
D E T E C T I O N  H O R I Z O N  O F  N E U T R I N O S  F R O M  
C O R E - C O L L A P S E  S U P E R N O VA E  U S I N G  H I G H  
E N E R G Y  N E U T R I N O S

N O R A  VA LT O N E N - M AT T I L A 1,  E R I N  O ’ S U L L I VA N 2

Fysikdagarna 2022

1

1: nora.valtonen@physics.uu.se 
2: erin.osullivan@physics.uu.se

arXiv: https://arxiv.org/abs/2206.00450 

mailto:nora.valtonen@physics.uu.se
mailto:erin.osullivan@physics.uu.se
https://arxiv.org/abs/2206.00450


S U P E R N O VA E

Etot ∼ 1053 erg

ν
Nucleosynthesis of 

heavy elements

Gives birth to neutron 
stars and black holes!

99% of kinetic 
energy!

2

Some supernovae can also produce high-
energy neutrinos

End of star’s lifecycle



W H Y  N E U T R I N O S ?

Explosion driven mechanism. 
99% of  released as MeV  Ekin ν

O(10)M
eV

TeV

 ν Production

Post-explosion

SASI

Probing with neutrinos will 
give us insight on the 
explosion mechanism

O(10 s) O(days-years)

In case of a black-hole 
formation, no EM emission will 
be emitted, but neutrinos can 
escape

Neutrino echoes
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1: H. -Th. Janka https://arxiv.org/abs/1702.08713 
2: S. Gullin, E.P. O’Connor, J. -Sh. Wang & J. Tseng (2022) ApJ, 926, 2 

3: IceCube collaboration. M.G. Aartsen et al. (2011) A&A, 535, 18. 
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However, the detection horizon is 
limited to the 10’s of kpc for MeV 

neutrinos

IceCube

Ref: IceCube collaboration. M.G. Aartsen et al. (2011) A&A, 535, 18.
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https://arxiv.org/abs/1702.08713


E X T E N D I N G  T H E  H O R I Z O N  U S I N G  H E  ν

CSM-EJECTA MODEL

CSM

Shock

p+p

Neutron star

Different models = 
different  and ·M Vw

νν

ν

ν

Cocoon

Relativistic 
jet

Cocoon

ν ν

Stellar 
envelope

νν

CHOKED-JET MODEL
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0.1 
day to 1 year
temission ∼

10s temission ∼



H E   F L U X  M O D E L Sν

Neutrino fluence for all flavor  at 
 and 

ν
d = 10 kpc tmax = 107 s

100 MeV - TeV TeV - PeV

CSM-EJECTA MODEL CHOKED-JETS MODEL

Neutrino flux for  and  

at 

νμ ν̄μ
d = 20 Mpc
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Ref: K. Murase (2018) PhRvD, 97 
Ref: R. Enberg, M. Hall Reno & I. Sarcevic (2009) PhRvD, 79



H E  F L U X  M O D E L S

O(10)
MeV

TeVPost-explosion∼

O(10 s) O(days-years)

• Around or post-explosion 
• High-flux of high-energy 

neutrinos

Neutrino fluence for all flavor  at 
 and 

ν
d = 10 kpc tmax = 107 s

100’s MeV - TeV TeV - PeV

CSM-EJECTA MODEL CHOKED-JETS MODEL

Neutrino flux for  and  

at 

νμ ν̄μ
d = 20 Mpc6

K E Y  Q U E S T I O N S :  

1. H O W  FA R  C A N  W E  E X T E N D  I C E C U B E ’ S  
D E T E C T I O N  H O R I Z O N  O F  C C S N E  U S I N G  H E  
N E U T R I N O S  

2. A R E  T H E R E  A N Y  I N T E R E S T I N G  G A L A X I E S  O U T  
T H E R E  T H AT  C O U L D  P O T E N T I A L LY  H O S T  T H E S E  
C C S N E
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N U M B E R  O F  O B S E R VA B L E  N E U T R I N O S

7

Nν =
1

(d/dref)2 ∫
tmax

tmin
∫

Emax

Emin

ϕν(Eν, t) Aeff(Eν) dt dEν

Gives the mean 
number of neutrinos 
that IceCube would 

observe

Effective area: neutrino 
detection sensitivity. It is as a 
function of neutrino direction 

(declination) and energy.

Neutrino energy

Observation time

I have averaged the declination 
for northern/southern sky.

Reference 
distance for each 

model

1 0  Y E A R  D ATA  S A M P L E

2  Y E A R  C O N TA I N E D  
E V E N T S  S A M P L E

Best sensitivity for northern sky

Best sensitivity for southern sky

Tracks

Mostly cascades



N U M B E R  O F  O B S E R VA B L E  N E U T R I N O S
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Nν =
1

(d/dref)2 ∫
tmax

tmin
∫

Emax

Emin

ϕν(Eν, t) Aeff(Eν) dt dEν

Gives the mean 
number of neutrinos 
that IceCube would 

observe

Effective area: neutrino 
detection sensitivity. It is as a 
function of neutrino direction 

(declination) and energy.

