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1. Introduction

One of the central open questions in astroparticle physics concerns the origin and mechanisms
of the sources of high-energy cosmic rays, which accelerate particles to energies up to ten million
times greater than those achieved by terrestrial accelerators. Over the past two decades, it has
become increasingly evident that addressing this problem requires exploiting every available piece
of information. This necessity has fostered the emergence of a highly interconnected community that
has established infrastructure enabling real-time global data exchange across diverse experiments
(e.g. [1, 2]). Since the first observation of a diffuse high-energy astrophysical neutrino flux in 2013
[3], these elusive particles have become a key probe in the multimessenger investigation of the
high-energy universe. In 2017, the discovery was followed by the first convincing identification of a
high-energy neutrino source, the blazar TXS 0506+056, which was identified in a multimessenger
campaign with Fermi and other instruments [4, 5]. The first identification of a neutrino source only
with neutrinos occurred in 2022 where IceCube reported the observation of about 80 neutrinos
from the active galaxy NGC 1068 [6], followed by the first detection of neutrino emission from the
Milky Way in 2023 [7].

2. The IceCube Neutrino Observatory

The IceCube Neutrino Observatory [8] is currently the largest neutrino telescope worldwide. It
instruments 1 km3 of clear ice in depth between 1450 m and 2450 m below the South Pole with 5160
Digital Optical Modules (DOMs) which are attached to 86 vertical strings. A DOM contains a large
10-inch photomultiplier that points downwards together with electronics for the in-situ digitization
of signals. They detect the faint Cherenkov light that is emitted from high-energy charged particles
which are generated in neutrino interactions in the vicinity of the detector. On their way to the
DOMs, Cherenkov photons undergo scattering and absorption in the ice, whose optical properties
exhibit strong depth dependence. In the clearest parts of the detector below 2100 m, the absorption
length is about 200 m and the scattering length 50 m at 400 nm [9, 10].

Neutrino interactions leave two major signatures in the detector: in case of muon neutrinos
undergoing a charged current interaction, a high-energy muon is generated which can travel distances
up to several kilometers in the ice and leaves an elongated track-like pattern of light in the detector.
On the other hand, charged current electron and tau neutrino as well as all neutral current interactions
produce hadronic and/or electromagnetic showers in the ice which, due to the short scattering length
of optical light in ice, leads to an almost spherical pattern in the detector. A somewhat special
case is that of charged-current tau interactions. The produced tau lepton is extremely short-lived
and therefore propagates only a short distance in the ice before decaying, in more than 80% of
cases giving rise to a secondary shower. Only at PeV and higher energies, the showers at the two
vertices are significantly far apart that they can be separated visually. However, at lower energies
information on such a “double bang” pattern can be extracted from the recorded waveforms in the
DOMs [11].

The event reconstruction involves the determination of the direction of the original neutrino
and its energy together with the uncertainties on these quantities. Due to the elongated track-like
pattern in the detector, the best pointing precision is achieved with muon neutrinos which undergo a
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Figure 1: Measured diffuse neutrino spectrum per neutrino flavor as a function of energy. The different
components shown are: Unfolded total muon neutrino flux (green circles [17]); Measured cosmic neutrino
flux (black circles [18]); 90% U.L. on EHE neutrino above 2 PeV ([19]). Also shown are the 68% uncertainty
bands for two analyses with different event selections (ESTES: blue [20]; MESE: red [18]) and the measured
flux at the Glashow resonance [21].

charged current interaction. For these events, angular resolutions of 0.5◦ are achieved above 10 TeV
[12]. In case that the neutrino interaction happens outside the detector, an unknown fraction of the
original neutrino energy is transferred into the invisible hadronic shower at the interaction vertex.
In addition, the muon loses an unknown fraction of energy on its way to the detector resulting in an
energy uncertainty of about a factor 2. On the other hand, the energy of a shower inside the detector
can be reconstructed to better than 10% for energies larger than 10 TeV [13, 14]. In case of electron
neutrino charged current interactions, this is also the energy resolution for the neutrino, whereas in
neutral current events some fraction is carried away by the neutrino. The directional reconstruction
for contained spherical light pattern is better than 5◦ for energies above 50 TeV [15].

