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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 #
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 # 0:31,
which is slightly higher than Ye # 0:29 in model LS. The central
lepton fractions including neutrinos for models SH and LS are
rather close to each other, being YL # 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 # 1011 g cm"3) and open
circles (!c # 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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- Neutrino mechanism: Germany, US, Japan, ...
- Magneto-rotational mechanism: Russia, US, Japan, ...

(after Bisnovatyi-Kogan 1970)
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Supernova remnants
(> 300 yr)

Young supernovae
(< 2-3 yr)

Observations of supernovae

Subaru



Subaru

Extragalactic Supernova

•Velocity ~ 10,000 km/s 

•Radius ~ 2 x 1015 cm ~ 0.001pc @ 30d

• τ ~ ne σ R ~ 102 (t/10 days) -2

optically thick => thin (~ 1 yr)

•Distance ~ 30 Mpc (~1026 cm ~ 100 Mly)

•Angular size ~10-6 arcsec @ 30d
Point source!
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3D convection?

Harikae+09

2D bipolar flow ?

Hanke+11

Diagnostic of the Geometry?
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Figure 2. Depicted here are curves showing the temporal evolution of the
average radius of the shock (in kilometers) for various driving electron neutrino
luminosities and for simulations in 1D, 2D, and 3D. The 1D models are rendered
as black dashed lines, the 2D models as solid blue lines, and the 3D models as
thick solid red lines. Each line is indexed by the corresponding electron–neutrino
luminosity of the simulation, in units of 1052 erg s!1. Implied is an equal anti-
electron–neutrino luminosity. Time is in seconds after bounce. See the text in
Section 4 for a discussion of this figure.
(A color version of this figure is available in the online journal.)

times, as does the 3D simulation, they are currently tending.
This suggests that whatever is causing their explosions does not
much distinguish between 2D and 3D in the way we so clearly
see in our suite of simulations. The reason for this is unclear,
but we note that when we obtain early explosions (in this paper,

at the highest driving neutrino luminosities), the difference in
the time to explosion in 2D and 3D is similarly significantly
reduced.

Table 1 clearly demonstrates that the time to explosion
is shorter at higher dimension than at lower dimension and
provides a more extended compilation of 1D, 2D, and 3D
exploding models and the approximate times at which they
explode. The table is arranged so that overlapping horizontal
rows, though done for a different number of dimensions, have
the same driving luminosities. This format clearly reveals that,
all else being equal, the time to explosion is significantly
shorter at higher dimension. For example, the 1D model at
L!e

= 2.5 " 1052 erg s!1 explodes around #0.75 s while
the corresponding 2D model explodes near 0.2 s. Interestingly,
this is the time at which the 3D model at the much lower
luminosity of 1.9 " 1052 erg s!1 explodes. The time it takes the
1.9 " 1052 erg s!1 model in 3D to lift the average shock radius
from #200–300 km to #1200 km during the early explosion
phase is #200 ms, at which point the shock is moving at a speed
of #30,000 km s!1. As indicated in the figure, early in the
incipient explosion phase the average shock radius gradually,
but steadily, accelerates.

In the panels of Figure 3, we compare representative entropy
color maps of simulations for the same neutrino luminosities
and times after bounce, but for different numbers of dimen-
sions. The top two panels contrast 1D (left) and 2D (right) runs,
both for a luminosity of 2.5 " 1052 erg s!1 and at #468 ms
after bounce. Note that while the 2D run is exploding, the 1D
run is not, though the physical model and inputs are otherwise

Time = 0.468 s 2D
L_2.1

Figure 3. In these panels, we compare representative entropy maps of two simulations for the same driving neutrino luminosities and times after bounce, but for
different numbers of dimensions. The top two panels contrast 1D (left) and 2D (right) runs, both for an electron-type neutrino luminosity of 2.1 " 1052 erg s!1 and at
#0.468 ms after bounce. The bottom panels compare models in 2D (left) and 3D (right), both for an electron-type neutrino luminosity of 1.9 " 1052 erg s!1 and at
0.422 ms after bounce. The same color map is used for all four panels. Note that while the two top panels are for the same luminosity and epoch after bounce, only
the 2D simulation has exploded. Similarly, while the two bottom panels are at the same luminosity and time after bounce, the development of the 3D simulation is
qualitatively different from that of the corresponding 2D run. Also note the different general morphologies of the 3D (bottom) and 2D (top) models that explode. See
the text in Sections 4 and 5 for a discussion.
(A color version of this figure is available in the online journal.)
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Figure 2. Simulated line polarization for a 2D bipolar model (top) and a 3D clumpy model (bottom). Left: the distribution of the line optical depth. Middle: the total
flux spectrum and polarization spectrum. The polarization angle is consistent with a constant in the 2D model, while it changes across the line in the 3D model. Right:
the same simulated polarization but in the Q – U diagram. Different colors represent different Doppler velocities, according to the color bar above the plots. The
polarization data show a straight line (constant angle) in the 2D model, while the data show a loop (variable angle) in the 3D model. Details of the simulations will be
given in a forthcoming paper.
(A color version of this figure is available in the online journal.)

polarization degree among different objects. The implications
of this dispersion are discussed. Finally, we give conclusions in
Section 5.

2. OBSERVATIONS

We have performed spectropolarimetric observations of SNe
2009jf and 2009mi with the 8.2 m Subaru Telescope equipped
with the Faint Object Camera and Spectrograph (Kashikawa
et al. 2002) on UT 2009 October 24.3 (MJD = 55128.3)
and 2010 January 8.3 (MJD = 55204.3), respectively. These
epochs correspond to t = +9.3 and +26.5 days from the B-band
maximum (MJD = 55118.96 for SN 2009jf according to Sahu
et al. 2011, and MJD = 55177.8 for SN 2009mi, based on our
observations). Hereafter, t denotes the days after the B-band
maximum. The log of observations are shown in Table 1.

