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SUMMARY

‣ IceCube: a versatile observatory from GeV to PeV energies

‣ Extensive multi-messenger program:

‣ Most-energetic events published in real-time

‣ Monitoring of known gamma-ray emitters 
for flaring activity

‣ Unbiased monitoring of the entire sky 
for neutrino clusters

‣ Fast response to external triggers, 
immediately searching the most-recent data

‣ Not shown here: sensitivity to neutrinos from  
Galactic supernovae at MeV energies

Alert Rate

Single Events (50% Signalness) 10 / year

Single Events (30% Signalness) 30 / year

Monitoring Known ɣ-ray Sources 10 / year

All-sky Monitoring for Clusters 1 / year
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Figure 3: The flux (f ) of neutrinos, per flavor [9, 10] (red and magenta data) compared to the flux
of unresolved extragalactic g-ray emission [65] (blue data) and UHE cosmic rays [66] (green data).
We highlight two neutrino limits (dashed lines) based on multi-messenger models [17, 31].

with specific sources of g-rays and offers a wealth of information that is not available with neu-
trino astronomy alone. The most successful example so far is the multi-messenger flare of TXS
0506+056 [16], which demonstrated the feasibility of neutrino-triggered follow-up campaigns.
However, there is no simple concordance picture of neutrino emission from this source [88–102],
so further studies are required to establish blazar flares as sources of high-energy neutrinos.

High-energy neutrino observations will allow us to investigate the rich diversity of stellar
explosions — ranging from core-collapse SNe [103, 104], over trans-relativistic SNe [105, 106]
associated with low-luminosity g-ray bursts [52, 107–112], jet-powered SNe [50, 113–117], and
wind-powered SNe [118–120], to g-ray bursts with ultra-relativistic jets [109,121–152]. Neutrino-
triggered follow-up searches [107, 153–157] and stacking analyses [158–160] are in reach of test-
ing the predictions. Other candidate transient neutrino sources are jetted tidal disruption events
(TDE) [161–167], flaring flat spectrum quasars [168–172], and compact object mergers [173–
180]. The latter are also intriguing targets for coincident detection of neutrinos and gravitational
waves [173,174], and models have been constrained for the recent merger event GW170817 [181].
Steady emission from Galactic neutrino sources could contribute a fraction of the observed diffuse
flux [26,182–188] (e.g., stellar explosion remnants [182,189–195], g-ray binaries [183,196–198],
star-forming regions [182, 199–202], Galactic center and ridge regions [182, 203–210], diffuse
emission [70, 182, 211–216], and quasi-isotropic halo emission [182, 217–220]).

Observatory Requirements to Achieve the Science Goals
Meeting these science goals requires measurements of the neutrino flux density, the neutrino spatial
distribution, neutrino flavor ratios, and requires linking neutrino observations with observations of
complementary astrophysical messengers (see Fig. 4). This flows down to measurement require-
ments for astrophysical neutrino observatories in the coming decade. Measuring neutrino point-
source and diffuse energy flux densities will require large detector arrays. As detector effective
areas increase, it is imperative to maintain low backgrounds to achieve improved sensitivity.

The spatial distribution and clustering of high-energy neutrinos across the sky are key observ-
ables for revealing their origins. Source catalogue correlations require sub-degree pointing resolu-
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• Similar energy densities observed for extra-
galactic components


• Diffuse gamma-rays


• Extra-galactic cosmic rays


• Astrophysical neutrinos


• All potentially arising from a common source 
class



Astrophysical neutrinos

4

• Up-going neutrino tracks from 8 yr of 
IceCube data 

• Excess of events above atmospheric 
backgrounds 

• No evidence for prompt flux (best fit 0)

Update of: IceCube, ApJ 888, (2016) 1

Atmospheric origin only 
excluded at 6.7σ

• Starting neutrino events from  7.5 yr 
of IceCube data 

• 103 events, with 60 events >60 TeV 

Phys. Rev. Lett. 113, (2014) 101101 Updated: Neutrino 2018



Searches for 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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IceCube 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)

~80k northern hemisphere evt/yr (atm ν) 
~35k southern hemisphere evt/yr (atm μ) 
~200 starting tracks from southern sky

Measured astrophysical neutrino flux 
appears to be mostly isotropic in nature, 
with no obvious sources seen

* No correlation with galactic plane (<10%)

* No correlation with known catalogs of 

high-energy gamma ray sources


arXiv astro-ph: 1910.08488
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4 “warm” spots observed in catalog-based search.

