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IceCube Astrophysical neutrinos
• In 2013, IceCube announced the 

discovery of astrophysical high-energy 
neutrinos. 


• Today I’ll cover:


• What is IceCube and how does it work?


• IceCube’s measurement of 
astrophysical neutrinos


• Realtime alerts, TOO neutrino searches


• What happens next?
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Neutrinos: Astronomical 
messengers

• Neutrinos can be created by hadronic interactions within or near cosmic 
accelerators 


• At the highest energies, neutrinos are an astronomical messenger with 
several advantages:


• Neutral


• Freely propagate from source regions
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Digital optical modules 
(phototubes and data 

acquisition)  

Clear ice serves as both a 
target medium and a 
Cherenkov radiator

Cable for power, 
communication 

and support

νµ

µ
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1 km3 of natural clear ice 
! The South Pole glacial icecap

NSF McMurdo Station

NSF South Pole 
Station
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Completed and taking data since Dec 2010 6



~98% of DOMs still returning 
high quality data in 2022

The IceCube Digital Optical
Module (DOM)
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~98% of DOMs still returning 
high quality data in 2022

The IceCube Digital Optical
Module (DOM)
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IceCube sensitive to ALL ν flavors
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CC Muon Neutrino Neutral Current / CC 
Electron Neutrino CC Tau Neutrino

track (data)


factor of ≈ 2 energy resolution  
< 1° angular resolution

shower (data)


≈ ±15% deposited energy 
resolution 

≈ 10° angular resolution 
(at energies ⪆ 100 TeV)

“double-bang” and other 
signatures (simulation)


(not observed yet) 
 

⌫µ +N ! µ+X ⌫⌧ +N ! ⌧ +X
⌫e +N ! e +X

⌫x +N ! ⌫x+X

time



Observing charged particles in Ice.

time delay 
vs. direct light

“on time” delayed
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0.01% of all Cherenkov photons generated by a 100 TeV muon in ice.



Identifying Astrophysical Neutrinos
• At lower energies, backgrounds dominate detection


• Atmospheric muons   (Southern hemisphere)


• Atmospheric neutrinos (Northern hemisphere)


• Prefer high energy events


• Through-going tracks


• High-Energy Starting Events
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An established diffuse astrophysical neutrino flux
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Energy Spectrum of Astrophysical Muon Neutrinos 7
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Figure 1. Single power-law model: Best-fit distributions, one-dimensional projection on reconstructed zenith angle and muon
energy. The experimental data (black dots) are shown together with the best-fit expectation from simulation. Data taken in
the IC59 detector configuration is kept in a separate analysis histogram. The conventional atmospheric component (purple)
dominates the total flux for all zenith angles. Except for the highest energies, the line is thus hidden below the overall sum
(black). The astrophysical component (red) is modeled as single power law. The prompt component is drawn at nominal
prediction for visualization (green-dashed) although a zero best-fit normalization is obtained. The best-fit expectation for the
remaining background of muons is shown by the orange line. The central 68% range of the best-fit expectation is drawn as gray
band. It is obtained by variation of all fit parameters according to their joint posterior distribution. The red band additionally
shows the statistical uncertainty of the simulated data.

ponent following the standard paradigm of a single
power-law energy spectrum. Figure 7 in the supple-
mentary material shows the statistical pull for all bins
in the two-dimensional histogram indicating no obvi-
ous mismatches. Taking the systematic and statistical
uncertainty of the best-fit expectation into account, a
�
2
/(degrees of freedom) for the single power-law fit is

calculated to be 1.0, resulting in a p-value of 50 % and
confirming that the fit result is a viable description of
the measured data. The corresponding best-fit param-
eters of the astrophysical flux are listed in Table 2 and
the profiled likelihood landscape of the two astrophys-
ical signal parameters is shown in Figure 3. The sen-
sitive energy range of the astrophysical measurement is
determined by comparing the per-bin likelihood values
of the best-fit hypothesis to the values obtained when re-
peating the fit assuming a background hypothesis. The
true neutrino energy distribution is then weighted with

these likelihood differences, and the central 90%-range
of the obtained distribution is E⌫ = 15TeV to 5 PeV.
This energy range extends to lower energies than pre-
vious measurements, where this energy range extended
from E⌫ = 200TeV to 8 PeV (Aartsen et al. 2016). This
change is driven by the updated modeling of the con-
ventional atmospheric flux in this energy region.

Compared to the previous analysis by Aartsen et al.
(2016), a slightly softer spectral index of �SPL =

2.37
+0.09
�0.09 is obtained. Figure 3 shows the best fit points

of the previous measurements, and the updates and
changes between them are listed here as an overview.
The measurements from Aartsen et al. (2016) and Haack
& others (IceCube Collaboration) are based on the same
event selection and analysis method, with two years of
additional data included in the latter. The changes be-
tween Haack & others (IceCube Collaboration) and
the results from Stettner & others (IceCube Collab-
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Spectral index: 
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FIG. VI.1. Deposited energy and reconstructed cos ✓z distributions. In these panels, the data is shown as crosses and the
best-fit expectation as a stacked histogram with each color specifying a given flux component: astrophysical neutrinos (golden),
conventional atmospheric neutrinos (red), and penetrating atmospheric muons (purple). Left: distributions of events and
expected event count assuming best-fit parameters as a function of the deposited energy; events below 60TeV (light blue vertical
line) are ignored in the fit. Right: distribution of events with energy greater than 60TeV in the cosine of their reconstructed
zenith angle. Up-going events are on the left side of this panel and down-going events on the right. The expected number of
events is split by components and displayed as a stacked histogram. The normalization of the prompt atmospheric neutrino
component fits to zero, and so is not shown in the stacked histogram. The distribution of data events appears to be largely flat
as a function of cosine zenith with a small decline towards the up-going region. The lower event rate in the up-going region
is expected as a result of the Earth’s absorption of the neutrino flux, and appears to be compatible with the Monte Carlo
expectation.

regions for the two variables on the horizontal and ver-
tical axes assuming two degrees of freedom. The impact
of the systematics on the parameters of this model are
shown in Fig. VI.4. The most relevant systematic affect-
ing the astrophysical normalization is the DOM efficiency
and the relative contribution of neutrinos from charmed
hadrons. The astrophysical spectral index is more weakly
affected by these systematics, but the normalization of
the neutrino flux from charmed hadrons has the largest
effect.

