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Neutrinos from transient astrophysical sources

• Transient and highly-variable persistent astrophysical sources display 
high-energy non-thermal emission potentially from hadronic processes.  

• Searching for neutrinos correlated with known MM signals provides 
direct insights into particle acceleration processes in these sources.
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Core-collapse supernovaeCompact object mergersActive galaxies Gamma-ray bursts 

Tidal disruption events
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The IceCube Neutrino Observatory
• First km3-scale neutrino detector 

• 4  sensitivity 

• High uptime (>99%)  

• Realtime program: 

• HE neutrino alerts 

• Follow-up of astrophysical 
events. Realtime correlations.

π
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DOM

IceTop

DeepCore

InIce

[Astropart. Phys., 92, 30, 2017]
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Event topologies
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Early Late

CC νμ interactions

Factor of ~2 energy resolution on neutrino energy 
(~15% on deposited visible muon energy) 

Angular resolution 0.5° @ 10 TeV, 0.3° @ 100TeV

Muon tracks

15% deposited energy resolution 
~15° median angular resolution @ 10 TeV (8° @ 100 TeV)

NC / CC νe, most ντ 
Cascades

Angular resolution better suited for 
correlating with pointing instruments Added statistics at high energies
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Figure 4: Summary of diffuse neutrino observations (per flavor) by IceCube. The black and gray data show

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

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

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

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

in red.

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

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

deposited by a muon track inside the detector.

2. Status Of the Observations of Cosmic Neutrinos

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

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

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

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

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

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

a kilometer-scale detector, and thus events in that energy range are cosmic in origin.
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Astrophysical neutrino flux

5

(Ahlers & Halzen 2018)
High-energy starting events (HESE) 
Interaction vertex within the detector 
All flavor, all sky

Up-going tracks 
Muon-dominated 
Northern sky

• Astrophysical flux in the 20 TeV - 9PeV range, dominant over 
atmospheric background at 100 TeV 

• Detected in multiple analyses. 
≳
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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

R. Abbasi et al. (IceCube)

arXiv/2011.03545
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Realtime alerts
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Upgoing

Extremely-high energy (EHE)

High-energy starting event (HESE)

Bronze

Gold

Neutrino + EM

Cascades

Equ. coordinatesDown-going

Galactic 
Center

• Original alert streams (2016-2019) 
• HESE: HE starting muon events. 

Median ang. resolution  ~1.5°. 3-4 / 
year. ~25% astrophysical fraction. 

• EHE: HE through-going muons. Median 
angular resolution < 0.5°.  4-6 / year. 
~50% astrophysical fraction. 

• First alert on April 2016.  

• Alerts issued via GCN: 18 HESE, 9 EHE.

IC-160427A

IceCube UW-Madison GCN 
AMON

Median alert latency: 33 seconds

https://gcn.gsfc.nasa.gov/amon.html 

https://gcn.gsfc.nasa.gov/amon.html
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Realtime alerts
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Gold
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Cascades
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Upgoing
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original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A
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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.

5

Fermi-LAT

• IceCube-170922A: 290 TeV neutrino energy  
• Correlated with flaring, hard-spectrum gamma-ray 

blazar TXS 0506+056 (3 ). Additional neutrino 
emission in 2014-2015. 

• Detected in VHE gamma-rays. 

σ

[Science, 361, 6398, eaat1378, 2018]

[Science, 361, 6398, 147-151, 2018]
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Realtime alerts
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Extremely-high energy (EHE)

High-energy starting event (HESE)

Bronze

Gold

Neutrino + EM

Cascades

Equ. coordinatesDown-going

Galactic 
Center

Upgoing

• Initial GCN Notice followed by GCN circular with refined 
position and error estimates (within couple of hours) 

• Typically followed up by multiple multimessenger/
multiwavelength facilities. 

• Example: IC-190503A event 
• ~145 TeV EHE event 
• Follows up by ZTF, ASAS-SN, Kanata, INTEGRAL, 

IceCube, Fermi-GBM, ANTARES, Fermi-LAT, Lick/
KAIT, Swift-XRT, Insight-HXMT (9 GCNs, 3 ATels)

IC-190503A

Notice

Refined
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Realtime alerts
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Extremely-high energy (EHE)

High-energy starting event (HESE)

Bronze

Gold

Neutrino + EM

Cascades

Equ. coordinatesDown-going

Galactic 
Center

Upgoing

Unified track alert streams

Realtime Neutrino Alerts Chun Fai Tung

The reconstruction methods applied at South Pole are limited by the computation power, so
they employ assumptions to improve execution speed. When the IceCube data center receives the
complete data of the events, a more sophisticated reconstruction method is applied to them to obtain
a more refined direction and angular uncertainty. Once the reconstruction is finished and verified,
the new information is sent out via GCN Circular. The typical time lag between the automated
GCN Notice and the GCN Circular is a few hours.

