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With the identification of a diffuse flux of astrophysical (“cosmic”) neutrinos in the TeV-PeV

energy range, IceCube has opened a new window to the Universe. However, the corresponding

cosmic landscape is still uncharted: so far, the observed flux does not show any clear associa-

tion with known source classes. The present talk summarizes the recent astrophysics results from

IceCube, starting with the observed flux of cosmic neutrinos and the related constraints on its

spectrum and flavour composition, continuing with the search for steady individual sources, and

ending with the search for transient emission of neutrinos. It also sketches IceCube’s multimes-

senger program. Finally, it gives a short outlook on plans to considerably enlarge IceCube and to

study the high-energy neutrino sky in much more detail than the present array permits.
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1. Introduction

With the discovery of a flux of high-energy neutrinos of astrophysical origin (“cosmic neu-

trinos”) in 2013 [1], the Icecube Neutrino Observatory has opened a new window to the Universe

of non-thermal cosmic processes. IceCube covers 1 km3 of Antarctic ice which is about the same

volume as, nearly fourty years ago, was conceived for the Deep Underwater Muon and Neutrino

Detector (DUMAND) off the coast of Hawaii. The DUMAND 1978 design envisaged an array of

about 20 000 photomultipliers spread over a 1.26 cubic kilometer volume of water. This project

was terminated in 1995, but the baton was taken by the projects NT200 in Lake Baikal, AMANDA

at the South Pole, ANTARES in the Mediterranean Sea and, again at the South Pole, IceCube [2].

A next generation of arrays is under construction or planned: KM3NeT in the Mediterranean Sea

[3], the Gigaton Volume Detector GVD in Lake Baikal [4], and IceCube-Gen2 [5].

The primary goal of these detectors is identifying the sources of high-energy cosmic rays. In

contrast to charged particles, neutrinos are not deflected in cosmic magnetic fields and keep their

direction; in contrast to gamma rays they provide a direct, water-tight prove for the acceleration of

hadrons in the emitting sources. This makes them unique tracers of sources of cosmic rays. On the

other hand, due to their small interaction cross section they are difficult to detect: The “neutrino

effective area” of the 1 km3 IceCube detector (essentially the geometrical area multiplied with the

interaction probability, the trigger and selection efficiency and the transparency to neutrinos of the

Earth) is less than 1 m2 at 1 TeV and of the order of 100 m2 at 100 TeV [18]. It is therefore no

surprise that it took several decades to detect cosmic neutrinos.

Neutrino telescopes are multi-purpose detectors. Apart from investigating cosmic neutrinos,

they exploit atmospheric neutrinos to study neutrino oscillation [6], to search for sterile neutrinos

[7] or to test fundamental laws of physics. They are used to search for neutrinos from Dark Matter

annihilations in the Sun or the Galactic halo, to search for exotic particles like magnetic monopoles,

or to study muons from cosmic ray induced air showers.

This paper focuses to the search for neutrinos from cosmic acceleration processes.

2. The IceCube Neutrino Observatory

The IceCube Observatory [8] is located at the geographical South Pole. It consists of the main

IceCube array with its subarray DeepCore and the surface array IceTop. The main array comprises

5160 digital optical modules (DOMs) installed on 86 strings at ice depths of 1450 to 2450 m and

covers 1 km3 of ice. A string carries 60 DOMs. DeepCore, a high-density sub-array of eight strings

at the center of IceCube, has smaller spacing and DOMs with more sensitive photomultipliers than

IceCube and sits in the midst of the clearest ice layers.This results in a threshold of about 10 GeV

and opens a new venue for oscillation physics. The threshold of the full IceCube detector is about

100 GeV. In its final configuration, IceCube takes data since spring 2011, with a duty cycle of more

than 99%. It collects almost 105 clean neutrino events per year, with nearly 99.9% of them being

of atmospheric origin.

3. Diffuse Fluxes

It has been predicted since long that the first evidence for extragalactic cosmic neutrinos would
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neutrinos (10 PeV to 1 EeV) but here is modified to be sensitive down to 500 TeV (about 5 alerts

per year).

Apart from these public alerts, IceCube also issues alerts to optical, X-ray and gamma-ray ob-

servatories which are based on neutrino multiplets. These alerts are based on individual agreements

with these observatories. The multiplets can be due to phenomena on the second-to-minute scale

(high-energy neutrinos from relativistic jets in SN or GRB), or to phenomena of the hour-to-week

scale (like AGN flares). None of the alerts yet has led to a significant correlation, although at least

two cases have generated some initial excitement. The one [28] was a neutrino doublet detected in

March 2012 which triggered follow-up observations by the Palomar Transient Factory (PTF). PTF

found a Type IIn supernova within an error radius of 0.54deg of the direction of the doublet. A Pan-

STARRS1 survey, however, showed that its explosion time was at least 158 days before the neutrino

alert, so that a causal connection is unlikely. The second case [29] was the first triplet: three muon

neutrino candidates arriving within 100 s of one another at February 17, 2016. Follow-up observa-

tions by SWIFT’s X-ray telescope, by ASAS-SN, LCO and MASTER at optical wavelengths, and

by VERITAS in the very-high-energy gamma-ray regime did not detect any likely electromagnetic

counterpart. In a refined reconstruction, the directions of the events changed slightly, so that the

triplet turned to a double-doublet (error circle of the one event overlapping with those of the two

others, but not all three with each other). Still, these two cases impressively illustrate the potential

of and challenges for future follow-up campaigns. Although no significant correlations have been

detected so far, the Icecube alerts and the triggered electromagnetic-domain observations herald

the era of multi-messenger observation. This remark also applies to the follow-up programs where

IceCube scrutinizes its own data to search for correlations with signals from Gravitational Waves

[30].

7. Summary and Outlook

Four years after the detection of cosmic neutrinos, we have learned a lot about their spectrum

and flavor composition. We have learned that blazar jets and GRBs can contribute only a small

fraction to the observed astrophysical neutrino flux. The spectral features of this flux (single power

law or two power law) open new questions about the contributing source classes. No individual

sources have been detected yet. The non-observation of neutrinos coinciding with GRBs strongly

constrains models which attribute the highest-energy cosmic rays to GRBs. Neutrino events possi-

bly related to supernova explosions have been observed, although with a non-negligible probability

for a chance occurrence. No neutrinos have been observed that could be attributed to the GZK

effect, but the non-observation starts constraining evolution scenarios for ultra-high energy cosmic

rays sources (not addressed in this report).

IceCube continues collecting data. A twofold statistics combined with improved directional

precision, also for cascade-like events, and better understanding of systematics effects will con-

siderably improve the understanding of what has been observed so far and may even provide first

detection of individual (point-like or extended) sources. IceCube’s capabilities, however, are lim-

ited by its size. Therefore a next generation experiment, IceCube-Gen2 [5] is under development.

For point sources it will have five times better sensitivity than IceCube, and the rate for events at

energies above a few hundred TeV will be ten times higher than for IceCube. Together with its
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Northern partners GVD in Lake Baikal and KM3NeT/ARCA in the Mediterranean Sea, IceCube-

Gen2 will start charting a neutrino landscape to which IceCube has enabled a first glance.
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