The in-ice detector is complemented at the surface by 162 frozen-water tanks with two DOMs
each located at the string positions. This detector, named IceTop, detects the shower footprint
of cosmic-ray induced air showers including GeV muons. In combination with the in-ice detector
which is reached only by TeV muons, the IceCube Neutrino Observatory provides unique capabilities
to measure the cosmic-ray composition around the knee. Both the in-ice detector and IceTop allow
for measurements of anisotropies in the cosmic-ray flux across different regions of the sky [16]. In
addition, IceTop can serve as an air-shower veto for the in-ice detector.

3. Diffuse neutrino fluxes

A large number of neutrinos reaches the IceCube detector continuously from all directions
(Fig. 1). The vast majority of these neutrinos are generated in the atmosphere in air showers
initiated by high-energy cosmic rays. One can separate atmospheric neutrinos into two classes. The
so called “conventional” atmospheric neutrino flux originates from the decay of pions and kaons
and follows a power-law spectrum with index of about 3.7 [22]. It dominates the atmospheric flux
at all but the highest energies. The second class is the so called “prompt” neutrino flux. It originates

3



P
o
S
(
I
C
R
C
2
0
2
5
)
1
4
1
1

IceCube Highlights

Figure 2: Left: Measured diffuse astrophysical muon neutrino spectrum together with previous best fit results
of a simple power law for different event samples (for details see [24]). Right: Fit of different spectrum
hypotheses: Broken Power-law (BPL), Simple Power-Law (SPL) with bump, Log-parabola, SPL with cutoff
and SPL. Both plots taken from [24].

from the decay of charmed QCD bound states. Compared to pions and kaons, these states have a
much shorter lifetime and therefore most of them decay producing neutrinos instead of getting “lost”
due to an interaction with nuclei in the atmosphere. This leads to a neutrino flux characterized by
a harder power-law index of approximately 2.7 [22], implying that it should become dominant over
the conventional neutrino flux at high energies. However, up to now, no indication of such a prompt
neutrino flux has been found in IceCube [23].

3.1 Astrophysical diffuse neutrino fluxes

Owing to its expected harder spectrum, the astrophysical diffuse neutrino flux—presumably
produced in the most powerful astrophysical sources, such as Active Galactic Nuclei (AGNs),
Gamma-Ray Bursts, and supernova remnants—becomes distinguishable from the atmospheric
neutrino flux at high energies, typically around several tens of TeV, depending on the event selection.
It is separable from the prompt atmospheric component by its energy distribution [25].

Until recently, the astrophysical neutrino flux was consistent with a simple power-law descrip-
tion [20]. Several analyses using different event samples and energy ranges had revealed variations
in the inferred spectral indices, though (Fig. 2 (left)). A recent analysis now shows a clear hardening
of the spectrum below about 30 TeV [24]. Fitted with different spectrum hypotheses, the broken
power-law fit yields the best agreement with the data (Fig. 2 (right)) and is preferred over the
simple power-law assumption with 4.7𝜎. The fitted spectral indices below and above the break are
𝛾1 = 1.7 ± 0.3 and 𝛾2 = 2.8 ± 0.1, respectively.

3.2 Flavor composition

The flavor composition of an astrophysical neutrino flux carries crucial information about
the production environment and the underlying acceleration mechanisms. The primary expected
production channel is through pion production, in which accelerated protons or heavier nuclei
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Figure 3: Neutrino flavor triangle for the measured diffuse neutrino flux at Earth assuming full mixing. The
best fit assumes a broken power-law. Taken from [26].

interact with matter or radiation fields, generating charged pions that subsequently decay via muons
into electrons and neutrinos:

𝑝 + 𝑝/𝛾 → 𝜋± + 𝑋 →𝜇± + (−)
𝜈𝜇 (1)

𝜇± →𝑒± + (−)
𝜈𝜇 + (−)

𝜈𝑒 (2)

where 𝑋 represents the rest of the final state of the reaction. This results in a neutrino flavor ratio
of (1:2:0) at the source. On the other hand, if the source contains strong magnetic fields, the muons
loose rapidly energy so that the resulting decay neutrinos are outside the detection range of neutrino
telescopes, resulting in a flavor ration of (0:1:0). A third scenario involves high energy neutrons.
From their decay

