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Abstract

The past decade has seen the rapid emergence of
cosmic neutrinos as a new messenger to explore the
most extreme environments of the universe. The
discovery measurement of cosmic neutrinos, announced
by IceCube in 2013, has opened a new window on
astrophysics that holds the potential to answer
fundamental questions associated with the high-energy
universe, including: what are the sources in the PeV sky
and how do they drive particle acceleration; where are
cosmic rays of extreme energies produced, and on which
paths do they propagate through the universe; are there
signatures of new physics at TeV-PeV energies and
above? The planned advancements in neutrino telescope
arrays in the next decade, in conjunction with continued
progress in broad multimessenger astrophysics, promise
to see the cosmic neutrino field move from the discovery
era to the precision era and to a survey of the sources in
the neutrino sky. The planned detector upgrades to the
lceCube Neutrino Observatory, culminating in lceCube-
Gen2 — an envisaged $400M facility with anticipated
operation in the next decade described in this white
paper — are the cornerstone that will drive the
evolution of neutrino astrophysics measurements.
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Abstract

The past decade has seen the rapid emergence of cosmic neutrinos as a new messenger to explore
the most extreme environments of the universe. The discovery measurement of cosmic neutrinos,
announced by IceCube in 2013, has opened a new window on astrophysics that holds the potential
to answer fundamental questions associated with the high-energy universe, including: what are
the sources in the PeV sky and how do they drive particle acceleration; where are cosmic rays of
extreme energies produced, and on which paths do they propagate through the universe; are there
signatures of new physics at TeV-PeV energies and above? The planned advancements in neutrino
telescope arrays in the next decade, in conjunction with continued progress in broad multimes-
senger astrophysics, promise to see the cosmic neutrino field move from the discovery era to the
precision era and to a survey of the sources in the neutrino sky. The planned detector upgrades to
the IceCube Neutrino Observatory, culminating in IceCube-Gen2 — an envisaged $400M facility
with anticipated operation in the next decade, described in this white paper — are the cornerstone
that will drive the evolution of neutrino astrophysics measurements.
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With the first detection of high-energy neutrinos of extraterrestrial origin in 2013 [1]], the Ice-
Cube Neutrino Observatory opened a new window to some of the most extreme parts of our uni-
verse. Neutrinos interact only weakly with matter and therefore escape energetic and dense astro-
physical environments that are opaque to electromagnetic radiation. In addition, at PeV (1015 eV)
energies, extragalactic space becomes opaque to electromagnetic radiation due to the scattering of
high-energy photons (y-rays) on the cosmic microwave background and other radiation fields. This
leaves neutrinos as the only messengers to search for the most extreme particle accelerators in the
cosmos — the sources of the ultra high energy cosmic rays (CRs). These CRs reach energies of
more than 10%° eV, which is a factor of 10’ times higher than the most powerful man-made particle
accelerators.

High energy neutrinos are produced through the interaction of CRs in the sources with ambi-
ent matter or radiation fields. Unlike the charged CRs, neutrinos are not deflected by magnetic
fields on the way from the source to the Earth, but point back to their origin, thus providing for a
smoking-gun signature of CR acceleration. The power of this approach was recently demonstrated
by IceCube and the broad astronomical community when a single high-energy neutrino (see Fig.[I)
was observed in coincidence with a flaring GeV-
blazar, revealing what appears to be the first known [ :
extragalactic source of high energy cosmic rays (see S e ~ South Pole
Fig. 2) [2,3].

