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Supernovae to Supernova remnants 
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Our final goal  

• Make a theoretical model that can be directly 

compared with observations of SNRs 

• Explain observational features of SNRs 

• Extract information of the explosion morphology 

and mechanism 
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S.-H., Lee (Herman) J. Mao A. Wongwathanarat T. Takiwaki 

Possible  collaboration with members in AAB group members  (RIKEN) 



Matter mixing in aspherical core-collapse supernovae 

- A search for possible conditions for conveying 56Ni into high 

velocity regions 
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MO+2013, ApJ, 773, 161 
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Broadened line profile of [Fe II] in SN 1987A  

[Fe II] line profile  (Haas et al. 1990) 

 

56Ni → 56Co → 56Fe 

4000 km s-1 

SN 1987A  

Doppler velocity 

 

T1/2 = 6.1 d T1/2 = 77 d 
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FLASH Code 

• Eulerian hydrodynamic code 

– Piecewise Parabolic Method (PPM) 

– Unsplit solver, MHD, RHD 

• AMR (Adaptive mesh refinement) 

– Reduce numerical costs 

• Many optional units 

– Nuclear reaction networks  

(7-19 nuclei) 

The FLASH code is a modular, parallel multiphysics simulation code 

capable of handling general compressible flow problems found in many 

astrophysical environment  (Fryxell et al. 2000) 
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Aspherical explosion with clumpy structure 

in the explosion (movie) 
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Maximum 3000 km s-1 

56Ni 

Radial velocity distributions of the best 

model in this study 

• Relatively high velocity 

(3000 km s-1) of 56Ni 

• Mass of 56Ni with ~ 3000 

km s-1 : 1.4 x 10-3 M
8 



Matter mixing in large density perturbations 

in the progenitor star  

• 2D mixing with large density 

perturbations 
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Mao et al. 2014 in prep. 
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3D structure of Cas A 

Delaney et al. 2010 

Chandra ‘s X-rays   

Spitzer ‘s infrared  

Green:  X-ray Fe-K 

Red:  IR [Ar II] 

Blue:  high [Ne II]/[Ar II] ratio 

Yellow:  optical outer ejecta 

Grey:  IR [Si II] 

Black:  X-ray Si XIII 



Asymmetries in core-collapse supernovae 

from maps of radioactive 44Ti in Cas A 
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Grefenstette+14, Nature, 506, 339 

44Ti → 44Sc → 44Ca 
T1/2 = 60 yr T1/2 = 4 h 

Blue: 44Ti 

Green: Si/Mg band 

Iron and 44Ti have different distributions 
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Cosmic-ray acceleration in SNRs 

• Acceleration of cosmic-ray in SNRs 

– Up to 1015 eV or more ? 

– Magnetic field is key ingredient 

SN1006 (Chandra: X-ray) 

Synchrotron radiation from  

accelerated electrons 



Where the acceleration is active?  
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quasi-parallel 

polar cap 

quasi-perpendicular equatorial belt 

obliquity 

e.g., Ellison et al. 1995; 

Jokipii 1987 

e.g., Rothenflug et al. 2004 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/textcolor[rgb]{0.9,0.9,0.9}
{
/Theta
}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/textcolor[rgb]{0.9,0.9,0.9}
{
/frac{/rho_2 }{/rho_1} %3D /frac{/gamma %2B 1}{/gamma-1} /sim /frac{B_2 }{B_1} /rightarrow 4 / / / M_1 (/rightarrow /infty)
}
/end{align*}


Radio polarization signature in SN1006 
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Reynoso et al. 2013, Aston. J, 145, 104 

NE 

SW 

Polar cap geometry is favored? 
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Amplified strong magnetic field ? 

Uchiyama et al. 2007, Nature, 4469 576 

Bohm-diffusion limit 

Variations of X-ray hot 

spots on a 1 yr timescale 

Strong amplified magnetic 

field (～ 100 μ G)? 



Amplification of b-field and particle 

acceleration 

• What is the mechanism of the 

amplification of magnetic field? 

– Matsumoto-san’s talk 

– RT instability ? 

 

• Where the acceleration is active? 

