
Neutrino Sources

Ali Kheirandish 
University of Nevada, Las Vegas

4th TDAMM Workshop 
Science & Technology Institute  

October 2025



2

High-Energy Neutrino Flux

Alexander Kappes for the IceCube Collaboration, ICRC 2025, Geneva, 22.07.2025 

Diffuse neutrino fluxes

7

cosmogenic neutrinos 
(example model)

atmospheric + astro

ESTES (2025)

MESE (2025)

EHE limit (2025)



3

Possible Sources
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Active Galactic Nuclei

Supernova
Remnants

Gamma-ray
Bursts

Chris Weaver—Thesis Defense February 2, 2015

Cygnus A

NRAO/AUI

Crab Nebula

NASA, ESA Simulated GRB Fireball

NERSC

Sources of TeV - PeV cosmic neutrinos should  
‣ Accelerate Cosmic Rays to > PeV energies 

‣‣ sources of VHE & UHE CRs 
‣ Poses beam dumps that facilitate CR interaction  

‣‣environment that can provide gas and 
radiation with enough density 

Active Galactic Nuclei (AGN)

Gamma Ray 
Bursts (GRB)

Supernova Remnant (SNR)

Credit: NASA/HST

Credit: D. A. Aguilar (CfA)
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The Neutrino 𝛾-ray Connection
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Figure 2. On the left, we show the p-value map of the Northern Sky, obtained under the hypothesis of a free spectral index.The
map is shown in equatorial coordinates on a Hammer-Aito↵ projection. The color bar represents the local significance of each
pixel in the sky, and we highlight the location of the strongest emission, found to be spatially compatible with the Seyfert II
galaxy NGC1068. On the right, we show a zoom-in of the hottest spot. The white cross represents the best-fit location, the
solid (dashed) line represents the 68% (95%) uncertainty contour of the excess, and the red dot and circle represent, respectively,
the source location and its optical size (Paturel et al. 2003).

mostly between 100GeV and 3TeV) associated with the source. The new events populate a part of the spectrum274

where the atmospheric background is more prominent and, together with statistical fluctuations, could also explain275

the modest reduction in the excess’ global significance. Despite this, the results remain consistent with the expected276

evolution of a steady neutrino emitter scenario for NGC1068.277

4.2. Search from a List of Gamma-ray Emitters278

All-sky searches su↵er from a large look-elsewhere e↵ect due to the vast number of independent trials. To mitigate279

this penalty factor and improve sensitivity to weaker but persistent sources, we perform complementary searches on280

predefined lists of sources. Specifically, we run a catalog search and a binomial test on the legacy list of 110 gamma-ray281

sources, as employed in Abbasi et al. (2022b). Using 13 years of data, we confirm NGC1068 as the most significant282

source in the list, now with a post-trial significance of 4.0 �. The best-fit spectrum has a flux normalization at 1 TeV283

of �0 = 4.7+1.1
�1.3 ⇥ 10�11 TeV�1 cm�2 s�1 and a spectral index � = 3.4± 0.22.284

As previously noted, the global significance has slightly decreased compared to Abbasi et al. (2022b), primarily due285

to a shift toward lower neutrino energies, where the atmospheric background is more prominent. The best-fit spectral286

index has increased from � = 3.2 to 3.4 (see Figure 3), indicating a slightly softer spectrum. However, the two spectral287

indices remain largely compatible within their uncertainties. The fitted mean number of signal events has increased288

from ns = 79 to 102 (both a↵ected by a ⇠ 25% statistical uncertainty), consistent with a steady emission scenario.289

To complement the single source search, we also perform a binomial test on the same list, following the approach in290

Abbasi et al. (2022b). As in the all-sky analysis, the test was conducted for three spectral assumptions: free �, � = 2.0,291

and � = 2.5. Here, we focus on the free-� case, which yields the most significant result (see subsection C.2 for the292

others). The most significant excess is found for 3 out of 110 sources: NGC1068, PKS 1424+240, and TXS0506+056,293

in ascending order of p-value (see left panel of Figure 4), consistently with previous results (Abbasi et al. 2022b).294

Their fit parameters and local p-values are listed in Table 1. The global post-trial significance of the excess is 3.0 �,295

slightly reduced from the 3.4 � reported in Abbasi et al. (2022b), but consistent with expectations. In particular,296

the time-integrated significance of TXS 0506+056 decreases as additional data increase the background while no new297

signal events are observed, consistent with its observed time-variable behavior (Aartsen et al. 2018a,b). Surprisingly,298

no additional gamma-ray sources from the list contribute significantly to the binomial excess, despite the increased299

2
The 1 � statistical uncertainties on each flux parameter are derived from the one-dimensional profile likelihoods fixing the other parameter

to its best-fit value.

5

NGC 1068; The 1st Steady Neutrino Source

IceCube 2025
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Figure 2. On the left, we show the p-value map of the Northern Sky, obtained under the hypothesis of a free spectral index.The
map is shown in equatorial coordinates on a Hammer-Aito↵ projection. The color bar represents the local significance of each
pixel in the sky, and we highlight the location of the strongest emission, found to be spatially compatible with the Seyfert II
galaxy NGC1068. On the right, we show a zoom-in of the hottest spot. The white cross represents the best-fit location, the
solid (dashed) line represents the 68% (95%) uncertainty contour of the excess, and the red dot and circle represent, respectively,
the source location and its optical size (Paturel et al. 2003).
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The 1 � statistical uncertainties on each flux parameter are derived from the one-dimensional profile likelihoods fixing the other parameter

to its best-fit value.
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Figure 2. On the left, we show the p-value map of the northern sky, obtained under the hypothesis of a free spectral index.
The map is shown in equatorial coordinates on a Hammer-Aito! projection. The color bar represents the local significance of
each pixel in the sky, and we highlight the location of the strongest emission, found to be spatially compatible with the Seyfert
II galaxy NGC1068. On the right, we show a zoom-in of the hottest spot. The white cross represents the best-fit location,
the solid (dashed) line represents the 68% (95%) uncertainty contour of the excess, and the orange dot and circle represent,
respectively, the source location and its optical size (Paturel et al. 2003).

the likelihood ratio and extracted the best-fit values n̂s, ω̂, and the TS. The TS is then converted into a p-value by
comparing it to the distribution of TS values from background-only (atmospheric and di!use astrophysical neutrinos)
simulations at the corresponding declination. To refine the localization of the most significant excess, we identified
the 20 most significant hotspots1 and scanned these regions using a finer grid of pixels of → 0.003 deg2 obtained
by increasing the Nside resolution parameter to 2048. The lowest p-value from this refined search defines the final
hottest spot in the sky. As in the previous analysis (Abbasi et al. 2022a), this search was performed under three
spectral assumptions: with ω free, and fixed at ω = 2.0 and ω = 2.5. We report here the most significant excess out
of the three: the one obtained for the free spectral index search. The other two result in most significant excesses at
di!erent locations, as detailed in subsection C.1. Figure 2 shows the p-value map under the free ω hypothesis, with
the coordinates and best-fit parameters of the most significant excess listed in Table 1.

Consistent with Abbasi et al. (2022a), the analysis confirms that the most significant pixel lies within the optical
extent of NGC 1068, at an angular o!set of 0.04→ from its optical center (see Figure 2, right panel). The excess reaches
a local significance of 5.0ε, which corresponds to a global significance of 1.4ε after accounting for the look-elsewhere
e!ect from scanning the entire observable northern sky and testing three spectral hypotheses. The location of the most
significant spot remains fully compatible with NGC1068, and the best-fit point now aligns even more closely with the
source than in the previous result, which placed it 0.11→ away (Abbasi et al. 2022a). However, the spatial likelihood
contours have slightly widened due to the relatively large angular uncertainty of several newly detected low-energy
events (with reconstructed energies mostly between 100 GeV and 3TeV) associated with the source. The new events
populate a part of the spectrum where the atmospheric background is more prominent and, together with statistical
fluctuations, may also explain the reduction in global significance from 2.0ε (Abbasi et al. 2022a) to 1.4ε. Despite
this, the results remain consistent with the expected evolution of a steady neutrino emitter scenario for NGC 1068.

4.2. Search from a List of Gamma-ray Emitters

All-sky searches su!er from a large look-elsewhere e!ect due to the vast number of independent tests. To mitigate
this penalty factor and improve sensitivity to weaker but persistent sources, we perform complementary searches on
predefined lists of candidate emitters. Specifically, we run a catalog search and a binomial test on the legacy list of 110
gamma-ray sources, as employed in Abbasi et al. (2022a). Using 13.1 years of data, we confirm NGC1068 as the most
significant source in the list, now with a global significance of 4.0ε, after accounting for having tested 110 candidate

1
Defined as the lowest p-value pixel within a 1

→
radius.
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NGC 1068 
• NGC 1068 is a Seyfert 2 galaxy with a heavily obscured nucleus 
• One of the best studied AGN, which played a major role in AGN 

unification scheme
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• Compton thick environment with Column density ~ 1025 cm-2 
• Bright in X-ray, and high infrared luminosity indicating high level of 

star formation
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NGC 1068 
• NGC 1068 is a Seyfert 2 galaxy with a heavily obscured nucleus 
• One of the best studied AGN, which played a major role in AGN 

unification scheme

• Compton thick environment with Column density ~ 1025 cm-2 
• Bright in X-ray, and high infrared luminosity indicating high level of 

star formation

‣ Historically considered as a promising cosmic-ray accelerator. 



‣ The neutrino flux much higher than the observed 𝛾-ray flux by Fermi.  

‣ Models built on Fermi 𝛾-ray flux by cannot accommodate the neutrino flux. 

‣ Obscuring necessary to absorb the pionic 𝛾-ray accompanying neutrinos. 

‣ The high opacity indicates that the neutrinos are produced in the vicinity of 
AGN core (< 100 Rs)

is L⌫ = (2.9 ± 1.1stat) ⇥ 1042 erg s�1. This is significantly higher than the isotropic equivalent

gamma-ray luminosity observed by Fermi-LAT of 1.6 ⇥ 1041 erg s�1 in the energy range be-

tween 100 MeV and 100 GeV (40), and higher than the upper limits recently reported by the

MAGIC collaboration (41) (see Fig. 4).
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Figure 4: Spectral energy distribution of NGC 1068. Gray points show publicly available
multi-frequency measurements (42). Dark and light green error bars refer to gamma-ray mea-
surements from Fermi-LAT (33, 43) and MAGIC (41), respectively. The solid, dark blue line
shows the best-fit neutrino spectrum, and the corresponding blue band covers all powerlaw
neutrino fluxes that are consistent with the data at 95%C.L. It is shown in the energy range
between 1.5 TeV and 15 TeV where the flux measurement is well constrained. Two theoretical
AGN core models are shown for comparison: The light blue shaded region and the gray line
show the NGC 1068 neutrino emission models from (44) and (45), respectively. Additional de-
tails on the model construction of the light blue shaded region can be found in (46).

High-energy neutrinos are generated in or near astronomical sources as decay products of

charged mesons produced in proton-proton interactions (47), or interactions between protons

and low energy ambient radiation (48) (for a review see (49)). Along with those neutrinos,

14
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[Murase, ApJL 2022]

IceCube, Science 2022

Murase 2020
Inoue 2019
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Medium-Energy Excess in Neutrino Flux
‣ Different slopes hint at structure 

in the flux of high-energy cosmic 
neutrinos. 

‣ The magnitude of the flux at ~10 
TeV energies is found to be 
higher than the flux at >100 TeV 
energies.  

‣ Multimessenger connection 
dictates extragalactic sources of 
the high-energy neutrino flux at 
medium-energies to be obscured 
to GeV 𝛾-rays. [Murase+ 2015, 
Fang+ 2022] 

‣ Core of AGN can meet these 
conditions.

