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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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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. Di!erent colors show di!erent
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,
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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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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.

SUMIYOSHI ET AL.926 Vol. 629

Sumiyoshi+05, ApJ, 629, 922
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Geometry of supernovae

Mechanism of the explosion

Observations of supernovae



Extragalactic Supernova
@ 30 days

• Velocity ~ 10,000 km/s 

• Radius ~ 2 x 1015 cm ~ 0.001pc

• τ ~ ne σ R ~ 102 (t/10 days) -2
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• Angular size ~10-6 arcsec
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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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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

Valenti+11
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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 !-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:

"opt = ne#R ! (3Mej/4$R3mH)#R ! (3#/8$mH)(Mej/EK)t!2 ! 104(t/day)!2. (1.4)

Here, we assume Mej = 4/3$R3nemH (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 ("LC) is roughly scaled as
following (Arnett 1982):

"LC " %1/2M3/4
ej E!1/4

K , (1.5)

109 Lsun

108 Lsun radioactive decay 
56Ni

Optical light curve

107 Lsun 2-3 weeks

1 year
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Brief history...

1987:  SN 1987A (LMC, 50 kpc)

1993:  SN 1993J (M81, 3.6 Mpc)

...

1990-2000: 8-10m telescopes

2002: SN 2002ap (M74, 10 Mpc)
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OPTICAL SPECTROPOLARIMETRY OF SN 2002ap: A HIGH-VELOCITY ASYMMETRIC EXPLOSION1

K. S. Kawabata,2,3 D. J. Jeffery,4 M. Iye,2,5 Y. Ohyama,6 G. Kosugi,6 N. Kashikawa,2 N. Ebizuka,7 T. Sasaki,6
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ABSTRACT
We present spectropolarimetry of the Type Ic supernova SN 2002ap and give a preliminary analysis: the data

were taken at two epochs, close to and 1 month later than the visual maximum (2002 February 8). In addition,
we present June 9 spectropolarimetry without analysis. The data show the development of linear polarization.
Distinct polarization profiles were seen only in the O i l7773 multiplet/Ca ii IR triplet absorption trough at
maximum light and in the O i l7773 multiplet and Ca ii IR triplet absorption troughs a month later, with the
latter showing a peak polarization as high as !2%. The intrinsic polarization shows three clear position angles:
80" for the February continuum, 120" for the February line feature, and 150" for the March data. We conclude
that there are multiple asymmetric components in the ejecta. We suggest that the supernova has a bulk asymmetry
with an axial ratio projected on the sky that is different from 1 by an order of 10%. Furthermore, we suggest
very speculatively that a high-velocity ejecta component moving faster than !0.115c (e.g., a jet) contributes to
polarization in the February epoch.
Subject headings: polarization— supernovae: individual (SN 2002ap)
On-line material: color figures

1. INTRODUCTION

SN 2002ap was discovered in the nearby spiral galaxy M74
(pNGC 628) on 2002 January 29 (Nakano & Hirose 2002)
and reached its maximum of mag on February 8 (Gal-V ! 12.4
Yam, Ofek, & Shemmer 2002). It has been classified as a
Type Ic supernova (SN Ic) and suggested to be a hypernova
(but at the low-energy end of the sequence of hypernovae;
Mazzali et al. 2002 and references therein).
An SN Ic is thought to be the result of the core collapse of

a massive star that either has lost its hydrogen and helium
envelopes prior to the explosion or has an invisible helium
envelope due to low excitation. The details of the explosion
mechanism are still under discussion (Nomoto, Iwamoto, &
Suzuki 1995; Branch 2001 and references therein).
SN 1998bw, the most luminous and energetic Type Ic hy-

pernova to date, has been particularly well studied, and its
probable connection with the g-ray burst GRB 980425 has been

1 Based on data obtained at the Subaru Telescope, which is operated by the
National Astronomical Observatory of Japan (NAOJ).

2 Optical and Infrared Astronomy Division, NAOJ, Mitaka, Tokyo 181-8588,
Japan.

3 koji.kawabata@nao.ac.jp.
4 Department of Physics, New Mexico Institute of Mining and Technology,

Socorro, NM 87801.
5 Department of Astronomy, Graduate University for Advanced Studies,

Mitaka, Tokyo 181-8588, Japan.
6 Subaru Telescope, NAOJ, 650 North A‘ohoku Place, Hilo, HI 96720.
7 RIKEN, Wako, Saitama 351-0198, Japan.
8 Department of Astronomy, University of Tokyo, Bunkyo-ku, Tokyo

113-0033, Japan.
9 Research Center for the Early Universe, University of Tokyo, Bunkyo-ku,

Tokyo 113-0033, Japan.
10 Osservatorio Astronomico, Via Tiepolo 11, 34131 Trieste, Italy.
11 Okayama Astrophysical Observatory, NAOJ, Asakuchi-gun, Okayama

719-0232, Japan.
12 Misato Observatory, Amakusa-gun, Wakayama 640-1366, Japan.
13 Department of Astronomy and Earth Science, Tokyo Gakugei University,

Koganei, Tokyo 184-8501, Japan.
14 Theory Division, NAOJ, Mitaka, Tokyo 181-8588, Japan.

