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The Elusive Neutrino
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Standard Model of Particle Physics

(+ Higgs boson)

• three neutrino flavours 

• very small masses   
(unknown origin) 

• large mixing between  
flavour and mass states 
(unknown mechanism) 

• 2nd most abundant 
particle in the Universe 
(impact on cosmology) 

• unique probe of             
high-energy astrophysics
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IceCube Observatory
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The IceCube Observatory

• Giga-ton Cherenkov

telescope at the South Pole
• Collaboration of about 300

people at 47 intl. institutions
• 60 digital optical modules

(DOMs) per string
• 78 IceCube strings

125 m apart on triangular grid
• 8 DeepCore strings

DOMs in particularly clear ice
• 81 IceTop stations

two tanks per station, two
DOMs per tank

• 7 year construction phase
(2004-2011)

• price tag: e0.25 per ton

Markus Ahlers (NBI) Deciphering Cosmic ⌫s with MM Astronomy May 22, 2018 slide 4

contacts: 

Jason, Markus  

& Troels

• Giga-ton optical Cherenkov 
telescope at the South Pole 

• Optical modules attached to 
strings instrumenting 1 km3 of 
clear glacial ice  

• Collaboration of more than 
300 scientists at 56 
institutions in 14 countries. 

• Research focus @ NBI : 
• low-energy event selections, 

reconstructions & systematics 
• tau neutrino appearance 
• multi-messenger analyses 
• non-standard  phenomena 
• IceCube Upgrade (from '25)

ν
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Atmospheric Neutrino Oscillations
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• Muon neutrino disappearance in the 1-100 
GeV range allows for precision measurement 
of atmospheric mixing parameters. 

• IceCube @ NBI leads the current generation 
of oscillation analyses with DeepCore data.

[IceCube, PRL 120 (2018) 7] contact: 

Jason
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Astrophysical Neutrinos
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2013: A Milestone for Neutrino Astronomy

First observation of high-energy astrophysical neutrinos by IceCube!

“track event” (from nµ scattering) “cascade event” (from all flavours)

[“Breakthrough of the Year” (Physics World), Science 2013]
(neutrino event signature: early to late light detection)

Markus Ahlers (NBI) Neutrinos and g-rays from Extragalactic Sources August 28, 2018 slide 3

First observation of high-energy astrophysical neutrinos by IceCube in 2013.

Edep ≃ 71 TeV Edep ≃ 1.0 PeV

"track event" (e.g.  CC interactions)νμ "cascade event" (e.g. NC interactions)

(colours indicate arrival time of Cherenkov photons from early to late)
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Event Reconstructions
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Angular reconstructions with GraphNet
• Improved angular and energy 

reconstructions are a key to 
improve sensitivities of 
neutrino telescopes. 

• Machine-learning tools, e.g. 
based on graph neural 
networks are paving the way 
for future analyses with 
DeepCore data and IceCube-
Upgrade.

https://github.com/icecube/graphnet/

GraphNet

standard

preliminary

contact: 

Troels
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Neutrino Astrophysics
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Most energetic neutrino events (HESE 6yr (magenta) & nµ + nµ 8yr (red))

North

Galactic Plane180o

-90o

-180o

Earth
absorption

South

No significant steady or transient emission from known Galactic and 
extragalactic high-energy sources (except for one candidate).

contact: 

Markus
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Probe of Fundamental Physics
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[Ackermann, Ahlers, Anchordoqui, Bustamante et al., Bull. Am. Astron. Soc. 51 (2019)]
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Figure 1: Tests of fundamental physics accessible with neutrinos of different energies.

How do flavors mix at high energies? Experiments with neutrinos of up to TeV energies
have confirmed that the different neutrino flavors, ne, nµ , and nt , mix and oscillate into each other
as they propagate [33]. Figure 3 shows that, if high-energy cosmic neutrinos en route to Earth
oscillate as expected, the predicted allowed region of the ratios of each flavor to the total flux is
small, even after accounting for uncertainties in the parameters that drive the oscillations and in the
neutrino production process [57]. However, at these energies and over cosmological propagation
baselines [58], mixing is untested; BSM effects could affect oscillations, vastly expanding the
allowed region of flavor ratios and making them sensitive probes of BSM [57, 59–68].

What are the fundamental symmetries of Nature? Beyond the TeV scale, the symmetries of
the SM may break or new ones may appear. The effects of breaking lepton-number conservation,
or CPT and Lorentz invariance [69], cornerstones of the SM, are expected to grow with neutrino
energy and affect multiple neutrino observables [70–81]. Currently, the strongest constraints in
neutrinos come from high-energy atmospheric neutrinos [82]; cosmic neutrinos could provide un-
precedented sensitivity [62,71,73,76,78,83–90]. Further, detection of ZeV neutrinos, well beyond
astrophysical expectations, would probe Grand Unified Theories [43, 91–94].

Are neutrinos stable? Neutrinos are essentially stable in the SM [95–97], but BSM physics
could introduce new channels for the heavier neutrinos to decay into the lighter ones [98–100],
with shorter lifetimes. During propagation over cosmological baselines, neutrino decay could leave
imprints on the energy spectrum and flavor composition [65, 101–104]. The associated sensitivity
outperforms existing limits obtained using neutrinos with shorter baselines [103]. Comparable
sensitivities are expected for similar BSM models, like pseudo-Dirac neutrinos [65, 105, 106].

What is dark matter? Cosmic neutrinos can probe the nature of dark matter. Dark matter
may decay or self-annihilate into neutrinos [107–110], leaving imprints on the neutrino energy
spectrum, e.g., line-like features. Searches for these features have yielded strong constraints on
dark matter in the Milky Way [111–113] and nearby galaxies [114]. High-energy cosmic neutrinos

2

cosmic neutrinos

contacts: 

Markus & Jason
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Heavy Neutral Leptons
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• also known as "right-handed neutrinos" or "heavy sterile neutrinos" 
• candidates for (warm) dark matter and/or mediators of leptogenesis  

• possible astrophysical signatures: X-ray emission, Lyman-  forest 
• phenomenology of direct experimental searches: SHiP, ATLAS @ CERN

α

[Boyarsky, Drewes, Lasserre, Mertens & Ruchayskiy, Prog.Part.Nucl.Phys. 104 (2019)]

contact: 
Oleg
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Search for Hidden Particles (SHiP)
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contact: 
Oleg



IceCube & Phenomenology 12

Backup Slides



IceCube & Phenomenology

IceCube Upgrade
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• 7 new strings in the DeepCore 
region (~20m inter-string spacing)  

• New sensor designs, optimized for 
ease of deployment, light 
sensitivity & effective area 

• New calibration devices, 
incorporating lessons from a 
decade of IceCube calibration 
efforts 

• In parallel, IceTop surface 
enhancements (scintillators & 
radio antennas) for CR studies. 