Murase+2015
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Neutrinos from Bright Seyferts in Northern Sky 

‣ Selecting sources based on the intrinsic X-ray flux (as a proxy for neutrino 
production) 

‣ Catalog search finds excess in the direction of 2 sources in addition to NGC 1068 

‣ Binomial p-value study finds CGCC 420-15 and NGC 4151 at 2.7σ (Posterior p-
value with NGC 1068 yields 4σ)

IceCube ApJ 2025
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NGC 4151
9

NGC 1068 NGC 4151

(a) (b)

(c) (d)

Figure 3. Top row: A scan of the sky around the region of the two most significant source positions (a) NGC 1068 and (b)
NGC 4151. The white cross shows the best-fit position and the red star shows the source position cataloged in BASS. The solid
and the dashed contours show the 68% and 95% CL region around the sources, respectively. Bottom row: Distribution of the
reconstructed direction of the events as a function of the square of the angular distances from the source for (c) NGC 1068 and
(d) NGC 4151. The best-fit astrophysical neutrino signal, the background and their total are shown in purple, orange and grey,
respectively. They are obtained using Monte Carlo simulations. The neutrino event data points are shown in black with error
bars.

ones is required. The contribution of neutrinos from NGC 1068 and NGC 4151 towards the diffuse flux at 15 TeV325

energy is 0.99%. Considering NGC 1068 and NGC 4151 make a class of sources and a direct relation between the hard326

X-ray and neutrino flux, we find they contribute 0.11% of the total neutrino flux at a spectral index � = 3.0 after327

correcting for catalog completeness. Despite the bias from a sample of only two nearby AGN, this suggests underlying328

physical parameters besides hard-Xray flux may drive neutrino emission. The flux from obscured sources, especially329

Compton-thick AGN have high uncertainties as it is challenging to observe the emission from the core. In conclusion,330

there is growing evidence that points to Seyferts as neutrino emitters, and better flux measurements of AGN especially331

for Compton-thick AGN, and neutrino fluxes with higher sensitivity will prove important to the discovery of sources332

of high-energy neutrinos.333
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‣ NGC 4151 appears at 2.9𝜎 (global significance)  

‣ The second most significant steady source in IceCube

IceCube ApJ 2025
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Results from the Southern Sky
‣ The majority of bright nearby Seyfert galaxies are in the Southern Hemisphere 

‣ IceCube has sufficient sensitivity with Enhanced Starting Events to search for 
emission from prominent sources in the Southern Hemisphere.
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Extend Northern Sky Search
‣ Tested 47 bright seyfert galaxies in the Northern Hemisphere 

‣ 11 sources are found in the binomial p-value test at 3.3𝜎 

(excluding NGC 1068)
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Extend Northern Sky Search
‣ Tested 47 bright seyfert galaxies in the Northern Hemisphere 

‣ 11 sources are found in the binomial p-value test at 3.3𝜎 

(excluding NGC 1068)
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Figure 11. High-resolution scan and likelihood contours around the location of NGC7469, a type I Seyfert galaxy found to be
the most significant source in the list of 47 X-ray bright AGN. Similarly to the right panel of Figure 2, the white cross represents
the best-fit location, the solid (dashed) line represents the 68% (95%) uncertainty contour of the excess, and the orange dot and
circle represent, respectively, the source location and its optical size (obtained from the NASA/IPAC Extragalactic Database).

68% and 95% central intervals of such a histogram. The flux intervals, instead, are computed assuming Wilks’ theorem,
which has been validated on Monte Carlo simulations. As already noted in subsection 4.2, this analysis reports a softer
spectrum compared to the previous result (from ω̂ = 3.2 to ω̂ = 3.4) and a shift in the energy range towards lower
energies. Despite the large overlap in the events contributing to NGC1068’s neutrino excess in the two analyses, the
new events are characterized by lower energies with respect to the ones driving the excess in Abbasi et al. (2022a),
causing the observed change in energy range and best-fit spectral index. Nevertheless, the newly measured energy
spectrum remains compatible with that of Abbasi et al. (2022a) within the 95% contours.

The search for neutrino emission from the list of 47 X-ray bright, non-blazar AGN, instead, found NGC 7469 as the
most significant, with 2.4ε after the trial correction. The likelihood fit for this source returned a very hard spectral
index of ω̂ = 1.9 and a mean number of signal events of n̂s = 5.5. As shown in Figure 11, the likelihood scan in the
vicinity of the source reveals that the best-fit position is well compatible with the cataloged coordinates. At the same
time, the energy spectrum of this source, as opposed to NGC 1068, spans energies of the order of 10 to 100 TeV (see
Figure 5). In fact, in this case, the neutrino excess is driven by only two very high-energy (Eω > 100 TeV) neutrino
alert events (see also Sommani et al. 2025).

The emergence of a source with a markedly di!erent spectrum than the well-known soft-spectrum source NGC 1068
demonstrates the flexibility of the likelihood method. The custom core-corona model, which was also tested in this
context, peaks at ↭ 10 TeV with a sharp cuto! at higher energies (Abbasi et al. 2025a). By construction, it penalizes
any high-energy emission from the target source, as the right panel of Figure 12 shows. Figure 13 shows how the
test statistic depends on the events with the highest signal-over-background (S/B) ratio. For NGC 1068, removing
the most significant events one by one leads to a gradual reduction in the test statistic, which eventually reaches
zero. In contrast, for NGC 7469, the test statistic drops to zero immediately after removing the two most significant
events. This highlights the ability of the analysis to recover signals in both scenarios: a steady accumulation of many
low-energy events from a soft-spectrum source like NGC1068, and a few high-energy events from a hard-spectrum
source like NGC 7469. The starkly di!erent behavior of these two sources also suggests that not all X-ray bright AGN
share the same cosmic-ray acceleration and/or neutrino production mechanisms.

C.3.2. Candidate source lists

Unlike the all-sky searches and the binomial tests, the catalog search on the list of 110 gamma-ray emitters was
performed only under the assumption of a floating spectral index. The global significance is computed analytically,
using the well-known Šidák correction (Šidák 1967): ppost = 1 → (1 → plocal)N , where N , in this case, is 110, i.e.,
the number of tested sources. No correlation between tests is included in the global significance calculation, since all
sources are su”ciently spatially separated to be treated as independent.
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Hidden Cores of AGN & MeV Emission
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∞-ray flux (this work)

∫µ + ∫̄µ best-fit (IceCube 2024)

Fermi LAT (Ajello et al. 2023)

‣ MeV measurement is necessary to obtain the complete picture of 
multimessenger emission from the likely sources of HE neutrinos.

Carpio, AK, Murase, in prep.
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 Emission from Seyfert Galaxies: summaryν
‣ Accumulating signal from gamma-

ray obscured AGN has been seen 
in different searches. 

‣  Not all nearby sources share 
similar properties of NGC 1068 
‣ A subset of sources identified in 

each search 
‣ The nature of neutrino emission 

is yet to be determined. 
‣ Episodic emissions cannot be 

ruled out.

‣‣  NGC 1068 is also identified in time-
dependent searches with > 1yr time 
window for emission. 

‣‣Two alerts associated with NGC 7469, 
disfavoring background by 3.3 .σ

Evidence for Neutrino Emission from X-ray Bright Active Galactic Nuclei with IceCube 11
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1
Figure 5. Best-fit neutrino all-flavor fluxes with their 1ω uncertainty and constrained in the 95% C.L. energy range of the top
4 sources in the list of X-ray bright AGN. The yellow band represents the most recent measurement of the di!use astrophysical
neutrino flux. The energy range is constrained at the 90% C.L., while the flux normalization is shown with a 68% C.L. (Abbasi
et al. 2025).

of neutrino emission. In Figure 5, we show the best-fit spectra for the four most significant X-ray bright AGN.
Interestingly, the energy ranges of the contributing events vary across sources: NGC7469’s excess is dominated by
two > 100TeV events, while NGC 1068’s spectrum has shifted to lower energies, now constrained between 0.2 and
20.6 TeV at 95% C.L. (see Appendix C for more details on the energy range calculation), though still consistent with
previous measurements.

The reduced significance of the NGC1068 signal – despite the increased statistics – could result from statistical
fluctuations, spectral variability, or limitations of the assumed power-law model. An alternative explanation may
be time variability (Dave & Taboada 2023), which was not tested in this work due to the focus on steady emission
scenarios. Future time-dependent studies will be essential to explore this possibility. Improved spectral constraints,
particularly below 100GeV, will also be crucial for future observations.

Taken together, our findings suggest that X-ray bright AGN are promising contributors to the observed di!use
extragalactic neutrino flux. This builds on a growing body of independent results: a 2.7ω binomial excess from
NGC 4151 and CGCG 420-015 (Abbasi et al. 2025a), a 2.9ω excess from NGC 4151 in a hard X-ray AGN study (Abbasi
et al. 2025b), and a 3.0ω signal from a stacking analysis of 14 Seyfert galaxies in the southern sky (Yu et al. 2025).
While current significance levels remain marginal, the emerging picture points to a new class of potential neutrino
sources: X-ray bright AGN. These results yield growing support for theoretical models of neutrino production in the
coronal regions surrounding SMBHs. At the same time, the very high-energy events associated with NGC 7469 cannot
be accommodated by the custom core-corona model (Kheirandish et al. 2021) tested in Abbasi et al. (2025a) and in
this work (see Appendix C). This suggests that X-ray bright AGN may not all share the same cosmic-ray acceleration
or neutrino production conditions, and that further measurements will be essential. Future data from IceCube and
next-generation detectors (Adrián-Mart́ınez et al. 2016; Aartsen et al. 2021; Agostini et al. 2020), combined with
multi-wavelength observations, will be critical to confirm this connection and further unravel the components of the
di!use astrophysical neutrino flux.
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Figure 1: Angular reconstructions reported in the GCN Notices (left) and in the GCN Circulars (right) for the
neutrino alerts IC220424A and IC230416A. The figures show the 90% uncertainties, the best-fit directions, and
the position of NGC 7469.

Gaussian and makes use of its standard deviation ω. To extrapolate this ω, we take the 50% containment
error and re-scale it to the corresponding ω of a bivariate Gaussian.

3.3 IC220424A & IC230416A
Two neutrino alerts, detected on April 24, 2022, and almost a year later on April 16, 2023, were found
coincident with the position of the Seyfert galaxy NGC 7469. The two neutrino events are known as
IC220424A and IC230416A, respectively. For both events the GCN Notices3 and GCN Circulars (IceCube
Collaboration, 2022; IceCube Collaboration, 2023) are available. The uncertainty contours released in
the GCN Notices and GCN Circular are shown in Fig. 1. IC220424A and IC230416A have a most-likely
neutrino energy of 184 TeV and 127 TeV, and a signalness of 50% and 34%, respectively.

4 Statistical test
The fact that the reconstructed direction of two neutrinos is consistent with the source NGC 7469 does
not prove that this is their source. This coincidence could be there by chance and the origin of the
neutrinos could be unrelated to NGC 7469. The goal of this work is to estimate how likely one would
find a coincidence with a similar or larger significance by chance. To estimate the chance probability, we
generate mock datasets with randomized neutrino alert directions. We count then the cases where we
find a neutrino doublet coincident with an interesting source with a higher or equal significance. The
frequency of this corresponds to the chance probability.

Two terms need to be defined before performing this calculation: how do we define an interesting
source (Sec. 4.2) and how do we define the significance of the coincidence (Sec. 4.3).

4.1 Neutrino background datasets
To generate datasets of IceCube realtime alerts with random directions, we take the observed list of
realtime alerts and scramble their right ascension. We do not change the declination because IceCube’s
e!ective area depends on it (Abbasi et al., 2023).

4.2 Source catalogs
We define a source as an interesting source, if it belongs to an inclusive list of potential neutrino emitters.
The detection of neutrinos from NGC 1068 (Abbasi et al., 2022) identifies Seyfert galaxies as likely neu-
trino sources. It is currently unknown if all Seyfert galaxies or only a subset can host neutrino production,
if the same mechanism takes place in other types of AGN and which electromagnetic properties trace the

3GCN Notice for IC220424A: https://gcn.gsfc.nasa.gov/notices_amon_g_b/136565_2186969.amon
GCN Notice for IC230416A: https://gcn.gsfc.nasa.gov/notices_amon_g_b/137840_57034692.amon

Sommani+ 2025

IceCube 2025
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Horizon for  correlationν − γ
‣ TXS 0506+056 remains the only source identified in a flaring ray state. 

‣ The archival flaring episode is not correlated with enhance ray activity.  

‣ Additional coincidences with point to ray suppressed state in similar blazars.  

‣ Possible correlation is highly depend on the absorption in the source and 
propagation in the EBL.

