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Abstract
We present the results of multiple electromagnetic searches for counterparts of high
energy neutrinos detected by the IceCube and ANTARES neutrino observatories.
A long standing problem in astrophysics is the cosmic ray origin problem. Due
to their electric charge, cosmic rays deflect in the interstellar and intergalactic
magnetic fields, obfuscating their origins. Similarly, the origins of high energy
neutrinos are largely unknown, with only one positively identified source, the blazar
TXS 0506+056.
Multimessenger astrophysics offers a method to discover the sources of high
energy cosmic rays and neutrinos. The mechanisms that produce cosmic rays and
neutrinos are very likely to also produce high energy γ-rays. Coincident searches for
γ-rays and neutrinos have the potential to reveal the sources of high energy cosmic
rays and neutrinos. Such searches have already borne fruit, with the coincident
detection of TXS 0506+056.
This thesis details several searches for ν+γ transients, their results, and what
they may indicate for future searches. The first search detailed is a blazar flare
analysis, looking for neutrinos coincident with TeV γ-rays from several bright
northern blazars. This search found a statistical excess of neutrinos during blazar
flares, but indicated that the blazar Markarian 421 is a strong candidate for either
detecting or limiting neutrino emission from blazars.
The second and third projects utilized the Fermi-LAT γ-ray data to search for
electromagnetic counterparts to high energy neutrinos. These searches both looked
for a population of subthreshold ν+γ transients, and for an excess of individually
high significance ν+γ transients. Using neutrino data from the IceCube 40 and
59 string datasets, we found no evidence of a subthreshold population of ν+γ
transients, and no individually high significance events. We did observe a trend for
IC59 neutrinos to arrive in regions of the sky that were TeV bright (p=7%) and
would like to see if this behavior persists in other neutrino datasets. Our search
with archival ANTARES data likewise found no subthreshold population of ν+γ
transients.
In parallel with these searches, we also performed X-ray followup to IceCube
iii

detections of likely cosmic neutrinos using the Swift satellite. These searches are
important to the field of multimessenger astrophysics as they are what led to the
detection of the neutrino emitting blazar TXS 0506+056. Targeted coincidence
searches, especially time sensitive searches, are essential to finding more neutrino
sources and identifying the sources of high-energy cosmic rays.
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Chapter 1
Introduction
Particle astrophysics probes some of the most extreme environments in the universe.
On Earth, we can observe single protons and other nuclei with kinetic energies on the
order of macroscopic objects. Understanding where and how such particles originate
would allow us to better understand these extreme environments. Unfortunately,
the highest energy cosmic rays are all charged particles, and thus are deflected in the
Galactic and intergalactic magnetic fields, meaning we cannot pinpoint their origin
with sufficient precision to identify individual sources. Fortunately, the acceleration
of charged particles to such extreme energies will also produce other particles. Any
acceleration of charged particles will always produce photons from thermal emission
and synchrotron radiation. Photons can be boosted to high energies through inverse
Compton scattering, while pion production and decay will produce both high energy
photons and neutrinos. Unlike charged particles, neutrinos and photons can both
propagate through space without significant deflection, though photons can be
absorbed through interactions with background light and dust.
Neutrinos thus serve as a very useful particle for particle astrophysics. Electrically neutral, neutrinos only interact via gravity and the weak force, which
means they propagate through space unaffected by the strong and electromagnetic
interactions that can interfere with other particles. But this property also makes
them rather difficult to detect. With our current detectors, we have no defined
point sources detected through neutrino observation alone. And that is where
multimessenger astrophysics come into play.
Multimessenger astrophysics is a new and rising field of study. As cosmic rays
do not point back to the source, and there are no solo neutrino sources, the best
1

bet for finding new sources is to search for temporal and spatial coincidences of
multiple messenger particles. Such methods have already borne fruit, most notably
in the coincident detection of γ-rays and gravitational waves from GW170817,
with significant multi-wavelength followup exploring the subsequent afterglow [1].
Multimessenger observations also led to the observation of a neutrino from the
blazar TXS 0506+056 [2].
In this introduction, I will first provide a brief history of particle astrophysics,
followed by a discussion of the production of high energy particles, and a discussion
on the detection of these particles. The work will present several new searches
we made to search for ν+γ coincidences, and some of the work we have done to
establish a real-time alert system for ν+γ coincidences.

1.1 A Brief History to Particle Astrophysics
Most scientific discoveries can be traced back to a simple observation and the
questions it raised. The story of particle astrophysics begins with the observation
that an isolated and insulated electroscope would sometimes spontaneously discharge
(see Fig 1.1). This process was first observed in the 18th century, and in 1785,
Charles-Augustin de Coulomb observed that this behavior persisted even in a well
insulated electroscope [3]. Michael Faraday later confirmed this result in 1835 using
superior insulation.
The mystery was partly solved with the discovery of radioactivity in 1896 by
Henri Becquerel. Becquerel observed uranium salts emitting penetrating radiation
originating from the salts themselves, and could not be attributed to any external
effects. Following this discovery, Marie and Pierre Curie (Fig 1.2) began studying
this radiation. Using an updated electrometer, Curie observed that the radiation
released by uranium caused the air around a sample to conduct electricity. Furthermore, Curie noted that a charged electroscope would quickly discharge when
placed near these radioactive materials [3].
Despite this progress, electroscopes far removed from known radioactive sources
were still observed to spontaneously discharge. In the early 20th century, it was
theorized that the majority of the background radiation originated in the Earth’s
crust. In 1909 Jesuit priest and German physicist Theodor Wulf developed a more
sensitive and portable electroscope, and used it to measure ionization rates at
2

Figure 1.1: Diagram of an electroscope. When a charged object is moved near
the plate atop the jar, the induced charge separation causes the metallic foil to
separate. Image is public domain.
various locations within Europe. He theorized that if the Earth were the primary
source of radiation, moving further away from it would show decreased radiation
levels. To this end, he compared ionization rates at the top and bottom of the
Eiffel tower in 1910. His results were ultimately inconclusive as although he did
measure a decrease in ionization rates at the top of the tower, it was not as much
as expected and not statistically significant [4].
As a followup to Wulf’s efforts, Victor Hess took several Wulf electroscopes up in
a balloon. In a series of flights between 1911 and 1913, Hess made measurements of
ionization rates up to an altitude of 5400 m. As seen in Fig 1.4, Hess saw ionization
rates hold steady for the first kilometer and then increase to over four times the
ground rate [5]. To rule out the Sun as a potential source, Hess took several flights
at night and during the solar eclipse of April 7, 1912. Werner Kolhörster later
3

Figure 1.2: Photograph of Marie and Pierre Curie in their lab, circa 1904. Image is
public domain.
confirmed Hess’s results in 1914, himself flying to an altitude of 9200 m (Fig 1.4, [6]).
Despite the strong evidence provided by Hess and Kolhörster, the extraterrestrial
origin of the radiation was not widely accepted at first. Hess himself did eventually
get the Nobel prize for his work, in 1936. After World War I interrupted scientific
research, serious experimentation on cosmic rays began again in 1926, when Robert
Andrews Millikan and Harvey Cameron made radiation measurements at both
high altitude and at the bottom of lakes [3]. They concluded that the radiation
originated from particles moving through space equally in all directions, and thus
should be called cosmic rays. Millikan believed that cosmic rays were primarily
γ-rays produced in interstellar space by the fusion of hydrogen [7]. This idea was
brought into question when Jacob Clay made measurements of ionization while
traveling from Java to Genova. He observed a higher radiation intensity as he
4

Figure 1.3: Victor Hess (center) returning from one of his balloon flights in August
of 1912. Image is public domain.

5

Figure 1.4: Ionization rates as measured by Hess and Kolhörster. Data taken
from [6].
moved away from the equator, demonstrating cosmic rays interacting with the
Earth’s magnetic field [3].
With the development of the Geiger counter in 1928, more evidence confirmed
that cosmic rays consisted of charged particles. Several experiments by Bruno
Rossi [8], Luis Alvarez, Compton [9], and Thomas Johnson [10] demonstrated that
at the equator, more cosmic rays came from the east than from the west, indicating
they had a positive charge and were very likely protons [3].
Due to their electric charge, cosmic rays will deflect in magnetic fields and thus
do not point back to their point of origin and cannot be used directly to identify
the sources of the highest energy particles. However, useful information can still
be obtained from their energy distribution, shown in Fig 1.5. Whenever charged
particles are accelerated, they will produce electromagnetic radiation. Since this
radiation points back to the source, observations of the highest energy gamma ray

6

sources can be used to try and find cosmic ray sources.

1.1.1 History of γ-ray Astronomy
For much of the early 20th century, scientists were fairly certain the universe
contained numerous sources of γ-rays. Cosmic ray interactions, supernovae, and
other processes were all theorized as γ-ray sources. The first γ-ray telescope was
the Explorer 11 satellite, launched in 1961. Explorer 11 observed fewer than 100
photons in its first year, arriving from all directions.
Gamma Ray Bursts, or GRBs, were discovered by accident in the 1967. Following
the Nuclear Test Ban Treaty, the US launched the Vela satellites to search for the
γ-ray signature from Soviet bomb tests. Instead of detecting nuclear bombs, the
Vela 3 and Vela 4 satellites observed flashes of γ-rays from space [11].
Since the 1960s, numerous satellites have been launched to study the γ-ray
sky. Notable satellite missions have been SAS-2, Cos-B, and the Compton Gamma
Ray Observatory (CGRO). Currently, the best satellites for surveying the sky
are the Swift and Fermi satellites. Swift offers a wide field of view at the hard
X-ray energies, with the ability to perform in-depth X-ray and UV/optical followup.
Fermi has a wide field of view and the ability to survey the sky over a very wide
range of γ-ray energies.

1.1.2 History of Neutrino Astronomy
The neutrino was first mentioned in 1930 by Wolfgang Pauli to explain beta decay.
Pauli theorized a very light or massless, electrically neutral particle was carrying
away some of the energy, momentum, and angular momentum from the decay. The
name neutrino came from the Italian for “little neutral one.” Since the neutrino
only interacts via gravitation and the weak force, it remained undetected until
1956 [12].
Atmospheric neutrinos, created by cosmic rays striking the atmosphere, were
first discovered in 1965. Solar neutrinos were discovered shortly after in 1968 [13],
making the Sun the first identified multimessenger source. But the observation of
solar neutrinos created a new problem. The measured solar neutrino flux was only
a third of what should be expected based on our understanding of solar physics.
This problem was eventually solved with the discovery of neutrino oscillations [14].
7

Figure 1.5: Plot of cosmic ray flux vs energy. Image is published under Creative
Commons 3 and was taken from [3].

8

Neutrinos come in three flavors, electron, muon, and tau. As they propagate
through space, these flavors are not fixed, and a neutrino will oscillate between
flavors.
The supernova of 1987, SN 1987A, was the second ever multimessenger detection.
Around three hours prior to the first observation of visible light from the explosion,
neutrino detectors across the world recorded a burst of neutrinos. This neutrino
burst provided strong evidence for the core collapse supernova model [15].

1.1.3 Multimessenger Astrophysics
There are four fundamental messenger particles in astrophysics, photons, cosmic
rays, neutrinos, and gravitational waves. Of these messengers, only photons have
provided us with a multitude of well localized sources. Gravitational waves have
found numerous sources, but few are well localized, and only one has been observed
to have an electromagnetic counterpart. Cosmic rays do not point back to their
original source due to their electric charge.
Currently, there are only three known astrophysical neutrino sources. The Sun
was the first to be detected, and it remains the best studied persistient neutrino
source. The other two sources were detected through multimessenger observations.
The first extrasolar neutrino source to be detected was the supernova SN 1987A. The
second was the blazar TXS 0506+056, discovered in the X-ray and γ-ray followup
of a high energy IceCube neutrino. Multimessenger followup of gravitational wave
events lead to another multimessenger source, the neutron star merger GW170817.
The subsequent multiwavelength followup gave us a wealth of information on gamma
ray bursts and nucleosynthesis.

1.2 Production of High Energy Particles
The γ-ray sky, as shown by CGRO and Fermi, contains a multitude of sources.
There are two main models to how a source can produce high energy γ-rays.
Leptonic models produce only γ-rays, while hadronic models produce cosmic rays.
A significant fraction of these cosmic rays are absorbed either at the source or in
the interstellar medium (ISM) around the source and decay to produce photons
and neutrinos.
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1.2.1 Leptonic Models
Much of the emission from active galactic nuclei (AGNs) and other energetic sources
arises from leptonic processes. These models produce an emission spectrum that
very closly matches the observed emission spectrum from AGNs [16, 17] In this
model, relatavistic electrons and positrons are accelerated in magnetic fields. The
acceleration of charged particles will always produce electromagnetic radiation.
The radiated power can be described by the relativistic Larmor formula [18]:
P =−

dE
2e2
= 3 a2
dT
3c

(1.1)

where e is the electron charge, c the speed of light, and a the acceleration of the
particle. Assuming a relativisic particle with a Lorentz factor Γ in a circular orbit,
2
the accleration becomes a = Γ2 vR where v is the velocity and R the orbital radius.
Combining this information [18], we can modify the equation to become
−

4
dE
= σT cUB Γ2
dt
3

(1.2)

where σT is the Thomson cross section and UB the magnetic field density [18].
Photons produced via synchrotron radiation usually have their spectral peak
between infrared and X-ray energies, with the exact location depending on the
strength of the magnetic field and the Γ factor of the electrons. If the emitting
region is dense, the electrons and photons can interact, usually by inverse Compton
scattering. In Compton scattering, a photon will elastically scatter off an electron,
losing energy in the process, and experiencing a wavelength shift given as [19]:
λ0 − λ =

h
(1 − cos θ)
me c

(1.3)

where λ and λ0 are the initial and final wavelengths of the photon, h Plank’s
constant, me the electron mass, c the speed of light, and θ the scattering angle.
The net effect is the transfer of some of the energy to the electron. However, if the
electron is moving, and especially if the motion is relativistic, the inverse of this
process can occur. In inverse Compton scattering, an electron transfers some of its
kinetic energy to the photon, often greatly boosting the energy of the photon.
These two effects create a double-peaked energy distribution. The low energy
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peak is caused by synchrotron emission, while the higher energy peak is caused
by some of the synchrotron emission getting boosted by inverse Compton scattering. Both of these processes produce an energy spectrum following a power law
distribution. Given a power law index ae for the parent electron population, the
spectral index for the synchrotron and inverse Compton emission will be given by
(ae − 1)/2 [18].

1.2.2 Hadronic Models
There is one other set of models for the production of high energy γ-ray, the hadronic
models. When protons, nuclei, or other hadrons are accelerated to sufficient energies,
collisions with ambient gas, photons or other accelerated hadrons will produce
numerous other particles, including charged and neutral pions and kaons. This can
occur when cosmic rays interact with the interstellar or intergalactic medium, or
other particles close to the source. Neutral pions decay as
π 0 → 2γ

(1.4)

In the rest frame, each photon produced via pion decay will have an energy
equal to half the pion rest mass, or 67.5 MeV per photon. Since pions are a spin 0
particle, the photons emission will be isotropic. But since the pions are produced
with relativistic velocities, the resulting gamma rays will also have boosted energies.
The observed gamma ray energy can be given as
Eγ = ΓEγ∗ + βΓp∗γ cos θ

(1.5)

where β is the speed as a fraction of the speed of light, γ the Lorentz factor, and
pγ the momentum of the photon. Quantities marked with * are measured in the
rest frame.
The decay of charged pions is slightly more complex, with the first decay
producing a muon that subsequently decays as well
π + → νµ + µ +
µ + → ν µ + νe + e +

(1.6)

In this interaction, each particle will carry approxmiately 1/4 of the pion
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Figure 1.6: Spectral Energy Distribution (SED) for synchrotron emission, inverse
Compton scattering, and hadronic pion decay. Image taken from [18]
energy. Taking into account the probabilities of an interaction producing charged vs
neutral pions, we find that on average, the γ-ray luminosity will be approximately
three times brighter than the corresponding neutrino luminosity [18]. This γ : ν
luminosity ratio can range from 2:1 to 4:1 depending on whether the interaction is
proton-proton, or proton-γ. Spectra from both processes are shown in Fig 1.6

1.2.3 Production of Cosmic Rays
Excepting the blazar TXS 0506+056, the sources of extragalactic cosmic rays
remain unknown, though many have been theorized. The cosmic ray spectrum
shows several spectral breaks, where the power law index appears to change. This
indicates the presence of several source populations producing cosmic rays at
different energies.
The primary theory for the production of cosmic rays is shock acceleration,
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also known as Fermi acceleration [20]. In this model, a high velocity shock wave
provides energy to particles in its path. A fraction of the particles can bounce
across the shock wave multiple times, gaining energy with each bounce. Fermi
acceleration produces cosmic rays with a power law spectrum.

1.3 Propagation and Sources of High Energy Particles
As energy increases, the chance for photons to interact with background light
increases. The further a γ-ray travels through space, the more likely it is to
experience a photon-photon collision with a visible or infrared photon. When this
happens, the collision will create an electron-positron pair. This process has the
net effect of softening the γ-ray spectrum of any distant sources without changing
the integrated energy flux of the source [21, 22].
Cosmic rays also experience attenuation. As energy and travel distance increase,
cosmic rays become more likely to interact with other particles in space. At the
highest energies, a proton can collide with a photon from the cosmic microwave
background as part of the ∆ resonance:
p + γCMB → ∆+ →



p + π 0

n + π +

The generated pions will then decay, producing energetic gamma rays and neutrinos.
This effect is called the GZK after the scientists who first proposed its existence,
Kenneth Greisen [23], Vladim Kuzmin, and Georgiy Zatsepin [23]. The decay of
the ∆+ always produces a pion, with neutral pions decaying into two gamma rays,
and charged pions decaying into muon neutrinos and muons, which ultimately
decay into electrons, muon neutrinos and electron neutrinos. The net effect of this
interaction is to convert some of the cosmic ray flux into γ-rays and lower energy
neutrinos [23, 24].
The propagation of cosmic rays and γ-rays also leads to emission from molecular
clouds. Molecular clouds are regions of space where the matter density is high
enough to permit the formation of molecules. When high energy γ-rays interact
with atoms, they can form an electron positron pair. These particles can further
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interact with the molecules to produce lower energy γ-rays and sometimes more
electrons. Cosmic rays can interact with the clouds producing pions, which will
decay to produce photons, electrons, and neutrinos. These processes allow molecular
clouds to act as γ-ray and neutrino sources when illuminated by high energy γ-rays
and cosmic rays [18].
Despite significant work by numerous collaborations, the sources of high energy
neutrinos and extragalactic cosmic rays remain unknown, excepting TXS 0506+056.
The vast majority of γ-ray sources in our Galaxy are in the Galactic plane, with
the main source classes being supernova remnants, pulsar wind nebulas, and the
Galactic center.
Supernova remnants (SNRs) such as the Crab Nebula are left behind after a
supernova explosion. One of the most important features of SNRs is the shock
wave produced in the supernova. This shock wave can boost particles via Fermi
acceleration [20]. SNRs are thought to provide the primary source of galactic cosmic
rays. This cosmic ray acceleration has the side effect of creating γ-rays through
hadronic processes, meaning SNRs could also be a source of high energy neutrinos,
though neutrino emission has yet to be observed from any SNR.
A pulsar wind nebula, such as the Vela pulsar, is a special class of SNR where
the core of the supernova explosion has collapsed into a rapidly rotating neutron
star. This neutron star emits a narrow jet within the radio frequency, which is
visible on Earth as a rapid series of radio pulses. Pulsars have a strong magnetic
field which, coupled with their rapid rotation, can power an electron-positron wind
at relativistic velocities. Leptonic emission from the wind interacting with the
intersteller medium produces majority of the γ-rays [25].
Diffuse γ-ray emission occurs across a range of environments within the Galaxy.
This emission can be from pions created from cosmic ray interactions in the
interstellar medium (ISM), inverse compton scattering of background photons by
electrons or cosmic rays, or from γ-ray interactions in the ISM. Another diffuse
source are the Fermi bubbles. Discovered with the Fermi-LAT satellite in 2010,
these are extended regions of hard γ-ray emission above and below the galactic
plane. The origin of Fermi bubbles is currently unknown [26].
The other relevant sources are extragalactic: Gamma Ray Bursts (GRBs) and
active galaxies. GRBs are the most luminous electromagnetic transients ever
observed. They come in two flavors, short and long. Short GRBs have a total
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Figure 1.7: Structure of a blazar. From the side, a blazar looks much like any other
AGN with a relatavistic jet. When the jet is pointed at Earth, we see it as a blazar.
Image published by NASA.
duration of less than two seconds. With the gravitational wave detection GW170817,
the source of short GRBs was confirmed to be the neutron star mergers [1]. Long
GRBs have a duration of greater than two seconds and occur in the aftermath
of a core collapse supernova [3]. Both short and long GRBs have been theorized
as neutrino sources, but no neutrinos have yet been observed from any GRB.
Detection of neutrinos from a GRB or stronger limits on high-energy neutrino
production would clarify whether GRBs are sources of high energy cosmic rays.
These observations will likely require next generation detection facilities [18].
Active galaxies are a significant source of extragalactic γ-rays, specifically the
active galactic nucleus (AGN). In an AGN, the central supermassive black hole is
actively accreting matter, forming an accretion disk around the black hole. The
emission from the disk is often bright enough to outshine the entire galaxy as
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a whole. The disk itself is primarily a thermal source, while the relativistic jet
provides strong nonthermal power law emission. The jet emission is thought to be
leptonic in origin, but if even a fraction of it is hadronic, the AGN could be a source
of both cosmic rays and high energy neutrinos [3, 18]. When the jet is oriented
to point at Earth (see Fig 1.7), the AGN is classified as a blazar. Blazars display
highly variable broadband nonthermal emission. Blazars are some of the most
luminous γ-ray sources known, and have long been considered a good neutrino and
cosmic ray candidate source. Neutrino emission was detected from TXS 0506+056
in 2017, confirming at least some blazars are sources of neutrinos [27].

1.4 Detection of High Energy Particles
There are numerous projects and missions crucial to the study of particle astrophysics and multimessenger astrophysics. Broadly speaking, there are two categories
for the detectors: space based missions and terrestrial missions. The Earth’s atmosphere acts as a shield, absorbing high energy radiation from space. Space based
missions observe cosmic sources at these energies from above the atmosphere. Space
based missions are used to detect photons in the X-ray and soft γ-ray energy ranges.
But at higher energies, these missions lack the detecting area to get good statistics,
so we use ground based facilities. Ground based facilities search for the secondary
particles produced when high energy particles interact in the atmosphere.

1.4.1 Swift
The Swift mission was launched in 2004 to study GRBs, with a focus on detecting
and observing bursts and studying their afterglows. The satellite has three main
instruments, the Burst Alert Telescope (BAT), the X-Ray Telescope (XRT), and
the Ultraviolet/Optical telescope (UVOT).
The BAT consists of an array of 32,768 CdZnTe detectors arranged in a grid
1.2 x 0.6 m area. A Coded Aperture Mask made of about 54,000 lead tiles sits
above the detector array, as shown in Fig 1.8. The BAT can compute an image of
the sky by taking a fast Fourier transform of the X-ray shadow the mask casts on
the detector array [28].
As part of the original spacecraft design, once the BAT observes a burst, it
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Figure 1.8: Schematic of the Swift-BAT detector showing both the detector array
and the Coded Aperture Mask. Image produced by NASA.
can then rapidly slew to point both the XRT and the UVOT to search for an
afterglow. The XRT itself uses a mirror configuration built for the Joint European
Telescope for X-ray astronomy (JET-X) and a CCD detector similar to the one
used for XMM-Newton [29]. The XRT has good sensitivity to X-rays in the 0.2-10
keV band, with a field of view 23.60 on each side. The XRT is regularly used as
part of the follow-up efforts for astrophysical neutrinos, gravitational wave events,
and other potential multimessenger events [30].