• Scheduled deployment in 2025/26 

D-Egg

IceCube Upgrade Aya Ishihara

1. What’s the IceCube Upgrade?

The IceCube Neutrino Observatory was completed at the South Pole in 2011. IceCube has
led to many new findings in high-energy astrophysics, including the discovery of an astrophysical
neutrino flux and the temporal and directional correlation of neutrinos with a flaring blazar [1].
It has defined a number of upper-limits on various models of the sources of ultra-high energy
cosmic rays, as well as measurements on the fundamental high-energy particle interactions, such
as neutrino cross sections in the TeV region [2].

IceCube uses glacial ice as a Cherenkov medium for the detection of secondary charged par-
ticles produced by neutrino interactions with the Earth. The distribution of Cherenkov light mea-
sured with a 1 km3 array of 5160 optical sensors determines the energy, direction, and flavor of
incoming neutrinos. Although the South Pole is considered one of the world’s most harsh envi-
ronments, the glacial ice ⇠2 km below the surface is a dark and solid environment with stable
temperature/pressure profiles ideal for noise sensitive optical sensors. IceCube has recorded de-
tector uptime of more than 98% in the last several years. While it has been 15 years since the
first installation of the sensors, an extremely low failure rate of the optical modules has also been
observed, demonstrating that the South Pole is a suitable location for neutrino observations.

The IceCube Upgrade will consist of seven new columns of approximately 700 optical sensors,
called strings, embedded near the bottom center of the existing IceCube Neutrino Observatory. As
illustrated in Fig. 1, the "Upgrade" consists of a 20 m (horizontal) ⇥ 3 m (vertical) grid of photon

Figure 1: The Upgrade array geometry. Red marks on the left panel shows the layout of the 7 IceCube
Upgrade strings with the IceCube high-energy array and its sub-array DeepCore. The right panel shows
the depth of sensors/devices for the IceCube Upgrade array (physics region). The different colors represent
different optical modules and calibration devices. The Upgrade array extends to shallower and deeper ice
regions filled with veto sensors and calibration devices (special calibration regions).
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Alexander Kappes, PAHEN Workshop, Berlin, 26.9.2019

New sensor designs feature one or more  
of the following qualities 

• Upgraded electronics 
• Smaller diameter 
• Increased UV sensitivity 
• Larger and/or pixelated effective area 

!6
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Dual optical sensor in an Ellipsoid 
Glass for Gen2 
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(277	modules)
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(14	modules)
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A new generation of sensors

“Physics region”

Alexander Kappes, PAHEN Workshop, Berlin, 26.9.2019

New sensor designs feature one or more  
of the following qualities 

• Upgraded electronics 
• Smaller diameter 
• Increased UV sensitivity 
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mDOM LOM-16/18

Optical Module for IceCube-Gen2
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312 mm 318 mm

54
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m
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44
4 

m
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• Two design candidates; 16 and 18 PMT models  

‣ 18 PMT model: Max effective area with a 12.5’’ vessel

‣ 16 PMT model: Relatively simple, smaller size & weight


• Technologies & concepts inherited from Upgrade R&D


• 4’’ PMTs to maximize effective area

‣ Largest possible for back-to-back layout


• Gel pads for optical coupling & light collector 

‣ Avoid complex holder structure (mDOM, Km3Net DOM)

‣ Similar idea tried in P-ONE DOM (PoS (ICRC2023) 1219)


• Custom electronics designed for Gen2 needs

‣ Single p.e. events to high energy neutrino events

‣ Low power consumption & compact design

16 PMT model 18 PMT model

32 cm
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IceCube Upgrade Simulation
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A next-generation low-energy neutrino detector
• Dense instrumentation in 2 Mton core
• Large increase in photocathode density à sensitive down to ~1 GeV neutrinos

33Tom Stuttard

4 GeV !"

UpgradeDeepCore

Detected light

10x efficiency below 10 GeV

Overall 4x rate w.r.t. DeepCore à a ν every 4 mins!

Doesn’t even trigger...

Improved low-energy detection efficiency with IceCube Upgrade 
[courtesy of Tom Stuttard]
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Tau Neutrino Appearance
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D. Jason Koskinen - IceCube - INFN Meeting 2022

Neutrino Oscillation Data

16

2.35k tau neutrinos  
(1.8k charged current & 550 neutral current)

CONTENTS 11

Figure 2. The normalization of the weighted average of the tau neutrino cross section
compared to the Standard Model expectation. The top four blue and green lines
are from IceCube/DeepCore and contain two di↵erent analyses and with/without
NC contribution [52]. The red line is from SuperK [51] and the orange line is from
OPERA [50]. Figure from [52].

each identified the same two candidate events. Additional possible channels involving

one of the two hadronic showers occurring outside the detector or muonic decays of the

tau lepton have thus far evaded detection. The unfolded tau neutrino flux from these

analyses is consistent with other astrophysical flux measurements and a 1:1:1 flavor

ratio as expected from lepton flavor universality and terrestrially measured oscillation

parameters, albeit with fairly large uncertainties.

The history of reported tau neutrino detections is shown in Fig. 3 showing the

exponential growth in tau neutrino detections over the last two decades. The cumulative

number of detected events has grown at a rate of doubling once every two years and

that rate is expected to continue for the foreseeable future.

1.2. Tau Neutrino Motivations

Given the existing body of literature on tau neutrino theory and the data sets containing

tau neutrinos, we believe there is a strong case to significantly expand our e↵orts to study

these particles. This motivation comes from five main directions.

(i) Measure properties of SM particles: Determining the cross sections and

oscillation parameters of each known fermion has been at the center of the particle

physics community’s e↵orts for decades; it is time to now turn our e↵orts to tau

neutrinos for which measurements lag behind those of other particles.

(ii) Testing the three flavor picture: It is necessary to fully explore the oscillation

phenomenon and neutrino oscillations provide an excellent place to look for

additional instances of new physics. This requires additional sources of tau

neutrinos for oscillations, the necessary detectors and reconstruction tools to

identify tau neutrinos, the phenomenology to cast the results in terms of both
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Figure 3. The cumulative number of tau neutrinos detected (blue) including
contributions from DONuT (orange), OPERA (green), SuperK atmospherics (red),
IceCube atmospherics (purple), and IceCube astrophysical (brown). The doubling
rate is about once per two years since four events in 2000.

standard and new physics scenarios, and models to put the new physics scenarios

in a broader context.

(iii) Upcoming oscillation experiments: With the advent of DUNE for

long-baseline, Hyper-Kamiokande, IceCube, KM3NeT, and Baikal-GVD for

atmospherics, we will have a number of experiments that, while not designed for

tau neutrino physics, will be sensitive to tau neutrino physics. It is essential that

the community provides input on how to maximize the secondary physics cases of

these experiments.