For both observations, we used an offset slit of 0.!!8 width, a
300 lines mm"1 grism, and the Y47 filter. This configuration
gives a wavelength coverage of 4700–9000 Å. The wavelength
resolution is "! # 10 Å. For the measurement of linear
polarization, we use a rotating superachromatic half-wave plate
and a crystal quartz Wollaston prism. One set of observations
consists of the integrations with the 0$, 45$, 22.$5, and 67.$5

positions of the half-wave plate. From this set of exposures,
the Stokes parameters Q and U are derived as described by
Tinbergen (1996).

For the observations of SN 2009jf we performed six sets of
the integrations at the four angles with a total exposure time of
4.0 hr. For SN 2009mi, we performed five sets of the integrations
at the four angles with a total exposure time of 3.8 hr. Typical
seeing during the observations was 0.!!8 and 1.!!1–1.!!5 for SNe
2009jf and 2009mi, respectively.

After deriving the Stokes parameters for each set of obser-
vations, these were combined. Then, the instrumental polariza-
tion (%0%–0.4 %) was evaluated and subtracted using unpolar-
ized stars (Schmidt et al. 1992), G191-B2B (for both objects),
BD+28$4211 (for SN 2009jf), and HD 14069 (for SN 2009mi),
observed on the same night. The reference axis of the position
angle was calibrated by the observation of the strongly polar-
ized star Hiltner 960 (Schmidt et al. 1992 for SN 2009jf) and
HD 251204 (Turnshek et al. 1990 for SN 2009mi). The wave-
length dependence of the optical axis of the half-wave plate was
corrected using the dome flat taken through a fully polarizing
filter. The total flux was calibrated using the observation of the
spectrophotometric standard stars BD+28$4211 and G191-B2B
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Figure 2. Simulated line polarization for a 2D bipolar model (top) and a 3D clumpy model (bottom). Left: the distribution of the line optical depth. Middle: the total
flux spectrum and polarization spectrum. The polarization angle is consistent with a constant in the 2D model, while it changes across the line in the 3D model. Right:
the same simulated polarization but in the Q – U diagram. Different colors represent different Doppler velocities, according to the color bar above the plots. The
polarization data show a straight line (constant angle) in the 2D model, while the data show a loop (variable angle) in the 3D model. Details of the simulations will be
given in a forthcoming paper.
(A color version of this figure is available in the online journal.)

polarization degree among different objects. The implications
of this dispersion are discussed. Finally, we give conclusions in
Section 5.

2. OBSERVATIONS

We have performed spectropolarimetric observations of SNe
2009jf and 2009mi with the 8.2 m Subaru Telescope equipped
with the Faint Object Camera and Spectrograph (Kashikawa
et al. 2002) on UT 2009 October 24.3 (MJD = 55128.3)
and 2010 January 8.3 (MJD = 55204.3), respectively. These
epochs correspond to t = +9.3 and +26.5 days from the B-band
maximum (MJD = 55118.96 for SN 2009jf according to Sahu
et al. 2011, and MJD = 55177.8 for SN 2009mi, based on our
observations). Hereafter, t denotes the days after the B-band
maximum. The log of observations are shown in Table 1.

For both observations, we used an offset slit of 0.!!8 width, a
300 lines mm"1 grism, and the Y47 filter. This configuration
gives a wavelength coverage of 4700–9000 Å. The wavelength
resolution is "! # 10 Å. For the measurement of linear
polarization, we use a rotating superachromatic half-wave plate
and a crystal quartz Wollaston prism. One set of observations
consists of the integrations with the 0$, 45$, 22.$5, and 67.$5

positions of the half-wave plate. From this set of exposures,
the Stokes parameters Q and U are derived as described by
Tinbergen (1996).

For the observations of SN 2009jf we performed six sets of
the integrations at the four angles with a total exposure time of
4.0 hr. For SN 2009mi, we performed five sets of the integrations
at the four angles with a total exposure time of 3.8 hr. Typical
seeing during the observations was 0.!!8 and 1.!!1–1.!!5 for SNe
2009jf and 2009mi, respectively.

After deriving the Stokes parameters for each set of obser-
vations, these were combined. Then, the instrumental polariza-
tion (%0%–0.4 %) was evaluated and subtracted using unpolar-
ized stars (Schmidt et al. 1992), G191-B2B (for both objects),
BD+28$4211 (for SN 2009jf), and HD 14069 (for SN 2009mi),
observed on the same night. The reference axis of the position
angle was calibrated by the observation of the strongly polar-
ized star Hiltner 960 (Schmidt et al. 1992 for SN 2009jf) and
HD 251204 (Turnshek et al. 1990 for SN 2009mi). The wave-
length dependence of the optical axis of the half-wave plate was
corrected using the dome flat taken through a fully polarizing
filter. The total flux was calibrated using the observation of the
spectrophotometric standard stars BD+28$4211 and G191-B2B
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Figure 2. Simulated line polarization for a 2D bipolar model (top) and a 3D clumpy model (bottom). Left: the distribution of the line optical depth. Middle: the total
flux spectrum and polarization spectrum. The polarization angle is consistent with a constant in the 2D model, while it changes across the line in the 3D model. Right:
the same simulated polarization but in the Q – U diagram. Different colors represent different Doppler velocities, according to the color bar above the plots. The
polarization data show a straight line (constant angle) in the 2D model, while the data show a loop (variable angle) in the 3D model. Details of the simulations will be
given in a forthcoming paper.
(A color version of this figure is available in the online journal.)

polarization degree among different objects. The implications
of this dispersion are discussed. Finally, we give conclusions in
Section 5.

