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Introduction
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Core-collapse Supernovee

» gravitational collapse of a massive star
(unstable iron core)

» shock formation when nuclear densities
are reached (stalling)

» shock expansion and ejection of
unbound material (explosion)

» Key feature: revival of the stalling shock.

Mosta et al. (2014)

Matteo Bugli IRFU/DAP,CEA-Saclay

Non-dipolar magnetic fields in CCSN



Introduction
oeo

Neutrino-heating mechanism

R [km]

Rapoex ~ 200

Rgain ~ 100

R, ~ 50
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PNS contraction = higher
v energies

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

Energy deposition by v,
and 7, absorption in gain
layer

Multi-D hydrodynamic
instabilities aid the
explosion (i.e. convection,

— SAS))
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CCSN and magnetic fields

445
» Kinetic energies: 10%" ergs; rare 44 et
52 d

Hypernovee/LGRBs ~ 10°< ergs 435 M, =asm,,

B=36x10"G

» Luminosities: 10%° ergs;
Superluminous SN ~ 10°" ergs.

» Need for extra energy reservoir
= rotation and magnetic fields of

P=72ms

log L (erg 5'1)
'
w

a millisecond magnetar? (Burrows M55 100 200 300 400
o Days since explosion

et al., 2007; Bucciantini et al., 2009; Metzger

etal., 2011; Takiwaki et al., 2009; Takiwaki and (Inserra et al., 2013)

Kotake, 2011; Obergaulinger and Aloy, 2017)
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MagBurst project
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The ERC-MagBurst project

Step 2: Global models Step 3: Hypernova

Step 1: Local models (MRI & Convective Dynamo)

(MRI)

~1-5km ~10-50 km

Alexis Reboul-Salze &

Jéréme Guilet Raphaél Raynaud
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» Amplification of magnetic field and magnetar formation

» Multi-scale problem, interconnected steps

» Complex topologies produced by dynamos in the PNS, not just
dipoles!
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Numerical models
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The proger“tor 35OC (Woosley and Heger, 2006)

> Mzams = 35M,, mass at collapse ~ 28M,,
» lron core of ~ 2.1 M, surrounded by ~ 4M, of convective zone
» Original rotation profile from stellar evolution, rapid rotation
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Numerical models
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Comparison: different multipoles (Bugii et al., in prep.)
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Numerical models
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Onset of the explosion (, = 2.9 x 10%cm, B, = 8 x 10°G)
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Numerical models
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Shock radii (r = 2.9 x 10%cm, B, = 8 x 101°G)
» Onset of explosion onset at the same time
» Slower expansion for higher multipoles

Radii
— L1_r2M
104 4 — 2.r2m
— 13_r2M
— 4_r2Mm
— Lo_BO
— 107 4
£
=3
o
\
102 4
— R
et e === RES
T T T T T T
0 200 400 600 800 1000

Post-bounce time [ms]

Matteo Bugli IRFU/DAP,CEA-Saclay

Non-dipolar magnetic fields in CCSN



Numerical models
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Explosion energy (» =29 x 10%m, B, = 8 x 10"°G)
» Less energetic explosion and shallower increase of energy for
higher multipoles

Ejecta_Energy
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Numerical models
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Magnetic/thermal pressure (r, = 2.9 x 10%m, B, = 8 x 10"°G)
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Numerical models
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| =1vsS | =4 (rn=29x10%m, By = 8 x 10'°G)
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Numerical models
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PNS mass and spin (, =2.9 x 10%cm, B, = 2.6 x 10''G)

Higher multipole order = closer to hydrodynamic limit:

» faster increase of total angular momentum (weaker magnetic
braking)

» faster increase of total mass

1e49 PNS_Angular_Momentum PNS_Mass

Lons [g cm?s™1]
G
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Numerical models
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Conclusions
» Different multipolar configurations have a strong impact on the
explosion dynamics: higher | = less energetic (delayed)
explosion, less collimated ejecta
» Impact on the PNS formation:
» |less oblate surface, different Y, distribution
» shallower distribution of angular momentum
» faster rotation, more massive PNS
» Radial extent of the magnetic field can also affect the dynamics
(different degree of compression)

Perspectives

» Extension to later times
» Extension to 3D using the axisymmetric models as guiding line

» Subgrid modeling of the unresolved dynamo in the PNS
(mean-field approach?)
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Relativistic outflows
» Magnetic fields are crucial in the launch and collimation of
relativistic outflows (Blandford and Znajek, 1977; Uzdensky and MacFadyen, 2006;

Tchekhovskoy et al., 2011).
» Key parameters: central object rotation, radial magnetic field flux.

d
B, > B, Vfluid = Vfield

(Tchekhovskoy, 2015)
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The Magnetar Model

» The evolution of the PNS spin and magnetic field regulates the
dynamics of PNS wind and explosion: ¢ = Ewethn

By,=2x10'°G, Po=1.5 ms
s

9o

10%
Time (s)

(Metzger et al., 2011, 2018)
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Magnetar vs Collapsar

» Two possible scenarios for magnetic energy extraction:
» Millisecond magnetar (Metzger et al., 2011)
» Collapsar (Woosley, 1993)
» Massive progenitors do not necessarily lead to direct collapse
(Dessart et al., 2008; Obergaulinger and Aloy, 2017)
» Understanding the accretion dynamics onto the PNS is crucial
» Successful explosions and collapse to BH may not be mutually
exclusive

» Many uncertainties on the characteristics of magnetic field at
shock formation:
» From stellar progenitor or forming PNS?
» Dipolar? Complex topology?
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Sub-grid modeling of the PNS dynamo
» Fields amplified to magnetar-like strength (10 — 10'° G).
» Topology: non-dipolar fields produced by dynamos.
» Time evolution: delay between the bounce and the rise of the
magnetic field.
» At what stages can the amplified field affect the shock revival?