1.4.2 Fermi
The Fermi satellite was launched in 2008 to perform all-sky surveys of γ-rays.
The satellite has two main instruments, the Large Area Telescope (LAT) and the
Gamma-Ray Burst Monitor (GBM).
The LAT detects individual γ-ray photons. To filter the significant flux of cosmic
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Figure 1.9: Schematic of the Fermi-LAT detector. Image published by NASA.
rays, the LAT is surrounded by an anticoincidence shield. This shield can identify
an incoming charged particle with 99.97% efficiency [31]. As shown in Fig 1.9,
γ-rays pass through a series of particle trackers coated with tungsten conversion
foil. An incomming γ-ray will interact with the foil, producing an electron-positron
pair. This pair will continue to propagate through the particle trackers. The LAT
has 18 layers of foil-coated silicon strip trackers, each layer alternating its direction
in a cross pattern. Once the pair has passed through all the layers, it deposits its
energy into the calorimeter. To be classified as a γ-ray, there must be no signal in
the anticoincidence shield along the particle track, more than one particle track
with the same origin point must exist in the tracker, and a shower of particles needs
to be seen in the calorimeter. Any event meeting these criteria can be identified as
a γ-ray [31]. The LAT is sensitive to γ-rays with energies between 20 MeV and 300
GeV, and has a 1.2 steradian FOV.
The GBM consists of 12 sodium iodide and two bismuth germanite scintillators.
The sodium iodide detectors are sensitive to γ-rays between 8 keV and 1 MeV, while
the bismuth germanite detectors are sensitive in the 200 keV to 40 MeV band. The
14 detectors are mounted around the satellite, giving it a total FOV of 8 steradians.
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Figure 1.10: Diagram of air showers from γ-rays and from cosmic rays. Image
taken from [35]
The GBM searches for any burst-like γ-ray emission [32]

1.4.3 Air Showers
When high-energy particles strike the Earth’s atmosphere, they interact and produce
secondary particles. This effect was first noticed by Pierre Auger in 1937, when
he observed the simultaneous discharge of Geiger counters spread over a large
area [33]. This effect is caused by a single, very energetic cosmic ray interacting
with air molecules in the upper atmosphere. The interaction produces a cascade
of secondary particles, producing an air shower that can be measured over a large
ground area. There are two important effects to be considered in the generation of
an air shower. The first is pair production, where a high energy photon interacts
to produce an electron-positron pair. The second is Bremsstrahlung, where an
electron or positron scatters off the electric field, producing x-rays and gamma
rays as it loses energy. Both of these processes have the net effect of creating more
particles, which results in exponential growth until the energies are low enough
that pair production can no longer occur [34]. The process is shown in Fig 1.10.
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Figure 1.11: Cherenkov emission from a particle with a velocity βc in a material
with an index of refraction, n. Image published under Creative Commons 3.0.
While the physics of purely electromagnetic showers are simple, things get more
complicated for hadronic showers. When the initial particle is a proton or other
atomic nucleus, the shower will also create pions. The decay of neutral pions will
create photons that can then induce additional electromagnetic showers. The decay
of charged pions will produce muons and neutrinos. The muons make hadronic air
showers more complex as their decay can revive a shower.

1.4.4 Air Cherenkov Detectors
When an air shower is initiated in the atmosphere, the resulting secondary particles
are all initially moving at very close to the speed of light. One consequence is that
their velocities are usually faster than the phase velocity of light in air, which means
they will emit Cherenkov radiation. Cherenkov radiation is analogous to a sonic
boom generated by objects breaking the sound barrier. When charged particles
20

move through matter, they disturb the electric fields and polarize the medium. If
the particle exceeds the phase velocity of light in said medium, this disturbed field
will radiate outward as a cone shaped shockwave. As shown in Fig 1.11, Cherenkov
radiation forms a cone. This cone has an angle called the Cherenkov angle:
cos(θ) =

1
βn

(1.7)

where n is the refractive index of the material and βc is the velocity of the particle.
The Whipple 10-meter telescope was the first Imaging Atmospheric Cherenkov
Telescope (IACT) to be built. Starting in 1982, the Whipple Collaboration used
the telescope to search for the Cherenkov light emitted by air showers. Cosmic ray
induced showers can be differentiated from γ-ray induced showers by their shape
and ultraviolet excess [36]. The direction of the original particle is reconstructed
from the shower, and sources are found by comparing bright spots to the local
background [37]. Sensitive to γ-rays with energies between 300 GeV and 10 TeV,
Whipple discovered the first TeV emission from the Crab Nebula in 1989 [36].
Following the success of the Whipple telescope, several other IACTs were built.
One limitation of Whipple was its physical size. For lower energy γ-rays, the showers
are smaller and less luminous, necesitating a larger telescope to be observable. For
higher energy γ-rays, the size of the shower can start to become too large for a single
telescope to observe. Newer IACTs circumvented this problem by building an array.
Several such arrays exist, including the Very Energetic Energetic Radiation Imaging
Telescope Array System (VERITAS) [38], the High Energy Stereoscopic System
(H.E.S.S) [39], the Major Atmospheric Gamma Imaging Cherenkov Telescopes
(MAGIC) [40], and the Major Atmospheric Cherenkov Experiment Telescope
(MACE) [41]. Another relevant IACT is the First G_APD Cherenkov Telescope
(FACT). Unlike the other new IACTs, FACT consists of one single telescope and
is designed to monitor known bright TeV sources rather than discover newer faint
sources [42]. The Cherenkov Telescope is currently under construction. Once
complete, it will be the largest operational IACT in the world [43].
IACTs are powerful tools, but limited in their operation. They can easily find
faint sources, but can only be used on clear, moonless nights. Their field of view is
also limited, making it challenging for them to study extended sources of γ-rays
such as the diffuse emission from our Galaxy.
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Figure 1.12: The HAWC detector in 2016 as photographed by Jordan Goodman.

1.4.5 Water Cherenkov Detectors
A natural complement to IACTs are the extensive air shower arrays. These arrays
are designed to more directly detect the secondary particles arriving from air
showers, either with scintillation material or water Cherenkov detectors. These
detectors can be operated continuously and can survey a wide field of view for any
interesting transients. However, their angular and energy resolution is inferior to
IACTs. For these reasons, air shower arrays work as the natural complement to
IACTs.
Water Cherenkov telescopes work by detecting the Cherenkov light emitted
by secondary particles as they pass through large tanks of pure water. As many
of the secondary particles are no longer relatavistic at sea level, these tanks need
to be placed at altitude. The first water Cherenkov telescope was built by the
Milagro collaboration. Milagro was the first operational water Cherenkov detector
to observe high energy gamma rays, notably observing TeV emission from the
extended Geminga region [44].
The largest current water Cherenkov detector is the High Altitude Water
Cherenkov Gamma-Ray Observatory (HAWC), as seen in Fig 1.12. Located at an
altitude of 4100 m in Mexico, HAWC consists of 300 large tanks each containing
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200,000 liters of pure water and four PMTs to detect the Cherenkov light [45].
HAWC is sensitive to γ-rays with energies between 100 GeV and 50 TeV. Plans
exist for a less dense array of smaller outrigger tanks to increase the sensitivity of
the array to the highest energy γ-rays.
The other major water Cherenkov detector is the Pierre Auger Observatory.
Located in Argentina at an altitude of 1400 m, Auger has over 1600 tanks in a
hexagonal grid with a 1500 m spacing. Auger was designed primarliy to study
cosmic rays at the highest energies. Due to the low density of tanks, Auger has
very little sensitivity to γ-rays [46].

1.4.6 Neutrino Detectors
Neutrinos are one of the more difficult particles to observe directly. As they only
interact with matter via the weak force, they pass through matter unaffected, only
rarely interacting. To have a chance to observe neutrinos, a detector needs to
be very large in size and strongly shielded from background radiation. There are
two high-energy neutrino detectors currently, the IceCube Neutrino Observatory
and ANTARES (Astronomy with a Neutrino Telescope and Abyss environmental
RESearch project).
IceCube is the largest neutrino detector in the world (layout shown in Fig 1.13),
consisting of 86 strings of digital optical modules (DOMs) embedded in a cubic
kilometer of Antarctic ice. The DOMs range in depth from 1450 m to 2450 m. At
the center of the detector is the DeepCore subdetector, which has a higher DOM
density and provides greater sensitivity to lower energy neutrinos. IceCube searches
for the Cherenkov light emitted from the cascades and tracks caused by both
upgoing and downgoing neutrinos. Due to the cosmic ray backgrounds, a higher
threshold energy is required for a downgoing neutrino. For upgoing neutrinos, there
is an upper limit past which the Earth stops being transparent to neutrinos [47].
The other major neutrino detector is ANTARES. The ANTARES detector is
situated about 40 km off the coast of Toulon, France, deep in the Mediterranean
Sea. ANTARES uses water as a detection medium. Water has the advantage of
providing better angular resolution to the original neutrino direction, with the
disadvantages of a higher energy threshold. Natural background light in the water
light in the water, mainly arising from potassium and numerous biological sources,
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Figure 1.13: Layout of the IceCube neutrino observatory.
also contributes to higher background levels. To ameliorate these effects, ANTARES
only studies the upgoing neutrinos [48].
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Chapter 2
Search for Blazar Flux-Correlated
TeV Neutrinos in IceCube
40-String Data12
We present a targeted search for blazar flux-correlated high-energy (εν >
∼ 1 TeV)
neutrinos from six bright northern blazars, using the public database of northernhemisphere neutrinos detected during “IC40” 40-string operations of the IceCube
neutrino observatory (April 2008 to May 2009). Our six targeted blazars are subjects
of long-term monitoring campaigns by the VERITAS TeV γ-ray observatory. We use
the publicly-available VERITAS lightcurves to identify periods of excess and flaring
emission. These predefined intervals serve as our “active temporal windows” in a
search for an excess of neutrinos, relative to Poisson fluctuations of the near-isotropic
atmospheric neutrino background which dominates at these energies. After defining
the parameters of an optimized search, we confirm the expected Poisson behavior
with Monte Carlo simulations prior to testing for excess neutrinos in the actual
data. We make two searches: One for excess neutrinos associated with the bright
flares of Mrk 421 that occurred during the IC40 run, and one for excess neutrinos
associated with the brightest emission periods of five other blazars (Mrk 501,
1ES 0805+524, 1ES 1218+304, 3C66A, and W Comae), all significantly fainter than
the Mrk 421 flares. We find no significant excess of neutrinos from the preselected
1
This paper has been published in the Astrophysical Journal as: C. F. Turley, D. B. Fox, & 6
others, the Astrophysical Journal, Volume 863, 64 (arxiv:1608.08983)
2
Python scripts used in this analysis can be found at https://github.com/cft114/vic40
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blazar directions during the selected temporal windows. We derive 90%-confidence
upper limits on the number of expected flux-associated neutrinos from each search.
These limits are consistent with previous point-source searches and Fermi GeV
flux-correlated searches. Our upper limits are sufficiently close to the physicallyinteresting regime that we anticipate future analyses using already-collected data
will either constrain models or yield discovery of the second blazar-associated
high-energy neutrinos.

2.1 Introduction
The IceCube collaboration has instrumented a cubic kilometer of Antarctic ice at the
South Pole with 86 “strings” of photomultiplier tubes, readout electronics, and an
internal calibration system so as to detect high-energy (εν >
∼ 1 TeV) neutrinos from
atmospheric cosmic ray showers and extraterrestrial sources [47]. Operations of the
79-string and full-strength 86-string facilities since 2010 recently yielded discovery
of a population of cosmic neutrinos [49–51], validating the experiment’s original
◦
motivation and approximate scale [52, 53]. Given the >10
cascade-type (and
∼
less frequently, ∼1◦ track-type) positional uncertainties and ≈1 per month rate of
detection for the highest-confidence cosmic events, the absence of any demonstrated
association with known γ-ray bursts [50, 51, 54], and the inferred near-isotropic
sky distribution [50], the nature of the sources of these cosmic neutrinos remains
uncertain and subject to active debate (e.g., [55–58]).
Ultimately, identification of electromagnetic (EM) counterparts to high-energy
neutrino sources can proceed by one of two possible paths: Sufficiently variable
sources may exhibit correlated variability in their neutrino and EM emissions;
or sufficiently bright individual sources may (with time) be identified as a priori
interesting, astrophysically-plausible EM sources that are coincident with a pointlike or extended excess of neutrinos on the sky.
With respect to the first approach, γ-ray bursts (GRBs) have long been considered promising candidates for high-energy neutrino emission [52, 59, 60]. Given the
brief timescale for high-energy emission from the typical GRB, and the precision
timing of IceCube-detected neutrinos, known GRBs can be readily associated with
individual neutrino events even with the limited positional resolution available for
the IceCube cosmic neutrinos (mostly cascade events) or associated lower-energy
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neutrinos that interact as track events. The relatively relaxed requirements for
positional determination also allow use of the full set of detected GRBs from
Swift, Fermi, the Interplanetary Network, and other satellites. In spite of this, no
coincident high-energy (cascade or track) or low-energy track neutrino interactions
have been found in association with any detected GRB [61, 62]. The inferred limit
on the fraction of the cosmic neutrinos that are due to GRBs is <1% [54].
Without the brief temporal window provided by GRBs, identification and confirmation of the neutrino-emitting source population(s) must depend on positional
coincidence (particularly via likely-cosmic track-type events) and careful evaluation
of the expected flux and spectrum under proposed theoretical models. Proposed
source populations currently include star-forming galaxies [58, 63–66], galaxy clusters and groups [64, 67], active galactic nuclei (AGN; [68–72]), and quenched-jet
GRBs [73–75]. In addition, it remains possible that a minority of the cosmic neutrinos originate in our own Milky Way Galaxy, either via the Fermi bubbles [26,76–78],
Galactic compact binary TeV γ-ray sources [79, 80] or TeV unidentified sources
(such as pulsar wind nebulae or possible hypernova remnants; [81, 82]). All of these
scenarios are reviewed by [57].
The γ-ray bright AGN known as blazars represent a particularly intriguing
possible source population, as they are the most γ-ray luminous AGN known and the
brightest extragalactic sources on the sky at TeV energies, capable of outshining all
other TeV sources during some flares. Their γ-ray emission is commonly explained
by invoking a leptonic scenario, in which highly-relativistic electrons in the blazar
jets generate emission by a combination of synchrotron self-Compton and external
inverse Compton processes. This scenario yields minimal high-energy neutrino
emission.
However, if or when most of the blazars’ high-energy γ-rays are produced by
hadronic interactions in the relativistic jets (with a minority contribution from
leptonic emission processes), the lepto-hadronic scenario, some or most of the
observed γ-rays will result from cascade emission induced by γ-rays from π 0 decays.
In this case, the observed TeV γ-rays will be accompanied by comparable fluxes
±
of εν >
∼ 1 TeV neutrinos from decays of coproduced π [17, 83–85]. In a variant of
this lepto-hadronic scenario, γ-rays are produced by proton synchrotron radiation
without associated high-energy neutrinos [86].
In another alternative possibility, the intergalactic scenario, the γ-rays result
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from intergalactic cascades triggered by electron-positron pairs that are produced
by ultrahigh-energy cosmic rays escaping from the sources, and photohadronic
interactions with the extragalactic background light then lead to a comparable flux
in high-energy γ-rays and high-energy neutrinos [87, 88].
Significant neutrino emission is not anticipated in the leptonic scenario [16, 17],
nor in the proton synchrotron version of the lepto-hadronic scenario. However, in
a general sense we expect protons as well as electrons to be accelerated in blazar
jets, and if these AGN are sources of ultrahigh-energy cosmic rays, associated
high-energy neutrino emission can be detectable even if the observed γ-rays are
dominated by leptonic processes [71]. Carefully-designed searches for neutrino
emission from the brightest blazars thus have the potential to constrain source
models and important related hypotheses via either detections (possibly providing
the first confirmed counterparts for any high-energy astrophysical neutrinos) or
upper limits.
While leptonic models have been argued to provide a more natural fit to typical
blazar spectra [17], there are unresolved theoretical challenges. For example,
blazar γ-ray flares can show fast variability, implying a compact emission region
which is hard to reconcile with the non-observation of any high-energy cutoff from
γγ → e+ e− [89, 90]. The leptonic scenario also struggles to explain the occasional
“orphan” TeV blazar flares – flaring emission that is observed at TeV energies
without accompanying flaring in the X-ray [91, 92]. Even if prototypical blazar
emissions are leptonic, it is still possible that their flares (or perhaps, their orphan
TeV flares) reveal a transient and variable contribution from hadronic processes.
The June 2002 orphan flare of the blazar 1ES 1959+650 [93,94] is of particular note
in this context. IceCube’s predecessor AMANDA-II detected a single coincident
neutrino from the direction of 1ES 1959+650 during the flare, although the a
posteriori nature of the observation has made it impossible to retrospectively assign
a firm confidence level to any claim of association or non-association [94, 95]. Also
worth noting is the recent 9.5 month-long GeV outburst of PKS B1424−418, which
allowed this blazar to dominate the GeV γ-ray emissions of all catalogued blazars
within the 50%-containment region of the εν ≈ 2 PeV “HESE 35” IceCube event
when that neutrino was detected, prompting the suggestion that this neutrino was
emitted by PKS B1424−418 (estimated p-value of 5%; [96]).
Finally, there is the case of TXS 0506+056, which will be discussed in more
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detail in Chapter 5. In September 2017, IceCube detected a high energy neutrino
[97]. Followup by Swift and other observatories quickly identified the blazar
TXS 0506+056 as the most interesting source candidate [98]. Further investigation
by the Fermi-LAT team found that the blazar was in a flaring state at the time of
the neutrino alert [27]. Following this, IceCubeFollowing this, IceCube performed
an archival analysis of 9.5 years of neutrino data. Their search found an excess
of high-energy neutrinos from the region near TXS 0506+056. This independent
3.5σ neutrino excess supports the case for TXS 0506+056 as the source of IceCube170922A [99]. This search demonstrated that at least a fraction of high energy
neutrinos originate from blazars.
Between April 2008 and May 2009, IceCube ran in a partially-completed “IC40”
40-string configuration. The point-source analysis of this dataset found no evidence for any neutrino point sources bright enough to be distinguished above
the atmospheric background [100]. Analysis of data gathered in IceCube’s subsequent “IC59” 59-string configuration (May 2009 to May 2010) and further searches
with the full array similarly revealed no point sources, placed upper limits on the
neutrino emissions of an array of candidate sources, and reported a null result
for both a northern-sky time-dependent search and a Fermi-LAT flux correlated
search [101, 102].
The present work extends previous point-source analyses of the IC40 data by
explicitly considering the TeV γ-ray behavior of the bright northern blazars which
are prime candidates for a first neutrino source detection by IceCube. Modeling
the TeV lightcurves of these blazars allows us to select a set of active temporal
windows and blazar directions which are (under our assumed conditions) optimal
for detection of a neutrino excess over anticipated atmospheric backgrounds. These
optimized windows amount in all cases to less than 11% of the full IC40 data
collection period, allowing for the possibility of discovering associated neutrino
emission below the threshold of previous time-integrated searches.
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2.2 Datasets and Analysis
2.2.1 Datasets
The IceCube 40-string dataset (hereafter IC40) was collected between April 2008
and May 2009, a total live time of 375.5 days [100] during which the detector
had 40 of the final 86 planned strings deployed. The data (publicly released
in September 2011) records a total of 12,877 upgoing neutrino events. Extensive
analyses [100,101] have constrained the intensities of any existing point sources. The
IceCube collaboration investigated the accuracy with which they could reconstruct
neutrino arrival directions using the cosmic ray shadow of the moon [103], and found
their reconstruction uncertainty was 0.7◦ for the 40- and 59-string configurations.
The six blazars studied in this work are listed with their basic properties in
Table 2.1. Publicly-available blazar data (presented in Table 2.2) were collected
by the four-telescope Very Energetic Radiation Imaging Telescope Array System
(VERITAS; [38]) and (for Mrk 421 historical data only) its predecessor, the Whipple
Telescope [37]. Both facilities consist of atmospheric Cherenkov telescopes located
at the Fred Lawrence Whipple Observatory in Arizona, yielding similar effective
energy ranges of 0.1 TeV <
∼ εγ <
∼ 30 TeV [104], with the exact limits depending on
individual observation and analysis parameters such as elevation angle in the sky,
analysis parameter cuts, and source spectra. All relevant blazar data are publicly
available from the VERITAS website3 Publicly-available historical TeV γ-ray data
for Mrk 501 were also used4 .

2.2.2 TeV Lightcurves
We wish to carry out a targeted search for excess neutrinos when the monitored
blazars are relatively bright in TeV γ-rays. This requires defining temporal windows
of interest for each blazar. While VERITAS makes discrete measurements, the
3

Mrk 421 long-term data [105] are available at http://veritas.sao.arizona.edu/
veritas-science/mrk-421-long-term-lightcurve. Data for the other blazars are from http:
//veritas.sao.arizona.edu/veritas-science/veritas-blazar-spectra and were not public at the start of this work. The data were initially provided for collaborative use and were
published prior to the completion of this work.
4
Mrk 501 public light curve data presented in [106] and available at http://astro.desy.de/
gamma_astronomy/magic/projects/light_curve_archive/index_eng.html.

30

31

+52:19:00
+30:11:29
+43.02:36
+38:11:41
+39:45:37
+28:13:59

1ES 0806+524 08:09:59.0
1ES 1218+304 12:21:26.3
3C 66A
02:22:41.6
Mrk 421
11:04:19.0
Mrk 501
16:53:52.2
W Comae
12:21:31.9

0.138
0.182
0.41
0.031
0.034
0.102

z
(10
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0.1
1.6
5.8
0.4
0.1
0.4

LTeV
erg s−1 )
(10

−11

cm
0.2
1.8
1.3
4.6
3.1
1.9

s )

FTeV
−2 −1
0.3
0.2
0.2
0.4
0.3
0.2

3.6
3.1
4.1
2.2
2.7
3.8

εth Γobs
(TeV)

2.7
2.2
2.0
2.0
2.5
3.0

Γsrc

4
20
17
93
15
19

Nobs

Table 2.1: Coordinates are provided in J2000; Nobs gives the number of observations during the IC40 observing run.
Typical luminosities LTeV and fluxes FTeV are over 0.2 TeV < εγ < 30 TeV. Power-law photon indices for Mrk 421 and
Mrk 501 are known to be variable. The redshift of 3C 66A is uncertain, but bounded between 0.33 and 0.44. εth is
the threshold energy for VERITAS observations. Γobs is the measured γ-ray spectral index, while Γsrc is the spectral
index corrected for extragalactic background light absorption using the models of [22] and [21]. Blazar properties via
TeVCat [107].

Dec.

R.A.

Name

VERITAS Northern Blazars

Blazar Observations
FTeV
Name

MJD
(d)

Exp.
(h)

Obs. Unc. Rev.
(10−11 cm−2 s−1 )

1ES 0806+524 54564.179 0.226
2.1
”
54566.177 2.554 −0.47
”
54567.153 0.562
1.0
”
54821.408 0.595
0.52
1ES 1218+304 54829.516 1.032
0.92
”
54830.524 0.869
3.11
”
54838.514 1.037
1.90
”
54839.518 0.859
2.14
”
54856.459 0.298
3.3
”
54862.454 3.072
3.79

1.5
0.72
1.6
0.83
0.56
0.67
0.56
0.63
1.1
0.37

0.34

Table 2.2: Fluxes over 0.2 TeV < εγ < 30 TeV (FTeV ) are reported as observed
(Obs.) with Gaussian uncertainties (Unc.), and with forced-positive revised flux
estimates (Rev.) where necessary. Derivation of revised fluxes is described in
Sec. 2.2.2. Mrk 421 data were obtained from http://veritas.sao.arizona.
edu/veritas-science/mrk-421-long-term-lightcurve [105]. Data for the
other blazars are from http://veritas.sao.arizona.edu/veritas-science/
veritas-blazar-spectra. Table 2.2 is published in its entirety in machinereadable format. A portion is shown here for guidance regarding its form and
content.
IC40 data were taken continuously, meaning that every detected neutrino must be
judged either in or out of sample. We choose to make this judgment by reference
to interpolated light curves, which allows us to expand the temporal windows of
interest for each blazar beyond the intervals of active VERITAS observation.
This requires us to choose an interpolation approach. We find traditional linear
or spline-interpolation approaches not useful, as they result in unrealistic predictions
during large data gaps and also (relatedly) because they lack relevant physical
underpinning. Since our primary concern is to avoid accepting neutrinos when the
blazar flux is low, we seek a conservative interpolation that will revert to a low
“baseline” flux in the absence of constraining data, thereby excluding these periods
from our detection windows.
Morever, given the infrequent and non-continuous nature of the γ-ray measure-
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ments, we do not find Bayesian Blocks-type approaches as adopted for example
by [108], to be appropriate in this case. Rather, we seek to extend observed periods
of flaring and excess emission in a realistic and physically-motivated way forward
and backward in time, we will be able to accept neutrinos as potential signal when
they are detected close to these periods. These concerns lead us to adopt a Gaussian
process regression (GPR) [109] as our interpolation approach.
A Gaussian Process Regression, or GPR assumes that every finite collection
of random variables has a multivariate normal distribution. For our work, these
random variables exist in some domain and their range follows a multivariate
Gaussian distribution. This distribution is assumed to have some mean function
and covariance function. For this work, we have a matrix of flux measurements
y = (y1 · · · yn )T

(2.1)

x = (x1 · · · xn )T

(2.2)

at times

where T represents matrix transposition. The gaussian process on this data will
be specified by its mean and covariance functions. The mean function, m(x) will
be set as a constant, µ0 for this work. All flux measurements are related by a
covariance function, k(x, x0 ), which describes how likely values are to be related
based on their temporal separation. For this work, the covariance function is a
squared exponential, defined as
−(x − x0 )2
k(x, x ) = exp
2l2
"

#

0

(2.3)

where l is the characteristic length scale of the problem.
Using this covariance function, we can build a covariance matrix


k(x1 , x1 ) k(x1 , x2 )


 k(x2 , x1 ) k(x2 , x2 )
K=
..
..


.
.

k(xn , x1 ) k(xn , x2 )



· · · k(x1 , xn )

· · · k(x2 , xn ) 


.

..
..

.

