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Lecture outline

I. Introduction, Type Ia Supernovae, Pre-core-collapse

II. Explosion mechanism of core-collapse supernovae and modeling

III. Recent progress and frontier
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SN 1987A

~50 kpc away

neutrino 
detected!!!
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spectral classified
photometric candidate number 

large by ~x10 times
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Astronomer’s supernovae: 
light curves and spectra

Days since outburst

 L
og

 L
um

in
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ity

Wheeler & Branch 2017
Wavelength (A)

Fl
ux
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Wheeler & Branch 2017 8

Astronomer’s supernovae: 
Classification
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Supernovae as end products of stellar evolution

type Ia 
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Supernovae (SNe): Death of Stars
 - White dwarf → SN Ia
- Massive stars -> core-collapse

SN 1987A (HST+JWST)

Feedbacks by
- explosion shocks
- nucleosynthesis
to galactic evolution

© H. Nomoto

Compact remnant
- Neutron stars
- Black holes

Multi-messengers
- IR, optical, UV
- X-rays, γ-rays
- kHz GWs
- MeV neutr inos

Why do we care about SNe？
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The key topic of this lecture

Artist’s conception of a star exploding as a 
supernova ©NASA 

• We know that stars are 
exploding and we observe 
numerous supernovae in 
electromagnetic waves

• But what is the physics 
driving the explosion?

• Can we reproduce the 
explosions on computers?

• If yes, how can we verify 
that we are correct?OE
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“Usual” supernova
discoveries ~104/year

Different views of supernovae

Nearby supernova ‘Our’ supernova coreOE
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Hans A. Bethe and supernova theory

Bethe 1990 RvMP

• Nobel prize in Physics (1967) for the theory of 
nuclear reactions in stars, pp-chain, CNO cycle

• From age of 70 to 95, enjoyed supernova theory

• Typical explosion energy: 1 B(ethe) = 1051 erg
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Type Ia supernovae (SNe Ia)
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SNe Ia as cosmic standardizable candles 

The Phillips relation: Mmax(B)=-21.726+2.698Δm15(B)

 the relation between absolute peak brightness and fading rate in 15 days

Broader=Brighter
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Tycho’s supernova
SN 1572
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Facts about SNe Ia 

Kepler’s supernova
SN 1604

 Very br ight, regular  peak luminosity ~1010 L⊙

 Associated with old stellar  population

 No hydrogen in spectra; strong lines of Si, Ca, 
Fe

 Total kinetic energy ~1 B and no compact 
remnant

 ~3/4 in all observed supernovae, but intr insically 
1/4 (they are br ighter ; survey dependent)

 Thermonuclear  explosions of white dwarfsOE
CE
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Progenitors of SNe Ia 

• White dwarfs (He, CO, ONe): Electron 
degeneracy pressure against gravity

• Maximum mass of a cold, non-rotating 
WD (Chandrasekhar limit) @ ~1.44 M⊙, 
and becomes unstable when reaching it

• Can be sub-Chandra. in WD mergers 

Single degenerate

Double degenerate

Γ~4/3

Γ~5/3
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Physics driving SN Ia explosions

Rule of thumb: thermonuclear burning of 12C and 16O in 
the progenitor WD producing iron-group elements, 
especially: 56Ni

• B=[(A-Z)mn+Zmp-Mnuc]c2; nuclear binding energy,  
• M56Ni is the mass of synthesized 56Ni Credit: ChatGPTOE
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More details on the thermonuclear burning

Quiescent burning in stars
CO -> ONe -> SiS -> Fe

lasts for years
Explosive burning in a secondOE
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More details on the thermonuclear burning

Credit: Woosley

Deflagration wave (subsonic): 
propagate by heat diffusion (electron 
conduction) & turbulent mixing

Detonation wave (supersonic): 
propagate by shock heating and 
compression Ash

Fuel
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More details on the thermonuclear burning

Credit: ChatGPT OE
CE
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Potential explosion mechanism: single degenerate

Deflagration to detonation transition (DDT)

Ignition kernel Deflagration Transition to 
detonation

Final 
explosion

Credit: HITS

Pros: decent balance of IMEs (Si, Ar, Ca, etc. ) to 56Ni
Cons: unknown condition of the DD transitionOE
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Potential explosion mechanism: double degenerate

Violent merger

Pakmor+12

1. 2 WDs merge violently 
2. The secondary WD is tidally 

disrupted 
3. Accreted matter on the 

primary WD is compressed， 
creating a hot spot  

4. Carbon detonates and consume 
both WDs

Pros: can naturally explain various 56Ni mass
Cons: uncertain ignition condition; rate?OE
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The real world

 SNe Ia are very diverse.

May imply multiple progenitor 
systems and/or explosion 
scenarios.