Our results agree with a previous iteration of this anal-
ysis [59] within the 2� confidence regions of the astro-
physical power-law parameters. The previous analysis
obtained a best-fit spectral index of �3 years

astro = 2.3+0.3
�0.3,

compared to �7.5 years
astro = 2.87+0.20

�0.19 in this analysis. This
difference is primarily driven by a higher number of low-
energy events observed in the latter 4.5 years compared
to the first 3 years. A smaller contribution comes from
the extension of the analysis energy range from 3PeV
to 10PeV, shifting the spectral index to a softer flux by
⇠ 0.1. Further extension of the analysis energy range
produces negligible changes.

To investigate the shift in spectral index between anal-
ysis iterations, an a posteriori analysis of the data’s time
dependence was performed. Specifically, we compared a
null hypothesis of a constant flux to a time-dependent
spectrum with different astrophysical spectra for each of
the two data partitions (first 3 years and latter 4.5 years),
where each spectrum is modeled as a single power law.
We performed a likelihood ratio based model comparison
test, which disfavors the null hypothesis with a p-value

of ⇠ 0.13. We conclude that there is no evidence for time
dependence in this data sample.

Additionally, we tested the effect of different systematics
on the fit. We found that the inclusion or exclusion of any
individual systematic or tested combination of systematics
did not appreciably affect the fit result or uncertainties.

Other crosschecks were performed with the sample:
comparing the spectrum of tracks and cascades, looking
for differences between the up-going and down-going spec-
tra, examining the summer and winter spectra, comparing
the spectra from events in different regions of the detector,
checking the charge distributions of events across many
categorizations, looking for differences between charge
calibrations, and checking for pulls resulting from recon-
struction and simulation changes. None of these checks
showed any statistically significant differences.

Although the uncertainty on �astro is numerically simi-
lar between this analysis and the 3 years analysis, this is
not the result of any additional systematic uncertainty or
analysis change. This is a direct result of the change in the
best-fit spectral index. With the same amount of data,
harder spectra can be measured with less uncertainty
than softer spectra. This effect is shown in Fig. VI.5,
where we plot the uncertainty for different injected spec-
tra (�astro = {2.3, 2.6, 2.9}) that have the same number
of expected events in the sample.

Plotted in Fig. VI.3 are the confidence regions for other
IceCube analyses. The orange contours show the results
of a single power-law fit to IceCube’s up-going muon neu-
trino data sample [94], the salmon contours show results
from IceCube’s 6yr cascade sample [63, 173], the purple
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FIG. 4. Measured flavor composition of IceCube HESE events
with ternary topology ID and extended multi-dimensional
analysis of the double cascades (black). Contours show the 1�
and 2� confidence intervals assuming Wilks’ theorem holds.
The shaded regions show previously published results [28, 49]
without direct sensitivity to the tau neutrino component. Fla-
vor compositions expected from various astrophysical neu-
trino production mechanisms are marked, and the entire ac-
cessible range of flavor compositions assuming standard 3-
flavor mixing is shown.

on the ⌫µ fraction as compared to [28] and [49].
The test statistic TS = �2

�
lnL(�0

⌫⌧
) � lnL(�b.f.

⌫⌧
)
�

com-
pares the likelihood of a fit with a ⌫⌧ flux normalization
fixed at a value �0

⌫⌧
to the free fit where �⌫⌧ assumes

its best-fit value �b.f.
⌫⌧

. Evaluated at �0
⌫⌧

= 0 and using
Wilks’ theorem, it gives the significance at which a van-
ishing astrophysical tau neutrino flux can be disfavored.
The test statistic is expected to follow a half-�2

k distri-
bution with k = 1 degree of freedom [50]. See the Sup-
plemental Material for a discussion. The observed test
statistic is TS = 6.5, which translates to a significance
of 2.8�, or a p-value of 0.005. A one-dimensional scan
of the astrophysical ⌫⌧ flux normalization is performed
with all other components of the fit profiled over. The
1� confidence intervals are defined by TS  1, and the as-
trophysical tau neutrino flux normalization is measured
to

�⌫⌧ = 3.0+2.2
�1.8 · 10�18 GeV�1 cm

�2
s�1 sr�1. (5)

This constitutes the first non-zero measurement of the
astrophysical tau neutrino flux.

Summary and outlook. 7.5 years of HESE events
were analyzed with new analysis tools. The previously

shown data set was reprocessed using an improved de-
tector calibration. Using a ternary topology classifica-
tion directly sensitive to tau neutrinos, a flavor compo-
sition measurement was performed. This analysis found
the first two double cascades, indicative of ⌫⌧ interac-
tions, with an expectation of 1.5 ⌫⌧ -induced signal events
and 0.8 ⌫e,µ-induced background events at the best-
fit single-power-law spectrum with flavor equipartition,
�6⌫ = 6.4·10�18·GeV�1 cm

�2
s�1 sr�1, and �astro = 2.87,

[30]. The first event, “Big Bird,” has a short double cas-
cade length for its energy, and an energy asymmetry at
the boundary of the selected interval for double cascades.
No firm conclusion can be drawn about the nature of the
neutrino interaction. The second event, “Double Double”,
shows an energy asymmetry and double cascade length
expected from the simulation of ⌫⌧ . The photon arrival
pattern is well described with a double cascade hypothe-
sis, but not with a single cascade hypothesis. An a poste-
riori analysis was performed to determine the compati-
bility of each of the events with a background hypothesis,
based on targeted MC. The a posteriori analysis confirms
the compatibility of “Big Bird” with a single cascade, in-
duced by a ⌫e interaction, at the 25% level. A “Big Bird”-
like event is ⇠ 3 (15) times more likely to be induced by a
⌫⌧ than a ⌫e (⌫µ), the result being only weakly dependent
on the astrophysical spectral index. “Double Double” is
⇠ 80 times more likely to be induced by a ⌫⌧ than either
a ⌫e or a ⌫µ. All background interactions have a com-
bined probability of ⇠ 2%, almost independent of the
spectral index of the astrophysical neutrino flux. While
the a posteriori analysis was ongoing, two complemen-
tary analyses using the “double pulse” method to search
for tau neutrinos have been performed. Both also iden-
tify “Double Double” as a candidate tau neutrino event
[51, 52].
Using an extended likelihood for double cascades which
allows for the incorporation of a multi-dimensional PDF
as evaluated by a kernel density estimator, the flavor
composition was measured. The best fit is ⌫e : ⌫µ : ⌫⌧ =
0.20 : 0.39 : 0.42, consistent with all previously pub-
lished results by IceCube [28, 49], as well as with the ex-
pectation for astrophysical neutrinos assuming standard
3-flavor mixing. The astrophysical tau neutrino flux is
measured to:

d�⌫⌧

dE
=3.0+2.2

�1.8

✓
E

100 TeV

◆�2.87[�0.20,+0.21]