· · · k(xn , xn )

(2.4)

This matrix establishes the correlation between all pairs of time measurements
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in our data. We then can calculate the covariance matrix between an arbitrary
intermediate point x∗ by calculating the matrix:
h

K∗ = k(x∗ , x1 ) k(x∗ , x2 ) · · · k(x∗ , xn )

i

(2.5)

This matrix is written here for one test point x∗ but can be expanded into an n × n∗
matrix for multiple test points. The last matrix is the correlation of a test point to
itself, and between all test points should there be many.
K∗∗ = k(x∗ , x∗ )

(2.6)

Using these three matrices, we can then write the relation between the flux
values, y and a predicted output f∗ . We can also encorporate a noise statistic, σn2 ,
which is the variance of the Gaussian noise for each measurement. Including this
noise, we can then write the full covariance matrix:










2
y
K + σN
I K∗T 
  ∼ N  µ0 , 
f∗
K∗
K∗∗

(2.7)

where N (µ, Σ) denotes a Gaussian with a mean of µ and a covariance matrix Σ,
and I is the identity matrix.
The probability distribution for predicted values of f∗ given the data will follow
a Gaussian distribution.


y∗ |y ∼ N K∗ K −1 y, K∗∗ − K∗ K −1 K∗T



(2.8)

The mean and variance of this distribution are then given as
y¯∗ = K∗ K −1 y

(2.9)

var(y∗ ) = K∗∗ − K∗ K −1 K∗T

(2.10)

Using this method, function values and uncertainties can be calculated for an
arbitrary number of intermediate points.
The biggest factor in accurately calculating intermediate values using a Gaussian
process is properly selecting the covariance length and other noise hyperparameters.
Normally, these hyperparameters are optimized from an initial guess. Optimization
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revolves around the log marginal likelihood of the Gaussian process. The log
marginal likelihood is defined as
1
1
n
log p(y|x) = − yT (K + σn2 I)−1 y − log |K + σn2 I| − log 2π
2
2
2

(2.11)

For any set of hyperparameters, a log marginal likelihood can be calculated. The
optimal hyperparameter set is the one that maximizes the log marginal likelihood.
For more details on Gaussian processes, see [109].
As applied by us to VERITAS blazar observations, the GPR works in two passes.
In the first pass, it analyzes the data to determine the best-fit mean and covariance
hyperparameters. In our case, we precondition the blazar light curves, as described
below, so that the mean function is zero, constant and fixed, for each blazar; hence
we fit for the covariance hyperparameters only. On the second pass, the GPR
uses the hyperparameters and observed data values (ignoring the uncertanties) to
predict the maximum likelihood flux (and confidence intervals on that flux) at all
intermediate points. Beyond a few correlation lengths, the maximum likelihood flux
reverts to the mean value, and the 90%-confidence bounds expand to encompass
the full range of the observed data, illustrating the fundamentally conservative
nature of this approach.
Our light curve preconditioning begins by replacing negative flux measurements,
which are unphysical, with forced-positive replacement values (Table 2.2). These
values are calculated from the associated VERITAS flux estimate and uncertainty
as follows: Treating the flux estimate and uncertainty as the mean and standard
deviation of a Gaussian distribution, we exclude the negative-flux portion of the
distribution and use the median of the resulting positive-flux distribution as our
replacement value.
Next, we calculate a “baseline flux” Fbase for each blazar. Under the assumption
that measurement uncertainties dominate systematic effects at low flux levels, and
that the blazar emission consists of a dominant baseline flux supplemented by
occasional periods of excess and flaring emission, we define the baseline flux for
each blazar as the mode of the Gaussian kernel density estimator (KDE) for the
blazar flux measurements. The KDE mode should be robust to a positive “tail”
of excess and flaring emission episodes. We use the scipy [110] statistics package
implementation. The resulting baseline fluxes are listed in Table 2.3.
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In the final step of preconditioning, we divide the blazar flux measurements
(and replacement values) by the baseline flux for that blazar and take the natural
logarithm. Working in log-space reduces the heteroskedasticity of the flux measurements (which exhibit substantial positive excursions, but have negative excursions
bounded to the physical range of non-negative fluxes), making the light curves
better suited for GPR analysis. This approach allows us to set the GPR mean to a
fixed constant zero for all blazars.
To carry out the GPR hyperparameter fitting and interpolation, we use the
python package pyGPs [111]. We run the code using the squared exponential kernal
with isotropic distances, Gaussian likelihood, exact inference, and a constant mean
function, set to zero. The code optimizes the fit by minimizing the negative log
marginal likelihood with respect to the hyperparameters. The hyperparameters
for Mrk 421 and Mrk 501 were optimized using the extensive historical data.
These hyperparameters were then used to generate the light curves from the data
concurrent with IC40. All resulting best-fit hyperparameter values are presented in
Table 2.3.
Blazars show variability on timescales as small as hours or even minutes. This
is reflected in the correlation lengths from the GPR, which are all less than a
day, implying flux measurements separated by more than a day are effectively
uncorrelated. The correlation length for 1ES 0806+524 was significantly shorter
than the other blazars, though due to a small sample size, the value is not well
constrained. Better estimates of the correlation length would require more extensive
monitoring or historical data, as was used for Mrk 421 and Mrk 501.
The resulting maximum-likelihood GPR-interpolated TeV γ-ray light curves for
our six target blazars, which we generate at one hour resolution, are presented in
Fig. 2.1. For both Mrk 501 and 1ES 1218+304, there exist short periods where
the interpolated curve overshoots the measured flux points. This behavior does
not impact the selection of temporal windows of interest; however, if the blazar
emission did not actually increase during these intervals, then it will lead to a slight
overestimation of the integrated TeV γ-ray fluence in these cases.
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c. 1ES 1218+304
d. 3C66A
e. W Comae

f. 1ES 0806+524
MJD-54562

Figure 2.1: VERITAS TeV γ-ray light curves for six northern blazars subject
to regular monitoring during the IC40 run, along with the maximum-likelihood
interpolation resulting from our Gaussian process regression (Sec. 2.2.2). Time is
in days since the start of IC40 (MJD 54562), aligned across all lightcurves.
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Results of the Gaussian Process Regression
Correlation
Blazar Name
1ES 0806+524
1ES 1218+304
3C 66A
Mrk 421
Mrk 501
W Comae

Nobs
4
20
17
93
15
19

Fmax
Fbase
−11
−2 −1
(10 cm s )
2.1
4.5
4.1
60.6
9.1
4.8

0.6
1.6
1.5
4.4
1.5
0.5

Noise

Time
(d)

Dev.

Dev.

NLML

0.14
0.55
0.89
0.61
0.52
0.99

0.81
1.25
0.86
0.99
1.60
1.63

0.10
0.08
0.19
0.07
0.10
0.10

4.47
29.68
15.56
133.96
27.44
32.05

Table 2.3: Interpolated curves were generated using Gaussian likelihood, exact
inference, a constant mean function and a squared exponential covariance function
with isotropic distances. Maximum and baseline fluxes (Fmax , Fbase ) are over
0.2 TeV < εγ < 30 TeV. Fbase is the value of the mean function and was estimated
as the mode of a Gaussian kernel density estimator, as applied to the complete set
of observations for each source. The covariance function has two hyperparameters,
the log of the correlation time and the log of the covariance noise. The likelihood
function hyperparameter is the natural log of the standard deviation of the signal
noise. The hyperparameters were optimized by minimizing the negative log marginal
likelihood (NLML) with respect to the hyperparameters.

2.2.3 Analysis Approach
Before using these interpolated light curves to define (statistically optimal) temporal
windows of interest for our search for an excess of associated neutrinos, we need to
understand the expected rate of background atmospheric neutrinos. This requires
choosing a region of interest (ROI), that is, an acceptance radius (angle) around
each blazar position. IceCube has established a 0.7◦ uncertainty in track event
reconstruction [103]. We treat this as the standard deviation for a two-dimensional
Gaussian distribution and find that 99.5% of neutrinos should be found within a
2.3◦ radius of the reconstructed direction. We adopt this 2.3◦ radius to define the
ROI for each blazar.
Selection of the temporal windows of interest begins with the observation that
the background atmospheric neutrinos are distributed uniformly in time and nearuniformly on the sky [100, 101]. The chief exception is the excess of events near
the horizon owing to atmospheric muons from the southern hemisphere being
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(erroneously) reconstructed to low northern declinations. Since none of the targeted
blazars have declinations δ2000 < +25◦ , we can safely ignore this effect. Hence,
the number of background neutrinos within the 2.3◦ -radius ROI for any blazar is
expected to follow Poisson statistics, with an expected number of 0.023 neutrinos
per day (≈1 neutrino per ROI per 44 days). (Note that in the next section we test
this assumption using Monte Carlo simulations.)
Having generated interpolated light curves in TeV γ-rays for all six monitored
blazars, we use their variability to our advantage by selecting the brightest emission
periods for our search, maximizing our sensitivity to flux-correlated neutrino
emission in excess of the atmospheric background.
Considering the union of the six light curves at one hour resolution, we sort flux
measurements (irrespective of target blazar) from brightest to faintest. This sorting
yields a one-to-one mapping from any given TeV flux threshold to a corresponding
total exposure time (with reduced thresholds implying greater integration times),
along with an associated total integrated fluence in TeV γ-rays. The total exposure
time, along with the angular size of our adopted ROI, implies an expected number
of background atmospheric neutrinos, which in turn implies a minimum number of
blazar-associated neutrinos which would have to be present to yield a >3σ detection
assuming zero detected atmospheric neutrinos. Our optimization is as follows: We
select the flux threshold that maximizes the ratio of the integrated TeV fluence to
the number of neutrinos needed for >3σ detection.
Our prior expectation was that this optimization would yield, for the optimal
flux threshold, multiple disjoint temporal acceptance windows across the brightest
emission periods of several distinct blazars. In fact, however, when applied to
the data for all six blazars, the optimal flux threshold yields acceptance windows
totalling ≈46 days from Mrk 421 only, which is often the brightest blazar in the
sample. These temporal windows of interest are shown in Fig. 2.2 and presented in
Table 2.4. The temporal window includes 11% of the IC40 live time, and close to
18% of the live time for Mrk 421, which is close to the 3σ duty cycle calculated
in [108]. Though this is the optimal window as defined by our analysis, it completely
omits the five remaining blazars. So we choose to carry out two distinct searches
for excess neutrino emission: First, a Mrk 421-only analysis (the optimal search,
according to our original search criteria); and second, a Mrk 421-exclusive analysis
using the light curves from the five other blazars. Optimization of the flux threshold
39

for the second analysis results in a total ≈52 day-long acceptance window including
some coverage of each of the five remaining blazars, as shown in Fig. 2.3 and
presented in Table 2.4.
Blazar Times of Interest
Name

1ES 0806+524
1ES 1218+304

3C66A

Mrk 421

Tstart
(d)

Tstop
(d)

2.138
268.058
276.516
293.766
299.766
304.683
318.849
325.641
328.599
345.016
179.687
185.104
204.979
210.854
227.729
0.116
3.199
17.324
22.616
29.157
31.449
48.449
53.116
54.699
56.866
58.949
267.574

2.221
269.266
277.766
295.141
302.849
305.433
319.891
327.766
330.099
345.641
180.437
188.937
205.937
213.687
230.312
1.532
3.532
21.366
28.241
30.949
33.032
50.741
53.616
55.866
57.532
61.157
267.824

40

Mrk 501

W Comae

288.741 289.991
293.699 295.199
298.074 298.824
299.907 302.866
303.741 304.449
316.782 317.949
318.824 320.657
321.949 322.616
325.991 326.907
330.657 331.991
343.574 346.324
348.241 348.449
350.866 351.199
358.241 358.657
371.741 372.657
375.199 376.991
379.032 379.532
385.574 386.782
401.616 402.199
−0.961
0.830
3.247
8.289
18.705 25.789
35.872
38.83
343.872 347.122
350.955 353.914
4.494
5.036
61.411 64.327

Table 2.4: Start and stop times (Tstart , Tstop ) for the temporal windows of interest
are reported in days since the start of the IC40 run (i.e., MJD−54562). Temporal
windows for two distinct searches are reported, one using Mrk 421 data only
(Mrk 421-only) and one using only data from other blazars (Mrk 421-exclusive);
see text for details.

41

Flux (10 -11 cm -2 s -1 )

60
Mrk 421
40
20
0 0
10
20
30
40
50
60
70
15
10
5
0
280
290
300
310
320
330
340
350
15
10
5
0 360
370
380
390
400
410
420
430

MJD-54562

Figure 2.2: Times of interest for Mrk 421 (shaded intervals). These times were
selected in our initial optimization as the most sensitive search for associated
neutrinos (Sec. 2.2.3). The selection includes 45.6 days with a total TeV γ-ray fluence
of 4.1 × 10−4 photons cm−2 and yields an expected background of 1.03 neutrinos.

2.2.4 Monte Carlo Simulations
We carry out Monte Carlo (MC) simulations to confirm our understanding of the
atmospheric neutrino background. Each simulation begins by shuffling the complete
list of IC40 neutrino detections, associating each original neutrino νi with another
randomly-selected neutrino νj . In our MC scrambling, the neutrino νi retains
its original declination and receives the original arrival time of neutrino νj , with
its new right ascension derived by adjusting the original right ascension for the
difference in local sidereal time between the original and new arrival times. In this
way, each neutrino retains its original arrival direction with respect to the physical
IC40 array, preserving any structure present in detector coordinates. Applying this
procedure leads to a new scrambled dataset that retains the original integrated
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distributions in time, declination, and arrival direction, while scrambling neutrino
positions quasi-randomly in right ascension.
We produce 10,000 MC datasets and search for neutrinos arriving during the
predefined ROIs and temporal windows. We then use these results to verify the
expected arrival rate and assumption of Poisson behavior for the background
atmospheric neutrinos.
Our Mrk 421-only search uses a flux cutoff accepting each lightcurve point
brighter than 6.22×10−11 cm−2 s−1 , accounting for 45.6 days in total. The integrated
fluence during this temporal window is 4.1 × 10−4 cm−2 . From the IC40 data, an
average of 1.03 neutrinos should arrive within the 2.3◦ -radius ROI during the 45.6
days. The 10,000 MC data sets show a Poisson background with a mean of 1.03
and a variance of 1.01. Thus, a >3σ detection would require ≥5 neutrinos during
the temporal acceptance window.
Our Mrk 421-exclusive search uses a flux cutoff of 1.88 × 10−11 cm−2 s−1 , with
51.6 days above this level, and an integrated fluence of 1.4 × 10−4 cm−2 . IC40
data predicts the ROI should see an average of 1.17 neutrinos during the temporal
windows. The 10,000 scrambles demonstrated a Poisson background with a mean
and a variance of 1.10. Detection at >3σ would hence require ≥6 neutrinos.

2.3 Results and Discussion
In order to derive physical constraints from our observations, we need to derive
expected IC40 neutrino detection rates from the observed TeV γ-ray fluxes of the
targeted blazars, using an appropriate model.
We adopt a standard lepto-hadronic model for this purpose. The measured TeV
photon fluence for each blazar can be expressed as the integral of the differential
spectrum:

2−Γobs,i
Z ε2
N0
εγ
φi =
dεγ
(2.12)
1 TeV
εth ε2
γ
where εγ is the γ-ray energy, εth is the threshold energy for that blazar, ε2 = 30 TeV
is the upper energy limit of VERITAS, Γobs,i is the observed power-law photon
index for each blazar (Table 2.1), and N0 is a normalization constant. Once N0 is
known for each blazar, the differential spectrum for neutrinos can be calculated.
The number of expected neutrinos is the integral of the neutrino spectrum times
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the effective area of IC40:
Nexp,i =

Z ε2
ε1

N0
4 ε2ν



εν
0.5 TeV

2−Γsrc,i

AIC40 (εν ) dεν

(2.13)

where N0 is a constant calculated in Eq. 2.12, εν is the neutrino energy, ε1 and ε2
bound the calculation over the IC40 effective area AIC40 (ν ) as presented in [112],
and Γsrc,i is the blazar spectral index after correcting for γ-ray absorption by the
extragalactic background light using the models of [22] and [21] (Table 2.1). If
Nexp,i is larger than the calculated upper limit, non-observation will constrain the
fraction of γ-rays produced in lepto-hadronic interactions.
Our Mrk 421-only search yields no neutrinos during the temporal acceptance
windows, while ≥5 were required for a detection claim. Our non-detection implies an
upper limit of 1.27 (2.30 in total, minus 1.03 background) flux-associated neutrinos
from Mrk 421 at 90%-confidence. If the TeV γ-ray flux from Mrk 421 during
our identified periods of excess and flaring emission were entirely due to hadronic
interactions, this would give 0.79 neutrinos. As this is smaller than the upper limit,
we cannot constrain the hadronic process for Mrk 421; the relevant figure of merit
is Nν,obs /Nν,exp < 1.6.
Our Mrk 421-exclusive search yields one neutrino during the joint acceptance
windows for the remaining five blazars; ≥6 neutrinos were required in this case
for >3σ detection. The neutrino arrives from the Mrk 501-specific ROI with an
angular offset of 1.5◦ at MJD 54562.71 (time 0.71 in Figure 2.3 and Table 2.4).
With one detected neutrino, we have an upper limit of 2.79 (3.89 total minus
1.10 background) neutrinos at 90%-confidence. Applying our hadronic interaction
model to the identified periods of excess and flaring emission from these blazars
leads to an expectation of 0.02 neutrinos over the joint acceptance windows with
Nν,obs /Nν,exp < 140 as the figure of merit. Note that while the integrated γ-ray
fluence from Mrk 421 was roughly three times larger than the fluence from the
other five blazars, its expected neutrino fluence was nearly 35 times larger. This is
due to the hardness of Mrk 421’s spectrum, which yields more neutrinos at higher
energies where IceCube is more sensitive. The five other blazars (excepting 3C 66A,
which had a much smaller integrated fluence) had softer spectra, yielding more
neutrinos at lower energies where IceCube is less sensitive.
A previously published IC40 analysis [100] for Mrk 421 identified and ob-
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served two neutrinos, consistent with background, with theoretical neutrino flux
calculations yielding a best fit of 2.6 signal events, producing a differential flux
limit of dN/dE ≤ 11.71 × 10−12 TeV−1 cm−2 s−1 for muon neutrinos. Additional
searches [102] continue to show no correlated neutrinos. Independent analysis of
Mrk 421 using γ-ray data from Fermi [113] showed that focusing on blazar flares
may be optimal for discovery of correlated >PeV neutrinos.
While our limits do not suffice to constrain our chosen hadronic interaction
model for these blazars, the existence of an additional seven years’ worth of IceCube
data, all taken with greater-volume configurations of the detector (including five
years’ worth of data using all 86 strings), is encouraging. This should amount to
roughly 14 times the effective integration of one year of IC40 data and, in the
event of a nondetection, reduce the figure of merit by a factor of ≈3.8. Hence,
unless the variability and flaring properties of Mrk 421 and the remaining blazars
during IC40 were in some way unusual, we anticipate being able to constrain
hadronic models for Mrk 421 with data already in hand at both IceCube and
VERITAS, with the anticipated figure of merit (in the case of nondetection) being
Nν,obs /Nν,exp <
∼ 0.4. Similarly but less conclusively, we anticipate being able to
make a much more sensitive (although potentially, not yet physically constraining)
search for excess flux-associated neutrinos from Mrk 501 and the other northern
blazars, with Nν,obs /Nν,exp <
∼ 32 as the anticipated figure of merit in the case of
non-detection.

2.4 Conclusions
We defined a search for TeV γ-ray flux-correlated neutrinos from six bright northern
blazars. The search used publicly-available neutrino data from the IceCube 40-string
“IC40” observing run and public TeV γ-ray data from VERITAS. Interpolating the
VERITAS light curves with a Gaussian process regression, we isolated temporal
windows of interest for two searches: a Mrk 421-only search and a Mrk 421-exclusive
search. We confirmed the Poisson behavior of the near-isotropic background with a
Monte Carlo simulation using scrambled neutrino datasets.
Our Mrk 421-only search found zero neutrinos compared to a background
expectation of 1.03 neutrinos and a requirement of ≥5 neutrinos for a >3σ detection
claim, while our Mrk 421-exclusive search found one neutrino compared to a
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background expectation of 1.1 neutrinos and a requirement of ≥6 neutrinos for a
>3σ detection claim.
Both findings are consistent with background expectations, yet they are also consistent with expectations from hadronic blazar models. These non-detections place
upper limits of 1.27 neutrinos for Mrk 421 (with a figure of merit Nν,obs /Nν,exp < 1.6)
and 2.79 neutrinos for the five other blazars (figure of merit Nν,obs /Nν,exp < 140).
These limits are not strong enough to place constraints on the hadronic process
for any of the blazars, though the figure of merit for Mrk 421 is close to being
physically constraining. However, this search was limited to only the IC40 dataset.
The methods developed in Sec. 2.2.3 work equally well for any additional existing
data. An interesting future project would be to extend this search to more recent
public datasets.
Our analysis showed that Mrk 421 dominates the TeV γ-ray flux from the
northern blazars. Mrk 421 is currently monitored in the TeV on a daily or near-daily
basis by the High-Altitude Water Cherenkov (HAWC; [114]) and First Cherenkov
Telescope using a G-APD Camera for TeV Gamma-ray Astronomy (FACT; [42])
facilities. Since IceCube has been operating at full strength since 2011, it may be
fruitful to perform a flux-correlated search on Mrk 421, as even a non-detection
will reduce the figure of merit, potentially to a physically constraining value.
As mentioned in Sec. 2.1, TeV orphan flares are a particular candidate for the
dominance of hadronic acceleration processes. Using hard X-ray data from the
Swift BAT all-sky monitor [115] in tandem with HAWC, FACT, and VERITAS
data, TeV γ-ray orphan flares could be isolated from other periods of high TeV flux
and used for a distinct, focused seach for associated neutrinos.
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Figure 2.3: Times of interest for Mrk 501, 1ES 1218+304, 3C 66A, W Comae,
and 1ES 0806+524 resulting from our Mrk 421-exclusive search (shaded intervals).
These times were selected as the most sensitive search for associated neutrinos that
excludes data from Mrk 421 (Sec. 2.2.3). The selection includes 51.6 days with a
total γ-ray fluence of 1.4 × 10−4 photons cm−2 and yields an expected background
of 1.17 neutrinos.
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Chapter 3
Search for Fermi-LAT
counterparts to IceCube
neutrinos12
We present results of an archival coincidence analysis between Fermi Large Area
Telescope (LAT) gamma-ray data and public neutrino data from the IceCube
neutrino observatory’s 40-string (IC40) and 59-string (IC59) observing runs. Our
analysis has the potential to detect either a statistical excess of neutrino + gammaray (ν+γ) emitting transients or, alternatively, individual high gamma-multiplicity
events, as might be produced by a neutrino observed by IceCube coinciding with a
LAT-detected gamma-ray burst. Dividing the neutrino data into three datasets by
hemisphere (IC40, IC59-North, and IC59-South), we construct uncorrelated null
distributions by Monte Carlo scrambling of the neutrino datasets. We carry out
signal-injection studies against these null distributions, demonstrating sensitivity
to individual ν+γ events of sufficient gamma-ray multiplicity, and to ν+γ transient
populations responsible for >13% (IC40), >9% (IC59-North), or >8% (IC59-South)
of the gamma-coincident neutrinos observed in these datasets, respectively. Analyzing the unscrambled neutrino data, we identify no individual high-significance
neutrino + high gamma-multiplicity events, and no significant deviations from the
test statistic null distributions. However, we observe a similar and unexpected
1
This paper has been published in the Astrophysical Journal as: C. F. Turley, D. B. Fox, K.
Murase, & 14 others, The Astrophysical Journal, Volume 833, 117 (arxiv:1608.08983)
2
Python scripts used in this analysis can be found at https://github.com/cft114/fermice
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pattern in the IC59-North and IC59-South residual distributions that we conclude
reflects a possible correlation (p = 7.0%) between IC59 neutrino positions and
persistently bright portions of the Fermi gamma-ray sky. This possible correlation
should be readily testable using eight years of further data already collected by
IceCube. We are currently working with Astrophysical Multimessenger Observatory
Network (AMON) partner facilities to generate low-latency ν+γ alerts from Fermi
LAT gamma-ray and IceCube and ANTARES neutrino data and distribute these
in real time to AMON follow-up partners.