Neutrino energy

Observation time

I have averaged the declination 
for northern/southern sky.

Reference 
distance for each 

model

1 0  Y E A R  D ATA  S A M P L E

2  Y E A R  C O N TA I N E D  
S A M P L E

Best sensitivity for northern sky

Best sensitivity for southern sky

Tracks

Mostly cascades

W H Y  D O  W E  H AV E  B E T T E R  
S E N S I T I V I T Y  W I T H  T H E S E  S A M P L E S ?



I C E C U B E  S E N S I T I V I T Y
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Northern sky —> Earth 
provides a filter for the 

atmospheric muons 

Southern sky (coming 
from above the 

detector) Earth does not 
filter. One way to filter is 

through contained 
events.

Northern sky Southern sky



D E T E C T I O N  H O R I Z O N  F O R  C S M - E J E C TA  M O D E L
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S U P E R N O VA E  F R A C T I O N S :  C S M - E J E C TA

Reference: https://arxiv.org/abs/1006.4612v2
11

Interaction powered SN 
(CSM-EJECTA)

https://arxiv.org/abs/1006.4612v2


S U P E R N O VA E  F R A C T I O N S :  C S M - E J E C TA

Reference: https://arxiv.org/abs/1006.4612v2
12

Interaction powered SN 
(CSM-EJECTA)

59% of all CCSNe

https://arxiv.org/abs/1006.4612v2


D E T E C T I O N  H O R I Z O N  ( C S M - E J E C TA  M O D E L )

NORTHERN SKY SOUTHERN SKY

Ref model 1:https://arxiv.org/abs/1705.04750v2 13

A

Number of neutrinos observable by IC scaled to distance, 
both for track sample (solid) and contained events sample 
(dashed), for type II-P and IIn. Horizontal lines represent 

background.

https://arxiv.org/abs/1705.04750v2


D E T E C T I O N  H O R I Z O N  ( C S M - E J E C TA  M O D E L )

NORTHERN SKY SOUTHERN SKY

Ref model 1:https://arxiv.org/abs/1705.04750v2 14

B

CCSNe rate for each galaxy in the nearby 
region of 5 (2.5) Mpc.

https://arxiv.org/abs/1705.04750v2


D E T E C T I O N  H O R I Z O N  ( C S M - E J E C TA  M O D E L )

NORTHERN SKY SOUTHERN SKY

Ref model:https://arxiv.org/abs/1705.04750v2 15

1  / 2  for II-P (IIn): 0.3 (3.3) Mpc / 
0.2 (2.3) Mpc 

ν ν 1  / 2  for II-P (IIn): 0.08 (0.74) Mpc / 
0.06 (0.5) Mpc 

ν ν

IIn: 17 !ν

https://arxiv.org/abs/1705.04750v2


T O P  2 0  G A L A X I E S  
( C S M - E J E C TA )

16

Considering 
background, we can 
reach these galaxies



D E T E C T I O N  H O R I Z O N  F O R  C H O K E D - J E T S  M O D E L
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S U P E R N O VA E  F R A C T I O N S :  C H O K E D - J E T S

Reference: https://arxiv.org/abs/1006.4612v2 18

Choked jets

Could also 
potentially be 
candidates for 

choked jets

https://arxiv.org/abs/1006.4612v2


S U P E R N O VA E  F R A C T I O N S :  C H O K E D - J E T S

Reference: https://arxiv.org/abs/1006.4612v2 19

Choked jets

Could also 
potentially be 
candidates for 

choked jets

28% of all CCSNe

https://arxiv.org/abs/1006.4612v2


H O W  FA R  C O U L D  W E  O B S E R V E  ( C H O K E D - J E T S )

20

NORTHERN SKY SOUTHERN SKY

Ref model 2: https://arxiv.org/abs/0808.2807v2 

A

Number of neutrinos observable by IC scaled to distance, 
both for track sample (solid) and contained events sample 

(dashed). Horizontal line represents background.

https://arxiv.org/abs/0808.2807v2


H O W  FA R  C O U L D  W E  O B S E R V E  ( C H O K E D - J E T S )
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NORTHERN SKY SOUTHERN SKY

Ref model 2: https://arxiv.org/abs/0808.2807v2 

B

Observed CCSNe (choked-jet type) = cumulative optically 
observed [yearly] (ZTF and ZTF+ASAS-SN)

Expected in  = Scaling. Expected to be observable by IC 
with suppression factor [yearly]

ν

https://arxiv.org/abs/0808.2807v2


H O W  FA R  C O U L D  W E  O B S E R V E  ( C H O K E D - J E T S )
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NORTHERN SKY SOUTHERN SKY

Ref model 2: https://arxiv.org/abs/0808.2807v2 

B

Observed CCSNe (choked-jet type) = cumulative optically 
observed [yearly] (ZTF and ZTF+ASAS-SN)

