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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 nufrinos

We search for neutrino events from
GW events defected by LIGO-Virgo

Searches done both in the high

energy (> 1 TeV), low energy (<1 TeV)

and extremely low energy (< 5 GeV)
regime
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Summary of the GW events

« We want to follow up GW events in O1, O2 and O3a runs of LIGO-Virgo

o GWITC-1 cafalog: O1+O2 (Sept. 12 2015 - Jan. 19 2016 + Nov. 30 2016 -
Aug. 25 2017

« GWIC-1 contains 11 GW events

o GWITC-2 cafalog: O3a (April 1 2019 - Oct. 12019)
« GWIC-2 cafalog has 39 events

e An updated cafalog GWTC-2.Tavailable

o Revised version of GWTC-2: with 44 GW events (37 events from GWTC-2 and
8 new events)

« Working on following-up this revised cafalog
« In this falk: GWITC-1 +GWTC-2



Analysis approaches
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Extremely low energy analysis » Counfing method

LLAMA (uses Bayesian approach)

Low energy analysis




The unbinned maximum likelihood method
e Time window: 1000 s (= 500 s)

e Scan over the sky, look for overlap befween neutrino and GW events
 Spafial prior (w) from healpix skymap of GW events

e« Maximum best-fit value (TS) recorded for each frial for each GW event

S + —(ns+n Sl Bl
kelihood £ = st e, P
N! ng+np ng+np

Spatial prior term

/4

Li(ng, y) -Wk)}
Lk(”s = )

Hypothesis testing  Test Statistic (TS) = max. {2 In (

Evaluate at all pixels



Background distributions
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A background TS distribution is built for
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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 x2 cdf; PF = 0.9 gives the
Q0% sensitivity

e Calculated for all GW events

Data-Fit

Passing Fraction

Passing Fraction VS Injected Flux (y = -2)

Fit (E°F = 6.19E-01)
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Sensitivities (O18&02)

Sensitivity: Q0% C. L. above the median
PoS(ICRC2021)939
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Results: High Energy Analysis

« No significant neufrino emission was seen in O1+0O2

ApJ. Lett. 898 (2020) L10

O1 and O2 Detections
Maximum Likelihood LLAMA
Event Type | Detectors L DL UL Range p-value UL Fiso UL p-value UL
(deg?) (Mpc) (GeVem™?) (GeVem™?) (erg) (GeVem™?)

GW150914 | BBH LH 182 | 4401135 | 0.0296- 1.03 | 0.51 0.66 5.10 x 10%3 | 0.29 0.70
GW151012 | BBH | LH 1523 | 10807530 | 0.0286 - 0.821 | 0.83 0.16 7.50 x 10%% | 0.82 0.18
GW151226 | BBH | LH 1033 | 4501150 | 0.0286 - 0.904 | 0.74 0.22 1.74 x 105 | 0.26 0.21
GW170104 | BBH LH 921 | 990130 | 0.0286 - 0.667 | 0.54 0.044 1.81 x 1053 | 0.16 0.055
GW170608 | BBH LH 392 | 3207129 | 0.0309-0.0821| 061 0.037 1.37 x 1052 | 0.97 0.038
GW170729 | BBH LH 1041 | 284077509 | 0.0286- 1.02 | 0.21 0.62 1.80 x 105° | 0.17 0.62
GW170809 | BBH | LH 308 | 10307320 | 0.0568 - 0.758 | 0.60 0.27 1.02 x 10° | 0.83 0.26
GW170814 | BBH | LHV 87 | 6007350 | 0.488-0.711 | 0.83 0.45 547 x 10%% | 1.0 0.43
GW170817 | BNS | LHV 16 a0*7, 0.180 - 0.429 | 0.19 0.27 1.67 x 105 | 0.94 0.25
GW170818 | BBH | LHV 39 | 10607520 | 0.0364 - 0.0431 | 0.58 0.028 1.17 x 105 | 0.40 0.028
GW170823 | BBH | LH 1666 | 19401970 | 0.0286 - 0.796 | 0.75 0.18 2.33 x 10°* | 0.25 0.18
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Results: High Energy Analysis

