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- Multi-dimensional hydrodynamics Accretion

(instabilities, turbulence..)

- Magnetic field

- Neutrino-matter interactions
sophisticated transport schemes

- Ultra-high density equation of state

- General relativity

Gain radius

Shock radius
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Which stars explode ? Which stars fail ?

Properties of the compact object:
- Mass: black hole or neutron star ?
- Kick, spin ?

Multimessenger signal:
- Modulation of neutrinos
- Gravitational waves
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Tamborra et al 2014
Kuroda et al 2016
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3D: §25-2

Standing accretion Neutrino-driven
shock instability (SASI) convection

100 km

entropy [k, /nuc
- —
8.56 14.2

Hanke+2013

Kuroda+2016

Which instability dominates ? Physical understanding and analytical description,
PhD thesis of Anne-Cécile Buellet
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More than 500 2D simplified simulations
1D to 2D explosion threshold lowering

Pressure variation
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Kazeroni et al 2017, Pagani et al in prep
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Kitchen sink hydraulic jump

Physical analogy
acoustic waves surface waves

shock wave “*1 hydraulic jump
pressure depth

Foglizzo et al 2012, Foglizzo et al 2015

First experiment

New experiment :
turbulent regime
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What about magnetic fields ?

Magnetar formation & extreme explosions



Rea et al 2012

10¢ f

1000

MRALL . B R

100 |

10 b

Period Dervative (10-" ss-')

10° |

10+

RRALLL S e

Magnetars
Anomalous X-ray pulsars (AXP)
Soft gamma repeater (SGR)

Strong dipole magnetic field:

B~101-10"G

Pulsars

~1012- 1013
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Explosion kinetic energy :
— Typical supernova 10°" erg
— Hypernova & GRB 10°2 erg
aka type Ic BL

Total luminosity :
— Typical supernova 10% erg
— Superluminous supernovae 10°' erg

Large kinetic energy reservoir if fast rotation

Strong magnetic field to extract this energy

e.g. Kasen+10, Dessart+12, Nicholl+13, Inserra+13

log L (erg s‘1)

PTF10hgi

Mej =39M_

B=36x10"G
P=72ms
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Days since explosion
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LIGO-Livingston — NS/BH

Black Hole — Massive
Torus System Neutron Star

Courtsey of O. Just

3 possibilities :
- direct collapse to a black hole

- hypermassive NS stabilized by
rotation : delayed collapse

- stable neutron star

Formation of a magnetar ?

Moesta+2020
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2 (faint) FRBs detected from a galactic magnetar
in coincidence with X-ray bursts

7 Chime 2020 7 Ridnaia+ 2020
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French observing effort lead by Christian Gouiffes

Fast radio bursts as a probe of extragalactic magnetar formation ?
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Lu et al 2020
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Massive star
Proto-neutron star

Hydrogen Iron core

core collapse )
Convection

r~ 1500 km
1.4 Mg

r~ 108 km
r~50km

Compression of stellar magnetic field :
Amplification by a few ~10% during core collapse

Neutron star

neutrino
cooling

r~12 km

Very magnetised stars on surface (B >1 kG) : also need a 10'%-10" G in the iron core

Protoneutron star dynamos
Magnetorotational instability
Similar to accretion disks

Convective dynamo

Similar to planetary & stellar dynamos
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Magnetorotational
Small turbulent scales Protoneutron star dynamo 9 losi

Code snoopy MagIC code : https://github.com/magic- explosions
(Lesur & Longaretti 2005) sph/magic Code ALCAR,

Martin Obergaulinger

~1-5 km

Guilet et al. 2015, 2021

~ 10-50 km z -
Raynaud et al. 2020, 2021 ~103-10°% km

Reboul-Salze et al. 2021

ERC starting grant MagBURST (PI : Jérdme Guilet)

Bugli et al. 2020, 2021
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https://github.com/magic-sph/magic
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Reboul-Salze+2021

Inclined toward the equator (dipolar angle ~ 80°)

_ _ Oscillatory dynamo cycles
PhD thesis of Alexis Reboul-Salze
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Raynaud et al 2020
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kinematic first saturated
growth plateau state
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Dipolar magnetic field Toroidal magnetic field
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Very fast rotation: P < 2.5 ms
prompt strong dynamo => « supermagnetar » associated to hypernova & GRB ?

Intermediate rotation: 2.5 ms < P < 10-20 ms
delayed strong dynamo => normal magnetar with superluminous SNe & normal SNe ?
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Peaks from inertial modes
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Low-frequency excess : a signature of the strong field dynamo ?
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Aligned dipole
Explosion energy
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Key questions :
Explosion energy ?
Collimated jet ?

=> Diversity of explosions

800

1000

Bugli, Guilet et al 2020, 2021
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Gravitational waves from corotation instability

Neutrino signature

Achar, p
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Bugli et al, in prep
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Modelling prospects :
- Physics of turbulence (at large magnetic Prandtl numbers)

- Subgrid-scale modelling of magnetic field amplification
- Evolution on longer timescales to compare with electromagnetic observations

— Couple ab initio simulations and emission models
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Gravitational wave & neutrinos signature of core-collapse supernovae

— Convection, SASI and corotation instability
— Signature of dynamo action : measure rotation and magnetic field ?
LIGO/VIRGO, Einstein telescope

Consequences for binary formation & population
— Bin2grav labex project lead by Sylvain Chaty

Diversity of electromagnetic transients driven by magnetar formation ? /\
— Couple ab initio simulations and emission models
— Electromagnetic counterpart to neutron star mergers ? T T VOM
+. '/ /—*\
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OBSERVATORY
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