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Impact of the magnetic field topology
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Core-collapse Supernovae

Explosive end-of-life product of massive stars
(M 2 8Mg)

Formation of stellar compact objects
Dynamical feedback on galaxy evolution

Explosive nucleosynthesis => chemical evolution

Sources of gravitational waves and neutrinos

Where does the binding energy (~ 10% erg) end up?

Neutrinos (~ 99%)
Ejecta (~ 1%)

Gravitational waves (~ 1078)

Key aspect: how is the shock revived?
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Standard neutrino-driven CCSN

R [km]

Rghock ~ 200

Rygin ~ 1000\

99% of core-collapse supernovae explode thanks to neutrinos

Collapse = nuclear
densities = shock wave
and Proto-Neutron Star

(PNS)

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

Energy deposition by ve
and v, absorption in gain
layer

Multi-D hydrodynamic
instabilities crucial for
the explosion:

Convection (Janka, 2012)
SASI (Standing

Accretion Shock
instability) (Foglizzo et al., 2015)

Matteo Bugli Explosive nucleosynthesis in mag
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Extreme stellar explosions

Explosion kinetic energy ry el o)
@ Typical supernova: 10°! erg w
@ Rare hypernovae and GRBs: 10%? 435 thg
erg g 4 v
35’42,5 |
Total luminosity 42 j ‘
@ Typical supernova: 10% erg " Days sincs explosion”
@ Superluminous SN: 10%! erg " o

Lightcurves and X-ray plateaus

e 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)

Gompertz et al. (2014)

n magnetorotational CCSN

Matteo Bugli Explosive nucleosynthesis
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Magneto-rotational core-collapse supernovae

Main mechanism

@ Rotation = energy reservoir 8000 km

@ 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; Winteler et al., 2012; Bugli et al., 2020;

Kuroda et al., 2020; Obergaulinger and Aloy, 2021; Bugli et al., 2021, 2023; Powell

et al., 2023; Shibagaki et al., 2024)

Origin of the magnetic field

()] Progenitor (Woosley and Heger, 2006; Aguilera-Dena et al., 2020)
@ Stellar mergers (schneider et al. 2019)

o PNS dynamOS (Raynaud et al., 2020; Reboul-Salze et al., 2021, 2022; Obergaulinger and Aloy (2021)

Barrére et al., 2022, 2023)

Matteo Bugli Explosive nucleosynthesis in magnetorotational CCSN 5/ 27
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PNS dynamos

Matteg

Convection

@ Fast rotation leads to a

magnetostrophic
balance between
Lorentz and Coriolis
forces

Amplification of weak
magnetic seeds to

(up to ~ 10'® G)

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

MRI

Similar to accretion
disks, but high
magnetic Prandtl
number ~ 10*2 (Guilet
et al., 2022)

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

af) dynamo behavior

(periodic oscillations)

Formation of a
highly tilted dipole
(Reboul-Salze et al., 2021, 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)

Bogl
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3D MHD explosion models (Bugli et al. 2021)

How does the magnetic field topology affect the explosion?

Matteo Bugl

m
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3D MHD explosion models (Bugli et al. 2021)

How does the magnetic field topology affect the explosion?

The initial conditions The AENUS-ALCAR code
@ Massive, fast rotating progenitor @ Relativistic MHD with M1 v-transport
(Woosley and Heger, 2006) (Just et al., 2015; Obergaulinger and Aloy, 2020)
@ Different magnetic configurations : @ GR corrections to gravity, nuclear EoS
dipole (aligned and equatorial), @ High-order reconstruction schemes,

quadrupole spherical grid with coarsened zones




CCSN models

(o] Jelele]

3D MHD explosion models

(Bugli et al. 2021)

How does the magnetic field topology affect the explosion?

