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• Observational and theoretical astronomy

• Optical observations of supernovae in external galaxies 
(Imaging, Spectroscopy, Spectropolarimetry)

• Radiative transfer simulations



How Massive Stars End Their Life?

• Core-Collapse Supernova!

• Origin on elements, dynamical effect on the galaxy, 
origin of cosmic rays, ...

• But, how?  core-collapse --> bounce --> ??
Longstanding mystery (> 50 yrs)

• Recent “state-of-the-arts” 
numerical simulations

• Explosion would not succeed 
in one-dimensional simulations
(e.g., Rampp+00; Sumiyoshi+05)

However, there is also negative feedback in the deleptonization
during collapse (Liebendörfer et al. 2002). Smaller electron cap-
ture rates keep the electron fraction high, which then leads to an
increase of the free proton fraction and consequently to electron
captures after all. The resultant electron fraction turns out to be
not significantly different as we see below.

It is also noticeable that the mass fraction of alpha particles
differs substantially and the abundance of nuclei is slightly re-
duced in model SH. This difference of alpha abundances in the
two models persists during the collapse and even in the post-
bounce phase. The nuclear species appearing in the central core
during collapse are shown in the nuclear chart (Fig. 4). The
nuclei in model SH are always less neutron-rich than those in
model LS by more than several neutrons. This is also due to the
effect of the symmetry energy, which gives nuclei closer to the
stability line in model SH. The mass number reaches up to !80
and!100 at the central density of 1011 g cm"3 ( filled circles) and
1012 g cm"3 (open circles), respectively. In the current simula-

tions, the electron capture on nuclei is suppressed beyond N ¼
40 due to the simple prescription employed here and a difference
in species does not make any difference. However, results may
turn out differently when more realistic electron capture rates are
adopted (Hix et al. 2003). It would be interesting to see whether
the difference found in two EOSs leads to differences in central
cores using recent electron capture rates on nuclei (Langanke &
Martinez-Pinedo 2003). Further studies are necessary to discuss
the abundances of nuclei and the influence of more updated elec-
tron capture rates for the mixture of nuclear species beyond the
approximation of single species in the current EOSs.
The profiles of lepton fractions at bounce are shown in Fig-

ure 5. The central electron fraction in model SH is Ye ¼ 0:31,
which is slightly higher than Ye ¼ 0:29 in model LS. The central
lepton fractions including neutrinos for models SH and LS are
rather close to each other, being YL ¼ 0:36 and 0.35, respec-
tively. The difference of lepton fraction results in a different size

Fig. 3.—Mass fractions in the supernova cores as a function of baryon mass
coordinate at the time when the central density reaches 1011 g cm"3. Solid,
dashed, dotted, and dot-dashed lines show mass fractions of protons, neutrons,
nuclei, and alpha particles, respectively. The results for models SH and LS are
shown by thick and thin lines, respectively.

Fig. 4.—Nuclear species appearing in supernova cores plotted on the nuclear
chart. Stable nuclei and the neutron drip line (Horiguchi et al. 2000) are shown
by open square symbols and a dashed line, respectively. Nuclear species at the
center of the core are marked by filled circles (!c ¼ 1011 g cm"3) and open
circles (!c ¼ 1012 g cm"3). The results for models SH and LS are shown by
thick and thin lines, respectively.

Fig. 2.—Radial positions of shock waves in models SH (thick lines) and LS (thin lines) as a function of time after bounce. The evolution at early (left) and late (right)
times is shown. Small fluctuations in the curves are due to a numerical artifact in the procedure for determining the shock position from a limited number of grid points.
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Unsolved Problems in Astronomy
• Does the activity of the sun affect the earth? 

• The structure of the solar system

• How were the planets formed?

• Is our solar system common? (Extrasolar planets)

• How do massive stars explode?

• The life of galaxies

• What is the gamma-ray bursts

• The origin of ultra-high energy cosmic rays

• How was the first galaxy formed?

• What is “dark matter”?

• What is “dark energy”?

• How many dimensions are in the universe?