𝑛 → 𝑝 + 𝑒− + (−)
𝜈𝑒 (3)

a flavor ratio of (1:0:0) at the source is expected.
As a consequence of neutrino oscillations, the flavor ratio at the detector is not the same as at

the source, though. Since the neutrino production regions in astrophysical sources are much larger
than the oscillation lengths, the oscillation term in the transition probability must be averaged.
[27]. As a result, the expected flavor ratios at Earth for the different production scenarios are
approximately: pion source (1:1:1), damped pion source (4:7:7), neutron source (5:2:2). Figure 3
shows the current best constraints on the flavor ratio by IceCube [26]. This analysis is based on
an event sample which consists of events which have their interaction vertex contained inside the
instrumented volume of IceCube, thereby allowing for an improved reconstruction of the event
topologies. Assuming a broken power-law spectrum for the neutrino flux (see Sec. 3.1), for the first
time, the 68% C.L. contour is closed. The best fit is very well compatible with the pion production
scenario and the muon-damped scenario lies at the edge of this interval. On the other hand, the
neutron-source scenario can be excluded at the 95% confidence level. It should be noted, however,
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Figure 4: Left: IceCube upper limit on the cosmogenic neutrino flux as a function of energy together with
the Auger upper limit and model predictions. Also shown is the flux derived from the KM3NeT event. For
details and references see [28]. Right: Proton fraction of ultra-high energy cosmic rays as a function of the
source evolution parameter for two source evolution models. See [28] for more details. Both plots taken
from [28].

that this conclusion assumes “pure” production scenarios, which are unlikely to occur in nature,
particularly when considering the total diffuse astrophysical neutrino flux.

3.3 EHE neutrinos and KM3-230213A

In addition to the production scenarios described in Sec. 3.2, there exists another mechanism
that gives rise to so-called cosmogenic neutrinos: ultra-high energy protons with energies above
107 GeV interact with photons from the cosmic microwave background producing a neutron and a
neutrino via the Δ resonance:

𝑝 + 𝛾CMB → Δ+ → 𝑛 + 𝜋+ (4)
𝜋+ → 𝜇+ + 𝜈𝜇 (5)

𝑛 → 𝑝 + 𝑒− + (−)
𝜈𝑒 (6)

resulting in a flux of ultra-high energy neutrinos of 100 PeV and above. 4 (left) presents predictions
from several models for this neutrino flux. IceCube has conducted searches for cosmogenic neutrinos
over recent years but has not yet observed any indications of such a flux. The resulting upper limit
is currently the most stringent and begins to constrain the most optimistic predictions for the
cosmogenic neutrino flux.

The fact that these neutrinos are preferentially produced by protons and much less so by
heavier nuclei (for these, the threshold energy would be a factor 𝑁 higher where 𝑁 is the number of
nucleons) allows to constrain the fraction of protons in the ultra-high energy cosmic rays. The limit
depends on the assumed source evolution rate (1 + 𝑧)𝑚 with redshift 𝑧 and evolution parameter 𝑚
(Fig. 4 (right)). Assuming 𝑧max = 2 and an evolution parameter comparable to the star formation
rate results in upper limit on the proton fraction of about 0.7 .

Another notable observation in this context is the highest energy neutrino detected to date,
recently reported by KM3NeT [29] with an estimated energy of 220+570

−110 PeV (68% C.L.). When
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converted into a flux over the corresponding 90% C.L. energy interval of 72, PeV to 2.6,EeV, this
would imply roughly 70 events in IceCube—an expectation excluded at more than 10𝜎 by the upper
limit discussed above. However, this doesn’t take into account the uncertainty on the flux calculated
from the KM3NeT event. Performing a joint fit of the KM3NeT event with the null observations
by IceCube and Auger following [30], the new upper limit by IceCube results in a moderate tension
of 2.9𝜎 with expected/observed events for KM3NeT: (0.01/1), Auger: (0.4/0) and IceCube: (0.9/0)
[28]. It should be noted, that these calculations are only valid if the KM3NeT event is part of a
steady diffuse neutrino flux and e.g. not a neutrino from the burst of a single source. Due to the
reduced observation time in the latter case, the limits of Auger and IceCube would be significantly
weaker and the tension would be reduced considerably.

4. Neutrinos from the Milky Way

In 2023, IceCube reported the first observation of a neutrino flux from the Milky Way at 4.5𝜎
n[7]. The corresponding analysis was based on a neutrino sample containing only cascades. An
updated analysis with additional 2.5 years of data which also incorporates track events increases
the sensitivity such that a detection with a significance above 5𝜎 is expected [31]. In addition,
analyses have started that fit the neutrino flux independently in different regions of the Galactic plane
[32, 33]. Although the currently limited statistics constrain the precision of the fitted parameters,
an enhanced emission from the central region of the Milky Way is observed, as anticipated.