pointed out (e.g., Galama et al. 1998; Iwamoto et al. 1998;
Nomoto et al. 2001). An aspherical hyperenergetic explosion
has been suggested to explain the slowly declining light curve
of SN 1998bw and the narrowness of the [O i] ll6300, 6363
emission line in the nebular phase (Mazzali et al. 2001;
Nakamura et al. 2001; Maeda et al. 2002).
Intrinsic polarization is zero for supernovae (SNe; which are

unresolved sources) if they are spherically symmetric; any in-
trinsic polarization thus reveals asymmetry. Core-collapse SNe
are, in fact, generally polarized in the continuum at levels of

%–4% because of electron scattering, and their polar-p ! 0.5
ization increases after optical maximum light (e.g., Jeffery
1991b; Wang et al. 1996, 2001; Leonard et al. 2001); however,
the polarization falls to zero at very late times, when the elec-
tron scattering opacity becomes very low (e.g., Jeffery 1991b).
The typical line polarization profile—actually mostly due to
electron-polarized light interacting with a line—predicted the-
oretically (Jeffery 1989) and to some degree confirmed obser-
vationally in SN 1987A and other SNe (Jeffery 1991a, 1991b;
Leonard & Filippenko 2001; Leonard et al. 2001) is an inverted
P Cygni profile: strong polarization maximum at the flux
P Cygni trough feature and polarization minimum at the flux
P Cygni emission feature. Line blending and other intrinsic
effects can distort these profiles. For SN 1998bw, an intrinsic
optical polarization of 0.4%–0.6% was found, suggesting an
asymmetry of less than 2/1 in the axial ratio of the ejecta (Patat
et al. 2001; Kay et al. 1998). No distinct line polarization
features were seen, probably because of the poor signal-to-
noise ratio (S/N) or the relatively narrow wavelength range of
those observations.

2. OBSERVATIONS AND DATA REDUCTION

The spectropolarimetry was taken with the 8.2 m Subaru
Telescope equipped with the Faint Object Camera and Spec-
trograph (FOCAS; Kashikawa et al. 2002) from 2002 February
9 through June 9. For February and June observations, we used

Subaru/FOCAS

CfA
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Abstract

The Faint Object Camera and Spectrograph (FOCAS) is a Cassegrain optical instrument for the Subaru
Telescope. Its capabilities include 6"! FOV direct imaging, low-resolution spectroscopy (R = 250–2000 with 0.""4
slitwidth), multi-slit spectroscopy and polarimetry. We describe the overall design of FOCAS, its observing func-
tions, and the performance verification procedures that have been carried out.

Key words: instrumentation: spectrographs

1. Introduction

The Faint Object Camera and Spectrograph (FOCAS) is one
of the seven common-use facility instruments of the 8.2-m
Subaru Telescope (Kaifu et al. 2000) on Mauna Kea. The ba-
sic concept of FOCAS, as a versatile Cassegrain optical instru-
ment for imaging and low- to medium-resolution multi-object
spectroscopy, was proposed in the late 80’s. Together with the
wide-field prime-focus camera (Suprime-Cam) and the high-
dispersion spectrograph (HDS), it was intended to form part
of a suite of optical instruments for the Subaru Telescope.
Since FOCAS allows broad- and narrow-band imaging, spec-
troscopy, imaging polarimetry, and spectropolarimetry of a
wide range of objects, the science objectives include studies of
faint objects in the solar system, faint stars, nebulae, and star
clusters in the Galaxy, individual objects in nearby galaxies,
the internal structure of galaxies, spectroscopic studies of ac-
tive galactic nuclei, the evolution of clusters of galaxies, high-
redshift quasars, and so on.

Various design and development efforts were made between
1991 and 1995 to finalize the detailed design of FOCAS
(Iye 1994; Sasaki et al. 1994). Among the items developed
and optimized were the optical design, the mechanical design,
the control system, the CCD camera electronics, the structure
of the dewar, the multi-slit exchange mechanism, the multi-
slit fabrication system, the multi-layer anti-reflective coating,
the filters, the grisms, the wave plates for polarimetry, and
so on. A great deal of practical experience, which was use-
ful in defining the control system of FOCAS, was obtained
during the fabrication and installation of the Okayama Optical

Polarimetry and Spectroscopy system (OOPS) on the Okayama
91-cm telescope in the early 90’s. Construction of FOCAS
started in 1996, and the system was shipped to Hawaii in
1999. Action and control tests, adjustments, and optimiza-
tions were carried out using the two common-use telescope
simulators installed at the Mitaka campus in Tokyo and at the
Hilo base facility of NAOJ. First light on FOCAS (Kashikawa
et al. 2000; Yoshida et al. 2000) was obtained in 2000 February
(figure 1). Since FOCAS is a sophisticated instrument with
various modes of observation, it took another year and a half
to commission and test all of the instrument’s features, in-
cluding the multi-object spectrograph capability, but not in-
cluding the polarimetric capability. FOCAS has been avail-
able for common-use observations since 2001 April. The po-
larimetry mode, which has been tested since 2002 February,
is intended to be available after 2003 April. In this paper, we
describe the overall design and observing functions of FOCAS
and the performance verification procedures that have been car-
ried out. Further information on the instrument can be found at
!http://www.naoj.org/Observing/Instruments/FOCAS/".

2. The Optics of FOCAS

2.1. The Main Optics Train

FOCAS is mounted at the F12.2 Cassegrain focus of the
8.2-m Subaru Telescope, where the image scale is 2.""06mm#1

given the telescope focal length of 100 m. It has a field curva-
ture with a radius of 2409 mm, due to the Ritchey–Chrétien de-
sign of the Subaru Telescope. FOCAS is designed to cover the
entire unvignetted region of the Cassegrain FOV, 6" in diameter.