* Inconsistent with background at 3.3 σ

* Hints of a class of active galaxies that produce neutrinos?

astro-ph  arXiv: 1910.08488
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• Given the current statistics-limited samples of astrophysical neutrinos, 
prioritizing multi-messenger observations is key:


• Alerts to community upon detection of likely astrophysical neutrinos 
for rapid followups


• Rapid searches for neutrino signals in response to transient events 
observed in other messengers


• Most high-energy sources are known to have time dependent 
behavior


• These observations can:


• Strengthen or refine detections made in single messenger


• Probe source dynamics and populations, even in the absence of a 
signal


• Identify the sources of the observed high-energy astrophysical 
neutrinos



Alerts from neutrino detectors
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• A rapid growing network of large high-
energy neutrino detectors are now providing 
alerts to the astronomy  community


• High-duty factor (>95% observing)


• Half/Full sky coverage


• Ideal for alerts


• Rapid neutrino event identification


• Performed onsite with rapid 
communication to community (< 30 s)


• Neutrino searches in response to 
community alerts


• Good angular resolution:  ~0.5° (tracks)


• Neutrino alerts for potential astrophysical 
signals

Details: see arXiv 1409.4552
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CLUSTERING SEARCHES

‣ Hundreds of lower-energetic astrophysical events  
buried under atmospheric background (0.4 events/s) 
⇒ Search for neutrino clusters!

‣ “Optical follow-up” (OFU): GRB/SN

‣ 2+ events in 100 seconds, within 3.5°

‣ Private alerts to ZTF and Swift

‣ “Gamma-ray follow-up” (GFU): Blazar flares

‣ Likelihood analysis on variable time-scales (hours to months)

‣ Private alerts to MAGIC, VERITAS, H.E.S.S.

‣ Efforts ongoing for opening to the public

‣ Online event selection / reconstruction  
⇒ similar sensitivity to previous offline analyses!
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Figure 5.9: Distribution of the true neutrino energy for muon neutrino-induced events
selected by the online filter. This distinction between up- and down-going
events is made at � = �8�.

are shown with respect to the neutrino energy, the down-going panel does not cover
the contribution from atmospheric muons. Astrophysical neutrinos only stand out at
high energies, and Sec. 6.4 discusses the real-time identificatoin of those events in
the online event stream. However, ⇡ 150 astrophysical events are recorded at lower
energies. While they cannot be distinguished from the atmospheric background on a
per-event basis, Sec. 5 will discuss a search strategy for spatial clustering of events, in
order to identify a signal from neutrino point-sources.

E�ective Area

Figure 5.10 displays the effective area (Eq. 5.14) towards different neutrino flavors.
Only events where the simulated and reconstructed neutrino direction agree within
3� are considered, in order to enable a comparison of the effective area that is useful
for point-source searches. As expected, the effective area is largely dominated the
selection of muons from muon-neutrino interactions, except for PeV neutrinos from the
northern sky. With the interaction cross-section increasing towards higher energies,
absorption becomes more likely as up-going neutrinos have to traverse more matter
on their way through Earth.

Conversely, tau neutrinos contribute at or above PeV energies for several reasons:
As the interaction of the tau neutrino produces a tau lepton, which decays into another
tau neutrino (“regeneration”), they can traverse the Earth more likely than other
flavors. Therefore, the effective area for tau neutrinos exceeds that of muon neutrinos
above 10 PeV. After reaching the ice, they may interact inside the detector and the
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Figure 5.11: Median angular error in three declination bands. The solid (dotted) lines
show the angular distance between the reconstructed direction and the
true neutrino (muon) direction. Above 30 TeV, where solid and dotted
lines merge, the kinematic angle becomes negligible. In the southern sky,
only the most-energetic events are selected, hence the blue line starts at
100 TeV.

test. This ensures a fair comparison of the filters and reconstructions, and it is not
biased by the different sample durations used in previous analyses.