2.3 Expected Alert Rate

The expected rates of signal events passing the updated selection are calculated using the best-
fit diffuse astrophysical neutrino flux, which has a spectral index of �2.19 and normalization at
100 TeV of 1.01⇥ 10�18GeV�1cm�2s�1sr�1, as reported in [12]. The rate of background events
passing is calculated with the simulated atmospheric contamination, which includes both neutrinos
and muons. These expected values are then compared with the observed values obtained by apply-
ing the same event selection to seven years of IceCube data. The expected and observed rates of
passing each selection are tabulated in Table 1.

Gold Events Bronze Events
Signal (E�2.19) 6.6 (Total) 2.8 (Total)

5.1 (GFU) 2.5 (GFU)
0.5 (HESE) 0.3 (HESE)
2.1 (EHE)

Atmospheric Backgrounds 6.1 (Total) 14.7 (Total)
4.7 (GFU) 13.8 (GFU)
0.4 (HESE) 0.9 (HESE)
1.9 (EHE)

Observed historical rate 9.9 (Total) 19.5 (Total)
7.8 (GFU) 18.4 (GFU)
1.1 (HESE) 0.9 (HESE)
4.3 (EHE)

Table 1: Expected and observed passing rates for Gold and Bronze selections. All values shown are events
per year. Because of the overlap between GFU and EHE, the total rate of Gold alerts is not the sum of all
selections.

The majority of the alerts are expected to be through-going tracks (from GFU and EHE), with
a small fraction contributed by starting tracks (from HESE). These alerts are not expected to be
distributed isotropically in declination. This is a consequence of the declination dependence of
background events and high-energy neutrinos’ Earth absorption effect. As shown in Figure 4, most
alerts are located within a 30-degree range centered north of the celestial equator.

3. Summary and Future Outlook

To help realize the potential of multi-messenger astronomy, IceCube has designed a new re-
altime neutrino alert system. This new system has been deployed since June 17th, 2019. After

7

• Signalness = Nsignal / (Nsignal + Nbackground)  

• Improved selection based on signalness 
combines through-going and starting tracks. 

• Doubled effective area at 0.1 - 1 PeV 

• Gold stream: ~50% signalness (16 issued) 

• Bronze stream: ~30% signalness (26 issued)

• As of Dec 2nd, 2020: 16 gold and 26 bronze alerts issued
https://gcn.gsfc.nasa.gov/amon_icecube_gold_bronze_events.html[PoS-ICRC2019-1021]
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Realtime alerts
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Extremely-high energy (EHE)

High-energy starting event (HESE)

Bronze

Gold

Neutrino + EM

Cascades

Equ. coordinatesDown-going

Galactic 
Center

Upgoing

Cascade alerts

• HESE events are selected using a deep neural 
network (DNN) classifier.  

• 50% have an uncertainty < 7°, 68% is < 9°. 

• Signalness > 0.9 at energies above 100 TeV 

• Online July 2020, two alerts as of Dec 2020.

https://gcn.gsfc.nasa.gov/amon_icecube_cascade_events.html
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Realtime alerts
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Extremely-high energy (EHE)

High-energy starting event (HESE)

Bronze

Gold

Neutrino + EM

Cascades

Equ. coordinatesDown-going

Galactic 
Center

Upgoing

Cascade alerts

HEALPix FITS file 
circulated for each alert. 

GCN Notice

https://gcn.gsfc.nasa.gov/amon_icecube_cascade_events.html
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Realtime alerts
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Extremely-high energy (EHE)

High-energy starting event (HESE)

Bronze

Gold

Neutrino + EM

Cascades

Equ. coordinatesDown-going

Galactic 
Center

Upgoing

Neutrino-gamma coincidences

• HAWC + IceCube: HAWC daily transit hotspot 
correlated by AMON with IceCube neutrinos within 3.5°. 

• Ranking statistic (RS) distribution derived from 2 years of 
scrambled data. Cuts on RS defined to send 4 alerts per 
year to GCN. 

