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Magnetic dipole

Dipole spin-down model
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Low-5;, magnetars
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Dipole spin-down model

By, < V PP

Magnetars:

— 32 X-ray Galactic sources
(Kaspi+17)
— 10 — 40 % of newborn

neutron stars
(Kouveliotou+94, Benjamini+19)
— 10 associated with supernovae remnant

Low-B;;, magnetars |Bg, € [6 X 10'2,4.1 x 1071 G

(Rea+10,+12,+14)

Dissipation of strong non-dipolar fields

® Proton cyclotron absorption lines
: Y , P , , — 5 non—dip
In X-ray spectra (Tiengo+13, Rodriguez Castillo+16)

By, ~ 10" — 10" G

® Phase modulation in the pulsed signal
(Makishima+14, 16, 19, 21)

— B~ 10'°G
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Central engine of extreme explosions

Classical SNe
(Janka+12)

« Weak » magnetic fields
By, S 101G

« Slow » rotations
P > 5ms

Observation of
magnetars associated
with a SN remnant
(Vink-+06)
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Central engine of extreme explosions

Super luminous SNe

. 44.5— - . -
Classical (SJN?{ o) | (Inserra+13)
anka

PTF10hgi

M. =39M
e sun

B=36x10"aG
P=72ms

O
A
N
=
)

0 100 200 300 400
Days since explosion

Hypernovae

Sometimes associated
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« Slow » rotations
P > 5ms

Observation of
magnetars associated
with a SN remnant
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Diversity of formation scenarios

In-situ amplification via dynamo action

e [ander21
e Raynaud+20,+22 e Reboul-Salze+21,22 ¢ Rembiasz+13,+16a.b
e Masada+22 e Guilet+15, 23 e Obergaulinger+09

+ : Supported by 3D numerical simulations
Fast rotation + strong magnetic field = Magnetorotational explosions

e Schneider+19

|

: in a hot PNS
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I [
——- : Convective dynamo
e Hut+09 L
e Makarenko+21 :
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: Convective zone lasting Stably stratified zone &

I for ~ 10s differential rotation
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— : Most magnetars certainly born in standard supernovae = Initial period P, > 5 ms

Need a fast rotating progenitor core = Large enough fraction to form all magnetars ?
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New magnetar formation scenario

~ 10 - 10'°G Fallback in 3D CCSN simulations

B,

or

S/ By, ~ 101G » Fallback = matter that remains
: gravitationally bound during
the explosion

e starts ~10 s after the core bounce

' Differential

Stably 4 1
rotation stratified * Mepack € [1077,1077] M,
My, ~ 10~ Mg - = / =% e lasts from minutes to hours
* Potential to spin up the proto-
B neutron star up to break up
/ /.«f

: (Chan+20, Janka+22)
Asymmetric fallback

accretion
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New magnetar formation scenario

~ 10 - 101G

By, ~ 10" G Crucial for stellar physics

* Angular momentum transport
in radiative zones

B

tor

* Only 2 analytical studies

= Spruit 02 & Fuller+19

= different predictions for
the saturation

' Ditferential Stably
. rotation stratified

e First numerical studies are
very new
= Pectitdemange+23, Barrere+23

T

= “Tayler-Spruit” dynamo ?

Asymmetric fallback
accretion
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Proof of concept

First numerical simulations (Barrére+23)

lel4

One zone model (Barrere+22)

Rotation period P : W

eme
SNe

Classical magnetars

—

Fuller+19
28 ms arer

—b

Spruit 02
8 ms P

.~ _branch

Low-B;;, magnetars

_- — — — — —

Simplistic 0D model + Dynamo elusive in 3D simulations
—> 3D simulations needed to capture B geometry

Fixed rotation — Parametric study varying rotation 1s
required to test the limits of Barrére+22

Paul Barrere (paul.barrere(@unige.ch)


mailto:paul.barrere@unige.ch

Proof of concept

One zone model (Barrére+22) First numerical simulations (Barrére+23)

lel4d

- - S ms 1.0
Rotation period P -
cme 0.5
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Classical magnetars 1.0 i
I + l =
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3 mSs .

Low-B;;, magnetars

_- — — — — —

Simplistic 0D model + Dynamo elusive in 3D simulations
—> 3D simulations needed to capture B geometry

Fixed rotation — Parametric study varying rotation 1s
required to test the limits of Barrére+22
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Numerical setup

* Neutron star ~ 10 s post-bounce
M ~ 1.4 M

r, =12 km

* Constant density (Boussinesq approx.)
p=4x%x10"gecm™

e Diffusivities
Pr=v/k=0.12> 107"
Pm =vln € [1,4] < 10*

* Stably stratified
N/, € [0.1, 10]

* Spherical Couette flow
Positive shear Q> €.

Rossby number Ro = 1 — €2./€2
Ro € [0.125, 1.2]

o

/

e dipolar or quadrupolar
s | 2‘4
£ By

Initial magnetic field
e weak or strong
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Bifurcation diagram

Dimensionless

magnetic energy
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Impact on Tayler modes

Paul Barrere (
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Scaling laws
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Application to magnetar formation
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Magnetothermal evolution

See the next talk
by R. Raynaud

(Igoshev, Barrere+, Nature Astronomy, 2025)
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General conclusions

Wide impact:
e Magnetar formation

e Stellar physics
e Dynamo theory

—
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Magnetars born in
Standard CCSNe

ek

-
ek
)

Millisecond
magnetars

Possible improvements:
 Toward larger magnetic Prandtl numbers

— More realistic diffusivities
— Impact on the large-scale magnetic fields

Magnetic dipole Bg;, (G)
S

1013
e Realistic reference state (anelastic)
, — Collaboration J. Novak
10
e Evolving reference state
— Relaxation of the magnetic field
10! : : : — Require new implementations
1 S 6 10 28 100
Rotation period P (ms)
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