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Abstract

The observation of electromagnetic radiation from radio-@y wavelengths

has provided a wealth of information about the Universe. However, at PeV
(10'° eV) energies and above, most of the Universe is impenetrable to pho-
tons. New messengers, namely cosmic neutrinos, are needed to explore the
most extreme environments of the Universe where black holes, neutron stars,
and stellar explosions transform gravitational energy into non-thermal cosmic
rays. These energetic particles have millions of times higher energies than those
produced in the most powerful partickecelerators on Earth. As neutrinos can
escape from regions otherwise opaque to radiation, they allow an unique view
deep into exploding stars and the vicinity of the event horizons of black holes.
The discovery of cosmic neutrinos with IceCube has opened this new window
on the Universe. IceCube has been successful in nding rst evidence for cos-
mic particle acceleration in the jet of an active galactic nucleus. Yet, ultimately,
its sensitivity is too limited to detect even the brightest neutrino sources with
high signi cance, or to detect populations of less luminous sources. In this white
paper, we present an overview of a next-generation instrument, lceCube-Gen2,
which will sharpen our understanding of the processes and environments that
govern the Universe at the highest energies. IceCube-Gen2 is designed to:

(a) Resolve the high-energy neutrino sky from TeV to EeV energies

(b) Investigate cosmic particle accedéon through multi-messenger observa-
tions

(c) Reveal the sources and propagation of the highest energy particles in the
Universe

(d) Probe fundamental physics with high-energy neutrinos

IceCube-Gen2 will enhance the existing lceCube detector at the South Pole. It
will increase the annual rate of observed cosmic neutrinos by a factor of ten
compared to IceCube, and will be abledetect sources ve times fainter than

its predecessor. Furthermore, througk addition of a radio array, IceCube-
Gen2 will extend the energy range by several orders of magnitude compared to
IceCube. Construction will take 8 years and cost about $350M. The goal is to
have IceCube-Gen2 fully operational by 2033.

IceCube-Gen2 will play an essential role in shaping the new era of multi-
messenger astronomy, fundamentallyaating our knowledge of the high-
energy Universe. This challenging mission can be fully addressed only
through the combination of the information from the neutrino, electro-
magnetic, and gravitational wave emission of high-energy sources, in con-
cert with the new survey instruments across the electromagnetic spectrum
and gravitational wave detectors which will be available in the coming
years.
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(Some gures may appear in colour only in the online journal)
1 Introduction

With the rst detection of high-energy neutrinos of extraterrestrial origin in 201 2], the
IceCube Neutrino Observatory opened a new window to some of the most extreme regions of
our Universe. Neutrinos interact only weakly with matter and therefore escape energetic and
dense astrophysical environments that areqopao electromagnetic dation. In addition,

at PeV (10° eV) energies, extragalactic space hees opaque to electromagnetic radiation
due to the scattering of high-energy photonsrdys) on the cosmic microwave background
and extragalactic background light (EBL, e.@], [see also gurel). This leaves neutrinos as
unique messengers to probe the most extrentéefmaccelerators in the cosmos, the sources

of the ultra-high-energy (UHE) cosmic ray€Rs). There, CR with energies of more than
10%°eV are produced, which is a factor of1times higher than the particle energy reached in
the most powerful terrestrial particle accelerators.

CR produce high-energy neutrinos through the interaction with ambient matter or radiation
elds, either in the sources or during propagation in the interstellar and intergalactic medium.
Unlike the charged CR, neutrinos are not de ected by magnetic elds on the way to the Earth,
but point back to their source, thus resolving the long-standing question of CR origin(s). The
power of this approach was recently demonstrated by IceCube and its multi-messenger part-
ners, when a single high-energy neutrino was observed in coincidence with the arang
blazar TXS 0506056, identifying what appears to be the rst, known extragalactic source of
high-energy CR4, 5].

IceCube instruments a gigaton of the very deep and clean South Pole ice. It has been taking
data in full con guration since May 2011 iih a duty cycle of about 99%. With one cubic-
kilometer instrumented volume, IceCube is more than an order of magnitude larger than previ-
ous and currently operating neutrino telescofBzskal Deep Under-water Neutrino Telescope
[6], ANTARES [7], AMANDA 8]). It has collected neutrino induced events with up to 10 PeV
in energy, corresponding to the highest energy leptons ever observed and opening new scien-
ti c avenues not just for astronomy but also for probing physics beyond the Standard Model
of particle physics (see, e.g9]]. In addition, its high uptime and low detector noise make
it a valuable asset to search for and detect the MeV energy neutrinos from a Galactic super-
nova, thus providing a high-uptime alert system for what is expected to be a once-in-a-lifetime
event.

So far, the distribution of astrophysical neutrinos on the sky indicates an extragalactic origin.
Given the limited statistics that IceCube collects at the highest energies, the identi cation of
steady sources requires a very long integration time and the vast majority of aring sources
escape detection altogether. While the initial association of a cosmic neutrino with a blazar
has been an essential rst step, the sources of the bulk of the cosmic neutrino ux observed
by IceCube remain to be resolved (see sec@idrfor a more detailed discussion of the origin
of IceCubess neutrinos). The list of candidates is long; transients such as supernovae (SNe),
neutron star mergers, or low luminosity gamma ray bursts (GRBs),,or steady sources such as
active galactic nuclei (AGN) or starburst galaxies,are all very well motivated. And yet, with
almost a decade of IceCube data having beeryaad| the need for new, larger instruments
with improved sensitivity is becoming increasingly clear.

7
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Figure 1. Distance horizon at which the universe becomes non-transparent to electro-
magnetic radiation as a function of photon energy.

With IceCube-Gen2 we propose a detector of suf cient volume to increase the neutrino
collection rate by an order of magnitude. Meanwhile, the KM3NeT and GVD detectors under
construction in the Mediterranean Sea and in Lake Baikal, respectively, target the size of one
cubic-kilometer. They will complement IceCube-Genz2 in terms of sky coverEyé4 1], and
will achieve astrophysical neutrino detection rates comparable to the present IceCube. Elabo-
rate multi-messenger studies that combine information from other observatories, ranging from

-rays to radio and also includj gravitational waves, continue to provide opportunities for
more associations of high-energy neutrinos with their sources.