· 10�18 · GeV�1 cm
�2

s�1 sr�1,

(6)

with a zero ⌫⌧ flux disfavored with a significance of 2.8�,
or, p = 0.005.
A limitation of the analysis presented here is the small
sample size. Merging the HESE event selection with
the contained cascades event selection [53] for the ⌫⌧
search is expected to enhance the number of identifiable
⌫⌧ events by ⇠ 40% [54]. Due to the small effective

IceCube, Phys. Rev. D 104, 022002 (2021)
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Starting track Taus

Reject no-Tau 
hypothesis at 2.8σ
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10 Years of IceCube Point Source data sample
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FIG. 1. The distribution of events in one year of data for the
final event selection as a function of reconstructed declination
and estimated energy. The 90% energy range for the data
(black), as well as simulated astrophysical signal Monte-Carlo
(MC) for an E�2 and an E�3 spectrum are shown in magenta
and orange respectively as a guide for the relevant energy
range of IceCube (from Ref. [13]).

IceCube detector, respectively – with di↵erent atmo-
spheric backgrounds. The boundary between the hemi-
spheres is at declination � = �5�, which is identical to a
zenith angle of 95� for the special location of IceCube.

In the Northern hemisphere, atmospheric muons are
filtered by the Earth. While some atmospheric muons are
erroneously reconstructed into the Northern sky, the mis-
reconstructed events can be removed by selecting high-
quality track-like events.

In the Southern hemisphere, the atmospheric back-
ground is reduced by strict cuts on the reconstruction
quality and minimum energy, since the astrophysical neu-
trino fluxes are expected to have a harder energy spec-
trum than the background of atmospheric muons and
neutrinos.

Data seasons IC86-II through IC86-VII use multi-
variate Boosted Decision Trees (BDT) to reduce the
background of atmospheric muons and cascade events.
Previous searches have shown the benefit of BDTs in the
Northern sky [12, 56]. In PSTracks v3, a single BDT is
trained for the Northern sky to recognize three classes
of events: single muon tracks from atmospheric and as-
trophysical neutrinos, atmospheric muons, and cascades;
neutrino-induced tracks are treated as signal. This BDT
uses 11 variables related to event topology and recon-
struction quality. The Northern BDT preserves ⇠ 90% of
the atmospheric neutrinos and ⇠ 0.1% of the atmospheric
muons from the initial selection of track-like events [13].

In the Southern hemisphere, BDTs are used to select
only the best-reconstructed track-like events at the high-
est energies. In addition, the BDTs use four variables re-
lated to deposited energy along the track, as well as the
light-arrival time of photons at the DOMs [11, 56]. The

large backgrounds of atmospheric muons and muon bun-
dles require harsh cuts to reduce their rate significantly,
resulting in an e↵ective selection of only very high energy
events. The selection e↵ectively removes most South-
ern hemisphere events with an estimated energy below
' 10 TeV; see Fig. 1. The IceTop surface array is used in
addition as an active veto against coincident air-shower
events for vertically down-going events [10].
The final all-sky event rate of about 4 mHz is domi-

nated by atmospheric muon neutrino interactions from
the Northern hemisphere and by high-energy, well-
reconstructed atmospheric muons in the Southern hemi-
sphere. The preceding four years of data, collected with
configurations IC40 through IC86-I, are handled exactly
as in the past [9–11, 55].

IV. DETECTOR RESPONSE

Muon tracks induced by astrophysical neutrino inter-
actions are the main signal category in the search for
point-like sources of neutrinos. Detailed Monte Carlo
simulation is used to evaluate the response of IceCube
to such events and distinguish them from atmospheric
backgrounds. These simulations may be characterized
by a combination of the e↵ective areas (Ae↵) and the
reconstruction response functions.
The number of expected events N⌫ is given by

N⌫ =

Z
dt

Z
d⌦

1Z

0

dE Ae↵ (E,⌦)�⌫ (E⌫ ,⌦, t) (1)

The incident neutrino flux �⌫ can have an assumed form
or be derived from simulation; see [6]. The e↵ective area
for each season varies as a function of neutrino energy
and declination as shown in Figure 2. Tabulated e↵ective
areas for each season are included in this data release.
Reconstruction of events in PSTracks proceeds in three

steps, each incorporating e↵ects from modeling of the
Antarctic glacial ice medium. To begin, the direction of
origin of the the candidate muon is reconstructed from
the observed timing and charge in the detector follow-
ing the algorithm described in Section 8.1 of Ref. [57].
The angular distance between the reconstructed muon
direction and the true neutrino direction is described by
the point spread function (“PSF”). Binned examples of
IceCube’s PSF are shown in Figure 3.
The total energy loss of the muon track is then esti-

mated following the description in section 9.1 of Ref. [58].
The energy reconstruction yields a proxy for the muon
energy at detector entry and a lower limit on the candi-
date neutrino energy. The observed distribution of the
energy proxy can vary significantly for di↵erent decli-
nations. For the Southern sky, observed muons from
muon neutrino charged current interactions occur near
the detector, giving an energy proxy close to the origi-
nal neutrino’s energy. For the Northern sky, neutrinos
may interact while crossing the Earth before reaching

N/S divison

• Through-going muon tracks give 
preferred for astronomy


• Best angular resolution and largest 
effective volumes


• All-sky sensitivity.


• Different backgrounds in Northern/
Southern skies.


• Sensitivity to different energies


• South Pole location:


• Stable operations - 99% uptime


• Uniform sensitivity at a given 
declination


• Efficient:  ~100,000 track 
candidates per year. (~4 mHz)


• Available in realtime for TOO searches

https://icecube.wisc.edu/data-releases/2021/01/all-sky-point-source-icecube-data-years-2008-2018/
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FIG. 5: Left: The 2D distribution of events in one year of data for the final event selection as a function of
reconstructed declination and estimated energy. The 90% energy range for the data (black), as well as simulated

astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using

simulated data.

FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.

Point Source  
Searches

13

All-sky source search (10 yr data):

-No significant source found (N/S p-values:  0.10/0.75)

-No correlation with list of 74 known HE gamma-ray 
sources in both hemispheres. Galactic & Extragalactic

Most recent data periods: 
~80k northern hemisphere evt/yr (atm ν) 
~35k southern hemisphere evt/yr (atm μ)

IceCube, Phys. Rev. Lett. 124, 051103 (2020)
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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.

The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.

Source Catalog Searches: The motivation of this
search is to improve sensitivity to detect possible neu-
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FIG. 3: 90% C.L. median sensitivity and 5� discovery
potential as a function of source declination for a

neutrino source with an E�2 and E�3 spectrum. The
90% upper-limits are shown excluding an E�2 and E�3

source spectrum for the sources in the source list. The
grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic
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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.

The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.

Source Catalog Searches: The motivation of this
search is to improve sensitivity to detect possible neu-
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FIG. 3: 90% C.L. median sensitivity and 5� discovery
potential as a function of source declination for a

neutrino source with an E�2 and E�3 spectrum. The
90% upper-limits are shown excluding an E�2 and E�3

source spectrum for the sources in the source list. The
grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic
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• While hints of sources starting to appear, no significant (>5σ) 
evidence yet found for a point source signal in IceCube data alone. 


• A multi-messenger strategy is needed:


• Look for neutrino signals correlated with well-known potential 
sources


• Galactic plane or catalogs of known high-energy sources


• Look in realtime for transient photon signals in correlation with 
detection of an astrophysical neutrino


• Realtime neutrino alert program


• Search in realtime for neutrinos from other transient phenomena


• TOO searches: Gravitational wave events, etc…

15

Identifying sources
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Arrival directions of most energetic neutrino events

North

Galactic Plane
180o

-90o

-180o

Earth
absorption

South

TXS 0506+056

Figure 1: Arrival directions of neutrino events from IceCube. Shown are upgoing track events [8,9]
(j), the high-energy starting events (HESE) (tracks i and cascades h) [6, 7, 10], and additional
track events published as public alerts (j) [23, 24]. The blue-shaded region indicates where the
Earth absorption of 100-TeV neutrinos becomes important. The dashed line indicates the equatorial
plane. We also indicate the location of the blazar TXS 0506+056 (î).

The current lack of established neutrino point sources — despite a firm detection of a diffuse
neutrino flux — indicates a population of weak extragalactic sources. This is illustrated in Fig. 2,
which shows a parametrization of the diffuse flux (magenta bands) in terms of the local density
and luminosity of steady source populations [17] (left plot) or local density rate and bolometric
energy for transient source populations [27] (right plot). The lack of neutrino sources after ten
years of observations by IceCube translates into the dark-blue shaded exclusion regions. Source
populations with sufficiently large local densities — like starburst galaxies [29–38], galaxy clus-
ters and groups [31, 39–41], low-luminosity AGN [42], radio-quiet AGN [43–45], or star-forming
galaxies with AGN outflows [34, 46–49] — or with high local rate densities — like (extragalac-
tic) jet-powered SNe including hypernovae [50–53] and interaction-powered SNe [54, 55] — are
presently consistent with the observations. Observatories with improvements in point-source sen-
sitivity over current detectors would greatly expand the discovery potential for the brightest sources
of these candidate populations (see Fig. 2) and other candidate sources like TXS 0506+056.

Current measurements of the isotropic neutrino flux (f ) are shown in Fig. 3, along with the
observed isotropic g-ray background (IGB) and the UHE cosmic-ray flux. The correspondence
among the energy densities, proportional to E2f , observed in neutrinos, g-rays, and cosmic rays
suggests a strong multi-messenger relationship that offer intriguing prospects for deeper observa-
tions with a new generation of instruments.

A) The simultaneous production of neutral and charged pions in cosmic-ray interactions sug-
gests that the sources of high-energy neutrinos could also be strong 10 TeV –10 PeV g-ray emitters.
For extragalactic scenarios, this g-ray emission is not directly observable because of the strong ab-
sorption of photons by e+e� pair production in extragalactic background photons. High-energy
g-rays initiate electromagnetic cascades of repeated inverse-Compton scattering and pair produc-
tion that eventually contribute to the diffuse g-rays below 100 GeV, which provides a theoretical
upper limit to the diffuse neutrino flux [56,57]. The detected flux of > 100 TeV neutrinos with the
hadronuclear origin is saturated by the diffuse g-ray data [31] (see blue lines in Fig. 3). Intrigu-
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FIG. 1. The distribution of events in one year of data for the
final event selection as a function of reconstructed declination
and estimated energy. The 90% energy range for the data
(black), as well as simulated astrophysical signal Monte-Carlo
(MC) for an E�2 and an E�3 spectrum are shown in magenta
and orange respectively as a guide for the relevant energy
range of IceCube (from Ref. [13]).

IceCube detector, respectively – with di↵erent atmo-
spheric backgrounds. The boundary between the hemi-
spheres is at declination � = �5�, which is identical to a
zenith angle of 95� for the special location of IceCube.

In the Northern hemisphere, atmospheric muons are
filtered by the Earth. While some atmospheric muons are
erroneously reconstructed into the Northern sky, the mis-
reconstructed events can be removed by selecting high-
quality track-like events.

In the Southern hemisphere, the atmospheric back-
ground is reduced by strict cuts on the reconstruction
quality and minimum energy, since the astrophysical neu-
trino fluxes are expected to have a harder energy spec-
trum than the background of atmospheric muons and
neutrinos.

Data seasons IC86-II through IC86-VII use multi-
variate Boosted Decision Trees (BDT) to reduce the
background of atmospheric muons and cascade events.
Previous searches have shown the benefit of BDTs in the
Northern sky [12, 56]. In PSTracks v3, a single BDT is
trained for the Northern sky to recognize three classes
of events: single muon tracks from atmospheric and as-
trophysical neutrinos, atmospheric muons, and cascades;
neutrino-induced tracks are treated as signal. This BDT
uses 11 variables related to event topology and recon-
struction quality. The Northern BDT preserves ⇠ 90% of
the atmospheric neutrinos and ⇠ 0.1% of the atmospheric
muons from the initial selection of track-like events [13].