• Is our universe alone? Newton 2008, ed. by Kaifu 



A Hope

• Multi-dimensional simulations

• Non-spherical explosion
may succeed with help of 
e.g.,  rotation, magnetic field,  
or some instabilities

Are SNe Really Non-Spherical?
--> Extracting Explosion Geometry 

of SNe from Observations

– 20 –

Fig. 6.— Three dimensional plot of density with the magnetic field lines (silver line) for

B10J1.5 model near at the moment of the shock break-out (2.11 s). Color contour on the
two-dimensional slice represents the logarithmic density. The outer edge of the sphere colored

by blue represents the radius of 2×108cm. The outflow is shown to be driven by the so-called
magnetic tower, i.e., by the toroidal fields tangled around the rotational axis. Note that the
field lines outside the bluerish region, seen to be more weakly twisted than inside, come

mainly from the preshock region.

Harikae et al. 2009
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Physical time: t=454 ms
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Physical time: t=524 ms
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 Physical time: t=610 ms
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Physical time: t=650 ms
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Physical time: t=700 ms
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Figure 4. Six snapshots from the post-bounce evolution of Model M15LS-rot. The color coding represents the entropy of the stellar gas. The shock is visible as
deformed sharp discontinuity between low-entropy, infalling matter in the upstream region and high-entropy, boiling matter behind the shock; its position is highlighted
by a bold, solid white contour. The top left plot shows the entropy distribution at t = 119 ms after bounce, about 40 ms after the postshock convection has reached the
nonlinear regime and the shock develops first small nonsphericities. The top right and middle left plots (t = 454 ms and 524 ms after bounce, respectively) demonstrate
the presence of very strong bipolar oscillations due to the SASI, the middle right plot (t = 610 ms p.b.) displays the beginning of a rapid outward expansion, and the
lower two plots (for t = 650 ms and 700 ms post bounce) show the onset of the explosion with a largely aspherical shock that possesses a dominant l = 1 deformation
mode. Note that the radial scale was adjusted in the last three snapshots and that the contracting nascent neutron star exhibits a growing prolate deformation because
of the rotation considered in this simulation. The thin, solid white line in each panel marks the direction-dependent location of the gain radius, and the thin dotted,
dashed, and dash-dotted white lines indicate the inner boundaries of the regions where iron-group elements, silicon, or oxygen, respectively, dominate the composition
(the contours are defined by mass fractions of 30% iron-group elements, 30% silicon, and 10% oxygen, respectively). In some of the panels not all these composition
interfaces are located within the plotted area, and the iron-dissociation line or the iron-silicon interface can (at least partly) overlap with the shock contour. We point
out that the rotation of the model is so slow that the composition interfaces in the preshock region exhibit no visible centrifugal deformation.

lowest modes turns out to reflect rather sensitively the dynamical
activity in the accretion layer. One should note that during
phases of relative quiescence of the dipole mode the quadrupole
mode is dominant and vice versa. A high level of activity is
reached shortly after convection has become strong and the SASI
deformation of the shock has set in (t ! 100 ms after bounce).
The following slight reduction of the power is a consequence
of the shock retraction between 100 and 150 ms post bounce.
When the jump in the entropy, density, and mass accretion rate

associated with the composition interface between the Si layer
and the oxygen-enriched Si shell of the progenitor reaches the
shock at ∼170 ms after bounce, transient shock inflation is
triggered (see Figures 1, 2, 3, and 6). As a consequence, the
SASI power increases again before it decays once more during
another period of shock contraction. At t ! 400 ms a phase
of basically continuous, slow expansion of the average shock
radius begins and the low-mode power grows. After 500 ms
until the end of our simulation at ∼700 ms, the low SASI modes

Marek et al. 2009



Some Quantities

• Velocity ~ 10,000 km/s 
(from spectroscopy, Doppler shift)

• Time ~ 30 days - 1 yr
(diffusion time - 56Co decay time)

• Radius ~ 2 x 1015 cm ~ 0.001pc @ 30 days

• Distance ~ 30 Mpc (~1026cm)

• Angular size ~ 10-10 deg (~10-6 arcsec)
(diffraction limit of ~100 km telescope in optical)

We cannot resolve the “shape”...