• Started April 2020, 3 alerts sent so farstatistic is based on Fisher’s method, where we combine all the information that we have from the
events. It is defined as:

�2
6`2n⌫

“ ´2 lnrp
�
p

HAWC
p

cluster

⌫π

i

p
IC,i

s, (1.1)

where p
�
quantifies the overlap of the spatial uncertainties of the events; p

HAWC
is the probability of

the HAWC event being compatible with a background fluctuation; p
cluster

is the probability of seeing
more than one neutrino from background in the HAWC transit period; and p

IC,i
is the probability

of measuring an energy/BDT score or higher for an Icecube event assuming it is a background event
(calculated using the energy/BDT score and zenith angle). The p

�
value is obtained from maximizing

a likelihood calculation that measures how much the position of the HAWC event and the IceCube
events overlap with each other. This is calculated as

�p~xq “
Nÿ

i“1

plnpSip~xqq ´ lnpBiqq (1.2)

where S corresponds to the uncertainties of the events, assuming Gaussian distributions on the sphere,
and B is the spatial background distribution from each detector at the position of the events. This
likelihood is maximized by finding the best position of the coincidence ~x. A higher � value means
the uncertainties of the events overlap more. This translates into a smaller p

�
. Since during the

likelihood the product of the Gaussian distributions leads to another gaussian, we use this to obtain
the uncertainty in the position of the coincidence. This leads the uncertainty to be similar in size to
the smallest uncertainty which in this case comes from the HAWC “hotspot” (Op0.2˝q). We will send
50% and 90% containment radius (1.18� and 2.15� for a 2D gaussian).

Due to the fact that we can have more than one neutrino in the time window, this a↵ects the degrees
of freedom of equation 1.1. Considering this, we transform the �2 to a p-value, with the corresponding
number of degrees of freedom, and then calculate the negative logarithm of this quantity. This is
represented as

�21 “ ´ log pp° �2
6`2n⌫

q, (1.3)

which is the value that we used to rank the coincidences. The false alarm rate (FAR) is a function of
this value.

1.4 Rate of coincidence alerts and latency

The analysis methods was run on scrambled datasets. These datasets corresponds to two years of
data. The scrambled process was done several times to obtain enough statistics to build the FAR
distribution. Figure 1.1 is the FAR as a function of the ranking statistic. The FAR reported will be
derived per coincidence based on the ranking statistic value found in Eq. 1.3 and the equation that
appears in Fig. 1.1 derived from the scrambled tests.

The rate of alerts that we will sent to GCN is 4 per year, which corresponds to a ranking statistic
threshold of 6.48.

Due to the way the HAWC analysis is performed, the location of the sky has to transit above the
HAWC detector before the analysis can start. This, depending on the declination, will take at least 6
hours before an alert can be sent. The coincidence analysis inside the AMON servers take less than a
minute to run after it receives the alert.

Figure 1.1: False alarm rate as a function of the ranking statistic obtained from the scrambled datasets

1.5 Description of the alert GCN notice content

The GCN notices contain information that should help follow-up observatories decide on following
possible multi-messenger sources, specifically the false alarm rate.

• GCN Stream: GCN Socket number. This corresponds to 172 for the Gamma-Nu stream.

• AMON Stream: Number of the AMON analysis stream. For this HAWC-IceCube analysis, the
value is 1.

• AMON ID: ID of the coincidence event.

• Revision: Revision of the coincidence.

• Right Ascension and Declination in several epochs (current, J2000 and J1950) with a 50% and
90% containment angular uncertainty.

• Time and date in universal time (UTC): this will correspond to the end of the HAWC transit.

• Time window: this will correspond to the time of the HAWC transit, which depends on the
declination. Given in seconds.

• False Alarm Rate: rate of random coincidences expected from the scrambled analysis.

• P-value: This is a default parameter for the Gamma-Nu GCN stream. No value is generated
for this analysis, though in general it will be the probability of observing a coincidence ranking
statsitic (or higher) assuming the coincidence is fortuitous. For this analysis it will be always 1.

It will also contain more information that is derived by GCN. These can be the position in other
coordinate systems, distance to the sun or moon, etc. See the example in the next section.

1.6 Example of alert message

//////////////////////////////////////////////////////////////////////
TITLE: GCN/AMON NOTICE
NOTICE_DATE: Sun 24 Feb 19 02:03:33 UT

https://gcn.gsfc.nasa.gov/amon_nu_em_coinc_events.html[PoS-ICRC2019-841]
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Clustering searches
• Spatial correlations can reveal an astrophysical signal 

buried in the atmospheric neutrino background. 

• Optical follow-up (OFU): GRB/SN 

• 2+ events in 100 s, within 3.5° 

• Private alerts to ZTF and Swift 

• Gamma-ray follow-up (GFU): Blazar flares 

• Likelihood analysis on variable time-scales correlated with 
known or likely VHE gamma emitters.  