In the northern sky the new selection performs ⇡ 25% better than the previous
online selection, and ⇡ 50% better in the southern sky. The improvement seen here in
the northern sky correlates with the enlarged effective area shown earlier. In addition,
the implementation of a dedicated set of variables to reject atmospheric showers
improves the discovery potential in the southern sky.

In comparison to the event selection used in the previous point source analysis,
a slight improvement is also seen. This is suspected to come from the better track
reconstruction where the online reconstruction uses additional pulse cleaning, that
was found to improve the directional accuracy and speed up the reconstruction. The
same behavior was found for a hard energy spectrum / E�2 and a softer one of / E�2.5,
confirming that the event sample is suitable sfor searching sources over a range of
possible energy spectra.

The only region where the offline analysis shows clearly better performance is for
very inclined events (at declinations below �60�), where it uses IceTop as an additional
veto.

In Fig. 5.13 the differential discovery potential is shown at three declinations and
compared to the same event selections as before. This comparison shows in which
energy range the sensitivity is mostly improved. The improvements here are similar
those in effective area, but also consider the improved reconstructions.

102

Southern sky
(+ atm. μ)

Northern sky

Neutrino event selections

9

• Neutrino telescopes swamped in atmospheric backgrounds


• IceCube:  2.5 kHz triggers, ~5 mHz neutrino candidate (atmospheric dominated)


• 10’s/yr of identifiable astrophysical neutrinos


• Online selection


• Look for good quality tracks (upgoing), select energetic tracks above atmospheric 
muons (downgoing)


• Sample for rapid searches for neutrinos


• Alerts:  select the highest energy events (least consistent with backgrounds)

IceCube online 
neutrino track selection

Angular resolution:  ~0.5°
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• Neutrino telescopes swamped in atmospheric backgrounds


• IceCube:  2.5 kHz triggers, ~5 mHz neutrino candidate (atmospheric dominated)


• 10’s/yr of identifiable astrophysical neutrinos


• Online selection


• Look for good quality tracks (upgoing), select energetic tracks above atmospheric 
muons (downgoing)


• Sample for rapid searches for neutrinos


• Alerts:  select the highest energy events (least consistent with backgrounds)

IceCube online 
neutrino track selection

Angular resolution:  ~0.5°



ANTARES neutrino alert selection
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Triggers (upgoing tracks):
• Doublet of neutrinos: ~0.04 evt / yr.

• Single neutrino with direction close to 

local galaxies (1 TeV): ~10 evt / yr.

• Single HE neutrinos (7 TeV): ~ 15 evt/yr

• VHE neutrinos (30 TeV): ~ 3-4 evt/yr.

Alert delay:
• Alert message sent via GCN using 

GCN socket/VO Event (XML file)

• Average delay: ~6-7 s     (filtering, 

online reco,  neutrino selection, 

alert message)

ANTARES PSF : 
~0.4º (median)

Delay time (s)

N.
 a

la
rm

s

M. Spurio - Town Hall KM3NeTM. Spurio - KM3Net Town Hall (Dec 2019)



ANTARES neutrino alert selection: follow-ups
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Status ANTARES alerts
(Oct 2009 - July 2019):
• 311 robotic optical telescopes
• 18/25 followed by Swift-XRT
• 4 followed by Integral
• 4 followed by MWA
• 2 followed by H.E.S.S.

Follow-up delay (optical):
• Dt between 1st image/trigger:

• 55 alerts < 1 min
• 208 alerts < 1 day

(wait for the alert visibility, stop 
previous acquisition, point the 
telescope, start the acquisition)

JCAP02(2016)062

M. Spurio - Town Hall KM3NeT

M. Spurio - KM3Net Town Hall (Dec 2019)
To date:  no significant association found



IceCube realtime analyses

• Broad alert and response program.