3.1 Introduction
The IceCube Collaboration has detected the first high-energy neutrinos of cosmic
origin [49, 50]. Unlike the atmospheric neutrinos that dominate the observed events
at lower energies, the cosmic neutrinos have a harder spectrum, with a current
best-fit neutrino power-law index of Γν = −2.19 [116]. The sky distribution of
high-likelihood cosmic neutrinos is consistent with isotropy, and indeed, no highconfidence counterparts have been identified for any of these neutrinos [102, 117];
however, we note the recent suggestive coincidence between the “Extremely High
Energy” muon neutrino IceCube-170922A [97] and a bright and extended GeVflaring episode of the blazar TXS 0506+056 [27].
In addition to blazars, possible cosmic neutrino source populations include
star-forming and starburst galaxies, galaxy groups and clusters, other types of
active galactic nuclei, supernovae, and gamma-ray bursts (see [57] for a recent
review).
One possible approach to revealing the nature of the source population(s) is
to take advantage of the likely-greater number of cosmic neutrinos that must
exist within the IceCube dataset at lower energies. For example, using the most
recent power-law index and normalization estimates [116], and integrating down to
εν ≈ 1 TeV using the facility’s declination- and energy-dependent effective area [102],
we find that IceCube should be detecting rcosmic ≈ 120 neutrinos of cosmic origin
per year, all-sky, below the εν ≈ 60 TeV threshold for individual likely-cosmic
events (e.g., those selected as IceCube High Energy Starting Events). If the cosmic
neutrino spectrum softens (or becomes dominated by a distinct, softer component)
within 1 TeV <
∼ εν <
∼ 60 TeV then the number of cosmic neutrinos in this range
49

could be substantially greater. However, since these lower-energy cosmic neutrinos
are individually indistinguishable from the atmospheric neutrino background, some
strategy must be employed to identify them before they can be used to study their
sources.
One such strategy is illustrated by the IceCube Collaboration’s all-sky and
catalog-based point-source searches [102, 117, 118]. These strategies are likely to be
optimal in cases where the neutrino sources are persistent, roughly constant, and
drawn (respectively) from either unknown or known/anticipated source populations.
Alternatively, for transient or highly-variable source populations, we can take
advantage of the neutrino timing and localization to attempt to identify electromagnetic or other non-neutrino counterparts. Any such discovery would have immediate
implications for the nature of the sources, whether or not a host galaxy or long-lived
counterpart could also be identified.
As reviewed by [57], numerous theoretical models predict the co-production
of cosmic neutrinos with prompt and luminous electromagnetic signals. In most
such models, protons or other nuclei are accelerated to high energies, often in
relativistic jets. Interactions of these accelerated particles with ambient matter
or radiation yield copious quantities of pions, with gamma-rays resulting from
decay of the π 0 component, and neutrinos from decays of the co-produced π ± .
For example, gamma-ray bursts (GRBs) were long considered potential sources
of jointly-detected high-energy neutrinos and gamma-rays (e.g., [60, 119, 120]).
Although GRBs are now ruled out as the dominant source of IceCube cosmic
neutrinos by coincidence studies [121], it remains possible that GRBs supply a
fraction of the cosmic neutrinos.
Particular sub-classes of GRBs including “choked jet” events could still provide
a partial or even dominant contribution to the cosmic neutrinos [122–124]. Other
promising neutrino + gamma-ray (ν+γ) transients include luminous supernovae
[125], blazar flares (e.g., [126, 127]), and tidal disruption events (e.g., [128–130]).
In this context, the Fermi satellite’s Large Area Telescope (LAT; [31]) offers a
highly complementary dataset for cross-reference with IceCube neutrino detections.
Operating efficiently over the 100 MeV <
∼ εγ <
∼ 300 GeV energy range, the LAT
provides instantaneous coverage of roughly 20% of the sky and regular full-sky
coverage (under normal operations) every three hours. Its energy range, angular
and energy resolution, low background, and sensitivity yield a high-purity sample of
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high-energy photons that is almost immediately available (median delay of 5 hours)
for real-time cross-correlation with IceCube neutrinos.
The high suitability of the Fermi LAT and IceCube neutrino datasets for joint
analysis prompted our previous archival search for subthreshold neutrino + gammaray (ν+γ) emitting sources in the IceCube 40-string (hereafter IC40) public neutrino
dataset [131]. This work, carried out under the auspices of the Astrophysical
Multimessenger Observatory Network (AMON3 ; [132, 133]), calculated pseudolikelihoods for all candidate ν+γ pairs and compared the cumulative distribution
of this test statistic to a null distribution derived from scrambled datasets (using
the Anderson-Darling test; [134]). The sensitivity of the analysis was calibrated
via signal injection, allowing a rough mapping of Anderson-Darling p-value to the
number of injected pairs. While the observed test statistic distribution, and the
p-value of 4% versus the null distribution, were consistent with the presence of ≈70
signal pairs out of 2138 observed coincidences, subsequent vetting tests provided
no reason to suspect the presence of a cosmic signal.
The present work can be considered, in part, a continuation and extension of this
earlier investigation. First, we revisit the IC40 analysis using the new Fermi Pass 8
reconstruction and extend the analysis to the IceCube public 59-string dataset
(hereafter IC59), which covers both Northern and Southern hemispheres. Second,
we extend the previous test statistic to incorporate the possibility of single neutrino
+ multiple gamma-ray coincidences, which provides an unbounded statistic suitable
for identification of individual high-significance events. Finally, we have divided
the Fermi bandpass into three energy ranges in our background calculations, which
we expect will improve the sensitivity of the analysis for relatively hard-spectrum
transients.

3.2 Datasets
This analysis was performed using available IceCube and Fermi LAT public data
over the period of temporal overlap between the two observatories. The relevant
Fermi data were the Pass 8 photon reconstructions available from the LAT FTP
server4 . These photon events were filtered using the Fermi Science Tools, keeping
3
4

AMON website: http://www.amon.psu.edu/
LAT data located at ftp://legacy.gsfc.nasa.gov/fermi/data/lat/weekly/photon/
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only photons with a zenith angle smaller than 90◦ , energies between 100 MeV and
300 GeV, detected during good time intervals (GTI) provided in the LAT satellite
files5 .
The point spread function (PSF) of the LAT is given by a double King function
with the parameters depending on the photon energy, conversion type, and incident
angle with respect to the LAT boresight [135]. At lower energies (hundreds of MeV),
the angular uncertainty can be several degrees, especially for off-axis photons. At
εγ > 1 GeV the average uncertainty drops below 1◦ , and at εγ >
∼ 100 GeV angular
uncertainties are better than 0.1◦ .
Public data from the 40-string (IC406 ) and 59-string (IC597 ) configurations of
IceCube were used [100, 136]. IC40 ran from April 2008 to May 2009 and contains
12,876 neutrinos over the northern hemisphere. This corresponds to Weeks 9 to 50
of the Fermi mission, which has public data available from 4 August 2008. Applying
our cuts to the Fermi data yield 7.2 million northern-hemisphere photons during
IC40, and reduces the IC40 neutrino dataset to 8871 events over the approximately
nine-month period of joint operations. IC59 ran from May 2009 to May 2010 and
contains 107,569 neutrino events; this period corresponds to weeks 50 to 104 of
the Fermi mission, and yields 19.4 million photon events passing our cuts. Fig. 3.1
shows neutrino sky maps for IC40 and IC59 in equatorial coordinates.
We adopt a Gaussian form for the IceCube PSF. For IC40, the angular uncertainty for each neutrino is set at 0.7◦ [103]. Angular uncertainties are provided for
the IC59 events, and we use the reported angular uncertainty for each event.
A healpix [137] map of resolution 8 (NSide=256, mean spacing of 0.23◦ )
was constructed using the entire Fermi data set (weeks 9 to 495 at the time of
creation) with the same photon selection criteria used for IC40 and IC59. Using
the HEASoft [138] software, events were binned into three logarithmically uniform
energy bins. Each energy bin was then further binned into a healpix map, with the
live time calculated via a Monte Carlo simulation. Dividing the counts map by the
live time map produced the Fermi exposure map. Zero-valued (low-exposure) pixels
were replaced by the average of the nearest neighbor pixels. Our three resulting
all-sky Fermi maps are shown in Fig. 4.2. Due to the additional reconstruction
5

Fermi satellite files located at ftp://legacy.gsfc.nasa.gov/fermi/data/lat/weekly/
spacecraft/
6
IC40 data available at http://icecube.wisc.edu/science/data/ic40
7
IC59 data avalable at http://icecube.wisc.edu/science/data/IC59-point-source
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uncertainty in the Fermi PSF for high-inclination events (inclination angle greater
than 60◦ ), three additional maps were generated by further averaging all pixels
with their nearest neighbors.

3.3 Methods
3.3.1 Significance Calculation
Our analysis begins by filtering for coincidences between an individual neutrino
event and all photons within 5◦ angular separation and ±100 s arrival time, as
per [131]. The angular acceptance cut corresponds approximately to the maximum
1σ radial uncertainty for Fermi LAT photons satisfying our event selection. The
temporal acceptance window is chosen to include ≈90% of classical gamma-ray
bursts [139]. For each coincidence, a pseudo-log-likelihood test statistic, λ, is
calculated as follows:
λ = 2 ln

(Pγ1 (~x)Pγ2 (~x)...Pγn (~x))n!(Pν (~x))
B1 (~x, E1 , θ1 )B2 (~x, E2 , θ2 )...Bn (~x, En , θn )

(3.1)

where n is the number of photons coincident with the neutrino, Pγi (~x) is the
energy-dependent point spread function (PSF) of the LAT at the best fit position,
~x, and Pν (~x)) is the IceCube PSF at the best fit position. Both PSFs have units
of probability per square degree. The Bi (~x, Ei , θi ) are the LAT background terms
in units of photons per square meter (approximating the Fermi effective area) per
200 s (our temporal window) per square degree for each γi , given its energy Ei and
inclination angle θi . In this metric, larger values of λ indicate a higher-likelihood
correlated multiplet. This pseudo-log-likelihood statistic is the natural extension
of the [131] test statistic to multi-photon coincidences, via the Poisson likelihood
of generating an n-fold coincidence from background; in the prior approach, each
ν+γ coincidence was treated separately.
The best fit position ~x is determined as the location of maximal PSF overlap.
As the overlap of a double King function with a Gaussian function cannot be solved
analytically, the best-fit position is found numerically. For single neutrino + mutiple
photon coincidences, the event photon multiplicity is determined by optimization:
We compare the λ value at maximum multiplicity to that which would result if the
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photon with the lowest PSF density at the best-fit position were excluded (after
recalculating the best-fit position and λ), and iteratively exclude photons until λ
no longer increases.

3.3.2 Analysis Definition
We generate a set of 10,000 Monte Carlo scrambled versions of each of our three
datasets in order to characterize their null distributions and define analysis thresholds, prior to performing any analysis of the unscrambled datasets. Our scrambling
procedure begins by shuffling the full set of neutrino detections, associating each
original neutrino νi with another randomly selected neutrino νj . Each neutrino νi
retains its original declination and angular error and receives the original arrival
time of neutrino νj , with its new right ascension derived by adjusting the original
right ascension for the difference in local sidereal time between the original and new
arrival times, the same approach as in [140]. Fermi LAT photons are not scrambled as the LAT data contains known sources and extensive (complex) structure.
Coincidence analysis is carried out for each scrambled dataset and λ values are
calculated for the resulting ν+γ coincidences via Eq. 3.1.
This analysis presents two discovery scenarios. First, since our test statistic λ
is unbounded, the null distribution provides us with threshold values which can
be used to identify individually-significant coincidences and estimate their false
alarm rates. We define two such thresholds, λ×10 , the value exceeded (one or
more times) in 1 of 10 scrambled datasets, and λ×100 , the value exceeded in 1 of
100 scrambled datasets. For analyses treating a year of observations, these two
thresholds would correspond to events with false alarm rates of 1 decade−1 and
1 century−1 , respectively.
Under this approach (and without accounting for the trials factor, see below),
observation of a single event above λ×100 , or two events above λ×10 , would constitute
evidence of joint ν+γ emitting sources, while observation of two events above λ×100
or four events above λ×10 would enable a discovery claim.
In the absence of any individually-significant events, there remains the opportunity for discovery of a subthreshold population of ν+γ emitting sources. By design,
true cosmic coincidences are biased to higher λ values (Fig. 3.3), and a population
containing a sufficient number of such signal events can be distinguished from the
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null distribution using the Anderson-Darling k-sample test. The k-sample test
is used to establish mutual consistency among k observed datasets (k = 2 for a
two-sample test), testing against the null hypothesis that they are drawn from a
single underlying distribution.
Given our choice to make two statistical tests on each of three predefined
datasets (IC40, IC59-North, and IC59-South), we apply an Ntrials = 6 trials penalty
to our unscrambled analyses (Sec. 3.4.1).

3.3.3 Signal Injection
To estimate our sensitivity to cosmic ν+γ emitting source populations, we generate
signal-like events and inject these into scrambled datasets, comparing the results
to the null distribution.
Since we test for γ multiplicity, as part of this process we must adopt a procedure
for determining whether each injection is a γ singlet, doublet, or nγ > 2 multiplet.
To determine the appropriate nγ distribution, we assume a population of sources
emitting one neutrino, with associated photon fluence distributed according to
−3/2
N (S ≥ S0 ) ∝ S0 , where S0 is a threshold photon fluence and N (S ≥ S0 ) is the
number of events observed with fluences greater than or equal to this threshold;
−3/2
we note that an S0
dependance is expected for source populations of arbitrary
luminosity function distributed in Euclidean space.
Adopting a minimum considered fluence of Smin = 0.001 photons, and inverting
this relation, we generate the expectation value for the multiplicity of any event
as hnγ i = Smin u−2/3 , where u is a uniform random variable. We then generate the
observed nγ by drawing randomly from the Poisson distribution with expectation
value hnγ i. Excluding zero-multiplicity events, we are left with the following nγ
distribution: 93% singlet, 4.8% doublet, 1.1% triplet, 0.5% quadruplet, 0.3% quintuplet, 0.2% sextuplet, and 0.1% septuplet (the highest multiplicity we allow). As
an aside, we note that this is (approximately) the unique and universal distribution
expected to arise in these cases, for extragalactic source populations extending to
modest redshift (z <
∼ 1) with weak evolution, and thus distributed in near-Euclidean
space.
A signal event of photon multiplicity nγ is generated by centering the PSF for
nγ LAT photons and an IceCube neutrino at the origin. The neutrino localization
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uncertainty is drawn from the full set of IceCube neutrino uncertainties, while the
inclination angles and conversion types of the photons are drawn from the full set
of these distributions within the Fermi dataset. Photon energies are drawn from a
power law with a photon index Γ = −2. The photons and the neutrino are placed
randomly according to their respective PSFs. A random sky position is then chosen
as the best fit position for this coincidence, and a λ value is calculated following the
methods of Sec. 3.3. Since the λ calculation involves maximizing λ by exclusion of
outlying photons, many events end up with some of the injected photons excluded.
Cumulative distributions for the null and signal-only distributions are shown in
Fig. 3.3.
To calculate the sensitivity of our analysis, we inject an increasing number
of signal events ninj into a scrambled (null) distribution and compare the signalinjected and null λ distributions using the Anderson-Darling k-sample test. We
carry out 10,000 trials for each selected value of ninj and plot the mean resulting
p-value against ninj , for each of our datasets, in Fig. 3.4. In this way we estimate the
threshold value of ninj that is required to yield a statistically-significant deviation
from the null distribution for each of the datasets (ninj,1% and ninj,0.1% columns in
Table 3.1).

3.3.4 Analysis Sensitivity and Expectations
Carrying out the scrambled analysis on the IC40 and IC59 data produces the null λ
distributions shown in Fig. 3.3. Key statistics from these analyses are summarized
in Table 3.1. Most of the simulated events with λ > λ×100 in IC59-North scrambled
runs result from a scrambled neutrino landing in near coincidence with one of two
GRBs detected by the LAT during our period of observation. GRB 090902B [141]
placed over 200 photons on the LAT, giving a maximum λ = 2560.2 in a 218-photon
coincidence. GRB 100414A [142] placed over 20 photons on the LAT and yields a
maximum λ = 91.2 in a 10-photon coincidence. Excluding all coincidences with
either of these GRBs would yield a threshold of λ×100 = 35 for the IC59-North
data, rather than the GRB-inclusive value of λ×100 = 49.0.
Given the number of signal-like ν+γ required to yield a p < 1% deviation in
the Anderson-Darling k-sample test, we estimate our analysis would detect >150
source-like ν+γ coincidences from IC40 (>13% of the total number of coincidences
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Coincidence Search Results
Dataset

hnν+γ i λ×10

IC40
1090 ± 30
IC59-North 4970 ± 65
IC59-South 7072 ± 76

Thresholds
λ×100 ninj,1% ninj,0.1%

23.9
26.5
26.8

27.2
49.0
31.5

150
440
565

210
570
740

Observed Values
nν+γ λmax pA−D
1128
5046
7080

20.3
17.8
24.4

63%
16.8%
3.8%

Table 3.1: hnν+γ i is the expected number of neutrinos observed in coincidence
with one or more gamma-rays, as derived from 10,000 Monte Carlo scrambled
realizations of each dataset. λ×10 and λ×100 are the thresholds above which a
coincidence is only observed once per 10 or 100 scrambled datasets, respectively.
ninj,1% and ninj,0.1% are the number of injected signal events required in simulations
to give an Anderson-Darling test statistic of p < 1% and p < 0.1%, respectively,
by comparison to the null distributions for each dataset. nν+γ is the number of
neutrinos observed in coincidence with one or more gamma-rays in the unscrambled
data, λmax is the maximum observed λ for each dataset, and pA−D is the value of
the Anderson-Darling test statistic from comparison of the observed λ distribution
to its associated null distribution.
in IC40), >440 from IC59-North (>9%), and >565 from IC59-South(>9%); see
Table 3.1.

3.4 Results
3.4.1 Coincidence Search
Applying our analysis to the three unscrambled neutrino datasets yields the results
summarized in Table 3.1. Fig. 3.5, Fig. 3.6 and Fig. 3.7 show the λ distributions
for the unscrambled data for IC40, IC59-North, and IC59-South, along with the
null distributions, and distributions for signal injections yielding p-values from
the Anderson-Darling test of 1% and 0.1%, respectively. All distributions are
normalized to the number of coincidences nν+γ observed in the unscrambled data.
No λ values were detected above the λ×10 threshold in any of the analyses. Notably,
as seen in Fig. 3.6 and Fig 3.7, the IC59-North and IC59-South data show an excess
of lower λ values by comparison to the null distributions, unlike the excess of higher
λ values expected from a signal population.
Given our six trials, a minimum observed single-trial p = 3.8% corresponds to
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a trials-corrected value of ppost = 20.7%, which is not significant. However, the
similar scale and shape of the residual patterns for IC59-North and IC59-South
lead us to seek out possible causes of these residual patterns. To illustrate this
point, combining p-values from these two datasets (our most sensitive) by Fisher’s
method gives a joint p = 3.9% (single trial) as the probability of generating two
such large deviations by random chance.
We note that we have not conceived of any way for systematic effects to generate
the IC59 residuals and low p-values, simply because any errors or simplifications
in the analysis (which certainly exist) are replicated across all scrambled datasets.
Rather, the only way to generate these effects (if they are not due to random
statistical fluctuation) is via spatio-temporal correlation of neutrinos and gammarays. Such correlation would imply either cosmic sources, or at a minimum,
correlated emission (e.g., enhancement toward the Galactic plane or Supergalactic
plane) and hence, require structure in the neutrino sky which has not previously
been observed.
We divide our further explorations into two approaches: First (Sec. 3.4.2), we
further vet the IC59 data against our original hypothesis, to test for any evidence
that short-duration (δt < 100 s) ν+γ transients are really present in the data.
Second (Sec. 3.4.3), we test for longer-duration ν+γ spatio-temporal correlations
that might have an effect on our original analysis.

3.4.2 IC59 Vetting
We vet the IC59 datasets to evaluate whether the low p-values and systematic
trends in the residual λ distributions that we observe could be due to ν+γ transient
sources, as per our original hypothesis, but below the sensitivity of those analyses.
We exclude the IC40 dataset from these tests as it is less sensitive to the presence
of cosmic sources (see Fig. 3.4 and Sec. 3.3.4).
Specifically, we check for systematic trends or anomalies in the spatial and
temporal distributions of the neutrino-coincident photons that might account for
the unexpected deviation to lower λ values. We test separately for deviations in the
distributions of the photons’ angular and temporal separations from their coincident
neutrino, for IC59-North and IC59-South.
With regards to the angular separation distributions, we note that a systematic
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underestimation of IceCube neutrino localization uncertainties might cause suppressed λ values relative to simulations, due to the Pν term in the pseudo-likelihood.
In a similar vein, even if all neutrino and gamma-ray localization uncertainties are
accurately characterized, a systematically softer spectrum for cosmic ν+γ sources
(Γ < −2) would suppress λ values via the Pγi terms in the pseudo-likelihood, since
higher-energy LAT photons are better localized.
We construct five-bin histograms of the angular separations of all neutrinoassociated photons, with bin boundaries chosen to make the null distribution
approximately flat (equal numbers of photons in each bin). We then calculate the
χ2 statistic for the unscrambled data compared to the (flat) null distribution.
Fig. 3.8 (note zero-suppressed y axis) presents our results. Observed IC59-North
angular separations are consistent with the (flat) null distribution, exhibiting
χ2 = 8.238 for 4 degrees of freedom (p = 14.3%). IC59-South angular separations,
by contrast, show a substantial deficit in the bin at δθ ≈ 3◦ (and modest excesses
in the bins to either side), which results in χ2 = 11.502 for 4 degrees of freedom,
giving p = 4.2%. While this deviation is moderately surprising, the absence of any
systematic trend to low or high separations suggests it is likely not responsible for
the observed deviation in the λ distribution.
Here we note that a systematic trend to small angular separations would suggest
the presence of ν+γ sources as per our test hypothesis, while a systematic trend
to large angular separations would suggest the presence of ν+γ sources with
underestimated localization uncertainties or soft gamma-ray spectra. Neither such
trend is observed.
We execute a similar analysis of the temporal separations of coincident photons.
In contrast to the angular separations, which are incorporated into our pseudolikelihood calculation, temporal separations are not considered (apart from the
predefined acceptance window), so this analysis serves as an independent test of our
original hypothesis. For purposes of trials correction of any subsequent statistics,
we therefore add two trials, giving Ntrials = 8.
Fig. 3.9 (note zero-suppressed y axis) shows our results for temporal separations
data in the two IC59 datasets. Neither dataset shows evidence for deviation from
the expected flat distribution (illustrated using scrambled datasets), with χ2 -derived
p-values of p = 73% for IC59-North and p = 53% for IC59-South.
Examining the angular and timing separations of the neutrinos and coincident
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photons at higher resolution thus provides no support for the presence of shortduration (δt <
∼ 100 s) ν+γ emitting cosmic sources as conceived in our original
hypothesis. Since these are not seen, we move on to examine alternative models
that might generate ν+γ spatio-temporal correlations in the data.

3.4.3 Tests for ν+γ Correlation
We carry out two tests for spatio-temporal correlations between the neutrino and
gamma-ray datasets beyond our original ±100 s temporal acceptance window.
First, a correlation between neutrino and photon positions on the sky, without
any temporal correlation (i.e. in steady state) could suppress λ values relative to the
null hypothesis, due to the Bi gamma-ray background terms in our pseudo-likelihood
(Eq. 3.1).
To test for positional correlation, we first construct a single Fermi background
map covering the full energy range. We then measure the background value at
the location of every IceCube neutrino in unscrambled data and compute the
average photon background for the neutrino map. This average is then compared
to the average backgrounds from each of the 10,000 scrambled datasets. The
scrambled datasets give an average background of (1.90 ± 0.015) × 10−2 photons
deg−2 m−2 per 200 s for IC59-North and (2.40 ± 0.022) × 10−2 photons deg−2 m−2
per 200 s for IC59-South. The observed average backgrounds (in the same units)
from unscrambled data are 1.91 × 10−2 (+0.58σ; p = 28.1%) for IC59-North and
2.44×10−2 (+1.67σ; p = 4.7%) for IC59-South. These observed values are presented
in the context of the distributions from scrambled data in Fig. 3.10.
This analysis is not an independent test for the presence of ν+γ sources, but
rather, an attempt to identify an underlying reason for the trend in λ residuals seen
in Sec. 3.4.1. Since the p-value for the separate analyses, as well as their combination
(p = 7.0% by Fisher’s method), are within a factor of two of the p-values from the
corresponding λ distribution tests, this provides reason to interpret the latter result
as (at least in part) due to the observed tendency of IC59 neutrinos to land on
systematically brighter regions of the gamma-ray sky. We reiterate that while this
tendency is present in the data, it is not sufficiently strong (in a statistical sense)
to support an evidence claim.
As an alternative approach, we check for correlated ν+γ variability on time
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scales beyond our predefined ±100-second temporal window but shorter than the full
extent of the Fermi mission. To this end, for each neutrino in our scrambled IC59
datasets, we use the total Fermi mission background map to calculate the number of
photons expected to arrive within 5◦ of the neutrino position and ±50,000 s of the
neutrino arrival time (excluding the ±100 s window used in the original analysis).
We then count the number of photons arriving within this spatio-temporal window
(again, summing results across our three Fermi energy bands). For each neutrino,
the observed number of photons within the extended temporal window is expressed
as a Poisson fluctuation on the number expected by normalizing against the full
Fermi mission. We quantify the magnitude of this fluctuation as a p-value and
find the equivalent number of σ for a Gaussian distribution, yielding a statistic
that we call the local excursion E for that neutrino. The distribution of excursions
from all neutrinos in unscrambled data can then be compared to expectations from
scrambled data.
We perform the same two tests that we developed in our primary analysis above:
First, we check for individual events that exhibit an unusually large excursion,
exceeding either the 1 in 10 (E×10 ) or 1 in 100 (E×100 ) thresholds from scrambled
data. Second, we compare the excursion distribution from unscrambled data to the
null distribution from scrambled data using the Anderson-Darling k-sample test.
Since this analysis involves two further independent tests of the two datasets, we
add four trials for purposes of trials correction of any subsequent statistics, giving
Ntrials = 12.
Excursion thresholds for the two datasets are E×10 = 614 and E×100 = 1285
for IC59-North, and E×10 = 333 and E×100 = 1075 for IC59-South. As in our
primary analysis, the highest-excursion events in the scrambled data are due to the
two GRBs observed in the IC59-North data. Excluding these GRBs would give
excursion thresholds of E×10 = 575 and E×100 = 1102 for IC59-North.
Analyzing the unscrambled IC59 datasets reveals no excursions above the E×10
threshold for either dataset. Performing the Anderson-Darling test on the null
and unscrambled distributions yields p = 55% for IC59-North and p = 62% for
IC59-South. We therefore see no evidence for spatio-temporal correlation of the
neutrinos and Fermi gamma-rays on the ∼0.5 day timescale that we probed.
We conclude that the observed tendency of IC59 neutrinos to arrive from
brighter portions of the Fermi gamma-ray sky, while potentially due to a statistical
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fluctuation (single-trial p = 7.0% for the two hemispheres combined), is both
intriguing in its own right and likely explains the systematic trends in λ residuals
against scrambled datasets observed for both hemispheres in our original analysis
(single-trial p = 3.9% for the two hemispheres combined). While this p-value cannot
support an evidence or discovery claim in the context of our multistage analysis, it
nonetheless points the way to interesting future analyses that could make use of
eight further years of IceCube data from the 79-string and full-strength (86-string)
arrays.
In particular, we note that it is a low-level (single neutrino) correlation between
the neutrino and gamma-ray skies that has prompted current interest in the blazar
TXS 0506+056 and its possible neutrino IceCube-170922A [27].