γ−
γ−

γ−

10

FIG. 8. Required per-flavor neutrino flux at Earth, E2!ωω , as a function of source’s luminosity distance Ds (bottom axis)
and redshift (top axis), for producing a ω-ray counterpart detectable by current ω-ray observatories in the transient scenario.
The black dotted line shows IceCube’s point-source sensitivity in the corresponding energy bin. The left panel corresponds
to the 1–10TeV energy bin, and the right panel to that of the 10–100TeV bin. Colored curves show the threshold neutrino
flux required for the resulting cascade ω-ray flux to reach the point-source sensitivity of Fermi-LAT (red), HAWC (blue), and
LHAASO (yellow) for 1 year of observation. Two IGMF strengths are considered: BIGMF = 10→16 G (solid) and 10→19 G
(dashed). Regions above a ω-ray detector curve correspond to sources whose associated cascade ω-ray emission could be
detected, assuming ω-ray transparency at the source and hadronic co-production. Regions above both ω-ray detector curve and
IceCube sensitivity indicates the multimessenger horizon.

Bvoid = 10→16 G, the required neutrino flux even gradu-
ally decreases with redshift. This is because ω-rays with
energies of a few TeV can partially survive over short
propagation distances without being fully attenuated by
the EBL. Thus, the cascade accumulation dominates over
redshift losses. Under the scenario of Bvoid = 10→16 G,
the time filter removes lower-energy photons. There-
fore, as the source redshift increases, the cascade peak
shifts toward lower energies, which is closer to Fermi -
LAT’s optimal sensitivity band. So, this fact improves
detectability despite distance. Fermi -LAT’s sensitiv-
ity curves behave di!erently at higher redshifts for 10–
100TeV bin. At low redshifts, a consistent buildup of
the low-energy tail of the cascade spectrum with increas-
ing redshift cancels the attenuation e!ect inside the fil-
ament. At higher redshifts where the cascades are fully
developed, the earlier accumulation e!ect is overtaken by
the redshift-dependent attenuation inside the filament,
causing a downturn in the cascade spectrum as shown in
Figure 7. Moreover, as expected, the Fermi -LAT sensi-
tivity curve is highly sensitive to the strength of Bvoid.
Compared to the case with Bvoid = 10→19 G, a stronger
field of 10→16 G results in longer time delays, causing
more photons below tens of GeV to be filtered out. This
significantly reduces the detectability of the cascade by
Fermi -LAT.

Figure 9 is the steady emission scenario for both en-
ergy bins. The behavior of these curves is very similar
to the transients scenario. For steady emission, as we

do not care about the time delay, there is no significant
di!erence between Bvoid = 10→16 G and 10→19 G.

Figure 10 illustrates the case where the neutrino spec-
trum is assumed to follow a single power-law with an
index of E→2 from 1 TeV to 1 PeV, which aligns with
IceCube’s standard search strategy and is representative
of many astrophysical models. The left panel is the tran-
sients scenario, while the right is the steady emission.
Notably, Most of ω-ray from 100 TeV to 1 PeV is lost in
filament. So the overall behavior of the curves is quali-
tatively consistent with the results in the binned cases
The thresholds for HAWC and LHAASO rise sharply
with distance because the high-energy cascade photons
are increasingly absorbed in the filament and the result-
ing cascade spectrum shifts to lower energies, eventu-
ally below the detectors’ e!ective low-energy limit. In
contrast, the Fermi -LAT thresholds evolve more gradu-
ally with redshift. Because of the attenuation inside the
filament, the cascade will be dominated by those from
the 1-10 TeV bin. The accumulating cascade and shift-
ing of the cascade peak keep the required neutrino flux
nearly constant. For transients scenario, the detectabil-
ity by Fermi -LAT is strongly dependent on the magnetic
field: for Bvoid = 10→16 G, the time delays filter out
lower-energy photons, reducing the observable cascade
flux for transient emission compared to the 10→19 G case.
The figure also includes the reported neutrino fluxes of
TXS 0506+056 during the 2014/15 and 2017 flaring pe-
riods, as well as its 9.5-year averaged analysis.

Ding, Carpio, AK, in prep.
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with individual source searches, because the
neutrino fluxes add together, whereas random
background adds incoherently (36). The ob-
jects in each catalog were selected according
to the observed gamma-ray emission above
100 GeV and the detector sensitivity, following
previously described methods (20). We chose
the 12 sources from each category with the
strongest expected neutrino flux andweighted

them under the hypothesis that each contrib-
utes equally to the flux (supplementary text).
The total number of signal events and the
spectral index are left as free parameters for
each catalog search. The resulting P value for
each catalog search is shown in Table 1. Each
result rejects the background-only hypothesis
at the 3s level or above. However, we do not
interpret these neutrino event excesses as a

detection because the objects in these Galactic
source catalogs overlap spatially with regions
that predict the largest neutrino fluxes in the
Galactic plane diffuse emission searches.

Implications of Galactic neutrinos

The neutrino flux we observed from the Galac-
tic plane could arise from several different
emission mechanisms. The predicted energy
spectra integrated over the entire sky is shown
in Fig. 5 for each of the Galactic plane models
and their best-fitting flux normalization. Model-
to-model flux comparisons depend on the
regions of the sky considered. The KRAg best-
fitting flux normalizations are lower than pre-
dicted, which could indicate a spectral cutoff
that is inconsistent with the 5 and 50 PeV
values assumed. The simpler extrapolation of
the p0 model from giga–electron volt energies
to 100 TeV predicts a neutrino flux that is a
factor of ~5 below our best-fitting flux. How-
ever, the best-fitting flux for the p0 model ap-
pear to be consistent with recent observations
of 100-TeV gamma rays by the Tibet Air Shower
Array (fig. S8) (37). The p0 model mismatch
could arise from propagation or spectral differ-
ences for cosmic rays in the Galactic Center
region, or from contributions from unresolved
neutrino sources.
We used model injection tests to quantify

the ambiguity between different source hy-
potheses. In these tests, the best-fitting neu-
trino signal from one source search was
simulated, then the expected results in all
other analyses were examined. Injecting a
signal from the p0 model analysis, with a flux
normalization equal to the best-fitting value
from the observations, produces a median sig-
nificance that is consistent with the best-fitting
values for all other tested hypotheses (within
the expected statistical fluctuations). This in-
cludes the 3s excess observed inGalactic source
catalog searches. Individually injecting the
best-fitting flux of any one of the tested Ga-
lactic source catalogs, at the flux level observed,
did not recover the observed p0 or KRAg model
results. However, the angular resolution of the
sample and the small number of equally
weighted sources included in these catalogs
does not constrain emissions from these broad
source populations. It is plausible that many
independently contributing sources from the
Galactic plane could show a similar result to
diffuse emission from interactions in the inter-
stellar medium. These tests favor a neutrino
signal from Galactic plane diffuse emission,
but we do not have sufficient statistical power
to differentiate between the tested emission
models or identify embedded point sources.
The neutrinos observed from the Galactic

plane contribute to the all-sky astrophysical
diffuse flux previously observed by IceCube
(Fig. 5) (21, 22, 38). The fluxes we infer for each
of the Galactic template models contribute
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Fig. 5. Energy spectra for
each of the Galactic plane
models. Energy-scaled, sky-
integrated, per-flavor neutrino
flux is shown as a function of
neutrino energy (Ev) for each of
the Galactic plane models.
Dotted lines are the predicted
values for the p0 (dark blue),

KRA5g (orange), and KRA
50
g (light

blue) models. Solid lines are our
best-fitting flux normalizations
from the IceCube data. Shaded
regions indicate the 1s uncer-
tainties; they extend over the
energy range that contributes
to 90% of the significance.
These results are based on the
all-sky (4p sr) template and are
presented as an all-sky flux. For
comparison, the gray hatching
shows the IceCube total neu-
trino flux (22), scaled to an all-sky flux by multiplying by 4p, with its 1s uncertainty.
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Table 1. Summarized results of the neutrino emission searches. The flux sensitivity and best-fitting
flux normalization (F) are given in units of model flux (MF) for the KRAg templates and for the p

0 analyses
as E2 dN

dE at 100 TeV, in units of 10–12 TeV cm–2 s–1 (where dN
dE is the differential number of neutrinos per

flavor, N, and neutrino energy, E). P values and significances are calculated with respect to the
background-only hypothesis. Pretrial P values for each individual result are listed for the three diffuse
Galactic plane analyses and three stacking analyses, and posttrial P values are given for the other analyses
(supplementary text). Because of the spatial overlap of the stacking catalogs with the diffuse Galactic
plane templates, strong correlations between these searches are expected. More detailed results for each
search are provided in tables S1 to S5.

Flux sensitivity F P value Best-fitting flux F

Diffuse Galactic plane analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

p0 5.98 1.26 × 10–6 (4.71s) 21:8þ5:3
"4:9.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA5g 0.16 × MF 6.13 × 10–6 (4.37s) 0:55þ0:18
"0:15 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA50g 0.11 × MF 3.72 × 10–5 (3.96s) 0:37þ0:13
"0:11 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Catalog stacking analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

SNR 5.90 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

PWN 5.93 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

UNID 3.39 × 10"4 (3.40s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Other analyses
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Fermi bubbles 0.06 (1.52s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Source list 0.22 (0.77s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (north) 0.28 (0.58s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (south) 0.46 (0.10s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

*Significance values that are consistent with the diffuse Galactic plane template search results.
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Figure S9: Neutrino emission models used as templates in the Galactic plane search. The
spatial templates for the ⇡0 (A-C) and KRA

5
� (D-F) models of diffuse Galactic neutrino emis-

sion are shown. Each panel shows the Galactic plane in a band of ±30
� in latitude (b) and

±180
� longitude (l) in Galactic coordinates. The models are first convolved with the IceCube

detector acceptance (A, D) and then smeared with a Gaussian corresponding to the event uncer-
tainty. Two example analysis templates are shown for a smearing of 7

� (B, E) and 15
� (C, F).

The spatial distribution of the KRA
50
� model is similar to the KRA

5
� one shown here and it is

available in the IceCube data archive.
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 [IceCube Science 380 (2023)]  [templates: Fermi'12; Gaggero, Grasso, Marinelli, Urbano & Valli '15]
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Galactic Neutrino Flux
Cascades boost IceCube sensitivity to extended emission in the Southern sky. 

10 years of data identified Galactic component at 4.5σ 

‣ New analysis with additional years find > 5σ emission 

‣ rejecting no Galactic component hypothesis but cannot distinguish models 

‣ The nature of Galactic neutrinos (source vs diffuse) remains an open question 

[IceCube, Science 2023]

Spatial TS Distribution
● The spatial TS distribution under 

the model template hypothesis 
shows most signal comes from 
the galactic center

● For Northern Tracks (the bigger of 
the two track samples) the 
galactic center is not in the field 
of view leading to a different 
distribution

● The fit is expected to match the 
models in the galactic center 
region

11
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VHE emission from X-ray Binaries

‣ Hadrons play a major role in the 𝛾-

ray emission from these sources.  

‣ The level of flux not high enough to 
be identified in current 
experiments. 

‣ X-ray measurements are crucial for 
understanding the emission and 
time-dependent searches. 

‣ Strongest excess so far in time-
dependent search for binaries was 
correlated with with V404 Cyg X-ray 
outburst.  

‣ Cygnus X-3 stands out in time-
integrated search.

[Carpio, AK, Zhang, 2025]

IceCube 2022

‣ Newly identified VHE emission from binaries have prompt them as a 
prominent target.
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Neutrinos from Core Collapse Supernovae

Next Galactic SN: Multi-Messenger & Multi-Energy n Source

- Not only MeV ns but also GeV ns could be detected by Hyper-K & IceCube
- TeV-PeV ns will be detected by IceCube-like detectors w. large statistics
ex. Betelgeuse: ~103-3x106 events, Eta Carinae: ~105-3x106 events
→ real-time observation of cosmic-ray ion acceleration

testing the cosmic-ray origin & applications to neutrino physics
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• Observation of extragalactic SNe showed rapid significant mass loss in 
SN progenitor which leads to shock interaction with dense circumstellar 
material (CSM). 

‣Shock interaction with CSM results in production of HE neutrinos! 
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• Observation of extragalactic SNe showed rapid significant mass loss in 
SN progenitor which leads to shock interaction with dense circumstellar 
material (CSM). 

‣Shock interaction with CSM results in production of HE neutrinos! 

A high-statistics 
(~104-106) TeV neutrino 
signal is expected for an 
ordinary Galactic SN. 
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HE Neutrino Emission from CCSNe

‣ Occurrence of SNe inside Milky Way would overwhelm neutrino telescopes 
with > 107 neutrinos within a year. 

