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Core-collapse Supernovae

@ Explosive end-of-life product of massive stars
(M Z 8Mo)

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%3 erg) end up? |
Neutrinos (~ 99%)
Ejecta (~ 1%)

Gravitational waves (~ 1078)

Credit: NASA, ESA, CSA
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Standard neutrino-driven CCSN

R [km]
@ Collapse = nuclear densities = shock
wave and Proto-Neutron Star (PNS)
Raiock ~ 200 / @ v-cooling rate drops faster than

/ v-heating = Gain radius
@ Energy deposition by v, and 7,
absorption in gain layer

_— @ Multi-D hydrodynamic instabilities
/

Rg,;)iu ~ 100--&.

[
R, ~ 50 Cooling.,
layer

crucial for the explosion:

o Convection (Janka, 2012)
e SASI (Standing Accretion Shock

— insta b|||ty) (Foglizzo et al., 2015)

99% of core-collapse supernovae explode thanks to neutrinos J
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Extreme stellar explosions

Inserra et al. (2013)

Explosion kinetic energy 44

— PTF10hgi
. 1
e Typical supernova: 10%! erg ¢

@ Rare hypernovae and GRBs: 10°? erg

Total luminosity

] 20 0 100 200 300 400
@ Typical supernova: 10* erg Days since explosion

061006

@ Superluminous SN: 10%! erg

Lightcurves and X-ray plateaus

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

@ Kasen and Bildsten (2010); Dessart et al. (2012); Nicholl et al. (2013); Zhang and Mészaros
(2001); Metzger et al. (2008); Lii et al. (2015); Gao et al. (2016) 10 10! 10

Luminosity (10° erg s')

10°
Time (s)

Gompertz et al. (2014) 4/15
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Magneto-rotational core-collapse supernovae

Main mechanism

@ Rotation = energy reservoir

@ Magnetic fields = means to extract that energy through 5
magnetic stresses

e Powerful jet—d riven 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

(] PrOgen 1tor (Woosley and Heger, 2006; Aguilera-Dena et al., 2020)

@ Stellar mergers (schneider et al., 2019)

(] PNS dynamos (Raynaud et al., 2020; Reboul-Salze et al., 2021, 2022; Barrére et al., 2022, 2023)

How does the magnetic field topology affect the explosion? Bugli et al. (2021)
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3D MHD explosion models (Bugli et al. 2021)

The AENUS-ALCAR code

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

The initial conditions

@ Massive, fast rotating progenitor

(Woosley and Heger, 2006)

@ Different magnetic configurations : @ GR corrections to gravity, nuclear EoS

@ High-order reconstruction schemes, spherical grid with

dipol ligned and torial), d |
ipole (aligned and equatorial), quadrupole coarsened zones
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3D MHD explosion models (Bugli et al. 2021)

The AENUS-ALCAR code

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

The initial conditions

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

@ Different magnetic configurations : @ GR corrections to gravity, nuclear EoS

@ High-order reconstruction schemes, spherical grid with

dipol ligned and torial), d |
ipole (aligned and equatorial), quadrupole coarsened zones

[ - |
H . L1-90 . L2-0A _ L1-0 o
HYDRO EQ. DIPOLE QUADRUPOLE DIPOLE '

More magpnetic flux at the poles = stronger explosions and faster shocks
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Corotational instabilities (Bugli et al. 2023)

Magnetized case

Hydrodynamic case
o 6p/p. t=208 ms p.b. 1006400 1.00e+00
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. . @ No large-scale spiral structures
@ Spiral structures forming at ~ 200 ms p.b. & .p .
. . . @ Turbulent density perturbations
@ Observed for different progenitors/rotation Weak d d i field
profiles (Takiwaki et al., 2016, 2021) O & ependence on magnetic tie
v
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GW emission (Bugli et al. 2023)

Hydrodynamic case Magnetized case (quadrupole)
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F [Hz]
F [Hz)

GW strain

200 5 100 200 300 400

Post-bounce time [ms] Post-bounce time [ms]
@ Intense 400 Hz emission at 200 ms @ No low T/|W]| burst, broad-band emission
@ h~10=% for D = 10 kpc ® h~5x 1072 for D = 10 kpc
@ Strong correlation with PNS modes ) @ Strong transport of angular momentum
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Neutrino

emission

s0
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Post-bounce time [ms]