Kashikawa et al. 2002



As of 2007
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OPTICAL SPECTROPOLARIMETRY AND ASPHERICITY OF THE TYPE Ic SN 2007gr1
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ABSTRACT

We present an optical spectropolarimetric observation of the Type Ic supernova (SN) 2007gr madewith the Subaru
Telescope at 21 days after maximum brightness (!37 days after the explosion). Nonzero polarization as high as!3%
is observed at the absorption feature of the Ca ii IR triplet. The polarization of the continuum light is !0.5% if we
estimate the interstellar polarization ( ISP) component by assuming that the continuum polarization has a single
polarization angle. This suggests that the axis ratio of the SN photosphere projected on the sky differs from unity by
!10%. The polarization angle at the Ca ii absorption is almost aligned with that of the continuum light. These features
may be understood in the context of a model in which a bipolar explosion with an oblate photosphere is being viewed
from a slightly off-axis direction and explosively synthesized Ca near the polar region obscures the light that
originates around the minor axis of the SN photosphere. Given the uncertainty in the ISP, however, the polarization
data could also be interpreted with a model with an almost spherically symmetric photosphere and a clumpy Ca ii
distribution.

Subject headinggs: polarization — supernovae: general — supernovae: individual (SN 2007gr)

1. INTRODUCTION

The explosion mechanism of core-collapse supernovae (SNe)
is still under debate. Recent theoretical studies have shown that
the effects causing nonspherical explosions, such as themagnetic
field, rotation, and several kinds of instabilities, are important for
a successful explosion (e.g., Blondin et al. 2003; Kotake et al.
2004; Buras et al. 2006; Burrows et al. 2006).

Given these circumstances, observational constraints on SN
asymmetry are important. Such observations include direct im-
aging of Galactic young supernova remnants (e.g., Hwang et al.
2004) and SN 1987A (Wang et al. 2002), although the number
of such objects is limited. Observations of extragalactic, point-
source SNe also provide clues to the explosion geometry. For
example, the shape of the emission lines in optical spectra at
k1 yr after explosion can be used to study the multidimensional
structure in the innermost parts of core-collapse SNe (Mazzali
et al. 2005; Maeda et al. 2008; Modjaz et al. 2008).

The most direct way to study the asymmetry of extragalactic,
point-source SNe at early phases is polarimetry. Since the polarized
light scattered by electrons in the ejecta completely cancels out in
the spherically symmetric case, the detection of polarization un-
doubtedly indicates a deviation from spherical symmetry (Shapiro
& Sutherland 1982; Höflich 1991). With spectropolarimetry, the
polarization across the P Cygni profile can provide information
on the distribution of elements. Spectropolarimetric studies have
clarified the asymmetric nature of core-collapse SNe in detail (e.g.,
Cropper et al. 1988; Trammell et al. 1993; Wang et al. 2001;
Leonard et al. 2001, 2006; Kawabata et al. 2002).

In this paper, we present a spectropolarimetric observation of
SN 2007gr, which was discovered in NGC 1058 by Li et al.

(2007). Thanks to the short distance to this host galaxy,6 SN
2007gr reached 12.7 mag in the R band at maximum brightness
(Valenti et al. 2008), making a spectropolarimetric observation
possible. The photometric and spectroscopic properties of SN
2007gr are described by Valenti et al. (2008), who classified this
SN as Type Ic because of the absence of H and He lines. The
progenitors of Type Ic SNe are thought to have lost their H and
He layers before explosion (see, e.g.,Wheeler et al. 1987;Nomoto
et al. 1994). The nondetection in preexplosion Hubble Space
Telescope images at the SN’s position is consistent with a Wolf-
Rayet progenitor (Crockett et al. 2008). The maximum brightness
of SN 2007gr is similar to that of normal SNe, being powered by
the decay of !0.07Y0.1 M" of 56Ni (Valenti et al. 2008).

In x 2, we present the observation and data reduction. Results
of the spectropolarimetry are described in x 3, where the inter-
stellar polarization is also discussed. We study the multidimen-
sional explosion geometry of SN 2007gr in x 4 and summarize
our conclusions in x 5.

2. OBSERVATION AND DATA REDUCTION

The spectropolarimetric observation of SN 2007gr was per-
formed with the 8.2 m Subaru Telescope equipped with the Faint
Object Camera and Spectrograph (FOCAS; Kashikawa et al.
2002) on 2007 September 18 UT. This epoch corresponds to
21 days after maximum brightness, which is !37 days after the
explosion, assuming a rise time of 16 days (Valenti et al. 2008).

We used a slit of 0.800 width, a 300 line mm#1 grism, and the
SY47 order-cut filter, yielding a resolution of k/!k ! 650. The
linear polarimetricmodule of FOCAS consists of a rotating super-
achromatic half-wave plate and a crystal quartzWollaston prism.
Both the ordinary and extraordinary rays are recorded on the CCD
simultaneously. With four integrations at the 0$, 45$, 22.5$, and
67.5$ positions of the half-wave plate, Stokes Q and U were de-
rived as in Tinbergen (1996). For the degree of polarization P,
the polarization bias was corrected using the results of Patat &

1 Based on data collected at the Subaru Telescope, which is operated by the
National Astronomical Observatory of Japan.

2 Department of Astronomy,Graduate School of Science,University of Tokyo,
Bunkyo-ku, Tokyo 113-0033, Japan; mtanaka@astron.s.u-tokyo.ac.jp.

