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Figure from Janka et al. (2012)

collapse >> bounce >> 
shock formation >> 
stalled accretion shock

how to revive 
the stalled 
shock???

neutrino-driven 
mechanism

multi-D effects 
play important 
roles !!!

1D simulations 
don’t explode …

Introduction



SN asymmetries



Introduction

Figure from Janka et al. (2012)



Neutron star kicks

Puppis A SNR

672±115 km/s
(Becker et al. 2012)

average pulsars velocity: 200-500 km/s

Kick mechanism??

electromagnetic

hydrodynamic

neutrino-magnetic



core-collapse and 
bounce

Explosion >>> 
1.3 s post bounce

Stellar evolution 
model

1D

3D

1.25 day after 
explosions

Light curves 
calculations

1D

State-of-the-art long-
time simulations

PROMETHEUS-HOTB

PROMETHEUS-HOTB + 
Yin-Yang grid

CRAB Lagrangian radiation 
hydrodynamics



vns from 31-437 km/s 700 km/s later

Tspin from 127-7753 ms

no spin-kick alignment



PNS 
1.1 M⊙

Lν

contracting inner grid 

ray-by-ray grey 
transport

tabulated EOS 
by Janka & 
Müller (1996)

3D Newtonian 
self-gravity

monopole GR 
correction

random 
perturbation 
of 0.1% 
amplitude

4 nuclear species 
in NSE (n, p, 4He, 

54Mn)

14 species (4He- 56Ni+X) 
alpha-reactions network

1D post-bounce 
at 15 ms

1.3 s later in 3D

PROMETHEUS/VERTEX

collapse phaseNumerical techniques



Results



vns from 31-437 km/s 700 km/s later

Tspin from 127-7753 ms

no spin-kick alignment



 𝑃𝑛𝑠 ≈ − 
𝑟=𝑟0

𝑃 𝑑  𝑆 −  
𝑟=𝑟0

𝜌  𝑣𝑣𝑟𝑑𝑆 + 
𝑟>𝑟0

𝐺𝑀𝑛𝑠  𝑟

𝑟3
𝑑𝑚

gravitational drag term is dominant

Nordhaus et al. 11

Scheck et al. 06



high kick



low kick



W15-2

L15-2

405 km/s

78 km/s



Neutron star kicks

Σ r, 𝜃, 𝜙 = ∫ 𝜌 𝑟, 𝜃, 𝜙 𝑑𝑟

surface mass density

Spherical harmonics 
decomposition

Large l=1,m=0mode 
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W15-6

704 km/s

Neutron star kicks



Nickel distribution

Ni shows hemispheric asymmetry





shock propagates according to 
blast wave solution (Sedov, 1959)

accelerates when ρr3 decreases, 
and vice versa

Shock dynamics



Rayleigh-Taylor instabilities 
induce mixing

Ebisuzaki et al. (1989)



Explosion vs. late-time 
asymmetries

clear correlation

not so clear??

Early vs. late morphology



Total ejecta

Fe ejecta NS

Hwang & Laming (2012)

Cas A



Puppis A



Need to find NS in remnants

Need obs. with large coverage

Need obs. with good angular resolution



- NS kick by gravitational tug boat mechanism can explain 
observed average pulsar space velocity

- In high kick cases, hemispheric asymmetries of heavy elements 
are produced

- observe no spin-kick alignment

- progenitor dependence??

- progenitor asymmetries??

- rotation??

Conclusions



Outlook



Progenitor dependence



Parametric study (Hanke et al. 2013)

SASI or Convection ??? 
Depending on the conditions in 

the post-shock flows



Suwa+ (2015)



Progenitor asymmetries

Mueller+ (2016)

Couch & Ott (2013)



Rotation

Takiwaki+ (2016)