@ Lower luminosity in magnetized models
@ v.-Ue deviations not seen in hydrdynamic case
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(Bugli et al. 2023)

Ye distribution (hydro)
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@ More compact PNS = higher mean energies
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Neutrino emission
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@ Lower luminosity in magnetized models

@ v.-Ue deviations not seen in hydrdynamic case

(Bugli et al. 2023)

Ye distribution (magnetized)
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@ Outward transport of a.m. = lower Ye
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(Reichert,Bugli et al. 2024)

Ejecta composition
@ More neutron-rich material for magnetized
models
@ Lowest Y. for dipolar fields

@ Neutron-rich material is expelled promptly
only for strong MR explosions
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(Reichert,Bugli et al. 2024)

Explosive nucleosynthesis

Ejecta composition @ All magnetized models produce 1st r-process peak |

elements
@ 2nd peak reproduced only for the aligned dipole

@ No actinides, consistent with recent 3d models
(Reichert et al., 2023) and 2d models (Reichert et al., 2021)

@ More neutron-rich material for magnetized
models

@ Lowest Y. for dipolar fields

@ Neutron-rich material is expelled promptly
only for strong MR explosions
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The modeling of collapsar GRBs

PROGENITOR STAR

PROMPT
EMISSION

BREAKOUT PHOTOSPHERE EXTERNAL SHOCK
] ] ]

»
>

1
R [km] — T T T
102 100 107 1012
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The modeling of collapsar GRBs

PROGENITOR STAR

EMISSION

NN
NN
BREAKOUT PHOTOSPHERE EXTERNAL SHOCK
R [lm] i i i >
102 100 107 1012

Central engine
@ Stellar evolution models with
range of masses and rotation
@ (GR)MHD models, v transport,

nuclear EoS

@ Up to ~ seconds (Siegel and Metzger,

2018; Powell et al., 2023; Shibagaki et al.,

2024)
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The modeling of collapsar GRBs

PROGENITOR STAR

PROMPT
EMISSION

NN
Ve
NN
BREAKOUT PHOTOSPHERE EXTERNAL SHOCK
R lom] f ; ; >
102 100 107 1012

Central i e
Sty Oe Relativistic jet

@ Stellar evolution models with . .
@ Jet propagation models with
range of masses and rotation L
energy injection (Mattia et al., 2023)

o
(GR)MHD models, v transport, @ (G)RMHD models (7
nuclear EoS
@ Up to ~ 10s seconds
@ Up to ~ seconds (Siegel and Metzger,

@ GPU+GRMHD = BH+jet
2018; Powell et al., 2023; Shibagaki et al.,

models (Gottlieb et al., 2021, 2022)
. 11/15
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The modeling of collapsar GRBs

PROMPT

AFTERGLOW
EMISSION GLO

BREAKOUT PHOTOSPHERE EXTERNAL SHOCK
R [lom] — f f f >
102 10° 107 1012
Central engine servations
g Relativistic jet Observations
@ Stellar evolution models with . . @ Semi-analytical emission models
@ Jet propagation models with
range of masses and rotation . (prompt, afterglow)
energy injection (Mattia et al., 2023)

@ (GR)MHD models, v transport, @ Simplified assumptions on jet
(GR) P @ (G)RMHD models (2) £ ¥ J
nuclear EoS and engine’s dynamics

@ Up to ~ 10s seconds
@ Up to ~ seconds (Siegel and Metzger, @ Radiative R(M)HD (Duffell and
@ GPU+GRMHD = BH+jet
2018; Powell et al., 2023; Shibagaki et al., MacFadyen, 2013; Duffell, 2016; Ayache
models (Gottlieb et al., 2021, 2022)
2024) et al., 2022)
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Tackling the large scale-separation problem

Ab-initio jet models

@ First black hole-powered collapsar jets up to
photosphere (Gottlieb et al., 2021, 2022)

@ Self-consistent central engine formation?

@ State-of-the-art GRB stellar progenitors?

