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MOT IVAT ION CORE-COLLAPSE SUPERNOVAE

BINARY NEUTRON STAR MERGERS NEUTRON STAR - BLACK HOLE MERGERS

Neutrino emission duration  s∼ 10

Neutrino emission duration  ms to s∼

2

Many	candidates	for	burst	of	MeV	neutrinos	
and	other	messengers	(GW	and	EM)

MeV	 	can	help	us	understand	core	dynamics	from	supernovae	
and	merger	processes

ν
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I C ECUBE 	NEUTR INO 	OBSERVATORY
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IceCube	Array	(86	strings,	5160	
optical	sensors)

DeepCore	(8	strings,	tighter	
spacing)

Eiffel	Tower	
(324	m)

50	m

1450	m

2450	m
2820	m

IceCube	Lab

TAUP 	2023 	 | 	NORA 	VALTONEN-MATT I LA 	 | 	31 .08 .23



I C ECUBE 	NEUTR INO 	OBSERVATORY
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MeV	ν

ν̄e + p → e+ + n

Short track 
length + sparse 
detector array

Simulation of single hits observable 
in the array

See	Jakob	Beise’s	talk	(neutrino	physics	&	astrophysics	session	7A)

TAUP 	2023 	 | 	NORA 	VALTONEN-MATT I LA 	 | 	31 .08 .23 R. Cross, A. Fritz & S. Griswold, PoS(ICRC2019)

https://indico.cern.ch/event/1199289/contributions/5447169/
https://pos.sissa.it/358/889/pdf
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SUPERNOVA 	DATA 	ACQU IS I T ION 	SYSTEM

•A	signal	will	be	detectable	when	
considering	the	rate	increase	in	the	
entire	array		
•The	Supernova	Data	Acquisition	
(SNDAQ)	continuously	monitors	the	
detector	rate,	searching	for	a	
significant	deviation	from	background	
for	galactic	supernovae	or	very	
bright	extragalactic	transients.

Single	hit	background
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Jakob	Beise	(TAUP	2023	neutrino	physics	&	astrophysics	session	7A)

IceCube	Preliminary

https://indico.cern.ch/event/1199289/contributions/5447169/
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Currently: we cannot use external information to trigger SNDAQ*

New	framework	will	enable	external	SNDAQ	triggering	for	IceCube's	MeV	
neutrino	data	response,	expanding	to	IceCube’s	full	energy	sensitivity,	

enhancing	multi-energy	and	multi-messenger	analyses.

EXTERNAL	
ALERT

FAST	RESPONSE	
ANALYSIS	@	
NORTH

SNDAQ	@	SOUTH	
POLE

FOLLOW-UP	
RESPONSE	

External	alerts	
(Gravitational	waves	/	
Electromagnetic)

MEV 	NEUTR INO 	ALERT 	RESPONSE

Latency	<	10	min
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*Currently	we	have	offline	access	to	MeV	data	for	follow-
up	with	a	latency	of	24-72	hrs	
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This	framework	will	respond	
gravitational	wave	alerts	classified	
as	bursts	(supernova	candidates)	
and	mergers	involving	a	neutron	

star
	 	BNS		/		 	NSBH	/	
few	bursts	per	year

36+49
−22 6+11

−5

Target Expected	Frequency	of	LVK	alerts
LVK	RUN	O4	Yearly	

Expectation	

The	system	can	also	be	employed	for	prompt	responses	to	
other	alerts	involving	objects	that	are	potential	candidates	

for	MeV	neutrino	production

MEV 	NEUTR INO 	ALERT 	RESPONSE
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SENS IT IV I TY 	AND 	D I SCOVERY 	POTENT IAL

IceCube	has	
sensitivity	to	bright	
extragalactic	
transients
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Average	supernova	luminosity	:	 	ergs∼ 1052 − 1053
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FOLLOW-UP	APPLICATIONS	USING	MEV	
NEUTRINO	DATA
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(Not	using	the	realtime	framework	in	development!)
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GRB 	221009A

• First detected by GBM (Fermi gamma ray 
satellite) on the 9th of October 2022.


• One of the brightest gamma ray burst (GRB) 
and first >TeV -rays detected. Bursts this 
bright occur only once every 10,000 years!


• Very close GRB (  740 Mpc), or about 20 
times closer than average GRB.

γ

≈

X-ray image of GRB 221009A emission scattering off dust 

(Williams et al. 2023)

Given that GRBs can coincide with supernovae and can 
involve accretion disks around black holes, they possess 

the potential to generate MeV neutrinos
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MODELS 	 FOR 	MEV 	NEUTR INOS 	 IN 	GRB ’ S
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•Prior	to	gamma	emission:	CCSN	neutrinos	and	fireball	production	of	
thermal	neutrinos	

•Prior	and	simultaneous	to	gamma	emission:	MeV	neutrino	
production	via	Neutrino	Dominated	Accretion	Flows

