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Core-Collapse Supernovae
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The End of Massive Stars (> 8 M☉)

Figures remade from Raffelt’s talk
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WHY?
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Ø How Do Massive Stars Die?

Ø Production Sites of Heavy Elements

Ø Supernova Remnants--Acceleration of Cosmic Rays

Ø Properties of Neutron Stars/Pulsars, Black Holes

Ø Possible Production Sites of Light Particles

Compute Theoretically, Confirm Experimentally



SN 2030?



Comparisons
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SN 1987A SN 2030?

Ø �̅�! only

Ø 50 kpc

Ø ~ 20 events

Ø ~ 10 s

Ø �̅�!, 𝜈!, and 𝜈"

Ø ~ 10 kpc

Ø ~ 10,000 events

Ø ~ 1 min

Precision Measurements

𝜈" means 𝜈#, �̅�#, 𝜈$, �̅�$



We May Have Only One Chance

7/35
Not Clear Whether There Will Be Successors
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Galactic CCSN
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How Often?

3.2!".$%&.'

Adams et al., 2013

2.8!(.$%(.$

(with a systematic 
uncertainty of a 

factor of ∼2) 

Li et al., 2011

Per Century



How Can We Get Ready?
Can’t We Just Wait?



Timescale of A SN
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Timescale of A SN
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Timescale of A SN
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Timescale of A SN
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Cooling



Input -- Simulation

Luke Roberts
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Ø 1D

Ø Goes Out to ~ 100 s

Ø No Convection

Ø 15 Solar Mass



Cooling Neutrinos
Neutrino Luminosity

Cooling Neutrinos Are Interesting & Robust!

Ø 1/t Behavior Surprising

Ø Connects SN and NS

Ø Moderate Mixing Effect

NS!

17/35Shirley Li (Fermilab)

Li, Roberts & 
Beacom, 2020



Cooling Neutrinos
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Li, Roberts & 
Beacom, 2020

Neutrino Energy

Ø 1/t Behavior Surprising

Ø Connects SN and NS

Ø Moderate Mixing Effect

Cooling Neutrinos Are Interesting & Robust!



Supernova Neutrino Detection

�̅�! + 𝑝 → 𝑒" + 𝑛 Super-K

𝜈! + 40Ar → 𝑒# + 40K∗ DUNE

Large Cross Sections Multi-10 kton

𝜈% + 𝑝 → 𝜈% + 𝑝 JUNO

19/35Shirley Li (Fermilab)



𝜈! Signal Rate
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Plenty of Events in Super-K!

𝜈! + 𝑝 → 𝑒" + 𝑛

Ø Inputs:

• 10 kpc SN

• 22.5 kton

• 3.5 MeV Threshold

20/35Shirley Li (Fermilab)

Li, Roberts & 
Beacom, 2020



𝜈! Energy Spectrum

Easily Reconstruct Neutrino Spectrum

𝜈! + 𝑝 → 𝑒" + 𝑛

Ø 𝑇!# = 𝐸%$ − 1.8 MeV

Ø --- Known Detection 

Threshold

21/35Shirley Li (Fermilab)

Li, Roberts & 
Beacom, 2020



Unique 𝜈! Detection Channel

Ideal Channel for 𝜈!

𝜈! + 40Ar → 𝑒# + 40K∗

22/35

Clean	Kinematics:

𝐸! = 𝐸% − 𝑄 − ΔE

K. Scholberg 2012 

Shirley Li (Fermilab)



Unique 𝜈! Detection Channel

Ideal Channel for 𝜈!

𝜈! + 40Ar → 𝑒# + 40K∗

23/35

Clean	Kinematics:

𝐸! = 𝐸% − 𝑄 − ΔE
𝝂𝒆 + 𝒆" → 𝝂𝒆 + 𝒆"

𝝂𝒆 + 𝟒𝟎𝐀𝐫 → 𝒆" + 𝟒𝟎𝐊∗

K. Scholberg 2012 
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𝜈! Signal Rate

Plenty of Events to Late Times in DUNE!

𝜈! + 40Ar → 𝑒# + 40K∗
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4 Hz Bkg.