Gottlieb et al. 2022
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Tackling the large scale-separation problem

Ab-initio jet models

Enhancing code efficiency

@ First black hole-powered collapsar jets up to . ) |
photosphere (Gottieb et al. 2021, 2022) @ GPU-accelerated codes qualitatively impact the

modeling (Liska et al., 2022; Lesur et al., 2023)

@ Self-consistent central engine formation?
@ High-order schemes increase the effective grid

resolution (Berta et al., 2024; Mignone et al., 2024)

@ GPU resistive GRMHD module for the PLUTO
code (Bugli et al., in prep.)

@ State-of-the-art GRB stellar progenitors?
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Gottlieb et al. 2022
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Dissipation and reconnection in accreting compact objects

@ Magnetic reconnection = relativistic e~ = synchrotrone/IC

@ Flares from Blazar jets (Sobacchi et al., 2023), disk coronal emission (Sironi and Beloborodov, 2020; Hakobyan et al., 2024), FRBS (Most
and Philippov, 2022), GRBS (Zhang and Yan, 2011; Most et al., 2024)

Resistive GRMHD GR-PIC
@ Large temporal and spatial scales @ First-principles particle-fields coupling
@ Accretion-ejection modeling @ Self-consistent dissipation of magnetic energy
@ No self-consistent magnetic dissipation @ Still challenging to model the large scales

log()

5 o 3
TksCOSO

Ripperda et al. (2020) El Mellah et al. (2022)
(Qian et al., 2017; Ripperda et al., 2019; Mattia et al., 2023) (Parfrey et al., 2019; Crinquand et al., 2021, 2022)
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Effective resistivity model

(Bugli et al., submitted)

0.30

0.25
@ Direct measurement of resistivity from PIC simulations (selvi et al., 2023)

0.20
@ Formulation in terms of fluid quantity in the ResRMHD framework:
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@ Fast reconnection in quantitative agreement with kinetic models ~0.05
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Conclusions

v' Qualitative impact of magnetic field topology on magnetorotational explosions
v’ Distinctive signatures of rotation and strong magnetic fields on both GW and neutrinos
v' Elements beyond the 2nd r-process peak produced only in the strongest 3D explosions

v' Developments in bridging small and large scales (GPUs, kinetic closures for dissipation)

Perspectives |

[¢]

More 3D models (progenitors, rotation, magnetic field)

@]

Characterization of black hole/magnetar dichotomy

(@]

Connection between stellar progenitor and jet dynamics

o Code comparisons, community databases, multi-code modeling
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v' Qualitative impact of magnetic field topology on magnetorotational explosions
v’ Distinctive signatures of rotation and strong magnetic fields on both GW and neutrinos
v' Elements beyond the 2nd r-process peak produced only in the strongest 3D explosions

v' Developments in bridging small and large scales (GPUs, kinetic closures for dissipation)

Perspectives |

[¢]

More 3D models (progenitors, rotation, magnetic field)

@]

Characterization of black hole/magnetar dichotomy

(@]

Connection between stellar progenitor and jet dynamics

o Code comparisons, community databases, multi-code modeling

Grazie della vostra attenzione!

15/15



References |

Aguilera-Dena, D. R., Langer, N., Antoniadis, J., and Miiller, B. (2020). Pre-collapse
Properties of Superluminous Supernovae and Long Gamma-Ray Burst Progenitor Models.
arXiv:2008.09132 [astro-ph]. arXiv: 2008.09132.

Ayache, E. H., van Eerten, H. J., and Eardley, R. W. (2022). GAMMA: A new method for
modelling relativistic hydrodynamics and non-thermal emission on a moving mesh. Monthly
Notices of the Royal Astronomical Society, 510:1315-1330.

Barrere, P., Guilet, J., Raynaud, R., and Reboul-Salze, A. (2023). Numerical simulations of the
Tayler-Spruit dynamo in proto-magnetars.

Barrere, P., Guilet, J., Reboul-Salze, A., Raynaud, R., and Janka, H.-T. (2022). A new
scenario for magnetar formation: Tayler-Spruit dynamo in a proto-neutron star spun up by
fallback. Astronomy &amp; Astrophysics, Volume 668, id.A79,
<NUMPAGES>14</NUMPAGES> pp., 668:A79.