In order to evolve beyond the initial discovery era
of astronomy with neutrinos, it is necessary to improve
the sensitivity of the detector in a few of the key areas ‘
that neutrino telescopes share with the broad suite of T The IceCube
astronomical instruments: exposure and pointing res- g Observatory
olution. For the current IceCube detector, providing {1i !
full-sky coverage with better than 99.5% up-time, a
few tens of well-reconstructed high-energy events are [l | || high-energy event on
observed and issued as near real-time alerts each year e
with angular resolutions at or below 1 degree. Com-
pared to typical astronomical instruments, this angular
resolution introduces a large uncertainty when identi-
fying single sources, in particular in heavily populated

Figure 1: Schematic illustration of the current
IceCube array, located =1km from the geo-
regions of the sky. The IceCube Upgrade, fully funded graphic South Pole and to a depth of 2.5km.

and currently entering the construction phase, provides The event view of the high-energy cosmic neu-
the first important step in closing this gap via an ad- trino that triggered multimessenger observations

of TXS 0506+056 is also shown, where the

vanced Cah,bratlon program. . . coloured spheres each represent the timing—red
The science and the resulting requirements for a s carly, blue is late—of an optical module that

next generation neutrino observatory were highlighted has observed light from the muon produced in the
in several science white paper contributions submitted neutrino’s interaction.

to the Astro2020 Decadal Survey by members of the astronomical community. These contributions
pursue a diverse set of research topics, ranging from a focus on neutrino astronomy [4] and funda-
mental physics with cosmic neutrinos [35]], to those on cosmic ray science [6-8]], those providing a
comprehensive view of extragalactic [OH11] as well as Galactic sources [[12} [13]], and focusing on
multimessenger studies of sources with y-rays or gravitational waves [18-20].



Arrival directions of most energetic neutrino events
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Figure 2: The current sky map of highly energetic neutrino events detected by IceCube. The distribution of the events
is largely isotropic. The location of the first compelling neutrino source, blazar TXS 0506+056, is marked with a star.
Shown in the inset are the related Fermi-LAT measurements of the region centred on TXS 0506+056 from September
2017 [2]]. The uncertainty ellipses of the IceCube neutrino event IC-170922A are shown for reference.

To push to the ultimate goal of everyday neutrino-based astronomy will require collecting a
factor of 5 to 10 more neutrinos than an IceCube-scale detector, with a sensitivity increase to point
sources of at least 5 times the current IceCube array (see Fig.[3) as well as an expansion of the
energy range to beyond 10" ev energies with sensitivity two order of magnitude better than what
is currently accessible [4].

IceCube-Gen2, a next generation observatory at the South Pole, is envisaged to achieve these
goals. Construction of the extended observatory is estimated to require 6 years, with completion
and full operation at the end of the next decade, and with a total project budget of approximately
$400M. IceCube-Gen?2 is anticipated to play an essential role in shaping the new era of multi-
messenger astronomy in that period to resolve a number of the most pressing questions of the
high-energy universe (e.g. identify the sources of the mostly unresolved IceCube flux, see Fig.[3).
This project mission relies on operating in concert with the anticipated new survey instruments
across the electromagnetic spectrum and gravitational wave instruments becoming available in the
next decade.

Current era: The IceCube Neutrino Observatory and High-Energy Cosmic
Neutrinos

Constructed via an NSF MREFC grant between 2004 and 2010, IceCube instruments one cubic
kilometer of the deep glacial ice near the Amundsen-Scott South Pole Station, Antarctica. A total
of 5160 digital optical modules (DOMs), each autonomously operating a 25 cm photomultiplier
tube (PMT) in a glass pressure housing [24]], are currently deployed at depths between 1450 m and
2450 m on 86 cables (‘strings’). The glacial ice behaves as both the interaction medium and sup-
port structure for the IceCube array. Cherenkov radiation emitted by secondary charged particles
produced in neutrino interactions in or near the active detector volume carries the information of
the neutrino’s energy, direction, arrival time, and flavor. Digitized waveforms from each DOM
provide the record of the event signatures in IceCube, including the arrival time and amplitude
(charge) of the detected Cherenkov photons emitted by the charged particles as they traverse in



the ice. The distribution of the registered DOMs in an event can be used to provide knowledge
of the direction and type (track-like for charged-current interactions of muon type neutrinos, and
cascade-like for charged-current interactions of electron and tau-type neutrinos as well as neutral
current interactions of all flavors).