‣ The horizon for observation of neutrinos from SNe extends beyond our 
Galaxy.

8 Kheirandish and Murase
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Figure A1. Time integrated high-energy neutrino fluxes for neutrino emission from SNe II with CCSM at 10 kpc, for D→ = 1
(red), 0.1 (blue), and 0.01 (black). The latter is the D→ value that was used in Murase (2018). We show the neutrino fluences
for spectral indices, scr = 2.0 (solid) and scr = 2.2 (dashed).
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Figure A2. Left: expected neutrino signal events from SNe II with CCSM in IceCube, assuming that the source resides in the
Northern sky. Here, we showcase the expected number of neutrino events between 100 GeV and 10 PeV for 3 di!erent values
of D→ and scr = 2.0. Right: expected neutrino signal event from SN IIn in IceCube, assuming that the source resides in the
Northern sky.

For ordinary SNe II, we estimate high-energy neutrino fluences, taking into account uncertainties in the mass-loss
rate based on recent optical and infrared observations. Murase (2018) assumed D→ = 0.01 and Rw = 4 → 1014 cm,
motivated by early spectroscopic observations of SNe like SN 2013fs (Yaron et al. 2017; Bullivant et al. 2018; Chugai
2020). On the other hand, more recent studies (Boian & Groh 2020; Terreran et al. 2022; Chugai & Utrobin 2022;
Woosley & Heger 2015) allow larger values of the mass loss rate, so we consider uncertainties of D→ from 0.01 to 1.0.
For the latter, we take Rw = 1015 cm to consider the optimistic case. Time-integrated high-energy neutrino fluxes for
SNe II with CCSM are shown in Fig. A1. The assumed integrated time for each scenario is set by the optimal time (see
Murase 2018, for details), which is tmax = 105.8 s for D→ = 0.01, 106 s for D→ = 0.1, and finally 106.6 s for D→ = 1.
The neutrino fluence is directly correlated to D→. Given that the system is calorimetric, the estimated neutrino fluence
may be increased by ↑ 2 orders of magnitude compared to the conservative estimate based on SN 2013fs. For SNe
IIn, we adapt the same parameter set as in Murase (2018), which corresponds to D→ = 1 and Rw = 1016 cm (see also
Murase et al. 2011, 2019, for other examples including SN 2010jl and SN 2014C).

AK & Murase ApJL 2023
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HE Neutrinos from SN II with CCSM	
in Local Galaxies
‣ HE neutrinos from close by 

sources (e.g., LMC & SMC) 
can be identified in current 
detectors. 

‣ Next generation of neutrino 
telescopes will push the 
horizon for identification of 
HE neutrinos from CCSM 
SNe to more than 2 Mpc. 

‣ Combined with MW 
observation, they offer a 
unique opportunity to 
understand CR acceleration.

AK & Murase ApJL 2023
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Outlook
After a decade of observation, signs of 
anisotropy have emerged in IceCube data. 

‣ Early indications points to AGN as primary 
source of high-energy cosmic neutrinos. 

‣ Features in the measured cosmic neutrino 
flux point to different population of 
sources  

‣ Triggered searches will boost neutrino 
telescopes ability to identify sources 

‣ New opportunities emerge with UHE 
neutrino candidates, midscale telescope 
probing PeV emission, and neutrino 
emission prediction in the GeV range
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IceCube-Gen2
Near 10 times larger, reaching to energies of EeV

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 instrumented core installed in the IceCube Upgrade
(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.

events with up to 10 PeV in energy, corresponding to the highest energy leptons ever
observed and opening new scientific avenues not just for astronomy but also for probing
physics beyond the Standard Model of particle physics (see, e.g., [9]). 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 supernova, 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 ori-
gin. Given the limited statistics that IceCube collects at the highest energies, the identifica-
tion of steady sources requires a very long integration time and the vast majority of flaring
sources escape detection altogether. While the initial association of a cosmic neutrino with
a blazar has been an essential first step, the sources of the bulk of the cosmic neutrino flux
observed by IceCube remain to be resolved (see Section 2.1 for a more detailed discus-
sion of the origin of IceCube’s 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 been analyzed, the
need for new, larger instruments with improved sensitivity is becoming increasingly clear.

With IceCube-Gen2 we propose a detector of sufficient 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-Gen2 in terms of sky coverage
[10, 11], and will achieve astrophysical neutrino detection rates comparable to the present

2



22

IceCube-Gen2
Near 10 times larger, reaching to energies of EeV

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 instrumented core installed in the IceCube Upgrade
(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.

events with up to 10 PeV in energy, corresponding to the highest energy leptons ever
observed and opening new scientific avenues not just for astronomy but also for probing
physics beyond the Standard Model of particle physics (see, e.g., [9]). 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 supernova, 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 ori-
gin. Given the limited statistics that IceCube collects at the highest energies, the identifica-
tion of steady sources requires a very long integration time and the vast majority of flaring
sources escape detection altogether. While the initial association of a cosmic neutrino with
a blazar has been an essential first step, the sources of the bulk of the cosmic neutrino flux
observed by IceCube remain to be resolved (see Section 2.1 for a more detailed discus-
sion of the origin of IceCube’s 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 been analyzed, the
need for new, larger instruments with improved sensitivity is becoming increasingly clear.

With IceCube-Gen2 we propose a detector of sufficient 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-Gen2 in terms of sky coverage
[10, 11], and will achieve astrophysical neutrino detection rates comparable to the present

2

The IceCube-Gen2 Neutrino Observatory
A Window to the High Energy Universe

Brian Clark for the IceCube-Gen2 Collaboration

The Gen2 Instrument

Resolving the TeV-EeV Neutrino Sky
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Sources and Propagation of Cosmic Rays
IceCube-Gen2 will be a wide-band neutrino observatory with
sensitivity from GeV to beyond EeV energies. The array will augment
the existing IceCube detector and planned Upgrade with an enlarged
in-ice optical array, a radio array, and surface cosmic ray detector.

Gen2 will constrain flavor 
composition scenarios at 
neutrino sources, and 
their energy 
dependence. Shown is 
an example of Gen2 
sensitivity to the muon 
fraction and flavor ratio 
of a source with muon 
cooling above 2 PeV.

The optical and radio arrays span 6 orders of magnitude in energy,
probing the extension, or cutoff, of the astrophysical neutrino
spectrum. Shown in blue is the median flux as would be measured
assuming an unbroken E-2.5 astrophysical flux and a cosmogenic flux
with a mixed composition of cosmic ray primaries (Ahlers et. al.).

Gen2 will probe fundamental physics on cosmic baselines and across
a broad energy range. Shown as shaded boxes are the regions in
distance-energy space where Gen2 will probe for new physics.

A radio array will test 
models for astrophysical 
and cosmogenic neutrino 
production and constrain 
the nature of CR 
accelerators. Shown is 
the differential sensitivity 
of the Gen2 radio 
detector in the context of 
present and future 
experiments and two 
models for high-energy 
neutrino production.

Gen2 enables the identification of sources five times fainter than is
possible with IceCube, accelerating the rate of discovery of sources
and probing the neutrino sky with unprecedented sensitivity. Shown is
a mock Test Statistic map of the neutrino sky as might observed with
Gen2, and the quasi-differential sensitivity to a steady source for two
select declinations with an E-2 spectrum.

Fundamental Physics on Cosmic Baselines
Technology Development

Gen2 will leverage technology 
developments from the 
Upgrade, with the goal of 
having 3x the photocathode 
area per DOM compared to 
IceCube. Shown are two 
pixelated DOMs under 
development for the Upgrade: 
the mDOM and D-Egg.

IceCube-Gen2
Preliminary

IceCube-Gen2
Preliminary

IceCube-Gen2 
Preliminary

IceCube-Gen2 
Preliminary

Gen2 will have sensitivity to neutrinos produced in Galactic sources, 
constraining CR acceleration processes. Shown are TeV HAWC 
sources near the galactic plane, color coded to indicate possible 
detections (if !-ray emission arises solely from hadronic processes) 
and where Gen2 can constrain the level of hadronic emission.

IceCube-Gen2
Preliminary

We are grateful to 
the NSF for support 
through award 
1903885.

IceCube: 1 km3, 86 strings, most with 125 m lateral spacing
60 DOMs/string with 17 m spacing, completed 2011

Upgrade: 7 strings, "(100) DOMs/string with 3 m spacing
In production, to be deployed Dec 2022

Gen2-Optical: 8 km3, 120 strings with 240 m lateral spacing
80 DOMs/string with 17 m spacing

Gen2-Radio: 500 km2, with "(200) stations
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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 instrumented core installed in the IceCube Upgrade
(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.
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IceCube: 1 km3, 86 strings, most with 125 m lateral spacing
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In production, to be deployed Dec 2022
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Figure 8: Visualization of source detection capabilities expected for IceCube-Gen2. Source positions and
intensities have been selected randomly on the sky from an intensity distribution, expected from sources
with a constant density in the local universe, and consistent with current IceCube neutrino flux 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 dotted lines) has been magnified. The position of the galactic plane is shown
as a dashed curve. Below the map, differential sensitivities for the detection of point sources (5� discovery
potential, and sensitivity at 90% CL) are shown for two selected declinations, at the celestial horizon and at
� = 30`. 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 flux dN/dE ö E�2 in that decade only. Neutrino fluxes are shown as the per flavor sum of neutrino
and anti-neutrino flux, assuming an equal flux in all flavors. The curves refer of the optical array only.

servations of steady neutrino sources due to the unknown backgrounds at these energies,337

from, e.g., diffuse astrophysical and cosmogenic neutrinos.338

IceCube-Gen2 reaches its peak sensitivity in the region around the celestial equator. Due339

to the huge atmospheric backgrounds and the increased absorption in the Earth at high340

neutrino energies, the sensitivity below 100 TeV is largest for events from the north-341

ern hemisphere, while above a few PeV, mostly the southern sky is observed. Between342

100 TeV and 1 PeV the sensitivity to a neutrino energy flux averaged over the Northern343

hemisphere is 1.3✓ 10�12 ergs cm�2 s�1 , a similar energy flux sensitivity to that of current344

generation HE and VHE �-ray telescopes have in the GeV to TeV range.345

As �-rays and neutrinos are produced by cosmic rays in the same interaction processes346

their energy fluxes are expected to be similar at production, however due to absorption347

of �-rays in the sources and the intergalactic medium the photons are reprocessed to the348

GeV and TeV bands (or absorbed, in which case the neutrino energy flux could be even349
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Hidden Cores of AGN & MeV Emission

Murase+, ApJL 2023, Ajello+ 2023

‣ MeV measurement is necessary to obtain the complete picture of 
multimessenger emission from the likely sources of HE neutrinos.

Multimessenger Connection in NGC 4151, NGC 4945 and Circinus Galaxy 5

Figure 2. Multimessenger SEDs of NGC 4151, NGC 4945 and Circinus galaxy in the magnetically powered corona model.
Black points and ULs are Fermi LAT data in gamma rays (this work). The error bars on the LAT data points are 1�, and
the ULs are plotted for bins with TS<4, and they are shown at the 95% C.L. The sky-blue shaded region represents IceCube
data in neutrinos (Glauch et al. 2023; Liu et al. 2023). Sensitivities for e-ASTROGAM (De Angelis et al. 2017) and GRAMS
(Aramaki et al. 2020) with an e↵ective exposure time of 1 yr are overlaid, together with the AMEGO-X sensitivity for the
3 yr mission (Caputo et al. 2022). For model A, we use parameters to explain NGC 1068 as in Murase et al. (2020), where
the emission radius is set to R = 30RS with ⌘tur = 70. For model B, we assume R = 10RS and the CR pressure is set to
PCR/Pvir = 8%, where ⌘tur = 100 for NGC 4151 and ⌘tur = 10 for NGC 4945 and Circinus are used.