Berta, V., Mignone, A., Bugli, M., and Mattia, G. (2024). A 4th-order accurate finite volume
method for ideal classical and special relativistic MHD based on pointwise reconstructions.
Journal of Computational Physics, 499:112701.

15/15



References |l

Bugli, M., Guilet, J., Foglizzo, T., and Obergaulinger, M. (2023). Three-dimensional
core-collapse supernovae with complex magnetic structures - |l. Rotational instabilities and
multimessenger signatures. Monthly Notices of the Royal Astronomical Society,
520:5622-5634.

Bugli, M., Guilet, J., and Obergaulinger, M. (2021). Three-dimensional core-collapse
supernovae with complex magnetic structures - |. Explosion dynamics. Monthly Notices of
the Royal Astronomical Society, 507:443-454. ADS Bibcode: 2021MNRAS.507..443B.

Bugli, M., Guilet, J., Obergaulinger, M., Cerda-Durdn, P., and Aloy, M. A. (2020). The
impact of non-dipolar magnetic fields in core-collapse supernovae. MNRAS, 492(1):58-71.

Burrows, A., Dessart, L., Livne, E., Ott, C. D., and Murphy, J. (2007). Simulations of
Magnetically Driven Supernova and Hypernova Explosions in the Context of Rapid Rotation.
The Astrophysical Journal, 664(1):416.

15/15



References |1l

Crinquand, B., Cerutti, B., Dubus, G., Parfrey, K., and Philippov, A. (2021). Synthetic
gamma-ray light curves of Kerr black hole magnetospheric activity from particle-in-cell
simulations. Astronomy &amp; Astrophysics, Volume 650, id.A163,
<NUMPAGES>11</NUMPAGES> pp., 650:A163.

Crinquand, B., Cerutti, B., Dubus, G., Parfrey, K., and Philippov, A. (2022). Synthetic Images
of Magnetospheric Reconnection-Powered Radiation around Supermassive Black Holes.
Physical Review Letters, 129(20):205101.

Dessart, L., Burrows, A., Livne, E., and Ott, C. D. (2008). The Proto-Neutron Star Phase of
the Collapsar Model and the Route to Long-Soft Gamma-Ray Bursts and Hypernovae. \apjl,
673:L43.

Dessart, L., O'Connor, E., and Ott, C. D. (2012). THE ARDUOUS JOURNEY TO BLACK
HOLE FORMATION IN POTENTIAL GAMMA-RAY BURST PROGENITORS. The
Astrophysical Journal, 754(1):76.

Duffell, P. C. (2016). DISCO: A 3D Moving-mesh Magnetohydrodynamics Code Designed for
the Study of Astrophysical Disks. The Astrophysical Journal Supplement Series, 226:2.

15/15



References IV

Duffell, P. C. and MacFadyen, A. |. (2013). Rayleigh-Taylor Instability in a Relativistic Fireball
on a Moving Computational Grid. The Astrophysical Journal, 775:87.

El Mellah, 1., Cerutti, B., Crinquand, B., and Parfrey, K. (2022). Spinning black holes
magnetically connected to a Keplerian disk. Magnetosphere, reconnection sheet, particle
acceleration, and coronal heating. Astronomy and Astrophysics, 663:A1609.

Foglizzo, T., Kazeroni, R., Guilet, J., Masset, F., Gonzilez, M., Krueger, B. K., Novak, J.,
Oertel, M., Margueron, J., Faure, J., Martin, N., Blottiau, P., Peres, B., and Durand, G.
(2015). The Explosion Mechanism of Core-Collapse Supernovae: Progress in Supernova
Theory and Experiments. Publications of the Astronomical Society of Australia, 32:e009.

Gao, H., Zhang, B., and Lii, H.-J. (2016). Constraints on binary neutron star merger product
from short GRB observations. Physical Review D, 93(4).

Gompertz, B. P., O'Brien, P. T., and Wynn, G. A. (2014). Magnetar powered GRBs:
explaining the extended emission and X-ray plateau of short GRB light curves. Monthly
Notices of the Royal Astronomical Society, 438:240-250.