Electron scattering 
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Power of Polarization (2/2)

Zero polarization

Non-zero polarization
The unique method to explore

the “shape” of extragalactic (point source) SNe

Non-zero polarization
(at line)

ion



Strategy for SN Spectropolarimetry
• Spectropolarimetry = “Photon-hungry” technique

• Wavelength resolution (λ/Δλ~600 --> Δv ~500 km/s)
polarization accuracy (0.1%) 

• SN = transient 

• Fading rate ~1-2mag/50 days

• Need for ToO observation
with large telescopes
< 2-3 weeks after the discovery

• Very small samples so far 
(only 4 high-quality data for H-deficit core-collapse SNe)

1.2 Observational Properties of Supernovae 7
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Fig. 1.5.— Optical(-infrared) quasi-bolometric light curves of Type Ic SNe 1998bw (Patat et al.
2001), 1994I (Richmond et al. 1996), Type Ia SN 1992A, and Type II SN 1999em (Elmhamdi
et al. 2003). The timescale around the peak is a few tens days in Type Ia and Ic SNe. In Type II
SNe, plateau phases lasts until ∼ 100 days after the explosion. After ∼ 100 days after explosion,
the behavior of all types of SNe is similar, which is determined by the decay timescale of 56Co,
and escaping efficiency of γ-ray.

SNe 1998bw, 1994I, 1992A in Fig. 1.5). This is because the SN ejecta is optically thick soon after
the explosion and optical photons are trapped. As a result, the optical radiation from the surface is
delayed.

A typical optical depth of electron scattering in SN ejecta is estimated as following:

τopt = neσR ∼ (3Mej/4πR3mH)σR ∼ (3σ/8πmH)(Mej/EK)t−2 ∼ 104(t/day)−2. (1.4)

Here, we assume Mej = 4/3πR3nemH (ejecta are singly-ionized), and EK = 1/2Mejv2 =
1/2Mej(R/t)2. As typical parameters, ejecta mass and kinetic energy are assumed to be Mej ∼
1M" and EK ∼ 1051 erg. This simple estimate means that the effect of photon diffusion is
important until t ∼ 100 days (Fig. 1.5). The timescale of the LC (τLC) is roughly scaled as
following (Arnett 1982):

τLC ∝ κ1/2M3/4
ej E−1/4

K , (1.5)



Description of Polarization

• Stokes parameters (for linear polarization)

• I     =         +                  =              +

• Q   =         --

• U   =         --

• Total polarization P = (Q2 + U2)0.5 / I

• Polarization angle θ= 1/2 atan(U/Q)

Subaru telescope

θ
N

E



Results



• Large polarization at Ca 
= Explosion is not 
spherically symmetric!
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• No polarization at O/Na
= different distribution 
between Ca and O/Na

• Continuum polarization?



Interstellar Polarization
• P < 9% x E(B-V)

Serkowski et al. 1975
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magnetic field

(Astrophoto.com)



Inferred Element Distributions
• O I and Na I: nearly spherical 

(Pre-exist in the massive stars)

• Ca II: non-spherical
(Synthesized by the explosion + pre-exist)

shock

line of sightExample: 
Bipolar explosion

(not unique!!)

O, Na

Ca

Ca
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Polarization of Type Ia Supernova
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• Rotation of the angle
is well-known 
(e.g., Wang et al. 2003)

Type Ia SNe are brighter 
--> more samples
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Thermonuclear Explosion

• Rotation of the angle  <-->  Turbulence...
(Wang & Wheeler 2008)

Roepke et al. 2004

F. K. Röpke et al.: Type Ia supernova diversity in three-dimensional models 207
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Fig. 1. Time evolution of the burning front for model 2_2_X.

corresponding to a central grid resolution of 106 cm. In each di-
rection the grid length in the outer 35 zones was increased sub-
sequently by a factor of 1.15. As was pointed out by Reinecke
et al. (2002c) the chosen resolution still guarantees numerical
convergence in the explosion characteristics (possibly with the
exception of the latest stages of the burning where intermedi-
ate mass elements are produced). This convergence was demon-
strated there only for two-dimensional simulations. However,
since the convergence is not a result of resolving turbulence ef-
fects on all relevant scales (which will never be possible) but
rather results from an interplay of the resolved scales with the
subgrid-scale turbulence model, it is justified to assume a simi-
lar behavior in three-dimensional models.