Taubenberger (2017) 
OE

CE
_2

02
6_

by
_S

hu
ai



27

Core-collapse 
supernovae

(CCSNe)

central compact 
object (NS/BH)

Artiest conception
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Massive star-CCSNe connection

Smartt 09/Mattila+08

Some CCSN progenitors (mostly Type II) were 
directly detected as massive stars.

SN 2008bk pre- and post-explosion  images

Smartt 15

CCSN progenitors at H-R diagram
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Pre-core-collapse

Prof. Marco Limongi will give a detailed 
introduction on Thursday.

Not to scale

 Nuclear fusion (quiescent) from H all 
the way to the Fe-group, onion-like 
structure.

 Fe core is like a ‘hot white dwarf’, with 
effective Chandrasekhar mass:

 Gravitational collapse starts as:

~1.35-2.0M⊙

Ye = ne/nB
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Core-collapse supernovae

Massive stars
 ~9-100 M⊙

Fe core-collapse

Protoneutron 
star

Neutron star
remnant

Explode
successfully 

？

Explosion mechanism 
and modelingOE
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Key evidence of the core collapse to neutron star

SN 1987A in the Large 
Magellanic Cloud (50 kpc)

 Gravitational collapse releases ~1053 erg of gravitational 
potential energy, ~99% carried away by neutrinos.

Scholberg 2017
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Initial condition:
Presupernova structure 

In hydrostatic equilibrium

• Equation of state: P = P(ρ,T,Ye)
        Ye = ne/nB

• In the iron core, pressure is 
dominated by degenerate electrons. 

• Electron-capture -> P↓-> collapseOE
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Janka 2007 e-+(A,Z)→νe+(A,Z-1)
(A,Z): nuclei with Z protons 
and (A-Z) neutrons

Simulation data of GR1D

up to 1012 g cm-3
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up to 5x1013 g cm-3
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Dynamic behavior in the collapse phase

• Self-similar collapse
• Homologous collapsing inner 

core with vr∝r
• Supersonically collapsing 

outer core with |v|>csound

• Later, as inner core reaches 
nuclear density, it rebounds 
and forms a bounce shock 
wave near the sonic point
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Key concepts in thecollapse phase: neutrino trapping

Y=n/nB

-> nonzero

-> constant

 Above 1012 g cm-3, even 
neutrinos can’t freely escape

Neutrino 
trapping

Neutrino luminosity curve
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bounce shock

From now on, time 0 sets at the bounce (t_bounce)

 shock wave: discontinuity in all 
var iables (ρ,T, Ye, v)
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Stiffening of equation of state

 Recall that P = P(ρ,T,Ye)
 Something happens at 

density ~ 1014 g cm-3
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Stiff

Soft
40

Stiffening of equation of state

 P ≈ KρΓ; for relativistic & 
degenerate electrons, Γ~4/3
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Stiffening of equation of state

 P ≈ KρΓ; for relativistic & 
degenerate electrons, Γ~4/3

 Above ~ρnuc n,p are so close 
that “repulsive core” of the 
strong force kicks in and 
leads to the stiffening of the 
EOS, Γ~2.8

nucleons, nuclei, alphas

pure 
nucleon

Transition from inhomogeneous 
to homogeneous nuclear matter
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Formation of the bounce shock

 EOS stiffens -> inner core 
bounces -> forms a shock wave 
at the sonic point.

 Inner core mass ~0.5 M⊙, easily 
supported by the nuclear EOS.

 No ‘direct’ black hole formation, 
always a protoneutron star.
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accretion shock

bounce shock stalls
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Neutronization burst

Ye trough behind 
the bounce shock

e-+p→νe+n

Neutrino 
trapping

Neutronization 
burst
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Summary of the collapse and bounce
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Now we have the supernova problem

 Shock radius reaches a 
maximum of ~200 km and then 
recedes

 No successful explosion in 
spherical symmetry except 
some rare low-mass progenitor 
models

 How to revive the shock?
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The leading explosion mechanism: delayed neutrino-driven

Credit: Thomas Janka

From large to small r:
•      : mass accretion rate of the still 

infalling matter
• Rs: (mean) shock radius
• Rg: gain radius separating net 

heating and cooling region
• Rv: neutrino sphere at ‘optical’ 

depth τ=2/3
• Rns: neutron star surface, usually 

defined at density of 1011 g cm-3
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The leading explosion mechanism: delayed neutrino-driven

Credit: Thomas Janka

Crucial for successful explosions:
 Neutrino heating
 Hydrodynamic instabilities (eg.: 

overturn) enhance neutrino heating 
and provide turbulence stress (i.e. 
extra pressure)

So: we need multi-dimensional, 
neutrino-transport, hydrodynamic 
simulations. 
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Neutrino-driven convection