With a cubic-kilometer instrumented volume,

IceCube is more than an order of magnitude larger 106 . .
than previous and current experiments operating Sif?"ggé’:g:é?}jﬁ;
in the North (Baikal Deep Under-water Neutrino - 0 e /GGnt T years
Telescope [25], ANTARES [26]) and at the South 5 10

Pole (AMANDA-II [27]), and of similar size as "5 103} RQ

current projects under construction (KM3NeT [28], E 102k

GVD [29]). It has collected neutrino-induced § ol

events beyond 10 PeV in energy, corresponding 7

to the highest-energy neutrinos ever observed and T; H

opening new scientific avenues not just for astron- :Q 0.1

omy but also for probing physics beyond the stan- © ;52| -~ IceCube

dard model of particle physics (see e.g.  [30]). wsl lceCube-Gen2

Independent evidence for astrophysical neutrinos
comes from different detection channels, includ-
ing shower-like events [31], events that start in-
side the instrumented volume [32], through-going
events [33], as well as a first “double-bang” tau-

1639 1640 1641 1642 1643 1644 1645 1646 1647 1048
effective neutrino luminosity L,[erg/s]

Figure 3: Comparison of the diffuse neutrino emis-
sion (solid magenta band) to the effective local den-
sity and luminosity of candidate extragalactic neu-

neutrino event [34] that is not expected to be
produced in the atmosphere through conventional
channels. While the collective significance for the
cosmic origin of the neutrinos has reached a level
that is beyond any doubt, a decade of IceCube data
taking has demonstrated the rarity of the measure-
ments; e.g. only one tau neutrino and one electron
anti-neutrino at the Glashow resonance [35]] have

trino source populations. We indicate several popu-
lations (5%) by the required neutrino luminosity to ac-
count for the full diffuse flux [21]] (see also [22]]). The
lower (upper) edge of the band assumes rapid (no)
redshift evolution. The shaded regions indicate Ice-
Cube’s (dark-blue, dashed line) and IceCube-Gen2’s
(light-blue, solid line) ability to discover one or more
of the population (E2¢v”+\—,ﬂ =107 TeV/cmz/s in
the Northern Hemisphere [23]]).

been observed to date. Clearly, much larger statis-
tics are needed to exploit the full potential of all-flavor neutrino astronomy.

The low rate of cosmic neutrinos and the moderate angular resolution of ~ 0.5° for muon neu-
trinos and ~ 10° for electron and tau neutrinos (so called cascade-like events) make identification
of neutrino point sources challenging. Although an essential clue has been extracted from the data
with respect to the blazar TXS 0506+056 (see below), the distribution of astrophysical neutrinos to
date in the sky is largely consistent with isotropy (see Fig. [I)), implying that a substantial fraction
of IceCube’s 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 enhanced y-ray emission
state of the blazar TXS 0506+056 [2]. Evidence for another period of enhanced neutrino emission
from this source, in 2014/15, was revealed in a dedicated search in the IceCube archival data [3]].
The individual chance probabilities of the blazar-neutrino association and the observed excess in
the IceCube data alone are each at a significance level of 3-3.50.

Additional events of a similar nature are required to provide definitive statements about the



production mechanism of neutrinos in blazars. At the same time, it is becoming increasingly clear
y-ray-blazars can not explain the majority of astrophysical neutrinos observed by IceCube: the
number of observed coincidences is smaller than expected if compared to the total number of
cosmic neutrino events [2, |36]. Further, a comparison of the full set of IceCube neutrinos with a
catalog of y-ray blazars does not produce evidence of a correlation and results in an upper bound
of ~30% as the maximum contribution from these blazars to the diffuse astrophysical neutrino flux
below 100 TeV [37]. Accordingly, a blazar population responsible for the neutrinos would have
to be appropriately dim in gamma-rays (see e.g. [38, 39]). Another widely considered candidate
source of extragalactic neutrinos are y-ray bursts (GRBs). Similar to blazars, the non-detection of
neutrinos in spatial and temporal coincidence with GRBs over many years has placed a strict upper
bound of 1% for the maximum contribution from observed GRBs to the diffuse flux observed by
IceCube [40].