3.5 Conclusions
We have carried out an archival coincidence search for neutrino + gamma-ray
emitting transients using publicly available Fermi LAT gamma-ray data and IceCube
neutrino data from its 40-string and 59-string runs, incorporating Fermi data from
the start of mission in Aug 2008 through May 2010. Our search was designed
to be capable of identifying ν+γ transients either as individual high-significance
single-neutrino events with high gamma-ray multiplicity, or as a population, via
statistical comparison of the observed pseudo-likelihood distributions to those of
uncorrelated (scrambled) datasets.
Using Monte Carlo simulations and signal injection, we demonstrated sensitivity
to single-neutrino events of sufficient gamma-ray multiplicity. High-multiplicity
gamma-ray clusters have been observed throughout the Fermi mission in coincidence
with bright LAT-detected gamma-ray bursts, including two bursts occurring during
our period of study, GRB 090902B (>200 photons; [141]) and GRB 100414A (>20
photons; [142]).
We established sensitivity to subthreshold populations of transient ν+γ sources
at the >13% (IC40), >9% (IC59-North), and >8% (IC59-South) level for the three
hemisphere-specific neutrino datasets we analyzed (p = 1% threshold; Sec. 3.3.4).
These limits are expressed as the fraction of all neutrinos present in the datasets
that are due to ν+γ transient sources (δt < 100 s), according to our assumptions
(Sec. 3.3.3). Expressed as event rates, the limits correspond to >210 (IC40),
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>440 (IC59-North), and >565 (IC59-South) gamma-ray associated neutrinos per
hemisphere per year. Sensitivity of a joint analysis of the IC59 datasets was
not separately established but can be estimated at >850 gamma-ray associated
neutrinos per year all-sky. While these limits are well above the conservative limit
of rcosmic >
∼ 120 neutrinos per year all-sky for the full detector array that we derive
on the basis of the εν >
∼ 60 TeV cosmic neutrino spectrum (Sec. 3.1), that rate could
be substantially larger if the cosmic neutrino spectrum softens significantly within
the 1 TeV <
∼ εν <
∼ 60 TeV range relevant to these data.
Unscrambling the neutrino data, we identify no individual high-significance
neutrino + high gamma-multiplicity events, and no significant deviations from the
null test statistic (λ) distributions. However, we observe a similar and unexpected
pattern in the λ residuals from the IC59-North and IC59-South analyses, our two
more sensitive datasets, corresponding to a joint p-value of 3.9% (Sec. 3.4.1). While
granting that these residual patterns may be due to statistical fluctuations, we
carried out additional investigations in an attempt to determine the origin of
the deviations, and whether or not they suggest the presence of ν+γ correlated
emission.
We first vetted the IC59 data for short timescale transients (our original test
hypothesis) in two ways, checking for systematic trends in the temporal and spatial
separations of the neutrino event and its associated gamma-rays. No systematic
trends in spatial or temporal separation are evident for either IC59-North or
IC59-South (Sec. 3.4.2).
We then checked for ν+γ spatio-temporal correlations on timescales beyond our
original ±100 s window (Sec. 3.4.3). We searched for neutrino-correlated gamma-ray
flux excursions within a ±50,000 s (∼0.5 day) window centered on the neutrino
arrival time, finding no evidence for correlated gamma-ray flux excursions on this
timescale. Instead, we find a likely correlation (p = 7.0%, single trial) of IC59
neutrino positions with persistently bright portions of the Fermi gamma-ray sky.
This interesting and unexpected finding of our search for cosmic ν+γ sources, a
possible signature of gamma-ray correlated structure in the high-energy neutrino
sky, should be readily testable using eight years of further data already collected
by the 79-string and full-strength (86-string) IceCube.
In particular, if blazars are responsible for a non-negligible fraction of the
highest-energy cosmic neutrinos, then – given the brightness of the blazar pop63

ulation over the 100 MeV <
∼ εγ <
∼ 300 GeV LAT bandpass – this would generate
correlated structure in lower-energy neutrinos. Blazar associations have been proposed for two likely-cosmic high-energy neutrinos, IceCube-121204 “Big Bird” and
IceCube-170922A, thanks to their spatio-temporal proximity to flaring episodes
of the blazars PKS B1424−418 [143] and TXS 0506+056 [27], respectively. On
the other hand, blazar models are strongly constrained by the IceCube Fermiblazar stacking anlaysis [144], and by the absence of detected neutrino point
sources [145, 146].
In a general sense, some level of correlation between the gamma-ray and neutrino
skies is anticipated in models that propose a common origin for the diffuse εν >
∼
100 TeV neutrino and εγ <
∼ 1 TeV gamma-ray backgrounds [64, 147].
Finally, production of some cosmic neutrinos by Galactic sources, whether
compact binaries [80, 148], TeV unidentified sources or hypernova remnants [81, 82,
149], or other source population(s), would naturally lead to correlated structure,
given the very prominent Galactic signature in Fermi all-sky maps (Fig. 3.2).
Looking ahead, we eagerly anticipate the results of a systematic and comprehensive search for Fermi gamma-ray correlated structure in the full IceCube
dataset. In addition, having demonstrated its effectiveness on archival data, we
will be working with IceCube, ANTARES [150], and other partner facilities of
the Astrophysical Multimessenger Observatory Network (AMON) to deploy our
neutrino + high gamma-multiplicity search and generate low-latency (delays of
≈5 hours) ν+γ alerts from Fermi LAT gamma-ray and IceCube and ANTARES
neutrino data. These AMON alerts will be distributed in real-time to AMON
follow-up partners, prompting rapid-response follow-up observations across the
electromagnetic spectrum.
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Figure 3.1: Neutrino sky positions from IC40 and IC59. No cosmic structure nor
significant point-source detections have been reported from these data [100, 136].
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Figure 3.2: Fermi LAT all-sky exposure-corrected images. We divide the Fermi
data into three bins of equal width in log εγ and calculate mission-averaged all-sky
images to determine the expected background rate for each photon in the primary
analysis. Greyscale intensity units, indicated by the color bars, are photons per
200 seconds per square meter per square degree.
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Figure 3.3: Cumulative distribution of pseudo-log-likelihood (λ) values from null/scrambled (green) and signal-only (blue) realizations of the IC40 (top), IC59-North
(middle), and IC59-South (bottom) datasets. Note that the tails of the distributions
extend far off of the plots
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Figure 3.4: Analysis sensitivity, plotted as Anderson-Darling two-sample p-value
versus fraction of coincidences that result from signal events, ninj /nobs . Results for
IC40 are plotted in red, IC59-North in green, and IC59-South in blue. As expected,
√
these sensitivities scale roughly as 1/ nobs , so that the larger IC59-North and
IC59-South datasets provide superior fractional sensitivity than IC40.
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Figure 3.5: Cumulative and residual test statistic (λ) distributions for IC40 (nν+γ =
1128). Upper panel: Cumulative IC40 λ distributions for unscrambled data (green
stars), scrambled data / null distribution (blue line), and signal injections yielding
p = 1% (red line) and p = 0.1% (black line). Lower panel: Residuals, plotted as
null minus alternative, for IC40 data (green stars) and the two signal injection
distributions (red and black lines).
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Figure 3.6: Cumulative (upper panel) and residual (lower panel) λ distributions for
IC59-North (nν+γ = 5046), including unscrambled data (green stars), scrambled
data / null distribution (blue line), and signal injections yielding p = 1% (red
line) and p = 0.1% (black line). Residuals are plotted as null minus alternative.
A similar and unexpected pattern is noted in the residual λ distributions for the
IC59-North and IC59-South datasets.
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Figure 3.7: Cumulative (upper panel) and residual (lower panel) λ distributions for
IC59-South (nν+γ = 7080), including unscrambled data (green stars), scrambled
data / null distribution (blue line), and signal injections yielding p = 1% (red
line) and p = 0.1% (black line). A similar and unexpected pattern is noted in the
residual λ distributions for the IC59-North and IC59-South datasets.
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Figure 3.8: IC59 ν+γ angular separations. We test the observed angular separation
distribution for neutrino-coincident photons (blue histograms) in IC59-North (left)
and IC59-South (right) against the null distribution (red), which is approximately
flat by construction (via choice of histogram bin boundaries). The ±1σ ranges
expected for a single dataset on the basis of Poisson uncertainties are indicated as
the red range; note zero-suppressed y axis.
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Figure 3.9: IC59 ν+γ temporal separations. We test the observed temporal separation distribution for neutrino-coincident photons (blue histograms) in IC59-North
(left) and IC59-South (right) against the approximately flat null distribution (red).
The ±1σ ranges expected for a single dataset on the basis of Poisson uncertainties
are indicated by the red range; note zero-suppressed y axis.
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Figure 3.10: Average Fermi gamma-ray background rates at the positions of
IC59-North (upper panel) and IC59-South (lower panel) neutrinos. In each panel,
the histogram shows the distribution from 10,000 Monte Carlo scrambled datasets,
while the red line marks the observed background rate for unscrambled data.
Background rates are expressed in units of photons m−2 deg−2 . Observed neutrino
positions show a mild statistical preference for higher-background regions of the
Fermi gamma-ray sky, with a joint p-value for the two hemispheres of p = 7.0% by
Fisher’s method.
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Chapter 4
Search for Fermi-LAT
counterparts to ANTARES
neutrinos 1
We analyze 7.3 years of ANTARES high-energy neutrino and Fermi LAT γ-ray
data in search of cosmic neutrino + γ-ray (ν+γ) transient sources or source populations. Our analysis has the potential to detect either individual ν+γ transient
sources (durations δt <
∼ 1000 s), if they exhibit sufficient γ-ray or neutrino multiplicity, or a statistical excess of ν+γ transients of individually lower multiplicities.
Individual high γ-ray-multiplicity events could be produced, for example, by a
single ANTARES neutrino in coincidence with a LAT-detected γ-ray burst. Treating ANTARES track and cascade event types separately, we establish detection
thresholds by Monte Carlo scrambling of the neutrino data, and determine our
analysis sensitivity by signal injection against these scrambled datasets. We find
our analysis is sensitive to ν+γ transient populations responsible for >5% of the
observed gamma-coincident neutrinos in the track data at 90% confidence. Applying
our analysis to the unscrambled data reveals no individual ν+γ events of high
significance; two ANTARES track + Fermi γ-ray events are identified that exceed a
once per decade false alarm rate threshold (p = 17%). No evidence for subthreshold
ν+γ source populations is found among the track (p = 39%) or cascade (p = 60%)
events. Exploring a possible correlation of high-energy neutrino directions with
1

Python scripts used in this analysis can be found at https://github.com/cft114/fermant
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Fermi γ-ray sky brightness identified in previous work yields no added support
for this correlation. While TXS 0506+056, a blazar and variable (non-transient)
Fermi γ-ray source, has recently been identified as the first source of high-energy
neutrinos, the challenges in reconciling observations of the Fermi γ-ray sky, the
IceCube high-energy cosmic neutrinos, and ultra-high energy cosmic rays using only
blazars suggest a significant contribution by other source populations. Searches
for transient sources of high-energy neutrinos thus remain interesting, with the
potential for either neutrino clustering or multimessenger coincidence searches to
lead to discovery of the first ν+γ transients.

4.1 Introduction
The ANTARES telescope [48] is a deep-sea Cherenkov neutrino detector, located
40 km off shore from Toulon, France, in the Mediterranean Sea. The detector
comprises a three-dimensional array of 885 optical modules, each one housing a
10 in photomultiplier tube, and distributed over 12 vertical strings anchored in the
sea floor at a depth of about 2400 m. The detection of light from up-going charged
particles is optimized with the photomultipliers facing 45◦ downward. Completed
in May 2008, the telescope aims primarily at the detection of neutrino-induced
muons that cause the emission of Cherenkov light in the detector (track-like events).
Charged current interactions induced by electron neutrinos (and, possibly, by tau
neutrinos of cosmic origin) or neutral current interactions of all neutrino flavors
can be reconstructed as cascade-like events [151].
Due to its location, the ANTARES detector mainly observes the Southern sky
(2π sr at any time). Events arising from sky positions in the declination band
−90◦ ≤ δ ≤ −48◦ are always visible as upgoing. Neutrino-induced events in the
declination band −48◦ ≤ δ ≤ +48◦ are visible as upgoing with a fraction of time
decreasing from 100% down to 0%. While ANTARES has a substantially smaller
volume than IceCube, the use of sea water as detection medium (rather than
ice) provides better pointing resolution for individual events, especially those of
cascade type, and its geographic location enables reduced-background studies of
the Southern hemisphere including the Galactic center region. On the other hand,
natural light emission in the water leads to higher background levels [152].
Chief scientific results from ANTARES include: searches for neutrino sources
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using track- and cascade-like events in data collected between 2007 and 2015 [153],
dedicated studies along the Galactic Plane [154], also in collaboration with the
IceCube telescope [155], and searches for an excess of high-energy cosmic neutrinos
over the background of atmospheric events [156]. No cosmic neutrinos have been
positively identified in the ANTARES data. Despite this, by integrating the
cosmic neutrino spectrum from [116] over the ANTARES effective area [153],
we estimate an expected 6.8 neutrinos of cosmic origin are detected each year,
though all but the most energetic will be indistinguishable from the atmospheric
background. Among all the possible astrophysical sources, transient sources increase
the observation possibilities thanks to the suppression of atmospheric background
in a well-defined space-time window. For this reason, the ANTARES Collaboration
is involved in a broad multimessenger program to exploit the connection between
neutrinos and other cosmic messengers, including: follow-up analyses associated with
gravitational wave events [157, 158]; coincidence searches against electromagnetic
observations from radio [159, 160] and visible [161] to X- and γ-rays [162]; blazar
flare episodes [163]; and the neutrino source TXS 0506+056 [164]. To date, there
have been no high-confidence counterparts identified for any ANTARES neutrino
event.
In parallel, members of the Astrophysical Multimessenger Observatory Network
(AMON2 ; [132, 133]) have been exploring the possibility of neutrino + γ-ray (ν+γ)
source identification via coincidence analysis, publishing analyses of Fermi Large
Area Telescope (LAT; [31]) and public IceCube 40-string [131] and 59-string [165]
data. Although no high-confidence ν+γ transients, nor evidence of subthreshold
ν+γ source populations, were identified in these works, the latter revealed mild
evidence for correlation between IceCube neutrino positions and the Fermi γ-ray
sky.
Within the last year, a coincidence between the neutrino IceCube-170922A [97]
and the flaring blazar TXS 0506+056 [27] led to multimessenger [2] and timedependent neutrino clustering [99] analyses suggesting this BL Lac-type object as
the first known source of high-energy neutrinos and the first identified extragalactic
cosmic ray accelerator. Further blazar source identifications can certainly be
anticipated; however, the absence of point source excesses in the ANTARES [153]
and IceCube [117, 155] time-integrated datasets set strict limits on the fraction of
2

AMON website: http://www.amon.psu.edu/
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the cosmic high-energy neutrinos that can originate in these observed sources.
Possible alternative source populations include star-forming galaxies, starburst
galaxies, galaxy groups and clusters, supernovae, and standard and low-luminosity
gamma-ray bursts (see [57] for a review). Of these source possibilities, the transient
and highly-variable source populations will likely require time-sensitive searches for
identification. Hadronic models foresee that neutrinos and γ-rays are co-generated
through the production and subsequent decay of mesons, mainly pions. γ-rays
then result from the decay of neutral pions, while the decay of charged pions
produces neutrinos. Additional processes in dense astrophysical regions can then
degrade the energy of individual γ-rays to lower energies while leaving the neutrino
energy spectrum almost unaffected, resulting in correlated emission of higher-energy
neutrinos and lower-energy γ-rays.

4.2 Datasets
The Fermi LAT dataset is highly complementary for cross-reference with highenergy neutrino datasets. The LAT offers a 1.4 steradian field of view, provides all
sky coverage every three hours on average, and exhibits good sensitivity over the
100 MeV <
∼ εγ <
∼ 300 GeV energy band.
This analysis was performed using publicly available Fermi LAT data. The
relevant Fermi data were the Pass 8 photon reconstructions available from the
LAT FTP server3 . These photon events were filtered using the Fermi Science
Tools, keeping only photons with a zenith angle smaller than 90◦ , energies between
100 MeV and 300 GeV, detected during good time intervals (GTI) as provided in
the LAT satellite files4 .
The point spread function (PSF) of the LAT is given by a so-called double King
function [166] with the parameters depending on the photon energy, conversion
type, and incident angle with respect to the LAT boresight [135]. At energies in
the hundreds of MeV, the angular uncertainty can be several degrees, especially for
off-axis photons. At εγ > 1 GeV the average uncertainty drops below 1◦ , and at
◦
εγ >
∼ 100 GeV angular uncertainties are better than 0.1 .
3

LAT data located at ftp://legacy.gsfc.nasa.gov/fermi/data/lat/weekly/photon/
Fermi satellite files located at ftp://legacy.gsfc.nasa.gov/fermi/data/lat/weekly/
spacecraft/
4
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The ANTARES data used spans from February 2007 to December 2015. Data
from this 8.9 year interval are divided into track and cascade events, all of which
are upgoing. According to the selection criteria defined in [153], during this period
7622 track and 180 cascade neutrino candidates were identified. The Fermi mission
has public data available starting from 4 August 2008. The ANTARES data
is coincident with weeks 9 through 396 of the Fermi data, with 6774 track-like
events and 162 cascade-like events falling within that 7.3 year window. For the
ANTARES data, the average PSFs for tracks and cascades are derrived from MonteCarlo simulation, and then interpolated. For track and cascacde events, the 90%
containment radii for the PSFs are 1.◦ 5 and 10◦ respectively. The ANTARES PSFs
are shown in Fig 4.1.
A healpix [137] map of resolution 8 (NSide=256, mean spacing of 0.◦ 23) was
constructed using the entire Fermi data set (weeks 9 to 495 at the time of creation)
with aforementioned photon selection criteria. Using the HEASoft software5 , events
were binned into three logarithmically uniform energy bins. Each energy bin was
then further binned into a healpix map, with the live time calculated via a Monte
Carlo simulation. Dividing the counts map by the live time map produced the Fermi
exposure map. Zero-valued (low-exposure) pixels were replaced by the average of
the nearest neighbor pixels. Our three resulting all-sky Fermi maps are shown in
Fig. 4.2. Due to the additional reconstruction uncertainty in the Fermi PSF for
high-inclination events (inclination angle greater than 60◦ ), three additional maps
for analysis of these events were generated by further averaging all pixels with their
nearest neighbors.

4.3 Methods
4.3.1 Significance Calculation
Our analysis follows as an extension to the methods presented in [165]. Different
from previous work, our analysis allows for coincidences with both multiple photons
and multiple neutrinos. Our analysis also covers both the track and cascade events
detected by ANTARES. For track-like events, we use an angular acceptance window
of 5◦ , while for cascade-like events, we use a 10◦ window. For both event types,
5

HEASoft website: https://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
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Figure 4.1: PSFs for ANTARES track-like and cascade-like events. Both curves are
normalized such that the probability density sums to unity.
the temporal acceptance window is ±1000 s. Neutrino multiplets are constrained
to have each neutrino within both the angular and temporal separation of each
other neutrino. Photons must fall within the angular and temporal window as
measured from the average neutrino position and time. For each coincidence, a
pseudo-log-likelihood test statistic, λ, is calculated as follows:
λ = 2 ln

Pνγ (~x) nν ! nγ ! Πν,γ τ (∆ti ) X 1 − pc,i
+
ln
,
Πγ Bγ,i (~x)
pc,i
ν

(4.1)

where Pνγ is the product of the point spread functions (PSF) of each LAT photon
and each ANTARES neutrino at the best position, ~x, with each PSF normalized
to have units of probability per square degree. The LAT PSF for each photon
additionally depends on the photon energy, inclination angle, and conversion type.
In general, the closer the PSF centers are, the larger the resulting λ value. The nν
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Figure 4.2: Fermi LAT all-sky exposure-corrected images in equatorial coordinates.
We divide the Fermi data into three bins of equal width in log εγ and calculate
mission-averaged all-sky images to determine the expected background rate for
each photon in the primary analysis. Greyscale intensity units, indicated by the
color bars, are photons per 200 seconds per square meter per square degree.
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Figure 4.3: Temporal weighting function τ (∆t) used in the analyses. For |∆t| <100 s,
the function is flat and equal to 1. For 100 s < |∆t| < 1000 s, the function scales as
1/∆t.
and nγ terms are respectively the number of neutrinos and γ-rays in the coincidence.
The Πν,γ τ (∆ti ) term is the product of the temporal weighting function (Fig. 4.3)
evaluated for each neutrino and γ-ray in the coincidence. For particles within 100 s
of the average arrival time, this function is identically one, and it scales as 1/∆t for
times between 100 s and 1000 s. This allows the search to address the possibility
of longer-timescale associations (as might result from low-luminosity GRBs) while
maintaining a preference for shorter-timescale associations, if and when they are
also present.
The Πγ Bγ,i (~x) term is the product of LAT γ-ray backgrounds for each photon
at the coincidence location, taken from the background maps shown in Fig 4.2.
Together with the factorial terms, this acts like a Poisson probability of observing
nγ photons from background. The pc factor, similar to the IceCube signalness [167],
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is an energy proxy calculated by the ANTARES collaboration. The pc for a neutrino
event is computed on an event-by-event basis using the normalised anti-cumulative
distribution of the number of hits from the full ANTARES 2012-2017 neutrino
dataset. This probability represents the fraction of ANTARES events with a number
of hits larger than that observed for the event: the larger the number of hits, the
smaller the pc value. Overall, larger values of the λ statistic suggest a greater
likelihood of a physically associated multiplet from a cosmic source, rather than a
coincidence of uncorrelated events.
The best fit position ~x is numerically calculated as the location of maximum
PSF overlap. The photon multiplicity of each coincidence is calculated iteratively:
Beginning with a coincidence including all photons passing the temporal and
proximity cuts, the photon with the lowest PSF density at the best-fit position
is removed and a new λ, for the new best-fit position, is calculated. This process
is repeated until one photon is left (nγ iterations), with the iteration yielding the
maximum λ selected as the coincidence multiplicity.
This analysis presents two ways to identify a potential signal. First, with λ
unbounded, the null distribution provides threshold values which can be used to
identify individually-significant coincidences and calculate their estimated false
alarm rates. In this work, we use two such thresholds, λD and λC , corresponding to
false alarm rates of one per decade and one per century, respectively. Second, the
presence of a subthreshold population of ν+γ emitting sources can be identified
by a difference in the cumulative distributions of λ values between the observed
and scrambled (null) populations. By design, true coincidences will be biased to
higher λ values, and a population containing a sufficient number of signal events
can be distinguished from the null distribution via an Anderson-Darling k-sample
test [134].

4.3.2 Background Generation
We generate a set of 10,000 Monte Carlo scrambled versions of each of our datasets
in order to characterize their null distributions and define analysis thresholds, prior
to performing any study of the unscrambled datasets. Our scrambling procedure
begins by first converting the coordinates of each neutrino to detector coordinates.
The arrival time and azimuthal angle of each original neutrino νi are then exchanged
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with another randomly selected neutrino νj . Each neutrino retains its original
elevation. Finally, the coordinates are converted back to the equatorial system.
This approach is similar to the method used in our previous work [140], with
the primary difference being the use of detector coordinates for the scrambling
procedure. Fermi LAT photons are not scrambled as the LAT data contains
known sources and extensive (complex) structure. Coincidence analysis is carried
out for each scrambled dataset and λ values are calculated for the resulting ν+γ
coincidences via Eq. 4.1. Thresholds from this analysis for false alarm rates of 1
per decade (λD ) and 1 per century (λC ) are presented in Table 4.2.
In contrast to previous work [165], due to the sensitivity to multi-neutrino
events and the use of both track and cascade events, we split the analysis into three
separate parts. The first part is to detect all coincidences with single-neutrino
track-like events. The second looks for coincidences with multi-neutrino track like
events. The third and final part is a search for coincidences with all single-neutrino
cascade-like events. Multi-neutrino cascades are not considered, as there are no
cascade-like events within the temporal acceptance window of each other.