15/15



Gottlieb, O., Lalakos, A., Bromberg, O., Liska, M., and Tchekhovskoy, A. (2021). Black hole
to breakout: 3D GRMHD simulations of collapsar jets reveal a wide range of transients.
arXiv:2109.14619 [astro-ph].

Gottlieb, O., Liska, M., Tchekhovskoy, A., Lalakos, A., Giannios, D., and Mésta, P. (2022).
Black hole to photosphere: 3D GRMHD simulations of collapsars reveal wobbling and hybrid
composition jets. arXiv:2204.12501 [astro-ph].

Hakobyan, H., Groselj, D., Sironi, L., Beloborodov, A., and Philippov, A. (2024). Ab-initio
Comptonization in Reconnecting Current Sheets of X-ray Binary Coronae. 21:107.16.

Inserra, C., Smartt, S. J., Jerkstrand, A., Valenti, S., Fraser, M., Wright, D., Smith, K., Chen,
T.-W., Kotak, R., Pastorello, A., Nicholl, M., Bresolin, F., Kudritzki, R. P., Benetti, S.,
Botticella, M. T., Burgett, W. S., Chambers, K. C., Ergon, M., Flewelling, H., Fynbo, J.

P. U., Geier, S., Hodapp, K. W., Howell, D. A., Huber, M., Kaiser, N., Leloudas, G., Magill,
L., Magnier, E. A., McCrum, M. G., Metcalfe, N., Price, P. A., Rest, A., Sollerman, J.,
Sweeney, W., Taddia, F., Taubenberger, S., Tonry, J. L., Wainscoat, R. J., Waters, C., and
Young, D. (2013). Super-luminous Type lc Supernovae: Catching a Magnetar by the Tail.
The Astrophysical Journal, 770(2):128.

15/15



References VI

Janka, H.-T. (2012). Explosion Mechanisms of Core-Collapse Supernovae. Annual Review of
Nuclear and Particle Science, 62:407-451.

Just, O., Obergaulinger, M., and Janka, H.-T. (2015). A new multidimensional,
energy-dependent two-moment transport code for neutrino-hydrodynamics. \mnras,
453:3386-3413.

Kasen, D. and Bildsten, L. (2010). Supernova Light Curves Powered by Young Magnetars. The
Astrophysical Journal, 717(1):245.

Kuroda, T., Arcones, A., Takiwaki, T., and Kotake, K. (2020). Magnetorotational Explosion of
A Massive Star Supported by Neutrino Heating in General Relativistic Three Dimensional
Simulations. arXiv:2003.02004 [astro-ph]. arXiv: 2003.02004.

Lesur, G. R. J., Baghdadi, S., Wafflard-Fernandez, G., Mauxion, J., Robert, C. M. T., and Van
den Bossche, M. (2023). IDEFIX: A versatile performance-portable Godunov code for
astrophysical flows. Astronomy and Astrophysics, 677:A9.

15/15



References VII

Liska, M. T. P., Chatterjee, K., Issa, D., Yoon, D., Kaaz, N., Tchekhovskoy, A., van Eijnatten,
D., Musoke, G., Hesp, C., Rohoza, V., Markoff, S., Ingram, A., and van der Klis, M. (2022).
H-AMR: A New GPU-accelerated GRMHD Code for Exascale Computing with 3D Adaptive
Mesh Refinement and Local Adaptive Time Stepping. The Astrophysical Journal Supplement
Series, 263:26.

Li, H.-J., Zhang, B., Lei, W.-H,, Li, Y., and Lasky, P. D. (2015). The Millisecond Magnetar
Central Engine in Short GRBs. The Astrophysical Journal, 805(2):89.

Mattia, G., Del Zanna, L., Bugli, M., Pavan, A., Ciolfi, R., Bodo, G., and Mignone, A. (2023).
Resistive relativistic MHD simulations of astrophysical jets. A&A , 679:A49.

Metzger, B. D., Quataert, E., and Thompson, T. A. (2008). Short-duration gamma-ray bursts
with extended emission from protomagnetar spin-down. \mnras, 385:1455-1460.

Mignone, A., Berta, V., Rossazza, M., Bugli, M., Mattia, G., Del Zanna, L., and Pareschi, L.
(2024). A fourth-order accurate finite volume scheme for resistive relativistic MHD. Monthly
Notices of the Royal Astronomical Society, 533(2):1670-1686.

