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(Olausen+14)
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• 30 Galactic, isolated X-ray sources (outbursts,  
giant flares) magnetically powered (Kaspi+17, Ajello+21)


• 10 associated with core-collapse supernovae

“Typical” remnants : Ekin ~ 1051 erg  
constraints the initial period P0 > 5 ms (Vink+06)


• Population: up to 40% of newborn neutron star  
(Kouveliotou+94, Beniamini+19) 

• One source of Fast Radio Bursts (among others ?)  
(CHIME/FRB+20, Bochenek+20)


 see afternoon talks (Cherry Ng / G. Voisin)

⟹

⟹

Magnetars
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 Bnon−dip ∼ few × 1014 − few × 1015 G

/273

(Tiengo+13)

(Tiengo+13, Rodríguez Castillo+16)
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(Makishima+14, 16, 19, 21)

 Btor ∼ 1016 G

Variable absorption feature in X-ray burst/outburst spectrum Phase modulation of X-ray pulsations

Beyond the dipole, some observational constraints

Prolate,  
precessing  
neutron star

Toroidal field
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Proton cyclotron model
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Time [s]

∝ t−2

Central engine idea 
Delayed energy injection due to the

spindown of a millisecond magnetar

(Zhang+01) 


 Light curve fits give 


Capable of powering

•  Superluminous supernovae  
( ) (Inserra+13, Mösta+15)


•  Hypernovae and long GRBs  
( )  

 magneto-rotational explosions  
(Greiner+15, Bugli+23,22,21)

•  X-ray plateaux of GRBs 


Gompertz+11, Rea+15, Dall’Osso+23

⟹ {Prot, Bdip}

L ∼ 100 × 1049 erg

Ekin ∼ 10 × 1051 erg
⟹

NSF/LIGO/Sonoma State Univ./A. Simonnet

Millisecond magnetars: a central engine for extreme explosions

Spindown 
luminosity

Black hole 
collapse ?
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Numerical modelling: a challenging multi-scale problem

Jean Zay @ IDRIS

 Proto-neutron star simulations 

• Idealized model 

• Dynamo processes 
•  field strength 
•  field topology 

• Derivation of physical scaling 
laws via extensive parameter 
studies

~ 0,1 Mh CPU/run

Core-collapse simulations 
including 

Neutrino transport 
Special relativity 
Neutron star equation of state 

• Magnetic field impact on the explosion 

• Prediction of multi-messenger observables

~ 1 Mh CPU/run

10 km

104 km

HPC RESSOURCES 
~ 10 Mh CPU/yrBugli+23, 21, 20
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Magneto Rotational Instability Convective dynamo 

Stably stratified zone

& differential rotation 

Convection 

lasting for ~10 s

Reboul-Salze+21,22 Raynaud+20,22

Formation scenarios
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• Equatorial dipole component • Strong toroidal magnetic field

• Magnetar-like dipole field for 

~ millisecond rotation period

• Hardly compatible with the 
millisecond magnetar scenario


• Unlikely to simultaneously  
reproduce pulsar and  
magnetar populations 
(Makarenko+21)

Fossil field Dynamo field: in situ amplification

• Amplification factor


 

 



• magnetic massive stars, 
stellar mergers ? (Schneider+19)

( rcore ∼ 103 km
rNS ∼ 10 km )

2

∼ 104

⟹ Bcore ∼ 1011 G
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Dynamo field: in situ amplification

Magneto Rotational Instability Convective dynamo 

Stably stratified zone

& differential rotation 

Convection 

lasting for ~10 s

Reboul-Salze+21,22 Raynaud+20,22

Formation scenarios
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-  :  typical neutron star initial period ~ 0.1 s (Igoshev+22)  
     in general not fast enough, hard to explain Galactic magnetars

⟹

+ :  fast rotation + strong field  magneto-rotational explosions ⟹

Fossil field

• Amplification factor


 

 



• magnetic massive stars, 
stellar mergers ? (Schneider+19)

( rcore ∼ 103 km
rNS ∼ 10 km )

2

∼ 104

⟹ Bcore ∼ 1011 G

• Hardly compatible with the 
millisecond magnetar scenario


• Unlikely to simultaneously  
reproduce pulsar and  
magnetar populations 
(Makarenko+21)
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Asymmetric fallback  
accretion

Stably 
stratified

Mfb ⇠ 10�2 M�

+Differential 
 rotation

Fallback in 3D CCSN simulations 

•  Fallback = matter that remains  
gravitationally bound


•  starts ~10 s after the core bounce


•  


•  lasts from minutes to hours


•  Potential to spin up the proto- 
neutron star up to break up


(Chan+20, Janka+22)

Mfallback ∈ [10−4,10−1] M⊙

 =  “Tayler-Spruit” dynamo ?

