22-string configuration is S5 0716+71 witlp-&alue of 14% after trials. All these results are

compatible with a fluctuation of the background.
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