IceCube-Gen2 will be a unique wide-band neutrino observatory (MeV...EeV) (se& gure
for a schematic overview) that employs two complementary detection technologies for neutri-
nos,optical and radio, in combination with a surface detector array for CR air showers,to
exploit the enormous scienti ¢ oppmities outlinedn this document.

The IceCube-Gen2 facility will integrate the operating IceCube detector together with four
new components: (1) an enlarged in-ice optical array, complemented by (2) a densely instru-
mented low-energy core, (3) the high-energy radio array, and (4) the surface CR detector array.
Construction of the low-energy core has already started as part of the IceCube Upgrade project
[12] that is a (smaller) realization of the PINGU concep8]| with completion expected in
2023. Hence, we focus in this document on the science and instrumentation of the IceCube-
Gen2 components for the detection of high-energy (TeV...EeV) neutrinos: the optical array,
including its surface component, and the radio array.

After a brief review of IceCube and neutrino astronomy today (secBpnwe lay
out the science opportunities provided dahgh the IceCube-Gen2 project (secti@h
Design considerations, performance studies, R&D activities and logistic considerations
are presented in sectioh The role of lceCube-Gen2 within the global landscape of
observatories in astronomy and astroparticle physics is briey discussed in segtion
which concludes this white paper. A brief Glossary is also included at the end of this
document.
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Figure 2. Schematic drawing of the IceCube-Gen2 facility including the optical array
(blue shaded region) that contains IceCube (red shaded region) and a densely instru-
mented core installed in the IceCube Uade (green shaded region). A surface array
covers the footprint of the optical array. The stations of the giant radio array deployed at
shallow depths and the surface extend all the way to the horizon in this perspective.

2. IceCube and the discovery of high-energy cosmic neutrinos

IceCube was built between 2004 and 2010, nanced by a Major Research Equipment and
Facilities Construction (MREFQrant from the US National Science Foundation (NSF) with
contributions from the funding agencies of several countries around the world. IceCube instru-
ments one cubic kilometer of the deep glacial ice near the Amundsen-Scott South Pole Station
in Antarctica. A total of 5160 digital opticahodules (DOMSs), each autonomously operating a

25 cm photomultiplier tube (PMT) in a glass pressure housldy pre currently deployed at
depths between 1450 m and 2450 m along 86 cakdesngse) connecting them to the surface.

The glacial ice constitutes both the interantimedium and support structure for the IceCube
array. Cherenkov radiation emitted by seconddrgrged particles, pduced when a neutrino
interacts in or near the active detector volusries the information on the neutrinoes energy,
direction, arrival time, and avor. Digitized/aveforms from each DOM provide the record of

the event signature in IceCube, including the arrival time and number of the detected Cherenkov
photons (measured as charge signals in the PMTSs).

IceCube records events at a rate of about 2.5 kHz, with the vast majority being muons from
CR air showers. Only about one in a million e¥g is a neutrino, most of them produced in
the Earthes atmosphere, also from CR aiowhrs. Yet, an unprecedentedly large sample of
neutrinos is collected at this most remote place on Earfte® yrS!, of which 30 yr°! are
identi ed with high con dence as having asfphysical origin. The light deposition patterns
from the recorded neutrino events fall inta¢le main event categories. Examples for each
category are shown in gur8: track-like events from the charged-currentinteraction of muon
neutrinos; cascade-like events from all neutrino avors; more complicated event signatures
from very high-energy tau neutrinos, such as the so-called «double-bange event shown in the
gure, which are observed in rare cases.

IceCube has collected neutrino-induced events up to at least 10 PeV in energy, correspond-
ing to the highest-energy neutrinos ever observed and opening new scienti ¢ avenues not just
for astronomy but also for probing physics beyond the Standard Model of particle physics
(see, e.g.9]). Evidence for astrophysical neutrinos comes from several independent detection
channels, including: cascade-like ever$ | events that start inside the instrumented volume

9
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Figure 3. Example event signatures observed by IceCube: a track-like event (left), a
shower-like event (middle) and a simulated double-bang event (right). Each colored
sphere marks a DOM that records Cherenkov light. The size of the spheres represents the
amount of light that was observed. The colors indicate the relative time of the photons
with respect to each other. Early photons are red, late photons are blue.

[17]; and through-going track2P)]. IceCube has also observed two candidates for tau-neutrino
events R3] that are not expected to be produced in the atmosphere through conventional
channels.

The signi cance for the cosmic origin of thebserved neutrinos has collectively reached
a level that puts it beyond any doubt. A decadiéceCube data taking has demonstrated the
means to study the avor composition of the cosmic neutrino ux via independent channels
of tracks, cascades, the tau neutrino candidates,one observed electron anti-neutrino can-
didate at the Glashow resonance of 6.3 P2¥ fo date P5, 26] (see sectiorB.2.6. Clearly
to exploit the full potential of all- avor neutrino astronomy, much larger data samples are
needed.

2.1 ldentifying the sources of high-energy neutrinos

One of the prime scienti ¢ goals of neutrino telescopes is the identi cation of the sources
of high-energy neutrinos. However, the low statistics of such high-energy cosmic neutrinos,
and the moderate angular resolution @£.5 for track-like events from charged-currentmuon
neutrino interactions and10 for cascade-like events from all avors of neutrinos, make iden-

ti cation of neutrino point sources challenging. The distribution of astrophysical neutrinos to
date in the sky is largely consistent with isotropy (see gd)yeimplying that a substantial
fraction of IceCubees cosmic neutrinos are of extragalactic origin.