(iv) Upcoming high energy neutrino experiments: A large number of experiments

designed to detect the neutrino flux in the E & 100 PeV range are currently being

proposed and constructed, see 5. While the primary motivation of many of these

experiments is astrophysics, due to their unique sensitivity to tau neutrinos, it is

vital to determine what particle physics can be extracted from them, ideally while

still in the planning phase, such that the design can be optimized for maximum

physics output.
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[IceCube, PRD 99 (2019) 3]

• 86% of  global data from IceCube 

• High statistics of  allow to make 
precision tests of the 3-flavour 
oscillation paradigm. 

• Current analyses efforts led by NBI 
will increase the data by a factor 4-5. 

ντ

ντ

IceCube
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Probe of Particle (Astro-)Physics
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"Unitarity Bounds of Astrophysical Neutrinos"  
 [MA, Bustamante & Mu, PRD 98 (2018)] 

"Flavors of astrophysical s with active-sterile mixing"  
[MA, Bustamante & Willesen, JCAP 07 (2021)]

ν

Unitarity Bounds of Astrophysical Neutrinos

Markus Ahlers,1, ⇤ Mauricio Bustamante,1, 2, † and Siqiao Mu3, ‡

1Niels Bohr International Academy & Discovery Centre, Niels Bohr Institute,
University of Copenhagen, Blegdamsvej 17, DK-2100 Copenhagen, Denmark

2DARK, Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, DK-2100 Copenhagen, Denmark
3California Institute of Technology, 1200 E California Blvd, Pasadena, CA 91125, USA

The flavor composition of astrophysical neutrinos observed at neutrino telescopes is related to the
initial composition at their sources via oscillation-averaged flavor transitions. If the time evolution of
the neutrino flavor states is unitary, the probability of neutrinos changing flavor is solely determined
by the unitary mixing matrix that relates the neutrino flavor and propagation eigenstates. In this pa-
per we derive general bounds on the flavor composition of TeV–PeV astrophysical neutrinos based
on unitarity constraints. These bounds are useful for studying the flavor composition of high-energy
neutrinos, where energy-dependent non-standard flavor mixing can dominate over the standard mix-
ing observed in accelerator, reactor, and atmospheric neutrino oscillations.

PACS numbers: 14.60.Pq, 14.60.St, 95.55.Vj

Introduction.—The high-energy astrophysical neutri-
nos discovered by IceCube [1–7] are key to revealing
the unknown origin of high-energy cosmic rays and the
physical conditions in their sources [8]. They also pro-
vide a unique opportunity to study fundamental neu-
trino properties in an entirely new regime: their energy
and baseline far exceed those involved in reactor, accel-
erator, and atmospheric neutrino experiments. Effects of
non-standard neutrino physics — even if they are intrin-
sically tiny — can imprint themselves onto the features
of astrophysical neutrinos, including their energy spec-
trum, arrival directions, and flavor composition, i.e., the
proportion of neutrinos of each flavor.

At the sources, the flavor composition is determined
by the neutrino production process; after that, oscil-
lations modify the composition en route to Earth [11–
18]. Assuming standard oscillations, we predict the ob-
servable flavor composition. However, non-standard
neutrino oscillations can alter the composition drasti-
cally [19–25]. Non-standard effects can originate, e.g.,
from neutrino interactions with background matter [26–
28] and dark matter [29, 30] or from Standard Model
extensions that violate the weak equivalence principle,
Lorentz invariance, or CPT symmetry [31–37]. A key
property of these models is that the flavor transitions
between sources and Earth are entirely determined by a
new unitary mixing matrix that connects neutrino flavor
and propagation eigenstates.

We will discuss the regions in flavor space that can be
expected from this class of models. The unitarity of the
new mixing matrix allows us to compute the boundary
of the region that encloses all possible flavor composi-
tions at the Earth, in spite of not knowing the values of
the matrix elements. Previous work [20] derived a set
of unitarity bounds for specific choices of flavor com-
position at the sources. We extend this work by pro-
viding a refined and explicit formalism to derive unitar-
ity bounds that are easily applicable to arbitrary source

compositions.
Figure 1 shows our results for physically motivated

choices of source flavor composition. The ternary plot
shows the source and Earth flavor fractions, i.e., the rela-
tive contribution of neutrino flavors to the total neutrino
flux. Assuming that the accessible flavor space is con-
vex, i.e., that every intermediate flavor fraction between
any two accessible fractions is also accessible by a suit-
able unitary matrix, our unitarity bounds are maximally
constraining and completely characterize the accessible
flavor space.
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FIG. 1. Unitarity bounds of astrophysical neutrino flavors for
three source compositions indicated by filled symbols. The
corresponding open symbols indicate the expected composi-
tion at Earth under standard oscillations using the best-fit mix-
ing parameters for normal mass ordering [9]. We include the
best-fit flavor composition from IceCube [10] as a black star
and the 68% and 95% confidence levels as grey-shaded areas.

Inferring the flavor of high-energy astrophysical neutrinos at their sources

Mauricio Bustamante1, 2, ⇤ and Markus Ahlers1, †

1Niels Bohr International Academy & Discovery Centre, Niels Bohr Institute,
University of Copenhagen, DK-2100 Copenhagen, Denmark

2DARK, Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark

(Dated: June 21, 2019)

The sources and production mechanisms of high-energy astrophysical neutrinos are largely un-
known. A promising opportunity for progress lies in the study of neutrino flavor composition, i.e.,
the proportion of each flavor in the flux of neutrinos, which reflects the physical conditions at the
sources. To seize it, we introduce a Bayesian method that infers the flavor composition at the neu-
trino sources based on the flavor composition measured at Earth. We find that present data from the
IceCube neutrino telescope favor neutrino production via the decay of high-energy pions and rule out
production via the decay of neutrons. In the future, improved measurements of flavor composition
and mixing parameters may single out the production mechanism with high significance.

Introduction.— High-energy astrophysical neutrinos
with TeV–PeV energies provide crucial and unique infor-
mation to understand the non-thermal Universe [1, 2].
Yet, though firmly detected [3–7], they have a largely
unknown origin. They likely come predominantly from
extragalactic sources [2, 8–11], but, to date, no point-like
source is known with certainty, notwithstanding notewor-
thy recent findings [12, 13]. In the future, improved event
statistics, reduced systematic uncertainties, and com-
bined multi-messenger analyses will boost the prospects
of discovering sources [14, 15].

A complementary opportunity for progress, accessible
already today, lies in measuring the flavor composition
of high-energy astrophysical neutrinos, i.e., the relative
number of neutrinos of each flavor. The flavor composi-
tion that neutrinos are emitted with is the result of pro-
duction processes that depend on the physical conditions
in the astrophysical sources. Therefore, flavor measure-
ments can help to discriminate between candidate source
classes [16–20]. After emission, as neutrinos propagate
en route to Earth, flavor oscillations modify the compo-
sition. Neutrino telescopes, like IceCube, measure the
flavor composition of the arriving flux. Based on it, one
can, in principle, infer the composition at the sources.