Other source populations are therefore anticipated to contribute to the dominant fraction of the
neutrino flux. Indirect constraints may be derived for y-ray transparent sources. Since y-rays and
neutrinos are produced in the same hadronic interaction, one can expect that, if the y-rays can
escape from the source, the bolometric luminosity in y-rays is at least as large as in neutrinos.
Over cosmological distances, high-energy y-rays will cascade to lower energies in the intergalactic
radiation fields, and eventually reach Earth in the energy band above 10 GeV. The Fermi-LAT
measurement of the total extragalactic y-ray emission [41] in this band therefore also constrains
the flux of neutrinos from 7y-ray transparent sources. Careful modeling indicates that the measured
spectrum of astrophysical neutrinos could be associated with an overproduction of y-rays unless the
sources are dark in y-rays, i.e. so called hidden sources [42]. This connection to y-rays constrains
the contribution of y-transparent sources such as starburst galaxies or galaxy clusters, making them
less likely the main source of IceCube’s extraterrestrial neutrinos.

It is clear that the nature of the neutrino sky is complex, with the question of the sources and
production mechanism of the high-energy neutrino flux largely unresolved and one of the pressing
unknowns in astronomy. In the following we describe the proposed upgrade of IceCube to a scale
and performance level needed to resolve these questions.

Near Future: The IceCube Upgrade (IceCube-Gen2 Phase 1)

The IceCube Upgrade (see Fig.H)), currently entering the construction phase, utilizes seven new
strings of advanced instrumentation. The seven Upgrade strings are designed to be densely in-
strumented near the bottom-center of the existing IceCube array to provide improved detection
of unscattered photons from particle interactions above approximately 1 GeV. The improved de-
tection efficiency will provide world-leading sensitivity to measurements of neutrino properties
via oscillations. In particular, the projected Upgrade measurements of tau neutrino appearance
via atmospheric neutrino oscillations will provide stringent tests of the unitarity of the neutrino
mixing parameters, complementing the anticipated measurements from the global long-baseline
neutrino community during the same period over the next decade. The Upgrade’s scientific pro-
gram also includes as a primary element a robust calibration program that is designed to improve
the knowledge of the natural ice medium, making it possible to enhance reconstruction algorithms
and control current leading systematic uncertainties. The ability to re-calibrate the existing and
future IceCube data is expected to permit typical angular resolutions for high-energy neutrinos of
better than 0.3° and that for cascades to better than 5°. Given this, as the pathfinder towards a full
Gen?2 array, the IceCube Upgrade will employ technology that will simultaneously augment the
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Figure 4: Top view of the IceCube-Gen?2 optical in-ice arrays. Left: The IceCube-Gen?2 strings in the high-energy
array “sunflower” layout (orange). In the initial design studies, 120 new strings are spaced 240 m apart and nominally
instrumented with 80 IceCube-type optical modules over a vertical length of 1.25 km. The total instrumented volume
in this design is 7.9 km3, approaching an order of magnitude larger than IceCube alone. Center: The current IceCube
detector array (blue), including the DeepCore array with reduced spacing in the center. Above each IceCube string
location are two IceTop tanks that operate together as a large-scale cosmic-ray air shower detector and partial atmo-
spheric muon veto for the in-ice array. Right: The seven IceCube Upgrade strings (red) relative to existing IceCube
and DeepCore strings.

on-going (and long-term measurements) of the general IceCube facility while also providing the
benefits of an ideal test environmment for the R&D efforts needed to realize IceCube-Gen?2.

Decadal Vision: The IceCube-Gen2 Observatory

IceCube-Gen2, as a second generation observatory, addresses the two main limiting factors in
the current IceCube instrument, event rate and angular resolution, by improving the event rate
by a factor of 4-10, depending on channel, and angular resolution by factors of approximately 3.
Together, this results in sensitivity to sources 5 times fainter than visible today. Further, through
the addition of an ultra-high-energy radio array, IceCube-Gen2 will expand the accessible energy
range of cosmic neutrinos by several orders of magnitude compared to IceCube.