The most compelling evidence for a neutrino point source to date is the detection of one neu-
trino event (IC-170922A) in spatial and temporal coincidence with an enhancagemission
state of the blazar TXS 050656 [4]. Evidence for a period of enhanced neutrino emission
from this source, in 2014/15, was revealed in a dedicated search in the IceCube archival data
[5]. The individual statistical signi cance of thddzar-neutrino association and the observed
excess in the IceCube data alone are, respectively, afidl 3.5 .

Additional events of a similar nature are required to allow de nitive conclusions about the
production mechanism of neutrinos in blazarstii¢ same time, it isédcoming increasingly
clear that -ray blazars can not explain the majorif astrophysical neutrinos observed by
IceCube: the number of observed coincidenisesmaller than expected when compared to
the total number of cosmic neutrino evends 27]. Further, a comparison of the full set of
IceCube neutrinos with a catalog ofray blazars does not prodei@vidence of a correla-
tion and results in an upper bound 080% as the maximum contribution from these blazars
to the diffuse astrophysical neutrino ux below 100 Te¥§[. Accordingly a blazar popu-
lation responsible for the neutrinos would have to be appropriately dimrays (see, e.g.,

[29, 30)).
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Figure 4. A sky map of highly energetic neutrino events detected by IceCube. Shown
are the best- t directions for upgoing track eveni$[16] collected in 8 years of Ice-
Cube operation§®), the high-energy starting events (HESE) (trackand cascades

@) [17..19] collected in 6 years, and additional track events published as public alerts
(®) [20] since 2016. Note that the angular resolution for the different event categories
varies from 1 deg for high-quality track events to10 deg for cascade-type events.
The distribution of the events is consistent with isotropy once detector acceptance and
neutrino Earth absorption are taken into account. The location of the rst candidate neu-
trino source the blazar TXS 0506856 is marked with a star. Shown in the inset are
the related=ermi LAT measurements of the region centered on TXS 0886 around

the time that the high-energy neutrino IC-170922A was detected by IceCube (Septem-
ber 2017) f]. The uncertainty on the reconstructed arrival direction of IC-170922A is
shown for reference.

Another widely considered candidate source population of extragalactic neutrinos are
GRBs. Similar to blazars, the non-detection @utrinos in spatial and temporal coinci-
dence with GRBs over many years has placed a strict upper bound of 1% for the maximum
contribution from observed GRBs to the diffuse ux observed by lceCaHig [

Other source populations are anticipated to contribute to the observed cosmic neutrino ux.
Starburst galaxies or galaxy clusters are cartdgldout these source classes are usually consid-
ered transparent to-rays produced in the same hadronic interactions as the neutrinos. Indirect
constraints on the multi-TeV neutrino ux from such sources exist from the observations of
the total extragalactic-ray emission in the GeV ban®2] (see sectior2.2), indicating that
at least a fraction of the observed neutrinos needs to arise from source classes that are opaque
to the -rays produced along with the neutrinos. An example class are tidal disruption events
(TDEs). Recently, a potential association of a hegtergy neutrino and a gacular bright TDE
was made33] consistent with model expectatiori3] 35].

IceCube has shown that the nature of the neutrino sky is complex, with the question of
the sources and production mechanisms of the high-energy neutrino ux as yet largely unre-
solved and among the pressing unknowns in astronomy. IceCube-Genz2, through its larger size
and improved technology (see sectibr?), is designed to achieve a sensitivity 5 times that
of IceCube, bringing within reach the goal of wvering and disentangling the prospective
populations of sources3f], see also sectiod.1.2.

2.2. The energy spectrum and flavor composition of cosmic neutrinos

The spectrum and avor composition of the diffuse cosmic neutrino ux, generated by all the
sources that cannot be resolved, contain irtgrdrinformation abouthe acceleration mecha-
nisms, source environments, and population properties. A combined analysis of all available
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Figure 5. Left: spectrum of cosmic neutrinos measured in two independent detection
channels assuming a power-law shape of the spectrum. One measurement is based on
neutrino-induced cascades collected over 6 yeiis(prange band), the other is based

on the analysis of close to 10 years of through-going mu88k(plue band). cor-
responds to the per- avor ux assuming a avor composition @f: ,: = 1:1:1.

Right: avor constraints on the cosmic neutrino ux from various analyses of IceCube
data. The preliminary constraints from an analysis identifying lceCubeses rst tau neu-
trino candidatesd3] is shown as black contours. Corestits from earlier measurements,

a tencompassing several IceCube datas8® and an analysis of the inelasticity dis-
tribution of IceCube high-energy even®3] are shown as shaded regions. They are
compared to different scenarios of neutrino production in astrophysical sources and the
full range of possible avor compositions assuming Standard Model avor mixing (gray
dotted region).

IceCube data in 2015 resulted in a spectrum consistent with an unbroken power law with best-
t spectral index 0fS$2.50+ 0.09 above 20 TeVJ7]. Newer measurements of the spectrum

in individual detection channels are consistent with this early measurement. An analysis of
cascade-type events of all avors collected by IceCube between 2010 and 2015 nds a spectral
index$2.53+ 0.07 above 16 TeVZ1], while a preliminary analysis of high-energy muon
tracks collected over almost 10 years nite slightly harder spectral index 6f2.28+ 0.09

above 40 TeV 38] (see gure5). While no neutrinos have been observed by IceCube with
inferred energies substantially above 10 PeV, searches for UHE neutrinos in this energy range
have already placedgii cant constraints 39, 40] on the composition of UHE CRs, the
redshift evolution of their sources (see also discussion below in this section), and generic
astrophysical sources producing such UHE neutrinos (é.4.4p)).

The avor composition is only beginning to be meaningfully constrained by IceCube data.
So far it is compatible with a standard astrophysical production scenario, the production of
neutrinos in decays of pions and muons thatehaot been subject to signi cant previous
energy loss. There, a avorratioog: ,: = 1:2:0 atthe source is expected. Neutrino
oscillations change this into.: | : 1:1:1 at Earth37].

