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Multi-D Explosion Geometry of SNe

Observational test
Iwakami+08

Neutrino + convection

Harikae+09

Rotation + magnetic field

• Line profile in nebular spectra
(=> talks by P. Mazzali and K. Maeda)

• Continuum polarization

• Line polarization
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the other plateau epochs), and then subtracted the result from the Stokes parameters obtained on 
all other epochs.   This resulted in the removal of 

! 

p
ISP
" 0.29% ,

! 

"
ISP

! 

" 20° from the observed data.  

 

Figure 2. Light curve and continuum polarization of SN 2004dj.  Polarization measures are from 
Table 1; error bars are 1! (s.d.) statistical.  Photometry is from data obtained with the 30-inch (0.8-
m) Katzman Automatic Imaging Telescope (KAIT) at Lick Observatory and the 60-inch (1.5-m) 
telescope at Palomar Observatory.  The dashed line represents the expected decline in polarization 

(

! 

p = (t
0
/ t)

2
" p

0
, where 

! 

t0 = 91 days and p0 = 0.558%  from Table 1) during the transition to the 
nebular phase due to the effects of diminishing electron scattering in optically thin, expanding 
ejecta. Note that the age of SN 2004dj at discovery and, hence, the plateau duration, is not well 
constrained by direct observation, as NGC 2403 had just emerged from solar conjunction and the 
most recent reported pre-explosion image was taken over six months earlier18. Our adopted 
explosion date of 2004 July 14 results from the spectral analysis of ref. 14, but we note that the 
light-curve modeling of ref. 19 yields an explosion date 31 days earlier.  If the earlier date were 
adopted, the estimated plateau duration would increase from ~70 to ~100 days.  

 

 

(Leonard+06, Chornock+10)

Type IIP SN 2004dj

Confusion with interstellar polarization...
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Simulation

3D Explosion Geometry of Core-Collapse Supernovae 3

30
20
10

0
10
20

 (d
eg

)

25 20 15 10 5 0 5
Doppler velocity (103 km s 1)

1.5
1.0
0.5
0.0
0.5
1.0

Q
, U

 (%
)

Q
U

0.0

0.5

1.0

1.5

2.0

Fl
ux

1

0

1

U
 (%

)

1 0 1
Q (%)

Doppler Velocity (103 km s 1)
20 15 10 5 0

30
20
10

0
10
20

 (d
eg

)

25 20 15 10 5 0 5
Doppler velocity (103 km s 1)

1.5
1.0
0.5
0.0
0.5
1.0

Q
, U

 (%
)

Q
U

0.0

0.5

1.0

1.5

2.0

Fl
ux

1

0

1

U
 (%

)

1 0 1
Q (%)

Doppler Velocity (103 km s 1)
20 15 10 5 0

Fig. 2.— Simulated line polarization for a 2D bipolar model (toop) and 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 velocity, 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.

TABLE 1
Log of Observations

Object Date (UT) Date (MJD) Exposure time (s) Airmass Comment

SN 2009jf (+9.3 d) 2009 Oct 24.3 55128.3 (600 × 4) × 6 1.03 – 1.43 SN
BD+28◦4211 2009 Oct 24.2 55128.2 (20 × 4) + (40 × 4) 1.01 unpolarized/flux std.
G191-B2B 2009 Oct 24.6 55128.6 (60 × 4) × 2 1.33 unpolarized std.
Hiltner 960 2009 Oct 24.2 55128.2 20 × 4 1.08 polarized std.
SN 2009mi (+26.5 d) 2010 Jan 8.3 55204.3 (600 × 4) + (1000 × 4) 1.26 – 1.83 SN
G191-B2B 2010 Jan 8.2 55204.2 (60 × 4) × 2 1.43 unpolarized/flux std.
HD 14069 2010 Jan 8.2 55204.2 (5 × 4) × 2 1.03 unpolarized std.
HD 251204 2010 Jan 8.2 55204.2 20 × 4 1.48 polarized std.