In-ice optical array (OA): The basic concept for the Gen2 design starts with the idea that the
primary science goals will target higher energies (from approximately 10 TeV to 10 EeV) than
those for which IceCube was designed, while, through advanced calibration techniques, continuing
to enhance the knowledge of the the natural ice medium and of the detector response to provide
a direct evolution of the near-real-time multimessenger alert system for the low-background high-
energy regime. IceCube has demonstrated that the diffuse cosmic neutrino flux dominates the
atmospheric background above 100 TeV and that the marjority of IceCube’s detection significance
for hard-spectrum sources comes from events above 10 TeV. Fully exploring these higher energies,
at which fluxes are lower, requires increasing the active effective area of the detector array. Here
typical spacing between neighboring strings increasing from 125 m in IceCube to approximately
240 m in Gen2, and deployment of optical sensors would occur to depths of approximately 2.6 km,
a 25% increase compared to IceCube. These extensions in the dimensions are made possible from
the knowledge gained in operating IceCube, which has significantly altered our understanding of
the deep glacial ice sheet. Overall, the initial design of the complete array consists of 120 strings
(see Fig. @), where each string is instrumented with optical sensors with similar sensor spacing to



that in IceCube.

All planned major instrumentation in Gen?2 is based on IceCube experience, yet there are dif-
ferences. A new generation of sensors are being developed for the IceCube Upgrade that have
2-3 times the photo-cathode area and that provide additional directional information by employing
multiple smaller photomultiplier tubes in each optical module. The higher PMT coverage, com-
bined with better understanding of the ice, partially compensates for the substantially increased
string spacing. The electronics and mechanical design principles available from the IceCube DOM
(of which greater than 98% remain fully functional 10 years after completion of IceCube) are
thereby carried over, while the gains in extra photocathode area and resulting directional informa-
tion of the photons result in about 30% better angular resolution. As a result, it will be possible
to reconstruct horizontal muon neutrino events in Gen2 with an angular resolution approaching
0.1°. We note that the current Gen2 R&D focuses not just on improving the performance but also
on reducing costs and logistic requirements for deploying and maintaining the full-scale OA. This
includes developments that reduce the sensor diameter to ease deployment[l, and an alternative
readout scheme that would improve power management and simplify communications.

The IceCube-Gen2 conceptual design studies have evaluated the potential impact on future
high-energy astrophysical neutrino measurements, resulting in a baseline configuration shown in
Fig. |4l The Gen2 geometry will increase the detection volume from the current 1 km® by nearly an
order of magnitude. Despite the large gain in sensitivity, the budget required for the OA remains
comparable to that of IceCube. To demonstrate the power of the Gen2 OA conceptual design,
a differential flux measurement similar to that observed with IceCube has been simulated. All
observed channels were utilized in the study, and the signal hypothesis was a set of E % power
law fluxes where each energy segment was permitted to vary independently [43]]. The result is
that the significant increase in instrumented area of the Gen2 OA, along with improved angular
resolution, opens new sensitivity to fluxes from individual point sources much fainter than the
current IceCube limits. Figs. [6land [3]show the potential for an approximate factor of five increase
in sensitivity to a point source (assuming an E2 flux) made possible with the Gen2 OA. It provides
the sensitivity to identify the dominating source population among any of the plausible scenarios.
Radio detector array (RA): The Gen?2 radio array will provide unprecedented sensitivity at ener-
gies above 10 PeV (see Fig.[5)), and is essential for probing the ultra-high-energy regime, including
a number of key open questions: what is the spectrum of astrophysical neutrinos beyond 10 PeV;
what is their flavor composition; and, what is the level of the diffuse cosmogenic neutrino flux
from interactions on the photon background? Obtaining the answers to these questions requires an
improvement of 2 orders of magnitude higher exposure than what the current best detectors can
achieve at energies above 100 PeV [4]. This suggests a design requirement for future detectors to
achieve an approximately equal resolution to a flux characterized by an E 2 power law over an
energy range from 30 TeV to 30 EeV.