Measurements of the isotropic neutrino ux)(are shown in gure6, along with the
observed isotropic -ray background and the UHE cosmic-ray ux. The correspondence
among the energy densities (proportionatto ) observed in neutrinos-rays, and UHE CRs
suggests a strong multi-messengertietsship. We highlight three areas:

12
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Figure 6. The per- avor ux( )of neutrinos 21, 38] (orange and blue bands) compared
tothe uxof unresolved extragalacticray emission32] (blue data) and UHE CR$P]
(green data). We highlight two upper limits on the neutrino ux (dashed lines) predicted
by multi-messenger model§Z, 60].

2.2.1 The multi-TeV range. The simultaneous production of neutral and charged pions in
CR interactions, which decay into-rays and neutrinos, respectively, suggests that the
sources of high-energy neutrinos could also be strong 10 TeV to 10 Pely emitters.

For extragalactic scenarios, thisray emission is not directly observable because of the
strong absorption on extragalactic background photons, resultiegén pair production.
High-energy -rays initiate electromagnetic cascades of repeated inverse-Compton scatter-
ing and pair production that eventually contribute to the diffusey ux below 100 GeV
provided the source environment is transparent to sucays. This leads to a theoretical
constraint on the diffuse neutrino ux from-ray transparent sourced4, 45]. The high

ux of neutrinos below 100 TeV implied by the measurement of a spectral index signif-
icantly softer thanS2 indicates that at least some neutrino sources are opaquaags

[46, 47).

2.2.2. The PeV Universe. Precision measurements of theutrino ux can test the idea of
cosmic particle uni cation, in which sub-TeV-rays, PeV neutrinos, and UHE CRs can be
explained simultaneously8. 51]. If the neutrino ux is related to the sources of UHE CRs,
then there is a theoretical upper limit (the dashed green line in @ute the neutrino ux

([52], also b3, 54]). UHE cosmic-ray sources can be embedded in environmentsthatact as *CR
reservoirse where magnetic elds trap CR with energies far below the highest CR energies. The
trapped CR collide with gas and produce a ux ofays and neutrinos at PeV energies. The
measured IceCube ux is consistent with predictions of some of these md#els7]; see,
however, b8]. The precise characterization of thgectrum and avor composition beyond the
energy range currently accessible by IceCubesdwnd in hand with resolving the sources,

as the combination of the two will provide novel avenues for understanding the most extreme
particle accelerators in the Universe.

2.2.3. Ultra-high energies. The attenuation of UHE CRs through resonant interactions with
cosmic microwave background photons is the dominant mechanism for the production of UHE
neutrinos during the propagation of the CR in the Universe. This mechanism, rst pointed out
by Greisen, Zatsepin and Kuzmin (GZK), would cause a suppression of the UHE cosmic-ray
proton ux beyond 5x 10'° GeV [61, 62] and gives rise to a ux of UHE neutrino$p] that
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is shown in gure 6, but has not yet been detected. The observation of ticeseno-
genicneutrinos in addition to the potential direidienti cation of astrophysical sources or
transients producing neutrinos atEeV energies, or a stringent upper limit on their ux,
will provide information on the cosmological evolution of UHE cosmic-ray sources and
restrict the models of acceleration, spectrum and composition of extragalactic CR44.g., [
63..81)).

To make signi cant progress on the above questions a future detector should provide several
times higher neutrino statistics in the PeV range, avor identi cation capabilities, and expand
IceCubers energy range to provide sensitivity for neutrinos with 0 (1 EeV) at an energy
uxlevel E2 < 10°°GeV s’ cmP? sr°l. Radio detection techniques are being developed that
measure the radio pulses generated in thégkarcascades induced by neutrino interactions
in the ice to deliver a cost-effective way to explore the EeV energy range. The IceCube-Gen2
radio array is designed to provide the necessary sensitivity at EeV energies to study the cos-
mic neutrino ux and astrophysical neutrino sources directly connected to the highest energy
CR. The design of the IceCube-Gen2 optical array to provide a 5 times higher sensitivity for
detecting neutrino sources will increase the rate of detected neutrinos in the PeV range by a
factor 10 compared to IceCube.

2.3. Exploring fundamental physics with high-energy neutrinos

The ux of high-energy atmospheric and very high-energy cosmic neutrinos is invaluable not
just for investigations of extreme, astronomical sources, but also for probing fundamental prop-
erties of the neutrino itself. Often these probes require the observation of neutrinos over speci ¢
travel distances (baselines) and in speci ¢ energy ranges (82)33)).

The neutrino interaction cross-section can be probed indirectly through absorption in the
Earth (depending on the energy and angle depat matter column), allowing us to test Stan-
dard Model predictions, and constrain hypesized beyond Standard Model (BSM) physics,
including new spatial dimensions and leptoqua®{s The avor composition of the cosmic
neutrino ux, predicted to lie in a narrow range for various source models and standard neutrino
oscillations, probes BSM physics and the structure of space-time itself through propagation
effects over cosmic baselines.

Below 100 TeV, the large statistics of atmospheric neutrino events observed by open
water/ice detectors yields sensitivity to anomalous oscillation signatures for which some of
the strongest constraints originate from IceCdiaga. These include signatures due to addi-
tional sterile neutrinosg4. 87], violation of Lorentz invarianced8], or previously unobserved
neutrino production channels such as forward charm production in the atmospbgria [
addition, neutrinos are favorable messengers to search for signatures from the annihilation or
decays of heavy dark matter with masses beyond about 1008@\8{]. Finally, neutrino
detectors are excellent instruments to search for hypothesized exotic particles which would
leave distinct traces in the detector, such as magnetic monopoles or supersymmetric charginos
(e.g., P2, 93)).