All the observations were performed with a 0.8′′ width offset slit, a 300 lines mm−1 grism, and the Y47 filter, giving
the wavelength coverage 4700-9000 Å and the wavelength resolution ∆λ = 10 Å.

More interesting feature is the shape of the polarization
data in the Q − U diagram. Starting from the reference
position, the Ca II and O I lines in SN 2009jf show a
loop at these lines. This means that the angle measured
from the reference θ′ varies with Doppler velocity, and
the depth in the ejecta (homologous expansion, r = vt).
As demonstrated in Section 1.2, and as suggeted by e.g.,
Kasen et al. (2003); Maund et al. (2007b,c), this loop
clearly indicates that even axisymmetry is broken.

The Ca II data of SN 2009mi are more intriguing. Mea-
suring from the reference point, the variation in the angle

θ′ is as large as ∼ 90◦ (the difference of 180◦ in the Q−U
diagram corresponds to the difference of 90◦ in the polar-
ization angle on the sky). This indicates a large change
in the distribution of Ca II ion depending on the depth
of the ejecta.

Our new data suggest that the loop in the Q − U dia-
gram is quite common in Type Ib/c SNe (see e.g., Maund
et al. 2007b,c, 2009). We conclude that ion distributions
in Type Ib/c SNe are generally non-axisymmetric, but
have a 3D structure.

Input 
(opacity)

MT+ in prep. (method similar to Kasen+03)
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Figure 2. Simulated line polarization for a 2D bipolar model (toop) and 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 velocity, 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 Paper II.

Table 1
Log of Observations

Object Date (UT) Date (MJD) Exposure time (s) Airmass Comment

SN 2009jf (+9.3 d) 2009 Oct 24.3 55128.3 (600 × 4) × 6 1.03 – 1.43 SN
BD+28◦4211 2009 Oct 24.2 55128.2 (20 × 4) + (40 × 4) 1.01 unpolarized/flux std.
G191-B2B 2009 Oct 24.6 55128.6 (60 × 4) × 2 1.33 unpolarized std.
Hiltner 960 2009 Oct 24.2 55128.2 20 × 4 1.08 polarized std.
SN 2009mi (+26.5 d) 2010 Jan 8.3 55204.3 (600 × 4) + (1000 × 4) 1.26 – 1.83 SN
G191-B2B 2010 Jan 8.2 55204.2 (60 × 4) × 2 1.43 unpolarized/flux std.
HD 14069 2010 Jan 8.2 55204.2 (5 × 4) × 2 1.03 unpolarized std.
HD 251204 2010 Jan 8.2 55204.2 20 × 4 1.48 polarized std.

All the observations were performed with a 0.8′′ width offset slit, a 300 lines mm−1 grism, and the Y47 filter, giving
the wavelength coverage 4700-9000 Å and the wavelength resolution ∆λ # 10 Å.

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 the 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 ∆λ ! 10 Å. For the
measurement of linear polarization, we use a rotating su-

perachromatic half-wave plate and a crystal quartz Wol-
laston prism. One set of observations consists of the in-
tegration with 0◦, 45.◦, 22.5◦, and 67.5◦ positions of the
half-wave plate. From this one set of exposures, Stokes
parameters Q and U are derived as described by Tinber-
gen (1996).

For the observations of SN 2009jf we performed 6 sets
of the 4 integrations with the total exposure time 4.0 hr.
For SN 2009mi, we performed 5 sets of the 4 integrations
with the total exposure time of 3.8 hr. Typical seeing
during the observations is 0.8” and 1.1 − 1.5” for SNe
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Figure 2. Simulated line polarization for a 2D bipolar model (toop) and 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 velocity, 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 Paper II.