Figure 3. Same as Figure 2 but in the accretion shock model. The maximum injection luminosities of CRs for R = 30RS are
LCR = 3⇥ 1042 erg s�1 (NGC 4151), LCR = 6⇥ 1042 erg s�1 (NGC 4945), and LCR = 1043 erg s�1 (Circinus). For R = 10RS ,
they are LCR = 1043 erg s�1, LCR = 2⇥ 1043 erg s�1, and LCR = 3⇥ 1043 erg s�1, respectively.

ence of two nearby BL Lacs, 4FGL J1211.6+3901 and
4FGL 1210.3+3928. In order to determine the most
likely origin of the corresponding gamma-ray emission,
we relocalize the point source closest to NGC 4151. This
is done following a similar procedure as the ROI opti-
mization described above. We use the same data se-
lection, with the exception that we use a pixel size
of 0.04�. In the first step of the optimization, we
only include point sources from the 4FGL-DR3; i.e.,
we do not include a point source at the location of
NGC 4151. Then, before finding new sources, we re-
move 4FGL 1210.3+3928 from the model, thus allowing
the fitting algorithm to find the best-fit location of the
associated source. The resulting localization is shown
in Figure 1. The pink contour shows the 95% localiza-
tion uncertainty, based on the peak in the TS map. Red
contours show the 95% localization uncertainty from the
4FGL-DR3, and the blue circles show the BL Lacs which
are associated with the 4FGL sources. As can be clearly
seen, the gamma-ray source near NGC 4151 is most
likely associated with 4FGL 1210.3+3928 (and hence
the BL Lac), consistent with the 4FGL catalog. We also
verified that the results remain consistent when using

energies E� > 1 GeV. Additionally, we checked with the
preliminary version of the 4FGL-DR4, also finding con-
sistent results. We therefore keep 4FGL 1210.3+3928 in
the model when calculating the SED for NGC 4151.
After optimizing the ROIs, SEDs are calculated for

each source using the Fermipy SED analysis. This
method computes an SED by performing independent
fits for the flux normalization in each energy bin. For
the calculation, we combine the original energy bins into
larger bins, using two bins per decade between 100 MeV
and 100 GeV, as well as a single bin between 20 and
100 MeV and a single bin between 100 and 1000 GeV.
The normalization in each bin is fit using a power-law
spectral model with a fixed index of 2.0. The parameters
of the background components are held fixed at their
best-fit values from the baseline fit. Further details of
the SED analyses for the three Seyfert galaxies are pro-
vided in Appendix A. The resulting SEDs of NGC 4151,
NGC 4945, and Circinus are shown in Figures 2 and 3.

4. IMPLICATIONS AND DISCUSSIONS

GeV gamma rays mainly interact with X rays from
the corona. The two-photon annihilation optical depth
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4FGL 1210.3+3928. In order to determine the most
likely origin of the corresponding gamma-ray emission,
we relocalize the point source closest to NGC 4151. This
is done following a similar procedure as the ROI opti-
mization described above. We use the same data se-
lection, with the exception that we use a pixel size
of 0.04�. In the first step of the optimization, we
only include point sources from the 4FGL-DR3; i.e.,
we do not include a point source at the location of
NGC 4151. Then, before finding new sources, we re-
move 4FGL 1210.3+3928 from the model, thus allowing
the fitting algorithm to find the best-fit location of the
associated source. The resulting localization is shown
in Figure 1. The pink contour shows the 95% localiza-
tion uncertainty, based on the peak in the TS map. Red
contours show the 95% localization uncertainty from the
4FGL-DR3, and the blue circles show the BL Lacs which
are associated with the 4FGL sources. As can be clearly
seen, the gamma-ray source near NGC 4151 is most
likely associated with 4FGL 1210.3+3928 (and hence
the BL Lac), consistent with the 4FGL catalog. We also
verified that the results remain consistent when using

energies E� > 1 GeV. Additionally, we checked with the
preliminary version of the 4FGL-DR4, also finding con-
sistent results. We therefore keep 4FGL 1210.3+3928 in
the model when calculating the SED for NGC 4151.
After optimizing the ROIs, SEDs are calculated for

each source using the Fermipy SED analysis. This
method computes an SED by performing independent
fits for the flux normalization in each energy bin. For
the calculation, we combine the original energy bins into
larger bins, using two bins per decade between 100 MeV
and 100 GeV, as well as a single bin between 20 and
100 MeV and a single bin between 100 and 1000 GeV.
The normalization in each bin is fit using a power-law
spectral model with a fixed index of 2.0. The parameters
of the background components are held fixed at their
best-fit values from the baseline fit. Further details of
the SED analyses for the three Seyfert galaxies are pro-
vided in Appendix A. The resulting SEDs of NGC 4151,
NGC 4945, and Circinus are shown in Figures 2 and 3.

4. IMPLICATIONS AND DISCUSSIONS

GeV gamma rays mainly interact with X rays from
the corona. The two-photon annihilation optical depth

3

E [GeV] Flux [ergs cm�2 s�1] TS

0.02� 0.05 < 3.20⇥ 10�12 0.00

0.05� 0.10 2.13± 0.60⇥ 10�12 10.23

0.10� 0.32 1.56± 0.26⇥ 10�12 52.76

0.32� 1.00 1.49± 0.15⇥ 10�12 183.48

1.00� 3.16 8.70+1.06
�1.12 ⇥ 10�13 159.82

3.16� 10.00 4.99+1.07
�1.21 ⇥ 10�13 56.90

10.00� 31.62 5.86+1.67
�2.03 ⇥ 10�13 51.11

31.62� 100.00 < 1.90⇥ 10�13 0.00

100.00� 1000.00 4.95+3.36
�4.81 ⇥ 10�13 7.86

Table 1. SED values for NGC 1068 between 20 MeV � 1
TeV. Upper limits are reported at the 95% confidence level
and are computed using the Bayesian method.

Figure 1. 95% positional uncertainty ellipse for NGC 1068
in the 50 MeV - 1 TeV energy range as derived in this analysis
overlaid on an image from the VLT.

promising sources of PeV neutrinos (Murase & Waxman
2016; Lamastra et al. 2016). The starburst region is
considered to be transparent to GeV-TeV gamma rays,
and the observed GeV gamma-ray emission presumably
comes from the decay of neutral pions, although the
neutrino flux that modeling predicts would be associated
with the gamma-ray emission is too low to explain the
IceCube data.
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Figure 2. Model spectra of MeV-TeV gamma-ray emission
from NGC 1068, compared to Fermi-LAT data obtained by
this work (black data points). AGN corona (Murase et al.
2020; Murase 2022) and starburst (Ajello et al. 2020, and see
also text) models are shown by red and blue shaded bands,
respectively. The all-flavor coronal neutrino spectrum, which
can account for the IceCube data (gray shaded band) (Ice-
Cube Collaboration et al. 2022), is also shown with the black
thin solid curve (Murase et al. 2020). Sensitivity curves of
AMEGO-X (Caputo et al. 2022) and e-ASTROGAM (De
Angelis et al. 2017) are also overlaid.

Assuming that the starburst region is nearly calori-
metric (see e.g., McDaniel et al. 2023), we calculate the
gamma-ray emission produced by cosmic rays via inelas-
tic pp interactions with interstellar gas, adopting the
method used in Murase (2022). The normalization of
the starburst model is set by the L� � LIR relation ob-
tained by Ajello et al. (2020), where log10 LIR = 10.973

is used for NGC 1068 (Sanders et al. 2003). In Fig-
ure 2, we show the 2� uncertainty bands for the star-
burst model. It is known that pionic gamma rays have a
spectral break around 0.1 GeV below which the gamma-
ray spectrum falls as EFE / E2. Figure 2 shows an
excess of the data over the starburst model, particularly
for energies at .500MeV.
We also note that GeV gamma-ray emission could

be produced by cosmic rays accelerated by AGN, per-
haps through disk winds (Liu et al. 2017; Ajello et al.
2021). Indeed, the source luminosity as predicted by the
L� �LIR relation slightly underestimates the true lumi-
nosity measured by Fermi-LAT (see also Yoast-Hull et
al. 2014). Inoue et al. (2022) proposed that the observed
GeV gamma-ray emission may originate from interac-
tions between the disk wind and the dusty torus. How-
ever, the sub-GeV excess exists even for these scenarios
as long as the primary gamma-ray emission is produced

3 This is the luminosity at a distance of 10Mpc.
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Neutrino Production in Disk-Corona Model
2

FIG. 1: Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by plasma turbulence generated in
the coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.

ing of several components; radio emission (see Ref. [59]),
infrared emission from a dust torus [60], optical and ul-
traviolet components from an accretion disk [61], and x
rays from a corona [33]. The latter two components are
relevant for this work.

The “blue” bump, which has been seen in many AGN,
is attributed to multitemperature blackbody emission
from a geometrically thin, optically thick disk [62]. The
averaged SEDs are provided in Ref. [63] as a function of
the Eddington ratio, λEdd = Lbol/LEdd, where Lbol and
LEdd ≈ 1.26 × 1045 erg s−1(M/107M⊙) are bolometric
and Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in
a corona, with an electron temperature of Te ∼ 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(ΓX) and the cutoff energy (εX,cut) can also be estimated
from λEdd [31, 64]. Observations have revealed the rela-
tionship between the x-ray luminosity LX and Lbol [65]
[where one typically sees LX ∼ (0.01−0.1)Lbol], by which
the disk-corona SEDs can be modeled as a function of
LX and M . In this work, we consider contributions from
AGN with the typical SMBH mass for a given LX , using
M ≈ 2.0 × 107 M⊙ (LX/1.16 × 1043 erg s−1)0.746 [66].
The resulting disk-corona SED templates in our model
are shown in Fig. 2 (see Supplemental Material for de-
tails), which enables us to quantitatively evaluate CR,
neutrino and cascade gamma-ray emission.

Next we estimate the nucleon density np and coro-
nal magnetic field strength B. Let us consider a corona
with the radius R ≡ RRS and the scale height H , where
R is the normalized coronal radius and RS = 2GM/c2

is the Schwarzschild radius. Then the nucleon den-
sity is expressed by np ≈ τT /(σTH), where τT is the
Thomson optical depth that is typically ∼ 0.1 − 1.
The standard accretion theory [67, 68] gives the coro-
nal scale height H ≈ (Cs/VK)RRS = RRS/

√
3, where
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FIG. 2: Disk-corona SEDs used in this work, for LX = 1042,
1043, 1044, 1045, and 1046 erg s−1 (from bottom to top). See
text for details.

Cs =
√

kBTp/mp = c/
√
6R is the sound velocity, and

VK =
√

GM/R = c/
√
2R is the Keplerian velocity.

For an optically thin corona, the electron temperature
is estimated by Te ≈ εX,cut/(2kB), and τT is empiri-
cally determined from ΓX and kBTe [31]. We expect
that thermal protons are at the virial temperature Tp =
GMmp/(3RRSkB) = mpc2/(6RkB), implying that the
corona may be characterized by two temperatures, i.e.,
Tp > Te [69, 70]. Finally, the magnetic field is given by
B =

√

8πnpkBTp/β with plasma beta (β).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a
given LX , parameters characterizing the corona (R, β,
α) are remaining. They are also constrained in a cer-
tain range by observations [71, 72] and numerical simu-
lations [45, 47]. For example, recent MHD simulations
show that β in the coronae can be as low as 0.1–10 (e.g.,
Refs. [41, 46]). We assume β <∼ 1− 3 and α = 0.1 for the
viscosity parameter [62], and adopt R = 30.