• Focus on rapid notification for alerts and responses to external 
triggers

roc@icecube.wisc.edu

Multi-messenger Programs in IceCubeThomas Kintscher (DESY)

Gamma-Ray Follow-Up (GFU)

Supernova DAQ
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HISTORICAL DEVELOPMENT OF REAL-TIME ANALYSES
(CURRENTLY OPERATING)

2008 2016 20192017

Fast Response Analysis

GW Follow-Up with LIGO (→ I. Bartos’ talk)

Optical Follow-Up (OFU)

Extreme High-energy Events (EHE)

High-energy Muons

High-energy Starting Events (HESE)
Single Events  

with high 
“Signal-ness”

‣ Clustering searches: 
 
 

‣ Single neutrino events: 
 
 
 

‣ Responses to external triggers:

Multi-messenger Programs in IceCubeThomas Kintscher (DESY)

Gamma-Ray Follow-Up (GFU)

Supernova DAQ

5

HISTORICAL DEVELOPMENT OF REAL-TIME ANALYSES
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2008 2016 20192017
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High-energy Muons
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Gamma-Ray Follow-Up (GFU)

Supernova DAQ
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HISTORICAL DEVELOPMENT OF REAL-TIME ANALYSES
(CURRENTLY OPERATING)

2008 2016 20192017

Fast Response Analysis

GW Follow-Up with LIGO (→ I. Bartos’ talk)

Optical Follow-Up (OFU)

Extreme High-energy Events (EHE)

High-energy Muons

High-energy Starting Events (HESE)
Single Events  

with high 
“Signal-ness”

‣ Clustering searches: 
 
 

‣ Single neutrino events: 
 
 
 

‣ Responses to external triggers:

SNEWS

MOU partners

Public alerts

Public response

Multi-messenger Programs in IceCubeThomas Kintscher (DESY)

‣ Unbinned maximum-likelihood method: 
 
 
 
                                               ✖                                                            ✖  
 
 
 

‣ Fit parameters: number of events, spectral index and time window

14

TIME-DEPENDENT ANALYSIS
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‣ Exploit different spectra of 
signal and background

‣ Use per-event 
energy estimate

Time PDF

‣ Clustering of signal over 
flat background

‣ Generic box shape

Time

PD
F

TS

mailto:roc@icecube.wisc.edu


Single neutrino alerts
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Gamma-Ray Follow-Up (GFU)

Supernova DAQ
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HISTORICAL DEVELOPMENT OF REAL-TIME ANALYSES
(CURRENTLY OPERATING)

2008 2016 20192017

Fast Response Analysis

GW Follow-Up with LIGO (→ I. Bartos’ talk)

Optical Follow-Up (OFU)

Extreme High-energy Events (EHE)

High-energy Muons

High-energy Starting Events (HESE)
Single Events  

with high 
“Signal-ness”

‣ Clustering searches: 
 
 

‣ Single neutrino events: 
 
 
 

‣ Responses to external triggers: V2: Updated in June 2019

• Alerts focusing on single events that are likely astrophysical in origin


• 2019:  upgraded event selection


• Improved background rejections


• Added through-going track selections


• “Signalness”  = NSignal / (NSignal +  NBackground)


• 2 classifications:


• Gold :  > 50% signalness


• Bronze >30% signalness



Single neutrino alerts

• Alerts issued as public GCN Notices


• Report:


• Direction and uncertainty


• Signalness and expected yearly 
rate


• Most likely neutrino energy


• Updated GCN circular follows


• Detailed direction likelihood scan 
results (~3-4 hr later)


• Encourage community followup!

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.
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HIGH-ENERGY TRACKS

‣ Public GCN notices

‣ Per-event information given:

‣ Direction and angular error

‣ Signalness and yearly expected rate

‣ Most-likely neutrino energy

‣ MWL Follow-up is encouraged!

STARTING + THROUGH-GOING

Event Rate (1/yr)

Gold Bronze

Astro. Signal (E-2.19) 6.6   9.4

Atm. Backgrounds 6.1 20.8

Data 9.9 29.4

PoS(ICRC2019)1021

Realtime Neutrino Alerts Chun Fai Tung

IceCube preliminary IceCube preliminary

All

Figure 4: Expected yearly rate of IceCube realtime alerts distribution in declination. "Thru-going track
astro n" includes events that passed either GFU or EHE selection; "starting track astro n" includes events
that passed HESE selection. Left: Alerts passed the Gold criteria. Right: Alerts passed either the Gold or
Bronze criteria.

its deployment, IceCube is now issuing realtime alerts at an increased rate, and these alerts have
a higher astrophysical purity and more reliable information than the previous generation. These
changes provide more opportunities for follow-up observations to the astronomical community.