5. Astrophysical neutrino sources

In 2022 the IceCube Collaboration reported the observation of about 80 high energy neutrinos
from the nearby active galaxy NGC 1068 at a significance above 4𝜎 [6]. Interestingly, no high
energy gamma rays in the TeV range were observed form this source [34]. This hints at the
neutrino production in the vicinity of a supermassive black hole with high radiation density on
which high-energy gamma rays are absorbed (see e.g. [35]).

This finding prompted several follow-up analyses of IceCube data targeting neutrino emission
from bright or hard X-ray sources in the northern sky, using track-like events with precise directional
reconstruction [36, 37]. Excluding the direction of NGC 1068, these analyses reveal hints of
emission from various sources at the ∼ 3𝜎 level. In the southern sky, searches for neutrino
emission from X-ray bright galaxies employed tracks starting within the detector to distinguish
cosmic neutrinos from the abundant atmospheric muons [38]. A stacking analysis of 13 sources
selected from the BASS catalog based on X-ray luminosity yields a significance of 3.0𝜎 for neutrino
emission, with Cen A excluded to avoid contamination from jet-related emission.

Though the significances are still moderate (the results cannot be straightforwardly combined
due to the presence of correlations) they support the picture of obscured AGNs as a significant
source of high energy cosmic neutrinos. Further data from IceCube, KM3NeT [39], BAIKAL-
GVD [40], and planned future multi-km³ detectors such as IceCube-Gen2 (see Sec. 8.2), P-ONE
[41], and a Chinese neutrino telescope [42, 43] will allow us to verify the accuracy of this picture.
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Figure 5: Combined reconstructed hydrogen and helium flux. Systematic uncertainties are represented by
brackets while error bars describe statistical uncertainty and energy resolution. For details refer to [51].

6. Dark Matter and physics beyond the Standard Model

Another profound mystery of the Universe is the apparent presence of an unknown form of
matter, accounting for roughly 25% of the total energy density of the Universe, inferred from a
variety of observations ranging from galactic rotation curves to the cosmic microwave background
[44]. Although originally designed to detect neutrinos with energies of 1 TeV and above, IceCube
has also proven to be a valuable instrument in the indirect search for dark matter. Dark matter in
the form of Weakly Interacting Massive Particles (WIMPs) can accumulate in gravitational wells
such as the Sun or the Galactic Center. Their annihilation may produce neutrinos, which could
be detected by IceCube as an enhanced flux from these specific directions. Recent results can be
found in [45–47]. Beyond dark matter, IceCube also searches for other phenomena beyond the
Standard Model, such as magnetic monopoles [48] and quantum decoherence [49], for which it has
set world-leading limits [50].

7. Cosmic rays

In addition to the deep-ice optical array, the IceCube neutrino observatory includes the surface
detector IceTop, which enables the study of the cosmic-ray energy spectrum around the knee at
approximately 1015 eV and the determination of its composition. In a recent analysis, IceTop data—
sensitive to the electromagnetic and low-energy muon component of cosmic-ray air showers—were
combined with measurements of TeV muons in the deep ice using a neural network approach to
reconstruct the cosmic-ray energy spectrum and infer its composition [51]. This analysis was able
to reconstruct the energy spectrum from 3 TeV down to 250 TeV thereby closing the gap to direct
measurements (Fig. 5). It found that the spectrum in this energy region is dominated by hydrogen
and helium and agrees well with that from direct measurements. Information on other analyses
using IceTop can be found here [52, 53]. In addition, new detectors are being installed that will
enhance the capabilities of the surface part of IceCube further [54–56].
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Figure 6: Relative intensity for seven rigidity-matched pairs of energy bins from HAWC and IceCube. For
details refer to [57].

Even on its own, the in-ice detector, recording billions of muons per year from cosmic-
ray–induced air showers, provides a powerful tool for the study of cosmic rays. The huge statistics
allows to search for very small anisotropies in the arrival direction of cosmic rays at Earth. As
muons are absorbed in the Earth, IceCube is only sensitive to the southern sky whereas instruments
like HAWC located in Mexico cover a more northern portion of the sky. Combining the analyses
from these two experiments allows us to extend the coverage almost to the entire sky from 90◦S to
70◦N [57]. Figure 6 presents combined sky maps from IceCube and HAWC in seven energy bins,
covering rigidities from 32.2 TV to 280.5 TV. The maps show anisotropies in the intensity of the
cosmic-ray flux from different directions at the 10−3 level with a rapid phase transition between
40 TV and 76 TV.

