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Motivation
• The	merging	of	compact	objects	produces	
large	amounts	of	gravitational	waves	(GWs)	
detectable	by	LIGO-Virgo	Collaboration	(LVC)

• These	mergers	can	also	produce	neutrinos	via	
relativistic	jets	or	kilonovae

• LVC	has	reported	33	detections	as	of	July	30th,	
2019
• 28	binary	black	hole	mergers
• 3	binary	neutron	star	merger	candidates	
• 2 terrestrial	events
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Motivation
• We	search	for	neutrino	emission	from	GW	events	
detected	by	LVC	during	the	O1,O2,	and	O3	
observing	runs

• Use	unbinned maximum	likelihood	method	with	
localization	skymaps provided	by	LVC	as	spatial	
priors

• Search	1000	second	time	window	centered	around	
GW	event	time		

• Another	realtime analysis	in	IceCube uses	a	
Bayesian	approach	to	quantify	the	probability	of	a	
joint	GW	and	Neutrino	detection:	
PoS(ICRC2019)930
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Analysis	Procedure
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1. Consider	1000	second	time	window	centered	around	
GW	event

2. Perform	all-sky	scan	over	full	sky
3. Weight	results	by	spatial	prior
4. Record	best	fit	TS	value	(max	TS	of	scan)
5. Perform	30k	neutrino	scrambles	with	fixed	skymap

Event	Sample:
• Gamma-ray	follow	up	(GFU)	neutrino	sample
• 6.7mHz	all	sky	rate
• Median	angular	error		<1° for	neutrino	energies	>1TeV

Example:	GW170608



Likelihood	Construction
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Likelihood:

Test	Statistic



Likelihood	Construction
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Likelihood:

Test	Statistic
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Likelihood	Construction
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Likelihood:

Test	Statistic

Poisson	Probability Signal	and	Background
PDFs
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𝑛f, 𝑛l	:	Expected	number	of	
signal	and	background	events

Free	Parameters:
𝑛f, 𝛾



Adding	Spatial	Prior
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We	incorporate	the	LVC	probability	skymap as	a	spatial	prior	to	the	
likelihood	at	every	point	in	the	sky:

𝑤n =
𝐿𝑖𝑔𝑜	𝑃𝑟𝑜𝑏

𝑃𝑖𝑥𝑒𝑙	𝑆𝑜𝑙𝑖𝑑	𝐴𝑛𝑔𝑙𝑒



Example:	GW170104
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For	every	GW	event	we	build	a	background	Λ	distribution	using	30k	neutrino	scrambles	
and	a	fixed	GW	skymap



Example:	GW170104
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• Compute	90%	C.L.	sensitivity	flux,	𝐸=𝐹,	by	
injecting	neutrinos	from	Monte	Carlo

• Inject	neutrinos	until	90%	of	trials	return	a	
Λ greater	than	the	median	of	the	
background

• For	Upper	Limits:
• For	upper	limits	we	use	the	observed	Λ

as	the	threshold	rather	than	the	median
• If	Λwlf < ΛyjzUh{ then	we	use	
ΛyjzUh{	as	the	threshold	to	be	
conservative

IceCube Preliminary



Results:	O1+O2
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IceCube Preliminary



Results:	O3
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IceCube Preliminary



Results:	O3
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IceCube Preliminary



Results	O1+O2
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No	significant	neutrino	correlation	is	found	for	the	33	GW	events	analyzed.	Below	are	the	results	for	
the	O1	+	O2	observing	run	

FAR:	False	Alarm	Rate	of	GW	;	𝐸Ufw: Isotropic	equivalent	energy	emitted	by	GW	source



Results:	O3
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U.L.	min	and	max	are	U.Ls		assuming	
point	source	hypothesis	in	90%	GW	
contour

𝐸Ufw U.L	is	computed	by	computing	the	
expected	number	of	events	at	IceCube,	
marginalized	over	the	3D	position	of	
the	GW	source



Most	Significant	Event
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Early	Sunday	morning,	LVC	sent	a	notice	
for	a	potential	NS-BH	merger	event

Neutrino	follow	up	resulted	in	most	
significant	p	value	of	all	events	to	date

GCN	Circular	was	sent	with	results	from	both	follow	
up	analyses

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

𝒑	=	0.0136

𝒑𝒃𝒂𝒚𝒆𝒔 =	0.0102	
IceCube Preliminary

IceCube Preliminary



Realtime O3	Analyses
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• This	analysis	is	run	in	realtime to	respond	to	
GW	events	during	the	O3	science	run

• Bayesian	analysis	runs	in	parallel

• For	each	event	in	O3,	a	GCN	circular	is	sent	
with	results	from	both	analyses

• So	far,	p	values	seem	uniformly	distributed.	
More	stats	are	needed	to	study	population	of	
GW	events

IceCube Preliminary



Summary
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• Performed	neutrino	follow	up	to	all	reported	GW	events
• No	significant	neutrino	correlation	is	found

• Automated	analysis	responds	to	GW	events	with	low	latency
• GCN	circulars	are	sent	with	results	from	both	realtime analyses
• 22	GW	events	so	far
• Estimated	rates	at	start	of	03	run:

• BBH:	~1/week
• BNS:	~1/month

• Planning	another	analysis	searching	for	neutrino	emission	over	longer	timescales
• If	neutrino	emission	occurs	during	kilonova phase	of	BNS	merger,	a	dedicated	long	

timescale	analysis	would	be	far	more	sensitive	