Table 1
Log of Observations

Object Date (UT) Date (MJD) Exposure time (s) Airmass Comment

SN 2009jf (+9.3 d) 2009 Oct 24.3 55128.3 (600 × 4) × 6 1.03 – 1.43 SN
BD+28◦4211 2009 Oct 24.2 55128.2 (20 × 4) + (40 × 4) 1.01 unpolarized/flux std.
G191-B2B 2009 Oct 24.6 55128.6 (60 × 4) × 2 1.33 unpolarized std.
Hiltner 960 2009 Oct 24.2 55128.2 20 × 4 1.08 polarized std.
SN 2009mi (+26.5 d) 2010 Jan 8.3 55204.3 (600 × 4) + (1000 × 4) 1.26 – 1.83 SN
G191-B2B 2010 Jan 8.2 55204.2 (60 × 4) × 2 1.43 unpolarized/flux std.
HD 14069 2010 Jan 8.2 55204.2 (5 × 4) × 2 1.03 unpolarized std.
HD 251204 2010 Jan 8.2 55204.2 20 × 4 1.48 polarized std.

All the observations were performed with a 0.8′′ width offset slit, a 300 lines mm−1 grism, and the Y47 filter, giving
the wavelength coverage 4700-9000 Å and the wavelength resolution ∆λ # 10 Å.

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 the 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 ∆λ ! 10 Å. For the
measurement of linear polarization, we use a rotating su-

perachromatic half-wave plate and a crystal quartz Wol-
laston prism. One set of observations consists of the in-
tegration with 0◦, 45.◦, 22.5◦, and 67.5◦ positions of the
half-wave plate. From this one set of exposures, Stokes
parameters Q and U are derived as described by Tinber-
gen (1996).

For the observations of SN 2009jf we performed 6 sets
of the 4 integrations with the total exposure time 4.0 hr.
For SN 2009mi, we performed 5 sets of the 4 integrations
with the total exposure time of 3.8 hr. Typical seeing
during the observations is 0.8” and 1.1 − 1.5” for SNe



Object Type Date Epoch Mag Quality Ref.

SN 2005bf Ib 2005 May +8 16 Good MT+09

SN 2007gr Ic 2007 Sep +21 14 Good MT+08

SN 2009dc Ia (sp-Ch) 2009 Apr/Jul +6/+90 15/17 Good MT+10

SN 2009jf Ib 2009 Oct +9.3 15 Good in prep.

OT U2773 LBV? 2009 Oct 17 ISP ...

SN 2009kk Ia 2009 Oct +2 15 Good ...

SN 2009mi Ic 2010 Jan +26.5 16 Good in prep.

SN 2010ah Ic broad 2010 Mar ~30 (disc) 19 Not good ...

SN 2010cn Ic broad/IIb 2010 May 2 (disc) 18 Good in prep.

Spectropolarimetry of SNe 
with Subaru/FOCAS
PI: M. Tanaka
Co-I: K. S. Kawabata, T. Hattori. 
E. Pian, K. Maeda, M. Yamanaka, K. Nomoto, 
P. A. Mazzali, K. Aoki, T. Sasaki, and M. Iye
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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 α = 23h04m52s.98 and δ =+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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3D geometry!

6 Tanaka et al.

−1.0

−0.5

0.0

0.5

1.0

U 
(%

)

−1.0 −0.5 0.0 0.5 1.0
Q (%)

Doppler Velocity (103 km s−1)

SN 2009jf
(+9.3 days)

O I
Ca II

−20 −15 −10 −5 0

−0.5

0.0

0.5

1.0

U 
(%

)

−1.0 −0.5 0.0 0.5
Q (%)

Doppler Velocity (103 km s−1)

SN 2009mi
(+26.5 days)

Ca II

O I

−20 −15 −10 −5 0

Figure 5. Observed polarization data of SNe 2009jf (left) and 2009mi (right) around the O I line (circles connected with the blue line) and
Ca II line (squares connected with the red line). The polarization data are binned into 50 Å, giving the velocity resolution of about 1900
and 1700 km s−1 for the O I and Ca II lines, respectively. The interstellar polarization is not corrected for. Different colors show different
Doppler velocities as shown in the color bar above the plots. For the Ca II line, the velocity is measured from the mean wavelength (8567
Å) of the Ca II triplet. The features show a loop in the Q−U plane, indicating non-axisymmetric distribution. In addition, the Ca II line
in SN 2009mi shows a large variety of the angle measured from the reference point.