Yet, existing analyses are either largely focused on in-
ferring the flavor composition at Earth from data [21–27]
or confined to assessing the compatibility of the flavor
composition measured at Earth with expectations from a
few idealized scenarios of neutrino production. We follow
an alternative strategy, hitherto unexplored, that pro-
vides more insight. Using Bayesian statistics, we infer
the composition at the sources based on the composition
measured at neutrino telescopes, accounting for the un-
certainties in its measurement and in the neutrino mixing
parameters that drive oscillations.

Figure 1 shows our results obtained using published
and projected flavor measurements in IceCube. We re-
port results in terms of flavor ratios f↵,S (↵ = e, µ, ⌧),
i.e., the relative contribution of ⌫↵+ ⌫̄↵ to the total emis-
sion. We find that present data favor neutrino production
via the decay of high-energy pions and the synchrotron-
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FIG. 1. Flavor composition of high-energy astrophysical neu-
trinos at their sources, inferred from present IceCube mea-
surements [23] (bottom) and from the projected sensitivities
of the near-future IceCube upgrade [28] (center) and planned
IceCube-Gen2 [29] (top), assuming production by pion decay.
Here we enforce a prior of no ⌫⌧ production, i.e., f⌧,S = 0. We
show the most probable values (white dotted lines) and cred-
ible intervals (blue shaded regions) of fe,S, and mark phys-
ically motivated neutrino production scenarios: pion decay,
muon-damped, and neutron decay.

cooling of intermediate muons in strong magnetic fields,
and strongly disfavor production via neutron decay.

Producing astrophysical neutrinos.— We expect
astrophysical sources of high-energy neutrinos to acceler-
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Figure1:Two-dimensionalrelativeintensitymapintheequatorialcoordinatesystemof5TeVgalacticcosmicrays
observedbytheTibetair-showerexperiment.
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Figure2:(a)ThesiderealdailyvariationobservedbytheTi-
betexperimentat6.2TeVfromDecember2001toNovember
2003.Thebest-fitfunctionwiththreeFouriercomponentsis
shownbytheblackline.(b)Theanti-siderealdailyvariation
observedbytheTibetexperimentat6.2TeVfromDecem-
ber2001toNovember2003.Thebest-fitsinusoidalcurveis
shownbytheblackline.
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FIG. 2.— Mollweide projections in equatorial coordinates of the reconstructed anisotropy (left) and pre-trial significance (right) for the three Nch
bins listed in Table 1. We show the results for a top-hat smoothing radius of 20�. The grey-shaded area indicates the unobservable part of the
celestial sphere. The dashed line indicates the projection of the Galactic Plane. The values of pre-trial significance are shown in units of standard
deviations and indicated in red and blue colors for excesses and deficits, respectively. The location of maximum pre-trial significance is indicated
by the symbol ⇥.

The left panels of Figure 2 show the reconstructed
anisotropy in the three energy bins with excesses and
deficits indicated by red and blue colors, respectively.
The dashed line indicate the projection of the Galactic
plane onto the celestial sphere.

With the expectation values of Eqs. (7)–(9) we can also
define a smoothed significance map as

eSa ⌘
�

2
�
�eµa + eµ bg

a + ena log(1 + deIa)
�

. (11)

This expression represents the statistical weight of the
anisotropy deIa in each celestial (sliding) bin a. For suf-
ficiently small smoothing scales, eS 2

a can be interpreted
as the bin-by-bin maximum-likelihood ratio of the hy-
pothesis I?

a compared to the null hypothesis I bg
a = 1.

Again, the test statistic of data under the null hypothe-
sis is following a one-dimensional c2-distribution and,
in that case, eSa corresponds to the significance in units
of Gaussian standard deviations (Wilks 1938).

The right panels of Figure 2 show the pre-trial signif-
icance (11) of the anisotropy. We follow the convention
to indicate the significance of excesses and deficits by
red and blue colors, respectively. The symbol ⇥ indi-
cates the location of maximum significance. Whereas
the first two bins do not show strong evidence of CR
anisotropies, the last bin shows a local excess at the level

of about 4.7s. However, the significance of this excess
needs to be corrected for trials. We follow the same pro-
cedure as in Ahlers (2018) to estimate the effective num-
ber of trials as Ntrial ' DWFOV/DWbin, where DWFOV
is the size of the observatory’s time-integrated field of
view and DWbin is the effective bin size according to the
top-hat smoothing scale. For the 20� smoothing radius
of the KASCADE-Grande data we obtain Ntrial ' 14.0.
The post-trial p-value can then be approximated as

ppost ' 1 � (1 � p)Ntrial . (12)

Figure 3 shows the post-trial significance map for the
third KASCADE-Grande bin with median energy of
33 PeV in Galactic coordinates. As before, the grey-
shaded region indicates the part of the sky that is not
observable from the location of the experiment. The
dashed circle indicates the 20� smoothing radius around
the location of highest post-trial significance of about
4.2s.

4. DISCUSSION

Our analysis does not uncover significant dipole
anisotropies in the KASCADE-Grande data, as indi-
cated in the last column of Table 1. This is consistent
with official results summarized in Apel et al. (2019)
and shown in columns 5 & 6. The dipole amplitude
in solar time induced by the solar Compton-Getting ef-

FIG. 2.— Mollweide projections in equatorial coordinates of the reconstructed anisotropy (left) and pre-trial significance (right) for the three Nch
bins listed in Table 1. We show the results for a top-hat smoothing radius of 20�. The gray-shaded area indicates the unobservable part of the
celestial sphere. The dashed line indicates the projection of the Galactic plane. The values of pre-trial significance are shown in units of standard
deviations and indicated by negative values for deficits. The location of maximum pre-trial significance is indicated by the symbol ⇥.

20�. This corresponds to the sum of events and expecta-
tion values over the set Da of data bins within 20� off a
central bin a in the equatorial coordinate system:
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In the absence of strong large-scale anisotropies, the
isotropic background level is simply taken as I bg = 1,
but can in general take on any form that is considered
as the background level. With these definitions we can
express the smoothed anisotropy as

deIa = eµa/eµ bg
a � 1 . (10)

The left panels of Fig. 2 show the reconstructed
anisotropy in the three energy bins with excesses and
deficits indicated by red and blue colors, respectively.
The dashed line indicates the projection of the Galactic
plane onto the celestial sphere.

With the expectation values of Eqs. (7)–(9) we can also
define a smoothed significance map as

eSa ⌘
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. (11)

This expression represents the statistical weight of the

anisotropy deIa in each celestial (sliding) bin a. For suf-
ficiently small smoothing scales, eS 2

a can be interpreted
as the bin-by-bin maximum-likelihood ratio of the hy-
pothesis I?

a compared to the null hypothesis I bg
a = 1.

Again, the test statistic of data under the null hypothe-
sis is following a one-dimensional c2-distribution and,
in that case, eSa corresponds to the significance in units
of Gaussian standard deviations (Wilks 1938).