Stochastic proton acceleration in coronae.—Standard
AGN coronae are magnetized and turbulent, in which it
is natural that protons are stochastically accelerated via
plasma turbulence or magnetic reconnections. In this
work, we solve the known Fokker-Planck equation that
can describe the second order Fermi acceleration pro-
cess (e.g., Refs. [73–76]). Here we describe key points
in the calculations of CR spectra (see Supplemental Ma-
terial or an accompanying paper [77] for technical de-
tails). The stochastic acceleration time is given by
tacc ≈ η(c/VA)

2(H/c)(εp/eBH)2−q, where VA is the
Alfvén velocity and η is the inverse of the turbulence
strength [78, 79]. We consider q ∼ 3/2 − 5/3, which
is not inconsistent with the recent simulations [58], to-
gether with η ∼ 10. The stochastic acceleration process
is typically slower than the first order Fermi acceleration,
which competes with cooling and escape processes. We
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find that for luminous AGN the Bethe-Heitler pair pro-
duction (pγ → pe+e−) is the most important cooling pro-
cess because of copious disk photons, which determines
the proton maximum energy. For our model parameters,
the CR spectrum has a cutoff at εp ∼ 0.1−1 PeV, leading
to a cutoff at εν ∼ 5− 50 TeV in the neutrino spectrum.
Note that all the loss timescales can uniquely be evalu-
ated within our disk-corona model, and this result is only
sensitive to η and q for a given set of coronal parameters.
Although the resulting CR spectra (that are known to
be hard) are numerically obtained in this work, we stress
that spectra of pγ neutrinos are independently predicted
to be hard, because the photomeson production occurs
only for protons whose energies exceed the pion produc-
tion threshold [10, 77]. The CR pressure to explain the
neutrino data turns out to be ∼ (1−10)% of the thermal
pressure, by which the normalization of CRs is set.
For coronae considered here, the infall and dissipation

times are tfall ≃ 2.5 × 106 s α−1
−1(R/30)3/2RS,13.5 and

tdiss ≃ 1.7×105 s (R/30)3/2RS,13.5β1/2, respectively. The
Coulomb relaxation timescales for protons [e.g., tC,pe ∼
4 × 105 s (R/30)RS,13.5(τT /0.5)

−1(kBTe/0.1 MeV)3/2]
are longer than tdiss (especially for β <∼ 1), so turbu-
lent acceleration may operate for protons rather than
electrons (and acceleration by small-scale magnetic re-
connections may occur [80, 81]). This justifies our as-
sumption on CR acceleration (cf. Refs. [77, 82–84] for
RIAFs).
Connection between 10–100 TeV neutrinos and MeV

gamma rays.— Accelerated CR protons interact with
matter and radiation modeled in the previous section,
producing secondary particles. We compute neutrino
and gamma-ray spectra as a function of LX , by utiliz-
ing the code to solve kinetic equations with electromag-
netic cascades taken into account [85, 86]. Secondary
injections by the Bethe-Heitler and pγ processes are
approximately treated as ε2e(dṄ

BH
e /dεe)|εe=(me/mp)εp ≈

t−1
BHε

2
p(dNCR/dεp) [87–89], ε2e(dṄ

pγ
e /dεe)|εe=0.05εp ≈

(1/3)ε2ν(dṄ
pγ
ν /dεν)|εν=0.05εp ≈ (1/8)t−1

pγ ε
2
p(dNCR/dεp),

and ε2γ(dṄ
pγ
γ /dεγ)|εγ=0.1εp ≈ (1/2)t−1

pγ ε
2
p(dNCR/dεp).

The cascade photon spectra are broad, being determined
by the energy reprocessing via two-photon annihilation,
synchrotron radiation, and inverse Compton emission.
The EGB and ENB are numerically calculated via the

line-of-sight integral with the convolution of the x-ray
luminosity function given by Ref. [16] (see also Supple-
mental Material, which includes Refs. [90–97]). Note that
the luminosity density of AGN evolves as redshift z, with
a peak around z ∼ 1 − 2, and our prescription enables
us to simultaneously predict the x-ray background, EGB
and ENB. The results are shown in Fig. S5, and our AGN
corona model can explain the ENB at ∼ 30 TeV energies
with a steep spectrum at higher energies (due to differ-
ent proton maximum energies), possibly simultaneously
with the MeV EGB. We find that the required CR pres-
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FIG. 3: EGB and ENB spectra in our AGN corona model.
The data are taken from Swift BAT [15] (green), Nagoya
balloon [98] (blue), SMM [99] (purple), COMPTEL [100]
(gray), Fermi LAT [101] (orange), and IceCube shower events
(black) [5] (consistent with the global fit [4]). Solid thick
(thin) curves are for β = 1 and q = 5/3 (β = 3 and q = 3/2
with the reacceleration contribution), respectively.

sure (PCR) is only ∼ 1% of the thermal pressure (Pth), so
the energetics requirement is not demanding in our AGN
corona model (see Supplemental Material).
Remarkably, we find that high-energy neutrinos are

produced by both pp and pγ interactions. The disk-corona
model indicates τT ≈ npσTRRS/

√
3 ∼ 0.1 − 1, leading

to the effective pp optical depth

fpp ≈ tesc/tpp ≈ np(κppσpp)R(c/Vfall)

∼ 2 (τT /0.5)α
−1
−1(R/30)1/2, (1)

where σpp ∼ 4 × 10−26 cm2 is the pp cross section,
κpp ∼ 0.5 is the proton inelasticity, and Vfall = αVK is
the infall velocity. Coronal x rays provide target photons
for the photomeson production, whose effective optical
depth [10, 102] for τT <∼ 1 is

fpγ ≈ tesc/tpγ ≈ ηpγ σ̂pγR(c/Vfall)nX(εp/ε̃pγ−X)ΓX−1

∼ 2
ηpγLX,44(εp/ε̃pγ−X)ΓX−1

α−1(R/30)1/2RS,13.5(εX/1 keV)
, (2)

where ηpγ ≈ 2/(1 + ΓX), σ̂pγ ∼ 0.7 × 10−28 cm2

is the attenuation pγ cross section, ε̄∆ ∼ 0.3 GeV,
ε̃pγ−X = 0.5mpc2ε̄∆/εX ≃ 0.14 PeV (εX/1 keV)−1, and
nX ∼ LX/(2πR2cεX) is used. The total meson produc-
tion optical depth is given by fmes = fpγ + fpp, which al-
ways exceeds unity in our model. Note that the spectrum
of pγ neutrinos should be hard at low energies, because
only sufficiently high-energy protons can produce pions
via pγ interactions with x-ray photons.
Note that ∼ 10 − 100 TeV neutrinos originate from

∼ 0.2 − 2 PeV CRs. Unlike in previous studies ex-
plaining the IceCube data [103, 104], here in fact the

• Cores of the active galactic nuclei 
(AGN), which are optically thick for 
GeV-TeV 𝛾-rays are one of the best 

candidates as the source of the high-
energy neutrinos. 

• In Seyfert galaxies, accretion 
dynamics and magnetic dissipation 
will form a magnetized corona above 
the disk. 

• The disk-corona model for high-
energy neutrino emission from the 
core of AGNs can successfully 
accommodate the flux of cosmic 
neutrinos at medium energies in the 
10-100 TeV range.

Murase+, PRL 2020
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Northern Seyferts Results
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Extend Northern Sky Search
‣ Tested 47 bright seyfert 

galaxies in the Northern 
Hemisphere 

‣ 11 sources are found in the 
binomial p-value test at 
3.3𝜎 (excluding NGC 1068)
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HE Neutrinos from SN II with CCSM

• SN II-P is the most common 
type of core-collapse SN  

• Progenitors are Red Super 
Giants. 

• The level of the neutrino 
emission is generally lower 
than SN IIn but the higher 
rate increases the chance for 
observation. 

• Recent observations suggests 
more efficient neutrino 
production [MOROZOVA+ 
2018]. 

‣ Observation is more likely!

D* parameterizes mass loss rate and 
wind velocity and is directly 
correlated with neutrino emission.

Previous estimate

d=10 kpc

AK & Murase ApJL 2023



34

HE Neutrinos from CCSNe

The next generation of neutrino telescopes will extend the horizon 
for observation of multiple neutrinos from extragalactic SN IIn.
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The source of Galactic neutrinos?

Markus Ahlers (NBI) Galactic Neutrino Emission

Highlights from 2019

15

Template and Catalog Searches

 [IceCube Science 380 (2023)]
with individual source searches, because the
neutrino fluxes add together, whereas random
background adds incoherently (36). The ob-
jects in each catalog were selected according
to the observed gamma-ray emission above
100 GeV and the detector sensitivity, following
previously described methods (20). We chose
the 12 sources from each category with the
strongest expected neutrino flux andweighted

them under the hypothesis that each contrib-
utes equally to the flux (supplementary text).
The total number of signal events and the
spectral index are left as free parameters for
each catalog search. The resulting P value for
each catalog search is shown in Table 1. Each
result rejects the background-only hypothesis
at the 3s level or above. However, we do not
interpret these neutrino event excesses as a

detection because the objects in these Galactic
source catalogs overlap spatially with regions
that predict the largest neutrino fluxes in the
Galactic plane diffuse emission searches.

Implications of Galactic neutrinos

The neutrino flux we observed from the Galac-
tic plane could arise from several different
emission mechanisms. The predicted energy
spectra integrated over the entire sky is shown
in Fig. 5 for each of the Galactic plane models
and their best-fitting flux normalization. Model-
to-model flux comparisons depend on the
regions of the sky considered. The KRAg best-
fitting flux normalizations are lower than pre-
dicted, which could indicate a spectral cutoff
that is inconsistent with the 5 and 50 PeV
values assumed. The simpler extrapolation of
the p0 model from giga–electron volt energies
to 100 TeV predicts a neutrino flux that is a
factor of ~5 below our best-fitting flux. How-
ever, the best-fitting flux for the p0 model ap-
pear to be consistent with recent observations
of 100-TeV gamma rays by the Tibet Air Shower
Array (fig. S8) (37). The p0 model mismatch
could arise from propagation or spectral differ-
ences for cosmic rays in the Galactic Center
region, or from contributions from unresolved
neutrino sources.
We used model injection tests to quantify

the ambiguity between different source hy-
potheses. In these tests, the best-fitting neu-
trino signal from one source search was
simulated, then the expected results in all
other analyses were examined. Injecting a
signal from the p0 model analysis, with a flux
normalization equal to the best-fitting value
from the observations, produces a median sig-
nificance that is consistent with the best-fitting
values for all other tested hypotheses (within
the expected statistical fluctuations). This in-
cludes the 3s excess observed inGalactic source
catalog searches. Individually injecting the
best-fitting flux of any one of the tested Ga-
lactic source catalogs, at the flux level observed,
did not recover the observed p0 or KRAg model
results. However, the angular resolution of the
sample and the small number of equally
weighted sources included in these catalogs
does not constrain emissions from these broad
source populations. It is plausible that many
independently contributing sources from the
Galactic plane could show a similar result to
diffuse emission from interactions in the inter-
stellar medium. These tests favor a neutrino
signal from Galactic plane diffuse emission,
but we do not have sufficient statistical power
to differentiate between the tested emission
models or identify embedded point sources.
The neutrinos observed from the Galactic

plane contribute to the all-sky astrophysical
diffuse flux previously observed by IceCube
(Fig. 5) (21, 22, 38). The fluxes we infer for each
of the Galactic template models contribute

IceCube Collaboration, Science 380, 1338–1343 (2023) 30 June 2023 5 of 6

Fig. 5. Energy spectra for
each of the Galactic plane
models. Energy-scaled, sky-
integrated, per-flavor neutrino
flux is shown as a function of
neutrino energy (Ev) for each of
the Galactic plane models.
Dotted lines are the predicted
values for the p0 (dark blue),

KRA5g (orange), and KRA
50
g (light

blue) models. Solid lines are our
best-fitting flux normalizations
from the IceCube data. Shaded
regions indicate the 1s uncer-
tainties; they extend over the
energy range that contributes
to 90% of the significance.
These results are based on the
all-sky (4p sr) template and are
presented as an all-sky flux. For
comparison, the gray hatching
shows the IceCube total neu-
trino flux (22), scaled to an all-sky flux by multiplying by 4p, with its 1s uncertainty.
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KRA5 Model
KRA50 Model
0 Model

KRA5 Best-Fit Flux
KRA50 Best-Fit Flux
0 Best-Fit Flux
IceCube All-Sky Flux (22)

Table 1. Summarized results of the neutrino emission searches. The flux sensitivity and best-fitting
flux normalization (F) are given in units of model flux (MF) for the KRAg templates and for the p

0 analyses
as E2 dN

dE at 100 TeV, in units of 10–12 TeV cm–2 s–1 (where dN
dE is the differential number of neutrinos per

flavor, N, and neutrino energy, E). P values and significances are calculated with respect to the
background-only hypothesis. Pretrial P values for each individual result are listed for the three diffuse
Galactic plane analyses and three stacking analyses, and posttrial P values are given for the other analyses
(supplementary text). Because of the spatial overlap of the stacking catalogs with the diffuse Galactic
plane templates, strong correlations between these searches are expected. More detailed results for each
search are provided in tables S1 to S5.