Radio emission is generated in ice by particle showers through the Askaryan effect [54] and is
typically measurable above the thermal noise floor at a shower energy of 10 PeV. Due to coherence
effects, the emission is only strong at angles close to the Cherenkov angle, where all emitted radio
signals arrive coherently. The emitted frequency range is governed by the shower geometry and

"Based on past drilling simulations and data, an instrument with a diameter reduced by 5 cm would allow a savings
of 15% of drill time and fuel consumption.
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Figure 5: Left: Possible station design for the radio array of Gen2. Right: Showing the ultra-high-energy neutrino
parameter space, including the results from IceCube [44-46], the Pierre Auger Observatory [47], ANITA [48]], and
ARA [49], as well as model predictions for AGN [S0] and neutrinos resulting from interaction with photon background
[51L152]. The sensitivity of 5 years of the Gen2 RA and its planned pathfinder are shown in red bands, assuming a
phased array (see below) trigger at 100 meters depth at the South Pole. The width of the band reflects estimated
uncertainties. For comparison the sensitivity of two stages of GRAND [53]] are shown.

the spectrum typically shows the strongest contribution between 100 MHz and 1 GHz [535]]. In the
time domain, the emission corresponds to a broad-band nanosecond-scale radio pulse, which has
been observed both at accelerator experiments [S6] and in air showers [S7H59]]. The fact that radio
emission is generated by purely electromagnetic showers and the electromagnetic component of
hadronic showers means that a radio detector is sensitive to all neutrino flavors, albeit with different
sensitivities.

A wide range of experimental efforts has advanced the radio detection technique of neutrinos
in the past two decades. They include the ANITA experiment (a balloon-borne radio detector), as
well as experimental efforts in Antarctic ice, namely the Askaryan Radio Array (ARA) at the South
Pole [49] 160] and the ARIANNA detector on the Ross Ice Shelf 61, 162]]. The radio attenuation
properties of ice have been directly measured at locations in Antarctica and Greenland [63-635],
showing attenuation lengths in excess of 1 km at the South Pole [66]]. Building on the expertise
obtained and data analyzed from all of these experimental efforts, a conceptual design has been
developed for the next-generation radio detector in ice.

To achieve the best accuracy in identification and reconstruction of ultra-high-energy neutrinos,
antennas with broad bands, high gain, and the ability to measure at least two orthogonal polariza-
tions are needed [67]. Combining deep with shallow antennas provides a compact station without
losing gains in effective volume or reconstruction quantities, and reaping the benefits of cosmic-
ray self-veto [68, 69] and direct-and-reflected signal [[70]. Such a station therefore consists of a
cluster of antennas and acts independently in both triggering and reconstructing the shower (see
Fig.[5). An array will consist of stations placed at large distances, each monitoring an effectively
independent volume. Hence, the total effective volume scales linearly with the number of stations.

Phased-array techniques have the ability to add signals from antennas, thereby digitally creat-
ing a better antenna. Since the amplitude of the radio signal scales with energy, a lower detection
threshold immediately lowers the energy threshold of the detector and increases the effective vol-
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ume, making it possible to detect signals of the same strength at larger distances. The principle
application of such an interferometric trigger has been developed [71] and demonstrated at the
South Pole [72].