As multi-messenger astronomy becomes more mature, it is reasonable to expect more frequent
coincident observations in the future. The next multi-messenger detection might help resolve the
mysteries of the origin of ultra-high energy cosmic rays, or it might give us another riddle about
the high-energy universe.
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• Right Ascension and Declination - the reconstructed direction from which the neutrino
candidate came. Values in J2000, current, and 1950 epochs are reported.

• Direction Error - angular radii of the 50% and 90% containment circles. Errors are derived
from Monte Carlo simulations of similar events. The 50% error as a function of neutrino
energy is shown in Figure 3.

• Signalness - probability of the neutrino candidate being an astrophysical neutrino. Definition
follows Eq 2.1.

• False Alarm Rate - yearly rate of alerts that have equal or higher signalness.

• Likely Neutrino Energy - the most likely energy of the neutrino deduced from the param-
eters of the alert event under the astrophysical neutrino hypothesis. The spectrum of the
diffuse astrophysical neutrino flux is assumed to be a power law with spectral index -2.19.

All the values for the quantities listed above (except time and date and run/event number) are
calculated based on the event sample and historical observations of the selection passed by the
neutrino candidate. All of the information is generated during the reconstructions performed at
South Pole.
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Figure 3: Angular resolution of IceCube realtime neutrino alerts as a function of neutrino energy. Left:
Angular resolution of through going track events (GFU and EHE selections). Right: Angular resolution of
starting track events (HESE selection). In this figure, "all" includes all the events above the Bronze parameter
cut in the corresponding selection, and "Gold" includes all the events above the Gold parameter cut, so the
Gold events are counted in both curves. The Gold alerts have a worse angular resolution at lower energy
region. For through-going tracks, this is because the events have high declination, where the reconstruction is
more difficult . For starting tracks, this is because the events have bright cascades at the interaction vertices.
Also, as a new practice introduced in this update, the angular error reported in the GCN Notice is set to be
at least 0.2 degrees to account for systematic uncertainty.

Since the alerts are designed to promote follow-up observation instead of detailed analysis, the
potential systematics of the information listed above are not included in the message. For example,
the reported signalness and neutrino energy vary with spectral index of the astrophysical neutrino
flux. It must also be noted that because a significant portion of a muon track can lie outside of
the detector’s instrumented volume, the true neutrino energy can be much higher than the reported
value.
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‣ Unbinned maximum-likelihood method: 
 
 
 
                                               ✖                                                            ✖  
 
 
 

‣ Fit parameters: number of events, spectral index and time window
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TIME-DEPENDENT ANALYSIS
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Fast response analyses
* Time dependent source search

• Followup several classes of events


• IceCube alerts


• Search for additional neutrinos associated with alert (+/- 1 day, +1/-30 day)


• External alerts (GCN, ATels…)


• Selecting likely neutrino candidates or extraordinary sources



IceCube alerts - upcoming

• Next steps for IceCube alerts:


• Alerts from cascade events (~6/yr)


• Alerts for all-sky time dependent 
flaring searches (~1/yr)

Hottest spot in 8 yr of data

Consistent with background after trials correction

O(10° angular uncertainty)



• High-energy neutrinos can provide important 
information:


• Coincident neutrino detection could reduce 
localization uncertainty and aid followup observations


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


• Now searching in realtime for neutrinos in Run O3!
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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.

Astrophys.J. 850 (2017) 

(see Figure 1). We used this non-detection to constrain the
neutrino !uence (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 !avors (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 signi"cantly less stringent
above 1 PeV, where the absorption of neutrinos by the Earth
becomes important for up-going events. Below 10!TeV, 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 "rst 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 of!ine. 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 !uence 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 !uence 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 ANTARES!s neutrino candidates within 500 s of the merger (green crosses and
blue diamonds, respectively), ANTARES!s horizon separating down-going (north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and
Auger’s "elds 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.

3

The Astrophysical Journal Letters, 850:L35 (18pp), 2017 December 1 Albert et al.