3 Hiroshima Astrophysical Science Center, Hiroshima University,
Higashihiroshima, Hiroshima 739-8526, Japan.

4 Institute for the Physics and Mathematics of the Universe, University of
Tokyo, Kashiwa, Chiba 277-8568, Japan.

5 Subaru Telescope, National Astronomical Observatory of Japan, Hilo,
HI 96720.

6 Crockett et al. (2008) adopted 10.6Mpc for the distance to the SN (Schmidt
et al. 1992; Terry et al. 2002; Pilyugin et al. 2004), while Valenti et al. (2008)
adopted 9.3 Mpc (based on Silbermann et al. 1996).
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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 MT+12

OT U2773 LBV? 2009 Oct 17 ISP ...

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

SN 2009mi Ic 2010 Jan +26.5 16 Good MT+12

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. 
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What do we expect?
(Line polarization)

3D Explosion Geometry of Core-Collapse Supernovae 3
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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. Di!erent
colors represent di!erent 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 o!set slit, a 300 lines mm#1 grism, and the Y47 filter, giving
the wavelength coverage 4700-9000 Å and the wavelength resolution "! = 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 !! 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

!! is as large as " 90" (the di!erence of 180" in the Q!U
diagram corresponds to the di!erence 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)
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Angle

3D Monte-Carlo 
radiative transfer
with polarization

see also 
Kasen+03, ApJ, 593, 788
Hole+10, ApJ, 720, 1500
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v � r
Homologous expansion



2 Tanaka et al.

−30
−20
−10

0
10
20

θ 
(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

θ 
(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. Di!erent
colors represent di!erent 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.

In this paper, we first show our spectropolarimetric
observations of 2 Type Ib/c SNe with Subaru telescope
(Sections 2 and 3). The 1st target is Type Ib SN 2009jf
(discovered in NGC 7479 by Li et al. 2009 on 2009
September 27.33 UT, and classified by Kasliwal et al.
2009; Sahu et al. 2009). See Sahu et al. (2011) for more
details. The other target is Type Ic SN 2009mi (discov-
ered in IC 2151 by Monard et al. 2009 on 2009 December
12.91 UT, and classified by Kinugasa et al. 2009). Our
data indicate that these SNe are not spherical (1D) and
not even axisymmetric (2D), but have a 3D structure.

Then, we summarize the spectropolarimetric data of
core-collapse SNe published so far (Section 4). There
is a wide variety in the degree of line polarization. We
find that the line polarization is correlated to the depth
of absorptions. By using this relation, we characterize
the polarization level for each line and reconfirm the fact
that all SNe show non-zero polarization, as also noted by
Wang & Wheeler (2008).

In Section 5, we perform 3D polarization transfer sim-
ulations to analyze the observations. By comparing the
observed properties with the results of simulations, we
discuss 3D explosion geometry of core-collapse SNe and
its origin in Section 6. Finally we give conclusions in
Section 7.

2. OBSERVATIONS

We have performed spectropolarimetric observations
of SNe 2009jf and 2009mi with the 8.2m Subaru tele-
scope equipped with Faint Object Camera and Spec-
trograph (FOCAS, 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 the both observations, we used an o!set 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 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.

Polarization in Q-U Plane
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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. Di!erent
colors represent di!erent 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 o!set slit, a 300 lines mm#1 grism, and the Y47 filter, giving
the wavelength coverage 4700-9000 Å and the wavelength resolution "! = 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 !! 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

!! is as large as " 90" (the di!erence of 180" in the Q!U
diagram corresponds to the di!erence 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.

Polarization spectrum
Q-U plane

Q =       --   

U =       --
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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 (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. Di!erent
colors represent di!erent 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 o!set slit, a 300 lines mm#1 grism, and the Y47 filter, giving
the wavelength coverage 4700-9000 Å and the wavelength resolution "! # 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 o!set 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 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

Diagnostic of the Geometry?
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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

Valenti+11
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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. Di!erent colors show di!erent
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 also e.g., Kawabata+02, Wang+03, Maund+07)
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Fig. 3.— Total flux spectrum and polarization spectrum of SNe 2009jf (left) and SN 2009mi (right). The total flux is shown in units of
10!15 and 10!16 erg s!1 cm!2 Å for SNe 2009jf and 2009mi, respectively. The polarization data are binned into 25 and 50 Å for SNe
2009jf and 2009mi, respectively. In the plot of Stokes parameters and polarization angle, contribution of the interstellar polarization is not
corrected for.
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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

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
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and Ca II line (squares connected with the red line). The polarization data are binned into 50 Å, giving a velocity resolution of about
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di!erent Doppler velocities as shown in the color bar above the plots. Although the Ca ii triplet seems to be resolved in the total flux of
SNe 2009jf and 2009mi (Figure 3), the velocity in this Figure is simply measured from the mean wavelength (8567 Å). In our data, there
is no evidence for an additional high-velocity component of the Ca ii line as seen in some other SNe (see e.g., Maund et al. 2009). The
O i and Ca ii 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 change of the angle measured from the reference point.

common in stripped-envelope SNe.

4.2. Relation Between Line Polarization and
Absorption Depth

Figure 6 shows the observed line polarization as a func-
tion of epoch from maximum brightness. There is a large
variety in the polarization degree. It is clear that the
Ca ii line (blue) tends to be more polarized than the
other lines. There is no clear trend in the time evolu-
tion; the line polarization could increase or decrease with
time.