2. OBSERVATIONS

We have performed spectropolarimetric observations of SNe
2009jf and 2009mi with the 8.2 m Subaru Telescope equipped
with the Faint Object Camera and Spectrograph (Kashikawa
et al. 2002) on UT 2009 October 24.3 (MJD = 55128.3)
and 2010 January 8.3 (MJD = 55204.3), respectively. These
epochs correspond to t = +9.3 and +26.5 days from the B-band
maximum (MJD = 55118.96 for SN 2009jf according to Sahu
et al. 2011, and MJD = 55177.8 for SN 2009mi, based on our
observations). Hereafter, t denotes the days after the B-band
maximum. The log of observations are shown in Table 1.

For both observations, we used an offset slit of 0.!!8 width, a
300 lines mm"1 grism, and the Y47 filter. This configuration
gives a wavelength coverage of 4700–9000 Å. The wavelength
resolution is "! # 10 Å. For the measurement of linear
polarization, we use a rotating superachromatic half-wave plate
and a crystal quartz Wollaston prism. One set of observations
consists of the integrations with the 0$, 45$, 22.$5, and 67.$5

positions of the half-wave plate. From this set of exposures,
the Stokes parameters Q and U are derived as described by
Tinbergen (1996).

For the observations of SN 2009jf we performed six sets of
the integrations at the four angles with a total exposure time of
4.0 hr. For SN 2009mi, we performed five sets of the integrations
at the four angles with a total exposure time of 3.8 hr. Typical
seeing during the observations was 0.!!8 and 1.!!1–1.!!5 for SNe
2009jf and 2009mi, respectively.

After deriving the Stokes parameters for each set of obser-
vations, these were combined. Then, the instrumental polariza-
tion (%0%–0.4 %) was evaluated and subtracted using unpolar-
ized stars (Schmidt et al. 1992), G191-B2B (for both objects),
BD+28$4211 (for SN 2009jf), and HD 14069 (for SN 2009mi),
observed on the same night. The reference axis of the position
angle was calibrated by the observation of the strongly polar-
ized star Hiltner 960 (Schmidt et al. 1992 for SN 2009jf) and
HD 251204 (Turnshek et al. 1990 for SN 2009mi). The wave-
length dependence of the optical axis of the half-wave plate was
corrected using the dome flat taken through a fully polarizing
filter. The total flux was calibrated using the observation of the
spectrophotometric standard stars BD+28$4211 and G191-B2B
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Figure 2. Simulated line polarization for a 2D bipolar model (top) and a 3D clumpy model (bottom). Left: the distribution of the line optical depth. Middle: the total
flux spectrum and polarization spectrum. The polarization angle is consistent with a constant in the 2D model, while it changes across the line in the 3D model. Right:
the same simulated polarization but in the Q – U diagram. Different colors represent different Doppler velocities, according to the color bar above the plots. The
polarization data show a straight line (constant angle) in the 2D model, while the data show a loop (variable angle) in the 3D model. Details of the simulations will be
given in a forthcoming paper.
(A color version of this figure is available in the online journal.)
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of this dispersion are discussed. Finally, we give conclusions in
Section 5.

2. OBSERVATIONS

We have performed spectropolarimetric observations of SNe
2009jf and 2009mi with the 8.2 m Subaru Telescope equipped
with the Faint Object Camera and Spectrograph (Kashikawa
et al. 2002) on UT 2009 October 24.3 (MJD = 55128.3)
and 2010 January 8.3 (MJD = 55204.3), respectively. These
epochs correspond to t = +9.3 and +26.5 days from the B-band
maximum (MJD = 55118.96 for SN 2009jf according to Sahu
et al. 2011, and MJD = 55177.8 for SN 2009mi, based on our
observations). Hereafter, t denotes the days after the B-band
maximum. The log of observations are shown in Table 1.

For both observations, we used an offset slit of 0.!!8 width, a
300 lines mm"1 grism, and the Y47 filter. This configuration
gives a wavelength coverage of 4700–9000 Å. The wavelength
resolution is "! # 10 Å. For the measurement of linear
polarization, we use a rotating superachromatic half-wave plate
and a crystal quartz Wollaston prism. One set of observations
consists of the integrations with the 0$, 45$, 22.$5, and 67.$5

positions of the half-wave plate. From this set of exposures,
the Stokes parameters Q and U are derived as described by
Tinbergen (1996).

For the observations of SN 2009jf we performed six sets of
the integrations at the four angles with a total exposure time of
4.0 hr. For SN 2009mi, we performed five sets of the integrations
at the four angles with a total exposure time of 3.8 hr. Typical
seeing during the observations was 0.!!8 and 1.!!1–1.!!5 for SNe
2009jf and 2009mi, respectively.

After deriving the Stokes parameters for each set of obser-
vations, these were combined. Then, the instrumental polariza-
tion (%0%–0.4 %) was evaluated and subtracted using unpolar-
ized stars (Schmidt et al. 1992), G191-B2B (for both objects),
BD+28$4211 (for SN 2009jf), and HD 14069 (for SN 2009mi),
observed on the same night. The reference axis of the position
angle was calibrated by the observation of the strongly polar-
ized star Hiltner 960 (Schmidt et al. 1992 for SN 2009jf) and
HD 251204 (Turnshek et al. 1990 for SN 2009mi). The wave-
length dependence of the optical axis of the half-wave plate was
corrected using the dome flat taken through a fully polarizing
filter. The total flux was calibrated using the observation of the
spectrophotometric standard stars BD+28$4211 and G191-B2B
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Figure 1. The field of view (9’x9’) of SN 2009jf. This R-band
Calar Alto image (18 November 2009) was taken 34 days after the
B-band maximum. The local sequence stars have been numbered
to calibrate the photometry (magnitudes reported in Tables C1
and C2).

