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Antartica

• South Pole
IceCube Neutrino Observatory 

- Giga-ton optical Cherenkov telescope  
(  of clear glacial ice) 

- Taking data since 2008, completed in 2011
1 km3

Madison, Wisconsin (USA) 
IceCube Computing Center

Via Iridium 
Satellite

Data processing and filtering 
Online filters select promising neutrino events 

(astrophysical origin) while rejecting background 
(atmospheric neutrinos and background)

South Pole

Realtime Analyses 

Northern Computing

Public and/or Private 
neutrino alerts 

to the global MM astrophysics community

Electromagnetic 
follow-up

IceCube Realtime Program - Alert generation
IceCube Collaboration,  2017 ApJ 92 30

Active since 2016

https://iopscience.iop.org/article/10.3847/1538-4365/acfa95
https://arxiv.org/pdf/1612.06028


Neutrino Cluster Search
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High-energy single neutrino events

Long muon paths inside the detector  
→ best-potential source localisation

IceCube Realtime Program - Alert generation

Identification of single remarkable neutrinos 
with high astrophysical probability

• Track alerts (since 2016) 
  ~30 alerts/year→

μ
ν/l±

NC ν & CC νe

CC νμ

• Cascade alerts (since 2020) 
  ~8 alerts/year→

Private alerts 

Email under 

Memorandum of 

Understanding 

Some updates ongoing 
(& towards public alerts)

IceCube Collaboration, 
PoS-ICRC2025-949

Public alerts 

via GCN(*) Notices 

and GCN Circulars

(*) Gamma-ray Coordinates Network

 neutrino events (tracks) 
correlated in time and direction

≥ 2

• Gamma-Ray Follow-Up (GFU) clusters (active since 2016)  
focused on -ray sources, time scales up to 180 days 

- Unbinned maximum-likelihood method 
- Goals: (i) identify potential neutrino flares as early as 

possible; (ii) send alerts to partner Imaging 
Cherenkov Telescopes (IACTs) for follow-up studies 

- Two modes: (1) all-sky (~1 alert/year) ; (2) source lists 
from IACTs (<10 alerts/year)

→
γ

https://arxiv.org/pdf/2507.07491
https://iopscience.iop.org/article/10.3847/1538-4365/acfa95
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2017:  IceCube Realtime Program success

High-energy single neutrino alert IC-170922A 
associated with the gamma-ray blazar

An IceCube alert (disseminated after 30 seconds from its detection) enabled the first identification of a 
possible astrophysical source accelerating CRs
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Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

Flaring Blazar TXS 0506+056 

TXS 0506+056
Blazar flare observed by Fermi-LAT 
and MAGIC ( )z = 0.3365 ± 0.0010

 
Track with most probable energy 
between 250 and 300 TeV 

IC-170922A

Correlation significance: ~3σ

2017:  IceCube Realtime Program success
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Antartica

• South Pole

Madison, Wisconsin (USA) 
IceCube Computing Center

Via Iridium 
Satellite

External triggers

IceCube Realtime Program - Followup to external triggers

• Automatic GW follow-up 

•  Fast Response Analyses (doc)

Results from IceCube shared via 
GCN & ATel (Astronomer’s Telegram)

Since 2016, IceCube also follows up alerts sent by other telescopes in real-time using high-energy tracks

https://fastresponseanalysis.readthedocs.io/en/latest/
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IceCube Realtime Program - Followup to external triggers

Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026
7

 

Tool for rapid response to astrophysical transients (maximum-likelihood method) 

• Generic externally triggered transients 
(1) Interesting external events (e.g. exceptional blazar flare, close-by supernova) are brought to the attention of the 
Realtime Oversight Committee (ROC) 
(2) ROC discusses the benefit of running FRA and defines coordinates and time window used for the search 

• IceCube single alerts 
• GWs events

IceCube Collaboration,  2021 ApJ 910 4

Since 2016, IceCube also follows up alerts sent by other telescopes in real-time using high-energy tracks

