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Core-collapse Supernovae

Credit: NASA, ESA, CSA

Gravitational collapse of a massive star
(unstable iron core)

Shock formation when nuclear densities are
reached (stalling) ) Proto Neutron Star
Shock expansion and ejection of unbound
material (explosion)

Where does the binding energy ( 10°3 erg) end up?

Neutrino emission ( 99%)
Ejecta ( 1%)
Gravitational waves (10 8)
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Standard neutrino-driven CCSN

R [km)|

PNS contraction ) higher
energies
-cooling rate drops faster
than -heating ) Gain
radius
Energy deposition by ¢ and
“e absorption in gain layer
Multi-D hydrodynamic
instabilities aid the
explosion (i.e. convection,

SASI)

Neutrinos and GW directly probe the explosion mechanism
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Outstanding explosions and magnetic elds

Explosion Kkinetic energy

Inserra et al. (2013)

44,
: . 1051
Typical supernova: 10°* erg 4
Rare hypernovae and GRBs: 10°? erg 435 o
S« e
- |
Total luminosity S42s ‘J
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e Typical supernova: 10% erg 415 }) 100 200\“300 200
o 51 Days since explosion
@ Superluminous SN: 10°" erg ostoos
- 1
Lightcurves and X-ray plateaus |
@ Strong dipolar magnetic field: 1
B 10% 10 G ]
@ Fast rotation: P 1 10 ms A ISUUNPESUSI WSO W |
@ Kasen and Bildsten (2010); Dessart et al. (2012); Nicholl et al. (2013); e
Zhang and Mészaros (2001); Metzger et al. (2008); Lii et al. (2015); Gao Gompertz et al. (2014)
et al. (2016)
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Magneto-rotational explosions

8000 km

Core mechanism

Rotation ) energy reservoir
Magnetic fields ) means to extract that
energy through magnetic stresses

Powerful jet-driven explosions (shibata et al., 2006;
Burrows et al., 2007; Dessart et al., 2008; Takiwaki et al., 2009; Kuroda and

Umeda, 2010; Winteler et al., 2012; Obergaulinger and 4. Aloy, 2017)

Origin of the magnetic eld

Progen itor (Woosley and Heger, 2006; Aguilera-Dena et al., 2020)
Stellar mergers (schneider et al., 2019)

P NS dyna MOS (Masada et al., 2015, 2022) Obergaulinger and Aloy (2021)
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PNS dynamos

Convection

Fast rotation leads to a
magnetostrophic
balance between
Lorentz and Coriolis
forces

Amplification of weak
magnetic seeds to

10'° G)
Strong toroidal field,
non-axisymmetric
structures (Raynaud et al.,
2020, 2022)

(up to

(™ ]

RI

Similar to accretion
disks, but high
magnetic Prandtl
number 102 (Guilet
et al., 2022)

Amplification of
large-scale field from
small-scale seeds
Mean-field

af2 dynamo behavior

(periodic oscillations)

Formation of a
highly tilted dipole

(Reboul-Salze et al., 2021;

Reboul-Salze et al., 2022)

Tayler-Spruit
Dynamo process studied
in stellar evolution

Fallback accretion onto
slowly rotating PNS
Amplification within

10 s from core
bounce up to 10 G

Large-scale
non-axisymmetric

modes (m = 1)
(Barrere et al., 2022, 2023)
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