Table 2
Summary of Line Polarization

Object Type 3D? Epoch PFeII PCaII POI PNaI/HeI FDFeII FDCaII FDOI FDNaI/HeI Ref.
(day) (%) (%) (%) (%)

SN 2005bf Ib yes -6 0.8 (0.2) 3.5 (0.5) 0.0 (0.3) 1.2 (0.2) 0.37 (0.03) 0.50 (0.05) 0.0 (0.0) 0.40 (0.03) 1
8 0.4 (0.2) 1.5 (0.3) 0.0 (0.5) 0.6 (0.4) 0.21 (0.02) 0.39 (0.02) 0.0 (0.0) 0.46 (0.02) 2

SN 2008D Ib yes 3.3 0.8 (0.2) 1.8 (0.3) 0.5 (0.13) 0.4 (0.2) 0.35 (0.03) 0.49 (0.02) 0.23(0.03) 0.46 (0.02) 3
18.3 1.0 (0.3) 2.5 (0.7) 0.3 (0.13) 1.1 (0.1) 0.50 (0.05) 0.58 (0.05) 0.24 (0.02) 0.58 (0.02) 3

SN 2009jf Ib yes 9.3 0.4 (0.2) 1.2 (0.2) 0.9 (0.2) 0.5 (0.2) 0.32 (0.03) 0.69 (0.02) 0.38 (0.02) 0.38 (0.02) this pap
SN 2002ap Ic yes 1 0.18 (0.05) – 0.8 (0.1) 0.0 (0.05) 0.20 (0.03) – 0.38 (0.02) 0.04 (0.02) 4,5

3 0.12 (0.05) – 0.6 (0.1) 0.0 (0.1) 0.21 (0.03) – 0.34 (0.02) 0.04 (0.02) 4,5
6 0.0 (0.1) 0.3 (0.1) 0.5 (0.1) 0.0 (0.1) 0.27 (0.05) 0.36 (0.05) 0.50 (0.05) 0.06 (0.02) 6
27 – 1.6 (0.1) 0.0 (0.2) 0.2 (0.1) – 0.65 (0.04) 0.41 (0.05) 0.31 (0.03) 4

SN 2007gr Ic no 21 0.0 (0.3) 2.5 (0.3) 0.0 (0.3) 0.0 (0.3) 0.42 (0.03) 0.88 (0.02) 0.56 (0.02) 0.65 (0.02) 7
SN 2009mi Ic yes 26.5 0.5 (0.2) 0.9 (0.2) 0.5 (0.2) 0.0 (0.2 0.41 (0.04) 0.83 (0.02) 0.56 (0.02) 0.46 (0.02) this pap

References. — (1) Maund et al. 2007b, (2) Tanaka et al. 2009a, (3) Maund et al. 2009, (4) Kawabata et al. 2002, (5) Wang et al. 2003b, (6) Leonard
et al. 2002, (7) Tanaka et al. 2008

If the distribution of the line opacity is uniform, no
polarization is expected at the line, i.e., Pabs = 0 (Section
1.2). To introduce asymmetry in the line opacity, we
assume that the absorption fraction is enhanced by a
factor of f in a region ∆S. Then, the total flux at the
wavelength of the line is

Fabs =(1 − xabs)I(S − ∆S) + (1 − fxabs)I∆S

=[(1 − xabs) − (f − 1)xabs∆S/S]IS, (4)

and the fractional depth (Equation 3) can be written by
using Equation 4

FD = xabs + (f − 1)xabs∆S/S. (5)

The asymmetry introduced above results in an incom-
plete cancellation of the polarization. If this region has
a constant polarization direction, the amount of non-
cancelled flux is equivalent with the excess of the ab-
sorption in the region, i.e.,

PabsFabs = (f − 1)xabsI∆S. (6)

Then, the polarization degree can be expressed as a func-
tion of the fractional depth by Equations 5 and 6.