References,	see:	Wang	et	al.		In:	ApJ	(2007),	664,	1026-1032,	Modjaz	et	al.	In:	Nat	Astron	
(2019),	3,	717-724,	Wang	&	Mészáros	In:	ApJ	(2007),	670,	1247,	Morsony	et	al.	In:	ApJ	
(2007),	665,	569,	Liu	et	al.	In:	Phys.	Rev.	D	(2016),	93,	123004,	Liu	et	al.	In	:	New	
Astron.	Rev.	(2017),	79,	1-25,	https://iopscience.iop.org/article/10.3847/1538-4357/

ab2187,	Halzen	&	Jaczko	In:	Phys.	Rev.	D	(1996),	54,	2779TAUP 	2023 	 | 	NORA 	VALTONEN-MATT I LA 	 | 	31 .08 .23

https://iopscience.iop.org/article/10.1086/519228/pdf
https://www.nature.com/articles/s41550-019-0856-2#citeas
https://www.nature.com/articles/s41550-019-0856-2#citeas
http://www.apple.com/uk
https://iopscience.iop.org/article/10.1086/519483
https://iopscience.iop.org/article/10.1086/519483
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.123004
https://www.sciencedirect.com/science/article/abs/pii/S1387647316300756?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S1387647316300756?via=ihub
https://iopscience.iop.org/article/10.3847/1538-4357/ab2187
https://iopscience.iop.org/article/10.3847/1538-4357/ab2187
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.54.2779


G R B  2 2 1 0 0 9 A  A N A LY S I S
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1. Select search windows / bin size based on physics motivation (from models) 
2. Characterize the background through trials on off-time data 
3. Perform observation on on-time data 
4. Place upper limits if results are not significant

Methodology
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SEARCH 	W INDOWS	FOR 	GRB 	221009A

X + π 0
X + 2γ

100	s 156	s17	s

-100	s t0 17	s 175	s T90	s

372	s

174	s18	s

1	s 1	s

2 	D I FFERENT 	
B IN 	

SEARCHES

Gamma-ray	
lightcurve	

representation

SL ID ING 	1 	S 	
FOR 	THE 	

OTHER 	T IME 	
W INDOWS

SL ID ING 	0 .5 	S 	
FOR 	1 	S 	T IME 	
W INDOWS
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GRB 	221009A 	RESULTS: 	UPPER 	 L IM ITS
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Publication:  R. Abbasi et al 2023 ApJL 946 L26

•We	found	no	indication	of	
MeV	 	emission	above	
background	expectation	
(p-values	>	0.3)	

•Therefore	we	set	upper	
limits

ν

Results
1e9
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1	s	search

https://iopscience.iop.org/article/10.3847/2041-8213/acc077
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CONCLUS IONS

• IceCube's low-energy (MeV) neutrino data stream allows for a wide range of analyses of cataclysmic 
transients. 

• Core-collapse supernovae and neutron star mergers are among the sources that can produce thermal 
neutrinos along with other messengers, such as gravitational waves and electromagnetic emission. 

• SNDAQ handles the online data stream and analysis of low-energy neutrinos, forming the foundation 
for the fast response analysis system. 

• The upcoming fast response system will allow for prompt responses to gravitational wave alerts and 
other external alerts. 

• The analysis of GRB 221009A is a prime example of the applications of the low-energy neutrino data 
stream and potential follow-up objects with the realtime system.
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THANK	YOU!

https://wiki.icecube.wisc.edu/index.php/MeV_Fast_Response_Analysis


SN 	2023 IXF: 	UPPER 	 L IM ITS
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Closest	SN	in	past	
five	years!
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Exclusion ExclusionBackground

μ, σ

Background

SNDAQ	monitors	in	realtime	for	a	rate	increase	 	in	the	detector	by	comparing	the	
search	bin	 	to	background	 	mean	and	 	standard		

deviation.

Δμ
r μ σ

Δμ = σ2
Δμ

NDOM

∑
i=1

ϵi(ri − μi)
⟨σi⟩2 σ2

Δμ = (
NDOM

∑
i1

ϵ2
i

⟨σi⟩2
)

ξ =
Δμ
σΔμ

r

SNDAQ 	ANALYS I S

A	test	statistic	 	is	obtained,	telling	us	how	significant	the	detector	rate	deviation	is.ξ
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MUON	RATE 	 / 	 S IGN I F I CANCE 	OF 	ALERT

Credit: R. Abbasi+, IceCube Collaboration (submitted)
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Background	sources:	Atmospheric	muons,	
thermal	noise,	radioactive	decay

•First	pass	noise	reduction:	since	a	large	
fraction	of	the	noise	can	be	approximated	
to	a	Poissonian	distribution,	we	apply	a	
deadtime	at	the	data	acquisition	stage.	

•Second	pass	noise	reduction:	Since	we	
are	still	left	with	noise,	we	apply	a	
correction	to	our	test	statistic	to	remove	
the	atmospheric	muon	contribution	at	the	
time	of	the	trigger,	which	narrows	the	
distribution.

Significance	of	alert:	Using	the	distribution	of	
our	test	statistic,	we	can	determine	whether	
the	triggered	search	is	significant		or	not
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SUPERNOVA 	H ITSPOOL
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•Raw	hits	are	buffered	for	 2	weeks.		
•This	data	stream	provides	us	with	full	
detector	information.	
•Processing	of	HitSpool	data	gives	us	
full	DOM	waveform	information	24	-	
72	hrs	after	alert.	

