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Core-collapse Supernovae

Gravitational collapse of massive star

Shock formation when nuclear densities are
reached (stalling) ) Proto Neutron Star

Shock expansion and ejection of unbound
material (explosion)

Injection of energy and new elements

Energy budget (� 1053 erg)

Neutrino emission (� 99%)

Ejecta (� 1%)

Gravitational waves
(� 10�8)

"How does a supernova explode?" (CEA-Saclay)
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https://www.youtube.com/watch?v=XzaYNOKK6Xk&t=39s
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Standard neutrino-driven CCSN

Rν ∼ 50

Rgain ∼ 100

Rshock ∼ 200

u

u

u

u
u

u

Gain layer

Cooling
layer

R [km]

ν

ν

ν

ν

u

u

u

u

PNS contraction ) higher
� energies

�-cooling rate drops faster
than �-heating ) Gain
radius

Energy deposition by �e and
�̄e absorption in gain layer

Multi-D hydrodynamic
instabilities aid the
explosion

Post-shock convection;
Standing Accretion Shock
Instability)

Neutrinos and GW directly probe the explosion mechanism
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Gravitational waves from CCSN

Credit: Pablo Cerd�a-Dur�an

6 / 21



Introduction General models Magneto-rotational explosions Conclusions

Neutrino emission

CCSN models

Onset of collapse: �e released
from the core, then trapped

Neutronization burst: �e set
free once the shock reaches low
enough densities

Accretion phase: high fluxes of
�e and �̄e in addition to the
core luminosity

Late PNS models

Cooling phase: residual
deleptonization and loss of
binding energy

Janka (2012)
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(Magneto)Hydrodynamics

Godunov-type, shock-capturing, finite-volumes(differences) schemes

Divergence-free B field: constrained transport/divergence cleaning

Cartesian/spherical grids

Hybrid MPI-OpenMP parallelization schemes (GPUs on their way. . . )

Gravitational force

Full GR

Dynamical evolution of the
space-time

More accurate, higher
computational cost

M�osta et al. (2014); Kuroda et al. (2018)

Newtonian Gravity

Relativistic corrections to Φ
(Marek et al., 2006)

Cheaper computational cost,
less accurate

Just et al. (2015); O’Connor and Couch (2018); Takiwaki

et al. (2021)
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High-density EoS

Popular choices

LS220 (Lattimer and Swesty, 1991):
compressible liquid-drop
model

Shen (STOS) (Shen et al., 1998):
RMF with TM1 parameter set

SFHo (Steiner et al., 2013): RMF
consistent with observations

The CompOSE catalogue

Online repo of CCSN-NS EoS

�240 entries

Free download of tables, M-R
relations, references

PNS and shock properties

Lower effective mass ) lower
contraction and � energies

Higher incompressibility )
larger PNS radius (Yasin et al., 2018)
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https://compose.obspm.fr/home
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More recent EoS

Quark-hadron phase transition

BBKF (DD2F-SF) (Fischer et al., 2018)

Release of latent heat )
secondary shock (Kuroda et al., 2022)

Axions in core-collapse supernovae

Enhanced cooling (Betranhandy and

O’Connor, 2022):
N + N ⇄ N� + N� + a

Faster contraction ) faster
explosion
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Neutrino Transport

�-matter interactions

�-processes

pair production and annihilation

reactions between neutrinos

scattering with medium particles

�-oscillations

Fast Flavor Conversion (Ehring et al.,

2023; Nagakura, 2023)

Post-process data pipeline (Bendahman

et al., 2021)

Leakage/heating schemes

Sink/source terms in the HD equations (O’Connor and Ott, 2010; M�osta et al., 2014)

Spectral M1 �-transport

Evolution of �rst two moments of speci�c intensity I, i.e. energy and 
ux.

Full 3D 
uxes (Just et al., 2015); RbR approx: Fθ
ν = Fϕ

ν = 0 (Buras et al., 2006)

All 
avors are included: �e ; ��e ; �x ! f�µ; ��µ; �τ ; ��τg (Bollig et al., 2020)

(GR) (Quantum) Kinetic transport

Solve the full Boltzmann equation (Nagakura, 2022)
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