In the Southern hemisphere, BDTs are used to select
only the best-reconstructed track-like events at the high-
est energies. In addition, the BDTs use four variables re-
lated to deposited energy along the track, as well as the
light-arrival time of photons at the DOMs [11, 56]. The

large backgrounds of atmospheric muons and muon bun-
dles require harsh cuts to reduce their rate significantly,
resulting in an e↵ective selection of only very high energy
events. The selection e↵ectively removes most South-
ern hemisphere events with an estimated energy below
' 10 TeV; see Fig. 1. The IceTop surface array is used in
addition as an active veto against coincident air-shower
events for vertically down-going events [10].
The final all-sky event rate of about 4 mHz is domi-

nated by atmospheric muon neutrino interactions from
the Northern hemisphere and by high-energy, well-
reconstructed atmospheric muons in the Southern hemi-
sphere. The preceding four years of data, collected with
configurations IC40 through IC86-I, are handled exactly
as in the past [9–11, 55].

IV. DETECTOR RESPONSE

Muon tracks induced by astrophysical neutrino inter-
actions are the main signal category in the search for
point-like sources of neutrinos. Detailed Monte Carlo
simulation is used to evaluate the response of IceCube
to such events and distinguish them from atmospheric
backgrounds. These simulations may be characterized
by a combination of the e↵ective areas (Ae↵) and the
reconstruction response functions.
The number of expected events N⌫ is given by

N⌫ =

Z
dt

Z
d⌦

1Z

0

dE Ae↵ (E,⌦)�⌫ (E⌫ ,⌦, t) (1)

The incident neutrino flux �⌫ can have an assumed form
or be derived from simulation; see [6]. The e↵ective area
for each season varies as a function of neutrino energy
and declination as shown in Figure 2. Tabulated e↵ective
areas for each season are included in this data release.
Reconstruction of events in PSTracks proceeds in three

steps, each incorporating e↵ects from modeling of the
Antarctic glacial ice medium. To begin, the direction of
origin of the the candidate muon is reconstructed from
the observed timing and charge in the detector follow-
ing the algorithm described in Section 8.1 of Ref. [57].
The angular distance between the reconstructed muon
direction and the true neutrino direction is described by
the point spread function (“PSF”). Binned examples of
IceCube’s PSF are shown in Figure 3.
The total energy loss of the muon track is then esti-

mated following the description in section 9.1 of Ref. [58].
The energy reconstruction yields a proxy for the muon
energy at detector entry and a lower limit on the candi-
date neutrino energy. The observed distribution of the
energy proxy can vary significantly for di↵erent decli-
nations. For the Southern sky, observed muons from
muon neutrino charged current interactions occur near
the detector, giving an energy proxy close to the origi-
nal neutrino’s energy. For the Northern sky, neutrinos
may interact while crossing the Earth before reaching

• Identify well reconstructed, high-energy 
neutrino candidates in real-time


• Transmit them to the North and advertise

• Latency from detection to alert 

typically less than 1 minute

• Community observations to search for 

multi-messenger signals

• In operation since April 2016

First public ν Alert: IceCube-160427



IceCube Realtime 
Track Alerts

• Expanded and improved alert selection 
compared to first alert selection


• Targeting starting and through-going tracks

• Neutrinos with smallest angular uncertainty


• Two selection levels

• Gold alerts :  average 50% likely 

astrophysical origin

• Bronze alerts: average 30% likely 

astrophysical origin

• More alerts per year


• Gold:  12/yr expected

• Bronze 18/yr additional expected
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Figure 2: IceCube realtime astrophysical neutrino alert angular resolution as a function of neutrino
energy. The left panel presents the angular resolution for through-going neutrino selections (GFU
and EHE) and the right panel presents the angular resolution for the HESE starting track selection.
Alerts at the Gold and Bronze levels are issued based on these selections, with a minimum reported
angular resolution for automated alerts of 0.2 degress reported. In these figures, the Bronze alerts
shown also include events selected by the Gold alerts.

Figure 3: IceCube realtime astrophysical neutrino alert declination distribution for Gold (left) and
Bronze (right) alert levels. For each figure, the expected astrophysical neutrinos (E�2.19 spectrum
assumed) and atmospheric neutrino components are shown in a stacked histogram. In these figures,
the Bronze selections shown also include events selected by the Gold selection.

5 Updated selection active since May 2019

https://gcn.gsfc.nasa.gov/doc/IceCube_High_Energy_Neutrino_Track_Alerts_v2.pdf


 Multi-messenger 
alerts: TXS 0506+056
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TITLE:   GCN CIRCULAR 
NUMBER:  21916 
SUBJECT: IceCube-170922A - IceCube observation of a 
high-energy neutrino candidate event 
DATE:    17/09/23 01:09:26 GMT 
FROM:    Erik Blaufuss at U. Maryland/IceCube  <blaufuss@icecube.umd.edu> 

Claudio Kopper (University of Alberta) and Erik Blaufuss (University of  
Maryland) report on behalf of the IceCube Collaboration (http://
icecube.wisc.edu/). 

On 22 Sep, 2017 IceCube detected a track-like, very-high-energy event with a 
high probability of being of astrophysical origin. The event was identified by 
the  Extremely High Energy (EHE) track event selection. The IceCube detector 
was in a normal operating state. EHE events typically have a neutrino 
interaction vertex that is outside the detector, produce a muon that traverses 
the detector volume, and have a high light level (a proxy for energy). 

On September 22, 2017, IceCube issued a 
neutrino alert:

• ~290 TeV track alert neutrino (IceCube-170922A)

• Spatially coincident with a known blazar (TXS 

0506+056) that was in a flaring state (~3σ 
significance)


• Blazar was also detected by the MAGIC air-
Cherenkov telescope with γ-rays up to 400 GeV.


• Very active multi-messenger follow-up campaign 
that included observations from radio to γ-rays.

