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High-energy astrophysical neutrinos

• Astrophysical neutrino flux detected by the 
IceCube neutrino observatory in the 10 TeV - 10 
PeV energy range. 

• Atmospheric origin excluded at >8σ. 

• Flux > 200 TeV consistent with a power-law spectrum 
with index ~ 2.2-2.8. 

• Astrophysical flux dominates above ~200 TeV.
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Figure 4: Summary of diffuse neutrino observations (per flavor) by IceCube. The black and gray data show

IceCube’s measurement of the atmospheric ⌫e+ ⌫̄e [23, 24] and ⌫µ+ ⌫̄µ [25] spectra. The magenta line and magenta-

shaded area indicate the best-fit and 1� uncertainty range of a power-law fit to the six-year HESE data. Note

that the HESE analysis vetoes atmospheric neutrinos and can probe astrophysical neutrinos below the atmospheric

neutrino flux, as indicated in the plot (cf. Fig. 6). The corresponding fit to the eight-year ⌫µ+ ⌫̄µ analysis is shown

in red.

the deposited energy from the observed light pool is, however, relatively straightforward, and a

resolution of better than 15 % is possible; the same value holds for the reconstruction of the energy

deposited by a muon track inside the detector.

2. Status Of the Observations of Cosmic Neutrinos

For neutrino astronomy, the first challenge is to select a pure sample of neutrinos, roughly

100,000 per year above a threshold of 0.1 TeV for IceCube, in a background of ten billion cosmic-

ray muons (see Fig. 1), while the second is to identify the small fraction of these neutrinos that is

astrophysical in origin, roughly at the level of tens of events per year. Atmospheric neutrinos are

an overwhelming background for cosmic neutrinos, at least at neutrino energies below ⇠ 300TeV.

Above this energy, the atmospheric neutrino flux reduces to less than one event per year, even in

a kilometer-scale detector, and thus events in that energy range are cosmic in origin.
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(Ahlers & Halzen 2018)
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First identification of the TXS 
0506+056 flaring by Fermi-LAT
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Arrival directions of most energetic neutrino events
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Figure 4: A sky map of highly energetic neutrino events detected by IceCube. Shown are the best-fit directions
for upgoing track events [15, 16] collected in 8 years of IceCube operations (j), the high-energy starting events
(HESE) (tracks i and cascades h) [17–19] collected in 6 years, and additional track events published as public
alerts (j) [20] since 2016. Note that the angular resolution for the different event categories varies from ,1 deg
for high-quality track events to -10 deg for cascade-type events. The distribution of the events is consistent
with isotropy once detector acceptance and neutrino Earth absorption are taken into account. The location
of the first candidate neutrino source, the blazar TXS 0506+056, is marked with a star. Shown in the inset
are the related Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056
around the time that the high-energy neutrino IC-170922A was detected by IceCube (September 2017) [4].
The uncertainty on the reconstructed arrival direction of IC-170922A is shown for reference.

The significance for the cosmic origin of the observed neutrinos has collectively reached
a level that puts it beyond any doubt. A decade of IceCube data taking has demonstrated
the means to study the flavor composition of the cosmic neutrino flux via independent
channels of tracks, cascades, the tau neutrino candidates, and one observed electron
anti-neutrino candidate at the Glashow resonance of 6.3 PeV [24] to date [25, 26] (see
Section 3.2.6). Clearly to exploit the full potential of all-flavor neutrino astronomy, much
larger data samples are needed.

2.1. Identifying the sources of high-energy neutrinos

One of the prime scientific goals of neutrino telescopes is the identification of the sources of
high-energy neutrinos. However, the low statistics of such high-energy cosmic neutrinos,
and the moderate angular resolution of ⇥0.5` for track-like events from charged-current
muon neutrino interactions and ⇥10` for cascade-like events from all flavors of neutrinos,
make identification of neutrino point sources challenging. The distribution of astrophysical
neutrinos to date in the sky is largely consistent with isotropy (see Figure 4), implying that
a substantial fraction of IceCube’s cosmic neutrinos are of extragalactic origin.

The most compelling evidence for a neutrino point source to date is the detection of one
neutrino event (IC-170922A) in spatial and temporal coincidence with an enhanced �-ray
emission state of the blazar TXS 0506+056 [4]. Evidence for a period of enhanced neutrino
emission from this source, in 2014/15, was revealed in a dedicated search in the IceCube
archival data [5]. The individual statistical significance of the blazar-neutrino association
and the observed excess in the IceCube data alone are, respectively, of 3� and 3.5�.
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Astrophysical neutrinos - Sky distribution

3

IceCube-Gen2 arXiv/2008.04323

• Low event rate (~O(10) /year above 100 TeV). 
• Events are localized to ~1°. Enables searches for EM counterparts. 

• Challenge: IceCube 4  sensitivity requires ToO observations and/or wide-field EM coverage.π
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Neutrino Follow-up planning tool
• Main goal is to address three questions: 

• What’s in the area of the neutrino event? 

• Is the region observable from your observatory? 

• Anything interesting going on at that location? 

• Main components of the tool:  

• Perform automatic Fermi-LAT analysis of the neutrino ROI (see talk by Simone 
Garrappa on Tuesday) on multiple time scales (e.g. 1 month, 1 year, full mission). 

• Calculate visibilities for common follow-up instruments. 

• Collect MWL archival data sources for known sources in the region.
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https://indico.cern.ch/event/1091305/contributions/5007838/
https://indico.cern.ch/event/1091305/contributions/5007838/
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Processing pipeline

• Listen for IceCube Gold/Bronze alerts coming 
through GCN (pygcn).  

• Launch a fermipy automatic analysis pipeline. 

Python wrapper library provides HTML generation, 
visibility calculations (astropy). 

• Results (HTML, FITS, images, etc) are mirrored to a 
web server, currently under testing.
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NASA GCN

fermipy pipeline + HTML 
generation 

Web server @ UA
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http://multimessenger.ua.edu/fermi Development version! (No release yet)

http://multimessenger.ua.edu/fermi
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ALERT Summary

7



M. Santander - Identifying multiwavelength counterparts to astrophysical neutrino events - Fermi Symposium 2022

STATIC skymaps
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Region of interest map 
with 4FGL / 3FHL sources

All-sky equatorial map 
with Moon / Sun 

All-sky Galactic map with 
Moon / Sun 
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NEARBY fermi catalogued sources (4FGL-DR3, 3FHL)
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Cone search in Simbad

Links to the Light Curve 
Repository, FAVA, and the 
ASI SSDC Data Explorer
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Fermi-lat analysis results

10

Counts map and energy 
distribution

Significance and excess 
counts

Best-fit values for known sources. 
Analysis result files

TS map
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geV photons
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Photons positionally coincident 
with the best-fit alert position at 

95% coincidence level. 
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Interactive skymap
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Uses the Aladin web API

Simbad query tool
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Interactive skymap
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Uses the Aladin web API

Image layer (MWL)
LAT and 2WHSP 

sources

Selected catalogs

Sun/Moon (current)
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Visibility 
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Alert, Sun and Moon

Civil/astronomical twilight
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Next steps

• Include the 1 year and full-mission analysis (multi-threading support).  

• Gather additional MWL data (e.g. from NED) and SED construction. 

• Reanalysis of all existing alerts for IceCube. 

• Release of first working version expected by January 2023.  

• Supported through Fermi GI grant 80NSSC20K1587
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