Figure 7 shows the same polarization data as a function
of the fractional depth of the absorption. The fractional
depth (FD) is defined as

FD =
Fcont ! Fabs

Fcont
, (3)

where Fcont and Fabs are the flux at the continuum and
absorption minimum, respectively.

Figure 7 shows that stronger lines tend to show higher
polarization degree. In fact, there are no observational
points at the top left of the plot, i.e., FD < 0.3 and
Pobs > 1%. This seems natural because the absorption,
unless it is quite strong, cannot cause a significant in-
complete cancellation of the polarization (Figure 1).

We can analyze this relation in a simple, analytic way.
We assume a spherical photosphere projecting an area S
on the sky. Within this photospheric disk, the flux per
unit area I and the polarization degree are assumed to
be uniform. The total flux from the photospheric disk is
Fcont = IS. When light is emitted from a point on the
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Fig. 6.— Observed line polarization as a function of SN epoch.
Data for the same SN are connected with lines. There is no clear
trend in the time evolution of the line polarization. The Ca ii line
tends to be more polarized than other lines.

photospheric disk on the sky, it can undergo line absorp-
tion with an absorption fraction xabs " 1! exp(!!). At
the wavelength of this line, the flux is Fabs = (1!xabs)IS.

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 (e.g., the shaded region in
Figure 1(c)). Then, the total flux at the wavelength of
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Figure 7. Same as Figure 6 but for the Ca ii IR3 feature at 2008 January 31.
(A color version of this figure is available in the online journal.)

of the polarization angle of three He i lines, !5876 = 141! ± 9!,
!6678 = 147! ±9!, and !7065 = 152! ±7!, at the first epoch sug-
gests a common geometry for the line-forming regions of these
lines. The two red He i lines have similar polarization angles at
the second epoch, !6678 = 147! ± 7! and !7065 = 154! ± 5!,
suggesting the He i line-forming region is the same as in the
first epoch. The polarization angle associated with He i "5876
changes to 39! ± 7!, suggesting possible blending due to
Na i D.

At the second epoch, He i "5015 is also expected to be a
prominent feature, although coincident with a number of Fe ii
lines. The presence of this line is suggested by the similar
polarization angle (147! ± 6!) associated with the absorption
at 4890 Å.

We conclude that the violation of Equation (1) and the
observed rotation of the polarization angle for the He i lines
is due to the lines arising in an excited He i clump that is off-
axis relative to the axis of symmetry of the photosphere and
does not cover the full area of the photosphere.

4.2.3. Ca ii

At the first epoch, Ca ii H&K is observed to be polarized (with
an inverted P-Cygni profile) at 2.4% ± 0.8%, a similar level to
that observed for the Ca ii IR3 at 1.8% ± 0.3%. The Ca ii IR3
absorption feature is observed to be polarized at both epochs,
with the subtraction of the ISP, producing the expected “inverted
P-Cygni profiles” in the polarization spectra. As it is unclear if
the flux at the absorption minimum of the Ca ii H&K feature
is significantly detected at the second epoch (Section 3.1),
we cannot ascertain the real degree or significance of the
observed polarization around the wavelength of that feature
at that epoch. At the second epoch, in which a probable HV
component is observed, a polarization of Ca ii IR3 is observed
to be 2.5% ± 0.7%. This suggests the apparent HV component
at the second epoch also produces the absorption minimum
at the first epoch, and the two components were not resolved
at the first epoch. Similarly to Section 4.2.2, the theoretical

Figure 8. Same as Figure 6 but for the Ca ii IR3 feature at 2008 February 15.
(A color version of this figure is available in the online journal.)

limiting polarization for Ca ii is 0.92%, such that the observed
data suggest a similar scenario for Ca ii (as suggested for He i)
being formed in a region with a different axial symmetry to that
of the photosphere and incomplete coverage. At the first epoch
the polarization angle at the Ca ii IR3 absorption minimum is
37! ± 4!, whereas at the second epoch the angle is 25! ± 3!.
Importantly, these angles are significantly different than those
observed for He i, O i, and Fe ii, suggesting the Ca ii IR3 line
forms in a significantly different portion of the ejecta to the lines
of the other species.

At the first epoch, the absorption component of IR3 is
obviously polarized, although the data are not of sufficient
quality (due to the severity of fringes) to discern a loop (see
Figure 7). By the time of the second epoch, a loop is easily
identified (Figure 8) corresponding to the HV component of the
absorption profile.

4.2.4. Fe ii

The observed level of polarization associated with the
Fe ii(42) lines is significantly reduced upon subtraction of the
ISP, as indicated in Figures 2 and 3. Some polarization is still
associated with these lines at the first epoch (0.6%–1% ± 0.2%),
but a larger polarization (1% ± 0.3%) is observed at this wave-
length at the second epoch, due to the increase in strength of the
He i "5015 line (see Section 4.2.2).

At the first epoch, the peak polarization for the bluest
absorption of Fe ii(37,38), at "9600 km s"1, is 0.9%. Another
polarization peak at 1% is observed at 4441 ± 15 Å, without an
obvious counterpart in the flux spectrum. It may correspond to
the 4584 Å line, in the same multiplet, at the velocity determined
above.