Pabs =
(f − 1)xabs∆S/S

1 − FD
(7)

Unless the enhanced opacity dominates the absorption,

(see e.g., Maund+07, and many SNe Ia)

SN 2009jf
(Ib)



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+ in prep.

SN 2009mi Ic YES MT+ in prep.

3D signature is quite common
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Figure 2. Simulated line polarization for a 2D bipolar model (toop) and 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 velocity, 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 Paper II.

Table 1
Log of Observations

Object Date (UT) Date (MJD) Exposure time (s) Airmass Comment

SN 2009jf (+9.3 d) 2009 Oct 24.3 55128.3 (600 × 4) × 6 1.03 – 1.43 SN
BD+28◦4211 2009 Oct 24.2 55128.2 (20 × 4) + (40 × 4) 1.01 unpolarized/flux std.
G191-B2B 2009 Oct 24.6 55128.6 (60 × 4) × 2 1.33 unpolarized std.
Hiltner 960 2009 Oct 24.2 55128.2 20 × 4 1.08 polarized std.
SN 2009mi (+26.5 d) 2010 Jan 8.3 55204.3 (600 × 4) + (1000 × 4) 1.26 – 1.83 SN
G191-B2B 2010 Jan 8.2 55204.2 (60 × 4) × 2 1.43 unpolarized/flux std.
HD 14069 2010 Jan 8.2 55204.2 (5 × 4) × 2 1.03 unpolarized std.
HD 251204 2010 Jan 8.2 55204.2 20 × 4 1.48 polarized std.

All the observations were performed with a 0.8′′ width offset slit, a 300 lines mm−1 grism, and the Y47 filter, giving
the wavelength coverage 4700-9000 Å and the wavelength resolution ∆λ # 10 Å.

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 the 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 ∆λ ! 10 Å. For the
measurement of linear polarization, we use a rotating su-

perachromatic half-wave plate and a crystal quartz Wol-
laston prism. One set of observations consists of the in-
tegration with 0◦, 45.◦, 22.5◦, and 67.5◦ positions of the
half-wave plate. From this one set of exposures, Stokes
parameters Q and U are derived as described by Tinber-
gen (1996).

For the observations of SN 2009jf we performed 6 sets
of the 4 integrations with the total exposure time 4.0 hr.
For SN 2009mi, we performed 5 sets of the 4 integrations
with the total exposure time of 3.8 hr. Typical seeing
during the observations is 0.8” and 1.1 − 1.5” for SNe
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Fig. 5.— 3D renderings of the outermost surface of carbon, oxygen, silicon, and nickel after mixing has frozen out. At left is model s15;
center is u15, and right is z15. Note that while the scale and time are consistent within models, the 3 models are shown at different scales
and time: 5x1013 cm and 4.0x105 seconds for s15, 5x1012 cm and 3.8x104 seconds for model u15, and 3x1013 cm and 1.7x105 seconds for
model z15. For no model did heavier, inner layers penetrate the lighter, outer layers, though for model z15 clumps of material have broken
off and moved a small distance into the H-He envelope.
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(Mazzali+05, Maeda+08, Modjaz+08)
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Explosion Geometry: Spectropolarimetric View

• Not axisymmetric (not 2D, but 3D)

• 3D signature is common

• Suppose 3D perturbation on 1D,  
the size of each clump is large
(>25% of photosphere)

!! Caveats !!
Overall 2D + 3D perturbation? 

specpol.

nebular line



Summary

• Spectropolarimetry => 3D tomography 

• Explosion geometry

• Axisymmetry is broken

• 3D signature is common

• Implication for the explosion mechanism

• Large scale convection

• Overall 2D structure + 3D perturbation?