The right panels of Figure 2 show the pre-trial sig-
nificance (11) of the anisotropy. We follow the stan-
dard convention to indicate the significance of deficits
by negative values. The symbol ⇥ indicates the loca-
tion of maximum significance. Whereas the first two
bins do not show strong evidence of CR anisotropies,
the last bin shows a local excess at the level of about
4.7s. However, the significance of this excess needs to
be corrected for trials. We follow the same procedure as
in Ahlers (2018) to estimate the effective number of tri-
als as Ntrial ' DWFOV/DWbin, where DWFOV is the size
of the observatory’s time-integrated field of view and
DWbin is the effective bin size according to the top-hat
smoothing scale. For the 20� smoothing radius of the
KASCADE-Grande data we obtain Ntrial ' 14.0. The
post-trial p-value can then be approximated as

ppost ' 1 � (1 � p)Ntrial . (12)

Figure 3 shows the post-trial significance map for the
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FIG. 2.— Mollweide projections in equatorial coordinates of the reconstructed anisotropy (left) and pre-trial significance (right) for the three Nch
bins listed in Table 1. We show the results for a top-hat smoothing radius of 20�. The grey-shaded area indicates the unobservable part of the
celestial sphere. The dashed line indicates the projection of the Galactic Plane. The values of pre-trial significance are shown in units of standard
deviations and indicated in red and blue colors for excesses and deficits, respectively. The location of maximum pre-trial significance is indicated
by the symbol ⇥.

The left panels of Figure 2 show the reconstructed
anisotropy in the three energy bins with excesses and
deficits indicated by red and blue colors, respectively.
The dashed line indicate the projection of the Galactic
plane onto the celestial sphere.

With the expectation values of Eqs. (7)–(9) we can also
define a smoothed significance map as
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This expression represents the statistical weight of the
anisotropy deIa in each celestial (sliding) bin a. For suf-
ficiently small smoothing scales, eS 2

a can be interpreted
as the bin-by-bin maximum-likelihood ratio of the hy-
pothesis I?

a compared to the null hypothesis I bg
a = 1.

Again, the test statistic of data under the null hypothe-
sis is following a one-dimensional c2-distribution and,
in that case, eSa corresponds to the significance in units
of Gaussian standard deviations (Wilks 1938).

The right panels of Figure 2 show the pre-trial signif-
icance (11) of the anisotropy. We follow the convention
to indicate the significance of excesses and deficits by
red and blue colors, respectively. The symbol ⇥ indi-
cates the location of maximum significance. Whereas
the first two bins do not show strong evidence of CR
anisotropies, the last bin shows a local excess at the level

of about 4.7s. However, the significance of this excess
needs to be corrected for trials. We follow the same pro-
cedure as in Ahlers (2018) to estimate the effective num-
ber of trials as Ntrial ' DWFOV/DWbin, where DWFOV
is the size of the observatory’s time-integrated field of
view and DWbin is the effective bin size according to the
top-hat smoothing scale. For the 20� smoothing radius
of the KASCADE-Grande data we obtain Ntrial ' 14.0.
The post-trial p-value can then be approximated as

ppost ' 1 � (1 � p)Ntrial . (12)

Figure 3 shows the post-trial significance map for the
third KASCADE-Grande bin with median energy of
33 PeV in Galactic coordinates. As before, the grey-
shaded region indicates the part of the sky that is not
observable from the location of the experiment. The
dashed circle indicates the 20� smoothing radius around
the location of highest post-trial significance of about
4.2s.

4. DISCUSSION

Our analysis does not uncover significant dipole
anisotropies in the KASCADE-Grande data, as indi-
cated in the last column of Table 1. This is consistent
with official results summarized in Apel et al. (2019)
and shown in columns 5 & 6. The dipole amplitude
in solar time induced by the solar Compton-Getting ef-

FIG. 2.— Mollweide projections in equatorial coordinates of the reconstructed anisotropy (left) and pre-trial significance (right) for the three Nch
bins listed in Table 1. We show the results for a top-hat smoothing radius of 20�. The gray-shaded area indicates the unobservable part of the
celestial sphere. The dashed line indicates the projection of the Galactic plane. The values of pre-trial significance are shown in units of standard
deviations and indicated by negative values for deficits. The location of maximum pre-trial significance is indicated by the symbol ⇥.

20�. This corresponds to the sum of events and expecta-
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In the absence of strong large-scale anisotropies, the
isotropic background level is simply taken as I bg = 1,
but can in general take on any form that is considered
as the background level. With these definitions we can
express the smoothed anisotropy as

deIa = eµa/eµ bg
a � 1 . (10)

The left panels of Fig. 2 show the reconstructed
anisotropy in the three energy bins with excesses and
deficits indicated by red and blue colors, respectively.
The dashed line indicates the projection of the Galactic
plane onto the celestial sphere.

With the expectation values of Eqs. (7)–(9) we can also
define a smoothed significance map as
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This expression represents the statistical weight of the

anisotropy deIa in each celestial (sliding) bin a. For suf-
ficiently small smoothing scales, eS 2

a can be interpreted
as the bin-by-bin maximum-likelihood ratio of the hy-
pothesis I?

a compared to the null hypothesis I bg
a = 1.

Again, the test statistic of data under the null hypothe-
sis is following a one-dimensional c2-distribution and,
in that case, eSa corresponds to the significance in units
of Gaussian standard deviations (Wilks 1938).

The right panels of Figure 2 show the pre-trial sig-
nificance (11) of the anisotropy. We follow the stan-
dard convention to indicate the significance of deficits
by negative values. The symbol ⇥ indicates the loca-
tion of maximum significance. Whereas the first two
bins do not show strong evidence of CR anisotropies,
the last bin shows a local excess at the level of about
4.7s. However, the significance of this excess needs to
be corrected for trials. We follow the same procedure as
in Ahlers (2018) to estimate the effective number of tri-
als as Ntrial ' DWFOV/DWbin, where DWFOV is the size
of the observatory’s time-integrated field of view and
DWbin is the effective bin size according to the top-hat
smoothing scale. For the 20� smoothing radius of the
KASCADE-Grande data we obtain Ntrial ' 14.0. The
post-trial p-value can then be approximated as

ppost ' 1 � (1 � p)Ntrial . (12)

Figure 3 shows the post-trial significance map for the
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Figure 1. Validation of the analytical method by comparison with numerical result. The data
points show the angular power spectrum determined in test particle simulations for three di↵erent
backtracking times tback after subtraction of the estimated shot noise. The shot noise levels due to the
finite number of trajectories is indicated by the horizontal dashed lines. For comparison, the lines show
the results of our analytical approach with di↵erent values of the free parameter ↵ = kin�T . Fixing
this free parameter to kin�T ⇡ 50 results in excellent agreement with the test particle simulations.

use this to compute the angular distribution at position r� and time t by assuming a certain
phase-space density at time t0. To make the connection with our analytical approach, we
adopt the same gradient dependence as in Eq. (2.3). For each of 100 random realisations of
the turbulent magnetic field, we compute the angular power spectrum from the phase-space
density at position r� and time t and finally compute the ensemble averaged angular power
spectrum.

