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Motivation
● Several predictions for the 

production of neutrinos from binary 
mergers

● Mainly from BNS and BHNS mergers
● Processes may vary for high and low 

energy neutrinos
● We search for neutrino events from 

GW events detected by LIGO-Virgo
● Searches done in the high energy (> 

1 TeV), low energy (<1 TeV) and 
extremely low energy (< 5 GeV) 
regime

DeepCore to detect low 
energy  neutrinos

High energy neutrinos from 
the whole detector
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GW searches

Catalog searches
● Follow up GW events in O1, O2 (GWTC-1 catalog) and O3 (GWTC-2.1 and GWTC-3 catalogs) runs of LIGO-

Virgo
● GWTC-1 follow-up with high energy neutrinos published
● Newly unblinded: GWTC-2.1 and GWTC-3 events with high energy neutrinos
● Newly unblinded: GWTC-1, GWTC-2.1 and GWTC-3 events with low energy neutrinos
● 1000 sec (low and high energy) and 2-week time windows (high energy)

Low-latency searches
● Events during the O3 run (56) were followed up in realtime with high energy neutrinos
● 1000 sec time window

Astrophys. J. Lett. 898 (2020) L10
Phys. Rev. X 9, 031040 (2019)
 arXiv:2108.01045
 arXiv:2111.03606

https://arxiv.org/abs/2004.02910
https://arxiv.org/abs/1811.12907
https://arxiv.org/abs/2108.01045
https://arxiv.org/abs/2111.03606
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Neutrino datasets
High-energy dataset

● Energy range: 5x105 GeV to 7x107 GeV in the southern hemisphere and 5×103 
GeV-105 GeV in the northern hemisphere

● Muon neutrinos only
● Angular resolution ~ 1 degree

Low-energy dataset
● Energy range: ~8 GeV – 3x104 GeV in the whole sky
● Neutrinos of all flavour
● Median angular resolution ~ 50 degrees
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Localizations

● Area of GW probabilities in sky is large
● High-energy neutrinos (shown here) 

have much smaller area in sky
● Low-energy neutrinos have similar 

areas compared to GW areas
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Analysis approaches
High energy analysis

(catalog + low-latency)

Low Latency Algorithm for 
Multimesseinger Astrophysics 

(LLAMA)

Unbinned Maximum
Likelihood Method

(UML)

Low energy analysis
(catalog)

Test statistic = odds ratio for a common source; 
includes astrophysical emission priors which uses 

distance information from the GW

Test statistic = likelihood ratio of 
signal+background hypothesis vs background 

only hypothesis

Astrophys. J. Lett. 898 (2020) L10

https://arxiv.org/abs/2004.02910
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Sensitivity comparison

Comparison of differential (and integral) sensitivites of various GW 
follow-up analyses, with model predictions (selected)
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Results
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Results: High Energy Analysis (realtime)

Sky localization of the most 
significant event

● Ran low-latency search on 56 GW events 
● Most significant event: GW190728
● Neutrino arrived 360 s before the GW merger 
● Had a reconstructed energy of 601 GeV
● No counterparts found from other observatories
● pre-trial p-values for this event are: 

● p = 0.04 (UML) and p = 0.013 (LLAMA) 
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Results: High Energy Analysis (catalog search)

No significant neutrino emission was seen 
in GWTC-1, GWTC-2.1 and GWTC-3

91 GWs from O1,O2,O3

Events with lowest pre-trial p-values in UML and LLAMA 
from GWTC-2.1 and GWTC-3 (out of 80 GW events)
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● 90% UL on the isotropic equivalent 
energy emitted in high-energy neutrinos

● Total rest mass energy of the 
progenitors and total radiated energy of 
the system is also shown

● Grey bands represent the expectation 
(based on the sensitivities)