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

• Online event selection / reconstruction 

• Similar sensitivity to previous offline searches

13
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Table 1: Details on IceCube events

ID IceCube Event ID Alert ID Time RA Dec Error Deposited energy
(s) (�) (�) (�) (TeV)

1 62474825 7, 8 0 26.0 [30.2] 39.9 [43.2] 4.5 [3.6] 0.26
2 62636100 7 +55.4 24.4 [24.2] 37.8 [38.4] 1.6 [0.9] 1.1
3 62729180 8 +87.3 27.2 [26.8] 40.7 [40.7] 1.4 [0.9] 0.52

Notes. The directions are the result of the reconstruction algorithm that was used in the follow-up program at the time of the alert (MPE fit), while
the values in brackets result from an alternative reconstruction algorithm with an improved ice model (Spline MPE fit). The error on the direction
is the radius of the 50% error circle. The last column shows an estimate of the energy deposited by the muons in the detector, which is a lower
limit on the neutrino energy. All times are relative to 2016-02-17 19:21:31.65 UTC.

factor the 50% error circle has to be increased such that it con-
tains the true neutrino direction for 90% of the simulated events.

All quoted directions were obtained with the multi-
photoelectron (MPE) fit (see Ahrens et al. 2004) which was used
for the follow-up program at the time of the alert. An improved
version of this algorithm, called Spline MPE, uses a more real-
istic model of light propagation in ice and on average reaches
a more precise reconstruction of the direction (Aartsen et al.
2014). The Spline MPE reconstruction has been used for the
follow-up program since May 2016. The Spline MPE fit yields
shifted coordinates which are shown in brackets in Table 1.
The reconstructed direction changes the most for the first event,
which deposited light in a relatively small number of DOMs due
to its low energy. Based on the Spline MPE fit, the average di-
rection of all three events is RA = 25.7�, Dec = 39.6� with error
circles of 0.6� (50%) and 1.9� (90%).

Based on the Spline MPE reconstruction, events 1 and 2 (see
Table 1) would no longer form a doublet, while events 2 and
3 would have formed a doublet. We expect the detection of 66
doublets per year due to background, and the ⇠5 most significant
doublets are followed up (see Sect. 2.3). The doublet consisting
of events 2 and 3 does not pass the significance threshold (com-
pare Sect. 2.3). Hence, the alert would not have been considered
interesting and no follow-up observations would have been trig-
gered even if our program had been running with the Spline MPE
reconstruction at the time of the alert.

We used simulated neutrino events following an E
�2.5 neu-

trino spectrum (compare Sect. 5.1) to calculate the probabil-
ity that three events from a point source form a triplet based
on the MPE reconstruction, which is not recovered when using
the Spline MPE algorithm. The resulting probability is 8%. For
background triplets (i.e., events that are aligned by chance but
do not stem from a point source) we evaluate scrambled data
(compare Sect. 3.2) and find that the probability is 36%. The
fact that the triplet is not re-detected when using the Spline MPE
algorithm is therefore a slight indication that it might not be of
astrophysical origin, but a coincidence of aligned background
events.

To test more precisely whether the three events are consis-
tent with a single point source origin we simulated events from
a similar zenith range. The true direction of the events is shifted
to the same position and we select events with comparable esti-
mated angular errors. We then check how often they are recon-
structed further from their true direction than the three detected
events. We quantify this by defining a test statistic equivalent to
the spatial term used in the standard point source analysis (Eq. 3
in Ref. Aartsen et al. 2017b) and find that this happens in ⇠75%
(⇠50% using the SplineMPE results) of all cases. Therefore, the
detected events are consistent with a point source origin when

Fig. 1: Location of the three neutrino candidates in the triplet with their
50% error circles. The plus sign shows the combined direction and the
shaded circle is the combined 50% error circle. The solid circles show
the results of the MPE reconstruction and the thin dashed circles cor-
respond to the results of the Spline MPE reconstruction (compare Ta-
ble 1). All further results are based on the MPE reconstruction which
was the reconstruction used for the follow-up program until May 2016.

considering their errors and the detector properties for this zenith
direction.

All following analyses are based on the MPE position and
error estimate which are shown as solid lines in Fig. 1. Compared
to the angular separations between the neutrino candidates the
mean position only changes slightly and the 50% error circle of
the MPE reconstruction fully contains the 50% error circle of the
Spline MPE fit.