With the chosen resolution it is not possible to set up rea-
sonable multi-point ignition scenarios, as only a very small
number of seed-bubbles could be resolved. This is a drawback
because Reinecke et al. (2002b) showed that such models give
rise to more vigorous explosions. We restrict our simulations to
the centrally ignited c3_3d_256 model of Reinecke et al. (2002c)
in which the spherical initial flame geometry is perturbed with
three toroidal rings (see the upper left panel of Fig. 1). Note that
we initially incinerate the same volume in all models, which does
not correspond to the same mass for different central densities.
This ensures the same initial numerical resolution of the flame
front.

For the construction of a WD near the Chandrasekhar mass
we follow the procedure described by Reinecke (2001). We as-
sume a cold isothermal WD of a temperature T0 = 5 × 105 K.
With the chosen values for the carbon mass fraction of the

material and the central density we integrate the equations of
hydrostatic equilibrium using the equation of state described
in Sect. 2.1. Depending on the central densities and composi-
tions, the masses of the resulting WDs vary slightly: for ρc =
1.0 × 109 g cm−3 and ρc = 2.6 × 109 g cm−3 the WD masses
amount to 1.367 M# and 1.403 M#, respectively. As tested by
Reinecke (2001), the construction procedure guarantees stabil-
ity of the WD over a time longer than simulated.

The [ntrace]3 tracer particles are distributed in an ntrace×ntrace×
ntrace equidistant grid in the integrated mass M0(r), the azimuthal
angle φ, and cos θ, so that each particle represents the same
amount of mass. In order to improve the tracer particle statis-
tics, a random offset to the coordinates was applied. This offset
was chosen small enough to keep the tracer particles in their in-
dividual mass cells. The values of the density, the temperature
and the internal energy at the tracer particle’s location and its
coordinates were recorded every ∼1 ms. This allows for an ac-
curate reconstruction of the trajectories as well as the final ve-
locities and the thermodynamical data. In the models presented
in the following we set ntrace = 27. To test the representation of
the model in the tracer particles in cases of low central densities,
this number was increased to 35 in test calculations, as will be
discussed below.

5. Explosion models

The explosion simulation for model 2_2_X (the metallicity does
not affect the explosion dynamics in our implementation) at four
different times is illustrated in Fig. 1. The isosurface indicating

Roepke et al. 2006



What about Core-Collapse SNe?
• Core-collapse: spherical or axisymmetric

• Resulting explosion: fully 3D

Two-axes in collapse? 3D instability?

Mikami et al. 2008 Iwakami et al. 2008
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(a) t = 40 ms (b) t = 70 ms

(c) t = 80 ms (d) t = 350 ms

Fig. 8.— The iso-entropy surfaces and velocity vectors in the meridian section for the
explosion model (Model VI). Note that the displayed region is 2.5 times larger for panel (d).

666 K. Kifonidis et al.: Non-spherical core collapse supernovae. II.

Fig. 1. Top row: entropy distribution (in units of kB/nucleon) for three of the simulations listed in Table 2 at early times. From left to right a)
model b18a at t = 1 s, b) model b18b at t = 1 s, and c) model b23a at t = 0.92 s. Bottom row: density distribution for the same models at later
instants. From left to right: d) model b18a at t = 3024 s, e) model b18b at t = 3031 s, and f) model b23a at t = 3083 s. Note the change of shape
of the supernova shock (the outermost discontinuity in all plots). Note also the polar jets which deform the otherwise spherical main shock at late
times. They are a consequence of our use of a spherical coordinate grid and our assumption of axisymmetry.

Kifonidis et al. 2006

??



Current Status and Future Prospects

• Quantitative study 

• 3D radiative transfer simulations with polarization

• SN spectropolarimetry with Subaru
(PI: MT, Co-I: K. Kawabata, T. Hattori, M. Yamanaka, K. Maeda, et al.)
--> 3 SNe so far (4 before this program)

• S09A (1 night ToO), S09B (2 nights ToO), 
S10A (2 nights ToO), S10B (submitted)

• Doubling the number of high-quality samples in 2 yrs

• Statistical properties with > 10 samples



iii

Summary: How Massive Stars End Their Life?

• From Spectropolarimetric View...

• The explosion is not spherically symmetric
(consistent with other works/expectations/hope)

• Not even axisymmetric!
(NEW with spectropolarimetry)

• Two axes (c.f. pulsar)? 
Clumps (c.f. thermonuclear explosion)?

• --> Quantitative study 
with 3D radiative transfer code

JET

DISK
O, Na

Ca

Ca2D?

3D!!