4.3.3 Signal Injection
To estimate the sensitivity of our analysis to subthreshold populations of cosmic
ν+γ emitting sources, we generate a population of signal-like events. These events
are injected into the scrambled datasets so that the injected distributions can be
compared to the null distribution.
We determine the multiplicity of a generated signal event following the methods
used in [165]. This method assumes a population of sources emitting one neutrino,
−3/2
with associated photon fluence distributed according to N (S ≥ S0 ) ∝ S0 . In this
formulation, N (S ≥ S0 ) is the number of events observed with a fluence greater than
the threshold fluence S0 . Setting this minimum to 0.001 photons, we can invert this
relationship and generate the expectation value for the multiplicity of an arbitrary
event in terms of a uniform random variable u as hnγ i = S0 u−2/3 . The distribution
of nγ is then calculated by drawing randomly from a Poisson distribution with
the expectation value hnγ i. Excluding events with zero photons, this yields the
following nγ distribution: 93.8% singlet, 4.5% doublet, 0.9% triplet, and 0.38%,
0.19%, 0.095%, 0.0567%, 0.0365%, 0.0244%, and 0.0174% for multiplicities four
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ninj,1%
205
220
-

2716 ± 36 18.5 25.4
”
”
”
83.6 ± 5.8 8.1 14.6
0.48 ± 0.69
- −9.3

λD

λC

hnν+γ i
260
285
-

ninj,0.1%

λmax

2734 18.94
”
”
80
2.7
0
-

nν+γ

39%
”
60%
-

pA−D

Observed Values

Table 4.1: hnν+γ i is the expected number of neutrinos observed in coincidence with one or more γ-rays, as derived from
10,000 Monte Carlo scrambled realizations of each dataset. λD and λC are the thresholds above which a coincidence is
observed only once per simulated decade or century, respectively. ninj,1% and ninj,0.1% are the number of injected signal
events required in simulations to give Anderson-Darling test [134] p-values of p < 1% and p < 0.1%, respectively, by
comparison to the null distributions for each dataset. nν+γ is the number of neutrinos observed in coincidence with one or
more γ-rays in unscrambled data, λmax is the maximum observed λ for each dataset, and pA−D is the Anderson-Darling
test p-value from comparison of the observed λ distribution to the associated null distribution. Cells with a ‘-’ could not
be calculated, for reasons detailed in the main text.
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Cascades
Track Multiplets

Dataset

Thresholds

Coincidence Search Results

through ten.
A signal event of photon multiplicity nγ is then generated by choosing a random
right ascension and drawing a random declination from the list of all ANTARES
events. These coordinates serve as a sky position for the coincidence. The PSFs
for nγ LAT photons and nν neutrinos are then centered on this point, and placed
randomly according to their respective PSFs. All photons are chosen to have the
same inclination angle, which is drawn from the full set of inclination angles within
the Fermi dataset. A conversion type for each photon is similarly drawn from the
Fermi dataset. Photon energies are drawn from a power law with a photon index
Γ = 2. Using the photon background maps, the number of unassociated photons
expected to arrive within the temporal and spatial windows for that section of sky is
calculated. From this Poisson probability, nb photons are randomly placed uniformly
within the spatial window. Energy and conversion type for the background photons
are chosen in the same manner as for the signal photons. All background photons
are given the same inclination angle as the signal photons. Each particle is also
given an arrival time randomly selected from a uniform distribution. Using this
information, a λ value is calculated following the methods of Sec 4.3. Due to the
iterative rejection of one or more low-significance γ-rays, events can end up with
some of the injected photons excluded.
Because the varied physical models predicting ν+γ coincidences have different
characteristic timescales, we generate two sets of signal events for each of the three
null distributions. One set draws the timestamps from a uniform distribution 100 s
wide, while the other draws from a uniform distribution 1000 s wide.
To calculate the sensitivity of our analysis, we inject an increasing number of
signal events ninj and plot the median resulting Anderson-Darling p-value [134]
against ninj /nobs for the track and cascade data, as shown in Fig. 4.4 and Fig 4.5.
For the tracks, this provides an estimate of the threshold value of ninj that
is needed to yield a statistically significant deviation from the null distribution
(see columns ninj,1% and ninj,0.1% in Table 4.2). For the cascades, the size of each
individual scramble is small enough that replacing 100% of the dataset with signal
events yields a p-value of 2.8% on average, making it very unlikely that this
sample would yield a high-confidence demonstration of an underlying ν+γ source
population. At 90% confidence, our analysis is sensitive to >130 source-like ν+γ
coincidences in the 100 s track data, >145 in the 1000 s track data, and >60 in the
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Figure 4.4: Analysis sensitivity, plotted as Anderson-Darling two-sample p-value
versus fraction of coincidences that result from signal events, Nsig /Nobs . Results
from both signal populations are shown.
100 s and 1000 s cascade data. Relevant statistics from these analyses are provided
in Table 4.2.
In previous work, [165] found that scrambled neutrinos coincident with LATdetected GRBs, in particular GRB 090902B [141], yielded λ values well above the
λC threshold. To quantify our analysis sensitivity to GRB + neutrino coincidences,
we carried out a Monte-Carlo simulation for each LAT-detected GRB6 that occurred
within our data collection period. Neutrinos were injected following our signal
injection procedures, with the GRB position and trigger time as reference, and
with a 1000-second box-window temporal distribution for neutrino arrival times.
For each LAT GRB, we carried out 10,000 such neutrino signal injections and
calculated the λ value for the resulting association in each instance.
6

LAT GRB catalog: https://fermi.gsfc.nasa.gov/ssc/observations/types/grbs/lat_
grbs/
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Figure 4.5: Analysis sensitivity, plotted as Anderson-Darling two-sample p-value
versus fraction of coincidences that result from signal events, Nsig /Nobs . Results
from both signal populations are shown.
The maximum λ generated through this search was λ = 3524.5, resulting from
a 368-photon coincidence with GRB 130427A [168]. Of the 128 individual bursts
in this simulation, 58 have median λ values from these neutrino injection trials of
λmed > λC , and a further five bursts have λC > λmed > λD .

4.4 Results
Applying our analysis to the two unscrambled neutrino datasets yields the results
summarized in Table 4.2. Fig. 4.6 and Fig 4.7 show the λ distributions for the
unscrambled data for the track and cascade data, along with the null distributions,
and distributions for signal injections (where possible) yielding p-values of 1% and
0.1%, respectively. All distributions are normalized to the number of coincidences
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Figure 4.6: Cumulative and residual test statistic (λ) distributions for the track
(nν+γ = 2734) data. Upper panel: Cumulative λ distributions for unscrambled
data (green dashed line), scrambled data / null distribution (blue line), and signal
injections yielding p = 1% (red line) and p = 0.1% (black line). Lower pane:
Residuals, plotted as null minus alternative, for track data and the two signal
injection distributions. The signals were generated with a 1000 s window; curves
for injections with a 100 s window look essentially the same. The Anderson-Darling
test p-value from comparison of the unscrambled and null distributions is p = 39%
for track events.
in the unscrambled distribution. Note that due to the small size of the cascade
coincidence sample, it is not possible to inject enough signal events into a random
scramble to differentiate from other random scrambles at better than p=2.8%
(97.2% confidence).
Two coincidences above the λD threshold were observed in the track data. From
Poisson statistics, two or more such coincidences would be observed 16.6% of the
time given the 7.3 year span of the data. Details of these two coincidences are
presented in Table 4.1. No λ values above the λD threshold were observed in
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Figure 4.7: Cumulative and residual test statistic (λ) distributions for the cascade
(nν+γ = 80) data. Upper panel: Cumulative λ distributions for unscrambled data
(green dashed line) and scrambled data / null distribution (blue line). Lower pane:
Residuals, plotted as null minus alternative. No signal injection curves are shown
for the cascades as even a 100% injection does not allow for discrimination from the
null sample for this dataset. The Anderson-Darling test p-value from comparison
of the unscrambled and null distributions is p = 60% for cascade events.
the cascade data. The subthreshold population search demonstrated that both
unscrambled distributions were consistent with background, with test statistics of
39% for the tracks, and 60% for the cascades. Results from the track multiplet
analysis are not shown as there were, on average, only 0.48 such coincidences per
scramble, and none in the unscrambled analysis.
[165] also tested for correlation between neutrino and Fermi LAT photon sky
positions without any temporal correlation. Repeating this analysis using the
ANTARES data, we first construct a single Fermi background map covering the
full energy range. We then measure the background value at the location of every
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Table 4.2: hnν+γ i is the expected number of neutrinos observed in coincidence with one or more γ-rays, as derived from
10,000 Monte Carlo scrambled realizations of each dataset. λD and λC are the thresholds above which a coincidence is
observed only once per simulated decade or century, respectively. ninj,1% and ninj,0.1% are the number of injected signal
events required in simulations to give Anderson-Darling test [134] p-values of p < 1% and p < 0.1%, respectively, by
comparison to the null distributions for each dataset. nν+γ is the number of neutrinos observed in coincidence with one or
more γ-rays in unscrambled data, λmax is the maximum observed λ for each dataset, and pA−D is the Anderson-Darling
test p-value from comparison of the observed λ distribution to the associated null distribution. Cells with a ‘-’ could not
be calculated, for reasons detailed in the main text.
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Figure 4.8: Average Fermi γ-ray background rates at the positions of track (upper
panel) and cascade (lower panel) neutrinos. In each panel, the histogram shows
the distribution obtained from 10,000 Monte-Carlo scrambled datasets, while the
red line marks the observed background rate for unscrambled data. Background
rates are expressed in units of photons per square meter per square degree per 200s.
Observed average backgrounds are consistent with background for both datasets.
neutrino in the track and cascade data to compute an average photon background
for each neutrino map. Carrying this out on the scrambled neutrino datasets yields
an average background of (2.33 ± 0.06) × 10−2 photons deg−2 m−2 per 200 s for the
track data, and (2.16 ± 0.36) × 10−2 photons deg−2 m−2 per 200 s for the cascade
data. The observed backgrounds (in the same units) from the unscrambled data are
2.36 × 10−2 (+0.44 σ; p = 33%) for the track data, and 2.19 × 10−2 (+0.09 σ; p =
46%) for the cascade data. Both results are consistent with background (Fig. 4.8.)
The dispersion in the cascade background from scrambled datatsets is far larger
than that for the tracks because of the much-reduced sample size (180 cascade
events compared to 7622 track events); however, the two average backgrounds are
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consistent, as the mean of the track background is 0.47σ larger than the mean of
the cascade background, as measured using the standard deviation of the cascade
background distribution. Recalling the IC59 Northern (p=28.1%), IC59 Southern
(p=4.7%), and IC40 (p=58.3%) results from [165], we can calculate a unified p-value
of 19.7% from these values using Fisher’s method [169].

4.5 Conclusions
We have carried out a search for ν+γ transients using publicly available Fermi LAT
γ-ray data and ANTARES neutrino data. Our analysis used archival data from
both observatories over the period August 2008 to December 2015. As with previous
work [165], our analysis was designed to be capable of identifying either individual
high-significance ν+γ transients or a population of individually subthreshold events,
via statistical comparison to uncorrelated (scrambled) datasets.
Our Monte Carlo simulations demonstrate a sensitivity to single-neutrino events
of sufficient γ-ray multiplicity, as demonstrated by signal injection against multiple
bright LAT-detected γ-ray bursts. Signal injection against scrambled datasets
established our sensitivity to subthreshold populations of transient ν+γ sources at
the >7% level (>180 coincidences) for tracks; however, due to the small sample
size, we were not able to place meaningful limits on a subthreshold ν+γ source
population within the cascade data. Our limit of >200 coincidences in the full
dataset is equivalent to >27 LAT-associated cosmic neutrinos per year in the
ANTARES data. Since IceCube estimates of the cosmic neutrino flux and spectrum
lead us to expect 6.8 cosmic ANTARES neutrinos per year (Sec. 4.1), our limit is
not physically constraining in this context.
Analysis of the observed (unscrambled) data reveals two ν+γ coincidences above
a nominal λD threshold (false alarm rate FAR < 0.1 yr−1 ; Table 4.1). Due to the
7.3 year span of the data, we anticipate observing two or more λ > λD coincidences
16.6% of the time (p = 16.6%). We observe no statistically-significant deviation of
the observed λ distributions from their associated null distributions, with observed
p-values of p = 39% and p = 60% for the track and cascade events, respectively.
Independently, we performed the first test for correlation between ANTARES
neutrino positions and persistently bright portions of the Fermi γ-ray sky. Our test
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found no significant excess in either the tracks (p = 33%) or cascades (p = 46%).
Combining these values with previous results (28.1% for IC59 north, 4.7% for IC59
south, 58.3% for IC40; [165]) by Fisher’s method yields a joint p-value of p = 19.7%.
While our results show no significant evidence of ν+γ coincidences, we look
forward to the results of future searches using additional neutrino data. We
also continue our work with Astrophysical Multimessenger Observatory Network
[132, 133] partner facilities and the Gamma-ray Coordinates Network [170] to
generate low-latency ν+γ alerts from Fermi LAT γ-ray and high-energy neutrino
data. Once these alerts are deployed, they will be distributed in real time to AMON
follow-up partners.
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Chapter 5
Six Swift Follow-Up Campaigns of
Likely Cosmic High-Energy
Neutrinos from IceCube
We present results of the first six Swift satellite follow-up campaigns seeking to
identify transient or variable X-ray or UV/optical sources that might be associated
with individual high-energy (εν >
∼ 1 TeV) cosmic neutrinos detected by the IceCube
Neutrino Observatory. Real-time public alerts providing coordinates and arrival
times of likely-cosmic neutrino events have been provided by IceCube, via the Astrophysical Multimessenger Observatory Network, since April 2016. Swift responded
to two such alerts in 2016 – IceCube-160731A and IceCube-161103A– and to an
additional four in 2017 – IceCube-170312A, IceCube-170321A, IceCube-170922A,
and IceCube-171106A. Each of these alerts triggered Swift X-ray observations
to find potential X-ray sources within the targeted region. Excepting the blazar
TXS 0506+056 detected in our IceCube-170922A follow-up campaign, no detected
X-ray sources are considered likely high-energy neutrino sources. For each campaign,
we calculate spectrum-dependent upper limits on the flux of any counterpart within
the followup region. We plan to continue pursuit of likely-cosmic IceCube neutrinos,
in hopes of identifying additional high-energy neutrino counterpart sources or, in
the alternative, establishing robust and useful constraints on physical models for
such counterparts.
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5.1 Introduction
The detection of high-energy (εν >
∼ 1 TeV) astrophysical neutrinos has been reported,
and confirmed over five years of data, by the IceCube Collaboration [50, 171].
However, there is to date just one known source of high energy neutrinos, the
blazar TXS 0506+056 [27, 99]. This leaves the bulk of the cosmic neutrino sources
– potentially also the sources of the highest-energy cosmic rays – unknown. In
particular, statistical and stacking analyses show that <20%
of the cosmic neutrinos
∼
can be from blazars or flat-spectrum radio quasars [172, 173].
Apart from blazars, other possible high-energy neutrino source populations
include gamma-ray bursts (GRBs; [52, 174–176]); other types of active galactic
nuclei (AGN; [69, 177]); ultra-luminous star-forming galaxies [64, 66]; and lowluminosity GRBs [74, 123, 178–180] or other types of supernova (SN; [181]). In
addition, a subdominant fraction of the cosmic neutrinos may originate in Galactic
sources, for example, the Milky Way’s “Fermi Bubbles” [182, 183], TeV gammaray bright hypernova remnants [81, 82, 184], and the recently discovered Galactic
“pevatrons” [185].
If any of the high-energy neutrino source populations are transient, they may
well be accompanied by bright electromagnetic emission that could be identified via rapid-response target of opportunity (TOO) observations at X-ray and
ultraviolet/optical/infrared or radio wavelengths. The possibility of discovering
multimessenger transient sources in this fashion is one of the chief motivations for
the Astrophysical Multimessenger Observatory Network1 (AMON; [132, 186]). One
of AMON’s earliest programmatic accomplishments was to work with IceCube to
commission real-time public alerts of IceCube likely-cosmic neutrinos so as to enable
prompt follow-up searches; the first of these alert streams went live in April 2016.
The “High Energy Starting Event” (HESE) neutrinos were the first IceCube
sample shown to include a cosmic component [50], and with many individual HESE
neutrinos likely to have an astrophysical origin, they offer a promising sample
for follow-up studies. HESE neutrinos interact inside a fiducial volume that is
“protected” by the outer layers of the detector, which are used to veto entering muon
tracks. The HESE veto increases the signal to noise ratio by removing the largest
background, atmospheric muons. The HESE real-time stream triggers on track-like
1

AMON website: http://sites.psu.edu/amon/
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events from the charged-current interactions of muon neutrinos (and from about
one in five tau neutrino interactions). These events have good angular resolution
(∼1◦ ) compared to the cascade-like events that result from other interactions, which
have relatively poor resolution in published analyses (r90 ∼ 15◦ ; [50]). The fact
that HESE neutrinos interact inside a restricted detector fiducial volume, and
satisfy a threshold for high deposited charge, increases the likelihood of these being
astrophysical neutrinos, as the great majority of background events (atmospheric
neutrinos and atmospheric muons) do not pass these cuts.
The “Extremely High Energy” (EHE) event definition [187], by focusing on
the highest-energy throughgoing track events, yields a mostly-distinct sample of
likely-cosmic neutrinos, with a rate of track-like events comparable to that of the
HESE sample [188]. The EHE stream consists of high-energy induced tracks with
energies in the 500 TeV to 10 PeV range, which results in a relatively high-purity
sample (comparable to the HESE sample) exhibiting good angular resolution (<1◦ ;
[189]).
Broad interest in cosmic neutrino follow-up campaigns prompted IceCube and
AMON to implement real-time analysis and triggering for both HESE and EHE
event types, with live public alerts through the Gamma-ray Coordinates Network
(GCN; [190]) initiated in April 2016 (HESE) and July 2016 (EHE), respectively.
Prior to the identification of these event types as offering enriched samples for
studies of the cosmic neutrinos, Swift follow-up studies of IceCube neutrino doublets
we carried out for several years with no identified counterparts [191]. In 2016, Swift
observed the location of the IceCube triplet neutrino [192]: Three muon neutrino
candidates that arrived within 100 s of each other, and seemed consistent with
originating from a single point source in early analyses. No likely electromagnetic
counterpart was identified via the resulting follow-up campaigns [192]. Finally,
via a distinct program, Swift has observed the locations of ANTARES neutrino
candidates, with no likely optical or X-ray counterparts found [161].
Since the initiation of the AMON + IceCube HESE and EHE alerts, we have
carried out several searches for luminous electromagnetic counterparts to track-like
HESE and EHE neutrino events with NASA’s Swift satellite [30], analyzing the data
gathered via its X-ray Telescope (XRT; [29]) and UV/Optical Telescope (UVOT;
[193]). The goal of these observations is to either identify the first EM counterparts
to high-energy cosmic neutrinos or to set useful constraints on the nature of any
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associated transient or flaring emissions from these sources. An unusual source
appearing in the localization region with appropriate timing, energy, and spectral
properties, supporting a scenario for joint high-energy neutrino emission, would
be a strong EM counterpart candidate. This approach has demonstrated its
utility with the extensive followup campaign of IceCube-170922A, when the blazar
TXS 0506+056 identified as the first known source of high energy neutrinos and
first identified source of extragalactic cosmic rays.

5.2 Observations
From April 2016 through December 2017, the IceCube online system [189] identified
eight HESE neutrinos and six EHE neutrinos that were distributed publicly in realtime through AMON and GCN [194–207]. We triggered Swift follow-up observations
of six of these alerts. Of these six, IceCube-160731A, IceCube-161103A, and IceCube170312A were classified as HESE alerts while IceCube-160731A, IceCube-170321A,
IceCube-170922A, and IceCube-171106A were classified as EHE alerts.

5.2.1 IceCube Data
At the time of these alerts, IceCube distributed two distinct event streams via
AMON: HESE and EHE track-like events [207]. HESE cascades have relatively
poor resolution in published analyses (r90 ∼ 15◦ ), with the best real-time analyses
offering even poorer performance, and so these neutrinos are not distributed.
Key parameters reported for both streams include the arrival time, the arrival
direction (R.A. and Dec.) and angular error (r50 for 50% containment; r90 for 90%
containment), and the revision number. When refined localizations can be derived
promptly (within a few hours of the original alert), they will be distributed as alert
revisions, with each such revision having a revision number incremented by +1.
The HESE stream contains two additional event parameters: charge and
signal_trackness [189]. Events with larger charge are more likely to have an
astrophysical origin: the causally-connected charge (observed within 5 µs of the
event arrival time) is summed and used as an energy proxy; events yielding higher
charge are likely to be of higher energy and hence, more likely to be cosmic rather
than atmospheric in origin. signal_trackness, a number between zero and one,
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is intended to reflect the likelihood that the individual HESE neutrino is both
signal-like and track-like. Tracks with signal_trackness < 0.10 are not well
distinguished from cascades in real-time analyses; therefore, only HESE neutrinos
having signal_trackness ≥ 0.10 are distributed.
The EHE events contain an estimate of the deposited charge, an estimate of the
neutrino energy, and the parameter signalness, an estimate of the probability
that the event was due to an astrophysical (rather than atmospheric) neutrino [189].
The real-time search of IceCube high-energy neutrinos is enabled by software
in-place at the South Pole since April 2016 which provides real-time identification
and localization of high-energy neutrinos and rapid (∼seconds) dissemination of
their positions [189].
IceCube-160731A — IceCube-160731A was detected at 01:55:04 UT on July 31,
2016 with charge = 15814.74 photoelectrons and signal_trackness = 0.91.
The initial localization of this HESE neutrino candidate was RA, Dec (J2000) =
(215.1090◦ ,-0.4581◦ ) at 01:55:45 UT (41 s after detection) with r50 = 0.42◦ (r90 =
1.23◦ ). IceCube updated this localization to Ra, Dec (J2000) = (214.5440◦ , -0.3347◦ )
with r50 = 0.35◦ (r90 = 0.75◦ at 02:35:38 UT on August 1, 2016 (Rev. 1).
This event also triggered the EHE stream at 01:55:58 UT on July 31, 2016 (54 s
after detection) with signalness = 0.85 and no reported value for charge. The
EHE localization was reported as RA, Dec (J2000) = (215.0929◦ , -0.4191◦ ) with
r50 = 0.17◦ as Rev. 0. This was updated to Ra, Dec (J2000) = (214.5440◦ -0.3347◦ )
with r50 = 0.35◦ at 02:35:54 UT on August 1, 2016 (Rev. 1). The value of r90 for the
EHE stream is not reported in the GCN notice, however an average value of 0.81◦
has been published by IceCube [189].
IceCube-161103A — IceCube-161103A was detected at 09:07:31 UT on November 3, 2016 with charge = 7546.05 photoelectrons and signal_trackness = 0.30.
The initial localization of this HESE neutrino candidate was reported as RA, Dec
(J2000) = (40.8740◦ , +12.6159◦ ) with r50 = 0.42◦ (r90 = 1.23◦ ) at 09:08:11 UT (Rev. 0).
This was subsequently updated to RA,Dec (J2000) = (40.8252◦ , +12.5592◦ ) with
r50 = 0.65◦ (r90 = 1.10◦ ) at 14:07:40 UT (Rev. 1).
IceCube-170312A — IceCube-170312A was detected at 13:49:39 UT on March
12, 2017 with charge = 8858.64 photoelectrons and signal_trackness = 0.78.
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The initial localization of this HESE neutrino candidate was reported as RA, Dec
(J2000) = (304.73◦ , -26.24◦ ) with r50 =0.42◦ (r90 =1.23◦ ) at 13:50:29 UT (Rev. 0).
This was subsequently updated to RA,Dec (J2000) = (305.15◦ , -26.61◦ ) with
r90 <0.5◦ at 02:29:21 UT on March 13, 2017 (Rev. 1).
IceCube-170321A — IceCube-170321A was detected at 07:32:20 UT on March 21,
2017 with charge = 6214.41 photoelectrons and signal_trackness = 0.28. The
initial localization of this EHE neutrino candidate was reported as RA, Dec (J2000)
= (98.33◦ , -14.49◦ ) with r50 =0.32◦ (no r90 reported) at 07:32:58 UT (Rev. 0). This
was subsequently updated to RA,Dec (J2000) = (98.30◦ , -15.02◦ ) with r90 =1.2◦ at
07:32:58 UT on March 22, 2017 (Rev. 1).
IceCube-170922A — IceCube-170922A was detected at 20:54:30.43 UT on
September 22, 2017 with charge = 5784.96 photoelectrons and signal_trackness =
0.56. The initial localization of this EHE neutrino candidate was reported as RA,
Dec (J2000) = (77.2853◦ , +5.7517◦ ) with r50 = 0.25◦ (no r90 reported) at 20:55:13
UT (Rev. 0). This was subsequently updated to RA, Dec (J2000) = (77.43+1.3
−0.8 ,
+0.7 ◦
+5.72−0.4 ) (uncertanties given are the r90 bounds) at 01:09:26 UT on September
23, 2017 (Rev. 1).
IceCube-171106A — IceCube-171106A was detected at 18:39:39.21 UT on
November 6, 2017 with charge = 15456.10 photoelectrons and signal_trackness =
0.75. The initial localization of this EHE neutrino candidate was reported as RA,
Dec (J2000) = (340.2500◦ , +7.3140◦ ) with r50 = 0.25◦ (no r90 reported) at 18:40:24
UT (Rev. 0). This was subsequently updated to RA, Dec (J2000) = (340.00+0.7
−0.5 ,
+0.35 ◦
7.40−0.25 ) (uncertanties given are the r90 bounds) at 22:37:07 UT on November 6,
2017 (Rev. 1).