2 DISCOVERY AND FOLLOW-UP

SN 2009jf was discovered (Li, Cenko & Filippenko 2009)
on 2009 September 27.33 (UT dates are used through-
out this paper) with the Katzman Automatic Imaging
Telescope (KAIT) during the Lick Observatory Supernova
Search (Filippenko et al. 2001). The supernova is located
at coordinates ! = 23h04m52s.98 and " =+12!19"59"".5
(equinox J2000), which is 53"".8 W and 36"".5 N of the
centre of the host galaxy NGC 7479. The host is a
barred spiral galaxy, with an intriguing jet-like radio con-
tinuum feature. The alignment of this jet, which is in
the opposite orientation to the optical arms, has been
suggested to be consistent with NGC 7479 having re-
cently undergone a minor merger (Laine & Beck 2008). SN
2009jf was not visible in a KAIT unfiltered image taken
4 days before discovery (September 23.32) (>19.2 mag,
Li, Cenko & Filippenko 2009) and was classified on Septem-
ber 29.1 as a young Type Ib SN similar to SN 1999ex
(Kasliwal et al. 2009; Sahu, Anupama & Gurugubelli 2009).
Itagaki, Kaneda & Yamaoka (2009) reported the detection
of a source close to the position of the SN in several images
obtained over the past few decades. A rough estimate of the
absolute magnitude of the source in the pre-discovery im-
ages (!14.5 mag) led Itagaki, Kaneda & Yamaoka (2009)
to initially suggest a Luminous Blue Variable (LBV)
as the progenitor of SN 2009jf. However, we have un-
dertaken a more thorough analysis of the archival im-
ages, and the source is more likely a cluster close to
the position where the SN occurred (see Section 6).
SN 1990U, which was a SN Type Ic, also exploded
in this galaxy (Pennypacker, Perlmutter & Marvin 1990;
Filippenko, Shields & Richmond 1990).

Being discovered well before maximum, and in a nearby
host galaxy, SN 2009jf was targeted for an intensive spectro-
photometric follow-up campaign by the European Large
Programme (ELP) SN Collaboration1 , together with the
Millenium Center for Supernova Science (MCSS).

Our photometric and spectroscopic monitoring cam-
paign for SN 2009jf began on 2009 October 1st, just 7 days
after explosion (see Section 3). We observed the SN every
" 2! 3 days in Sloan and Bessel filters, with sligthly more
relaxed coverage (one observation every " 4!5 days) in the
NIR bands. From the beginning of December, "2.5 months
after explosion, the SN was no longer visible from the South-
ern Hemisphere. From then on, it was observed from the
Northern Hemisphere with a more relaxed cadence (one ob-
servation every week) until it disappeared behind the sun at
"105 days after explosion. The SN was recovered as soon
as it was visible again in June 2010 with observations that
extended until October to cover the nebular phase.

We used several of the facilities available to the ELP
collaboration, and also the five PROMPT2 (Reichart et al.
2005) telescopes used by the MCSS project. The Swift tele-
scope also observed SN 2009jf at UV wavelengths, and the
publicly available data from this has been included in our
analysis. However, due to the strong contamination from the
close-by cluster the Swift uvm2 and uvw2 filter data are not
usable (see Appendix A) and thus not reported.

NGC 7479 is one of the most beautiful nearby face-
on galaxies, and a popular target for amateur astronomers.
Some of the images obtained by amateurs have been useful
in constraining the explosion epoch, and these have been
added to our dataset. In particular, we obtained images of
NGC 7479 taken on September 23, 24, 26 and 27, providing
excellent coverage close to the explosion epoch3.

The UBV RI data ranging from "1 to "380 days after
explosion are reported in Table C3, while the ugriz data
are reported in Table C4. All data calibrated to the Landolt
system are in the Vega system, while the data calibrated to
Sloan are in the AB system (Smith et al. 2002).

Spectroscopic monitoring started on 2009 October 1st, 7
days after explosion and continued during the photospheric
phase until the beginning of the seasonal gap at "105 d after
explosion. More spectra were collected in the nebular phase,
when the SN became visible again. In total we collected
20 optical and 4 infrared spectra of SN 2009jf (see Section
4). Details of our data reduction methods are reported in
Appendix A.

2.1 Archival observations

To search for a progenitor in pre-explosion data (see Smartt
2009, for a review), we queried all suitable publicly available
image archives of which we are aware.

The most useful images for constraining the pre-
explosion environment and progenitor of SN 2009jf are from
the Wide-Field and Planetary Camera 2 (WFPC2) on-board
the Hubble Space Telescope (HST). The site of SN 2009jf was

1 http://graspa.oapd.inaf.it/index.php?option=com content&view=article&id=68&Itemid=93
2 Panchromatic Robotic Optical Monitoring and Polarimetry
Telescopes.
3 http://eder.csillagaszat.hu/deepsky/350D/sn2009jf/sn2009jf eder en.htm
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namely, Type Ib SNe 2005bf (Maund et al. 2007b; Tanaka
et al. 2009a), 2008D (Maund et al. 2009), 2009jf (this pa-
per), Type Ic SNe 2002ap (Kawabata et al. 2002; Leonard
et al. 2002; Wang et al. 2003b), 2007gr (Tanaka et al.
2008), and 2009mi (this paper). As also noted by Wang
& Wheeler (2008), it is clear that all SNe show non-
zero polarization, which means that stripped-envelope
SNe generally have asymmetric explosion geometry.

For SNe 2005bf and 2008D, Maund et al. (2007b, 2009)
found a loop in the Q!U diagram at strong lines, which

is indicative of a 3D geometry (Kasen et al. 2003; Maund
et al. 2007b,c, see also Figure 2). Our new data for SNe
2009jf and 2009mi also show a loop in the Q!U diagram.
We have checked the literature about SN 2002ap (Kawa-
bata et al. 2002; Leonard et al. 2002; Wang et al. 2003b).
Although they do not explicitly mention the loop, the
data in Kawabata et al. (2002) show a loop in the Ca ii
line. Thus, loops are quite common in stripped-envelope
SNe; five of six stripped-envelope SNe show the loop.
This implies that a non-axisymmetric, 3D geometry is

Tanaka+2012, ApJ, 754, 63
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Object Type 3D? Ref.