3.1. Detector stability

Before triggering follow-up observations we examined the sta-
tus of the detector carefully. A set of selected trigger and filter
rates related to the analysis are monitored in real-time. Figure 2
shows the rate of the Simple Multiplicity Trigger, the Muon Fil-

ter, and the Online Level 2 Filter (see Sect. 2.2) near the time of

Article number, page 4 of 23
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MONITORING OF KNOWN Ɣ-RAY EMITTERS

‣ “Rolling analysis” on a 
pre-defined list of sources:

‣ 339 sources from 3LAC/3FHL catalogs

‣ Selected according to potential visibility  
in VHE gamma-rays with IACTs

‣ Generates 5—10 alerts per year at 3σ level

‣ TXS 0506+056 now monitored, 
would have triggered 2 alerts in 2014!

5.2 T��� C��������� A��������

Figure 5.4: Sketch of the time clustering algorithm. Vertical bars show the weights of
events, which were recorded over time. The right-most event triggers the
analysis. Orange arrows denote the time windows (expanding from the
trigger backwards in time), to which the point-source analysis is applied.
The time windows always start with an event whose weight exceeds a
defined threshold (set to 1), and end with the triggering event.

arbitrary event at time tk = 0 in that example, possible clusters with earlier events
(fulfilling the minimum event weight criterium) are constructed.

An algorithm testing variable flare durations should be unbiased towards the length
of the time window. However, in practice, a given dataset allows for testing many
more short time windows than long time windows. Thus, it will preferentially select
short duration flare candidates. Modifying the test statistic mitigates this effect by
introducing a penalty [127]:

⇤ = 2 log
 L(n̂s, �̂)
L(ns = 0)

U(ti, tk)
Tmax

�
, (5.10)

where U denotes the detector uptime during the tested time window, tk � ti, i.e. the
time during which the detector was operating normally and recording events (see
Sec. 3.6). Equation. 5.10 is evaluated on all selected time windows, choosing the one
with the largest test statistic.

This setup is equivalent to multiplying the signal and background PDFs from
Eqn. 5.1 and 5.2 with a time PDF of the form

PS
time(t) = PB

time(t) =
⇢
U(ti, tk)�1 ti < t < tk

0 else . (5.11)

The algorithm so far does account for two time-dependent effects. First, the detector
geometry the azimuthal symmetry axes and the rotation of the Earth cause a fluctuation
of up to 40 % in azimuthal acceptance, which has been included in the spatial PDF.
Second, although the detector uptime is generally very stable, interruptions in data
taking of up to one day have occurred in the past. This effect is relevant for flares
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Figure 6.3: Skymap showing the locations of the monitored sources in equatorial
coordinates. A different source list is created for each telescope, with the
sources indicated by different symbols. In total, 339 individual sources are
monitored for flares. All sources are listed in Appendix A.

Since the catalog flux is averaged over longer observations and does not reflect
the behavior during a flaring state, the extrapolation is done optimistically:
Based on the catalog values, the flux normalization is taken at the upper end of
the uncertainty range, and the spectral index is taken at the harder end of the
uncertainty range. In addition, the flux is scaled by a factor of 10 in order to
simulate a flare.

Aside from the Fermi source catalogs, the source lists are extended using sources found
in the TeVCat, a catalog of blazars observed at very high energy gamma-rays [151]. It
contains sources whose spectral energy distribution peaks at TeV energies, towards
which Fermi-LAT’s sensitivity decreases. Hence, these sources are not all classified as
being time-variable in the Fermi catalogs, but since their extremely energetic nature
may provide a suitable environment for neutrino production they are added to the
source lists.

Eventually, the selection yields 179 sources for MAGIC, 190 sources for VERITAS,
and 139 sources for H.E.S.S.. Accounting for the sources common to several lists,
339 individual sources are monitored. A complete list is given in Appendix A.

6.1.3 Alert Threshold

After the definition of the analysis and the source lists, the threshold for triggering an
alert shall be set.
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(a) Limits on short transients. (b) Limits on longer lasting transients.

Fig. 7: Flux upper limits from the multiwavelength observations. The confidence level varies between the di↵erent observations
as indicated in the legend and some limits depend on the assumed source spectrum (Swift XRT and BAT � = �2 and Fermi LAT
� = �2.1; see Sect. 4). For the optical telescopes, the limit corresponding to the deepest observation is shown, while for the other
instruments, all analyzed data were combined. The limit for the Swift BAT is purely based on the observation taken 100 s after the
detection of the first neutrino (compare Sect. 4.2.1) and hence applies to prompt gamma-ray emission. Follow-up observations were
triggered 22 h after the detection of the neutrino triplet.

shape as well as the measured normalization and consider sim-
ulated neutrino events which passed the event selection of the
follow-up program. We expect the detection of 600 astrophysical
muon neutrinos per year from the Northern sky. For this calcu-
lation, we extrapolated the measured neutrino spectrum down to
10 GeV, below the IceCube sensitivity threshold. If we were only
to consider events above 10TeV where the astrophysical flux has
been measured (Aartsen et al. 2015a), we would expect the de-
tection of 200 events per year. The large number of expected
astrophysical neutrino events results from the broad, inclusive
event selection of the follow-up program which aims to include
all well-reconstructed track events.

