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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°% erg) end up?

@ Neutrino emission (~ 99%)
e Ejecta (~ 1%)

e Gravitational waves (~ 10~%)
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Standard neutrino-driven CCSN

R [kn] @ PNS contraction = higher
v energies

@ v-cooling rate drops faster
than v-heating = Gain
radius

@ Energy deposition by v, and
e absorption in gain layer

@ Multi-D hydrodynamic
instabilities aid the
explosion (i.e. convection,

SASI)

99% of core-collapse supernovae explode thanks to neutrinos J
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Outstanding explosions and magnetic fields

Explosion kinetic energy

Inserra et al. (2013

445 S
e Typical supernova: 10%! erg i
@ Rare hypernovae and GRBs: 10°? erg 435 f 1 Pm“g

P=72ms

Total luminosity

Typical supernova: 10*° erg 455 L1020 ;\\,300 400
. ays since explosion
Superluminous SN: 10%! erg

061006

Lightcurves and X-ray plateaus

Strong dipolar magnetic field:
B ~ 10 — 10" G
Fast rotation: P ~1— 10 ms

@ Kasen and Bildsten (2010); Dessart et al. (2012); Nicholl et al. (2013);
Zhang and Mészéros (2001); Metzger et al. (2008); Lii et al. (2015); Gao
et al. (2016)

3 10° 0

10 10 I3 0
Time (s)

Gompertz et al. (2014)
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Magneto-rotational explosions

~ 8000 krm
i

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 field

()] Progen itor (Woosley and Heger, 2006; Aguilera-Dena et al., 2020) 20000 Km

e Stellar MErZErsS (Schneider et al., 2019)
Obergaulinger and Aloy (2021)
e PNS dyna MOS (Masada et al., 2015, 2022)
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Obergaulinger and Aloy (2021)
e PNS dyna MOS (Masada et al., 2015, 2022)

Can different codes reproduce the same results? J
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The code comparison

The numerical codes

Code Name Grid Geometry | Neutrinos | Dimensions
3DnSNe-IDSA (r,0,9) IDSA 2D, 3D
(Takiwaki et al., 2016)
AEI}IUS-AL():AR (r,0,0) M1 2D, 3D
Just et al., 2015
CoCoNuT-FMT (r,0,9) FMT 2D
(Miiller and Janka, 2015)
FLASH-M1 (x,y,2) M1 2D, 3D
(O'Connor and Couch, 2018)
Common settings
@ Nuclear equation of state — SFHo (steiner et al. 2013)
@ Non-axisymmetric perturbation in density:
dp = poesin(26) cos ¢  with e =0.01

@ Spectral v-transport schemes with 20 bins up to 300 MeV
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The initial conditions

oce

PROGENITOR

ROTATION RATE

@ s20: Mzams = 20M
with solar metallicity
(Woosley and Heger, 2007)

@ Iron core with mass
IWFe ~ 1.85/\/’@ and
radius Rpe =~ 2600 km

@ No rotation nor

magnetic field from
stellar evolution

@ Inner core (Ro = 1000
km) in solid body
rotation (2 = 1 rad/s)

@ Constant specific
angular momentum
elsewhere with shellular
differential rotation:

R;
— Q
Q(r) = Qo RZ 472
Q
100
B 107
c
— AENUSALCAR
FLAsH
— 3onsne
1072 4 = CoCoNuT
10! 107 10°
Radius [km]

MAGNETIC FIELD

@ Modified aligned dipole:

constant intensity
By ~ 1.77 x 102 G
within Ry = 1000 km.

@ Azimuthal vector

potential:
6 _ B R g
A? = 3 Vorsinf
R3+r
0
10"
T 107
&
101
— AeNUS ALCAR
FLASH
= Sonshe
= Coconur
10* 10?2 10°
Radius [km]
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Shock expansion and ejecta energy

AENUS-ALCAR 2D-low
— 0.3{= e
9 = COCONUT 2D
z10° & _|=mwr
3 F’o 0.2
w —
5102 SEmenE Soa
= CoCoNuT 2D w
101 ] | — S 0.0/
0 50 100 150 200 0 100 200
Time p.b. [ms] Time p.b. [ms]

@ Prompt explosion for all simulations, but with different efficiency.

@ AENUS-ALCAR (3DnSNe-IDSA) produces the fastest (slowest) shock
expansion and the most (least) powerful explosion.

@ 2D vs 3D: opposite trends between the codes
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Explosion dynamics
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Explosion dynamics
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The

(€/2)jet, +100 [km]

kink instability
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@ Displacement of the jet's barycenter over time at r = 100 km

Consistent saturation of the non-axisymmetric modes of the kink

@ Coherence of the outflow with both Cartesian and spherical grids

(Mésta et al., 2014)
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The proto-neutron star

Ipns [1046 g Cm2]

N

o

“AENUS ALCAR 20-low

: @ PNS mass and moment of inertia consistent

model significantly more oblate

(no lapse function)

@ Significant deviations in rotational energy,

initial excess for 3DnSNe-IDSA models

@ Toroidal magnetic energy consistent up to
t ~ 150 ms p.b.
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The proto-neu
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and the magnetic field in good agreement
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Conclusions

v Qualitative agreement among all different codes at the early stages
of the explosion

v' Quantitative deviations in the explosion efficiency and shock radius
expansion within the first 100 ms

V' Proto-neutron star mass consistently reproduced, but deviations in
rotation rates and toroidal magnetic field

v" No disruption of the outflow by the kink instability, but significant
differences in the azimuthal structure

Future goals

Inclusion of more 2D and 3D models

@]

o

Impact of resolution and convergence

Extension of models to later times

o

O

Analysis of multi-messenger signals
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Merci de votre attention !
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