Search for neutrinos associated with GWs

IceCube Collaboration, arXiv:2606.13762

IceCube Real-time Searches for High-energy Neutrinos Coincident with LIGO/Virgo/KAGRA Gravitational-Wave Alerts in O4a

1000 seconds and 2 days around each event  
(always run; no decision to be made)

• Unbinned maximum likelihood analysis on significant alerts  
• Bayesian analysis accounting for prior information about astrophysical sources on both significant and low-significance alerts

Fast Response Analysis

IceCube Collaboration,  2023 ApJ 951 45

IceCube Collaboration,  2023 ApJ 944 80

https://iopscience.iop.org/article/10.3847/1538-4365/acfa95
https://iopscience.iop.org/article/10.3847/1538-4357/abe123
https://arxiv.org/abs/2606.13762
https://arxiv.org/abs/2606.13762
https://iopscience.iop.org/article/10.3847/1538-4357/acd2ca
https://iopscience.iop.org/article/10.3847/1538-4365/acfa95
https://iopscience.iop.org/article/10.3847/1538-4357/aca5fc
https://iopscience.iop.org/article/10.3847/1538-4365/acfa95
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Summary (I)

Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

• IceCube Realtime Program has been active since 2016 
✦ Alert sending 

- High-energy single neutrino alerts (Tracks & Cascades) 
- Event cluster searches (currently active, the GFU program, sending private alerts to 

partner gamma-ray telescopes, i.e., Imaging Cherenkov Telescopes) 
✦ Follow-up of external trigger  

- Automatic GW follow-up 
- Fast Response Analyses around GWs, IceCube single alerts, and for specific sources 

discussed among the Realtime Oversight Committee 

Association  between an IceCube high-energy track alert and the gamma-ray blazar 
TXS 0506+056 on September 22nd, 2017 
 
No other statistically significant associations were identified, with only upper limits obtained

∼ 3σ



IceCube Realtime 
Program 
Track Alerts
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Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

Track Alerts’ dissemination

Average rate of ~30 evt/year

For high-energy track alerts, a first alert is dissiminated within ~1 minute, and a 
few hours later an updated reconstruction is also provided to the community 



11
11

Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

September 2024: Update on Track Alert system

Average rate of ~30 evt/year
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Updated Public Catalog of Track Alerts - IceCat-2

12

IceCat-2 = IceCat-1 events (2011-2023) 
reprocessed + new events 
Using improved reconstruction algorithms 
deployed in real time since September 2024

Preliminary release with a few 

events already public here

Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

IceCube Collaboration, ApJS 29, 25 (2023)IceCat-1:
IceCube Collaboration,  PoS-ICRC2025-1184New reco:

IceCube Collaboration, PoS-ICRC2025-1224

Preliminary IceCat-2 
(until January 2025) 
Complete release 
will be available 
soon, paper in prep

Most notable improvement 
Significant reduction in localization uncertainties 

around the best-fit direction (on median, factor ~5)

https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/RX28YT
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/RX28YT
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/RX28YT
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/RX28YT
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/RX28YT
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/RX28YT
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/RX28YT
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/RX28YT
https://iopscience.iop.org/article/10.3847/1538-4365/acfa95
https://arxiv.org/pdf/2507.06957
https://arxiv.org/pdf/2507.06176
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Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026



15
15

Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

Preliminary IceCat-2 (events until January 2025) IceCube Collaboration, PoS-ICRC2025-1224

90% containment regions

https://arxiv.org/pdf/2507.06176
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Preliminary IceCat-2 (events until January 2025) IceCube Collaboration, PoS-ICRC2025-1224

90% containment regions

16

IceCat-2: 
• Median area at 90% reduced from 6.2 squared deg to 1.3 squared deg 
• IceCat-2 distribution is considerably narrower, with the spread around the median, 

quantified by the 16th-84th percentiles, reduced by a factor ~9

IceCube Collaboration, PoS-ICRC2025-1224

https://arxiv.org/pdf/2507.06176
https://arxiv.org/pdf/2507.06176
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Better EM follow-up with multi-order probability maps

