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1: SN from observational side 

2: SN from theoretical side 

3: SN engine: Neutrino heating 

4: Progenitor and remnant property

Outline  (Lecture 1)



(1: Recap of Lecture 1) 

2: Hadron-quark phase transition in supernova 

3: How to probe it? 

4: Summary

Outline (Lecture 2)
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Stellar evolutionary cycles 

In this lecture I will focus only on this 
high-mass (~10Msun<M< ~100Msun) branch.



Pankenier, David W. 2006. Journal of 
Astronomical History and Heritage* 9(1): 77-82.

A historical Supernova: SN1054
A “guest star” reported by Chinese astronomers in 1054.

NASA, ESA

The Crab Nebula: now the remnant of SN1054

~1.7pc

1pc=3.26ly



Optical: NASA/HST/ASU/J. Hester et al. 
X-Ray: NASA/CXC/ASU/J. Hester et al.

The Crab pulsar

A historical Supernova: SN1054



ESO

Another example: SN1987a

Can you find difference?

Large Magellanic Cloud (~50kpc)



Can you find difference?

ESO

Another example: SN1987a

SN1987a

Large Magellanic Cloud (~50kpc)

SN1987a

Galactic Center



Another example: SN1987a

https://www.eso.org/public/images/eso0708a/

NASA Goddard Space Flight Center

in 2010

SN1987a was expected to 
leave a NS (not BH) behind. 

But so far no evidence of 
NS…… 

This was one of mysteries in 
the SN theory.

in 1987

https://www.eso.org/public/images/eso0708a/
http://www.nasa.gov/centers/goddard/home/index.html


Another example: SN1987a

Fransson+, 2024, ScienceBut recently…  
An evidence of neutron star in the remnant of SN1987a(!?)



There are indeed more observable properties such as: 
• various optical spectrums to classify the SN type 
• neutrinos(SN1987a) 
• GWs(yet-to-be-detected)

Short summary of SNe 

from observational side
1. Huge explosion of massive stars.  

Their brightness 1SN~1Galaxy. 
2. SNe leave behind a compact star. 

NS or BH or some exotic stars(?)



1: SN from observational side 

2: SN from theoretical side 

3: SN engine: Neutrino heating 

4: Progenitor and remnant property

Outline
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The remnant mass of massive stars

But what determines the BH or other branch?

Some fractions (from 0 to <100%) of 
the star are ejected. 

Equivalently, the remaining matters 
form the remnant: NS or BH.

C.f. WD (Type Ia SN) and very massive 
stars (>a few 100Msun) 
can explode the entire star, 
i.e. 100% mass ejection.



http://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html

Caplan&Horowitz, 2017

The strong 
interaction between 

neutron & proton 
is the main force 
countervailing the 
gravitational force.

The MR relation obtained by solving the TOV equation

The maximum NS mass 
is likely to be ~3Msun. 

I.e. if the remnant mass exceeds that 
threshold, the remnant becomes BH.



Source: https://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html
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The remnant mass of massive stars

But what determines the NS or BH branch?

The remnant is NS, 
if Mstar-Mmax.NS can be 

ejected. 
Otherwise BH.

Mmax.NS(~3Msun)
Mstar(~10Msun 
<~100Msun?)

Mstar-Mmax.NS



Short summary of SNe 

from observational side
1. Huge explosion of massive stars.  

Their brightness 1SN~1Galaxy. 
2. SNe leave behind a compact star. 

NS or BH or some exotic stars(?)

from theoretical side
3. The explosion should blow off            

“Mstar-Mmax.NS” to explain the NS 
formation branch. 

4. If fails, the BH formation.



Low-mass starsLow-mass stars High-mass starsHigh-mass stars

Star-formingStar-forming
nebulanebula

Eagle NebulaEagle Nebula

ProtostarProtostar
V1647 OrionisV1647 Orionis

Mid-sized starMid-sized star
The SunThe Sun

Red giantRed giant
ArcturusArcturus

PlanetaryPlanetary
nebulanebula

DumbbellDumbbell
NebulaNebula

RedRed
dwarfdwarf

ProximaProxima
CentauriCentauri

Blue dwarfBlue dwarf

WhiteWhite
dwarfdwarf

Sirius BSirius B
BlackBlack
dwarfdwarf

Massive starMassive star
SpicaSpica

Red supergiantRed supergiant
BetelgeuseBetelgeuse

SupernovaSupernova
SN 1054SN 1054

(remnant: Crab Nebula)(remnant: Crab Nebula)

Neutron starNeutron star
LGM-1 pulsarLGM-1 pulsar

Black holeBlack hole
Cygnus X-1Cygnus X-1

Low-mass stars High-mass stars

Star-forming
nebula

Eagle Nebula

Protostar
V1647 Orionis

Mid-sized star
The Sun

Red giant
Arcturus

Planetary
nebula

Dumbbell
Nebula

Red
dwarf

Proxima
Centauri

Blue dwarf

White
dwarf

Sirius B
Black
dwarf

Massive star
Spica

Red supergiant
Betelgeuse

Supernova
SN 1054

(remnant: Crab Nebula)

Neutron star
LGM-1 pulsar

Black hole
Cygnus X-1

The fate of massive stars



Burrows AS (1990b) 
Neutrinos from supernovae.