The initial conditions

@ Massive, fast rotating progenitor
(Woosley and Heger, 2006)

@ Different magnetic configurations :

dipole (aligned and equatorial),

quadrupole

The AENUS-ALCAR code

Relativistic MHD with M1 v-transport
(Just et al., 2015; Obergaulinger and Aloy, 2020)

GR corrections to gravity, nuclear EoS

High-order reconstruction schemes,
spherical grid with coarsened zones

HYDRO EQ. DIPOLE

More magnetic flux at the poles = stronger explosions and faster shocks

v

QUADRUPOLE DIPOLE

Matteo Bugli Explosive nucleosynthesis in
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Corotational instabilities (Bugli et al. 2023)
Hydrodynamic case Magnetized case
50 6p/p. t=208 ms p.b. 1006400 150 5plp. l=208 ms p.b. 1.00e+00
. 1 .64e-01 » 1.64¢-01
2.686.02 2.68¢-02
4.39¢-03 439¢-03
720604 ; 7.20¢-04
: 720e-04 | -7.20e-04
-0 . 4 -4.39-03 50 w -4.39¢-03
-2.68e-02 o “2.68¢-02
" -1.64e-01 -1.64e-01
"Sl’u e rT—— “ S0 n -1.00e+00 R e — 0 50 150 -1.00e+00
: * Xkm] : X km]
@ Spiral structures forming at @ No large-scale spiral structures
~ 200 ms p.b. @ Turbulent density perturbations
@ Observed for different @ Weak dependence on magnetic
progenitors/rotation profiles field
(Takiwaki et al., 2016, 2021) ) v

Matteo Bugli Explosive nucleosynthesis in magnetorotational CCSN” 8/27
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GW emission (Bugli et al. 2023)

Magnetized case (quadrupole)

Hydrodynamic case

hchar, ole

1072 107

F [Hz]

F[Hz]

200 300 400
Post-bounce time [ms]

@ No low T/|W]| burst, broad-band

Post-bounce time [ms]

@ Intense 400 Hz emission at 200 ms emission
@ h~10=2 for D = 10 kpc @ h~5x 1072 for D = 10 kpc
@ Strong correlation with PNS modes @ Strong transport of angular
’ momentum y

ve nucleosynthesis in magnetorotational CCSN" 9/27
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Neutrino emission (Bugli et al

Lightcurves (equator)

of— . Ye distribution (hydro)
L1-0
40 ! .
§ 6 6 T[MeV]
ﬁ:w 5 5 010 019 028 036 045 1.0 22 35 4.8 6.0
20 . H
Saffl+ o 4
. Ve . 100 100
N | e e W o B ]
e AIALN
o] 50 50
E E
5 s Z 0 0 =
L1-90 L2-0B N N
40- ’
_ =50 =50
z || p
3
NE 0
Y ’ ; -100 -100
=
Sofjt—+ 4 \,JV/\\/\/\f
100 50 50 100
10 160 180 200 220 240 160 180 200 220 240 Xlk“‘ll Xjkm]
0w W0 0w m W & w0
Post-bounce time [ms] Post-bounce time [ms]
@ More compact PNS = higher
@ Lower luminosity in magnetized models mean energies )
@ v.-Ue deviations not seen in
hydrdynamic case
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Neutrino emission (Bugli et al. 2023)

Lightcurves (equator)

of | ; s c
A L1-0 Ye distribution (magnetized)
z 6 6
g
f 2 Ye T[MeV]
8 s ;
2 4 H 010 0.19 036045 10 35 48 60
S+ o "
.
10- 160 180 200 220 240 ! 160 180 200 220 240 100
A ANAL
d\“\’x
|
® . E g
L1-90 L2-0B < <
40- ’
z 6 6 =50
2
¥y
P 5 s Y
2 ~100
Sofff—+ 4
0 W R W ] W R W ] ""’Xlk"f]" 5‘)’(““"”’“
W W W w0 w0 W s
Post-bounce time [ms] Post-bounce time [ms] @ Outward transport of a.m. =
o ) lower Ye
@ Lower luminosity in magnetized models 4
@ v.-Ue deviations not seen in
hydrdynamic case

4 .
MITrEs BUET ERPIOETVETICTEOSYENEsIeNh magnetorotational CCSN
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(o] lelele]ele]

From CCSN models to nucleosynthetic yields

Nuclear reaction networks

@ Large set of coupled ODEs tracking nuclear abundances over time
@ NSE (T Z 6 GK) = set of algebraic Saha equations