• Publicly released for track alerts since January 2026 (streamed via GCN Notice for the revised reconstruction, 
and available at this link). Previously, alerts provided only a rectangular uncertainty region and the 
corresponding circularized error radius 

• Maps for all alerts in IceCat-2 will be made public

17

Multi-order probability maps (MOC/HEALPix) 

IceCube alert on May 4, 2026

• Each pixel contains the probability density that the 
true event direction lies within that region of the sky 

• In the file, it is provided in  and it can be 
converted to    Knowing the pixel area, this 
can be converted into the actual probability 
contained in each pixel  A Jupyter notebook in the 
preliminary IceCat-2 public release shows how) 

sr−1

deg−2 →

→

IC-260504A

Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

https://roc-2.icecube.wisc.edu/public/alerts/
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/RX28YT
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• Publicly released for track alerts since January 2026 (streamed via GCN Notice for the revised reconstruction, 
and available at this link). Previously, alerts provided only a rectangular uncertainty region and the 
corresponding circularized error radius 

• Maps for all alerts in IceCat-2 will be made public

Multi-order probability maps (MOC/HEALPix) 

Last IceCube alert

• Each pixel contains the probability density that the 
true event direction lies within that region of the sky 

• In the file, it is provided in  and it can be 
converted to    Knowing the pixel area, this 
can be converted into the actual probability 
contained in each pixel  A Jupyter notebook in the 
preliminary IceCat-2 public release shows how) 

sr−1

deg−2 →

→

Two levels of improvement 

1. Online (real-time followup) 
• Optimized EM follow-up strategies 

(e.g., telescope pointing; each telescope can choose its own strategy 
based on a given containment probability) 

2. Offline analyses 
• More accurate cross-correlation with source catalogs 
• Proper likelihood-based analyses possible 
• Improved  joint analyses with other observatories

1818

Better EM follow-up with multi-order probability maps

Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

https://roc-2.icecube.wisc.edu/public/alerts/
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/RX28YT
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Summary (II) - Crucial improvements to the Track Realtime System

Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

• Since September 2024: track-alert angular uncertainties reduced by ~5×, reaching a median 90% 
containment area of 1.3 squared degrees → dramatically improving source localization and follow-
up efficiency 

• Since January 2026: probability maps released with alerts → enabling more precise and targeted 
multi-messenger follow-up 

• Updated high-energy track-alert catalogue (IceCat-2): ready for public release (paper in 
preparation) →  improved angular uncertainties, probability maps, and updated calibrations on all 
IceCube alerts since 2011  → a more accurate and complete dataset for multi-messenger and 
population studies

Stay tuned!



ご清聴ありがとうございました



Backup
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Coverage and robustness of new reco algorithms…

22
Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

IceCube Collaboration,  PoS-ICRC2025-1184

https://arxiv.org/pdf/2507.06957
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… compared to the previously used algorithm

23
Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

IceCube Collaboration,  PoS-ICRC2023-1005

https://pos.sissa.it/444/1005/pdf
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IceCube realtime astrophysical neutrino alert ang. resolution

Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

IceCube Collaboration, Doc

https://iopscience.iop.org/article/10.3847/1538-4365/acfa95
https://gcn.gsfc.nasa.gov/doc/IceCube_High_Energy_Neutrino_Track_Alerts_v2.pdf
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New GCN Notices for Track Alerts via Kafka

Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026
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 definitionpastro

26
Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

pastro(E > Eevent, δ) =
Nsignal(E > Eevent, δ)

Nsignal(E > Eevent, δ) + Nbackground(E > Eevent, δ)

,   expected signal/background events with  at declination , derived from 
MC simulations under the assumption of a neutrino signal following a simple power-law spectrum with 
spectral index -2.19

Nsignal Nbackground → E > Eevent δ

   Includes both atmospheric neutrinos and muonsNbackground →

   most likely neutrino energy (derived from muon energy proxy) E →
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IceCat-2 sample: Cumulative number of alerts