The general requirements for future BSMeasurements are similar to those for astro-
physics: a much enlarged sample of cosmic neutrinos, and; an extension of the energy range
beyond 188 eV. IceCube-Gen2 is ideally positioned to provide both of these elements through
the combination of optical and radio detection methods (see also se&#dhnFigure 7
shows the unique coverage of both the high-energy and cosmological baseline domains that
IceCube-Gen2 will provide.
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Figure 7 Range of travel distances and energies for neutrinos of different origin that are
used for tests of fundamental physics. The IceCube-Gen2 observatory will cover a large
range of energies and distances, observing both atmospheric and cosmic neutrinos.

2.4. Summary of objectives and requirements for a next generation neutrino observatory

The broader science motivation for a next generation neutrino observatory follows from
the recent observations (see above), and leas larticulated by the astronomical commu-
nity as part of the Astro2020 Decadal Survenese contributions pursue a diverse set of
research topics, focusing on neutrino astrono88},[fundamental physics with cosmic neu-
trinos [82], CR science 94..96], extragalactic source®7..99], Galactic sourceslo0, 1071],
multi-messenger studies withrays [L02..105 and multi-messenger studies with gravitational
waves [L06..108].

The scienti c goals can been groupadcording to the following topics:

(a) Resolving the high-energy neutrino sky from TeV to EeV eneiglkat are the sources of
high-energy neutrinos detected by IceCube? The IceCube-Gen2 sensitivity should allow
for identifying realistic candidate source populations .

(b) Understanding cosmic particle accel¢i@n through multi-messenger observatioibis
involves studying particle acceleratiomdaneutrino emission from a range of multi-
messenger sources (e.g., AGN, GRBs, TDEs, SNe or kilonovae). Constraints on the
physics within these sources can also come from measurements of the spectrum and avor
composition of the astrophysical neutrino ux.

(c) Revealing the sources and propagation of the highest-energy particles in the Universe:
This includes studying Galactic and extragalactic CR sources and their neutrino emission,
as well as the propagation of CRs through the measurement of cosmogenic neutrinos.

(d) Probing fundamental physics with high-energy neutriridss entails the measurement of
neutrino cross sections at egis far beyond the reach of particle accelerators, searching
for new physics from neutrino avor mixing over cosmic baselines, and searches for heavy
dark matter particles.

These goals have been translated into the following requirements for the lceCube-Gen2
detector:

(a) A neutrino point source sensitivity at least 5 times better than the current IceCube array
(essential for goals 1 and 2).

(b) The reconstruction of individual high-energy neutrinos in near real-time with sub-degree
resolution to enable follow-up observaticarsd multi-messenger astronomy (essential for
goals 1 and 2).
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(c) An order-of-magnitude higher collectioate than the current IceCube array for neutrinos
of all avors in the energy range 100 TeV to 10 PeV (essential for goals 2, 3 and 4).

(d) The expansion of the energy range beyontf 8 with two orders of magnitude better
sensitivity than what is currently available (essential for goals 3 and 4).

(e) The enhancement of the sensitivity to neutrino avors and improved ability for avor
identi cation (essential for goals 3 and 4).

The baseline design for IceCube-Gen2 meets these requirements and is described in
sectiond. The scienti ¢ potential of the detector is discussed in sec8ion

3. IceCube-Gen2: exploring the cosmic energy frontier

IceCube-Gen2 is designed to observe thetneo sky from TeV to EeV energies with a sen-
sitivity to individual sources at least ve times better than IceCube. It will collect at least
ten times more neutrinos per year than IceCube and enable detailed studies of their distri-
bution on the sky, energy spectrum, and avor composition, as well as tests of new physics
on cosmic baselines. In this section, we fe@n the expected impact of the IceCube-Gen2
observatory in the young eld of neutrino and multi-messenger astronomy. It is structured
according to the four key scienobjectives de ned in sectio.4: resolving the high-energy

sky (section3.1), understanding the cosmic particle acceleration (se@&idn revealing the
sources and propagation of CRs (sect®8), and probing fundamental physics with high-
energy neutrinos (sectid4). The performance of IceCube-Gen2 shown in the various gures
refers to the expected combinedfoemance of the radio and optl array unless stated other-
wise. A comprehensive overview of the science case for the study of fundamental neutrino
properties with GeV neutrinos in a densely instrumented core was present&g itOp.

A description of the CR science using the surface instrumentation will follow in a separate
publication.

3.1 Resolving the high-energy sky from TeV to EeV energies

Neutrinos are the only messengers that can directly reveal the remote sites, beyond our local
Universe,where CR are accelerated to PeV and EeV energies. IceCube has been successful in
nding rst evidence for partide acceleration in the jet of an active galactic nucleus. However,
ultimately, it is not sensitive enough to detesten the brightest neutrino sources with high
signi cance, or to detect populations of less luminous sources.

3.11 Detection of persistentand transientsources. The proposed IceCube-Gen2 observatory
combines an 8 kfarray for the detection of optical Cherenkov light with a 50G kedio array

for the detection of UHE neutrinos. An angular resolution of 10 arcmin at PeV energies for
the optical array and several degrees aboveA€d energies for the radio array will ensure
that individual neutrinos are &ll localized on the sky and can be correlated with potential
counterparts in the electromagnetic spectrum. This will allow for sources to be distinguished
from diffuse backgrounds. Details about the instrumentation and performance can be found in
sectiond.