Ø Inputs:

• 10 kpc SN

• 40 kton 

• 6 MeV Threshold

Shirley Li (Fermilab)

Li, Roberts & 
Beacom, 2020
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𝜈! Signal Rate

Plenty of Events to Late Times in DUNE!

𝜈! + 40Ar → 𝑒# + 40K∗
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ne in DUNE

4 Hz Bkg. Ø We are the first to 
identify the leading  
MeV background

Ø First study to see 
how long the signal 
lasts, affecting DAQ

Shirley Li (Fermilab)

Li, Roberts & 
Beacom, 2020
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𝜈! Energy Spectrum

Detection Threshold Needs to Reach ~ 6 MeV

𝜈! + 40Ar → 𝑒# + 40K∗
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Ø 𝐸! = 𝐸%$ − 𝑄 − ΔE

Ø --- Unknown

Detection Threshold
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Cross Sections

Difficult Theoretically and Experimentally
27/35

𝜈! + 40Ar → 𝑒# + 40K∗
Capozzi et al., 2018

Shirley Li (Fermilab)



Large Impact on Supernova 𝜈
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E. Conley, DUNE-doc-14068

Tr
ue

 c
ro

ss
 s

ec
tio

n 
m

od
el

Assumed cross section model
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Alternative Outcome -- BH
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Remnant:

Case 1:
PNS Cooling

Case 2: Failed SN

Case 3: Metastable PNS

BH BH NS

BH May Form at Late Times

Different Mechanisms for BH Formation
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What Is the Fate of SN 87A?
We Still Don’t Know!

30/35Shirley Li (Fermilab)

Alp et al., 2018



What Is the Fate of SN 87A?
We Still Don’t Know!
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Cigan et al., 2019



The Next One Can Be Measured

We Can Directly Detect BH Formation with Neutrinos

Detection Significance of BH Formation
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The Next One Can Be Measured

We Can Directly Detect BH Formation with Neutrinos

Detection Significance of BH Formation

33/35Shirley Li (Fermilab)

Li, Roberts & 
Beacom, 2020

First to Study Detecting Black Hole Formation in DUNE
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What Will We Learn?
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Ø How Do Massive Stars Die?

Ø Production Sites of Heavy Elements

Ø Supernova Remnants--Acceleration of Cosmic Rays

Ø Properties of Neutron Stars/Pulsars, Black Holes

Ø Possible Production Sites of Light Particles

Compute Theoretically, Confirm Experimentally

Almost zero effort



Conclusions
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SN 1987A SN 2030?

Ø �̅�! only

Ø 50 kpc

Ø ~ 20 events

Ø ~ 10 s

Ø �̅�!, 𝜈!, and 𝜈"

Ø ~ 10 kpc

Ø ~ 10,000 events

Ø ~ 1 min



Backup



Galactic Core-Collapse SN
How Far Away?

Adams et al., 2013



Cooling Neutrinos

Li, Roberts & 
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Cumulative Quantities

v 1/t Behavior Surprising

v Connects SN and NS

v Moderate Mixing Effect

Cooling Neutrinos Are Interesting & Robust!
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𝜈! Signal Rate

Plenty of Events to Late Time in DUNE!

𝜈! + 40Ar → 𝑒# + 40K∗
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Ø Inputs:

• 10 kpc SN

• 40 kton 

• 10 MeV Threshold

Li, Roberts & 
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𝜈! Energy Spectrum

Detection Threshold Needs to Reach ~ 10 MeV

𝜈! + 40Ar → 𝑒# + 40K∗
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Cross Section Studies



Cross Section Studies



𝜈" Signal Rate

Non-Negligible Events at Late Times

𝜈& + 𝑝 → 𝜈& + 𝑝
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0.7 Hz Bkg.

Ø Inputs:

• 10 kpc SN

• 22.5 kton 

• 0.1, 0.2 MeV 

Threshold
Li, Roberts & 
Beacom, 2020



𝜈" Energy Spectrum

Detection Threshold Is Crucial

𝜈& + 𝑝 → 𝜈& + 𝑝
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