4.2.5. O i

A weak polarization signature is associated with O i
"7774 measured to be 0.50% ± 0.13% at 17! ± 18! and
0.3% ± 0.13% at 155! ± 4!, at the first and second epochs,
respectively. The large errors are due to the coincident telluric
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polarization features are discussed at length in the following sec-
tions. There appears to be a degree of ‘continuum’ polarization, for
regions of the spectrum over which the Stokes parameters hardly
vary. This is the case for data in the range 6000 < ! < 8000 Å,
where the average polarization is 0.45 per cent, but shows no appar-
ent correlation with features in the flux spectrum. The bulk of the
data, on the Q–U plane (see Fig. 4), lies within p ! 0.45 per cent
of the origin, with the obvious exceptions of He I and Ca II lines.
This degree of polarization implies asymmetries of the order of
!10 per cent (Höflich 1991).

4.3 He I 5876 Å

As discussed previously, the He I 5876 Å line shows a signifi-
cant degree of polarization, rising from a continuum level of 0.2–
1.3 per cent at the absorption minimum. The emission component,
after ISP subtraction, has no polarization, as assumed in the calcu-
lation of the ISP presented in Section 4.1. The increase in polariza-
tion, anticorrelated with the flux spectrum of the absorption line, is
matched by a rotation in the polarization angle corresponding to 0"

at the continuum level to 50" at the line centre. This corresponds to
the production of a loop, as seen on Figs 3 and 4 and, specifically,
5. The effect of the ISP, and in particular its orientation, stretches
the loop in the direction of the ISP angle and away from the origin
of the Q–U plane. While the subtraction of the ISP causes the loop
to be contracted, it is still clear that the loop structure, on the Q–U
plane, is intrinsic to the SN itself.

The loop structure, shown on Fig. 5, lies on only one side of the
dominant axis, and the emission component can be seen to lie at
the origin of the Q–U plane, since it is measured to be completely
depolarized. The bulk of the loop structure is formed by wavelengths
blueward of the rest wavelength of this line.

In this case, a simple straight-line fit to data on the Q–U plane (see
Wang et al. 2006) would yield only a poor fit, since it is clear that

Figure 5. The Q and U Stokes parameters around the He I 5876 Å line. The
data have been rebinned to 15 Å (or 765 km s#1 at 5876 Å). The points are
colour coded by the observed velocity (km s#1) relative to the rest wavelength
of the line. The dominant axis, determined for the entire data set as shown in
Fig. 4, is shown as the straight black line. The arrow indicates the degree of
ISP which, due to wavelength dependence, shows the degree of ISP from blue
to red wavelengths. The dot–dashed circle shows the region of ‘continuum’
polarization p = 0.45 per cent.

the structure is a loop. There is no rotational transformation on the
Q–U plane, to rotate the parameters to ‘dominant’ and ‘orthogonal’
axes, that can remove the loop (Maund et al. 2007).

4.4 Ca II H&K and IR triplet

The highest degrees of polarization, across the observed spectral
range, are measured for the Ca II H&K and IR triplet as 2.9 ± 0.7
and 4 ± 1 per cent, respectively. On the Q–U plane, as plotted in
Fig. 4, the Stokes parameters across these two lines are observed
to occupy approximately the same area with the same orientation
relative to the origin.

A relatively high degree of uncertainty on these values is caused
by low levels of S/N at these wavelengths, due to the limited re-
sponse of FORS1 at both the blue and red extremes of the data. Even
so, the degrees of polarization associated with these features are still
significantly higher than for any other features in the spectrum.

Whereas the He I 5876 Å line rotated by 50", as discussed in Sec-
tion 4.3, a different amount of rotation of the polarization angle is
observed across these features (from 60 through 85") is observed;
although in the case of the Ca II IR triplet the data are incomplete
as the emission component lies redward of the spectral range of the
observation. Furthermore, the Q # U data associated with these fea-
tures show that they are approximately aligned with the determined
ISP. This leads to some concern over the veracity of the measured
value of the polarization angle across these features. The amount
by which the polarization angle rotates across the lines should not
be affected, since that is a relative change. Again, this problem is
most likely due to uncertainties in the Stokes parameters induced by
the low S/N of the data at these wavelengths. These effects would
also cause the Stokes Q and U parameters to deviate from the clear
loop structure observed for such lines as He I 5876 Å. If the Stokes
parameters across these two lines are assumed to be correct then
the polarization angle measured across these two lines are: (1) con-
sistent for the two Ca lines, suggesting production of both these
lines by Ca ions with the same distribution within the ejecta and
(2) that Ca has a significantly different distribution within the ejecta
compared to He.

4.5 HV H I H!, H" and H#

As discussed in Section 3.1, a series of absorption features in the
spectrum can be identified as H", H# and H$ at high velocities.
Anupama et al. (2005), Tominaga et al. (2005) and Parrent et al.
(2007) debate, however, the relative contributions of H and other
possibly blended species, such as Si II and Fe II. Blending with other
lines, with different polarization properties, would cause differences
in the observed polarizations for each of the Balmer lines. Spec-
tropolarimetry can, therefore, be used to assess the importance of
blending, when considering particular line identifications.

Small increases in the degree of polarization, across the Balmer
features, are shown as Fig. 6. The peaks in polarization are seen to
disagree with the absorption minima of the line profiles in the flux
spectrum for H" and H$ , even though the minima for the three lines
have similar velocities to within 1 bin (or 765 km s#1) in the flux
spectrum.