– quasi-parallel 

– quasi-perpendicular 
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3D simulation of a Type Ia SNR 

• Pure 3D hydro 

– effects of particle 

acceleration 

• effective gamma  
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Warren and Blondin 2013 



3D MHD simulation : Role of ejecta clumping 

• Small separation between the FS and CD (SN1006 : Miceli 

et al. 2009) can be explain by ejecta clumping 
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Orlando et al. 2011 

• 3D MHD 

• effective gamma depends on  

oblique angle (quasi-parallel) 



3D simulation of the thermal X-ray emission from young 

SNRs including efficient particle acceleration 

• 3D simulation 

• Diffusive Shock 
Acceleration 

• Back reaction from 
accelerated particle 

• Non-equilibrium 
ionization 

• Thermal X-ray emission 
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Ferrand et al. 2012 

Ferrand et al. 2014 

Non-thermal broad-band 

emission 
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ASTRO-H 

• New exploration X-ray 

Telescope 

– First right will be 

2015 yr 

– 10 times larger 

energy resolution 

 

http://astro-
h.isas.jaxa.jp/gallery/s
atelite/02.html 

High resolution  spectrum 

of X-ray from SNRs is 

expected 



Multi-D hydrodynamic simulation 

• 1, 2D (3D in near future) hydro. with FLASH code 

• Advection of elements 

• Non-equilibrium ionization (NEI) 

– H, He, C, N, Ne, Mg, Si, S, Ar, Ca, Fe, Ni 

• Different thermal energies between electrons and ions 

• Heating of electrons due to Coulomb interaction 

• Initial ejecta density : a power law profile 
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Radial profiles of temp., ionization  
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50% of ions are singly ionized (except for hydrogen) 

beta = Te/Tion = me/mion 

http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/textcolor[rgb]{0.9,0.9,0.9}
{
/frac{1}{2} m_{/rm e} v_{/rm sh}^2 /sim /frac{3}{2} k_{/rm B} T_{/rm e}
}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/textcolor[rgb]{0.9,0.9,0.9}
{
/frac{1}{2} m_{/rm i} v_{/rm sh}^2 /sim /frac{3}{2} k_{/rm B} T_{/rm i}
}
/end{align*}


Efficient collisionless heating of electrons at RS 
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beta = Te/Tion  
 

• If beta = me/mion,  beta ～ 10-5 

 

• beta = 0.01 is required for Tycho 

 

• Possible mechanism  

• Cross-shock potential 

 

 

 

 

Yamaguchi et al. 2014 (X-ray observations of Tycho by SUZAKU) 



Radial profiles of temp., ionization 
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50% of ions are singly ionized (except for hydrogen) 

beta = Te/Tion = me/mion x 1e2 



Density 
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Ejecta density profile : Power-law of n=7 with inner flat regions 

Non-Uniform ejecta Comp. : W7 

Uniform ejecta Comp. : 

Offset-DDT model  

(Maeda et al. 2010) 



Electron temperature 
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Distribution of elements 
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Fe Si C 

O He 



Spectrum (continuum + thermal X-ray) 
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Uniform ejecta Comp. : 

Offset-DDT model  

(Maeda et al. 2010) 

Non-Uniform ejecta Comp. : 

W7 (Nomoto et al. 1984) 

Emission code offered by S.-H. Lee (Herman) 



3D MHD simulation 

• 3D MHD simulation. with FLASH code 

• An unsplit MHD solver 

• Constraint transport (CT) method for div B = 0 
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Initial clumpy ejecta for a Type Ia SN 

Wang 2005 

Mej: ejecta mass (1.37 M
8

) 

Ekin: kinetic energy (1051 erg) 

Dwarkadas & Chevalier 1998 

Exponential ejecta profile for Type Ia SNRs 

B = 1 μG 

0.5 pc 
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Volume rendering images of density 

3 pc 
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Amplified magnetic field 

～ 50 μ G 1 μ G 

Computational domain is fixed. The resolution is 
dominated by the maximum refinement level  



3D MHD simulation of a SNR with 

remapping 
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Density 
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CT (Constraint Transport) method : 

magnitude of the B-field 
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At the remapping, div B = 0 is broken 



Summary 

• Multi-D theoretical models of SNRs  

• Test multi-dimensional simulations 

– 1, 2-D hydrodynamic simulation 

– 3-D MHD simulation 

• Still the code developments are under 

going 

• In (near?) future,  

– Realistic explosion model, Multi-D (M)HD 

simulation with a NLDSA 
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