Expected in  = Scaling. Expected to be observable by IC 
with suppression factor [yearly]

ν

Suppression factor arises from the fact that from the 
population, only 10% have jets, and from those only a few 

point to Earth!
∼

https://arxiv.org/abs/0808.2807v2


H O W  FA R  C O U L D  W E  O B S E R V E  ( C H O K E D - J E T S )
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NORTHERN SKY SOUTHERN SKY

Ref model 2: https://arxiv.org/abs/0808.2807v2 

1  / 2 : 85 / 60 Mpcν ν 1  / 2 : 20 / 14 Mpcν ν

https://arxiv.org/abs/0808.2807v2


T O P  2 0  G A L A X I E S  
( C H O K E D - J E T S )

24

We can reach all of 
the top 20 galaxies



C O N C L U S I O N S

• CSM-interaction model:  

• Models considered in this study consist of 59% of all CCSNe. 

• Northern sky: For type II-P (IIn), the detection horizon with a doublet is extended 0.2 (2.32) Mpc, and for a singlet up 
to 0.3 (3.3) Mpc. For  type IIn, we could observe M31 (17 )  and NGC 598 (15 ). 

• Southern sky: We can reach past the LMC with both II-P and IIn, with a doublet reach of 0.06 (0.5) Mpc and with a 
singlet to 0.08 (0.74) Mpc. We could observe 220  from the LMC with type IIn. 

• Choked jets model:  

• We can reach all of the top 20 galaxies nearby with high statistics. 

• Northern sky reach: It extends to ZTF range, with a singlet detection horizon at 85 Mpc. At this distance ZTF 
observes 15 CCSNe yearly that would be candidates. After suppression factor (1/180 point to Earth), we expect 1 
such CCSNe to be observable through  in 10 years. 

• Southern sky reach: With a singlet we can reach 20 Mpc, however the first observed CCSNe candidate is at 30 Mpc.

ν ν

ν

ν

25



F U T U R E  P R O S P E C T S

26

G E N 2

Expected improvement 
in detection horizon by a 
factor of 3

N E W  I I - P  E S T I M AT E S

Southern sky

Northern sky

I M P R O V E M E N T  I N  
R E C O N S T R U C T I O N

Southern sky detection 
horizon will improve by a 
factor of 3-4

Ref: A. Kheirandish, K. Murase arxiv: 2204.08518

https://arxiv.org/pdf/2204.08518.pdf


T H A N K  Y O U !
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B A C K  U P

28



I C E C U B E  D E T E C T O R

29https://arxiv.org/pdf/1701.03731.pdf

https://arxiv.org/pdf/1701.03731.pdf


N E U T R I N O  T R A N S M I S S I O N  



H O W  D O E S  I C E C U B E  O B S E R V E  H E  N E U T R I N O S ?

CHERENKOV LIGHT FROM 
SECONDARIES

31

T R A C K S C A S C A D E S

• CC:  
• Good angular resolution 

(~0.5°) 
• Can be difficult to 

estimate neutrino energy

νμ + N − > μ + X • CC:  
• NC:  
• Good energy reconstruction 
• Not the best angular 

resolution (~few degrees)

νe, ντ
νe, ντ, νμ

DOMs

There are 2 event 
topologies



H O W  D O E S  I C E C U B E  L O W  E N E R G Y  N E U T R I N O S ?  
O B S E R V E  N E U T R I N O S ?

Dominant: Inverse beta decay 
 

Very small contribution elastic scattering 
ν̄e + p − > n + e+

32

DOM 
Noise floor

Expected DOM noise rate change for a galactic SN (d~10 kpc)

Track length for  —> e+ 0.5 cm ⋅
Eν

MeV



L O W  E N E R G Y  N E U T R I N O S

~10s

IceCube observes ν̄e

33

Neutrinos emitted by 
SN~  neutrinos1058

Oscillations will affect the 
spectra that IceCube observes



W H Y  N E U T R I N O S ?

Explosion driven mechanism. 
99% of  released as MeV  Ekin ν

O(10)M
eV

TeV

 ν Production

Post-explosion

SASI

Probing with neutrinos will 
give us insight on the 
explosion mechanism

O(10 s) O(days-years)

In case of a black-hole 
formation, no EM emission will 
be emitted, but neutrinos can 
escape

Neutrino 
echoes

1
1

1: H. -Th. Janka https://arxiv.org/abs/1702.08713 
2: S. Gullin, E.P. O’Connor, J. -Sh. Wang & J. Tseng (2022) ApJ, 926, 2 
3: S. Al Kharusi el at. (2021), New J. Phys., 2334

Can provides us with an 
early warning prior to EM 
emission 

2

3

https://arxiv.org/abs/1702.08713


T Y P E S  O F  S U P E R N O VA E

• To categorize supernovae, we 
need both the spectra and 
the light curve.  

• The spectra gives us the 
presence of elements that 
helps us categorise the type 
of supernovae, but the light 
curve gives us information on 
the subtype of supernovae.
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