We simulate a population of transient neutrino sources that
accounts for the complete astrophysical neutrino flux. The cos-
mic star-formation rate approximately describes the redshift
distributions of several potential neutrino sources, like CC-
SNe (Cappellaro et al. 2015) and GRBs (Wanderman & Piran
2010; Salvaterra et al. 2012; Krühler et al. 2015) which how-
ever tend to be located at slightly larger redshifts. We simulated
a source population using the star-formation rate of Madau &
Dickinson (2014) and calculated for each source the probability
of detecting it with a certain number of neutrinos after apply-
ing the event selection of the follow-up program. We find that
a source detected with a single neutrino is located at a median
redshift of z = 1.1, as shown in Fig. 8.

To calculate the distance to a source detected with multi-
ple neutrinos, we have to simulate how bright the individual
sources are. We assume a population with a local source rate of
10�6 Mpc�3 yr�1, which corresponds to ⇠1% of the CCSN rate
(see e.g., Strolger et al. 2015). If this population accounts for the
astrophysical neutrino flux, we expect the detection of one neu-
trino triplet (or higher multiplet) per year. The rate of multiplet
alerts, however, strongly depends on the spectral shape and con-
sidered energy range of the neutrino flux. We further assumed
that the luminosity fluctuations between the neutrino sources fol-
low a log-normal distribution with a width of one astronomical

Fig. 8: Probability of detecting a neutrino source within a certain red-
shift. The figure was generated by simulating a population of transient
neutrino sources with a density of 10�6 Mpc�3 yr�1 distributed in red-
shift according to the star-formation rate and normalized to produce
the detected astrophysical neutrino flux. Sources detected with only one
single neutrino are on average far away (median redshift of 1.1), while
sources detected with three or more neutrinos must be located nearby.

magnitude, which is comparable to the luminosity spread of CC-
SNe in optical light at optical wavelengths.

Figure 8 shows that the source of a neutrino doublet has a
median redshift of z = 0.06 and the median redshift of a triplet
source is z= 0.023. We note that these results strongly depend on
the spectral shape of the astrophysical neutrino flux. Considering
only neutrino events with an energy above 10 TeV, the source
rate that yields one triplet per year is 3⇥ 10�8 Mpc�3 yr�1 and
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M. Santander - IceCube real-time analysis framework

Fast response analysis

• Fast response analysis following: 
• IceCube HE alerts (search for additional, LE nus). 

102 up to Dec 2020. 

• HE astrophysical events with potential neutrino 
emission: ATels, GCN, etc. 60 up to Dec 2020.

14

Did IceCube see something?

AT2018cow

[PoS-ICRC2019-1026]



M. Santander - IceCube real-time analysis framework

Gravitational waves

• Two independent analysis of neutrino candidates within 
500 s of the GW trigger. 
• Unbinned maximum likelihood search: test for point source 

consistent with GW localization. 

• Bayesian approach: probability of a joint GW+nu joint signal with 
astrophysical priors  

• Results are reported in GCN circulars. 56 GW follow-ups 
during O3 run of LIGO/Virgo. 

• Example: GW190728, BBH merger 
• p-value ~ 0.01 in both analyses, triggered MWL follow-up  

• https://gcn.gsfc.nasa.gov/gcn3/25210.gcn3

15

[Astrophys. J. Lett. 898 (2020) L10]
 Swift follow-up



M. Santander - IceCube real-time analysis framework

• A Galactic core-collapse supernova would be seen by IceCube as an overall increase in the DOM noise rate 
produced by Cherenkov photons from 10 MeV neutrino interactions. 

• SNDAQ searches for correlated noise rate increases in a 0.5 s time bin with respect to a moving average calculated 
over a 5 min window. Can be triggered by SNEWS and LIGO GW alerts. SNDAQ retrieves waveforms from 
HitSpool buffers.  

• Alerts over significance threshold sent to SNEWS.

±

Galactic supernovae

16

Supernovae in IceCube Spencer Griswold

Figure 1: Top and side view of ⇠ 3.4⇥105 simulated supernova n interaction vertices registered by IceCube
DOMs. The dust layer between -1950m and -2050m and the denser DeepCore subarray are clearly visible.