5.2.2 Swift Data
Swift carried out rapid follow-up observations for all six neutrinos. The IceCube160731A alert triggered both IceCube HESE and EHE alert streams; since the
HESE alert arrived earlier than the EHE alert, Swift follow-up observations were
centered on the initial HESE position. The IceCube-161103A and IceCube-170312A
alerts both triggered the HESE stream, while IceCube-170321A, IceCube-170922A,
and IceCube-171106A all triggered the EHE stream. All alerts, excepting IceCube100
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2016
2016
2017
2017
2017
2017

IceCube-160731A
31 July,
IceCube-161103A
3 November,
IceCube-170312A
12 March,
IceCube-170321A
21 March,
IceCube-170922A 22 September,
IceCube-171106A
6 November,

Dec
−0.◦ 33+0.75
−0.75
+12.◦ 56+1.10
−1.10
−26.◦ 61+0.5
−0.5
−15.◦ 02+1.2
−1.2
+5.◦ 72+0.7
−0.25
+7.◦ 40+0.35
−0.25

RA

01:55:04 214.◦ 54+0.75
−0.75
09:07:31 40.◦ 83+1.10
−1.10
13:49:39 305.◦ 15+0.5
−0.5
07:32:20
98.◦ 30+1.2
−1.2
20:54:30
77.◦ 43+1.3
−0.8
18:39:39 340.◦ 00+0.7
−0.5

Time (UT)

15814.75
7546.05
8858.64
6214.41
5784.96
15456.10

Charge

0.91
0.30
0.78
0.28
0.56
0.75

Signal_Trackness

Table 5.1: Information regarding the six neutrinos subjected to follow-up campaigns by Swift. Coordinates are provided
in J2000. “S_T” is the IceCube signal_trackness of the event, as defined in the main text.

Date

Name

Neutrino Information

170321A were subjected to a Priority 1 TOO mosaic of 19 Swiftpointings under
our Swift Cycle 12 Guest Investigator program (PI A. Keivani). Due to its
smaller angular uncertainty, IceCube-170321A was subjected to a 7 pointing mosaic.
Excepting TXS 0506+056 in the IceCube-170922A followup, no transient sources
were discovered in any of the campaigns [98, 208–212].
Automated analysis of the resulting Swift XRT data were carried out at the
University of Leicester as the data were received, using the automated reduction
routines of [213, 214].
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(a) 160731A

(b) 161103A
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Figure 5.1: SwiftXRT followup of the six IceCube neutrinos. Each panel shows the
X-ray exposure map resulting from the adopted 19-point tiling pattern centered on
the initial IceCube neutrino localization (greyscale), and the positions of all detected
X-ray sources (red points). Dashed circles show the initial 90%-containment regions
(or 50%-containment if the 90% is not available) for each neutrino. Solid circles show
the final 90%-containment regions (or 50% if the 90% is not available). Greyscale
levels indicate achieved exposure at each sky position, as shown by the color bar.
The white streaks are dead regions on the XRT detector caused by a micrometeroid
impact [215].
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X-ray sources from the IceCube-160731A campaign
Neutrino

Src

R.A.

IceCube-160731A

X1
X2
X3

HD 125981
[VV2006] J141936.0-010840
3XMM J142253.3-000149
QSO J1422-0001
1SXPS J142252.8-003553
[VV2006] J141949.9-000644
2MASS J14182661+0-14283

IceCube-161103A
104
IceCube-170312A

IceCube-170321A

X4
X5
X6
X1
X2
X3
X4
X1
X2
X3
X4
X5
X1
X2

Dec. r90

RX,−3

FX,−13

14:22:46.57 −00:38:16.0
14:19:36.50 −01:08:45.3
14:22:53.44 −00:01:50.7

4.200
4.9
5.9

17(4)
13(6)
22(7)

7.3(1.7)
5.6(2.6)
9.5(3.0)

−00:36:00.1
−00:06:45.6
−00:14:29.2
+12:09:40.0
+12:57:23.4
+12:34:09.1
+12:44:11.4
−26:01:32.3
−26:04:12.0
−26:50:24.6
−26:38:56.6
−26:06:09.9
−14:30:25.8

8.1
5.5
6.6
3.5
6.4
3.7
3.0
6.3
4.9
6.5
5.8
5.5
6.2

7(3)
15(6)
15(7)
39+17
−13
38+18
−14
35+19
−14
38+18
−14
28+8
−7
21+6
−6
10+6
−4
16+6
−5
+3.5
6.4−2.6
11+5
−4

2.9(1.4)
6.5(2.6)
6.5(3.0)
1.6+0.7
−0.5
1.5+0.7
−0.6
1.4+0.7
−0.6
1.5+0.7
−0.6
6.3+1.9
1.7
3.4+0.9
−0.9

−14:33:04.6

4.3

25+6
−6

4.5+1.1
−1.1

14:22:53.44
14:19:50.15
14:18:26.81
02:42:42.34
02:44:51.43
02:46:31.73
02:46:07.42
1RXS J202121.5-260149 20:21:21.41
20:21:54.52
20:18:26.48
20:16:34.69
20:19:25.94
PMNJ0631-1430 06:31:47.52
1SXPS J063147.2-143031
2MASS J06321438-1433023 06:32:14.11
1SXPS J063214.5-14330

IceCube-170922A

05:06:53.42 +06:06:55.4

4.3

49+11
−10

10.5+2.3
−2.1

05:09:26.44

+05:41:34.2

1.4

73.1+1.1
−1.1

20.4+0.3
−0.3

05:10:38.74

+05:54:29.4

5.1

15+4
−4

05:08:33.39 +05:31:07.8
05:09:42.99 +05:46:57.1

5.5
2.0

32+8
−8
+0.4
6.5−0.4

10.1+2.7
−2.4
+0.07
1.19−0.07

05:11:27.92 +05:38:34.4
05:08:35.75 +05:12:19.1

3.0
6.0

8.5+1.4
−1.4
25+8
−6

6.0+1.0
−1.0

05:08:57.84
05:09:44.84
22:41:24.15
22:42:48.20
22:40:17.12

+06:26:26.8
+05:21:50.1
+07:12:57.6
+06:40:14.2
+08:03:13.6

5.9
5.7
4.1
4.4
2.0

30+9
−7
+6
14−4
61+9
−9
+29
82−24
410+30
−30

7.5+2.2
−1.9
2.1+0.9
−0.7
29+4
−4

X4
22:41:20.34
X5
22:38:10.41
X6
22:43:05.82
X7
22:37:54.30
X8 GALEX 2690384041306227301 22:38:59.95

+06:48:58.7
+07:24:12.8
+07:16:34.7
+07:22:02.9
+07:02:43.7

5.4
5.2
5.7
6.8
6.3

32+9
−8
+8
30−8
9+5
−4

8.0+2.4
−2.0
+2.6
9.9−2.67

X1
X2
X3
X4
X5
X6
X7
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IceCube-171106A

X8
X9
X1
X2
X3

TYC 110-755-1
1RXS J050653.3+060648
1SXPS J050925.9+054134
TXS 0506+056
2MASS J05103912+0554261
1RXS J051038.6+055432
XMMSL2 J050833.1+053121
HD 33326
1SXPS J050942.4+054655
PMN J0511+0538
V* V1848 Ori
XMMSL2 J050836.8+051224
1RXS J050857.4+062633
1RXS J050944.9+052219
1RXS J224124.3+071253
HD 215109
UGC 12138
3XMM J224017.0+080312
1RXS J224122.2+064851
87GB 223537.9+070825
PMN J2243+0715

4.1+4.1
−2.5

126+9
−9

X9
X10
X11
X12
X13
X14

22:38:47.59
WISE J224206.68+073148.3 22:42:06.68
22:40:15.96
22:40:26.17
22:38:21.18
1RXS J223951.8+071132 22:39:52.53

+07:22:24.8
+07:31:52.6
+07:48:42.2
+06:50:14.3
+08:04:20.7
+07:11:57.1

6.1
7.4
5.9
5.9
4.9
6.7

7+4
−3
9+4
−3

2.58+1.23
−0.93

3.8+3.7
−2.3
3.1+5.0
−2.5
9+5
−4

3.7+2.0
−1.5

Table 5.2: R.A. and Dec. are J2000, r90 is the 90% confidence error region, RX,−3 and FX,−13 indicate count rate and energy flux, in units of
10−3 cts s−1 and 10−13 erg cm−2 s−1 , respectively. Fluxes are in the 0.3–10 keV band. Blank values indicate insufficient data to calculate the
flux.
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IceCube-160731A — Swift followed up the first HESE neutrino within about
an hour of the neutrino arrival time at the South Pole (01:55:04 UT on July 31,
2016). Swift covered a region centered on RA, Dec (J2000) = (215.1090◦ , -0.4581◦ ),
with a radius of approximately 0.8◦ . Swift XRT collected ≈ 800 s per field of PC
mode data. The observations were taken between 03:00:46 and 14:51:52 UT on
July 31, 2016 and covered 2.1 deg2 . Assuming a Gaussian form for the neutrino
localization, with the r90 as specified, the XRT mosaic provides 64% coverage of the
localization at greater than 423 s exposure (50% of the nominal achieved exposure
per field).
Six X-ray sources were detected in the observations, with all six corresponding
to known X-ray emitters or objects catalogued (via SIMBAD; [216]) and from which
X-ray emission may be expected. We did not discover any transient X-ray source
associated with the IceCube trigger. The 3σ upper limit on the count rate in the rest
of the field was 0.01 cts s−1 , which corresponded to a 0.3-10 keV flux of 4.3×10−13
erg cm−2 s−1 for a typical AGN spectrum (NH = 3 × 1020 cm−2 , Γ = 1.7). Overlaps
between the different tiles accounted for 0.5 deg2 : in these regions the 3σ upper
limit was 0.0071 cts s−1 , corresponding to 3.1 × 10−13 erg cm−2 s−1 . Fig. 5.1(a)
shows the 19-point tiling pattern centered on the IceCube neutrino, overlaid with
the Swift exposure map, and the six detected X-ray sources.
Details of the six detected X-ray sources are provided in Table 5.2. All fluxes
are 0.3–10 keV and assume the same AGN spectrum as above. Source 1 is 2.400 from
HD 125981 which SIMBAD lists as an A0IV star of magnitude 6.64 (classified by
the Michigan Spectral Survey [217]). This may be a spurious detection caused by
the high optical flux which can deposit enough charge in the CCD to erroneously
register as X-ray events2 . Source 2 is 6.500 from [VV2006] J141936.0−010840 which
SIMBAD lists as a quasar. Source 3 is 2.200 from QSO J1422−0001 which SIMBAD
lists as a quasar, and 3.100 from the known X-ray source, 3XMM J142253.3−000149.
The observed X-ray flux is consistent with the flux in the 3XMM catalogue [218].
Source 4 has been previously detected by Swift (1SXPS J142252.8−003553 [219])
and the observed flux is consistent with the catalogued values. Source 5 is 5.200
from [VV2006] J141949.9−000644 which SIMBAD lists as a quasar. Source 6 is
2.300 from 2MASS J14182661+0014283 [220], which appears to be a late-type star.
No plausible counterparts are found in the UVOT data. All 19 tiling positions
2

http://www.swift.ac.uk/analysis/xrt/optical_loading.php
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were observed using the U filter. Each UVOT field of view (FOV) covers 17.0 1 ×
17.0 1. There is very little overlap of the FOVs in the tiling, but there are small
gaps between the FOVs. Twelve of the tilings at least partially overlap with the
90%-confidence IceCube error circle, and in total they cover about 50% of it. Each
position was typically observed in four separate exposures, with an average total
exposure of 427 s. The average longest single exposure for an individual position
averaged 115 s. The limiting sensitivity for finding a new source is about 18.9 mag
(Vega system). This accounts for both the sensitivity of UVOT and the depth of
the USNO-B Catalog [221] used to reject known sources. X5 is the only XRT source
inside the 90%-confidence IceCube error circle that was observed with UVOT, and
a source consistent with the position of J141949.9−000644 was detected.
IceCube-161103A — Swift followed up the second HESE neutrino within about
five hours of the neutrino arrival time at the South Pole (09:08:11 UT, November
3, 2016). The main reason for this delay was due to thermal constraints for the
passively-cooled XRT. The observations were taken between 13:58:30 and 18:55:15
UT on November 3, 2016 (i.e. from 17.5 ks to 35.2 ks after the neutrino trigger),
and covered 2.1 deg2 . Swift covered a region centered on RA, Dec (J2000) =
(40.8740◦ , +12.6159◦ ), with a radius of approximately 0.8◦ . Swift XRT collected
between 150 and 250 s of PC mode data per tile.
Assuming a Gaussian form for the neutrino localization, the XRT mosaic
provides 68% coverage of the localization at greater than 114 s exposure (50% of
the mean achieved exposure per field).
Four X-ray sources were detected in the observations. None of these are known
X-ray emitters, however all are faint, and well below the RASS limits [222], therefore
we do not consider any of them to be likely counterparts to the IceCube trigger.
The 3σ upper limit on the count rate in the rest of the field was 0.03 cts s−1 ,
which corresponds to a 0.3–10 keV flux of 1.2×10−12 erg cm−2 s−1 for a typical AGN
spectrum (NH =3×1020 cm−2 , Γ=1.7). Overlaps between the different tiles accounts
for 0.5 deg2 : in these regions the 3σ upper limit is 0.02 cts s−1 , corresponding to
8.1×10−13 erg cm−2 s−1 . Fig. 5.1(b) shows the 19-point tiling pattern centered on
the IceCube neutrino, overlaid with the Swift exposure map, and the four detected
X-ray sources. Details of the four detected X-ray sources are in Table 5.2. All
fluxes are 0.3-10 keV and assume the same AGN spectrum as above.

108

No plausible counterparts are found in the UVOT data. The U filter was used
for 16 of the 19 tiling positions, and to avoid excessive count rates from a very
bright star the UVW1 filter was used for the other 3 positions. Each UVOT FOV
is inside the 90%-confidence IceCube error circle, and in total they cover about 1.54
deg2. Each position was observed multiple times, with an average total exposure
of 233 s. The average longest single exposure for an individual position is 107 s.
The limiting sensitivity for finding a new source in the tilings with the U filter is
about 18.9 mag (Vega system). For the observations with the UVW1 filter, the
limiting sensitivity for finding sources ranged from 19.6 to 19.9 mag (Vega system),
but identifying known sources is more difficult because redder filters were used for
the USNO-B catalog. No new sources were found brighter than 19.2 mag in the
UVW1 observations.
Six sources brighter than 18.9 mag were flagged as possible new sources in the
16 positions observed with the U filter. Of these, four are Solar System objects:
Mallory, 1989 WU2, Albeniz, and Tomhanks. Another appears to be a high proper
motion star, and the final one is an artifact due to a very bright star in the FOV.
Two of the four XRT sources (Sources 2 and 4) are outside the UVOT images, and
there is no evidence for a UVOT source associated with the other two.
IceCube-170312A — Swift followed up the third HESE neutrino just over two
hours after the neutrino arrival time at the South Pole (13:49:39 UT on March
12, 2107). The observations were taken between 15:51:22 March 12 and 05:04:48
March 13 (7.3 to 54.9 ks after the neutrino trigger) and covered 2.1 deg2 . Swift
focused on a region centered on RA, Dec (J2000) = (304.730◦ - 26.238◦ ) with a error
radius of 1.2◦ , covering 82.3% of the revised r90 error region. Swift XRT collected
between 742 and 839 s of data per tile. Assuming a Gaussian form for the neutrino
localization with the r90 as specified, the XRT mosaic covers 82.3% of the revised
neutrino localization.
Five X-ray sources were detected in the observations. One source, X1, corresponds to a known X-ray source while the other sources were faint objects below
the RASS limits [222], and thus not considered likely to be counterparts to the
IceCube trigger. The 3σ upper limit on the count rate in the rest of the field was
0.01 cts s−1 , which corresponds to a flux of 4.1 × 10−13 erg cm−2 s−1 in the 0.3–10
KeV band. Overlaps between the different tiles account for 0.5deg2 , with a 3σ

109

upper limit of 0.007 cts s−1 , or a flux of 2.9 × 10−13 erg cm−2 s−1 .
IceCube-170321A Swift followed up the fourth neutrino within 7 hours of it
being detected at the south pole (07:32:20 UT, March 21, 2017). Observations
stretched from 14:11:15 UT to 18:02:20 UT on March 21 (23.7 ks to 37.8 ks after
the neutrino trigger) and covered 0.8 deg2 in a seven point tiling. Swift covered a
region centered on RA, Dec (J2000) = (98.327◦ -14.486◦ ) with a radius of 0.32◦ and
collected between 809s and 940s of PC mode data per tile.
Two x-ray sources were detected in the observations, each of which corresponds
to a known x-ray emitter catalogued via SIMBAD [216]. The 3σ upper limit
on the count rate in the field was 0.0036 cts s−1 , which corresponds to a flux of
1.48 × 10−13 erg cm−2 s−1 in the 0.3-10 KeV band.
IceCube-170922A Swift followed up the fifth neutrino just over three hours
of it being detected at the south pole (20:54:30.43 UT on September 22, 2017).
Observations stretched from 00:08:11 UT to 04:17:14 UT on September 23 (11.6 ks
to 26.7 ks after the initial neutrino trigger) and covered a region centered on RA,
Dec (J2000) = (77.285◦ + 5.752◦ ) with a radius of 0.8◦ . The 19-point tiling covered
an area of 2.08 deg2 and gathered between 659 s and 819 s of PC mode data per
tile.
Nine x-ray sources were detected in the observations, all of which correspond to
known X-ray sources. One of the sources, X2 on Table 5.2 and Fig 5.1 panel E, the
blazar TXS 0506+056, met the afterglow criteria. After Fermi-LAT reported the
blazar was flaring above 800 MeV, Swift conducted an additional 5 ks of observations
beginning on September 27. These observations showed the source brightening and
its spectral index softening.
The other eight sources are not considered likely to be counterparts to the
IceCube trigger. The 3σ upper limit on the count rate in the rest of the field was
0.0093 cts s−1 , which corresponds to a flux of 3.8 × 10−13 erg cm−2 s−1 . Overlaps
between the different tiles account for 0.5 square degrees and have a limit of 0.0057
cts s−1 , which corresponds to a flux of 2.3 × 10−13 erg cm−2 s−1 .
IceCube-171106A Swift followed up the sixth neutrino within 4 hours of it being
detected at the south pole (18:39:39.21 UT on November 6 2017). Observations
stretched from 21:51:12 on November 6 to 11:52:10 on November 7 (11.5 ks to

110

62.0 ks after the neutrino trigger). An updated neutrino position was sent out at
22:37:07 UT on November 6, during the beginning of the Swift observations. Due
to this update, the entire 19-point tiling was shifted to match the new neutrino
position, resulting in a 38-point tiling with 80 to 210 seconds of PC data in the
original tiling, and 549 to 636 second of PC data per tile in the updated pointing.
The observations cover an area of 2.512 deg2 .
Fourteen sources were detected in the observations. Nine of these sources
correspond to know sources, four of which are known x-ray emitters. The remaining
five sources were faint objects below the RASS limits, and thus not considered
likely to be counterparts to the IceCube trigger. The 3σ upper limit on the count
rate for the rest of the field was 0.01 cts s−1 , which corresponds to a count rate
of 4.1 × 10−13 erg cm−2 s−1 in the 0.3-10 KeV band. Overlaps between the tiles
account for 0.5 square degrees and have a limit of 0.009 cts s−1 , corresponding to a
flux of 3.7 × 10−13 erg cm−2 s−1 .

5.2.3 Other reported observations
Our Swift campaigns were not the only observations to be carried out in response
to the real-time alerts for the six neutrinos. Although this information is all
available in detail in the original ATel and GCN circulars, it is summarized here
for convenience.
IceCube-160731A — The IceCube-160731A localization was also observed by
HAWC [223], FACT [224], MAGIC [225], Fermi GBM [226], Fermi LAT [227],
H.E.S.S. [228], Konus-Wind [229], AGILE [230], MAXI/GSC [231], MASTER [232],
iPTF P48 [233], LCOGT [234], and ANTARES [235].
AGILE was the only follow-up campaign that reported a possible detection of
a γ-ray precursor to the IceCube neutrino [230]. In a recent paper [236], AGILE
reports a candidate gamma-ray precursor (AGL J1418+0008) to IceCube-160731A
with an excess above 100 MeV between one and two days before the neutrino
arrival time which is positionally consistent with the EHE final error region. The
post-trial significance of this search is reported as 4σ. The estimated flux of this
candidate γ-ray precursor is F (E > 100M eV ) = (3.0 ± 1.2) × 10−6 ph cm−2 s−1
at l, b = (344.01◦ , 56.03◦ ) ± 1.0◦ (95% stat. c.l. ±0.1◦ (syst.). There is a possible
common counterpart (1RXSJ141658.0−00144) within the error regions of IceCube111