27
Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

IceCube Collaboration, PoS-ICRC2025-1224

https://arxiv.org/pdf/2507.06176
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IceCat-2 sample: False Alarm Rate and Signalness/Pastro

28
Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

IceCube Collaboration, PoS-ICRC2025-1224

https://arxiv.org/pdf/2507.06176
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Angular distance between IceCat-1 and IceCat-2 events

29
Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

IceCube Collaboration, PoS-ICRC2025-1224

https://arxiv.org/pdf/2507.06176
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Revisiting TXS 0506+056 with IceCat-2

TXS 0506+056 remains spatially 
coincident with the revised 

IC-170922A localisation, although it 
now lies within the 90% containment 
region rather than the 50% contour 

 
 
 
 
 

The first transient identified as a 
potential neutrino source is still a 

neutrino candidate 

Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

IceCube Collaboration, PoS-ICRC2025-1224

https://arxiv.org/pdf/2507.06176
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NGC 7469
Two coincident >TeV IceCube neutrino alerts coincident with NGC 7469 Sommani et al., ApJ 981 103 (2025)

Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

IceCube Collaboration, PoS-ICRC2025-1224

https://iopscience.iop.org/article/10.3847/1538-4357/adb031/meta
https://arxiv.org/pdf/2507.06176
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High-interest Tidal Disruption Events (TDEs)
Three TDE candidates (AT2019dsg, AT2019fdr, AT2019aalc) have been associated with high energy astrophysical 
neutrinos in multi-messenger follow-ups occurring O(100) days after the maximum of the optical-ultraviolet luminosity

Stein et al. 2021, Reusch et al. 2022, van Velzen et al. 2024 

TDE positions are well outside the updated containment regions 
Associations between these TDEs and the corresponding IceCube alerts are disfavoured

32
Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

IceCube Collaboration, PoS-ICRC2025-1224

https://doi.org/10.1038/s41550-020-01295-8
https://doi.org/10.1103/PhysRevLett.128.221101
https://doi.org/10.1093/mnras/stae610
https://arxiv.org/pdf/2507.06176
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IceCat-2: correlation with source candidates

33
Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026

IceCube Collaboration, PoS-ICRC2025-1224

https://arxiv.org/pdf/2507.06176


34
34

Multi-order probability maps (MOC/HEALPix) 

34
Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026
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Multi-order probability maps (MOC/HEALPix) 
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Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026



36
36

Likelihood map - Example

36
Angela Zegarelli, IceCube Realtime Program: Connecting high-energy neutrinos to the multi-messenger sky, TeVPA2026, Tendō (Japan), 02/09/2026
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Probability - Example
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GFU cluster search: current algorithm
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Slide’s credit: Sarah Mancina, for the IceCube Collaboration
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GFU cluster search: proposed public alerts distribution
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Slide’s credit: Sarah Mancina, for the IceCube Collaboration
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Neutrino FlareWatch website
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Slide’s credit: Sarah Mancina, for the IceCube Collaboration
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Example of a IACT follow-up: VERITAS and B3 2447+381
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Gravitational Waves - Neutrinos searches in O4
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IceCube Collaboration, arXiv:2606.13762

Neutrino search coincidence with 85 significant and 945 low-significance GW candidates 
Time window =  seconds around the GW event±500

Automatic pipeline for O4

https://arxiv.org/abs/2606.13762
https://arxiv.org/abs/2606.13762
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Gravitational Waves - Neutrinos searches in O4
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IceCube Collaboration, arXiv:2606.13762

In addition to the ±500 second analyses, events which have high probability of at least one 
neutron star progenitor are analyzed with the extended time window of [−0.1, +14] days. 
An event must pass at least one of three criteria:

1. 

2. Probability to have a NS in the binary system > 0.5

3. Probability that a nonzero mass was ejected during the merger of the two objects > 0.5


pBNS + pNSBH > 0.5

https://arxiv.org/abs/2606.13762
https://arxiv.org/abs/2606.13762