SN 2002ap Ic broad YES
Kawabata+02, Leonard+02, 

Wang+03

SN 2005bf Ib YES Maund+07, MT+09

SN 2007gr Ic No MT+08

SN 2008D Ib YES Maund+09

SN 2009jf Ib YES MT+12

SN 2009mi Ic YES MT+12

Non-axisymmetric signature is common
Tanaka+2012, ApJ, 754, 63
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Tycho Brahe’s 1572 supernova as a standard type Ia
as revealed by its light-echo spectrum
Oliver Krause1, Masaomi Tanaka2,3, Tomonori Usuda4, Takashi Hattori4, Miwa Goto1, Stephan Birkmann1,5

& Ken’ichi Nomoto2,3

Type Ia supernovae are thermonuclear explosions of white dwarf
stars in close binary systems1. They play an important role as cos-
mological distance indicators and have led to the discovery of the
accelerated expansion of the Universe2,3. Among the most impor-
tant unsolved questions4 about supernovae are how the explosion
actually proceeds and whether accretion occurs from a companion
or by themerging of twowhite dwarfs. Tycho Brahe’s supernova of
1572 (SN1572) is thought to be one of the best candidates for a
type Ia supernova in theMilkyWay5. The proximity of the SN1572
remnant has allowed detailed studies, such as the possible iden-
tification of the binary companion6, and provides a unique oppor-
tunity to test theories of the explosionmechanismand thenature of
the progenitor. The determination of the hitherto unknown7–9

spectroscopic type of this supernova is crucial in relating these
results to the diverse population of type Ia supernovae10. Here we
report an optical spectrum of Tycho’s supernova near maximum
brightness, obtained from a scattered-light echo more than four
centuries after the direct light from the explosion swept past the
Earth.We find that SN1572 belongs to themajority class of normal
type Ia supernovae.

The supernova of 1572marked amilestone in the history of science.
Danish astronomer Tycho Brahe concluded from his accurate obser-
vations of the ‘new star’ in the constellation of Cassiopeia that it must
be located far beyond the Moon11. This contradiction to the
Aristotelian concept, that a change on the sky can only occur in the
sublunar regime, ultimately led to the abandonment of the notion of
the immutability of the heavens. The classification of SN1572 has

been controversial. On the basis of historical records of the light curve
and colour evolution, it has been interpreted as a type Ia supernova of
either a normal or somewhat overluminous type7 or of a subluminous
type8. Core-collapse supernovae of type Ib9 or II-L12 have also been
suggested to be compatible with the light curve. Support for the inter-
pretation as a type Ia has been inferred fromX-ray studies of the ejecta
composition13, but the determination of the exact supernova type has
not been possible without spectroscopic information.

The discovery of light echoes from historic Galactic supernovae,
due to both scattering and absorption/re-emission of the outgoing
supernova flash by the interstellar dust near the remnant14,15, raised
the opportunity of conducting spectroscopic ‘post mortems’ of his-
toric Galactic supernovae. Such a precise determination of the spec-
tral type long after the original explosion has recently been performed
for the Cassiopeia A supernova16 and a supernova in the Large
Magellanic Cloud17.

We obtained Johnson R-band images of the recently identified15

light-echo fields of SN1572 using the 2.2-m and 3.5-m telescopes at
the Calar Alto Astronomical Observatory, Spain, on 23 August 2008
and 2 September 2008. One of the fields observed on 2 September 2008,
at an angular distance of d5 3.15u and position angle of 62u from the
SN1572 remnant, showed a bright and extended nebulositywith a peak
surface brightness of R5 23.66 0.2mag arcsec22 (Fig. 1a). The posi-
tion of this new emission feature, relative to the previously reported
light-echo detection, has shifted away from the SN1572 remnant.

The region was re-observed using the Faint Object Camera And
Spectrograph (FOCAS) at the Subaru 8.2-m telescope onMaunaKea,

1Max-Planck-Institut für Astronomie, Königstuhl 17, 69117 Heidelberg, Germany. 2Institute for the Physics and Mathematics of the Universe, University of Tokyo, Kashiwanoha 5-1-5,
Kashiwa, Chiba 277-8568, Japan. 3Department of Astronomy, Graduate School of Science, University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan. 4SUBARUTelescope,
National Astronomical Observatory of Japan, 650 North A’ohoku Place, Hilo, Hawaii, USA. 5European Space Agency, Space Science Department, Keplerlaan 1, 2200 AG Noordwijk,
The Netherlands.
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Figure 1 | Optical images of the SN 1572 light
echo. a, b, R-band images of the same 1203 120-
arcsec2 area. The corresponding observing
epochs are labelled. The position of the
brightness peak in the first epoch is marked for
reference (red cross). The rectangle shown in
a indicates the location of a previous light-echo
detection15. The vector towards the remnant of
SN 1572 is indicated (arrow). The respective
seeings for a and b were 1.5 and 0.9 arcsec, full-
width at half-maximum. The integration times of
the two images were 20 and 12min, respectively.
Image reduction was performed using standard
methods with the Image Reduction and Analysis
Facility software.
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Type Ia supernovae are thermonuclear explosions of white dwarf
stars in close binary systems1. They play an important role as cos-
mological distance indicators and have led to the discovery of the
accelerated expansion of the Universe2,3. Among the most impor-
tant unsolved questions4 about supernovae are how the explosion
actually proceeds and whether accretion occurs from a companion
or by themerging of twowhite dwarfs. Tycho Brahe’s supernova of
1572 (SN1572) is thought to be one of the best candidates for a
type Ia supernova in theMilkyWay5. The proximity of the SN1572
remnant has allowed detailed studies, such as the possible iden-
tification of the binary companion6, and provides a unique oppor-
tunity to test theories of the explosionmechanismand thenature of
the progenitor. The determination of the hitherto unknown7–9

spectroscopic type of this supernova is crucial in relating these
results to the diverse population of type Ia supernovae10. Here we
report an optical spectrum of Tycho’s supernova near maximum
brightness, obtained from a scattered-light echo more than four
centuries after the direct light from the explosion swept past the
Earth.We find that SN1572 belongs to themajority class of normal
type Ia supernovae.