« No significant neutrino emission was seen in O3a
« One event with p-value < 0.1 in UML method (also in LLAMA
method)
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Results: High Energy Analysis

GW190728.064510

o Neutrino arrived 360 s before the GW lT— GW 90% C.L. | r
merger . () 1CEvent (9% C.L.) — GW J:Dly' CL l+ooos

. Had a reconsfructed energy of 601 GeV > N

« No counterparts found from other &

observatories
« Event also found in realtime follow-up, and
a GCN circular was sent
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Eiso upper limits
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104 o

?0% UL on the isofropic equivalent
energy emitted in high-energy neutrinos
Tofal rest mass energy of the
progenitors and fotfal radiated energy of
fhe system is also shown

Grey bands represent the expectation
(based on the sensitivities)

Eiso UL on GRB17/0817/A is 4 orders of
magnitfude lower than that on neutrinos
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Two week follow-up

Longer fime scale: [-0.1,+14] day fime window
Done for all candidate BNS and NSBH events (at least one

compact object with mass < 3 M

Motivated by therorefical predictions

No significant neutrino emission seen

Event Type | p-value E*F UL [GeVem™ 2]
GW190425 BNS 0.43 0.661
GW190426_152155 | NSBH 0.21 0.248
GW190814 BBH 0.59 0.309




Summary

« We search for neutrino counterparts to GWs in the < 1TeV and > 1
TeV energy regimes

« Follow-up of events in GWTC-1 and GWTC-2 detected by LIGO-
Virgo is done

« Sensitivities with unbinned maximum likelihood method (for high
and low energy follow-up analyses) shown here

« Unblinded results of high energy neutrino search presented

« No significant emission found

e Stay funed for more on this

16
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17



Background TS distribution

« Determined by running 10000 trials
for each GW event

« Prior derived from corresponding
GW skymap

« Negative values in the TS disfribution
arise from the spatial prior

o All -inf values set af -21 for pictorial
represenfafion

« Gef the median/3 sigma from the
background TS distribution for
sensifivity/discovery potential
calculafions
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Angular uncertainty from Random Forest
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Energy resolution
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Catalog details

e« GWIC-T for OT, O2 runs: 11 events out of which 1 BNS
and 10 BBH

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

« GWIC-2.1 for O3a run (with p,4. as the threshold

parameter): 44 events, 3 removed from GWITC-2 (1 NSBH
also removed): 1 new NSBH and 43 BBH

Links: GWIC-1, GWIC-2, GWITC-2.1
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BNS and NSBH events

o« O2: GWIT/081/7--> BNS

e O3a: GWI190426_152105--> NSBH in GWTC-2, rejected
in GWIC-2.1 since pastro < 0.0

e O3a: 19091/7_114630--> NSBH in GWIC-2.1

e O3a: 190725_1/4728--> one of the two objects with
solar mass between 2 and 5 (but sfill classified as BBH)

22



GeV neutrino emission from mergers

Predictions of GeV neutrino emission

BNS, BHNS mergers mainly with GRB
progenifors

Produced in subphotospheric region

P and n decouple (either during acceleration
sfage or lafer) have inelastic collisions (pion
production)

Neutrino emission in GeV range

Iog(E2 ¢ [erg cm'2])

' Ouasitﬁermal
Quasithermal+NPC — ——
Quasithermal+PL -

4 5 6 7
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K. Murase, K. Kashiyama, P. Mezaros, Subphotospheric Neutrinos from Gamma-Ray Bursts: The Role of
Neutrons, arXiv:1301.42306

N. Fraija, MeV-GeV neutrino propagation as a signal of magnetic field amplification in neutron star merger

, Journal of High Energy Asftrophysics, Vol. 11-12, 20106, Pg. 29-43

P. Meszaros, M.J. Rees, Multi-GeV Neutrinos from Internal Dissipationin GRB Fireballs, arXiv: 0007102
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