There is no detectable loop structure associated with the HV H I

features, which is to be expected given that the polarization associ-
ated with these features is low relative to the degree of the continuum
polarization either side of each of these lines, in wavelength space.
Instead, the principal measurable signature of these lines is the total
polarization itself.

C$ 2007 The Authors. Journal compilation C$ 2007 RAS, MNRAS 381, 201–210
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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-axisymmetry is common
(MT+2012, ApJ, 754, 63)
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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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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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ISP derived from “Unpolarized SN”

• Polarization 
fitted by
Serkowski’s law
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Fig. 1.— Total flux and polarization spectrum of SN 2009dc at
t = +5.6 days (blue lines). In polarization spectrum, ISP is not

corrected for. Polarization data are binned into 20 Å. In the top
panel, the total flux of SN 2009dc (in 10!15 erg s!1 cm!2 Å!1) is
compared with the normal Type Ia SN 2003du (scaled flux, shifted
by 3.0, Stanishev et al. 2007) and the overluminous Type Ia SN
2006gz (scaled flux, shifted by 1.5, Hicken et al. 2007). The red
dashed lines show the estimated ISP (Section 3.3). Vertical lines
at the Si ii (!6347, 6371), O i !7774, and Ca ii (!8498, 8542, 8662)
lines show 7,200 km s!1 and 12,000 km s!1 position.

1990) at both epochs. Telluric absorption lines were also
removed using the spectrum of this standard star.

Throughout this paper, we define Stokes parameters
as a fraction of the total flux: Q ! Q̂/I and U ! Û/I,
where Q̂ and Û can be expressed by Q̂ = I0 " I90 and
Û = I45 " I135, respectively. Here I! is the intensity
measured through the ideal polarization filter with an
angle ! (see e.g., Landi degl’Innocenti 2002). The angle
is measured from north to east. From Stokes Q and U ,
the position angle is obtained by ! ! 0.5atan(U/Q). The
degree of total polarization is P !

!

Q2 + U2. Because
of this definition, total polarization is biased in a posi-
tive direction. This bias is corrected using the results of
Patat & Romaniello (2006) when P is shown.

3. RESULTS

3.1. Spectroscopic Properties

The top panel of Figure 1 shows the total flux spectrum
of SN 2009dc at t = +5.6 days (blue) compared with
the spectra of normal SN 2003du (gray, Stanishev et al.
2007) and overluminous SN 2006gz (black, Hicken et al.
2007). SN 2003du is a well-studied normal Type Ia
SN (z = 0.00638, Gerardy et al. 2004; Anupama et al.
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Fig. 2.— Total flux and polarization spectrum of SN 2009dc at
t = +89.5 days (blue lines). In polarization spectrum, ISP is not

corrected for. Polarization data are binned into 100 Å. In the top
panel, the total flux of SN 2009dc (in 10!16 erg s!1 cm!2 Å!1) is
compared with the normal Type Ia SN 2003du (scaled flux, shifted
by 2.0, Stanishev et al. 2007). The red dashed lines show the esti-
mated ISP (Section 3.3).

2005; Stanishev et al. 2007). SN 2006gz is an overlu-
minous Type Ia SN, which is a candidate for super-
Chandrasekhar mass SN (z = 0.0236, Hicken et al.
2007). Compared with normal Type Ia SNe, the spec-
trum of SN 2009dc is unique in the following points: (1)
very low line velocities and (2) presence of the carbon
line.

The velocity of the Si ii "6355 line is v = 7, 200 km s!1,
lower than that of SN 2003du at a similar epoch (10,200
km s!1 at +6.2 days) and SN 2006gz (11,200 km s!1 at
+6 days). The Si line velocity of SN 2009dc is close to
that of SN 2003fg (8000 km s!1 at +2 days, Howell et al.
2006).

The C ii "6578 line is clearly present in the spectrum
of SN 2009dc at +5.6 days. The velocity is v = 6, 700
km s!1, which is also very low for a Type Ia SN. The C
lines are rarely seen in Type Ia SNe (Marion et al. 2006;
Tanaka et al. 2008b). Even if they are seen, the detection
is limited almost exclusively to the very early phases: the
earliest detection was in SN 1990N at -15 days (Mazzali
2001), and the detection is usually at < "10 days for
other SNe (Thomas et al. 2007). In fact, the C ii line
was also visible in SN 2006gz, but disappeared at "10
days. In SN 2003fg, the C ii line was marginally present
at +2 days.

Figure 2 shows the total flux spectrum of SN 2009dc
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For the wavelength dependence of ISP, we assume the
following relation, which is valid for the Milky way like
dust (Serkowski et al. 1975):

P (!) = Pmax exp
!

!K ln2 (!max/!)
"

. (1)

Here !max is the wavelength at the peak of the ISP, Pmax
is the degree of the ISP at !max, and K is given as K =
0.01+1.66 !max (µm) (Whittet et al. 1992). We assume
!max = 5500 Å as a conventional choice.