@ Several 10° isotopes tracked in post-processing

Matteo Bugli Explosive nucleosynthesis in magnetorotational CCSN 11/27
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From CCSN models to nucleosynthetic yields

Nuclear reaction networks

Large set of coupled ODEs tracking nuclear abundances over time
NSE (T Z 6 GK) = set of algebraic Saha equations

Several 103 isotopes tracked in post-processing

In-situ MHD-network coupling

Isotopes advected by the flow = from ODEs to PDEs
Direct feedback on the flow, direct thermodynamic conditions

H|gh|y eXpenSiVe, typlca”y N].OO SpeCIeS (Harris et al., 2017; Sandoval et al., 2021)
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From CCSN models to nucleosynthetic yields

Nuclear reaction networks

@ Large set of coupled ODEs tracking nuclear abundances over time
@ NSE (T Z 6 GK) = set of algebraic Saha equations

@ Several 10° isotopes tracked in post-processing

In-situ MHD-network coupling

@ Isotopes advected by the flow = from ODEs to PDEs
@ Direct feedback on the flow, direct thermodynamic conditions

(] H|gh|y eXpenSiVe, typlca”y N].OO SpeCIeS (Harris et al., 2017; Sandoval et al., 2021)

Input from CCSN models

@ Lagrangian tracer particles providing density, temperature, electron
fraction

@ Accurate neutrino transport schemes are crucial!

@ 7?7Reichert et al. (2023)

@ Recent review:
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The WinNet nuclear reaction network (Reichert et al. 2023)

Main features

@ Single-zone code . .f
(tractlers d.o not interact with each other) Z*WlnNet
@ Burning time scales much shorter that /,,v‘x‘

diffusive one

Full Nuclear Reaction Network (T < 6 GK)

Dy; i
5 =52 NI Y; [1—body]
Ni n
+ 22k ﬁpNA<UV)j,ijYk [2—body]
Nkt 2yo
+ T A £ VAR Y5 iV [3—body]  she

@

Nuclear Statistical Equilibrium (T 2 6 GK)

@ Strong and e.m. interactions in equilibrium

@ Saha equations in 2 unknown (Yp, Y),
p, T, Ye taken from tracer particles

@ Nuclear reaction network still used for weak
interactions

Matteo Bugli Explosive nucleosynthesis in magnetorotational CCSN /27
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Nucleosynthesis and B field topology (Reichert, Bugli et al. 2024)

@ Analysis of 3D MHD models with different B field configurations (Bugli et al., 2023)
@ WinNet nuclear reaction network (Winteler et al., 2012; Reichert et al., 2023) ~ 6500 nuclei

Rate of ejected mass [Mo ms™!]
1073 1074 1073 1072 107t

@ More neutron-rich material
for magnetized models

SR S R Tl @ Lowest Y. for dipolar fields

@ Neutron-rich material is
expelled promptly only for
strong MR explosions

@ Rotation supports against
the accretion onto the PNS

@ Longer simulations required
to reduce uncertainties

L1-90

L2-0A

Electron fraction

0B

Proton number
Mass fraction

—— Known masses

0.0 0.1 0.2 0.3 0.4 0.5 0.6 10781073 40 5% . 80 b100 120
Ejected mass [Mg ] eutron number Y
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composition (Reichert, Bugli et al. 2024)
— H — L2-0A — 0, R23
e S Nomsdare @ All magnetized models produce 1st r-process

peak elements
@ 2nd peak reproduced only for the aligned
” dipole
' @ No 3rd peak nor actinides, consistent with

recent 3d models (Reichert et al.,, 2023) and in
contrast to 2d models (Reichert et al., 2021).

@ Crucial estimates for chemical evolution
models (Dvorkin et al., 2020)

100

)
S

Ejected mass [M
g

0 25 50 75 100 125 150 175 200
Mass number

H L1-90 L2-0A L2-0B L1-0

1680 km 4570 km 8700 km 14000 km 31000 km

0.65
|

Electron fraction
o
@
g

o

©

&
L
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Explosive nucleosynthesis

[e]e]e]e] Jele}

composition (Reichert, Bugli et al. 2024)
— H — L2-0A — 0, R23
e S Nomsdare @ All magnetized models produce 1st r-process

peak elements
@ 2nd peak reproduced only for the aligned
” dipole
' @ No 3rd peak nor actinides, consistent with

recent 3d models (Reichert et al.,, 2023) and in
contrast to 2d models (Reichert et al., 2021).