IceCube-Gen2 will allow the observation of sources at least ve times fainter than sources
observable with currently operating detectors. An impression of the neutrino sky that can be
expected in the IceCube-Gen2 era s presented in §uliesshows a test statistic map obtained
from the simulation of the arrival direction oficks for a detector as sensitive as IceCube-Gen2
searching for point sources of neutrinos. The neutrino ux of the simulated sources has been
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Figure 8. Visualization of source detection capabilities expected for IceCube-Gen2.
Source positions on the sky and intensitiasénbeen selected randomly from an inten-
sity distribution expected for sources with a constant density in the local universe, and
consistent with current IceCube neutrino ux constraints. Shown is the test statistic value
determined in a mock-simulation of track-like events that can be obtained at the source
position after 10 years of operation of IceCube-Gen2. For better visibility, the region
around the sources (indicated by white dotteds) has been magni ed. The position of

the galactic plane is shown as a dashed curve. Below the map, differential sensitivities
for the detection of point sources (Bliscovery potential, and sensitivity at 90% CL) are
shown for two selected declinations, at the celestial horizon anéa80 . Absorption

of neutrinos in the Earth limits the sensitivity in the PeV energies for higher declinations.
The IceCube and IceCube-Gen2 sensitivities are calculated separately for each decade in
energy, assuming a differential uxNf dE  ES? in that decade only. Neutrino uxes

are shown as the per- avor sum of neutrino plus anti-neutrino ux, assuming an equal
ux in all avors. The curves refer to the optical array only.

chosen randomly from a model extragalactiasce population that has a number density dis-
tribution expected of sources having an uniform density and luminosity in the local Universe.
The intensity of the model sources is consistent with current constraints from lceCube obser-
vations. Potential Galactic sources as discussed below in s&8drhave been added. The
differential sensitivity curvesin gur8for two selected declinations allow a quantitative eval-
uation of the source detection potential of IceCube-Gen2. They refer to the sensitivity of the
optical array only, as there are large uncertainties on the sensitivity of the radio array for long-
duration observations of steady neutrino sources due to the unknown backgrounds at these
energies, from, e.g., diffuse astrophysical and cosmogenic neutrinos.

IceCube-Gen2 reaches its peak sensitivity erggion around the celestial equator. Due to
the huge atmospheric backgrounds and the increased absorption in the Earth at high neutrino
energies, the sensitivity below 100 TeV is largest for events from the Northern Hemisphere,
while above a few PeV, mainly the southern sky is observed. Between 100 TeV and 1 PeV
the Northern Hemisphere averaged 8iscovery potential for a neutrino energy ux is
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Figure 9. Observable volume of IceCube anteCube-Gen2 for a generic 100 s burst
with equivalent isotropic emission of ¥erg in neutrinos. The observable volumes

are calculated separately for each decade in energy, assuming a neutrino spectrum of
dN/dE  ES?in that decade only and an equal ux of neutrinos in all avors.

1.3x 10512 erg cnt2 s52 similar to the energy ux level current generation high-energy
and very-high-energy-ray telescopes can detect in the GeV to TeV range.

As -rays and neutrinos are produced by CR ia $ame interaction processes their energy
uxes are expected to be similar at production. However, due to absorptiorrays in the
sources and the intergalactic medium the photons are reprocessed to the GeV and TeV bands
(or absorbed, in which case the neutrino energy ux could be even higher tharrétyeenergy
ux). Consequently, IceCube-Gen2 will be alitemeasure or constrain CR acceleration pro-
cesses for thousands of knowrray sources, as well as searching for cosmic accelerators
opaque to high-energy electromagnetic radiation.

Short, second-to-day-scale transients like GRBs, compact object mergers, or core-collapse
supernovae (CCSN) explosions are different from persistent sources. Backgrounds from dif-
fuse neutrinos, air showers, thermal and anthropogenic noise are usually negligible when
searching for a short burst of neutrinos; therefore, the sensitivity scales differently with
effective area, volume, and angular resolution than for persistent sources.

An important performance measure for transient events is the volume within the Universe
in which they can be observed. Fig®eshows the observable volume of the Universe for
IceCube-Gen2 in comparison to IceCube for a generic 100 s burst with equivalent isotropic
emission of 160 erg in neutrinos as a function of energy. An order-of-magnitude increase
in observable volume is expected for enesgig to 10 PeV compared to IceCube, while at
energies above 100 PeV the radio array will allow for the rst time the observation of a relevant
portion of the Universe. The observable volume of up to few timésMyic® for such a burst
is similar to the one that gravitational wavetdctors will reach in the next decade for the
detection of binary neutron star merget4 ().
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Figure 10. Left: comparison of the effective local density and luminosity of extragalac-
tic neutrino source populations to the discovery potential of IceCube and IceCube-Gen2.
We indicate several candidate population} lfy the required neutrino luminosity to
account for the full diffuse uxf8] (see also111]). The orange band indicates the lumi-
nosity/density range that is compatible with the total observed diffuse neutrino ux. The
lower (upper) edge of the band assumes rapid (no) redshift evolution. The shaded regions
indicate IceCubees (blue, dashed line) and IceCube-Gen2es (green, solid line) ability
to discover one or more sources of the populatiéh (,+-, 10°*2 TeV cnb? s°*

in the northern hemispherd12). Right: the same comparison for transient neutrino
sources parametrized by their local rate density and bolometric enktgy The dis-
covery potential for the closest source is based on 10 years of IiveEﬁfeu@ u

0.1 GeV cn¥?in the northern hemispher&14]). Only the IceCube-Gen2 optical array
has been considered for this gure.

3.12. Detectability of source populations. IceCube performed the rst step toward identify-

ing the sources of astrophysical neutrinos, by associating high-energy neutrinos with the highly
luminous blazar TXS 050®56. IceCubess capability of identifying sources is limited to high-
luminosity neutrino sources that have a low dgnis the local Universesuch as blazars, and
neutrino transients with a low rate, such as GRBs. Accordingly, IceCube has set stringent con-
straints on the contribution of these two source populationsto the observed cosmic neutrino ux
(cf section2.1 and references therein), thus estabhghihat rather lower-luminosity/higher-
density populations must be responsible for the bulk of cosmic neutrinos. The brightest sources
of such populations would still be below thetdetion threshold of IceCube and can only be
identi ed with a more sensitive instrument.