15/15



References VIII

Most, E. R., Beloborodov, A. M., and Ripperda, B. (2024). Monster shocks, gamma-ray bursts
and black hole quasi-normal modes from neutron-star collapse.

Most, E. R. and Philippov, A. A. (2022). Electromagnetic precursor flares from the late inspiral
of neutron star binaries. MNRAS, 515(2):2710-2724.

Nicholl, M., Smartt, S. J., Jerkstrand, A., Inserra, C., McCrum, M., Kotak, R., Fraser, M.,
Wright, D., Chen, T.-W., Smith, K., Young, D. R., Sim, S. A., Valenti, S., Howell, D. A.,
Bresolin, F., Kudritzki, R. P., Tonry, J. L., Huber, M. E., Rest, A., Pastorello, A., Tomasella,
L., Cappellaro, E., Benetti, S., Mattila, S., Kankare, E., Kangas, T., Leloudas, G., Sollerman,
J., Taddia, F., Berger, E., Chornock, R., Narayan, G., Stubbs, C. W., Foley, R. J., Lunnan,
R., Soderberg, A., Sanders, N., Milisavljevic, D., Margutti, R., Kirshner, R. P., Elias-Rosa,
N., Morales-Garoffolo, A., Taubenberger, S., Botticella, M. T., Gezari, S., Urata, Y., Rodney,
S., Riess, A. G., Scolnic, D., Wood-Vasey, W. M., Burgett, W. S., Chambers, K., Flewelling,
H. A., Magnier, E. A., Kaiser, N., Metcalfe, N., Morgan, J., Price, P. A., Sweeney, W., and
Waters, C. (2013). Slowly fading super-luminous supernovae that are not pair-instability
explosions. Nature, 502(7471):346.

15/15



References IX

Obergaulinger, M. and Aloy, M. A. (2020). Magnetorotational core collapse of possible GRB
progenitors - |. Explosion mechanisms. MNRAS, 492(4):4613-4634.

Obergaulinger, M. and Aloy, M. (2021). Magnetorotational core collapse of possible GRB
progenitors - |ll. Three-dimensional models. Monthly Notices of the Royal Astronomical
Society, 503:4942-4963. ADS Bibcode: 2021MNRAS.503.49420 tex.ids=
obergaulinger2020, obergaulinger2020b arXiv: 2008.07205.

Parfrey, K., Philippov, A., and Cerutti, B. (2019). First-Principles Plasma Simulations of
Black-Hole Jet Launching. Physical Review Letters, 122:035101.

Powell, J., Miiller, B., Aguilera-Dena, D. R., and Langer, N. (2023). Three dimensional
magnetorotational core-collapse supernova explosions of a 39 solar mass progenitor star.
Monthly Notices of the Royal Astronomical Society, 522:6070-6086.

Qian, Q., Fendt, C., Noble, S., and Bugli, M. (2017). rHARM: Accretion and Ejection in
Resistive GR-MHD. \apj, 834:29.

Raynaud, R., Guilet, J., Janka, H.-T., and Gastine, T. (2020). Magnetar formation through a
convective dynamo in protoneutron stars. Science Advances, 6:eaay2732.

15/15



References X

Reboul-Salze, A., Guilet, J., Raynaud, R., and Bugli, M. (2021). A global model of the
magnetorotational instability in protoneutron stars. Astronomy and Astrophysics, 645:A109.

Reboul-Salze, A., Guilet, J., Raynaud, R., and Bugli, M. (2022). MRI-driven a2 dynamos in
protoneutron stars. Astronomy and Astrophysics, 667:A94.

Reichert, M., Obergaulinger, M., Aloy, M. A Gabler, M., Arcones, A., and Thielemann, F. K.
(2023). Magnetorotational supernovae: A nucleosynthetic analysis of sophisticated 3D
models. Monthly Notices of the Royal Astronomical Society, 518:1557—-1583.

Reichert, M., Obergaulinger, M., Eichler, M., Aloy, M. , and Arcones, A. (2021).
Nucleosynthesis in magneto-rotational supernovae. Monthly Notices of the Royal
Astronomical Society, 501:5733-5745. ADS Bibcode: 2021MNRAS.501.5733R tex.ids=
reichert2020.