In Fig. 1, we show this ensemble averaged angular power spectrum for three di↵erent
backtracking times tback. It can be seen that the angular power spectrum converges to an
asymptotic form for ⌦tback & 10 where ⌦ is the gyro frequency in the RMS turbulent field.
(See also Ref. [10].) Comparing with the analytical results allows fixing the free parameter,
↵ = kin�T , for which we otherwise only have the constraint ↵ � 1. It appears that ↵ ⇡ 50
gives excellent agreement between analytical and numerical results.

5 Results

While the band-limited white-noise spectrum serves only as an approximation for the mag-
netic turbulence in our local environment, it is nevertheless instructive to compare our model
predictions to the power spectrum observed by HAWC and IceCube [16, 17]. In Fig. 2 we
show the steady-state angular power spectrum Cstdy derived by numerically solving Eq. (3.7).

In the upper panel, we have fixed the gradient to K
��rf/f

��2 = 10�4kout and show the result
for a range of ↵ = kin�T . It can be seen that with increasing values of kin�T , the normali-
sation of the angular power spectrum is decreasing and the power spectrum tends to fall o↵
much faster. We compare our model predictions to the angular power spectra inferred from

– 8 –

CR
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• High-Energy Starting 
Event (HESE) analysis
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22Figure 2: The sky region around the most significant spot in the Northern Hemisphere

and NGC 1068. The left plot shows a fine scan of the region around the hottest spot. The spot
itself is marked by a yellow cross and the red star shows the position of NGC 1068. In addition,
the solid and dashed contours show the 68% (solid) and 95% (dashed) confidence regions of
the hot spot localization. The right plot shows the distribution of the squared angular distance
between NGC 1068 and the reconstructed event direction. From Monte Carlo we estimate the
background (orange) and the signal (blue) assuming the best-fit spectrum at the position of
NGC 1068. The superposition of both components is shown in gray and provides an excellent
match to the data (black). Note that this representation of the result neglects all the information
on the energy and angular uncertainty of the events that is used in the unbinned maximum
likelihood approach.

This results in a local significance of 3.7�, a small increase with respect to what was reported

in (25) that is independent of the increase of the significance at the location of NGC 1068.

After correcting for having tested three different spectral index hypotheses, we obtain a final

post-trial significance of 3.4� for the binomial test. Besides NGC 1068, the other two objects

contributing to the excess are the blazars PKS 1424+240 and TXS 0506+056, for which we

find potential neutrino emission with local significance of 3.7� and 3.5�, respectively. We

emphasize that the significance of TXS 0506+056 reported here relates to a time-integrated
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Figure 9: The spectral flux (�) of neutrinos inferred from the eight-year upgoing track analysis (red fit) and the six-

year HESE analysis (magenta fit) compared to the flux of unresolved extragalactic �-ray sources [100] (blue data)

and ultra-high-energy cosmic rays [101] (green data). The neutrino spectra are indicated by the best-fit power-law

(solid line) and 1� uncertainty range (shaded range). We highlight the various multimessenger interfaces: A: The

joined production of charged pions (⇡±
) and neutral pions (⇡0

) in cosmic-ray interactions leads to the emission of

neutrinos (dashed blue) and �-rays (solid blue), respectively. B: Cosmic ray emission models (solid green) of the

most energetic cosmic rays imply a maximal flux (calorimetric limit) of neutrinos from the same sources (green

dashed). C: The same cosmic ray model predicts the emission of cosmogenic neutrinos from the collision with

cosmic background photons (GZK mechanism).

Note, that the relative production rates of pionic gamma rays and neutrinos only depend on the

ratio of charged-to-neutral pions produced in cosmic-ray interactions, denoted by K⇡ = N⇡±/N⇡0 .

Pion production of cosmic rays in interactions with photons can proceed resonantly in the processes

p + � ! �+ ! ⇡
0 + p and p + � ! �+ ! ⇡

+ + n. These channels produce charged and

neutral pions with probabilities 2/3 and 1/3, respectively. However, the additional contribution

of nonresonant pion production changes this ratio to approximately 1/2 and 1/2. In contrast,

cosmic rays interacting with matter, e.g., hydrogen in the Galactic disk, produce equal numbers

of pions of all three charges: p + p ! N⇡ [ ⇡0 + ⇡
+ + ⇡

�] +X, where N⇡ is the pion multiplicity.

From above arguments we have K⇡ ' 2 for cosmic ray interactions with gas (pp) and K⇡ ' 1 for

interactions with photons (p�).

With this approximation we can combine Eqs. (1) and (2) to derive a simple relation between

17

[IceC
ube, Science 378 (2022)]

TXS 0506+056 NGC 1068

• High neutrino intensity 
compared to other 
cosmic backgrounds. 

• Open questions: 
★ origin? 
★ spectral features? 
★ consistent MM emission? 

• Some strong indications 
for individual sources: 
★ blazar TXS 0506+056 
★ Seyfert II galaxy NGC 1068 
★ Galactic plane 

• Many interesting (but 
weak) correlations with 
other candidate sources.
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0.47
-
+

:, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05- (low-spin prior,
hereafter), the measured component masses are m 1.36,1 Î (

M1.60 :) and m M1.17, 1.362 Î :( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0
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Binary neutron star merger GW170817 observed in gravitational waves and
electromagnetic emission.[Astrophys.J. 848 (2017) no.2, L13]

Markus Ahlers (NBI) IceCube Results July 16 & 17, 2018 slide 82[LVD, Fermi & INTEGRAL, ApJ 848 (2017) no.2, L13]
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1
/�. The apparent brightness of the source is then

significantly
larger

due
to
the
strong
D
oppler boost of the
em
ission. H
ow
ever, the
recent

observations of G
RB
170817A
&
G
W
170817
(A
bbott et al. 2017a,b)

and
the m
ulti-w
avelength
em
ission
of its late-tim
e afterglow
(Lazzati

et al. 2018)
has
confirm
ed
earlier
speculations
that the
G
RB
jet is

structured. This explains the brightness of the G
RB
despite our large

view
ing
angle
of &
15
� .

In
this paper w
e study
study
the neutrino
em
ission
of G
RB
internal

shocks for arbitrary
view
ing
angles. W
e
w
ill give
a
detailed
analytic

derivation
relating
the
internal em
issivity
of
the
G
RB
at arbitrary

redshift to
the
fluence
of an
observer at arbitrary

relative
locations.

O
ur form
alism
w
ill clarify
som
em
isconception
that have appeared
in

the literature and
provide a new
analytic scaling
relations of the parti-

cle fluence. W
e then
study
neutrino
em
ission
from
internal shocks in

structured
jets and
show
that the em
issivity
of neutrinos in
structured

jets
is
expected
to
have
an
additional angular dependence

from
the

opacity
to
p�
interactions.