160731A and AGL J1418+0008 with characteristics of a high-energy peaked BL
Lac class of blazars [236]. No other observatories have reported a possible EM
counterpart to IceCube-160731A.
Konus-Wind also performed a search for a γ-ray transient in a time window
before the neutrino’s arrival time (− ∼ 5 days to + ∼ 1 day). They found no
triggered event and estimated the 90%-confidence upper limit on the 20-1200 keV
fluence to ∼ 7.7 × 10−7 erg cm−2 for a burst with duration less than 2.944 s and
with a typical KW short GRB spectrum. For a typical long GRB spectrum, the
corresponding limiting peak flux is ∼ 5.8 × 10−7 erg cm−2 s−1 [229].
In X-ray band, in addition to Swift XRT, MAXI/GSC scanned the region
around the neutrino and found no significant excess X-ray emission. They obtained
the 2-20 keV 3σ upper limit of 0.104 photons cm−2 s−1 for a point source at the
neutrino updated position [231].
In optical regime, Global MASTER network, iPTF, and LCOGT performed
searches for optical transients. No astrophysical optical transient was detected
within 2 deg2 around the neutrino’s location in MASTER searches, however they
report a point-like CCD event (MASTER OT J142038.73-002500.1) that is very
close to the very bright NGC5584 galaxy. This event is outside of the neutrino’s
revised error circle [232]. In iPTF searches, two optical transient candidates were
found at 1.1◦ and 2.0◦ from the neutrino candidate position. Their respective host
galaxies locate at redshifts of 0.038 and 0.054, respectively. The magnitude of the
two transient candidates are 17.25 and 18.71 in Mould R filter [233]. LCOGT
observations resulted in no new sources down to 3σ limiting magnitude > 19 [234].
These optical observations can be used to constrain supernovae (SNe) as a
progenetor of the neutrino alert. Typically, core collapse and type Ia SNe reach
maximum light ≈ 10 days after the explosion. The optical and UV observations of
IceCube-160731A took place within a day of the neutrino alert. SN light curves in
R-band suggest that optical magnitudes at t + 1 day are ∆MR ≈ 1.8 mag fainter
than peak for type Ibc SNe ( [237, 238]), ∆MR ≈ 1 mag for type IIP/L [239, 240],
and ∆MR ≈ 2 mag for type Ia ( [241, 242]). Thus, the limiting magnitudes from
MASTER constrain associated SNe to a distances ranging from D <
∼ 200 Mpc
to D <
∼ 400 Mpc. The limits from iPTF similarly constrain SNe to distances
of 210 and 275 Mpc. ANTARES found no up-going muon neutrino candidate
event detected within 3◦ of the IceCube-160731A during a ±1 h of the neutrino
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arrival time. A search on an extended time window of ±1 day also yielded no
detection [235].
HAWC γ-ray observatory searched within 1.5◦ around the neutrino’s location
for both transient and steady sources. The transient search in a time window of
about 5 hours including the neutrino’s arrival time resulted in a 1.12σ detection
which is not very significant. The steady source search was performed using ∼ 16
months of archival data ending ∼ 5 months before the neutrino’s arrival time and
resulted in a 3.57σ detection. Considering the number of trials in HAWC report,
this does not seem to be a significant detection [223].
No significant high-energy γ-ray emission was detected in either of MAGIC [225],
FACT [224], or H.E.S.S. [228] observations.
The position of this event was occulted by the Earth for Fermi GBM at the time
of detection. But Fermi LAT observed the neutrino’s updated position and placed a
> 100 MeV flux upper limits of < 1 × 10−7 ph cm−2 s−1 at a 95%-confidence level in
2.25 days of exposure (beginning on July 31, 2016 at 00:00 UTC) and < 0.6 × 10−7
ph cm−2 s−1 in 8.25 days of exposure (beginning July 25, 2016 at 00:00 UTC) [227].
IceCube-161103A — The IceCube-161103A localization was observed by HAWC [243],
INTEGRAL [244], Fermi GBM [245], Fermi LAT [246], Konus-Wind [247], CALET [248],
MASTER [249], and ANTARES [250].
HAWC searched within 1.1◦ around the neutrino’s location for both transient
and steady sources. The transient search in a time window of about 5 hours
including the neutrino’s arrival time resulted in a 1.1σ detection which is not very
significant. The steady source search was performed using ∼ 16 months of archival
data ending ∼ 5 months before the neutrino’s arrival time and resulted in a 2.39σ
detection. Considering the number of trials in HAWC report, this does not seem to
be a significant detection [243].
A search for a prompt γ-ray counterpart of IceCube-161103A was performed
using INTEGRAL SPI-ACS and IBIS/Veto. At the neutrino trigger time, the
spacecraft was pointing far from the neutrino localization. INTEGRAL did not
perform any pointed observations and estimated fluence upper limits for short and
long GRB spectra [244].
Fermi GBM placed flux upper limits using the Earth Occultation technique
measurements, also performed a seeded search for impulsive emission as well as
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a blind search for untriggered impulsive emission. No significant candidate or
impulsive emission was found [245]. The position of this neutrino was outside of
the Fermi LAT FOV at the time of detection and 5000 s after it [246].
No triggered Konus-Wind γ-ray transient event happened between ∼ 11 hours
before to ∼ 3 days after the neutrino event time [247]. A search for an X-ray
and γ-ray counterpart using the CALET Gamma-ray Burst Monitor (CGBM)
data shows no on-board trigger around the IceCube event time [248]. MASTER’s
auto-detection system did not find any optical transient within the neutrino’s error
circle and established limiting magnitudes of 20.2 and 20.5 [249]. These limits
constrain SNe to distances of 350 and 400 Mpc respectively.
ANTARES found no up-going muon neutrino candidate events within 3◦ of the
IceCube-161103A during a ±1 h of the neutrino’s arrival time. A search on an
extended time window of ±1 day also yielded no detection [250].
IceCube-170312A — The IceCube-170312A localization was observed by MASTER. MASTER’s auto-detection software did not find any optical transients within
the neutrino error circle. A limiting magnitude of 19.2 was calculated on 13 March
using 20 images. Further images taken between 13-19 March have a limiting magnitude of 18.5-19.1 using 16 images [251]. The first limit constrains SNe to a distance
of 220 Mpc, while the later limits constrain SNe to distance between 160 and 420
Mpc.
IceCube-170321A — The IceCube-170321A localization was observed by INTEGRAL [252], Fermi-GBM [253], Fermi-LAT [254], Konus-Wind [255], and
ANTARES [256].
The IceCube-170321A position was occulted by earth, so Fermi GBM was unable
to set any limits on impulsive emission. Using the Earth Occultation technique,
GBM was able to place a 3σ limit of 230 mCrab between 12 and 100 KeV between
the 18th and 21st of March [253]. The position was outside the Fermi LAT FOV
at the time of detection, but entered the FOV after 600 s. The LAT found no
significant excess γ-ray emission (0.1 - 300 GeV) within the IceCube-170321A 90%
confidence localization and placed an upper limit (95% confidence) of < 3.2 × 10−7
photons cm−2 s−1 in 1 day (beginning 12 hours prior to the T0) and < 5.5 × 10−8
photons cm−2 s−1 in the week preceeding the T0 [254].
Konus-Wind performed a search for a γ-ray transient around the time of the
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neutrino detection. They found no triggered event within ±1000 s of the neutrino
and they estimated a 90% confidence upper limit on the 10 keV to 10 MeV fluence of
6.6 × 10−7 erg cm−2 for a burst with a duration less than 2.944 s and with a tipical
KW short GRB spectrum. For a typical long GRB spectrum, the corresponding
limiting peak flux is 2.3 × 10−7 erg cm−2 s−1 [255].
INTEGRAL performed followup starting 31.5 hours after the neutrino detection,
with a total of on-target time of 45 ks. IBIS was online for 39.5 ks of this time.
No significant new source was found in the JEM-X data between 3 and 35 keV.
The IBIS/ISGRI 25-80 keV mosaic image identified an excess with a SNR of 3.9
(3% chance of occuring randomly in the IceCube 90% confidence localization). The
upper limit in the 90% confidence region was 4 mCrab between 25-80 keV, and 7
mCrab in the 80-200 band [252].
ANTARES found no upgoing muon neutrino candidate events within an hour
of the IceCube event. No events were found upon extending the time window to
±1 day [256].
IceCube-170922 — The IceCube-170922A localization included the blazar TXS 0506+056,
and was observed by a very large number of collaborations. Some of the observations
were carried out by HAWC [257], MAGIC [258], VERITAS [259] H.E.S.S. [260]
INTEGRAL [261], Konus-Wind [262], Fermi-LAT [27], ASAS-SN [263], MASTER [264], and ANTARES [265]
HAWC searched within 1.3◦ of the neutrino localization for steady and transient
sources. The event was not in HAWC’s FOV at the time of detection. Using the
next two transits of the FOV (MJD 58018.35-59018.60 and 58019.35-59019.60), the
maximum significance detected is 2.4σ. The steady search was performed using
archival data from November 2014 to June 2017. The maximum significance found
was 3.5σ [257].
Several IACTs searched for enhanced emission of high energy γ-rays from the
direction of the blazar TXS 0506+056. Magic detected a > 5σ excess of γ-rays
above 100 GeV between September 28 and October 3. VERITAS and HESS found
no significant excess of γ-rays [259, 260].
INTEGRAL also observed the IceCube-170922A localization and found no
significant counterparts. INTEGRAL estimated the 3σ upper limit on the 752000 keV fluence for a burst lasting less than 1 second to be 2.8 × 10−7 erg cm−2
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and the peak flux for a long GRB to be 7.8 × 10−7 erg cm−2 s−1 on an 8 second
timescale [261].
Konus-Wind found no triggered events from 1.7 days before the event to 3.5
days after. They estimated a 90% confidence upper limit on the 10 keV to 10 MeV
fluence of 1.0 × 10−6 erg cm−2 for a burst with a duration less than 2.944 s and
with a tipical KW short GRB spectrum. For a typical long GRB spectrum, the
corresponding limiting peak flux is 3.1 × 10−7 erg cm−2 s−1 [255].
Fermi-LAT observed enhanced γ-ray flux above 800 MeV from the blazar
TXS 0506+056. Using archival data, the source was found to be in a flaring state
with its flux six times brighter than its catalogued value [27]. Following the Fermi
alert regarding TXS 0506+056, ASAS-SN observed the blazar and found it to
be brighter in the optical band than ever previously measured [263]. MASTER
observed the neutrino error region and established a 5σ upper limit of 17.5 mag on
single images, and 19.5 on coadd images [264].
ANTARES found no upgoing muon neutrino candidate events within 3◦ of the
IcCube trigger within an hour of the neutrino arrival time. Extending the window
to a ± 1 day also yielded no detection [265].
IceCube-171106 — The IceCube-171106A localization was observed by HAWC [266],
FACT [267], INTEGRAL [268, 269] Fermi-LAT [270], Konus-Wind [271], PanSTARRS [272], and MASTER [273].
The neutrino was not in the HAWC FOV at the time of arrival. Searching
for steady sources in the 90% confidence region using archival data, HAWC found
no significant sources [266]. Fact observed the initial position for 3.26 hours and
the updated position for 15.64 hours. The automatic analysis found no significant
signal from the observed positions. From these observations, the upper limit flux
(99% confidence) was calculated as 0.35 Crab above 750 GeV [267].
The neutrino was 44◦ from the INTEGRAL spacecraft pointing axis at the time
of the alert. INTEGRAL found no significant counterparts within 300 s of the
alert. The 3σ upper limit to the 75 keV to 2 GeV fluence is 2.7 × 10−7 erg cm−2
for a burst lasting less than 1 s. For a long GRB, the peak flux upper limit in the
75-2000 KeV range was calculated as 3 × 10−7 erg cm−2 s−1 for 1 s and 8.6 × 10−7
erg cm−2 s−1 for 8 s [268]. Further followup with INTEGRAL found no new sources
in an additional 45 ks of observation time [269].
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Fermi-LAT searched for transient γ-ray sources and saw no significant emission
between 0.1 and 300 GeV within the 50% confidence region. Upper limits on the
photon flux were calculated (95% confidence) as < 2.0 × 10−7 photons cm−2 s−1 in
one day of exposure prior to the neutrino arrival time, < 3.4×10−8 photons cm−2 s−1
in the week prior, and < 1.8 × 10−9 photons cm−2 s−1 in the eight months prior.
Fermi-LAT also investigated the sources detected in the Swift followup and found
no significant γ-ray emission consistent with the sources [270].
No triggered Konus Wind event occured from 6.7 hours before the event to 1.8
days after then event. The 90% confidence upper limit on the fluence in the 10
keV to 10 MeV band is 9.0 × 10−7 erg cm−2 for a burst lasting less than 2.944 s
assuming a typical short GRB spectrum. For a long GRB type spectrum, the
limiting peak flux is 3.1 × 10−7 erg cm−2 s−1 [271].
Pan STARRS observed the neutrino localization starting 37.44 hours after the
neutrino arrival time using the i-band and z-band filters. No bright transient sources
were found in the field. Seven fainter transients were observed, none of which were
known AGN. Three transients are potentially supernova-like candidates, one of
which is within 0.7 degrees of the neutrino localization. The other four are nuclear
transient candidates. All seven are fainter than magnitude 21 and none can be
positively identified as a true transient [272]. MASTER also performed optical
followup with several of its robotic telescopes. MASTER-Kislovodsk established
limiting magnitudes ranging from 18.9 to 19.3 on 6 November. MASTER-SAAO
established limiting magnitudes between 19.9 and 20.6 on 6 November. MASTERIAC calculated limiting magnitudes between 17.8 and 19.6 on 7 November. These
correspond to distance limits ranging from 190 to 420 Mpc. MASTER-Tavrida
began its observations after a week and calculated limits between 17.8 and 19.5
on 13 November, corresponding to SNe distance limits between 180 and 500 Mpc.
Lastly, MASTER-SAAO calculated further limits on November 29, getting limiting
magnitudes between 18.9 and 20. This provides a SNe distance limits ranging from
400 Mpc to 630 Mpc [273].

5.2.4 3FGL Sources
We checked the LAT 4-year point source catalog (3FGL) [274] for possible sources
within 90% error region of each of the neutrino localizations. For IceCube-160731A,
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the closest 3FGL object was 3FGL J1418.4−0233 with an angular separation
of 2.23◦ , which corresponds to the BL Lac object NVSS J141826−023336. The
closest to IceCube-161103Awas 3FGL J0239.4+1326, and unclassified object 1.◦ 29
away and outside the 90% confidence bounds. Nearest to the IceCube-170312A
localization was the unclassified source 3FGL J2025.1−2858 2.◦ 57 away. The closest
3FGL object to the IceCube-170321A localization was 3FGL J0627.9−1517, also
known as the blazar candidate NVSS J062753−152003. It was just ouside of the
90% confidence localization, with an angular separation of 1.30◦ and it showed no
enhanced γ-ray activity within 24 hours of the neutrino detection [254]. Closest
to the IceCube-171106A localization was 3FGL J2234.8+0945, also known as the
pulsar PSR J2234+0944. It was 2.◦ 68 away from the best fit position.
The only localization to contain a 3FGL source was IceCube-170922A, which
contained 3FGL J0509.4+0541. Also known as TXS 0506+056, this source was 0.07◦
from the best fit position. Additionally, in the weeks prior to IceCube-170922A,
TXS 0506+056 demonstrated enhanced γ-ray flux. Extensive followup from various
observatories identified this blazar as the likely source of the neutrino.

5.3 Discussion
Here we review reported community follow-up efforts for the six neutrinos, and
discuss the results of the follow-up campaigns for each neutrino in light of common
transient and variable source scenarios.

5.3.1 Specific source scenarios
Given the broad range of possible sources for the high-energy cosmic neutrinos, and
in the interests of brevity, we now explore the physical implications and associated
model constraints for a few of these source scenarios.
Blazar flare activity — In a search for neutrino emission from blazars in the
second Fermi LAT AGN catalogue (2LAC; [275]), the IceCube collaboration has
used three years of neutrino data to constrain the maximum contribution of the
2LAC blazars to the observed astrophysical neutrino flux to ∼ 27% or less between
∼ 10 TeV and 2 PeV [276]. This search assumes a spectral index of −2.5 in a
power-law spectrum.
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In another study [143], major outburst of blazer PKS B1424−418 occurred in
temporal and spatial coincidence of a PeV neutrino. However, this single source
has sufficiently high fluence to explain the observed coincident PeV neutrino.
The energy flux threshold on identified or associated blazars from 3FGL is
∼ 3.2 × 10−12 erg cm−2 s−1 . Assuming a fiducial distance of ∼ 10 Gpc, the corresponding luminosity threshold will be ∼ 3.9×1046 erg s−1 . The energy flux threshold
on TeV blazars observed by Swift XRT [277] is ∼ 5.0 × 10−12 erg cm−2 s−1 . Assuming a fiducial distance of ∼ 10 Gpc, the corresponding luminosity threshold will be
∼ 6.0 × 1046 erg s−1 .
Work by [146] placed constraints on the source density of powerful blazar jets
−9
−12
such as BL Lac objects (neff
Mpc−3 ) and FSRQs (neff
Mpc−3 )
0 ∼ 5×10
0 ∼ 2×10
suggesting these classes are unlikely to be the dominant sources of IceCube’s
neutrinos.
Though not the dominant source of IceCube neutrinos, the identification of
TXS 0506+056 as the likely source of IceCube-170922A has demonstrated that
they are a source of at least a fraction of the IceCube neutrinos. In the followup to
IceCube-170922A, TXS 0506+056 was quickly identified as an interesting source as
the closest X-ray and γ-ray bright object near the neutrino best fit position [98].
Further investigation by the Fermi-LAT team found that the blazar was in a flaring
state at the time of the neutrino alert and for several weeks leading up to the
neutrino alert [27]. Following this, IceCube performed an archival analysis of 9.5
years of neutrino data. Their search found an excess of high-energy neutrinos from
the region near TXS 0506+056. This independent 3.5σ neutrino excess supports
the case for TXS 0506+056 as the source of IceCube-170922A [99].
GRBs — To evaluate constraints on any associated GRB X-ray afterglows, we
make use of a library of 192 Swift XRT lightcurves and piecewise power-law fits for
Swift-detected GRB afterglows, compiled by [278]. Using the power-law fits allows
us to calculate fluxes for these afterglows at arbitrary times; since fits exclude
intervals of X-ray flaring (e.g. [279]) this approach is conservative with respect to
such activity.
Fig. 5.2 shows the median X-ray afterglow flux (black line), and 80%-distribution
(light grey) and 50%-distribution (dark grey) ranges on afterglow flux, over the
period from t + 4 ks to t + 60 ks post-burst relevant to our observations (assuming
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Figure 5.2: X-ray flux limits from Swift XRT follow-up campaigns targeting the
six neutrinos (IceCube-160731A, orange; IceCube-161103A, red; IceCube-170312A,
light blue; IceCube-170321A, yellow; IceCube-170922A, blue; IceCube-171106A,
magenta), along with the median flux (black line), 80%-distribution (light grey),
and 50%-distribution (dark grey) ranges on afterglow flux for the library of 192
Swift XRT afterglow light curves (and piecewise power-law fits) from [278]. Solid
lines show average achieved limits from completion of the first observation of the
last pointing until the end of the campaign, while dashed lines show flux limits for
initial intervals of partial coverage.
the neutrino detection time to be coincident with the GRB). Superposed on the
afterglow flux ranges are X-ray flux limits for the six neutrino follow-up campaigns,
averaged over the seven or 19 tiles of each mosaic pointing. These limits are derived
from the exposure history of these observations using Poisson statistics and a
standard XRT afterglow counts to flux conversion factor of 4 × 10−11 erg cm−2 ct−1 .
Specifically, the flux limit is defined as the number of source photons required (at
any given time) to yield an excess over background with p-value p ≤ 10−6 in a single
source aperture. Given the total FOV of each mosaic, such excesses will occur via
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Poisson fluctuation of the background in roughly 10% of 19-tile campaigns (4% of
seven-tile campaigns). Our limits indicate that between 30% and 65% of the X-ray
afterglows of Swift-detected GRBs would be recovered by the follow-up campaigns
of these neutrinos, assuming the burst occurred within the FOV of the observations,
and ignoring the increased sensitivity provided over regions of pointing overlap
(which cover very little sky area). Delay time-based recovery fractions for the six
neutrino campaigns are provided in Table 5.3.
These constraints are shown graphically in Fig. 5.2, with a solid line extending
from the time when observations of the 19th (final) pointing of each mosaic
commenced until the end of the last exposure. Completion of the first exposure of
the first pointing of each mosaic is indicated with an additional dot (and dashed
line), showing the time when partial-coverage constraints from each campaign begin
to accumulate.
Combining the delay time-based recovery fractions (p∆t,X ) and coverage-based
recovery fractions (pΩ,X ) with the probabilities of cosmic origin (pS ) for each
neutrino, as listed in Table 5.3, we find net recovery probabilities (ptotal ) for Swiftlike GRB X-ray afterglows of 2.6% to 39% for the six campaigns. Taken together, if
every single IceCube high-energy cosmic neutrino were accompanied by a Swift-like
GRB X-ray afterglow, then the probability of observing zero candidate counterparts
after these six campaigns would be p = 18%. Hence, further campaigns will be
necessary to yield a high-confidence exclusion of this hypothesis from Swift follow-up
observations alone.
In their previous and independent search, IceCube placed limits on neutrino
emission models for neutrinos of all flavors from 807 GRBs [280]. Models with
the hypothesis that GRBs are the dominant sources of neutrino flux, e.g. the
simplest versions of the fireball model were ruled out. Models surviving IceCube’s
constraints in this search required relatively low neutrino production efficiencies.
High-luminosity GRBs can still be the sources of Ultra-High Energy Cosmic Rays
(UHECRs), if neutrino emission is not correlated with UHECR emission [281].
Another study [282] showed that GRBs with fast time variability without additional
prominent pulse structure could be considered as neutrino emitters.
Supernovae — The most useful limits to constrain supernovae (SNe) come
from Swift UVOT, iPTF, LCOGT, and MASTER observations of the six neutrino
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localizations. Specifics of the limiting magnitudes and the respective distance limits
are presented in Sec 5.2.3. Supernova limits were established for IceCube-160731A,
IceCube-161103A, IceCube-170312A, and IceCube-171106A. No optical followup was performed for IceCube-170321A, while the source IceCube-170922A was
quickly identified as the blazar TXS 0506+056, excluding them from the supernova
discussion.
Over the four optical follow-up campaigns, we calculated distance limits ranging
from 160 Mpc to 630 Mpc. IceCube-160731A recieved the most follow-up, with a
best limit of 400 Mpc from MASTER. MASTER’s best limit for IceCube-161103A
was similarly 400 Mpc. MASTER’s prompt observations of IceCube-170312A
established limits of 220 Mpc, with later followup extending that to 420 Mpc.
IceCube-171106A was observed by MASTER and Pan STARRS. Initial observations
established a best limit of 420 Mpc, while additional followup days later established
a stronger limit of 630 Mpc.
Since IceCube is sensitive to multiplets of rare transient sources down to local
−8
−3
−1
rates of R <
∼ 10 Mpc yr [283], the absence of such multiplets likely excludes
an origin for the cosmic neutrinos in the prompt (core collapse / shock breakout)
emissions of core collapse SNe (RCCSN ∼ 10−4 Mpc−3 yr−1 ; [284]) or even, jet-driven
Ibc SNe / low-luminosity GRBs (RLLGRB ∼ 3 × 10−7 Mpc−3 yr−1 ; [285]). Classical
long-duration GRBs (RLGRB ∼ 10−9 Mpc−3 yr−1 ; [286]) are not excluded on this
basis; the absence of ν-GRB coincidence events is more constraining [280].

5.3.2 Future efforts
All of the above constraints are subject to a discount factor due to the probability of
the IceCube event being an atmospheric neutrino or muon, rather than a track-like
interaction of an astrophysical neutrino for the six neutrino events studied. In
particular, it is possible that some or all of the events resulted from atmospheric
cosmic ray interactions rather than cosmic sources. This is the primary reason why
model constraints will have to await the completion of a sustained campaign of
follow-up observations of IceCube’s likely-cosmic high-energy neutrinos.
Moreover, given the inevitable delay in commencing high-sensitivity X-ray and
UV/optical observations, which have here provided on average 70% coverage, it
remains possible that one or even both neutrinos were accompanied by a relatively

122

Characteristic Probabilities for Swift
Neutrino Follow-Up Campaigns
Event

pS

pΩ,X

p∆t,X

ptotal

IceCube-160731A
IceCube-161103A
IceCube-170312A
IceCube-170321A
IceCube-170922A
IceCube-171106A

91%
30%
78%
28%
56%
75%

64%
68%
92%
22%
79%
98%

65%
30%
55%
43%
46%
45%

38%
6.1%
39%
2.6%
20%
33%

Table 5.3: pS is the probability of the IceCube event being a track-like interaction
of an astrophysical neutrino, rather than an atmospheric neutrino or muon. pΩ,X is
the probability of any associated neutrino point source lying within the coverage
area defined by the Swift XRT follow-up campaign for that event. p∆t,X is the
probability for an associated Swift-type GRB X-ray afterglow to be recovered, given
the exposure history for each campaign. ptotal is the multiplication of the first
three probabilities, indicating the total recovery probability for each event, for an
associated Swift-type GRB X-ray afterglow.
bright EM counterpart that eluded our attempts to capture it.
Table 5.3 shows three different probabilities and their product for each event: the
probability of the IceCube event being a track-like interaction of an astrophysical
neutrino, rather than an atmospheric neutrino or muon (pS ), the probability of any
associated neutrino point source lying within the coverage area defined by the Swift
XRT follow-up campaign for that event (pΩ,X ), the probability for an associated
Swift-type GRB X-ray afterglow to be recovered, given the exposure history for
each campaign (p∆t,X ). The last column shows the multiplication of these three
probabilities which is the probability of recovering the source with Swift XRT if
the emitting object is a long GRB with luminosity drawn from the distribution of
GRB luminosities which triggered Swift-BAT. Note that, since the BAT sample is
by definition flux limited, a typical GRB will on average be less luminous than a
BAT-detected GRB. The average of the total probabilities derived here is 22%. A
rough estimate of the minimum required campaigns to establish useful constraints
will therefore be 4.5 campaigns.
We plan to continue these searches following up ∼ 3 neutrino events with the
best localizations and highest pS per year. Since EHE neutrinos have on average
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better localization than HESE, two out of these three planned campaigns will be
more likely EHE if they pass the signalness cut.
A publishable claim of an electromagnetic counterpart to a neutrino source
could potentially be made on the basis of an unusual and a priori unlikely source
appearing in the localization region with appropriate timing, energy, and spectral
properties supporting a scenario for joint high-energy neutrino emission.

5.4 Conclusions
We have reported the results of six Swift satellite follow-up campaigns on likelycosmic neutrinos detected by the IceCube neutrino observatory, IceCube-160731A,
IceCube-161103A, IceCube-170312A, IceCube-170321A, IceCube-170922A, and
IceCube-171106A. In observations covering a significant fraction of the 90% containment regions with mean epochs on the order of hours post neutrino, we identified
one compelling counterpart: the blazar TXS 0506+056, likely associated with
IceCube-170922A [2, 287]. Apart from this detection, we identified no compelling
X-ray or UV/optical counterparts for any of the high-energy neutrinos.
For all of the detections, we discuss the limits generated from the non-detection
of transient counterparts. We discussed these limits in the context of three potential
source models for the cosmic neutrinos: blazars/active galaxies, Swift-detected
gamma-ray bursts (GRBs), and low-redshift (z <
∼ 0.1) SNe.
Our results show that we would need another ∼5 such follow-up campaigns to
reach a significant probability that the source classes discussed could be the EM
transient counterparts to the IceCube neutrinos.
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Chapter 6
Conclusions
Multimessenger astrophysics is a rising field. While the sources of the highest energy
cosmic rays and high energy neutrinos remain unknown from single messenger
observations, coincident detection of neutrinos and γ-rays can lead to the positive
identification of neutrino sources. Multimessenger searches have already shown their
potential, with the coincident detection of a neutron star merger and a GRB, as well
as the detection of neutrinos during an outburst from the blazar TXS 0506+056.
As part of my work as a member of AMON, I have worked on several searches
for electromagnetic counterparts to high energy neutrinos. In our first project, we
searched for a statistical excess of neutrinos from several northern blazars when
they were bright in TeV γ-rays. We found no statistical excess, but saw that
for Markarian 421 in particular, we were close to being able to place physically
meaningful limits on how much of TeV flux could have come from hadronic sources.
Our second and third projects were searches for neutrino coincidences with
γ-rays detected by the Fermi satellite’s Large Area Telescope. Our search with
ANTARES data found no evidence of either a subthreshold population of ν+γ
transients, or an excess of high significance coincidences. Our search with IceCube
data likewise found no significant excess, but did observe a trend where neutrinos
in the IC59 dataset were more likely to arrive from regions of the sky that were
γ-ray bright. This trend was not observed in the ANTARES data, but is interesting
enough to be worth following up in a future project.
A fourth project has been participating in the Swift followups to IceCube
neutrino alerts. This includes followups to IceCube multiplets, such as the followup
of the first IceCube triplet [192], and followups to both HESE and EHE neutrinos
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Figure 6.1: Histogram showing the λ distribution used to calibrate the FermiANTARES alert stream. Red lines mark thresholds of 4/year, 1/year, 1/decade,
and 1/century.
discussed in Chapter 5.
One offshoot of these archival searchis is the development of real time alerts for
significant ν+γ transients. The Fermi-ANTARES coincidence stream is currently
running and distributing alerts via email while we await the activation of the formal
GCN stream. The Fermi-IceCube stream is still undergoing development.
The Fermi-ANTARES stream is currently designed such that it flags any
coincidence with a false alarm rate lower than 4/year. Fig 6.1 shows the histogram
used to calibrate the real time analysis, including the relevant alert thresholds.
Currently, the real time stream has identified a few events above the 4/year
threshold, and one coincidence above the 1/year and 1/decade threshold. This
last event was a coincidence between a neutrino and two photons, one of which
had an energy of 220 GeV. The coincidence had a significance of 1/16.3 years, but
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unfortunately was 25◦ from the Sun, making most followup impossible.
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