A Gen?2 radio detector station combines shallow antennas (better gain, frequency and polariza-

tion sensitivity, as well as an air-shower veto of atmospheric events for improved identification of
cosmic neutrinos in the OA), with deep antennas and a phased-array trigger string (more effective
volume, better sky coverage). A fraction of events will be detected in all detector components,
providing events with the best reconstructed properties. The Gen?2 radio array will cover an area of
approximately 500 km? of the Antarctic ice near the South Pole. In the conceptual design 200 sta-
tions are envisioned viewing the ice providing unprecedented sensitivity at energies above 10 PeV
(see Fig.[5)). A radio pathfinder experiment comprising about 10% of the final scope is planned as
verification of the concept either at the South Pole or in Greenland.
Surface instrumentation: The current IceCube observatory has a fully integrated surface array,
IceTop, that consists of two ice-Cherenkov tanks above each string of the in-ice array and mea-
sures cosmic-ray air showers in the energy range from a few 100 TeV to about 1 EeV [73]. These
measurements have proven valuable to the study of cosmic neutrinos, including the calibration of
the in-ice array with muons of air-showers detected by IceTop [74], and for vetoing air-showers in
the selection of neutrino candidates [[75]].

Looking to the next generation observatory, a desired advance in the accuracy of the cosmic-
ray detection in coincidence with the in-ice optical and radio arrays may be achieved through
a combination of scintillator, radio and air Cherenkov detector types to achieve complementary
sensitivity to the electromagnetic and muonic shower components in a hybrid surface array [76].
Such a surface detector system also allows for cross-calibration of IceCube’s absolute energy scale
with those of other air-shower detectors (77, /8]]. The anticipated boost in measurement accuracy
and the increase in sky coverage of the hybrid design are expected to provide systematically-
limited results for studies of the most energetic Galactic cosmic-rays before the end of the decade
[79,180]. As a part of IceCube-Gen2, an increase in the geometrical size of the surface array over
the current IceTop (by approximately an order of magnitude) is anticipated, thus overcoming this
foreseen limitation while also significantly enhancing the ability to veto atmospheric neutrinos and
muon tracks in the selection of high-energy astrophysical neutrino candidates from the Southern
Hemisphere. The later is particularly important for studying the astrophysical neutrino flux at
lower energies (i.e. at and below 10 TeV), as seen in Fig. 6.

A wide-band neutrino facility: The South Pole provides a unique logistical basis for a wide-band
neutrino facility spanning an energy range from 10 TeV to beyond 100 EeV. The existing IceCube
Observatory and the IceCube Upgrade now under construction will be fully integrated in the ulti-
mate Gen?2 facility, providing energy coverage that will range from 1 GeV to 100 EeV. In this way,
IceCube-Gen2 will be the world’s preeminent atmospheric and astrophysical neutrino observatory.
Such a facility provides access to world-class science, including many topics not explicitly cov-
ered in this white paper, including: indirect searches for dark matter, particle physics at the highest
energies (e.g. measurements of cross-section and inelasticity, tests of Lorentz violation, etc.), and

the unique capability to detect MeV-scale supernova neutrinos from well beyond our galaxy.

A supernova core collapse in our galaxy would result in a neutrino burst whose time profile could be recorded
with high statistics and ms resolution.



IceCube-Gen2 will leverage many of the resources and much of the expertise of the current Ice-
Cube and IceCube Upgrade arrays. Gen2 will utilize the well-developed operational infrastructure
and experience of the existing detector, including the counting house, the data handling systems,
and data management in the northern hemisphere. Success within the South Pole environment is
made possible only via the NSF’s Amundsen-Scott South Pole station, a premier scientific facility
that provides key resources year round to the projects; including power, communications and lo-
gistical support for operations. To mitigate impact on those established resources, it is anticipated
that the additional logistical support, including shipping and personnel, for the construction period
of IceCube-Gen2 would be requested - based on IceCube and Upgrade construction as a key point
of reference — within the scope of the project’s funding.
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Figure 6: Performance of IceCube-Gen2 in a multimessenger context. Upper panel: The high-energy astrophysical
neutrino spectrum, compared to the extragalatic y-ray spectrum measured by Fermi-LAT [41]] and the highest energy
cosmic ray spectrum measured by Telescope Array [81] and the Pierre Auger Observatory [82]. The grey bands repre-
sent the range of neutrino fluxes obtained in [83} |84]. The blue points are the median flux levels and 68% confidence
intervals that would be obtained from 10 years of IceCube-Gen2 data, assuming that the flux from cosmic neutrino
sources continues as @ o< E _2'5, and asuming a cosmogenic neutrino flux (10% proton fraction in the UHECR) as
described in [52]] (gray dotted lines). Lower panel: Sensitivity of IceCube and IceCube-Gen?2 (optical + radio array)
to detect the neutrino flux from a point source at the celestial equator with an average significance of 5¢ after 10 years
of observations. It is compared to the sensitivity of selected gamma-ray telescopes to detect gamma-ray point sources
after typical observation periods indicated in brackets. The IceCube and IceCube-Gen2 sensitivities are calculated
separately for each decade in energy, assuming a differential flux dN /dE o< E 2 in that decade only. For details about
the calculation of the sensitivities for the shown gamma-ray telescopes please refer to [85H88]] where these sensitivities
were taken from. Neutrino fluxes in the upper (lower) panel are shown as the all-flavor (per flavor) sum of neutrino
and anti-neutrino flux, assuming an equal flux in all flavors.