Ripperda, B., Bacchini, F., and Philippov, A. A. (2020). Magnetic Reconnection and Hot Spot
Formation in Black Hole Accretion Disks. The Astrophysical Journal, 900:100.

15/15



References Xl

Ripperda, B., Bacchini, F., Porth, O., Most, E. R., Olivares, H., Nathanail, A., Rezzolla, L.,
Teunissen, J., and Keppens, R. (2019). General relativistic resistive magnetohydrodynamics
with robust primitive variable recovery for accretion disk simulations. arXiv e-prints, page
arXiv:1907.07197.

Schneider, F. R. N., Ohlmann, S. T., Podsiadlowski, P., Ropke, F. K., Balbus, S. A., Pakmor,
R., and Springel, V. (2019). Stellar mergers as the origin of magnetic massive stars. Nature,
574(7777):211. Citation Key Alias: schneider2019a.

Selvi, S., Porth, O., Ripperda, B., Bacchini, F., Sironi, L., and Keppens, R. (2023). Effective
Resistivity in Relativistic Collisionless Reconnection. The Astrophysical Journal, 950:169.

Shibagaki, S., Kuroda, T., Kotake, K., Takiwaki, T., and Fischer, T. (2024).
Three-dimensional GRMHD simulations of rapidly rotating stellar core collapse. Monthly
Notices of the Royal Astronomical Society, 531:3732-3743.

Shibata, M., Liu, Y. T., Shapiro, S. L., and Stephens, B. C. (2006). Magnetorotational
collapse of massive stellar cores to neutron stars: Simulations in full general relativity.
Physical Review D, 74(10).

15/15



References XlI

Siegel, D. M. and Metzger, B. D. (2018). Three-dimensional GRMHD Simulations of
Neutrino-cooled Accretion Disks from Neutron Star Mergers. The Astrophysical Journal,
858:52.

Sironi, L. and Beloborodov, A. M. (2020). Kinetic Simulations of Radiative Magnetic
Reconnection in the Coronae of Accreting Black Holes. ApJ, 899(1):52.

Sobacchi, E., Piran, T., and Comisso, L. (2023). Ultrafast Variability in AGN Jets:
Intermittency and Lighthouse Effect. ApJL, 946(2):L51.

Takiwaki, T., Kotake, K., and Foglizzo, T. (2021). Insights into non-axisymmetric instabilities
in three-dimensional rotating supernova models with neutrino and gravitational-wave
signatures. arXiv:2107.02933 [astro-ph]. arXiv: 2107.02933.

Takiwaki, T., Kotake, K., and Suwa, Y. (2016). Three-dimensional simulations of rapidly
rotating core-collapse supernovae: finding a neutrino-powered explosion aided by
non-axisymmetric flows. Monthly Notices of the Royal Astronomical Society: Letters,
461(1):L112-L116.

15/15



References XIll|

Winteler, C., Kappeli, R., Perego, A., Arcones, A., Vasset, N., Nishimura, N., Liebendorfer, M.,
and Thielemann, F.-K. (2012). MAGNETOROTATIONALLY DRIVEN SUPERNOVAE AS
THE ORIGIN OF EARLY GALAXY r -PROCESS ELEMENTS? The Astrophysical Journal,
750(1):L22.

Woosley, S. E. and Heger, A. (2006). The Progenitor Stars of Gamma-Ray Bursts. The
Astrophysical Journal, 637(2):914.

Zhang, B. and Mészéros, P. (2001). Gamma-Ray Burst Afterglow with Continuous Energy
Injection: Signature of a Highly Magnetized Millisecond Pulsar. The Astrophysical Journal,
552(1):L35-L38.

Zhang, B. and Yan, H. (2011). THE INTERNAL-COLLISION-INDUCED MAGNETIC
RECONNECTION AND TURBULENCE (ICMART) MODEL OF GAMMA-RAY BURSTS.
The Astrophysical Journal, 726(2):90.

15/15



	Introduction
	Explosion models
	Multi-messenger signals
	Large scale separation
	Conclusions
	Appendix
	References