8. Into the future: IceCube Upgrade and IceCube-Gen2

The recent detection of neutrinos from various cosmic sources with IceCube, together with the
observation of an ultra–high-energy neutrino by KM3NeT, has highlighted the enormous potential of
neutrino astronomy for probing the extreme Universe. At the same time, it has become evident that,
after nearly 15 years of continuous operation of the complete IceCube detector, further data alone
will yield only a moderate improvement in sensitivity to steady sources. Substantial improvements
in sensitivity can instead be achieved through several approaches:

(a) Improvement of event reconstruction and selection both in accuracy (improving the angular
resolution by a factor two reduces the background for point-like sources by a factor four) and
speed. The latter allows to reconstruct more events with advanced algorithms with higher
angular resolution;

(b) Improvement of the detector calibration which in the case of IceCube is currently dominated
by systematic uncertainties in the optical properties of the ice [10, 58];
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Figure 7: Left: Simulated rate of detected neutrinos as a function of neutrino energy for the current
IceCube detector (IC86) and the extended detector with seven additional strings from IceCube Upgrade
(IC93). Right: Expected IC93 90% confidence level sensitivity contour with 3 years of live time compared
to existing measurements of atmospheric oscillation parameters. Both figures taken from [64].

(c) Extension of the energy range both to higher (EeV) and lower (GeV) energies;

(d) A larger instrumented volume.

It should be noted that items (a) and (b) can be retroactively applied to all recorded data, and
several IceCube analyses have already benefited from the current Pass 2 data processing. Machine
learning methods play an important role in this context [59–63]. Items (b) and (c) are presently
being addressed through the low-energy extension known as the IceCube Upgrade.

8.1 IceCube Upgrade

IceCube Upgrade will comprise seven new strings equipped with approximately 700 advanced
optical sensors and a large set of precision calibration devices. It will instrument about 2 Mton of
clear deep ice and is scheduled for deployment during the 2025/26 austral summer at the bottom
center of the existing IceCube array. Two main types of optical sensors will be used: the multi-
PMT Digital Optical Module (mDOM) [65, 66], containing 24 three-inch photomultiplier tubes,
and the Dual optical sensor in an Ellipsoid Glass (D-Egg) [67], equipped with two eight-inch
photomultiplier tubes. With effective areas 3–4 times larger than those of the current DOMs, and
significantly reduced vertical (3 m) and horizontal (45 m) spacing, the new modules will substantially
increase the number of detected photons from neutrino interactions in the few-GeV range, thereby
lowering IceCube’s energy threshold to approximately 1–2 GeV.

Figure 7 (left) shows the simulated rate of detected neutrinos as function of energy for IceCube
and IceCube including the upgrade. For energies below 10 GeV IceCube Upgrade will increase
the number of detected events by factor of about 10. This will allow for a significant improvement
in various low-energy analyses including the determination of the neutrino oscillation parameters.
Figure 7 (right) shows the estimated sensitivity of IceCube Upgrade compared to the current best
constraints on the oscillation parameters Δ𝑚2

32 and sin2 Θ23 by various instruments. IceCube
Upgrade will allow to set world-leading constraints on these parameters and provide strictest
constraints on the unitarity of the neutrino mixing matrix [64]. The extension to lower energies
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Figure 8: Artist’s impression of IceCube-Gen2, highlighting several of its key components.

will also significantly broaden the accessible dark matter mass range, providing complementarity
to the lower-mass region explored by direct detection experiments [68]. Finally, together with
KM3NeT/ORCA and JUNO it will have a good chance to pin down the neutrino mass ordering
[69, 70].

Another key objective of IceCube Upgrade is to enhance the calibration of the existing IceCube
detector across its entire instrumented volume. To this end, a wide range of dedicated calibration
devices will be deployed alongside the new optical sensors. Each mDOM (DEgg) features ten
(12) LEDs with a wavelength of 405 nm close to the highest sensitivity of the optical sensors.
The LEDs can inject light with known intensity and timing profiles into the ice, thereby enabling
determination of the optical ice properties (scattering and absorption length) when detected by the
surrounding array of photomultipliers. In addition, each sensor features three cameras which point
vertically and horizontally into the ice and provide complementary information on the ice properties
[71, 72]. Additional calibration instruments include 22 multi-wavelength, precisely calibrated light
sources (POCAM [73]), seven rotatable camera systems, and eleven rotatable multi-wavelength
laser modules. In addition, a laser dust logger will be co-deployed attached to the end of one of the
IceCube Upgrade strings and operated during deployment [74]. This will allow us to constrain the
ice properties significantly better with the aim of reducing the systematic uncertainties to below 5%
(currently about 10%).