New scenario: proto-neutron star spun up by supernova fallback

R ∼ 12 km
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28 ms 8 msDifferential rotation 
shears  into Br Bϕ

Tayler instability 
generates δB⊥

Tayler-Spruit dynamo loop (Spruit+02, Fuller+19)

•   
 

•  

Bϕ ≫ Br > 4.4 × 1013 G
⟹ Mfallback ≥ [1.1 − 4] × 10−2M⊙
15 s < τsat < 30 s
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Proof of concept: one zone model
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3D modelling: the setup
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Ωo

•  Neutron star  post-bounce 



, 


•  Boussinesq fluid







•  Stably stratified 




•  Spherical Couette flow

Rossby number 

Positive shear 


•  Parameter study 

∼ 7 s
M ∼ 1.4 M⊙
ro = 12 km Po = 10 ms

Pr = ν/κ = 0.1
Pm = ν/η = 1

N/Ωo = 0.1

Ro = ΔΩ/Ωo
ΔΩ = Ωo − Ωi > 0

Ro ∈ [0.125, 1.2]

Initial magnetic field 
•weak or strong

•dipolar or quadrupolar
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Ωi



Bifurcation diagram                   +                  magnetic field topology

Dipolar branch

Hemispherical branch
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Λ = B2
rms/(4πρηΩo)

Rossby number Ro 
(imposed differential rotation)
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m = 1

Local  maximum of Em=0
tor (z = 0.45ro)

Tayler-instability driven dynamos

Field structure Tayler instability threshold
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Axisymmetric toroidal 
component dominates



(Spruit 02) 

(Fuller+19) 

Scalings: axisymmetric magnetic field and Maxwell torque

(Fuller+19) 

(Spruit 02) 
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PLATO Stellar Science Conference 2023 - MilazzoRaphaël Raynaud (UPCité / CEA) /1513

Theory 

ωA ≪ Ω ≪ N

Simulations 

  but  
ωA

Ω
≲ 0.02

N
Ω

= 0.1

Journées PNHE 2023 - IAPRaphaël Raynaud (UPCité / CEA) /1513

Shear rate q

M
ax

w
el

l t
or

qu
e

(Fuller+19) 

(Spruit 02) 
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Conclusions

• Proto-neutron star interiors are “dynamo friendly”, 
via different MHD instabilities


• Constraints to disentangle formation channels

•  Direct / indirect observations on the  field

•  Environment (e.g. magnetar - SNR association)

•  Statistical constraints on magnetar birth rates

•  Central engines of extreme explosions 
(SVOM is coming)

B
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• Various models point towards extreme conditions  
(concerning progenitor magnetisation / rotation)


• In tension with actual (high) rate of magnetar  
formation 

• Promising new scenario: 
proto-neutron star spun by CCSN fallback


•  and  


• Confirmation of a 20 years old dynamo 
mechanism with state-of-the art 
3D MHD simulations

• Stellar physics: Petitdemange+23a,b 

(with a negative shear)

• In proto-neutron stars: Barrère+23 

(with a positive shear)

Bdip ∼ 3 × 1014 G Btor ∼ 2 × 1015 G

2 dynamo branches: 
• dipolar vs hemispherical symmetry

• different theoretical scalings 

Fuller+19 vs Spruit 02
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Appendix: force balance

equipartition
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Appendix: measuring the shear rate

Time-averaged rotation profile at z = 0.45ro

Journées PNHE 2023 - IAPRaphaël Raynaud (UPCité / CEA) /1517



Paul Barrère /1718

Appendix: fallback properties
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Appendix: magneto-rotational explosions
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Impact of the magnetic field geometry Multi-messenger signature

GW signal

Reichert, Bugli et al. 2023

Neutrino signal

Nucleosynthesis