Published: Science 361 (2018)
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the �-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-LAT data 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 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for �-rays above 90 GeV. Also shown are the locations of a �-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% C.L. positional uncertainty of the source.
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 IceCube point source search:     
TXS 0506+056

19

Based on the neutrino alert - performed a 
search of historical neutrino track events


Evidence of time-dependent emissions is 
observed:

• September 2014 - March 2015

• Independent of, and prior to neutrino alert


• 3.5σ excess over expected background

• 13 ± 5 events over background
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Figure 2: Time-independent weight of individual events during the IC86b period. Each
vertical line represents an event observed at the time indicated by calendar year (top) or MJD
(bottom). Overlapping lines are shifted by 1 to 2 days for visibility. The height of each line
indicates the Event Weight: the product of the event’s spatial term and energy term in the
unbinned likelihood analysis evaluated at the location of TXS 0506+056 and assuming the best-
fitting spectral index � = 2.1 (30). The color for each event indicates an approximate value
in units of TeV of the reconstructed muon energy (Muon Energy Proxy), which the analysis
compares with expected muon energy distributions under different hypotheses. [A distribution
for the true neutrino energy of a single event can also be inferred from the event’s muon energy,
see (30)]. The dashed curve and the solid bracket indicate the best-fitting Gaussian and box-
shaped time windows, respectively. The distribution of event weights and times outside of the
best-fitting time windows is compatible with background.

centered at 22 September 2017 with duration TW = 19 days, � = 1.7 ± 0.6, and fluence
E2J100 = 0.2+0.4

�0.2 ⇥ 10
�4 TeV cm�2 at 100 TeV. No other event besides the IceCube-170922A

event contributes significantly to the best-fit. As a consequence, the uncertainty on the best-
fitting window location and width spans the entire IC86c period, because any window contain-
ing IceCube-170922A yields a similar value of the test statistic. Following the trial-correction
procedure for different observation periods as described above, the significance of this excess
is 1.4�. If the IceCube-170922A event is removed, no excess remains during this time period.
This agrees with the result of the rapid-response analysis (31) that is part of the IceCube alert
program, which found no other potential astrophysical neutrinos from the same region of the
sky during ±7 days centered on the time of IceCube-170922A.

We performed a time-integrated analysis at the coordinates of TXS 0506+056 using the full
9.5 year-data sample. The best-fitting parameters for the flux normalization and the spectral
index are �100 = (0.8+0.5

�0.4) ⇥ 10
�16 TeV�1 cm�2 s�1 and � = 2.0 ± 0.3, respectively. The

6

Published in Science: 
IceCube Coll. Science 361 (2018) 147



Alerts from Cascades

20
GCN High Energy Cascade Alert Documentation

Figure 2 – Opening angle ΔΨ between the reconstructed and Monte Carlo directions in
function of the circularized 1σ (68%) error estimated by the deep neural network recon-
struction. The 1σ estimated error is larger than the 68% quantile of the opening angle
because systematic uncertainties are not included in the opening angle while they are in
the estimated angular error.

Figure 3 – Circularized 1σ (68%) error estimated by the deep neural network reconstruc-
tion for baseline Monte Carlo simulation and Data.

4

New Cascade neutrino alert stream 
added to GCN in July 2020

• Dominated (~85%) by astrophysical 

neutrinos

• Novel DNN tools used for event 

reconstruction

• Skymap probability maps published 

with GCN alert as FITS files

Figure 5 – Image of the content of a typical FITS file containing the probability density of
the neutrino source direction. Each pixel contains the probability that the source lies in
that pixel.

Figure 6 – Signalness in function of the reconstructed energy for events coming from
three bands of cos(zenith) corresponding to [-1,-13 ], [-13 ,13 ] and [13 ,1]. The alert will not
give values higher than 90%.

6

Table 1 – Number of astrophysical and atmospheric events per year passing the selection
cut and their proportion in the sample. The total is given for the Monte Carlo sample and
7 years of data from 2011 to 2017.

Number of Proportionevents/year

Astrophysical
Cascades 6.7 85%
Tracks 0.1 1%
Total 6.8 86%

Atmospheric Neutrinos 1.1 14%
Muons 0.0 0.0%

Total Monte Carlo 7.9 100%
Data 8.1±1.0

• the charge collected during the 100 ns and 500 ns after the first pulse as well as the total
charge

• the charge-weighted mean and standard deviation of relative pulse arrival time.

The DNN outputs not only the direction and energy of the incoming neutrino but also the uncer-
tainty on these parameters. In order to account for systematic uncertainties, the training is done
on a mix of the baseline Monte Carlo simulation and all systematic datasets.

Figure 2 shows the opening angle between the reconstructed and the Monte Carlo directions in
function of the 1σ angular error estimated by the DNN, the 50%, 68% and 90% quantiles are shown.
Figure 3 is a projection of Figure 2 along the X axis. Including systematics, 50% of events have an
angular error lower than 7° and 68% lower than 9°.

On Figure 2 and 3 the circularized error is used, however the DNN allows us to compute more
sophisticated error contours which can be asymmetrical but are nevertheless usually elliptical as
can be seen on Figure 4.

4 Description of event contents
The GCN Notice will contain several information about the event, allowing follow-up observers to
select the events they are interested in.

• Time and date in Universal Time to 0.01 second precision.

• Stream number, which is 26 for the IceCube cascade stream.

• The IceCube Run number and event number - used as a unique ID within the IceCube col-
laboration.

• Direction (Right Ascension and Declination) in several epochs (J2000, current and 1950) with
50% and 90% containment angular error radii, corresponding to a circularized error.

3

https://gcn.gsfc.nasa.gov/doc/High_Energy_Neutrino_Cascade_Alerts.pdf


TOO search: Neutrinos from 
gravitational wave events with IceCube

• High-energy neutrinos can provide important 
information:


• Coincident detection could reduce localization 
uncertainty and aid follow-up optical source searches


• Provide understanding of particle acceleration and 
high-energy emission from compact objects


• Plans to search in realtime for neutrinos in Run O4 now 
in development
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jet burrowing through the stellar envelope in a core-collapse
event (Mészáros & Waxman 2001; Razzaque et al. 2003; Bar-
tos et al. 2012; Murase & Ioka 2013). Nevertheless, if the
observed gamma-rays come from the outbreak of a wide co-
coon, it is less likely that the relativistic jet, which is more
narrowly beamed than the cocoon outbreak, also pointed to-
wards Earth.