Construction of IceCube finished in 2011, and since 2015 the trigger-capable uptime of the
detector has averaged 99.7% around the clock. Due to the non-Poissonian character of the dark
noise in the IceCube DOMs [4], the data acquisition system incorporates an artificial deadtime of
t = 250 µs to reduce the dark rate Rdark(t) by ⇡ 50%. The deadtime also lowers the detector count
rate by a factor 0.87/(1+Rdark(t)/NDOM · t), where NDOM is the number of participating optical
modules. DOM rates are counted in 1.6384 ms time bins. A dedicated online software system
(SNDAQ) rebins the data to 2 ms and searches the data stream for collective rate increases charac-
teristic of a supernova. SNDAQ computes a moving-average search for rate increases using fixed
time bins of 0.5, 1.5, 4, and 10 s based on the typical timescales of features in the supernova neu-
trino light curve [4]. Since October 2018, the online search has been supplemented by a Bayesian
Blocks algorithm, a dynamic self-learning histogramming method with variable bin widths [6].
The Bayesian Blocks search provides a model-independent trigger for signals exceeding a duration
of 0.5 s, with a trigger threshold that can be tuned to a chosen false positive rate.

Since the timing accuracy of the online monitor is limited to 2 ms, an improved readout system
has operated since 2014 to buffer and extract the full DOM waveforms if triggered by a supernova
candidate [7]. Since 2018, the automatic buffer has included triggers from the Supernova Early
Warning System (SNEWS) [8] and LIGO-Virgo gravitational wave alerts [9].

2. Detector Simulation and Expected Performance

Currently, three simulation schemes are used to estimate the expected rates in IceCube. In
increasing order of speed and decreasing order of sophistication, they are: a GEANT-4 based sim-
ulation of individual supernova neutrino interactions in the ice and a GPU raytracer for Cherenkov
photons; ASTERIA, a fast parameterized simulation of the detector response written in Python
[10]; and an implementation of the IceCube detector response in SNOwGLoBES [11], useful for
quick comparisons of IceCube with other supernova detectors.

The GEANT simulation uses the IceCube offline simulation software and produces recon-
structed events with an average rate of 15 events s�1; one of every 450 interactions in the sparsely
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Supernovae in IceCube Spencer Griswold

analysis, five core-collapse supernova simulations in spherical symmetry, covering a large spread
of neutrino emission, were selected as benchmark models.

The minimal initial mass of a progenitor that can produce a supernova is (8± 1) M� [22].
For such low masses, the collapse is induced by electron capture in a degenerate O-Ne-Mg core.
The collapse of a 8.8 M� O-Ne-Mg progenitor (the “Hüdepohl model” [13]) is an example where
1D simulations yield neutrino-powered supernova explosions. This low mass model, with a total
emitted energy of 1.7⇥ 1053 erg and hEn̄ei ⇡ 11.6 MeV, represents a conservative lower limit on
the expected n̄e luminosity and energy spectrum. A second model, corresponding to an 11.2 M�
progenitor [23], yields a total emitted energy of 2.1⇥ 1053 erg and hEn̄ei ⇡ 12.9 MeV. Our third
and fourth benchmark models use higher mass progenitors: a 27 M� star that yields 3.3⇥1053 erg
and hEn̄ei ⇡ 13.7 MeV [23]; and a 1D model with a forced explosion of a 30 M� progenitor that
yields 1.97⇥ 1053 M� and hEn̄ei ⇡ 16.2 MeV [12]. For stellar masses > 25 M�, gravitational
collapse may lead to a limited explosion followed after ⇠ 1 s by the formation of a black hole; stars
> 40 M� are not expected to explode at all. Such a “Black Hole model” has two distinguishing
features: an average energy hEn̄ei roughly twice as large as in exploding stars, due to the continual
accretion of material on the core; and a sharp cutoff in the neutrino flux after ⇠ 1 s [15]. For this
analysis, we assume a 30M� progenitor and a hard equation of state.

More than 80% of supernovae may be obscured by dust and would thus not be optically vis-
ible [24]. The search method should therefore not depend on external information. In IceCube,
SNDAQ computes a moving average test statistic x = Dµ/sDµ , where Dµ is the most likely col-
lective rate deviation of all DOM hit rates from their running average. The uncertainty sDµ is
calculated from the data themselves, thus accounting for non-Poissonian behaviour in the dark
rates. The test statistic x (also termed pre-trial significance) should be distributed as a zero-mean
unit Gaussian if no correlations are present in the rates. The calculation was done in overlapping
1.5 s time intervals using 500 ms time steps. The largest x value in a 10 s time interval was selected.