IceCube-Gen2 in the Era of Multimessenger Astrophysics

Multimessenger astrophysics is now a real-
ity. Recent advances and discoveries with
gravitational waves and high-energy neu-
trinos have opened new long-anticipated
windows on the universe, and have be-
gun to transform our understanding of the
high-energy astrophysical universe and the
mechanisms at work in the most ener-
getic phenomena in the cosmos. One
of the most important messages emerging
from the IceCube measurements to date is
that for the high-energy cosmic neutrino
flux a prominent and surprisingly impor-
tant role is played by protons relative to
electrons in the extreme non-thermal uni-
verse. The matching energy densities of
the extra-galactic gamma-ray flux detected
by Fermi-LAT, the high-energy neutrino
flux measured by IceCube, the cosmic ray
flux at the highest energies, suggest that
rather than detecting some exotic sources,
IceCube is now providing a new path to
study their common origin, and i.e., the
most extreme accelerators in the Universe
(see Fig.[6). Exploring these via the in-
formation provided by different messen-
gers is expected to unlock new knowledge
of the underlying astrophysical processes,
including those opaque to electromagnetic
radiation.

IceCube-Gen2 has a design sensitivity
that will deliver the answers to many of
the current most pressing questions in the
field, including resolving the sources of the
large flux of cosmic neutrinos (and hence
the sources of cosmic rays). IceCube-
Gen2 will significantly impact comple-
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Figure 7: Upper limits (at 90% CL) from various instruments
on the neutrino spectral fluence from GW170817 during a +£500
s window centered on the gravitational wave (GW) trigger time
(top panel), and a 14-day window following the GW trigger (bot-
tom panel). For comparison, the sensitivity of IceCube-Gen?2 to
an event at a similar position on the sky (solid line) and at the
celestial equator (dashed line) is presented. Also shown are sev-
eral predictions by neutrino emission models [89,90] scaled to a
distance of 40 Mpc. Separate curves are displayed for different
components of the emission (prompt and extended (EE)), obser-
vation angles relative to the jet axis, and time scales of the emis-
sion. See [91]] for details. Limits and sensitivities are calculated
separately for each energy decade, assuming a spectral fluence
F(E) < E 2 in that decade only. All fluences are shown as the
per flavor sum of neutrino and anti-neutrino fluence, assuming
equal fluence in all flavors, as expected for standard neutrino os-
cillation parameters. Figure adopted from [91].

mentary measurements between neutrinos and high-energy gamma-rays (see Fig.[0)), but also con-
nect to the highest energy cosmic ray sources via its significantly expanded sensitivity towards
higher energies. In addition, with the continued advancement of gravitational wave measurements,
synoptic optical surveys such as LSST, X-ray and radio surveys, the reach of IceCube-Gen2 to
probe a number of key models of extreme cosmic events, including those associated with binary
neutron star mergers (see Fig.[7), will finally be within reach in the next decade.
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