@ Crucial estimates for chemical evolution
models (Dvorkin et al., 2020)

100

)
S

Ejected mass [M
g

0 25 50 75 100 125 150 175 200
Mass number

H L1-90 L2-0A L2-0B L1-0

1680 km 4570 km 8700 km 14000 km 31000 km

0.65
|

Electron fraction
o
@
g

o

©

&
L

How do dynamical uncertainties compare to nuclear network details?

sis in magnetorotational CCSN 14/27
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Nuclear physics uncertainties (I)

Nuclear masses

. Beta-deca
@ Uncertain nuclear masses for 7}7
neutron-rich isotopes @ Beta-decay rates set speed and amount
@ 6 different energy density functionals of matter moving towards more stable
(Martin et al., 2016) nuclei
@ Biggest impact beyond known nuclear @ Different sets tested (Moller et al., 2003; ?,
masses around r-process peaks 2019)
@ Limited quantitative deviations @ Different half-lives, decay channels (n
emitted)
- 19-0A [1-90 [1-0 @ Increase of yields by at most a few times
= -
2 10 M"V.W for L1-0 and L2-0A models
b,
E 107° 10-1
T —— Ref.
Wo-s 1072 -=-- M2019
75 100 125 75 100 125 100 200 _ M 2016
Mass number Mass number Mass nurt\dber Eg 1073 Pp, M 2019
1-0 10 2 107 —— P, M2016
8
E 5
. 1o
é 106 § @
5 H 2 107
§ 2 1077
s 0 g
& 10-8
40 60 80 100 120 140 160 180 200
—— Known masses. Mass number
T v 10710 4

40 60 80 100 120
Neutron number

Matteo Bugl
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http://massexplorer.frib.msu.edu/
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Nuclear physics uncertainties (II)

Ejected mass [Mo ]

Neutrino reactions

@ CC reactions affect the neutron-richness

4 different neutrino treatments:

e CC only on nucleons
(reference)

@ no v-reactions

@ CC on nucleons and heavy
nuclei (Frshlich et al., 2006)

@ Same reactions with different
rates (Sieverding et al., 2018)

@ Impact on the hydrodynamic case
(80 < A < 100), otherwise minor
deviations

100
Mass number

120 140 160 180 200

MattSmS

m EXprosive nucreos

Ejected mass [Mo]

Self-heating

@ Energetic feedback of reactions on the
entropy

@ First law of thermodynamics:

1
AS=——— i Zipe)AY: — §
kBTZ(# + Zipte) q

@ Negligible impact for all models

— Ref.
=== Self-heating

100 120 140 160 180 200

Mass number

PWESIE in magnetorotational CCSN
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Explosion models: an heterogeneous landscape

Initial conditions

@ Progenitor/core
mass, mixing, wind
losses

@ Rotation rate,
transport of
angular momentum

@ Magpnetic fields,
dynamo processes

@ Pre-collapse
dynamics,
turbulence

cleosynthesis in magnetorotational CCSN

Matteo Bugl
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Explosion models: an heterogeneous landscape

Initial conditions

@ Progenitor/core
mass, mixing, wind
losses

@ Rotation rate,
transport of
angular momentum

@ Magpnetic fields,
dynamo processes

@ Pre-collapse
dynamics,
turbulence

Physical ingredients

@ Gravity treatment
(full GR,
pseudo-Newtonian)

@ Neutrino treatment
(M1, IDSA, FMT)

@ High-density
nuclear equation of
state (LS220,
SFHo, SFHx, ...)
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Explosion models: an heterogeneous landscape

Initial conditions Implementation

o Progenitor /core Physical ingredients o Grid geometry
mass, mixing, wind @ Gravity treatment (.Carte— )
losses (full GR, sian,spherical)