The outline of this paper is as follow
s. In
section
2
w
e w
ill derive a

general expression
for the prom
pt fluence of
�-rays or neutrinos em

it-

ted
from
a thin
shells in
axisym
m
etric radial outflow
s. The follow
ing

section
3
w
e
w
ill study
o�-axis
em
ission
for
various
jet structures

and
determ
ine
a
revised
scaling
relation
that allow
s
to
express
o�-

axis
fluences
from
on-axis
calculations. In
section
4
w
e
review
the

general neutrino
em
issivity
of sub-shells
from
proton-photon
inter-

actions and
show
in
section
5
that structured
jet m
odels inferred
from

the
afterglow
of
G
RB
170817A
predict o�-axis
neutrino
em
ission

com
parable
to
the
on-axis
view. W
e
finally
conclude
in
section
6.

Throughout this
paper w
e
w
ork
w
ith
H
eaviside-Lorentz
units
w
ith

↵
=
e2
/
(4
⇡
)
'

1
/137. Boldface
quantities indicate
vectors.
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The
general relation
of the
energy
fluence
F

(units
of G
eV
cm
�2 )

from
structured
jets observed
under arbitrary
view
ing
angles can
be

determ
ined
via
the
specific
em
issivity
j
(units
of
cm
�3
s
�1
sr
�1 ).

This
ansatz
has
been
used
by
G
ranot et al. (1999), W

oods
&
Loeb

(1999), N
akam
ura
&
Ioka
(2001) or Salafia
et al. (2016) to
derive

tim
e-dependent em
ission
spectra
of G
RBs. The
dependence
of the

isotropic-equivalent energy
on
jet structure
and
view
ing
angle
has

been
studied
by
Yam
azaki et al. (2003), Eichler &

Levinson
(2004)

or Salafia et al. (2015). W
e present here a sim
ply
and
concise deriva-

tion
of this
relation
for thin
shells
accounting
also
for cosm
ological

redshift. The
resulting
expression
relates
the
photon
density
in
the

structured
jet to
the
observed
prom
pt G
RB
em
ission
and
determ
ines

the
e�
ciency
of neutrino
em
issivon
from
cosm
ic
ray
interactions in

colliding
sub-shells.

The em
ission
into
steradian
d
⌦
of a source at redshift z is observed

per area
dA
via
the
angular diam
eter distance
(d

2 A
(z
)
=
dA
/d
⌦
),

F

=

1 d
2 Aπ

dVπ
d✏π
dt j
.

(1)

The
specific
em
issivity
j in
the
observer’s reference

fram
e
is related

to
specific em
issivity
j
0 in
the rest fram
e of the sub-shell (denoted

by

prim
ed
quantities in
the
follow
ing) as (Rybicki &
Lightm
an
1979)

j
=

D

2

(1
+
z
)2

j
0 .

(2)

In the follow
ing,w
ew
ill assum
e that the jet structure in theG

RB’s rest

fram
e, denoted
by
starred
quantities in
the follow
ing, is axisym
m
etric

(see
Fig.
1).
The
spherical
coordinate
system
is
param
etrized
by

zenith
angle
✓
⇤

and
azim
uth
angle
�
⇤

such
that the
jet core
aligns

w
ith
the
✓
⇤
=
0
direction. N
ote that w
e do
not account for the counter-

jet in
our calculation, but this can

be
trivially
included. The
jet flow

is assum
ed
to
be
radial into
the
direction, �
(⌦
⇤
)
=
�
(✓
⇤
)n
(⌦
⇤
), w
ith

Figure
1. Sketch
of the
G
RB
coordinate
fram
e. The
red
arrow
indicates
the

orientation
of the
jet-axis. The
blue
arrow
points into
the
line-of sight of the

observer. The
grey
cone
show
s a
top-hat jet w
ith
half-opening
angle
�
✓.

unit vector n. The
relative
view
ing
angle
betw
een
the
observer and

jet core
is
denoted
as
✓ v. The
D
oppler factor can
then
be
expressed

as
D

(⌦
⇤
)
=⇥ �
(✓
⇤
)(1
�

�
(⌦
⇤
)
·n
obs
)⇤

�1
,

(3)

w
here
�
corresponds
to
the
velocity
vector
of
the
specific
volum
e

elem
ent in
the
G
RB’s
rest fram
e
and
n
obs
is
a
unit vector pointing

tow
ards the
location
of the
observer. D
ue
to
the
sym
m
etry
of the
jet

w
e
can
express the
scalar product in
(3) as

�
(⌦
⇤
)
·n
obs
=
�
(✓
⇤
)� sin
✓
⇤ cos
�
⇤ sin
✓
v
+
cos
✓
⇤ cos
✓
v�
.

(4)

The additional factor
(1
+
z
)2 in
Eq. (2) accounts for the cosm

ological

D
oppler factor.

U
sing
the
transform
ation
of
energy
✏
0

=
(1
+
z
)✏
/
D

,
volum
e

V
0
=
(1
+
z
)V
/
D

and
tim
e
t
0
=
t
D

/
(1
+
z
) w
e
arrive
at

F

=
1
+
z

d
2 L

π
dV
0π
d✏
0π
dt
0 D

3
(⌦
⇤
) j
0 ,

(5)

In
the previous expression

w
e have used
the fact that angular diam

eter

distance
is
related
to
lum
inosity
distance
as
d
L
(z
)
=
(1
+
z
)2 d
A
(z
).

The
infinitesim
al volum
e
elem
ent dV
0 in
the
rest fram
e
of the
sub-

shell is related
to
the
volum
e
elem
ent dV
⇤ in
the
fram
e
of the
central

engine as dV
0
=
�
(✓
⇤
)dV
⇤ . The shell radius and

w
idth
(in
the central

engine
fram
e)
can
be
related
to
the
engine
variability
tim
e
scale

�
t eng
of the central engine as r dis
'

2
�

2 c�
t eng
and
�r
'

c�
t eng. The

tim
e-integrated
em
issivity
can
then
be
expressed
as
a
sum
of
N
sh

sub-shells
w
ith
w
idth
�r
that appear at a
characteristic
dissipation

radius r dis,

j
⇤
(✓
⇤
)
'

N
sh�r
(✓
⇤
)�
(r
⇤
�
r dis
(✓
⇤
)) j
⇤ IS
(✓
⇤
) .

(6)

The
total num
ber of sub-shells
can
be
estim
ated
by
the
total engine

activity
T G
RB
as
N
sh
'

⇠T G
RB
/�
t eng
w
here
w
e
have
introduced
the

interm
ittency
factor
⇠


1. For
sim
plicity, w
e
w
ill assum
e
in
the

follow
ing
that the
total engine
activity
is
related
to
the
observation

tim
e
as
T G
RB
'

T 90
/
(1
+
z
)
and
⇠
=
1.
N
ote
that
the
observed

variability
tim
e-scale
t varof a
thin
jet w
ith
view
ing
angle
✓ obs
can

be
related
to
the
engine
tim
e
scale
as
t var/�
t eng
'

D

(0
)/
D

(✓ obs
)

w
hereas the
total observed
em
ission
T 90
is only
m
arginally
e�ected

by
the
o�-axis em
ission.