The fate of massive stars (>~10Msun)



Fischer+,’10

Yn=1-Ye~0.7 
I.e. 70% of NS matter 

is neutron. ->”Neutron star”



uniform nuclear matter 
i.e. n, p, e- & neutrinos
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Heavy nuclei (Fe, He, etc.)

n, p, e-

8.8Msun of Fischer+,’10



progenitor star 
ρ<<ρnuc

dissociation of heavy nuclei 
ρ(~1013-14g/cc)<ρnuc

uniform nuclear matter  
ρ>ρnuc

γ

e−



8.8Msun of Fischer+,’10
The explosion driven 

by the elastic bounce of NS. 

However, this mechanism works 
only for light progenitor stars. 

E.g., ~8.8Msun (Kitaura&Janka, ’05)



8.8Msun of Fischer+,’10 13Msun of Liebendörfer+,’01

at 500ms 
(c.f. tdyn~1ms)

strong mass accretion 
(heavy nuclei)

light progenitor stars heavy progenitor stars

• The elasticity of NS (i.e. a 
gigantic nuclei) alone cannot 
explode all massive stars. 

• Prompt explosion may work 
only for some low mass stars 
(~8-10Msun)



Müller+, ‘17

But there are many SNe with M>10Msun

Nomoto+, ’13

How can we explain these observations?



Burrows AS (1990b) Neutrinos from supernovae. 
In: Petschek AG (ed) Supernovae. Springer, New York, pp 143–181

What is the ultimate energy source of SNe?

Liberation of 
gravitational binding 
energy of ~1053 erg

(−
GM2

Riron ) − (−
GM2

RNS )



The breakdown of energies 
in the proto-neutron star

Liberation of 
gravitational binding 
energy of ~1053 erg(−

GM2

Riron ) − (−
GM2

RNS ) ≈ a few × 1053 ergs
M ≈ M⊙
Riron ≈ 108 cm
RNS ≈ 106 cm

•Eint~1053ergs 
•Erot < 1052ergs 
•Emag<1051ergs

https://en.wikipedia.org/wiki/Pulsar#/media/File:Pulsar_schematic.svg

What we can use to explode the star 
are these three energy sources.



Müller+, ‘17

The fundamental question: What mechanisms drive SNe?

Nomoto+, ’13

The observed explosion energies are ~1049-52ergs. 
But hereafter we are focusing on the canonical explosion energy of 1051 ergs



Possible SN explosion mechanisms

1.Neutrino driven explosion (ν-driven) For reviews,  Janka’12, Kotake+,’12, Burrows+,’13

Janka,’01

~99% of internal energy 
is radiated away via neutrinos (~1053ergs) 

A fraction of them deposit energy behind the 
stalled shock

13Msun of Liebendörfer+,’01



The PNS temperature is T~20MeV(~1011K) !

Enormous amount of neutrinos (~1056 /s) 
are radiated away from PNS.

≈

1.Neutrino driven explosion (ν-driven) For reviews,  Janka’12, Kotake+,’12, Burrows+,’13

Although neutrinos are known to weakly 
interact with ordinal matters, some of 

them can still interact with 
SN matters mainly via: 

νen ↔ e−p
ν̄ep ↔ e+n

Liebendörfer+,’01

But why failed?



Takiwaki+,’18600km3

3D model (w. convection) 1D model (w./o. convection)

Convection motions facilitate the explosion.



Takiwaki+, ‘16
Müller+, ‘17

Vartanyan+, ‘19

Now there are several 
successful SN explosion 

models driven by 
neutrino-heating 

in full 3D.



1: SN and NS formation from observational side 

2: SN and NS formation from theoretical side 

3: SN dynamics 

4: Progenitor and remnant property

Outline



Burrows,’21

NS formation

Among the SN progenitors (~10Msun<M< ~100Msun), 
less massive stars (~10Msun<M< ~30Msun) may explode 

by neutrino heating and leave behind a NS.

• A plausible progenitor model of SN1987a:        
~18Msun in a binary system (Podsiadlowski, ’92)

An evidence of NS(?) by 
Fransson+, 2024, Science

consistent



TK, Fischer+,’21

BH formation

PNS mass increases rapidly for more massive stars 
(~40-70Msun<M< ~100Msun). 

Resulting in a failed SN explosion, i.e. BH formation.



TK+,’18

BH formation

More massive stars (~40Msun<M< ~100Msun) 
cannot explode solely by neutrino heating. 

70Msun



Heger+,2003

The NS/BH formation branch  
and its progenitor mass dependence



The NS/BH formation branch  
and its progenitor mass dependence

Heger+,2003

• Explosion mechanism: neutrino heating 
• Remnant: NS

• Explosion mechanism: if explode, other 
than the neutrino driven. (e.g. B) 

• Remnant: BH

• Explosion mechanism: neutrino driven 
• Remnant: NS



The NS/BH formation branch 
and its progenitor mass dependence

Heger+,2003

• Explosion mechanism: neutrino heating 
• Remnant: NS

• Explosion mechanism: if explode, other 
than the neutrino driven. (e.g. B) 

• Remnant: BH



Why are SNe important? 
They are the source/origin of:

M. Koshiba et al., 1988

R. N. Manchester, The Twelfth Marcel Grossmann 
Meeting on General Relativity (2012)

Nasa/CXC/M.Weiss

NASA / Dana Berry, Sky Works Digital

NSs, BHs, magnetars, exotic stars,,,,

Neutrinos

Heavy elements

GWs

Wanajo+,’04