∼

OFFLINE	PROCESSING	OF	ALERTS

Credit: D.Heereman (Thesis,  2015)
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MEV 	NEUTR INO 	CROSS 	SECT ION

21
Credit: Scholberg In:  Annu. Rev. Nucl. Part. (2012), 62, 81-103
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https://www.annualreviews.org/doi/10.1146/annurev-nucl-102711-095006


GRAV ITAT IONAL 	WAVES 	 / 	NEUTR INOS

Adapted	from	Cusinato	M.	et	al.	In:	Eur.	Phys.	J.	A	(2022),	58	(99)	and	
Nakamura	K.	et	al.	In:	MNRAS	(2016),	416	(3),	pp.	3296-3313.TAUP 	2023 	 | 	NORA 	VALTONEN-MATT I LA 	 | 	31 .08 .23
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https://epja.epj.org/articles/epja/abs/2022/05/10050_2022_Article_743/10050_2022_Article_743.html
https://academic.oup.com/mnras/article/461/3/3296/2608524


GALACT IC 	SENS IT IV I TY

Credit: R. Abbasi at al., IceCube Collaboration (submitted)
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SUPERNOVAE: 	 LOW	ENERGY 	NEUTR INO 	 L IGHTCURVE

Burst of  (electron capture) νe
e− + p − > νe + n

24

Positron capture increases  
luminosity, and thermal pair 
production like 

 increase the 
other flavor’s luminosity

ν̄e

N + N ↔ N + N + ν + ν̄

Rest of gravitational binding 
energy is released during the 
cooling phase

Credit: H. Thomas Janka, Florian Hanke, Lorenz Huedepohl, et al. Core-Collapse Supernovae: 
Reflections and Directions. Progress of Theoretical and Experimental Physics, 2012(1), 12 2012. TAUP 	2023 	 | 	NORA 	VALTONEN-MATT I LA 	 | 	31 .08 .23



SUPERNOVAE: 	 LOW	ENERGY 	NEUTR INO 	 L IGHTCURVE 	
OBSERVABLE 	BY 	 I CECUBE
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Credit:  Cross,Fritz & Griswold. In: PoS ICRC2019, 889

Simulated	DOM	hits	in	IceCube	for	a	Galactic	Supernova	

TAUP 	2023 	 | 	NORA 	VALTONEN-MATT I LA 	 | 	31 .08 .23

https://pos.sissa.it/358/889/pdf


OTHER 	MEV 	NEUTR INO 	DETECTORS

26	S	Al	Kharusi	at	al	In:	New	J.	Phys.	G	(2021),	23,	031201

Number of events 
depending on 
CCSNe mass
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NEUTR INO 	PROCESSES: 	 ENERGY 	REG IMES 	
FOR 	 	OBSERVAT IONν

Credit:	Valtonen-Mattila.	2022	Thesis:	Expending	the	observational	reach	of	core-collapse	
supernovae	for	IceCube	using	high-energy	neutrinos.
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http://uu.diva-portal.org/smash/get/diva2:1708894/FULLTEXT01.pdf
http://uu.diva-portal.org/smash/get/diva2:1708894/FULLTEXT01.pdf
http://uu.diva-portal.org/smash/get/diva2:1708894/FULLTEXT01.pdf


SUPERNOVAE: 	NEUTR INO 	T IMEL INE
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X + π 0
X + 2γ

at	 	∼ t0

MeV	ν TeV	 	(choked-jets)ν

seconds	after	∼ t0

GeV-TeV	 	(CSM-ejecta)ν

	few	hours	to	days	after	≳ t0
Post	explosion	onset	time	t0

MeV	 	
(Collapse)	
10	s	burst

ν

TeV	 	(Choked-jet)	
10	s	burst
ν

GeV-TeV	 	(CSM-
ejecta)	 	up	to	a	

year

ν
≈

See more in : Valtonen-Mattila & O’Sullivan In: ApJ 
(2023), 945, 98TAUP 	2023 	 | 	NORA 	VALTONEN-MATT I LA 	 | 	31 .08 .23

https://iopscience.iop.org/article/10.3847/1538-4357/acb33f
https://iopscience.iop.org/article/10.3847/1538-4357/acb33f


N E U T R I N O  P R O D U C T I O N  R E G I M E  I N  G R B S

MeV	Domain GeV-TeV	Domain

Hadronuclear

+	also	pn	interaction!

Photohadronic
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I C ECUBE: 	H IGH-ENERGY 	NEUTR INOS

>TeV ν

Deep inelastic 
scattering

Depending on 
reaction and  

flavor
ν

Track-like

Cascade-like

Good for 
directionality

Good for 
energy 
reconstruction

Long tracks

Shorter tracks 
(O(10’s m))

30

Only for illustration purposes
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GRB 	221009A 	BACKGROUND
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G R B  2 2 1 0 0 9 A  B A C K G R O U N D
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GRB 	221009A 	BACKGROUND
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G R B  2 2 1 0 0 9 A  B A C K G R O U N D
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