We further considered an additional neutrino-production
mechanism related to ejecta material from the merger. If a
rapidly rotating neutron star forms in the merger and does not
immediately collapse into a black hole, it can power a rela-
tivistic wind with its rotational energy, which may be respon-
sible for the sometimes observed extended emission (Met-
zger et al. 2008). Optically thick ejecta from the merger can
attenuate the gamma-ray flux, while allowing the escape of
high-energy neutrinos. Additionally, it may trap some of the
wind energy until it expands and becomes transparent. This
process can convert some of the wind energy to high-energy
particles, producing a long-term neutrino radiation that can
last for days (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017). The properties of ejecta material around
the merger can be characterized from its kilonova/macronova
emission.

Considering the possibility that the relative weakness of
gamma-ray emission from GRB170817A may be partly due
to attenuation by the ejecta, we compared our neutrino con-
straints to neutrino emission expected for typical GRB pa-
rameters. For the prompt and extended emissions, we used
the results of Kimura et al. (2017) and compared these to
our constraints for the relevant ±500 s time window. For
extended emission we considered source parameters corre-
sponding to both optimistic and moderate scenarios in Ta-
ble 1 of Kimura et al. (2017). For emission on even longer
timescales, we compared our constraints for the 14-day time
window with the relevant results of Fang & Metzger (2017),
namely emission from approximately 0.3 to 3 days and from
3 to 30 days following the merger. Predictions based on fidu-
cial emission models and neutrino constraints are shown in
Fig. 2. We found that our limits would constrain the op-
timistic extended-emission scenario for a typical GRB at
⇠ 40Mpc, viewed at zero viewing angle.

4. CONCLUSION

We searched for high-energy neutrinos from the first bi-
nary neutron star merger detected through GWs, GW170817,
in the energy band of [⇠ 1011 eV, ⇠ 1020 eV] using the
ANTARES, IceCube, and Pierre Auger Observatories, as well
as for MeV neutrinos with IceCube. This marks an unprece-
dented joint effort of experiments sensitive to high-energy
neutrinos. We have observed no significant neutrino counter-
part within a ±500 s window, nor in the subsequent 14 days.

Figure 2. Upper limits (at 90% confidence level) on the neutrino
spectral fluence from GW170817 during a ±500 s window centered
on the GW trigger time (top panel), and a 14-day window follow-
ing the GW trigger (bottom panel). For each experiment, limits are
calculated separately for each energy decade, assuming a spectral
fluence F (E) = Fup ⇥ [E/GeV]�2 in that decade only. Also
shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission
(EE) and prompt emission are scaled to a distance of 40 Mpc, and
shown for the case of on-axis viewing angle (✓obs . ✓j) and se-
lected off-axis angles to indicate the dependence on this parameter.
The shown off-axis angles are measured in excess of the jet opening
half angle ✓j . GW data and the redshift of the host-galaxy constrain
the viewing angle to ✓obs 2 [0�, 36�] (see Section 3). In the lower
plot, models from Fang & Metzger (2017) are scaled to a distance
of 40 Mpc. All fluences are shown as the per flavor sum of neutrino
and anti-neutrino fluence, assuming equal fluence in all flavors, as
expected for standard neutrino oscillation parameters.

The three detectors complement each other in the energy
bands in which they are most sensitive (see Fig. 2).

This non-detection is consistent with our expectations from
a typical GRB observed off-axis, or with a low-luminosity
GRB. Optimistic scenarios for on-axis gamma-attenuated
emission are constrained by the present non-detection.

While the location of this source was nearly ideal for
Auger, it was well above the horizon for IceCube and
ANTARES for prompt observations. This limited the sensitiv-
ity of the latter two detectors, particularly below ⇠ 100TeV.
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(see Figure 1). We used this non-detection to constrain the
neutrino fluence (see Figure 2) that was computed as in Adrián-
Martínez et al. (2016a).

The search over 14 days is restricted to up-going events, but
includes all neutrino flavors (tracks and showers). We applied
quality cuts optimized for point-source searches that give a
median pointing accuracy of 0°.4 and 3°, respectively, for track
and shower events(Albert et al. 2017b). No events spatially
coincident with GRB 170817A were found.

Compared to the upper limits obtained for the short time
window of ±500 s, those limits are significantly less stringent
above 1 PeV, where the absorption of neutrinos by the Earth
becomes important for up-going events. Below 10TeV, the
constraints computed for the 14 day time window are stricter due
to the better acceptance in this energy range for up-going neutrino
candidates compared to down-going events (see Figure 2).

2.2. IceCube

IceCube is a cubic-kilometer-size neutrino detector(Aartsen
et al. 2017) installed in the ice at the geographic South Pole in
Antarctica between depths of 1450 m and 2450 m. Detector
construction was completed in 2010, and the detector has
operated with a ∼99% duty cycle since. IceCube searched for
neutrino signals from GW170817 using two different event
selection techniques.

The first search used an online selection of through-going
muons, which is used in IceCube’s online analyses (Aartsen
et al. 2016; Kintscher & The IceCube Collaboration 2016) and
follows an event selection similar to that of point source
searches (Aartsen et al. 2014a). This event selection picks out
primarily cosmic-ray-induced background events, with an
expectation of 4.0 events in the northern sky (predominantly
generated by atmospheric neutrinos) and 2.7 events in the
southern sky (predominantly muons generated by high-energy
cosmic rays interactions in the atmosphere above the detector)
per 1000 s. For source locations in the southern sky, the
sensitivity of the down-going event selection for neutrinos
below 1 PeV weakens rapidly with energy due to the rapidly

increasing atmospheric muon background at lower energies.
Events found by this track selection in the ±500 s time window
are shown in Figure 1. No events were found to be spatially and
temporally correlated with GW170817.
A second event selection, described in Wandkowski et al.