8.2 IceCube-Gen2

IceCube-Gen2 [77] will advance neutrino astronomy at the South Pole to a new level. The
planned extension includes an in-ice optical array with approximately eight times the instrumented
volume of the current detector, directly addressing point (d) mentioned above. The surface detector
will be extended to the footprint of the in-ice detector and consist of scintillation detectors and radio
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Figure 9: Left: Significance of the observed flux from NGC 1068 as a function of observation time for the
current IceCube detector and IceCube-Gen2. Taken from [75]. Right: Expected sensitivity of the IceCube-
Gen2 in-ice radio detector at the highest energies in comparison to the allowed region of cosmogenic neutrinos
based on different measurements. For details see [76].

antennas [78] for PeV–EeV cosmic-ray detection [79]. Finally, a radio antenna array, sparsely de-
ployed across approximately 500 km2 of ice, will provide sensitivity to ultra–high-energy neutrinos
[76]. Sustainability and the environmental impact of both the construction and operation of the
detector are key considerations in the planning process [80].

With the addition of 120 new optical strings with approximately 9,600 new optical sensors, the
instrumented volume of the in-ice optical detector will be increased from currently 1 km3 to 8 km3.
The IceCube-Gen2 sensor will feature 16 or 18 four-inch photomultipliers housed in a pressure
vessel made of borosilicate glass [81]. First prototypes were developed and will be deployed in
IceCube Upgrade for in-situ testing. The expanded instrumented volume will substantially enhance
IceCube’s sensitivity to PeV-scale neutrinos. Figure 8 (left) shows the significance as a function of
observation time for the neutrino flux measured from NGC 1068, comparing the current IceCube
detector with IceCube-Gen2. With IceCube-Gen2 this source would have been detected at the 5𝜎
level already after 1.5 years and with about 10𝜎 after 10 years.

The radio array, which triggers on Askaryan emission from neutrino interactions in the ice,
will allow IceCube to deeply cut into the predictions for cosmogenic neutrinos (Fig. 9 (right)).
Furthermore, it will provide constraints on the population of steady and transient ultra-high energy
sources above 100 PeV as well as enable the measurement of the neutrino flavor composition at
ultra-high energies (Fig. 10) and neutrino-nucleon cross section.

In summary, IceCube-Gen2 will constitute a powerful and unique combination of optical and
radio neutrino detectors for the study of atmospheric and astrophysical neutrinos across the MeV–
EeV energy range, complemented by a potent surface array for cosmic-ray investigations. In the
MeV range, it will provide high-statistics measurements of the time-dependent neutrino flux from
Galactic core-collapse supernovae [82, 83]; at GeV energies, it will, through the IceCube Upgrade
component, provide world-leading constraints on atmospheric neutrino oscillation parameters and
contribute to determining the neutrino mass ordering; at TeV–PeV energies, it will achieve an
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Figure 10: IceCube-Gen2 capabilities to measure the neutrino flavor composition from TeV to EeV. The first
two bins are measured with the optical detector of IceCube-Gen2 and the last bin with the radio detector.
Taken from [75].

approximately tenfold increase in event rate for point sources, while the radio array will enhance
sensitivity to neutrinos in the EeV range by roughly two orders of magnitude.

9. Conclusion

The hunt for the sources of galactic and extragalactic cosmic rays is ongoing. Over the past
decade, neutrinos have joined cosmic rays and electromagnetic waves—together with gravitational
waves—as crucial messengers, providing key insights into the most extreme objects in the Universe.
Deviations from a simple power-law spectrum in the diffuse high-energy neutrino flux have been
observed, and the Galactic plane is now visible in neutrinos. Galaxies with obscured cores appear
to be significant contributors to the diffuse neutrino flux, highlighting their role as potential cosmic-
ray sources. Additionally, IceCube delivers world-leading measurements of atmospheric neutrino
oscillations and enables direct studies of cosmic rays around the knee at 1015 eV. With the upcoming
installation of IceCube Upgrade in the 2025/26 season and the planned IceCube-Gen2 in the next
decade, neutrino astronomy at the South Pole is heading into an exciting future.
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