Flux sensitivity F P value Best-fitting flux F

Diffuse Galactic plane analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

p0 5.98 1.26 × 10–6 (4.71s) 21:8þ5:3
"4:9.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA5g 0.16 × MF 6.13 × 10–6 (4.37s) 0:55þ0:18
"0:15 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

KRA50g 0.11 × MF 3.72 × 10–5 (3.96s) 0:37þ0:13
"0:11 # MF

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Catalog stacking analysis
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

SNR 5.90 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

PWN 5.93 × 10"4 (3.24s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

UNID 3.39 × 10"4 (3.40s)*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Other analyses
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Fermi bubbles 0.06 (1.52s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Source list 0.22 (0.77s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (north) 0.28 (0.58s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Hotspot (south) 0.46 (0.10s)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

*Significance values that are consistent with the diffuse Galactic plane template search results.
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post-trial p-value    template search:  
4.5σ

[IceCube, Science 2023]

The nature of the Galactic HE neutrino emission is yet to be 
understood. 

Catalog searches significance is consistent with the template 
searches. 
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VHE Emission from X-ray binaries

‣ Hadrons play a major role in the 𝛾-ray emission from these sources.  

‣ The level of flux not high enough to be identified in current 
experiments. 

[Carpio, AK, Zhang, 2025]
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[Liu & AK, 2019]

[AK & Wood, 2019]

[IceCube & ANTARES 2018]

[AK & IceCube ApJ Lett 2021]

 Supernova Remnants Pulsar Wind Nebulae

Binaries Diffuse Galactic Emission
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Emerging Feature: 𝛾-ray Suppression

Sources found to be in quiet mode in 𝛾-rays at the time 

of a high-energy neutrino alert detection. 

[Kun+ 2021]
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TXS 0506+056
Multi-Messenger Observations of TXS 0506+056

58019], ~4 hours after the circulation of the neu-
trino alert. A 1-hour follow-up observation of the
neutrino alert under partial cloud coverage was
performed using the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) g-ray
telescope array (33), located in Arizona, USA, later
on the same day, ~12 hours after the IceCube
detection. Both telescopes made additional obser-
vations on subsequent nights, but neither detected
g-ray emission from the source [see Fig. 3 and
(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z ¼ 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 4 of 8

Fig. 4. Broadband spectral
energy distribution for the blazar
TXS 0506+056. The SED is
based on observations obtained
within 14 days of the detection of
the IceCube-170922A event. The
E2dN=dE vertical axis is equivalent
to a nFn scale. Contributions are
provided by the following
instruments: VLA (38), OVRO
(39), Kanata Hiroshima Optical
and Near-InfraRed camera
(HONIR) (52), Kiso, and the Kiso
Wide Field Camera (KWFC) (43),
Southeastern Association for
Research in Astronomy Observa-
tory (SARA/UA) (53), ASAS-SN
(54), Swift Ultraviolet and Optical
Telescope (UVOT) and XRT (55),
NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16),
MAGIC (35),VERITAS (59), H.E.S.S.
(60), and HAWC (61). Specific
observation dates and times are
provided in (25). Differential flux
upper limits (shown as colored
bands and indicated as “UL” in the legend) are quoted at the 95% CL,
while markers indicate significant detections. Archival observations are
shown in gray to illustrate the historical flux level of the blazar in the
radio-to-keV range as retrieved from the ASDC SED Builder (62), and in the
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. The electromagnetic SED displays a double-bump structure, one

peaking in the optical-ultraviolet range and the second one in the GeV
range, which is characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm þ !nm neutrino flux upper limits that
produce on average one detection like IceCube-170922A over a period
of 0.5 (solid black line) and 7.5 years (dashed black line) are shown,
assuming a spectrum of dN=dEºE"2 at the most probable neutrino
energy (311 TeV).
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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[Science 361 (2018) no.6398, eaat1378]

• Coincident with Fermi flare; chance correlation can be rejected at the 3s-level.

• TXS 0506+056 is among the 3% brightest Fermi-LAT blazars.

• One of the most luminous BL Lacs (2.8 ⇥ 1046 erg/s).
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[IceCube+, Science 2018]IceCube Alert IC-170922A

lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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Up-going muon track (5.7� below horizon) observed on September 22, 2017.
The best-fit neutrino energy for an E�2-spectrum is 311 TeV.
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‣ Up-going track observed on September 
22, 2017 from 5.7° below horizon with 
best fit neutrino energy of ~300 TeV for 
E-2 Spectrum. 

‣ Coincidence with enhanced 𝛾-ray 

activity, chance correlation rejected at 
the level of 3𝜎.



13±5 signal events rejecting background 
hypothesis at 3.5𝜎

40

Neutrino Flare in 2014-15

with reduced significance.) An additional look-elsewhere correction then needs to be applied

for a result in an individual data segment, given by the ratio of the total 9.5 year observation110

time to the observation time of that data segment (30).

Results

The results of the time-dependent analysis performed at the coordinates of TXS 0506+056 are

shown in Fig. 1 for each of the six data periods. One of the data periods, IC86b from 2012-2015,

contains a significant excess which is identified by both time-window shapes. The excess con-115

sists of 13±5 events above the expectation from the atmospheric background. The significance

depends on the energies of the events, their proximity to the coordinates of TXS 0506+056, and

their closeness in time. This is illustrated in Fig. 2 showing the contribution of individual events

during the IC86b data period.
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Figure 1: Time-dependent analysis results. The orange curve corresponds to the analysis
using the Gaussian-shaped time profile. The central time T0 and width TW are plotted for
the most significant excess found in each period, with the p-value of that result indicated by the
height of the peak. The blue curve corresponds to the analysis using the box-shaped time profile.
The curve traces the outer edge of the superposition of the best-fitting time windows (durations
TW) over all times T0, with the height indicating the significance of that window. In each period,
the most significant time window forms a plateau, shaded in blue. The large blue band centered
near 2015 represents the best-fitting 158-day time window found using the box-shaped time
profile. The vertical dotted line in IC86c indicates the time of the IceCube-170922A event.

6

the Gaussian window show that it is consistent with the box window fit. Despite the different

window shapes, which lead to different weightings of the events as a function of time, both130

windows identify the same time interval as significant. For the box time window, the best-

fitting parameters are similar to those of the Gaussian window, with E2J100 = (2.2+1.0
�0.8)⇥ 10

�4

TeV cm�2 and � = 2.2 ± 0.2. This fluence corresponds to an average flux over 158 days of

�100 = (1.6+0.7
�0.6) ⇥ 10

�15 TeV�1 cm�2 s�1.

(a) (b)

Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the flu-
ence at 100 TeV, E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (31) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the p-value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The p-value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

When we estimate the significance of the time-dependent result by performing the analysis135

8

[IceCube, Science 2018]

Time-dependent search in the direction of TXS 0506+056 revealed a 
neutrino flare in December 2014.

‣ Remains the most significant observed 
transient  

‣ Not accompanied by a gamma-ray flare
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Figure 1. Source distribution of MOJAVE XV catalog using Equatorial (J2000) coordinates. Note that the source distribution
of the MOJAVE catalog covers the equatorial and northern hemispheres where IceCube’s sensitivity for track-like events is
maximized.

Figure 2. Example binned lightcurve using MOJAVE data for one source (3C279) along with di�erent IceCube datasets, and
their time coverage is shown with the corresponding dataset name. The light curve is binned using equal time binning within
the 10-year IceCube data shown here by the vertical lines. Left to right, the bins are shown as: blue to orange (2008-2009;IC40),
orange to green (2009-2010;IC59), green to red (2010-2011;IC79), red to purple (2011-2012;IC86_2011), purple to brown (2012-
2017;IC86v3_2012_2017).

Using the neutrino and radio data available to us, we383

perform an analysis to look for cross correlations be-384

tween neutrinos and photon observations in the direc-385

tion of the AGN in the MOJAVE XV catalog. This386

is done by using a stacking analysis weighted accord-387

ing to the observed time-averaged and time-dependent388

radio data. The basis of this work is a likelihood ap-389

proach similar to the ones described by Braun et al.390

(2008); Desai et al. (2021); Abbasi et al. (2021a, 2022b)391

and others, where the track-like neutrino data is mod-392

eled using a background hypothesis (Bi) and signal hy-393

pothesis (Si). The background data consists of atmo-394

spheric events from neutrinos and muons originating in395

the Earth’s atmosphere, while the signal consists of a396

radio source-associated point-like excess of neutrinos in397

the stacked data.398

As described in Sec. 2.1, the point source tracks sam-399

ple is further divided into five configurations depending400

on the number of strings in use along with selections,401

software and calibrations used (see Table I. of Abbasi402

et al. 2021b). While the IC40, IC59 and IC79 cover the403

first three years of the sample, IC86 is divided into two404

41

Radio Loud AGN
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Figure 5. Di�erential Upper Limits (UL), for an index of 2.0, derived from the time-dependent and time-averaged analyses are
shown here. The di�use astrophysical muon neutrino flux measurements are taken from Abbasi et al. (2022a). Note that the
upper limits shown here are di�erential and binned with energy, while the astrophysical flux is an energy-integrated measurement
shown here only for reference.

tional information like signalness. Abbasi et al. (2023b)604

report a di�erent result as compared to Plavin et al.605

(2020, 2021) with the signal TS being compatible with606

the background and the significance going down when607

a more sophisticated description of the spatial PDF is608

used as opposed to a simplified signal PDF modeled as609

a uniform distribution inside of the error contour (see610

Abbasi et al. 2023b; Plavin et al. 2020, 2021).611

On the other hand, Zhou et al. (2021) use the same612

neutrino dataset as this work (i.e. Abbasi et al. 2021b).613

When comparing the upper limits, the limits reported614

by Zhou et al. (2021) lie above the limits derived by615

this work. This, however, is expected because of Zhou616

et al. (2021) not using an energy PDF in the likeli-617

hood, which makes the study less sensitive than this618

work and which results in a higher upper limit. Zhou619

et al. (2021) also uses a more extensive radio sample620

(more stacked sources) instead of a completeness correc-621

tion, which would include some variations in the upper622

limit due to the weighting involved. A more detailed623

study using the RFC3 catalog with IceCube data is also624

in progress in the IceCube collaboration.625

5. CONCLUSION:626

This work focuses on using the AGN data published627

in the MOJAVE XV catalog to search for radio flux-628

correlated neutrino emission using time-averaged and629

time-dependent analyses. We perform a stacking analy-630

sis and report upper limits for both analyses as no sig-631

nificant correlation is found. We also compare the upper632

limits presented in this work with the reported limits of633

Plavin et al. (2021) and Zhou et al. (2021). While this634

3 http://astrogeo.org/rfc/

study has the limitation of using fewer radio sources, it635

does have the advantage of using more neutrino infor-636

mation. Thus, a proper discussion of the discrepancy637

will have to be kept for studies using the RFC.638

Based on the obtained results, we see that including639

time-dependent information in the form of lightcurves640

improves the statistical power of the stacking analy-641

sis. The per source sensitivity, is better for the time-642

dependent case as compared to the time-averaged case.643

However, the time-dependent analysis depends on the644

light curves used as model assumptions for this study.645

The MOJAVE XV dataset used here has per-source ob-646

servations reported with a varying cadence with a few647

sources being observed only a couple of times. These648

sources with very few observations report fluxes simi-649

lar to the time-averaged case in every time bin reduc-650

ing the e�ectiveness of including temporal information.651

This can be improved upon by making use of more652

sources with observations performed with a good ca-653

dence, preferably from a monitoring campaign.654
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Figure 4. Upper Limits (UL), for an index of 2.0 (left) and 2.5 (right), derived from the time-dependent and time-averaged
analyses are shown here along with the lower limits reported by Plavin et al. (2021). Note that while the samples and methodology
used by the Plavin et al. (2021), Zhou et al. (2021) and this work are di�erent, making a 1:1 comparison di�cult, they are
shown here to highlight the di�erences in the results. The di�use astrophysical muon neutrino flux measurements are taken
from Abbasi et al. (2022a). The energy range of the upper limits shown for the time-averaged and time-dependent analyses
reflects the region where 90% of detected signal neutrinos would fall.