(2017), was employed offline. This uses the outermost optical
sensors of the instrumented volume to veto incoming muon
tracks from atmospheric background events. Above 60 TeV, this
event selection has the same performance as the high-energy
starting-event selection(Aartsen et al. 2014b). Below this
energy, additional veto cuts similar to those described in Aartsen
et al. (2015) are applied, in order to maintain a low background
level at energies down to a few TeV. Both track- and cascade-
like events are retained. The event rate for this selection varies
over the sky, but is overall much lower than for the online track
selection described above. Between declinations −13° and
−33°, the mean number of events in a two-week period is 0.4 for
tracks and 2.5 for cascades. During the ±500 s time window, no
events passed this event selection from anywhere in the sky.
A combined analysis of the IceCube through-going track

selection and the starting-event selection allows upper limits to be
placed on the neutrino fluence from GW170817 between the
energies of 1 TeV and 1 EeV, as shown in Figure 2. In the central
range from 10 TeV to 100 PeV, the upper limit for an E 2- power-
law spectral fluence is F E E0.19 GeV GeV cm2 1 2= - - -( ) ( ) .
Both the through-going track selection and the starting-event

selection were applied to data collected in the 14 day period
following the time of GW170817. Because of IceCube’s
location at the South Pole and 99.88% on-time during the 14
day period, the exposure to the source location is continuous
and unvaried. No spatially and temporally coincident events
were seen in either selection during this follow-up period. The
resulting upper limits are presented in Figure 2. At most
energies these are unchanged from the short time window. At
the lowest energies, where most background events occur, the
analysis effectively requires stricter criteria for a coincident
event than were required in the short time window; the limits
are correspondingly higher. In the central range from 10 TeV to

Figure 1. Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization (red contour; Abbott et al. 2017b),
direction of NGC 4993 (black plus symbol; Coulter et al. 2017b), directions of IceCube’s and ANTARESʼs neutrino candidates within 500 s of the merger (green crosses and
blue diamonds, respectively), ANTARESʼs horizon separating down-going (north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and
Auger’s fields of view for Earth-skimming (darker blue) and down-going (lighter blue) directions. IceCube’s up-going and down-going directions are on the northern and
southern hemispheres, respectively. The zenith angle of the source at the detection time of the merger was 73°. 8 for ANTARES, 66°.6 for IceCube, and 91°.9 for Auger.
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Challenges for multi-messenger 
neutrino astrophysics

• Neutrino detection backgrounds


• Most alerts, especially tracks, have a chance of being of atmospheric origin


• “Signalness” depends on an assumed spectral index for the neutrino signal.


• Source confusion


• IceCube angular resolution is typically poorer than most photon observations.  Can lead to 
significant source confusion for a single event


• Neutrinos have small cross sections, single events can arrive from large redshifts


• Model confusion


• Some models predict that neutrinos should be favored from obscured sources


• Target material responsible for neutrinos obscures gamma-rays. (Murase+, Fang+, others..)


• High energy astrophysical neutrinos are rare, even in a km3 detector!
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https://arxiv.org/abs/1509.00805
https://arxiv.org/abs/2205.03740


Upgrade plans
• Two-tier effort


• IceCube Upgrade - funded


• Focus on improved calibration 
and low energy neutrino 
physics


• Test new technologies


• Deployment now 2025/26


• IceCube Gen2 


• Focused on larger samples of 
astrophysical neutrinos over a 
wide energy range
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IceCube Upgrade

Ice is stable:  Able to reprocess decade+ of 
neutrinos with improved analyses and systematics



IceCube Gen2
• Looking forward, to get larger and better 

samples of astrophysical neutrinos, a larger 
detector is needed


• Envision a wide-band neutrino observatory


• 8-10 x larger optical Cherenkov detector


• Neutrino astronomy and multi-
messenger astrophysics


• Askaryan radio detector array


• Probe neutrinos beyond EeV 
energies


• Surface particle detector


• Detailed cosmic ray spectrum and 
composition measurements and veto 
capabilities

24
Figure 12: Discovery potential of IceCube and IceCube-Gen2 for neutrino flares similar to the one observed
for TXS0506+056 in 2014/15 which lasted 158 days. Shown is the projected significance of the observation
as a function of the flare duration. The flux and spectral index of the assumed flare are the ones observed for
TXS0506+056 (see Figure 11) and assumed constant within the flare duration, i.e., the neutrino fluence in-
creases with flare duration. Green dotted lines mark the 5� discovery threshold, as well as the lower threshold
for sending alerts to partner telescopes for follow-up observations.

3.2.2. Neutrinos from gamma-ray bursts

GRBs, either short (lasting <2 s) or long, have been suggested as sources of the UHE cos-
mic rays and high-energy neutrinos [134, 135]; a prediction later revised by, e.g., [136]. An
alternative sub-photospheric dissipation mechanism for GRBs that also results in neutrino
emission has also been proposed [137–139]. Long GRBs are associated with CCSNe that
develop relativistic jets and short GRBs are associated with the merger of compact objects
— two neutron stars (NS-NS) and/or a neutron star and a black hole (NS-BH) — that also
develop these jets. IceCube has studied 1,172 GRBs and has not found coincident neu-
trino emission [128]. This implies that GRBs contribute no more than ⇥1% of the diffuse
neutrino flux [140]. Furthermore, in a wide range of scenarios, GRBs are constrained as
a source of UHE cosmic rays [129]. However, these 1,172 GRBs were initially detected by
satellites and are subject to selection effects: e.g., only the most luminous are found. Low-
luminosity GRBs are potential neutrino and UHE cosmic-ray sources [141]. IceCube-Gen2
will be able to probe the remaining viable scenarios for neutrino production by GRBs of all
types. Figure 13 shows the current best upper limits of IceCube and the expected sen-
sitivity for IceCube-Gen2 on the diffuse flux from GRBs after following 1000-5000 GRBs
(assuming 667 bursts/year). This can be compared to three models that assume UHE
cosmic rays are produced by GRBs [129]).

3.2.3. Multi-messenger sources of high-energy neutrinos and gravitational waves

LIGO [142] and VIRGO [143] have revolutionized multi-messenger astrophysics with their
detection of gravitational waves. The most spectacular observation to date were the joint
detections of GW170817 and GRB170817A by LIGO/VIRGO and Fermi-GBM respectively,
which confirmed the association of the merger of binary neutron stars with short GRBs. In-
terestingly, GRB170817A was probably seen off-axis with respect to the relativistic jet. As
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Summary
• Over more than 10 years of operation, IceCube has developed strong evidence 

for an astrophysical flux of neutrinos


• While first hints for sources (TXS 0506+056, NGC 1068,… ) are developing, 
no overwhelming evidence in neutrinos alone


• IceCube has developed a strong multi-messenger component


• Realtime alerts:  High energy tracks and cascade to community


• Have delivered some interesting and tantalizing correlations.


• TOO neutrino searches following interesting alerts in other messengers.


• Coming next: IceCube Upgrade and the path toward IceCube Gen2
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The future looks bright for Neutrino Astronomy!
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Thanks!
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