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Supernovae to Supernova remnants

T. Takiwaki

Supernova explosions

Explosive nucleosynthesis

Mixing

Supernovae
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Supernova remnant




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

Possible collaboration with members in AAB group members (RIKEN)

S.-H., Lee (Herman) J. Mao A. Wongwathanarat T. Takiwaki
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Matter mixing in aspherical core-collapse supernovae
- A search for possible conditions for conveying °°Ni into high
velocity regions

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) SN 1987A
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F LAS H C Od e for computatlonal s'c"iéfr.m(‘a

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)

 Eulerian hydrodynamic code
— Piecewise Parabolic Method (PPM)
— Unsplit solver, MHD, RHD

* AMR (Adaptive mesh refinement)
— Reduce numerical costs
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Aspherical explosion with clumpy structure
In the explosion (movie)
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Radial velocity distributions of the best
model in this study

 Relatively high velocity
(3000 km s1) of *®Ni

e Mass of *°Ni with ~ 3000
kmst:14x103 M,
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Matter mixing in large density perturbations
In the progenitor star

Mao et al. 2014 in prep.

« 2D mixing with large denS|ty
perturbations
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3D structure of Cas A

Delaney et al. 2010

Chandra ‘s X-rays
Spitzer ‘s infrared

. X-ray Fe-K
Black: X-ray Si XIII
: IR[Ar 1]
. high [Ne IIJ/[Ar 1I] ratio
Grey: IR [Si]I]

Yellow: optical outer ejecta
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Asymmetries in core-collapse supernovae
from maps of radioactive #Ti in Cas A

The concentration of Fe-rich ejecta inferred from maps in X-ray
atomic transitions is well outside the region where itis synthesized, and
not in the centre of the remnant interior to the reverse shock. This
observation has been used to suggest the operation of a strong instab-
ility similar to that proposed for SN 1993J?*. The presence of a signifi-
cant fraction of the **Ti interior to the reverse shock and the implied
presence of interior ‘invisible’ iron requires this conclusion be revisited.

Figure 2 | A comparison of the spatial distribution of the **Ti with the
known jet structure in Cas A. The image is oriented in standard astronomical
coordinates as show he compass in the lower left and spans just over 5" on
a side. The **Ti observed by NuSTAR is shown in blue, where the data have
been smoothed using a top-hat function with a radius shown in the lower right
(dashed circle). The **Ti is clearly resolved into distinct knots and is non-
uniformly distributed and almost entirely contained within the central 100"’
(Methods and Extended Data hown for context in green is the Chandra
o ratio image of the Si/Mg band (data courtesy of NASA/CXC; Si/Mg ratio image
courtesy of J. Vink), which highlights the jet-counterjet structure, the centre
of the expansion of the explosion? (yellow cross) and the direction of motion of
. the compact object (white arrow). In contrast to the bipolar feature seen in the
BI ue: 44T| spatial distribution of Si ejecta, which argues for fast rotation or a jet-like
explosion, the distribution of **Ti is much less elongated and contains knots of

5 ©F b d S emission away from the jet axis. A reason for this may be that the Si originates in
G reen: S |/M g an the outer stellar layers and is probably highly influenced by asymmetries in the

. A iz A4, N : .
circumstellar medium, unlike the *Ti, which is produced in the innermost
layers near the collapsing core.

“Ti - *5c = *Ca  Iron and #4Ti have different distributions

T.,=60yr T,,=4h
1/2 LARNRE V! Grefenstette+14, Nature, 506, 339
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Cosmic-ray acceleration in SNRs

* Acceleration of cosmic-ray in SNRs
— Up to 10> eV or more ?

— Magnetic field is key ingredient

Synchrotron radiation from

. / accelerated electrons

SN1006 (Chandra: X-ray)

2014/8/26 SNe and GRBs 2014 @ RIKEN
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Where the acceleration is active?

quasi-perpendicular equatorial belt €9. Ellison etal. 1995;
0 Jokipii 1987

o — obliquity

e.g., Rothenflug et al. 2004

quasi-parallel

w polar cap
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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

Reynoso et al. 2013, Aston. J, 145, 104
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Figure 4. Fractional polarization p of SN 1006 at 1.4 GHz. The resolution is
10 arcsec. The color scale is shown at the right. Only pixels where p was at least
twice its error were kept.

. . . s -2
for Faraday rotation (assuming uniform RM = 12 rad m™), at

10 arcsec resolution. Total intensity contours at 10, 20, and 50 mJy beam™lare

superposed, va ) _1 60 . For the vectors, a Polar Cap geometry |S favo red?

length of 30 arcsec represents 0.25 mly be: of polarized flux.
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Amplified strong magnetic field ?

Uchiyama et al. 2007, Nature, 4469 576

Variations of X-ray hot
spots on a 1 yr timescale

T Strong amplified magnetic
4 field (~ 100 u G)?

Figure 1| Chandra X ray images fth e western shell fSNR
RX J1713.7—-3946. a, A C h ndra X-r osaic image erla d jith Te
Yoray

tours frc Hl: surem °. North is up a l othc BOhm-difoSiOn |imit

tsyneh = 1.5 (B/mG)—l-5 (e/keV) O yr n=1
tace = 11 (¢/keV)?® (B/mG) ™ (v5/3,000kms ™) "2 yr
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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

2014/8/26 SNe and GRBs 2014 @ RIKEN
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3D simulation of a Type Ia SNR

Warren and Blondin 2013

Figure 9. Images showing the effect that changing the adiabatic index y of

the simulation has on the resultant remnant. The SW quadrant of Tycho's
SNR is included at the top-left for comparison. Clockwise from the top-
:the y = 5/3 run, the y = 4/3 run and the y = 6/5 run. All three
ctions are scaled to the correct relative size so interface locations can

be directly compared. Image of Tycho taken from Warren et al. (2005).