Figure 10 compares the identi cation capabilities of IceCube and IceCube-Gen2 for the
most common neutrino source and transient candidates. If sources like radio-quiet and/or low-
luminosity AGNSs, galaxy clusters, starburst galaxies, or transients like CCSNe produce the
majority of cosmic neutrinos, they can be identi ed only with a detector with a ve times
better sensitivity such as IceCube-Gen2. In combination with correlation or stacking searches,
IceCube-Gen2 can identify a cumulative signal from populations where the closest sources
have up to 20 times fainter neutrino uxes than point sources detectable by IceCube. So their
signal remains in reach, even if several of thedidate populationsontribute similar fractions
to the total observed neutrino ux.
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3.2. Understanding cosmic particle acceleration through multi-messenger observations

Multi-messenger astronomy, the combination stiraphysical observations in CR, neutrinos,
photons, and gravitational waves, is a powerful new program to identify the physical processes
driving the high-energy Universe. Astrophysical neutrinos can provide an unobstructed view
deep into the processes powering cosmic agegdrs. Unlike their counterparts in photons
and charged CR, their small cross section anskabe of electric charge allow neutrinos to
travel the cosmological distances necessargéach Earth from their sources without absorp-
tion or de ection. High-energy astrophysical neutrinos are a smoking-gun signal of hadronic
interactions, and will point the way to the sources of the high-energy CR.

3.2.1 Probing particle acceleration in active galaxies. The electromagnetic emission from
the high-energy extragalactic sky is domidby blazars, a subclass of radio-loud AGN pow-
ered by supermassive black holes that display relativistic jets, with one jet pointed near the line
of sight of the Earth. The high-energy photonission from blazars codlbe explained by the
decay of neutral pions from eneaftic hadronic interactions. Given this extreme luminosity
and the potential hadronic origin of theirghi-energy emission, blazars (and more gener-
ally, AGN) have long been believed to be sources of neutrinos and1CR.11§. Indeed,
the observations of high-energy neats from the direction of the blazar TXS 05056
[4] (cf section2.1) with IceCube provided strong ewedce for a scenario in which CR are
accelerated in AGN jets. However, muchmains unknown about blazar physics that fur-
ther observations with neutros could help answer, such as the location of the CR accel-
eration region in the jet, and the underlying matsms driving this acceleration (see, e.g.,
[119 for a recent review on modeling particle acceleration and multi-messenger emission in
blazars).

The larger astrophysical neutrino samples provided by IceCube-Gen2 will enable de nitive
detection of multiple neutrino are$rom a population of blazars. For a TXS 05@%6-
type are with the same best- t spectral aridmporal characteristics as the one identi ed
in 2014...2015, 38 muon-neutrino events would be expected by IceCube-Gen2, compared to
the 13+ 5 events identi ed in IceCube. As shown in gurdd and 12, the improvement
in sensitivity would result in & 5 signi cance detection of such a are. A time-averaged
or quiescent phase neutrino emission could be detected in 10 years of IceCube-Gen2 if its
poweris 10% of the average-ray emission observed liyermilarge area telescope (LAT).
Other blazars usually suggested as naotsources, such as Markarian 421 or 1ES #9680
[12Q will also be within the sensitivity of the IceCube-Gen2 detector during extended ares.
Figure 12 demonstrates the improvements for are detections expected with IceCube-Gen2.
Using again the ux and spectral index of the TXS 05066 are as a template the sig-
ni cance of the detection as a function of the duration of such a are is shown (the ux is
assumed constant during the duration of the are, i.e., the neutrino uence increases with
are duration). While the modeled are would need to last for 220 days to be detected
with IceCube at 5 signi cance, IceCube-Gen2 can already detect the modeled are if it
lasts only 36 days. Hence, IceCube-Gen2 issiae to neutrino ares with 6 times lower
uence than IceCube, greatlncreasing the range of potentially observable medium term
transients.

The blazar detections provided by IceCube-@eiil allow the characterization of the neu-
trino spectrum, and therefore the nature andimam energy of the particles being accelerated
at the source. The detections will also help ittedmining CR acceletn ef ciency for the
various sub-classes of blazars. Multi-messengservations can be used to constrain the spec-
trum and density of the target photon population involved in thénperactions that produce
the neutrino emission, the contribution fronMEcascading to the observed blazar emission,
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Figure 11. 5 discovery potential of IceCube-Gen2 for a ux of muon neutrinos in rela-
tion to observations of the Blazar TXS05@56. The black and blue curves correspond

to 100 days and 10 years of observations and indicate the sensitivity for neutrino ares
and the time-averaged neutrino emission, respectively. The best- t muon neutrino ux
during the 2014...2015 activity period for TXS 050&6 [5] is shown as a green band,
while the green markers show the averagey ux of TXS 0506- 056 between 2008

to 2018 observed bifermi LAT [27]. The orange curve corresponds to the predicted
neutrino ux from modeling the multi-messenger emission during the are period in
[115. Only the sensitivity of the IceCube-Gen2 optical array has been considered for

this gure.
15
= |ceCube-Gen2
= |ceCube
T 10t
Q
2 TXS 0506+056 (2014/15)
8
E‘é
_(,_) 5 2 d|SCOVerythreSho|d

0 50 100 150 200 250 300
Flare duration (days)

Figure 12. Discovery potential of IceCube and IceCube-Gen2 for neutrino ares similar
to the one observed for TXS050856 in 2014/15 which lasted 158 days. Shown is
the projected signi cance of the observation as a function of the are duration. The
ux and spectral index of the assumed are are the ones observed for TX$0566

(see gurell) and assumed constant within the are duration, i.e., the neutrino uence
increases with are duration. Green dotted lines mark theiScovery threshold, as well

as the lower threshold for sending alerts to partner telescopes for follow-up observations.

the structure and Doppler factor of the jet, and other physical paramafiégslp1..124. As
illustrated in these models, electromagnetic broadband observations that are simultaneous with
the neutrino detections are crucial in understanding the hadronic emission process. In particu-
lar, x-ray and -ray observations will be the most sensitive probes for these types of correlated
studies.
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Figure 13. Upper limits from IceCube (rescaled to one energy bin per decade from
[128)) and sensitivity of IceCube-Gen2 to the diffuse neutrino ux from GRB. Also
shown are three scenarios frod?2f] in which GRBs produce the UHE CRs (see also
[130..133).