The
specific
em
issivity
j
0 IS
in
the
rest fram
e
of
the
sub-shell is

assum
ed
to
be
isotropic. The
tim
e-integrated
em
ission
can
therefore

be
expressed
in
term
s of a
spectral density:

n
0 (✓
⇤
)
=
4
⇡π
dt
0 j
0 IS
(✓
⇤
) .

(7)

The
background
of relativistic
particles
in
the
shell rest fram
e
con-

tributes to
the
total energy
density
of the
shell as

u
0 (✓
⇤
)
=π
d✏
0 ✏
0 n
0 (✓
⇤
) .

(8)
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Figure 4. Predicted fluence of muon neutrinos (⌫µ + ⌫̄µ) associ-
ated with the prompt emission in the best-fit structured jet model
of Ghirlanda et al. (2019). We show the predictions based on a
fixed photon peak in the shell frame (“fixed ✏ 0

peak
”, solid lines) us-

ing Eq. (32) and in the engine frame (“fixed ✏ ⇤
peak

”, dotted lines)

using Eq. (33). The thick black lines show the o↵-axis emission at a
viewing angle ✓v = 15

�. The blue lines show the corresponding pre-
diction for the on-axis emission, which has a strong dependence on
the internal photon spectrum. The thin green lines show the result
of an approximation based on the standard on-axis calculation of
uniform jets (Waxman & Bahcall 1997) with jet parameters from
the structured jet model at ✓⇤ = ✓v . The upper solid lines indicate
the 90% C.L. upper limit on the fluence from Albert et al. (2017).

✏peak ' 20 MeV, in tension with the peak distribution in-
ferred from GRBs observed by Fermi-GBM (Gruber et al.
2014). The phenomenological model (b) is motivated by the
discussion of Ioka & Nakamura (2019), who study the con-
sistency of the on-axis emission of GRB 170817A with the
E iso
� -✏peak correlation suggested by Amati (2006). Here, the

on-axis fluence is expected to peak at ✏peak ' 178 keV.

5.2 Neutrino Fluence

As we discussed in section 4, the neutrino emissivity of a
structured jet is expected to deviate from the angular dis-
tribution of the observable �-ray emission. For high opacity
(⌧p� � 1) regions of the shell the angular distribution of the
neutrino emission is expected to follow the distribution of in-
ternal energy (24) that takes into account the e�ciency of
dissipation in internal collisions. This is shown for our e�-
ciency model (A6) as the thick green line in Fig. 4. For low-
opacity (⌧p� � 1) regions, however, the energy distribution
has an additional angular scaling from the opacity (27), as
indicated by the thin green line. One can notice that a low
opacity environment has an enhanced emission at jet angles
10

�-20
�, which is comparable to our relative viewing angle.

Note that the angular distributions in Fig. 3 are normalized
to the value at the jet core and do not indicate the absolute
emissivity of neutrinos or �-rays, which depend on jet angle
✓⇤ and co-moving cosmic ray energy ✏ 0p.

At each jet angle ✓⇤ we estimate the maximal cosmic ray
energy based on a comparison of the acceleration rate to the

combined rate of losses from synchrotron emission, p� in-
teractions (Bethe-Heitler and photo-hadronic) and adiabatic
losses. Our model predictions assume a magnetic energy ra-
tio compared to �-rays of ⇠B = 0.1 and a non-thermal bary-
onic loading of ⇠p ' 1 (see Appendix B). We calculate the
neutrino emissivity j 0⌫↵ (✓

⇤, ✏ 0⌫) from p� interactions with the
photon background in sub-shells based on the Monte-Carlo
generator SOPHIA (Mücke et al. 2000), that we modified to
account for synchrotron losses of all secondary charged parti-
cles before their decay (Lipari et al. 2007). The uncertainties
regarding the photon target spectrum are estimated in the
following via the two models (a) and (b) of the peak photon
energy.

The expected fluence of muon neutrinos (⌫µ + ⌫̄µ) under
di↵erent model assumptions is shown in Fig. 4. The o↵-axis
fluence at a viewing angle of ✓v ' 15

� is indicated as thick
black lines. The o↵-axis prediction has only a weak depen-
dence on the angular scaling of the co-moving peak of the
photon spectrum, Eqs. (32) or (33), as indicated as solid and
dotted lines, respectively. This is expected from the normal-
ization of the model to the observed �-ray fluence under this
viewing angle. For comparison, we also show in Fig. 4 an
approximation (thin green lines) of the o↵-axis neutrino flu-
ence based on the on-axis top-hat jet calculation with Lorentz
factor and neutrino emissivity evaluated at ✓⇤ ' ✓v . This ap-
proximation has been used by Biehl et al. (2018) to scale the
o↵-axis emission of the structured jet. Note that this approx-
imation significantly underestimates the expected neutrino
fluence of GRB 170717A compared to an exact calculation.

Figure 4 also indicates the predicted neutrino fluence for an
on-axis observer of the source located at the same luminosity
distance. The extrapolated on-axis fluence shows a strong
dependence on the model of the internal photon spectrum;
model (33) predicts a strong neutrino peak at the EeV scale
that exceeds the prediction of model (32) by two orders of
magnitude. The relative di↵erence of the neutrino fluence at
the EeV scale follows from the ratio of ✏ 0

peak
(0) for the two

models (32) and (32): For a fixed co-moving energy density
of the shell, a lower peak photon energy corresponds to a
higher photon density and also a higher threshold for neutrino
production. One can also notice, that the on-axis neutrino
fluence in the TeV range depends only marginally on the
viewing angle. This energy scale is dominated by the emission
of the jet at ✓⇤ ' 10

�
� 20

� and reflects the strong angular
dependence of the neutrino emission in the rest frame of the
central engine (cf. Fig. 3).

The upper thin solid lines in Fig. 4 show the 90% confidence
level (C.L.) upper limits on the neutrino flux of GRB 170817A
from Antares, Auger and IceCube (Albert et al. 2017). The
predicted neutrino fluence is orders of magnitude below these
combined limits. However, our neutrino fluence predictions
are proportional to the non-thermal baryonic loading factor,
and we assume a moderate value of ⇠p = 1 for our calcula-
tions. In any case, the predicted neutrino flux at an observa-
tion angle of 15

� is many orders of magnitude larger than the
expectation from an o↵-axis observation of a uniform jet.

6 CONCLUSIONS

In this paper, we have discussed the emission of neutrinos
in the internal shock model of �-ray bursts. The majority of
previous predictions are based on the assumption of on-axis
observations of uniform jets with wide opening angles. Here,
we have extended the standard formalism of neutrino pro-

MNRAS 000, 1–10 (2019)

"Neutrino Fluence from Gamma-Ray Bursts:  
Off-Axis View of Structured Jets"  
 [MA & Halser MNRAS 490 (2019)]

ν

 [see also Biehl, Heinze & Winter, MNRAS 476 (2018)]
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