* Pure 3D hydro

— effects of particle
acceleration

« effective gamma
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contact discontinuity are separated by less than the width of the line used to

show them.
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3D MHD simulation : Role of gjecta clumping

* Small separation between the FS and CD (SN1006 : Miceli
et al. 2009) can be explain by ejecta clumping

Orlando et al. 2011

3D MHD

effective gamma depends on
oblique angle (quasi-parallel)

exponential profile ®
power law profile m
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3D simulation of the thermal X-ray emission from young
SNRs including efficient particle acceleration

Ferrand et al. 2012

2014/8/26

SNe and GRBs 2014 @ RIKEN

3D simulation

Diffusive Shock
Acceleration

Back reaction from
accelerated particle

Non-equilibrium
lonization
Thermal X-ray emission

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

High resolution spectrum
of X-ray from SNRs is

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

SNe and GRBs 2014 @ RIKEN
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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

2014/8/26 SNe and GRBs 2014 @ RIKEN
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Radial profiles of temp., ionization

50% of ions are singly ionized (except for hydrogen)
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/textcolor[rgb]{0.9,0.9,0.9}
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/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

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

Radius [10'8 cm]

beta = Te/Tion 72 74 76 78 80
* If beta = m,/m,,, beta~ 10

« beta = 0.01 is required for Tycho
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e Possible mechanism

» Cross-shock potential RS front

Fe Mean Charge
Figure 7. Electron temperature as a function of the mean charge of Fe ions from
our hydrodynamical simulations. The corresponding radius is iven above.
The black curve is the S, model where no collisionless electron heating
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Radial profiles of temp., ionization

50% of ions are singly ionized (except for hydrogen)
beta =T./T,, = m,/m, x le2
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Ejecta density profile : Power-law of n=7 with inner flat regions
Non-Uniform ejecta Comp. : W7
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Distribution of elements

Y-Axis (x10°18)
Y-Axis (x10°18)
Y-Axis (x10°18)
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Spectrum (continuum + thermal X-ray)

energy E [eV]

energy E [eV]

Uniform ejecta Comp. : Non-Uniform ejecta Comp. :
Offset-DDT model W7 (Nomoto et al. 1984)
(Maeda et al. 2010)
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3D MHD simulation

3D MHD simulation. with FLASH code
* An unsplit MHD solver
« Constraint transport (CT) method for divB =0

2014/8/26 SNe and GRBs 2014 @ RIKEN
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Initial clumpy ejecta for a Type la SN

Exponential ejecta profile for Type Ia SNRs
Dwarkadas & Chevalier 1998

psn = A exp(—v/vg)

" ( B 1/2 v=r/t
el =\ 6 M,

5/2
4= O M
87 FE3/2

—
0.5 pc

-06 -04 02 0 02 04 06
X [pc]

P = fip4/3 Wang 2005
E.... kinetic energy (10°! erq)
Mej: ejecta mass (1.37 M,,)
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Volume rendering images of density

2014/8/26 SNe and GRBs 2014 @ RIKEN
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Volume

Var: dens
— 1.230e-22

— 2.076e-23

3.507e-24

5.922e-25

— 1.000e-25
Max: 1.230e-22
Min: 3.243e-26
Streamline

Var: mag strength
— 1.000e-05

7.750e-06

5.500e-06

— 3.250e-06

Amplified magnetic field

1pG ~50uG

— 4.971e-05
1.872e-05
7.00ie-06

~ 2.655¢-06

- 1.000e-06
Max: &.97le-05
Min: 3.397e-10

Z-Axis (x10°18)

T R R B R I R B AR
-3.0 -2.0 -1.0

0.0
X-Axis (x10°18)

Computational domain is fixed. The resolution is
dominated by the maximum refinement level
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3D MHD simulation of a SNR with
remapping

Cycle: 1 Time:3.1536e+08

Volume
Var. dens

Qe-
-— .9e-21

—5.2e-22
—3.0e-23
— 1.7e-24

— 1.0e-25
Max: 8.9e-21
Min: 1.2e-25

Vector
Var. bvec
Constant.

Max: 1.000
Min: 1.000




Density

DB: mytest_3d_snr_hdf5_chk_0001 DB: mytest_3d_snr_hdf5_chk_0014

Cycle: 408 Time:5.73968e+08 Cycle: 1 Time:2.70137e+09
Volume Volume
Var. dens Var. dens

- 1.485e-21 - 1.535e-23

—1.692e-22 —5.483e-24

LI I e
1&5@6—24

TTTr o
1.927e-23
.195e-24

.500e-25

Min: 9.818e-26 Min: 1.665e-26

user: masaomi user: masaomi
Wed Jun 413:41:26% Wed Jun 413:42:142014
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CT (Constraint Transport) method :

magnitude of the B-field

DB: mytest_3d_snr_hdf5_chk_0001 DB: mytest_3d_snr_hdf5_chk_0007
Cycle: 408 Time:5.73968e+08 Cycle: 191 Time:1.17764e+09

Volume Volume
Var. bma Var. bmag
-—0.0001804

9
B 4.530e-05

—6.072e-05

—2.076e-05
1.946e-05

.000e-06
Max: 0.0001894
©-

user: masaomi

user: masaomi
Wed Jun 413:11:49 2014

Wed Jun 4 13:05:09 2(

At the remapping, div B = 0 is broken

SNe and GRBs 2014 @ RIKEN

2014/8/26



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

2014/8/26 SNe and GRBs 2014 @ RIKEN
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