While the highest-energy neutrinos might originate in the jets of AGNs and be observable
predominantly from blazars, a substantiadtion of the observed sub-PeV and PeV neutri-
nos could be emitted by AGN core$75..127]. Strong thermal radiation elds can turn the
cores opaque to GeVrays, thus solving the puzzle that the extragalactic TeV neutrino uxis
inconsistent with the extragalactic GeVray ux if the sources are transparedty. IceCube-

Gen2 will be able to identify if the observed neutrino ux originates from AGN cores and/or
jets via source and cross-correlation searchhs.precise spectrum and avor ratio measure-
ments (see sectidh 2.6 will also enable the study of thecceleration processes and environ-
mental conditions in AGN cores or jets, even in regions that are opaque to high-energy EM
radiation.

3.2.2. Neutrinos from gamma-ray bursts. GRBs, either short (lasting 2 s) or long, have
been suggested as sources of the UHE CRs and high-energy neut3dp$35); a predic-
tion later revised by, e.g.1B6]. An alternative sub-photospheric dissipation mechanism for
GRBs that also results in neutrino emission has also been propt3édlB9. Long GRBs
are associated with CCSNe that develop reistic jets and short GRBs are associated with
the merger of compact objects,two neutronasts (NS...NS) and/or a neutron star and a black
hole (NS...BH),that also develop these jets. IceCube has studied 1172 GRBs and has not
found coincident neutrino emissioa4§. This implies that GRBs contribute no more than
1% of the diffuse neutrino ux140. Furthermore, in a wide range of scenarios, GRBs are
constrained as a source of UHE CR2¢|. However, these 1172 GRBs were initially detected
by satellites and are subject to selection effeetg., only the most luminous are found. Low-
luminosity GRBs are potential neutrino and UHE cosmic-ray sourtéd.[IceCube-Gen2
will be able to probe the remaining viable scenarios for neutrino production by GRBs of all
types. Figurel3 shows the current best upper limits of lceCube and the expected sensitivity
for IceCube-Gen2 on the diffuse ux from GRBs after following 1000...5000 GRBs (assuming
667 bursts/year). This can be compared t@¢models that assume UHE CRs are produced
by GRBs [L29).
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3.2.3. Multi-messenger sources of high-energy neutrinos and gravitational waves. LIGO

[142) and VIRGO [143 have revolutionized multi-messenger astrophysics with their detec-
tion of gravitational waves. The most spectacular observation to date were the joint detections
of GW170817 and GRB170817A by LIGO/VIRGO and Fermi-GBM respectively, which con-
rmed the association of the merger of binary neutron stars with short GRBs. Interestingly,
GRB170817A was probably seen off-axis with respect to the relativistic jet. As already dis-
cussed, NS...NS and NS...BH mergers are expected to be neutrino sources. The most promising
emission scenario from short GRBs is related to their extended emission observeysand

x-rays that can last up to several hundred secoidi§ [ The expected emission of high-energy
neutrinos from neutron star mergers may be higher than inferred froay observations if

the production sites are partially or fully opaque toays. This can be the case for neutron-

star mergers where the dynamical/wind ejecta that produce kilonova emission absorb some
of the -rays [L45], or for core-collapse events where the stellar envelope allows neutrinos to
escape but blocks-rays [146..148. Within a few years, GW from NS...NS mergers will be
detectable out to 325 Mpc [L10 with a detection rate of 15...508¥{149. A study of neu-

trinos in coincidence with GW events complements studies of neutrinos in coincidence with
GRBs observed by satellites because the observational biases are different. Compact binary
mergers observed with GW may well be relatively dim ifrays, but they would be closer

to Earth, potentially favoring neutrino detection. A galactic core-collapse supernova is cer-
tain to be a source of MeV neutrinos and is also speculated to be a source of GW and TeV
neutrinos.

IceCube and other neutrino detectors such as ANTARES and the Pierre Auger Observa-
tory have searched for neutrino emission in a time window 500 s [L50..15€]. Starting on
November 2016, IceCube conducts GW-neutrino coincident searches in near-redSine [

157, 158. Low-latency search for a high-energy neutrino counterpart enables well-localized
GW-coincident neutrinos to reduce the skyaate be surveyed by electromagnetic telescopes
in the follow-up of a GW observation.

IceCube-Gen2 will be able to probe a range of neutrino production scenarios in gravitational
wave sources that IceCube is insensitive to, and provide regular multi-messenger detections for
some of the (more optimistic) emission chann&kd 159. It will be particularly interesting
to observe sgamma-darke high-energy transi@rttere gravitational waves and neutrinos are
the only messengers to escape (e). In gure 14we show high-energy neutrino obser-
vational constraints for the NS...NS merger GW170817, obtained by IceCube, ANTARES and
the Pierre Auger Observatory. We also show the results scaled to IceCube-Gen2es sensitiv-
ity,,an improvement of over an order of magnitude with respect to IceCube. The observation
of sources similar to GW170817 during IceCube-Gen2 operation will enable us to probe
a broader range of models (e.g. the smoderates model4d]) and determine the model
parameters.

The near future will see KAGRA and LIGO-India come on-line. The construction of
IceCube-Gen2 will coincide with substantial developmentfor gravitational wave detectors such
as LIGOA+ [16Q and Voyager, with gravitational wave sensitivity range extending up to 700
Mpc [161], further increasing the detection rate by an order of magnitude.

3.2.4. CRs from CCSN and TDEs. Even though neutrinos from high-luminosity GRBs have
not been observed so far, a large population of low-luminosity GRBs could contribute sig-
ni cantly to the cosmic neutrino ux 162 163. It is speculated that echokede jets, where
the relativistic jet fails to penetrate the progenitor star, may explain relativistic SNe and low-
luminosity GRBs, providing a uni ed picture of GRBs and SNE4f, 147]. This scenario
could be physically probed by the detection @ftirenergy neutrinos in coincidence with SNe
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