@ Rotation rate, pseudo-Newtonian) @ Refinement and
transport of @ Neutrino treatment coarsening
angular momentum (M1, IDSA, FMT) O Comdlinenes

@ Magnetic fields, @ High-density singularities
dynamo processes nuclear equation of @ Riemann solvers,

@ Pre-collapse state (LS220, interpolations
dynamics, SFHo, SFHx, ...) @ Resolution and
turbulence dissipation




Initial conditions

@ Progenitor/core
mass, mixing, wind
losses

@ Rotation rate,
transport of
angular momentum

@ Magnetic fields,
dynamo processes

@ Pre-collapse
dynamics,
turbulence

Physical ingredients

@ Gravity treatment
(full GR,
pseudo-Newtonian)

@ Neutrino treatment
(M1, IDSA, FMT)

@ High-density
nuclear equation of
state (LS220,
SFHo, SFHx, ...)

Code comparison
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Explosion models: an heterogeneous landscape

Implementation

@ Grid geometry
(Carte-
sian,spherical)

@ Refinement and
coarsening

@ Coordinates
singularities

@ Riemann solvers,
interpolations

@ Resolution and
dissipation

Can different codes reproduce consistent results? |
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Code comparison for MR-CCSN (Bugli et al. in prep.)

The numerical codes |

Code Name Grid Geometry | Neutrinos | Dimensions

3DnSNe-IDSA (r,0,) IDSA 2D, 3D

(Takiwaki et al., 2016)

AENUS-ALCAR

(Just et al., 2015)

(r,0,0) M1 2D, 3D
CoCoNuT-FMT (r,0,0) FMT 2D
(

(Miiller and Janka, 2015)

FLASH-M1

(O'Connor and Couch, 2018)

X,¥,Z2) M1 3D
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Code comparison for MR-CCSN (Bugli et al. in prep.)

The numerical codes |

Code Name Grid Geometry | Neutrinos | Dimensions

3DnSNe-IDSA (r,0,) IDSA 2D, 3D

(Takiwaki et al., 2016)

AENUS-ALCAR

(Just et al., 2015)

(r,0,0) M1 2D, 3D
CoCoNuT-FMT (r,0,0) FMT 2D
(

(Miiller and Janka, 2015)

FLASH-M1

(O'Connor and Couch, 2018)

X,¥,Z2) M1 3D

Common settings

@ Nuclear equation of state — SFHo (steiner et i, 2013)

@ Non-axisymmetric perturbation in density:
0p = poesin(20) cos¢p  with e =0.01
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The initial conditions

PROGENITOR

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

@ Iron core with mass
Mpe >~ 1.85M and
radius Rpe =~ 2600 km

@ No rotation nor
magnetic field from
stellar evolution

lo
0o o5 10 15 20 25 30 35 40

m

Sis in magnetorotationz

Matteo Bugl
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The initial conditions

PROGENITOR

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

@ Iron core with mass
Mpe >~ 1.85M and
radius Rpe =~ 2600 km

@ No rotation nor

magnetic field from
stellar evolution

/|

ROTATION RATE

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

@ Constant specific
angular momentum
elsewhere with shellular
differential rotation:

R;
Q) = s
RQ+r
10° 4
B 10
c
— AENUSALCAR
FLASH.ML
— 3onste
1072 4 = CoCoNuT
10" 10? 10°

Radius [km]




The initial conditions

Code comparison
00080000000

PROGENITOR ROTATION RATE | \jAGNETIC FIELD
@ s20: Mzams = 20Mgp @ Inner COre-(Rﬂ = 1000 @ Modified aligned dipole:
with solar metallicity km) in solid body constant intensity
(Woosley and Heger, 2007) rotation (Qo = 1 rad/s) By ~ 1.77 x 102 G
@ Iron core with mass @ Constant specific within Ry = 1000 km.
Mpe ~ 1.85M¢ and angular momentum @ Azimuthal vector
radius Rpe >~ 2600 km elsewhere with shellular ——
R differential rotation: 3
@ No rotation nor R A® — Bo Ry 00
ic field fi Q(r) = Qo L5 = el A
magnetic field from 0p2, 2 o+
stellar evolution @
100 10 10° ¢ 10%7
=
w0
w ) 10
: 10" [ é 10 .
£ =
° 10° ~— 10
% ] — AENUSALCAR eyt
o N FLASH-M1 = 3DnSNe
— onene — Lo
" 1072 4 — cocomur - v v
" |y 10* 10? 10° Radius [km]
oo @5 10 15 20 25 30 35 40 Radius [km] o
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Shock expansion and ejecta energy