The supernova of 1572marked amilestone in the history of science.
Danish astronomer Tycho Brahe concluded from his accurate obser-
vations of the ‘new star’ in the constellation of Cassiopeia that it must
be located far beyond the Moon11. This contradiction to the
Aristotelian concept, that a change on the sky can only occur in the
sublunar regime, ultimately led to the abandonment of the notion of
the immutability of the heavens. The classification of SN1572 has

been controversial. On the basis of historical records of the light curve
and colour evolution, it has been interpreted as a type Ia supernova of
either a normal or somewhat overluminous type7 or of a subluminous
type8. Core-collapse supernovae of type Ib9 or II-L12 have also been
suggested to be compatible with the light curve. Support for the inter-
pretation as a type Ia has been inferred fromX-ray studies of the ejecta
composition13, but the determination of the exact supernova type has
not been possible without spectroscopic information.

The discovery of light echoes from historic Galactic supernovae,
due to both scattering and absorption/re-emission of the outgoing
supernova flash by the interstellar dust near the remnant14,15, raised
the opportunity of conducting spectroscopic ‘post mortems’ of his-
toric Galactic supernovae. Such a precise determination of the spec-
tral type long after the original explosion has recently been performed
for the Cassiopeia A supernova16 and a supernova in the Large
Magellanic Cloud17.

We obtained Johnson R-band images of the recently identified15

light-echo fields of SN1572 using the 2.2-m and 3.5-m telescopes at
the Calar Alto Astronomical Observatory, Spain, on 23 August 2008
and 2 September 2008. One of the fields observed on 2 September 2008,
at an angular distance of d5 3.15u and position angle of 62u from the
SN1572 remnant, showed a bright and extended nebulositywith a peak
surface brightness of R5 23.66 0.2mag arcsec22 (Fig. 1a). The posi-
tion of this new emission feature, relative to the previously reported
light-echo detection, has shifted away from the SN1572 remnant.

The region was re-observed using the Faint Object Camera And
Spectrograph (FOCAS) at the Subaru 8.2-m telescope onMaunaKea,
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Figure 1 | Optical images of the SN 1572 light
echo. a, b, R-band images of the same 1203 120-
arcsec2 area. The corresponding observing
epochs are labelled. The position of the
brightness peak in the first epoch is marked for
reference (red cross). The rectangle shown in
a indicates the location of a previous light-echo
detection15. The vector towards the remnant of
SN 1572 is indicated (arrow). The respective
seeings for a and b were 1.5 and 0.9 arcsec, full-
width at half-maximum. The integration times of
the two images were 20 and 12min, respectively.
Image reduction was performed using standard
methods with the Image Reduction and Analysis
Facility software.
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Hawaii, on 24 September 2008 (Fig. 1b). The peak of the emission,
with a surface brightness of R5 23.56 0.2mag arcsec22, has again
shifted away from SN1572. The shift of 1.46 0.2 arcsec within 22
days is consistent with a light-echo origin. A long-slit spectrum of the
brightness peak of the echo structure at positionRA 00 h 52m12.79 s,
dec. 65u 289 49.799 (J2000) was obtained with FOCAS on the same
night, covering the wavelength range from 3,800 to 9,200 Å with a
spectral resolution of 24 Å.

The acquired echo spectrum unambiguously shows light of a
supernova origin (Fig. 2). A number of broad absorption and emis-
sion features from neutral and singly ionized intermediate mass ele-
ments were detected, all of which are commonly observed in
supernovae10,18. Type I supernovae are distinguished from those of
type II by the absence of hydrogen, and type Ia supernovae are further
distinguished from types Ib and Ic by a prominent silicon 6,355 Å
absorption feature at maximum light. This feature is clearly seen in
the SN 1572 spectrum as a deep absorptionminimum at 6,130 Å with
a width of 9,000 km s21 at half maximum. The absorption minimum
of the line corresponds to a velocity of 12,000 km s21, typical for
normal type Ia supernovae at maximum brightness10,18. Other strong

features detected in the spectrum are Si II 4,135 Å, Fe II, Fe III,
Na I D1 Si II 5,972 Å, O I 7,774 Å and the Ca II infrared triplet.

The echo spectrum represents supernova light during an interval
of time around maximum brightness being averaged over the spatial
extent of the scattering cloud. We therefore compared the echo spec-
trumwith the spectra of other type Ia supernovae time-averaged over
the brightness peak of the light curve from 0 to 90 days after explo-
sion. The light-echo spectrum of SN 1572 matches such comparison
spectra of four well-observed normal type Ia supernovae (1994D,
1996X, 1998bu, 2005cf) and a type Ia composite spectrum19 remark-
ably well. Even faint notches observed in normal type Ia spectra at
4,550, 4,650 and 5,150 Å (ref. 18) can be recognized. Values of the
reduced chi-squared value from the comparison range between
x25 1.5 and x25 2.5. The agreement between the spectra indicates
that the scattering dust cloud is homogeneous on a length scale of at
least 90 light days.

We have compared the spectrum of SN1572 with thermonuclear
supernovae of different luminosity. Both sub- and overluminous
type Ia supernovae, such as SN1991bg20 and SN1991T21, respectively,
showed peculiarities in their spectra near maximum light. SN 1991T
lacked a well-defined Si II 6,355 Å absorption feature at maximum
light, although the subsequent evolution was similar to normal
type Ia supernovae. The lack of Si II absorption is visible as an imprint
in the time-averaged spectrum and differs from the strong Si II feature
in our spectrum of SN1572. The class of subluminous objects shows a
characteristic deep absorption trough at a wavelength of 4,200 Å,
attributed to Ti II (ref. 20), near maximum light. Such a feature is
not seen for SN1572. The sub- and overluminous type Ia templates,
obtained in the same way as described in ref. 19 (template spectra
available at http://supernova.lbl.gov/,nugent/nugent_templates.html),
do not provide a good match to our spectrum of SN1572, with respec-
tive values of x25 8.6 and x25 10.1 (Fig. 3).

