Multidimensional dynamics
In core collapse supernovae
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Core collapse supernovae: type Il, Ib & Ic

Not discussed here: SN la (thermonuclear)

Electromagnetic waves are emitted days
after the explosion:

-> the central engine is difficult to constrain

Gravitational waves and neutrinos (would)
give a view of the instant of explosion

SN1987A: last (almost) galactic SN (LMC)
25 neutrinos detected

st
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Observation of Cas A

Morphology of supernova remnants

Neutron star kicks: several 100 km/s
=> accelerated at birth

o~

£ .}
J\leutron star

Polarisation of SN light:
inner ejecta are asymmetric

Grefenstette et al 2014
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Massive star (> 8 M)

Hydrogen

Explosion
600 millions km

) 1 sec o 40km |:

Vg

Stalled accretion

3000 km ShOCk

1.4 Mg

Collapse of the iron core Neutrino emission
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- Multi-dimensional hydrodynamics Accretion
(instabilities, turbulence..)

- General relativity

- Neutrino-matter interactions
sophisticated transport schemes

- Ultra-high density equation of state

- Magnetic field

Gain radius

Shock radius
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Y=HK,

L, x=M, u,
Criterion for explosion as a fonction of progenitor structure (Ertl et al 2015)
Two parameters : My = m(s = 4)
dm
= E s=4
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Explosion in 2D and 3D simulations ? No consensus yet..

Oak ridge & japanese groups : explosions in 2D and 3D
Garching group : explosions in 2D, only for low mass in 3D with standard physics
Princeton group : first 3D explosion last month
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Protoneutron star Neutrino-driven convection Standing Accretion
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Global asymmetry of the explosion
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Ledoux criterion

8
Yng

entropy
B ( dlnP )
YHB alnnB s,YL’
- (alnP)
Ys ™ \3lns np Y,

B ( alnP)
YYL c')lnYL nB,s,

electron fraction

0.1 0.1
1
5 5 J
10 o
15 10
——
30 30
0.1 0.1
1
5
10
15 10
30
15
30
0 0.5 1 150 0.5 1 15

Baryon Number (solar units)

Consequence: faster cooling of the protoneutron star

Roberts+2012

Baryon Number (Solar Units)
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100 : :
. - X ——adiabatic shock
Parameter controling stability.: . isenthalpic shock
shock dz o )
X = wbuoy(z) — convective instability
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H v v :
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Linear instability for chi > 3 Foglizzor2008

For chi < 3, convection can be non-linearly excited but not self-sustained
Kazeroni+2018
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Convection helps explosion:

- Turbulence pressure pushes shock
- Increases heating efficiency

Specific Entropy [A.U.]

1073

107>
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Advective-acoustic cycle Purely acoustic mechanism
Foglizzo et al 2007 Blondin & Mezzacappa 2006

N 5,0

entropy-vorticity

wave s N ; % yZ

acoustic wave Cg acoustic wave

neutron neutron
star star

Advective-acoustic cycle favored by a WKB analysis (Foglizzo+2007,
Guilet+12) & frequencies of unstable modes (Guilet+12)
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Complex comprehensive simulations
(Marek & Janka 09, Burrows et al. 06,
Wongwathanarat 10, Suwa et al. 10,

Muller et al. 12, Kuroda et al. 12,

Sumiyoshi & Yamada 12)

Multi-D hydro processes only
Blondin & Mezzacappa 07
Fernandez+2010

Kazeroni+2016,2017

> realism & complexity ‘>

SWASI experiment

Foglizzo et al. 12

progenitor structure + nuclear EOS
+ neutrino "transport" & interactions
+ "GR" + "multi-D" hydro

(no magnetic field)

¢

Marek & Janka 09

stationary accretion,
ideal gas,
3D adiabatic

- 2D shallow water
inviscid
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Kitchen sink hydraulic jump

acoustic waves
shock wave
pressure

surface wave
<—> { hydraulic jump
depth
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e numerical simulation

oscillation period (s)

15 20 25 30 35
jump radius (cm)
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Pressure variation

D) 0 9
Rotation frequency

Pressure
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Observation of Cas A Numerical simulation

¥ g8

jEtoiIe a neutrons

W th t et al 2016, 2018
Grefenstette et al 2014 ongwathanarat et a

Titanium nucleosynthesis is a tracer of explosion asymetry

sensitive to electron fraction Ye
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& PNS convection
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EOS & mass dependance
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Softer EOS

Stiffer EOS
(TM1, Hempel+10)

(SFHx, Steiner+13)

A, [em]

Kuroda+2016
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Explosion kinetic energy :

— Typical supernova 105" erg
— Rare hypernova & GRB 10%2 erg
aka type Ic BL
Total luminosity :
— Typical supernova 10% erg

— Superluminous supernovae 10°' erg

Light curves can be fitted by millisecond magnetar
- strong dipole magnetic field: B ~ 10'4-10"° G
- fast rotation: P ~ 1-10 ms

e.g. Kasen+10, Dessart+12, Nicholl+13, Inserra+13
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— Neutrino driven explosions ?