GW-Neutrino event searches
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GVD alert base of 8 cascades : 2015-2016, 
2018-2019 

(Preliminary)

Galactic coordinates
4FGL, map for EŠ>10 GeV
(credits to D.Semikoz, 
A.Neronov)O. Suvorova - KM3Net Town Hall (Dec 2019)

GVD approaching ~0.4 km3 volume in next year 
7 events > 100 TeV - online, public alerts in preparation



IceCube-170922A: Alert
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• Neutrino alert:  22 September 2017


• Neutrino energy: 290 TeV (56% likely astrophysical)


• 3FHL source found in error box:  TXS 0506+056


• Fermi-LAT reported active flaring at time of alert


• MAGIC VHE detection at > 80 TeV


• Large multi-wavelength followup campaign


• Chance coincidence for correlated emission reject at 3σ

ZPKL ]PL^

���T[VW ]PL^ � ��� ���� ���� ���� ���� ����
QDQRVHFRQGV
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Published: Science 361 (2018)



-g Correlation Analysis

2D Gaussian from  ang resol.
from light curve𝜃-dependent acceptance

no correlation vs correlation → 4.1𝜎→ Corrections for all 10 alerts issued 
previously and the 41 archival events

① flux variability

𝑊𝑡𝑒 𝑝 𝑎 ∝
𝐼𝛾 𝑡

< 𝐼𝛾 𝑡 >
② energy flux

𝑊𝑡𝑒 𝑝 𝑎 ∝
1 𝑒

100 𝑒
𝐸𝛾

𝑑𝐼𝛾 𝑡
𝑑𝐸𝛾

𝑑𝐸𝛾

IceCube 170922A

9 years

6 times brighter than the baseline 
Fermi-LAT:  >1GeV light curve
4-week bin (9.2 years)

Both cases:

2017 April

41

• 𝑃𝑆 = 𝑃𝑠𝑝𝑎𝑡 𝑎 �⃗� Wenerg Ereco, sin 𝜃 𝑊𝑡𝑒 𝑝 𝑎 𝑡

• 𝐿 = ∏𝑁 𝑛𝑠
𝑁
𝑃𝑆 +

𝑛
𝑁
𝑃 → 𝑇𝑆(𝑁 = 1) ∝ log 𝑃𝑆

𝑃

→ ≈3σ

IceCube-170922A: Followup 

20 Published: Science 361 (2018)

Based on the neutrino alert - flaring blazar 
correlation, IceCube performed a search for 
evidence of a neutrino flux from TXS 0506+056 in 
archival point source data samples

• Is it a constant neutrino source?

• Does is exhibit time dependent emission?

• Apply standard point source likelihood analysis


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



Fermi LAT Fourth Catalog 37

Figure 14. Full sky map (top) and blow-up of the Galactic plane split into three longitude bands (bottom)
showing sources by source class (see § 6, no distinction is made between associations and identifications).
All AGN classes are plotted with the same blue symbol for simplicity. Other associations to a well-defined
class are plotted in red. Unassociated sources and sources associated to counterparts of unknown nature are
plotted in black.

Challenges for neutrino alerts

21

• Source confusion


• Even at ~0.2° direction uncertainty, there 
are many potential sources 


• 4FGL has more than 3000 AGN


• Observing a rapid timescale transient 
does help


• Deep observations in unknown region


• Neutrino horizon


• Some fraction of neutrino events likely 
arising from distances too far to be 
resolved in photons.


• Rapidly growing number of transient alerts.


• Need for better coordination of multi-
messenger efforts

Prompt, multi-wavelength coverage 
will likely be needed to understand 

source dynamics.



AMON
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• Astrophysical Multi-messenger 
Observatory Network (AMON) 
established to explore sub-threshold 
coincidences between messengers


• Trigger followup observations


• First searches coming to maturity


• Search for IceCube neutrinos 
coincident with HAWC gamma-ray 
hotspots


• Public alerts expected to start soon


• ANTARES - Fermi-LAT coincidences

 4

AMON

● Sub-threshold data

● Realtime coincidences

● Pass-through

● Send alerts

● Trigger follow-ups

● Archival searches

Ayala Solares et al. 2019, 
Astropart. Phys. 114, 68

PoS(ICRC2019)841

TeV Gamma and Neutrino Coincidence Alerts Hugo Alberto Ayala Solares

Figure 2: Ranking statistics distribution of the analysis. Blue: background expectation obtained
from the scrambled datasets and normalized to the number of coincidences observed in the un-
blinded dataset. Red: result from the unblinded analysis.