A well-established correlation between the measured decline
Dm15(B) of the supernova B-band brightness atmaximumand 15 days
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(position angle 81u) positioned at the echo brightness peak and then binned
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over five pixels. Flux calibration was performed against the standard star
G191B2B, which was observed at comparable airmass. The uncertainty in
the flux calibration is 15%. Atmospheric A-band and B-band absorptions
were removed using the stellar spectrum of a K star observed in the same slit
as the echo. The spectrum was then corrected for the colour dependence of
the scattering process for a scattering angle of h5 84u and de-reddened for a
foreground extinction of AV5 4.2mag. The scattering angle of h5 84u
results from the light-echo geometry: because all echo emission at a given
epoch is located on an ellipsoidal sphere with the Earth and SN1572 at its
foci, the echo geometry can be accurately determined. For a distance range to
the Tycho remnant of 2.3–2.8 kpc, the distance and scattering angle of the
echo knot are d5 4606 45 light yr and h5 90u6 5u, respectively. For a
larger distance of 3.8 kpc, the scattering angle is smaller, h5 67u, leading to a
slightly redder corrected spectrum.However, a slight increase of the adopted
foreground extinction by DAV5 0.08mag compensates for this effect. The
comparison spectra have been obtained from the time average of light-curve-
weighted spectra at days25,24,22,12,14,110,111,124,150,176 for
SN 1994D and days29,24,11,19,118,140 for SN 2001el (refs 26, 27).
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AV5 3.9mag.
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Tycho’s SNR = Type Ia!!
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Tycho Brahe’s 1572 supernova as a standard type Ia
as revealed by its light-echo spectrum
Oliver Krause1, Masaomi Tanaka2,3, Tomonori Usuda4, Takashi Hattori4, Miwa Goto1, Stephan Birkmann1,5

& Ken’ichi Nomoto2,3

Type Ia supernovae are thermonuclear explosions of white dwarf
stars in close binary systems1. They play an important role as cos-
mological distance indicators and have led to the discovery of the
accelerated expansion of the Universe2,3. Among the most impor-
tant unsolved questions4 about supernovae are how the explosion
actually proceeds and whether accretion occurs from a companion
or by themerging of twowhite dwarfs. Tycho Brahe’s supernova of
1572 (SN1572) is thought to be one of the best candidates for a
type Ia supernova in theMilkyWay5. The proximity of the SN1572
remnant has allowed detailed studies, such as the possible iden-
tification of the binary companion6, and provides a unique oppor-
tunity to test theories of the explosionmechanismand thenature of
the progenitor. The determination of the hitherto unknown7–9

spectroscopic type of this supernova is crucial in relating these
results to the diverse population of type Ia supernovae10. Here we
report an optical spectrum of Tycho’s supernova near maximum
brightness, obtained from a scattered-light echo more than four
centuries after the direct light from the explosion swept past the
Earth.We find that SN1572 belongs to themajority class of normal
type Ia supernovae.

The supernova of 1572marked amilestone in the history of science.
Danish astronomer Tycho Brahe concluded from his accurate obser-
vations of the ‘new star’ in the constellation of Cassiopeia that it must
be located far beyond the Moon11. This contradiction to the
Aristotelian concept, that a change on the sky can only occur in the
sublunar regime, ultimately led to the abandonment of the notion of
the immutability of the heavens. The classification of SN1572 has

been controversial. On the basis of historical records of the light curve
and colour evolution, it has been interpreted as a type Ia supernova of
either a normal or somewhat overluminous type7 or of a subluminous
type8. Core-collapse supernovae of type Ib9 or II-L12 have also been
suggested to be compatible with the light curve. Support for the inter-
pretation as a type Ia has been inferred fromX-ray studies of the ejecta
composition13, but the determination of the exact supernova type has
not been possible without spectroscopic information.

The discovery of light echoes from historic Galactic supernovae,
due to both scattering and absorption/re-emission of the outgoing
supernova flash by the interstellar dust near the remnant14,15, raised
the opportunity of conducting spectroscopic ‘post mortems’ of his-
toric Galactic supernovae. Such a precise determination of the spec-
tral type long after the original explosion has recently been performed
for the Cassiopeia A supernova16 and a supernova in the Large
Magellanic Cloud17.

We obtained Johnson R-band images of the recently identified15

light-echo fields of SN1572 using the 2.2-m and 3.5-m telescopes at
the Calar Alto Astronomical Observatory, Spain, on 23 August 2008
and 2 September 2008. One of the fields observed on 2 September 2008,
at an angular distance of d5 3.15u and position angle of 62u from the
SN1572 remnant, showed a bright and extended nebulositywith a peak
surface brightness of R5 23.66 0.2mag arcsec22 (Fig. 1a). The posi-
tion of this new emission feature, relative to the previously reported
light-echo detection, has shifted away from the SN1572 remnant.