— Magnetorotational explosion ?
e.g. Burrows+07, Takiwaki+09,11
Bucciantini+09, Metzger+11, Obergaulinger+17

44.5

log L (erg s"1)
A N B
= » DM K O K

PTF10hgi

B=36x10"G
P=72ms

0 100 200 300
Days since explosion

400
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Magnetars
Anomalous X-ray pulsars (AXP)
Soft gamma repeater (SGR)

Strong dipole magnetic field:

B~10™-1015 G

Pulsars

B~10"2-10 G

Which supernovae are associated to magnetar birth ?
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: NS
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Black Hole — Massive
Torus System Neutron Star

3 possibilities :

stable neutron star

Formation of a magnetar ?

direct collapse to a black hole

hypermassive NS stabilized by
rotation : delayed collapse

Signature in future joint gravitational wave

— electromagnetic obervations ?

2,
Svom

Launch : end of 2021
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Zhang+2001, Fan&Xu2006, Metzger+2008, Rowlinson+2010,
2013, Gompertz+2013,2014, Lu+2015, Gao+2016
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Strong magnetic field: B ~ 10"° G
+ fast rotation (period of few milliseconds)

=> powerful jet-driven explosions !

e.g. Sibata+06, Burrows+07, Dessart+08, Takiwaki+09,11,
Winteler+12, Obergaulinger+17

But in 3D, jets may be unstable to kink instability
Moesta+2014

Caveat: origin of the magnetic field is not explained
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Compression of stellar field in core collapse supernovae: <1012-103 G ( ?)

Magnetic field of NS before merger: 108-1012 G

Magnetar: 10" G

Amplification mechanism ?

Magnetorotational instability Convective dynamo
Similar to accretion disks Similar to planetary & stellar dynamos
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In ideal MHD (i.e. no resistivity or viscosity) :

d(2
Condition for MRI growth d_ <0
T

Growthrate: o = %Q

with Qocr ¢

— Fast growth for fast rotation

h )\ X —F—
W | th :
aveleng ,—Q

— Short wavelength for weak magnetic field

Z1+buewo.
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MRI unstable differential rotation
at radii > 10 km

Rotation profile

Akiyama+2003, Obergaulinger+2009 |

Impact of conditions specific to neutron stars ?

— neutrinos
— buoyancy (entropy & composition gradients)

— spherical geomet o i
P 9 Y Radius (km)
|

.. Lt
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. neutrino mean free path

lengthscale (cm)

o _ 10" : , N
Diffusive regime: 1x10°  2x10°  3x10°  4x10° Neytrino drag regime
Neutrino viscosity 101" cm2/s radius (cm)
—~ [
__ 10000 ' f ] ‘o 10007 ~~_ 3
E 1000r ........................... ,’/“—_—-_?_ % E‘L ==
o i ] ~ 100¢ E
© [ 1 £ i ‘
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Slow growth for weak initial magnetic field < 10" G Fast growth near surface

_ _ independently of field strength
Guilet et al (2015), Guilet et al (2017)
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Neutron star mergers Core collapse SN
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=> Very similar physical conditions in NS mergers and supernovae

Guilet+2015, 2017
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- Small box : at a radius r = 20 km NEp,
size 4x4x1 km

- Differential rotation
=> shearing periodic boundary conditions

- Entropy/composition gradients in Boussinesq approximation

Code: Snoopy (G. Lesur)

Fiducial parameters :

p=108g.cm™
Obergaulinger+2009, Masada+2012, B=2x101¢C
Guilet+2015, Rembiasz+2015,2016 Q=9 x103s]

v=2x 1010 cm?.s~1
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unstable buoyancy

color: azimuthal
magnetic field

stable stratification
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Guilet & Miiller (2015) buoyancy parameter
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Pm = 1013

Magnetic energy
units of (10" G)?

1-0 3 -~ ld 3
[ ,O’ ]
Emag X Py -~
-~ <
01 -7 © g
See also: 1 10
Fromang+2007, Lesur+2007, Pm = viscosity/resistivity

Meheut+2015, Potter+2017

Behaviour at realistic values: very large magnetic Prandtl number Pm ?
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Simplest model of MRI in spherical geometry : incompressible,
differential rotation profile forced at outer boundary

Pseudo-spectral code : MaglC wicnt (2002), Gastine & wicht (2012)
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Energy (in units of (10715)"2 Gauss)

Magnetic energy evolution

Magnetic energy spectrum

—— total magnetic energy 100 o
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Latitude

Physics included:

- Realistic equation of state &
proto-neutron star structure

- Anelastic approximation

- Only the convective zone

Bpr=08r,

i / ‘ ’,‘,0,

63.3 63.4 63.5 63.6
Time

Raphaél Raynaud
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Z [km]
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9.05¢+00 - Fully compressible MHD
- Special relativity

- Neutrino transport
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Matteo Bugli, collaboration with Martin Obergaulinger (Valencia)
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Very rich and complex multidimensional fluid dynamics:
- PNS convection + dynamo

- Neutrino-driven convection

- Standing Accretion Shock Instability (SASI)

- Corotation instability (low-T/W)

- Magnetorotational instability (MRI)

Big impact on core collapse supernovae

- Success of explosion

- Asymmetry: neutron star kick and spin, SNR morphology
- Neutrino & gravitational wave signatures

- Magnetic fields & extreme supernovae

Multi-messenger observations will be essential to constrain all this physics

Thank you !
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