AENUS-ALCAR 2D-low
— 0.3 e ™
9 e CoCONUT 2D
=102 N =
~ o .
— n
[=)
(%]
102 AENUS ALCAR 201w )
é@ 10 L ANUEALCAR 20 o — 0.1
-M1-pert ()
— W
10! | = 3DnSNe 3D 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 efficiencies.

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

@ 2D vs 3D: opposite trends between the codes

Viatteo Bugli Explosive nucleosynthesis in magnetorotational CCSN
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Explosion dynamics

alcar_2d_low alcar_3d_low flashi1

>100

mag / Pgas |

<0.01

Specific
entropy

Matteo Bugli


https://drive.google.com/file/d/1HAACW8VLS-nfqEkKXAqofk7EU43jqOt1/view?usp=drive_link
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The kink instability

10° 10°
107! 107t
I AR ) YA'A A
1072 1072 y
E H
= =
= 107 = 1073
£10 £10
y N
s o)
10- 1075
AENUS-ALCAR 2D-low AENUS-ALCAR 2D-low
et AENUS-ALCAR 3D-low e AENUS-ALCAR 3D-low
105 FLASH-ML-pert 106 FLASH-M1-pert
= FLASH-M1-nopert = FLASH-M1-nopert
= CoCoNuT 20 = CoCoNuT 2D
1077 1077
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200

Time p.b. [ms] Time p.b. [ms]

@ 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; Kuroda et al., 2020)

ve nucleosynthesis in magnetorotational CCSN 22/27
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Neutrino emission: 1,

Ly,n [10%% erg/s]

Ly, ¢ 11052 erg/s]

10°

10°

Luminosity ve

Code comparison
00000008000

AENUS-ALCAR 2D-low AENUS-ALCAR 2D-low
= AENUS-ALCAR 3D-low = AENUS-ALCAR 3D-low
FLASH-M1-pert FLASH-M1-pert
= FLASH-M1-nopert = FLASH-M1-nopert
K
S
o 1ot
)
=1
4
10°
AENUS-ALCAR 2D-low AENUS-ALCAR 2D-low
= AENUS-ALCAR 3D-low = AENUS-ALCAR 3D-low
FLASH-M1-pert FLASH-M1-pert
—— FLASH-M1-nopert e FLASH-M1-nopert
g
e
5
3 10!
2
A,
4 5
10°
25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175
Time p.b. [ms] Time p.b. [ms]
nucleosyntk CCSN

n magnetorotationa

200
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Neutrino emission: 7,

Luminosity ve

AENUS-ALCAR 20-low

g | === AENUS-ALCAR 3D-low
FLASH-M1-pert

= FLASH-M1-nopert

AENUS-ALCAR 2D-low
= AENUS-ALCAR 3D-low
8 FLASH-M1-pert

s FLASH-M1-nopert

7 76
2°] H
5 5
) S
24+ 24
5
24 2
0+ 0
AENUS-ALCAR 2D-low 7 AENUS-ALCAR 2D-low
7 s AENUS-ALCAR 3D-low = AENUS-ALCAR 3D-low
FLASH-M1-pert A FLASH-M1-pert

e FLASH-M1-nopert

e FLASH-M1-nopert

Ly, o [10 erg/s]

] EQUATOR AVERAGE
04
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Time p.b. [ms] Time p.b. [ms]

Explosive nucleosynthe n magnetorotational CCSN
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Neutrino emission: vy

Luminosity vy

5 5
4 41
o3 ? 39
5 S
E NORTH | ¢ SOUTH
z2 2
& K
1 AENUS-ALCAR 2D-low 11 AENUS-ALCAR 2D-low
= AENUS-ALCAR 3D-low = AENUS-ALCAR 3D-low
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