MRI and convection driven dynamos
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Initial magnetic field: pure dipole?

Matteo Bugli

Poor constraints from both observations and evolutionary models
on the initial field.

Quasi-uniform field up to ry ~ 103km, then magnetic dipole (suwa

etal., 2007).
By, r3 _
Ay = 2_% 5 /sin 0
2r3+r3

Progenitor original field from 1D stellar evolution (woosley and Heger,
2006)

Superimposed toroidal field (Obergaulinger and Aloy, 2017):

8
B, = By—————=rcosf
¢ 0r3+r03
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Quadrupole in the literature: contradicting results

Ardeljan et al. (2005) Sawai et al. (2005)

» Magnetic field "turned on"

after bounce » Pre-collapse magnetic field

» Explosion energy: > Explosion energy:
P 9y (0.24 — 0.59) x 105" ergs

0.6 x 10°" ergs _
_— » More collimated and faster
» Strong ejection along the
polar outflows

Se407
Emagtor, ergs
—————— Emagpol, ergs il
4E+50[
) 10
3E+50f 3 ﬁ
N -1.0
h -1.5
2E+50F |[f ]
i 3
ﬂ
1E+50F [ 50
! 55
1
J . .
0.2 0.4
time, sec
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Numerical tool

Multi-D relativistic MHD code ALCAR (ust et al., 2015)
TOV gravity
Multi-D M1-closure v-transport

Equation of State:

» High density (p > 10”g/cm?®): LS220

» Low density (p < 10”g/cm?®): photons, relativistic and degenerate
e~ /e", non-relativistic baryons (38Si for T < 0.44MeV, *Nj
otherwise )

High-order reconstruction schemes, angular coarsening

vV v v Yy

v
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Initial magnetic field

» Not using the original magnetic fields from 1D stellar evolution
model (Spruit, 2002)
» Generalized multipolar expansion:

_B V1 rore rP/,1(cos 6) — Py 1(cos )
= 0214 2 + ré+2 sinf

Ap,i

B (t = 0)

108

1012

» Radial magnetic field strength
at the poles:

B[G]

B, 00

|B/(r70 = O)| = WW

10*

10° v T T y
1000 2000 3000 4000 5000

radius [km]
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Models (Nr = 400, Ng = 128)(Bugli etal. 2019, in prep.)

I By[10"G] 1o [108cm]  Epagr, [1047erg]
[1_PNS 1 26.1 2.89 10.9
2_PNS 2 17.3 2.89 4.46
I3_PNS 3 13.7 2.89 2.91
[4_PNS 4 11.7 2.89 2.23
M_Fe 1 7.97 2.89 1.02
2_Fe 2 5.64 2.89 0.47
I3_Fe 3 4.60 2.89 0.33
4 _Fe 4 3.99 2.89 0.26
M_b12 1 100 1 6.62
2_b12 2 100 1 6.12
I3_b12 3 100 1 6.36
4_b12 4 100 1 6.70
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Shock radii (r = 10%cm, B, = 102G)
» Longer stalling phase for higher multipoles (faster radial decay)

Radii
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Explosion energy (n = 2.9 x 10%cm, B, = 2.6 x 10''G)
» Less energetic explosion and shallower increase of energy for
higher multipoles

Ejecta_Energy

2.01
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T T T
0 200 400 600 800 1000
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3D models

Qualitative differences between 2D and 3D magnetized models:
» wrong hydrodynamic turbulent cascade

» inhibition of non-axisymmetric instabilities: kink modes (Mdsta
et al., 2014)

» Cowling’s anti-dynamo theorem

T Specific entroj
[k, baryon™]

G

1000 km

4
N7
5 &
Octant symmetry Full 3D 13D Full 3D
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Ye: (I =1) vs. (I = 4) (n=29x10%m, B, = 8 x 10"°G)

Electron fraction
“Time (post-bounce): 539 ms
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Neutrino luminosities along equator
More oblate PNS =- lower surface temperature = less energetic v

Luminosity_Equator
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L, [10°2 erg/s]
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Baryon loading parameter (Magnetar model)

.Emag+Ekin

Dynamics of the outflow regulated by: o=

By, =2x10'°G, P,=1.5 ms
T

10°

10*

10°

vo)

t

10%

10

Oo

Jet Break-Out (t

1

E (10% ergs s7!)

107!

1072

L ‘i 1078
1 10 10° 10° 10*
Time (s)

(Metzger et al., 2011)
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Baryon loading parameter (, = 2.9 x 10%cm, B, = 8 x 10°G)
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PNS magnetic energy (r =2.9 x 10%cm, B, = 8 x 10°G)

PNS_Magnetic_Energy
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MagBurst project

' istri [ PNS (o = 2. 8cm, By = 8 x
Harmonic distribution at Rpng (o = 2.9 x 10%cm, By = 8 x 10'°G)
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Radial magnetic field (time vs. multipole order)
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Harmonic distribution at Rpns (o = 2.9 x 10%cm, By = 8 x 10'°G)

Post-bounce time [ms]
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