● Eiso UL on GRB170817A is 4 orders of 
magnitude lower than that on neutrinos

Eiso upper limits (high-energy neutrinos)
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Two week follow-up (high-energy neutrinos)
● Longer time scale: [-0.1,+14] day time window
● Done for all candidate BNS and NSBH events (at least one 

compact object with mass < 3 M⊙

● Motivated by theroretical predictions
● No significant neutrino emission seen
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Results: Low Energy Analysis (catalog search) 

90 GW events from O1, O2, O3

Binomial pre-trial p-value: 0.028
Post-trial binomial p-value: 0.215

No significant emission was found

Event with lowest pre-trial p-value (out of 90 GW events)
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Eiso upper limits (low-energy neutrinos)

90 GWs from O1,O2,O3

● Upper limits on isotropic equivalent 
energy emitted in neutrinos of all 
flavors

● Events that lie above the band are 
those with p-values < 0.1 
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Flux upper limits (high+low-energy neutrinos)

● 90 GWs (catalog searches with 
high and low energy neutrinos)

● Upper limits assuming spectral 
index=2

● GW151226: event with the 
lowest pre-trial p-value in low-
energy

●  GW190425: only BNS event 
with pre-trial p-value < 0.1

● GW170817: first observed 
BNS event with associated 
gamma-ray emission 
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Summary
● We search for neutrino counterparts to GWs in the < 1TeV and > 1 

TeV energy regimes
● Realtime follow-up of GW events (high-energy neutrinos)
● Catalog search events in GWTC-1, GWTC-2 and GWTC-3 

detected by LIGO-Virgo (high and low-energy neutrinos)
● No significant emission was found
● We are preparing for O4 run
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Backup
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Hypothesis testing 

Likelihood

The UML method
● Time window: 1000 s (± 500 s)
● Scan over the sky, look for overlap between neutrino and GW events
● Spatial prior (w) from healpix skymap of GW events
● Maximum best-fit value (TS) recorded for each trial for each GW event 

Spatial prior term

Evaluate at all pixels
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Background distributions
A background TS distribution is built for 
each GW by scrambling data 

High energy UML analysisLow energy UML analysis
ApJ. Lett. 898 (2020) L10PoS(ICRC2021)939

GW170818

https://arxiv.org/abs/2004.02910
https://pos.sissa.it/395/939/pdf
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Sensitivity calculation

● Inject neutrinos with given flux 
level

● Fraction of trials (pseudo-expts.) 
with TS value > median of 
background TS (passing fraction)

● Fit χ2 cdf; PF = 0.9 gives the 
90% sensitivity

● Calculated for all GW events

ApJ. Lett. 898 (2020) L10

https://arxiv.org/abs/2004.02910
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Effective areas
● Three datasets with 

complementary effective areas 
used for GW follow-up analyses

● High energy dataset: neutrinos of 
muon flavour; better effective 
area in the northern hemisphere

● Low energy: neutrinos of all 
flavours; nearly-uniform effective 
area in the whole sky

● Low energy dataset is more 
background dominated

● ~1°angular error for >1 TeV; 
median ~10-50°angular error for 
<1 TeV PoS(ICRC2021)1131

https://pos.sissa.it/395/1131/pdf
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Catalog details

● GWTC-1 for O1, O2 runs: 11 events out of which 1 BNS 
and 10 BBH

● GWTC-2 for O3a run (with FAR as the threshold 
parameter): 39 events; 1 NSBH and 38 BBH

● GWTC-2.1 for O3a run (with pastro as the threshold 
parameter): 44 events, 3 removed from GWTC-2 (1 NSBH 
also removed); 1 new NSBH and 43 BBH
Links: GWTC-1, GWTC-2, GWTC-2.1

https://arxiv.org/pdf/1811.12907.pdf
https://arxiv.org/pdf/2010.14527.pdf
https://arxiv.org/pdf/2108.01045.pdf
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Results (low-energy)
IceCube paper in preparation
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Results (high-energy)
IceCube paper in preparation
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