(a) Coincidence with a false alarm rate of 0.99
per year

(b) Coincidence with a false alarm rate of 1.1 per year

Figure 3: Skymaps of the coincidences found with the analysis. The size of the circles correspond
to the angular uncertainties of the positions (1s for a 2D Gaussian). Size of the uncertainty radius
of the coincidence is ⇠0.1� after combining the uncertainties.

5
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Future alerts in neutrinos

23

• With several new neutrino telescopes under 
active construction or expansion, the 
landscape is going to change over the coming 
years.


• ANTARES -> KM3Net 


• KM3Net realtime alert framework in 
development now, expected to start 
operation in the next year.


• See M. Taiuti’s talk later today.


• Bailkal-GVD growing to complete phase 1


• Expecting first public alerts in the next year 
from observation of cascade events


• Track selection and alerts under 
development


• IceCube Upgrade and Gen2

Details: see arXiv 1409.4552
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Future alerts in neutrinos
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• With several new neutrino telescopes under 
active construction or expansion, the 
landscape is going to change over the coming 
years.


• ANTARES -> KM3Net 


• KM3Net realtime alert framework in 
development now, expected to start 
operation in the next year.


• See M. Taiuti’s talk later today.


• Bailkal-GVD growing to complete phase 1


• Expecting first public alerts in the next year 
from observation of cascade events


• Track selection and alerts under 
development


• IceCube Upgrade and Gen2

Details: see arXiv 1409.4552
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KM3Net- ARCA

IceCube Gen2



IceCube plans for Upgrades

• Two-tier effort


• IceCube Upgrade - funded


• Focus on improved 
calibration and low energy 
neutrino physics


• Test new technologies


• Deploying 2022/23


• IceCube Gen2 


• Larger samples of 
astrophysical neutrinos


• Wide energy coverage

24

IceCube Upgrade



IceCube Upgrade Instrumentation
• Several new optical sensors planned 

for Upgrade

• mDOM - 24 x 3” PMTs

• DEgg - 2 x 8” PMTs


• New Calibration devices


• Improved understanding of 
glacial optical properties

• Far from statistical limits on 

angular resolution at high 
energies

• O(0.1) deg for tracks and 

O(3) deg for showers

• Cleaner identification of Tau 

events

• Ice is stable:  Able to reprocess 

decade of neutrinos with better 
understanding
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Advertisement

• Travel supports available for >1month stay in 
Japan for production and testing in 2019 and 
2020 for graduate students and postdocs

• Need to apply before 2019 March for stay 
between April 2019 and March 2020
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Institute for Nuclear Physics

Alexander Kappes

mDOM Design

IceCube Collaboration Meeting 
Stockholm, 22.—28. Sep. 2018

� Self-calibrated, isotropic, nanosecond light pulses in
detector medium

¾ Improvement of optical medium systematics and
individual sensor calibration

¾ Verification of detector energy scale

� Variable intensity, pulse length and wavelength for
absorption and scattering studies

¾ Local optical medium properties at different wave-
bands

¾ Hole ice studies (M. Rongen)

� Current version (v1) was iterated for the STRAW
experiment

POCAM Motivation

26.09.2018 5Plots Top Right: J. Veenkamp M.Sc. Thesis (2016), Bottom Right: M. Rongen
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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

26Full design work is underway



Summary
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• Very rich neutrino alert and followup searches in operation 
in the neutrino telescope community


• Generation of alerts based on neutrino observations


• Quick response to transient events observed in other 
messengers.


• Future looks bright


• More (public) alerts planned from growing northern 
hemisphere neutrino telescopes


• Upgrade and expansion plans for IceCube


• Highly optimistic for next neutrino-source association.


• Path toward understanding cosmic ray acceleration 
mechanisms and sources of astrophysical neutrinos
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Thanks!