 Prolong dwell time: time spent in the 
heating region

 Additional pressure support (Couch 2015)
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neutron star
neutrino-heated bubbles

accretion/expanding shock

Enabled by FLASH-BANG 

AMR
Driver
MPI

Hydrodynamics
Neutrino

Equation of state
self-gravity

w/ Evan O’Connor & Sean Couch

3D neutrino-hydrodynamic simulation to 
see how the explosion starts

Zha+ in prep.OE
CE
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3D neutrino-hydrodynamic simulation to 
see how the explosion starts

progenitor model

(nuclear) equation 
of state

neutrino 
interactions

explosion energy 
(Bethe) & asymmetry

nucleosynthesis, eg. 
56Ni, and spatial 

distribution

remnant 
mass/spin/kick

How exactly?
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Summary of Simulation Ingredients

 Hydrodynamics
 Self-gravity

 Microphysics: nuclear & neutrino
 Neutrino transport

Fully
coupled
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Hydrodynamics+self-gravity

Essential: continuity equations plus work done by 
pressure gradient and gravitational force

Usually a TOV 
potential added for 

GR effect

Newtonian version
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Key of hydro: shock capturing

• PPM: piecewise parabolic 
method

• WENO: weighted essentially 
non-oscillatory

• ....
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Neutrino transport

 Solving the Boltzmann equation

a 6D problem: x,y,z, px, py, pzOE
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Limiting cases

• Core region (PNS): opaque to 
neutrinos, diffusion limit

• Far outside: transparent to neutrinos, 
free-streaming limit

• In-between: key to the neutrino 
transport algorithm and explosion 
mechanism 

Credit: Yudai Suwa
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Example in simulations: the flux factor

0 near the center

1 at large radius
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Coupling to hydrodynamics

Feedback from 
neutrino transport

Feedback from  
nuclear reaction

+ ρεnuc
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Predicting nucleosynthesis

Credit: ChatGPT

See Nishimura-san’s 
lectures for more details.

OE
CE

_2
02

6_
by

_S
hu

ai



61

Zha+26 SCPMA arXiv:2609.16584 
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A first and excellent start: GR1D (+)

 Publicly available @ https://github.com/evanoconnor/GR1D
 General-relativistic hydro, accurate energy-dependent neutrino transport.
 All presented 1D illustration plots are from a standard simulation with GR1D.
 It is spherically symmetric, but now can explode with effective turbulence (+).
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The zeroth-order problem: explodability

Herger, Woosley+OE
CE
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But: progenitor models show stochasticity

Marco has a different opinion on this, ask him!

Kippenhahn diagram

Sukhbold+OE
CE
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Princeton’s 3D Fornax models

Burrows+24OE
CE
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Two trends

Some correlations between 
outcomes and compactness ξ

Some very asymmetric explosion 
with persistent accretion onto PNS

Burrows+23, 24
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Back to the explodability

A sharp density drop 
at O/Si shell interface

ξ, (M4, μ4) were suggested for the gauge, but now it seems more subtle.
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• 3D is good, but too expensive

• Need 1D explosions ... 

• Early prescription: enhance 
the heating, eg. by a fheat>1

 in GR1D

 P-HOTB

 PUSH

1D surrogates
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A more elaborate approach: effective turbulence model

Recall:
Couch+20, Boccioli+21

 This is the GR1D+.
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Breaking the Onion: progenitor in 3D

Arnett+, Couch+, Fields+, 
Muller+, Nadav+, Chen+, 
Andresen+, .....

Final minutes of 
silicon shell burning
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Alternatives: Magneto-rotational supernova

launching jet
hypernova (~10 B)

magnetized NS

massive stars with fast 
rotation and magnetic field

magnetic 
field

LeBlanc & Wilson 
ApJ (1970)
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stalled bounce shock

rshock~150km rshock~500km

rshock~8000kmrshock~1500km
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jet-like
outflowOE
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Magnetic vs. non-magnetic explosions

Eexp~3x1051erg Eexp~1051erg
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Nucleosynthesis yields

neutron-rich Mass number A
M

 (M
⊙

)

Normal vs. 
magnetic 
explosion

Zha+2024

OE
CE

_2
02

6_
by

_S
hu

ai



75

3D versus 2D. It may be a bit disappointing... 

Reichert+2023
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A (first-order) Hadron-Quark phase transition

hadronic
core

quark
coreOE
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PT-driven explosion & 
possible multi-messengers

   Zha+2020 PRL

   Sagert+2009 PRL

See Prof. Grant Mathews’ talk
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progenitor model

(nuclear) equation 
of state

neutrino 
interactions

explosion energy 
(Bethe) & asymmetry

nucleosynthesis, eg. 
56Ni, and spatial 

distribution

remnant 
mass/spin/kick

Summary

Thank you! 
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