The region was re-observed using the Faint Object Camera And
Spectrograph (FOCAS) at the Subaru 8.2-m telescope onMaunaKea,

1Max-Planck-Institut für Astronomie, Königstuhl 17, 69117 Heidelberg, Germany. 2Institute for the Physics and Mathematics of the Universe, University of Tokyo, Kashiwanoha 5-1-5,
Kashiwa, Chiba 277-8568, Japan. 3Department of Astronomy, Graduate School of Science, University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan. 4SUBARUTelescope,
National Astronomical Observatory of Japan, 650 North A’ohoku Place, Hilo, Hawaii, USA. 5European Space Agency, Space Science Department, Keplerlaan 1, 2200 AG Noordwijk,
The Netherlands.
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Figure 1 | Optical images of the SN 1572 light
echo. a, b, R-band images of the same 1203 120-
arcsec2 area. The corresponding observing
epochs are labelled. The position of the
brightness peak in the first epoch is marked for
reference (red cross). The rectangle shown in
a indicates the location of a previous light-echo
detection15. The vector towards the remnant of
SN 1572 is indicated (arrow). The respective
seeings for a and b were 1.5 and 0.9 arcsec, full-
width at half-maximum. The integration times of
the two images were 20 and 12min, respectively.
Image reduction was performed using standard
methods with the Image Reduction and Analysis
Facility software.
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Cas A Was an Asymmetric Supernova 3

Fig. 1.— North is toward the positive-y axis (up), east is toward the negative-x axis (left), and the positive-z axis points toward the
observer with the origin at the SNR. The SN to LE cone apex distance, in light years, is half the interval of time since the SN explosion.
The red and brown circles indicate the SN and scattering dust, respectively. The black lines show the path of the light scattering from the
LE-producing dust concentrations. The scattering dust of LE3923 is more than 2000 ly in front of Cas A, much farther than any other
scattering dust; thus, we show only part of the light path, and do not include its dust location. The top-left panel shows an Chandra X-ray
image (Hwang et al. 2004), with the projected light path from SN to scattering dust overplotted (gray arrows). The red arrow indicates the
X-ray compact object and its apparent motion. In this false-color image, red corresponds to low-energy X-rays around the Fe L complex
(!1 keV and below), green to mid-energy X-rays around the Si K blend (!2 keV), and blue to high-energy X-rays in the 4–6 keV continuum
band between the Ca K and Fe K blends.

Rest+10

8 Rest et al.

−25 −20 −15 −10 −5 0 5 10

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Sc
al

ed
 f λ

 +
 C

on
st

an
t

2116

2521

3923

He I
−25 −20 −15 −10 −5 0 5 10

Velocity (103 km s−1)

0.0

0.2

0.4

0.6

0.8

1.0

Hα
−25 −20 −15 −10 −5 0 5 10

0.0

0.2

0.4

0.6

0.8

1.0

Ca II

Fig. 6.— Observed LE spectra near the He I !5876 (left), H" (middle), and Ca II NIR triplet features, shown on a velocity scale. The
red, blue, and orange curves corresponding to LEs LE2116, LE2521, and LE3923, respectively (see Fig. 5 for details). The top LE2521
spectrum (which is not shown in the right panel) is from the MMT; the remaining spectra are from Keck. The solid and dashed black
curves are the corresponding light-curve weighted integrated spectra of SNe 1993J and 2003bg, respectively.

with the Fe-rich knots. In this model, the Si-rich struc-
tures to the NE and SW are only secondary features
caused by instability-powered flows from an equatorial
torus (Burrows et al. 2005; Wheeler et al. 2008).
In a recent study, DeLaney et al. (2010) used the tech-

nique of Doppler imaging to give the most complete and
updated three-dimensional (3D) model. This model is
derived from IR (Spitzer), optical (ground-based and
HST ), and X-ray (Chandra) data. DeLaney et al. (2010)
used velocity information from specific spectral features
to deproject the structure of the SNR along the radial
direction perpendicular to the plane of the sky (see their
Section 2, 3, and 4 for details of the data reduction and
deprojection techniques). Their work reveals a very com-
plex 3D structure that can be characterized by a spheri-
cal component, a tilted “thick disk,” and multiple ejecta
outflows. In their model, the thick disk is tilted from the
plane of the sky at an angle of !25! from the E–W axis
and !30! from the N–S axis. This thick disk contains
all the ejecta structures, including the most prominent
outflows that show up best in X-ray Fe K emission, but
also appear in other datasets. Infrared emission in the
[Ar II] and [Ne II] lines often reveals ring-like structures,
which are sometimes seen as broken rings, at the base
of these outflows. DeLaney et al. (2010) note that these
rings appear at the intersection between the thick-disk
structures and a roughly spherical reverse shock. Some

of the outflows are bipolar, with oppositely directed flows
about the expansion center, while others are not. In par-
ticular, the blueshifted emission from the Fe-rich outflow
in the SE is clearly collimated, but the corresponding
redshifted emission in the NW is not.
The 3D analysis by DeLaney et al. (2010) suggests

that the Cas A SN explosion was highly asymmetric, with
most of the ejecta flattened in a thick disk that is slightly
tilted from the plane of the sky and no prominent struc-
tures along the radial direction. It is possible that this
might be due to selection e!ects, at least to some ex-
tent, because limb brightening will make structures close
to the plane of the sky easier to detect, but given the
quality of the individual data sets, it is unlikely that any
prominent outflows along the radial direction would have
been missed completely by DeLaney et al. (2010).
In Figure 7, we superimpose the LoS from our LEs

onto three of the [Ar II] and Fe K data sets from
DeLaney et al. (2010). The thick disk is apparent in the
structure of the SNR as seen from the positive N axis
(middle panel of Fig. 7), and (to a lesser extent) the
positive E axis (right panel of Fig. 7). Among our ob-
served LEs, LE2116 and LE3923 are sampling LoS away
from this disk, and do not intersect any prominent ejecta
structures. The LoS of LE2521, on the other hand, in-
tersects the edge of the large complex of Fe K emission
in the NW that is at the edge of the thick disk.
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Future opportunity with TMT
Thirty Meter Telescope

- 2014
   Start construction
- 2022
   First light

Caltech-UC-Japan-Canada-India-China



Summary

•Mechanism of supernova is not yet 
understood

• Multi-dimensional geometry is a key

•Three-dimensional geometry of SN 
is becoming apparent 

• extragalactic supernovae <= polarization

• Galactic supernova remnants

• Light echo (with different angle)

•More opportunities with TMT