Figure 5: Test statistic x (in units
of Gaussian s ) vs. progenitor dis-
tance, simulated with ASTERIA and
SNDAQ for the five models discussed
in this paper: the O-Ne-Mg core from
Hüdepohl et al. [13]; an 11.2 M�
star [23]; a 27 M� star [23]; a forced
explosion of a 30 M� star [12]; and
a failed supernova which formed a
black hole [12].

Starting with a data set encompassing 3911 days from April 17, 2008 to December 31, 2018,
several requirements are introduced to select high quality data. Short runs (< 10 min), runs taken
with calibration light sources, and runs with an incomplete detector configuration were discarded,
removing 2.6% of the data. Livetimes ranging between 95.8% and 98.3% were achieved between
2013 and 2019, while the livetime from 2008 to 2012 are ⇠ 90%. The total livetime after quality
cuts corresponds to 3670 days.

The parameterized simulation [10], verified to produce the same results as the GEANT-4
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parison to the background, i.e., on the distance, the luminosity, and the average neutrino energy in
the time period studied. Fig. 3 shows a comparison of three models which deliver n̄e luminosities
of 2.9⇥ 1051, 3⇥ 1052, and 4.7⇥ 1052 erg within the first 1.5s from the explosions of 8.8 M�,
20 M� and 40 M� progenitors. The average n̄e energies in this range are 12.4, 14.8, and 23.1MeV,
respectively. Oscillations have not been taken into account. For comparison, orange lines corre-
sponding to the fiducial volumes of Super-Kamiokande (22.5kt), JUNO (20kt) and the planned
Hyper-Kamiokande experiment (260kt) are also drawn, as well as a progenitor probability density
distribution [16]. At larger distances, the IceCube artificial deadime improves the sensitivity (solid
curves) while at low distances, the deadtime cuts into the signal, eventually reaching a rate of 1/t .
For progenitors that are not overly light and distances up to the center of our Galaxy, IceCube is
the best instrument to detect neutrino flux variations during the accretion phase.

Figure 4: Left: Changes in the rate of simulated DOM hits from a 13 M� supernova [12] 10 kpc from Earth
found by Bayesian Blocks [6]. Right: RMS error in the estimate of the start time t0 vs. supernova distance.

Figure 4 shows the simulated DOM hits in IceCube produced by a 13 M� progenitor near the
Galactic Center [12]. The Bayesian Blocks algorithm implemented in SNDAQ [6] has identified
statistically significant changes in the hit rate binned in 2 ms without any model assumptions about
the underlying explosion. Of particular interest is the time t0 when the signal is first detected
above background, since this initial real-time determination can be combined with data from other
neutrino telescopes to triangulate the location of the supernova [17, 18]. The RMS error in t0 as
a function of distance to the supernova, shown in the right panel of Fig. 4, is ⇠ 3� 4 ms for a
progenitor 10 kpc from Earth.

3. Search for Galactic Supernovae

The rate of Galactic stellar collapses, including optically obscured and failed supernovae
which produce black holes, is estimated to be 1.7 to 2.5 per 100 years [19]. The Baksan experi-
ment (31.3 years of livetime) quotes a 90% C.L. limit of < 7.4 core collapse supernovae per century
within 20 kpc [20], and LVD (23.5 years of livetime) quotes a 90% C.L. limit of < 9.8 per century
within 25 kpc [21]. Both LVD and Baksan determined their limits by adopting phenomenological
models that were parameterized to fit the observation of SN1987A.

As discussed in Section 2, the neutrino emission from a core collapse supernova may vary by
an order of magnitude depending on the mass and type of progenitor. It is therefore important to
specify which models have been assumed for a supernova search with a neutrino detector. In this
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Future directions 

• Catalog of astrophysical neutrino 
events (both archival and realtime) in 
preparation.  

• Angular error estimation 
improvements for realtime alerts.  

• Questions? Requests? Contact the 
IceCube Realtime Oversight 
Committee (ROC) at 
roc@icecube.wisc.edu 
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Conclusions

• IceCube operates a realtime alert program from MeV to PeV energies 

• Realtime high-energy neutrino events of potential astrophysical origin 

• Monitoring of known gamma-ray emitters  

• All-sky monitoring for neutrino clusters 

• Fast-response analysis to external triggers 

• Sensitivity to Galactic supernovae 

• A lot of interest in collaborating and coordinating with KM3NeT on realtime activities!
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More recent alerts

20

IC190331A 
Multi-PeV event

Digitized Sky Survey (optical)

90%

Helix nebula

No obvious high-energy EM counterparts

0.25°