The best simultaneous fit of the Stokes Q and U at t =
+89.5 days can be obtained ("2/dof=1.1) when QISP =
!0.50% and UISP = !0.25% at 5500 Å, i.e., PISP,max =
0.56%, #ISP = 103!. This ISP is shown in red dashed
lines in Figures 1 and 2 and gray circle in Figure 3. Note
that the uncertainty of the ISP is " 0.15%, which is a
typical error of the Stokes Q and U ("2/dof

"
< 2.0 with

this uncertainty range).
The degree of ISP is also constrained by the total ex-

tinction: P/E(B ! V ) < 9% (Serkowski et al. 1975). In
the line of sight to SN 2009dc, the extinction by our
Galaxy is E(B ! V )Gal = 0.071 mag (Schlegel et al.
1998). The extinction by the host galaxy is not cer-
tain. In our spectrum, narrow Na i D lines are detected,
and their equivalent widths are EW= 0.5 and 1.0 Å for
our Galaxy and the host galaxy, respectively (these are
slightly lower than the values reported by Marion et al.
2009). If we assume a host extinction proportional to
the EW, the host extinction is E(B!V )host = 0.14 mag.
Alternatively, if we use the relations by Turatto et al.
(2003), we obtain E(B!V )host = 0.15 mag or 0.47 mag.
Thus, the upper limit for the ISP is P < 0.63% in our
Galaxy and P < 1.3% (tightest when E(B ! V ) = 0.14
mag) in the host galaxy. The ISP estimated above is
consistent with these upper limits.

4. EXPLOSION GEOMETRY AND PROGENITOR
OF SN 2009dc

We discuss the overall shape of the explosion and ele-
ment distribution with the continuum polarization (Sec-
tion 4.1) and the line polarization (Section 4.2), respec-
tively. By comparing with polarization properties of
other Type Ia SNe, we discuss the progenitor of SN
2009dc (Section 4.3).

4.1. Overall Asymmetry

Figure 4 shows the ISP-corrected, bias-corrected to-
tal polarization P at t = 5.6 days. Assuming the ISP
estimated with the later epoch data, the continuum po-
larization is found to be < 0.3% measured at the line-free
region at 6500-7300 Å. Although there is a fluctuation in
polarization around 6600 Å (this is less significant in the
original Stokes Q and U , Figure 1), there is no corre-
sponding line there. Thus, we take this part as an upper
limit of continuum polarization.

The small degree of continuum polarization is
consistent with other normal Type Ia SNe (e.g.,
Wang et al. 1997, 2003a, 2006; Leonard et al. 2005;
Chornock & Filippenko 2008). The small degree of con-
tinuum polarization indicates that the overall shape of
the photosphere is nearly spherically symmetric. Thus,
SN 2009dc is a nearly spherical explosion. The inferred
asymmetry of the photosphere projected on the sky is

"
< 10% (Höflich 1991; Wang et al. 1997).
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Fig. 4.— Total flux (F! in 10!15erg s!1 cm!2 Å!1), ISP-
corrected, bias-corrected polarization P , polarized flux (PF! in
10!17erg s!1 cm!2 Å!1), and position angle ! of SN 2009dc at
t = +5.6 days. In the plot of position angle, the data around the
Si and Ca lines are highlighted because, except for these parts,
position angle is erratically scattered and less meaningful due to
the almost null polarization. Vertical lines at the Si ii ("6347,
6371), O i "7774, and Ca ii ("8498, 8542, 8662) lines show 7,200
km s!1 and 12,000 km s!1 position.

Hillebrandt et al. (2007) suggested a possibility that
the extremely luminous Type Ia SN 2003fg is an explo-
sion of a Chandrasekhar mass white dwarf. In their sce-
nario, the explosion is triggered at an o!-center position,
and nuclear burning preferentially takes place toward one
direction. As a result, the distribution of 56Ni is lopsided.
With such a lopsided explosion, the extreme luminosity
can be explained even with 0.9 M" of 56Ni when we ob-
serve the SN from the 56Ni-rich direction.

However, since this explosion is very aspherical, it is
not likely that the model is consistent with the observed
small continuum polarization. Such a scenario is only
possible if our line of sight is exactly along a direction
so that the projected photosphere becomes spherically
symmetric.

The small continuum polarization seems to disfavor the
Chandrasekhar mass progenitor. It is not yet clear, how-
ever, whether the explosion of a super-Chandrasekhar
mass white dwarf can be nearly spherical or not. When
a super-Chandrasekhar mass is maintained by rapid rota-
tion, the rotation speed is limited by the critical rotation
at the surface in the equatorial direction. If the rota-
tion is uniform, the Chandrasekhar mass is only 1.5 M".
If the white dwarf mass is as large as 2 M", then the
rotation must be di!erential and the white dwarf prior
to the explosion has an aspherical shape (Uenishi et al.
2003; Yoon & Langer 2005). The explosion geometry of

19 mag
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できたこと と できなかったこと

•できたこと
• ライン偏光
半径依存性がある＋元素依存性がある

•できなかったこと
• 連続光偏光　　「片手落ち」

• 統計的性質　　　全６天体のみ

• ガンマ線バースト　　暗過ぎ
TMT時代

8-10m望遠鏡を
何度も使う
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Spectropolarimetry of GRB-SNe

(NASA)

On the sky

ion

Zero polarization

• SN 2003dh/GRB 030329 @ z=0.17
R~20.8 (Kawabata et al. 2003)

If line polarization is detected,

• Non-axisymmetry of GRB-SNe 

• Non on-axis line of sight



• Geometry/Mechanism of SN explosion

• Subaru/FOCAS spectropolarimetry
R~500, ΔP < 0.1% for 16-18 mag 

• Results

• Change in polarization angle 
associated with absorption line
=> Non-axisymmetry of SN explosion

• Continuum polarization is still missing

• Future

Spectropolarimetry of supernovae