its given by Plavin et al. (2021). The energy range for541

the upper limits in the figure depicts the region where542

90% of the signal neutrinos with this spectrum will be543

detected. We calculate the sensitivity for both scenar-544

ios by determining the mean 90% confidence level upper545

limit expected in the absence of signal (Hill & Rawl-546

ins 2003), calculated both in terms of flux and in terms547

of number of neutrino events. The sensitivity of the548

time-dependent scenarios is better in comparison. How-549

ever, the statistical significance of the unblinded time-550

dependent analysis, used to derive the upper limit, is551

also higher for the time-dependent analysis, giving it a552

higher upper limit (See also Fig 7 in Appendix B which553

shows the median and best-fit TS value used to calculate554

the sensitivity and upper limit respectively).555

We also report the di�erential upper limits for di�er-556

ent energy bins for both of our analyses, which is shown557

in Figure. 5. The di�erential upper limit highlights the558

energy range where the study is most sensitive. If neutri-559

nos are produced by p“ interactions close to the core of560

the AGN, the resultant neutrino production depends on561

the spectrum of the photons interacting in the process562

(see also Böttcher 2019). This will result in the neutrino563

production being suppressed at higher or lower energies564

due to the photon intensities and relevant production565

mechanism, making di�erential energy estimates useful.566

4.2. Comparison with other studies:567

Previous studies have worked on similar analyses using568

VLBA radio data from AGN to search for correlations569

and reported limits on the total neutrino flux from these570

AGN (Plavin et al. 2021; Zhou et al. 2021).571

The lower limit reported by Plavin et al. (2021), also572

shown in Fig. 4, lies above the upper limits provided573

here, even after the inclusion of a completeness correc-574

tion. While adding temporal information for the time-575

dependent analysis changes the upper limits with re-576

spect to the time-averaged limit, it still lies below the577

Plavin et al. (2021) results. The radio and neutrino578

datasets and analysis methodology used for the two579

studies are di�erent. The Plavin et al. (2021) work580

uses public IceCube alert data (Aartsen et al. 2017a).581

This includes the complete compilation of IceCube pub-582

lic alerts over the seven-year period. This public dataset583

has fewer astrophysical neutrinos than the full IceCube584

event selection (Abbasi et al. 2021b) used in this study.585

For a source with an assumed power-law spectrum with586

an index of � = 2.5", the public alert selection has a587

factor of ◊100 fewer astrophysical neutrinos than the588

full selection. In terms of the analysis methodology, the589

work presented here uses a stacking analysis to test the590

assumption that radio observations of MOJAVE sources591

and IceCube neutrinos have a 1:1 correlation, which592

is di�erent from the methodology employed by Plavin593

et al. (2020, 2021) which uses a non-stacking approach594

to test the assumption that individual IceCube neutrino595

alerts are coming from the direction of sources in the596

RFC catalog. All these di�erences make a direct com-597

parison between the two studies di�cult. However, a598

more detailed study using the complete IceCube alert599

dataset was performed recently by Abbasi et al. (2023b)600

which provides a direct comparison to the Plavin et al.601

(2020, 2021) results as it uses a similar methodology602

but with a larger number of neutrino events and addi-603

‣ Testing correlation of HE neutrinos with MOJAVE sample of 437 AGNs in the 15 GHz 
band 

‣‣Time-Integrated search: Using time-average radio flux from each source as proxy 
in the stacking analysis 

‣‣Time-dependent search: Using radio light curves as proxy for the neutrino 
emission from each source 

‣ IceCube analysis constrains the neutrino emission from radio bright sources to the 
total neutrino flux if neutrino emission is directly correlated to the radio emission

[IceCube 2024
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Gamma Ray Bursts (MeV-PeV)

Markus Ahlers (NBI) Extragalactic Neutrinos

GRB Limits

32

• IceCube routinely follows up on -ray bursts. 

• Search is most sensitive to “prompt” (<100s) neutrino emission. 

• Neutrino predictions based on the assumption of cosmic ray 
acceleration in internal shocks.   

γ

10 M. G. Aartsen et al.

Figure 7. Di�erential median sensitivity of the Northern

Hemisphere track, all-sky cascade (Aartsen et al. 2016a), and

Southern Hemisphere track stacked GRB analyses to a per-

flavor E≠2 ‹ quasi-di�use flux in half-decadal ‹ energy bins,

with the final combined analysis shown in the black line.

Integrated sensitivities are shown as dashed lines over the

expected 90% energy central interval in detected neutrinos

for a given analysis. The IceCube measured 68% CL astro-

physical per-flavor neutrino flux band is given for reference

from a global fit of IceCube analyses (Aartsen et al. 2015b)

and a recent 6-year Northern Hemispheres ‹µ track analysis

(light blue, Aartsen et al. (2016d)).

This combined test statistic is used to calculate limits
on the GRB neutrino models of Section 2 as it is less
sensitive to possible background fluctuations than the
per-GRB method.

The background-only and background-plus-signal ex-
pectations of both stacked and per-GRB analyses are
determined from Monte Carlo pseudo-experiments fol-
lowing the same methodology as described by Aartsen
et al. (2016a). The sensitivity, both di�erential and in-
tegrated, of the stacked method to a per-flavor quasi-
di�use E≠2 neutrino spectrum is shown in Figure 7.
This sensitivity is calculated for each individual search
channel, as well as the final combined sensitivity. The
Northern Hemisphere track analysis (combining the re-
sults of Aartsen et al. (2015d) with this paper’s exten-
sion to three additional years) is seen to be the most
sensitive neutrino detection channel. The all-sky cas-
cade and Southern Hemisphere track channels converge
in sensitivity to the Northern Hemisphere track within
a factor of a few at energies & 1 PeV, while the South-
ern Hemisphere track analysis is the most sensitive GRB
analysis to date for neutrinos & 10 PeV. Each individual
channel has su�cient sensitivity to detect a neutrino sig-
nal should the per-flavor quasi-di�use GRB neutrino flux
be comparable in magnitude to the measured IceCube
astrophysical neutrino flux of ≥10≠8 GeV cm≠2 sr≠1 s≠1.

6. RESULTS

The final event sample was searched in coincidence
with the 508 GRBs of the three-year Northern Hemi-
sphere sample and the 664 GRBs of the five-year South-
ern sample. Both per-GRB and stacked per-year and
channel test statistics were calculated to discover a neu-
trino signal from GRBs. The results of the per-GRB
analysis are presented for the Northern and Southern
Hemisphere analyses in Tables 1 and 2, respectively.
Here, basic information about the GRBs and coinci-
dent events are described, including their timing, an-
gular uncertainty ‡, angular separation ��, the mea-
sured “-ray fluence of the GRB, and the estimated en-
ergy of the coincident event. The significance of the
coincidences is summarized in two ways. Event signal-
to-background PDF ratio values used in the test statistic
calculation are provided to estimate relative event im-
portance. The significance of the per-GRB test statistic
is then given as a p-value calculated from that GRB’s ex-
pected background-only test statistic distribution, con-
stituting that GRB’s pre-trials p-value. In parentheses,
the post-trials p-value of this GRB coincidence is given,
calculated relative to the combined three-year Northern
Hemisphere track and five-year Southern track analy-
sis max({Tg}) test statistic distribution expected from
background, respectively.

The most significant coincidence (in both pre-trials
and post-trials p-value) was found in the Southern Hemi-
sphere analysis coincident with GRB110207A, a Swift-
localized long GRB (T100 = 109.32 s) observed at a dec-
lination of ≠10.8¶. This event occurred during the T100
of the GRB and had a reconstructed direction within
1¶ of the GRB, with a moderate reconstructed muon
energy of Eµ & 12 TeV, yielding a signal-to-background
PDF ratio of S/B = 271.6. The pre-trials significance
is p = 3.5 ◊ 10≠4, making it the single most significant
coincidence with a GRB to date in any IceCube GRB
neutrino search. Although the event was within 1¶ of the
GRB location, the angular uncertainty of this event and
GRB were 0.3¶ and 0.01¶, respectively. Combined, these
lead to a ≥3‡ o�set in the signal space PDF, reducing
the significance of the coincidence. Monte Carlo sim-
ulations and reconstructions were performed of muons
with similar energy, origin, and light deposition topol-
ogy to the measured event, establishing that the recon-
structed angular uncertainty of 0.3¶ is consistent with
the median angular resolution of the simulated muons of
0.24¶. Furthermore, a full likelihood scan of a more de-
tailed angular reconstruction, which accounts for muon
stochastic losses, was performed on this event to ver-
ify the quality of the reconstructed direction (Aartsen
et al. 2014a). It was found that the two reconstructions
are consistent with each other, while the GRB110207A
location is > 5‡ from the advanced reconstructed direc-
tion, supporting that this event is inconsistent with the

12 M. G. Aartsen et al.

Figure 8. Excluded regions for a given CL of the generic

double broken power law neutrino spectrum as a function of

first break energy Áb and per-flavor quasi-di�use flux normal-

ization �0 derived from the presented results combined with

previous Northern Hemisphere track (Aartsen et al. 2015d)

and all-sky cascade (Aartsen et al. 2016a) searches. Models

of neutrino production assuming GRBs are the sole source of

the measured UHECR flux either by neutron escape (Ahlers

et al. 2011) or proton escape (Waxman & Bahcall 1997) from

the relativistic fireball are provided for reference.
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Figure 9. Upper limits (90% CL, solid lines) to the predicted

per-flavor quasi-di�use flux of numerical neutrino production

models (dashed lines) for benchmark parameters fp = 10

and � = 300 over the expected central 90% central energy

containment interval of detected neutrinos for these models,

combining the presented analysis with the previously pub-

lished Northern Hemisphere ‹µ track (Aartsen et al. 2015d)

and all-sky cascade (Aartsen et al. 2016a) searches.

di�use flux. Both the internal shock and photospheric
fireball models are strongly constrained. The ICMART
model significantly reduces the expected neutrino pro-
duction in GRBs and remains beyond the sensitivity of
the combined analysis.

These limits are extended to arbitrary values for fb

and � in the numerical models. Assuming all GRBs in
the analyzed sample have identical values for fp and �,

limits are presented in Figure 10 as exclusion regions in
a scan of fp and � parameter space. Here, the inter-
nal shock and photospheric fireball models are shown to
be excluded at the 99% CL for benchmark model pa-
rameters. The 90% CL upper limits of all models are
improved by about a factor of two compared to those
presented in the all-sky cascade analysis (Aartsen et al.
2016a) with the inclusion of this new three year North-
ern Hemisphere and five year Southern sky ‹µ + ‹̄µ anal-
ysis. The primary regions in these models that still can-
not be constrained require small baryonic loading and
large bulk Lorentz factors. The ICMART model is lim-
ited in a much smaller interval of possible bulk Lorentz
factors (100 < � < 400) as this model is much less well
constrained; only regions of large baryonic loading and
small bulk Lorentz factors can be meaningfully excluded.

7. CONCLUSIONS
We have performed a search for muon neutrinos

and anti-neutrinos in coincidence with 1172 GRBs in
IceCube data. This analysis consisted of an exten-
sion of previous Northern Hemisphere track analyses
to three more years of data, and aa additional search
for ‹µ + ‹̄µ induced track events in the Southern Hemi-
sphere in five years of IceCube data, which improves
the sensitivity of the analysis to neutrinos with en-
ergy above a few PeV. Taken together, these searches
greatly improve IceCube’s sensitivity to neutrinos pro-
duced in GRBs when combined with previous analyses.
A number of events were found temporally coincident
with these GRBs, but were consistent with background
both individually and when stacked together. New lim-
its were therefore placed on prompt neutrino produc-
tion models in GRBs, which represent the strongest con-
straints yet on the proposal that GRBs are the primary
source of UHECRs during their prompt phase. General
models of neutrino emission were first constrained as a
function of spectral break energy and flux normaliza-
tion, excluding much of the current model phase space
where GRBs during their prompt emission are assumed
to be the sole source of UHECRs in the universe at
the 99% CL. Furthermore, models deriving an expected
prompt neutrino flux from individual GRB “-ray spec-
tral properties were constrained as a function of GRB
outflow hadronic content and Lorentz factor �. Models
of prompt neutrino production that have not yet been
excluded require GRBs to have much lower neutrino pro-
duction e�ciency, either through reduced hadronic con-
tent in the outflow, increased �-factor, or acceleration
regions much farther from the central engine than the
standard internal shock fireball model predicts. This
analysis also does not meaningfully address the possible
GRB production of neutrinos during their precursor or
afterglow phases.

model-dependent limits model-independent limits

based on 1172 GRBs

[Waxman & Bahcall ’97]

[IceCube, ApJ 843 (2017) 2]

‣ IceCube has continuously searched for 
neutrino emission from GRBs 

‣ Prompt emission is constrained, less 
than a percent of IceCube flux would 
come from prompt GRB emission 

‣ IceCube follow up on GRB 221009A 
(brightest of all time) provided 
strongest limit on the neutrino emission 
and baryon loading factor

[IceCube, ApJ 2022]

[IceCube, ICRC 2023]


