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ABSTRACT

We study the multi-dimensional geometry of supernova (SN) explosions by means of spectropolarimetric
observations of stripped-envelope SNe, i.e., SNe without a hydrogen-rich layer. We perform spectropolarimetric
observations of two stripped-envelope SNe, Type Ib SN 2009jf and Type Ic SN 2009mi. Both objects show non-
zero polarization at the wavelength of the strong lines. They also show a loop in the Stokes Q —U diagram,
which indicates a non-axisymmetric, three-dimensional ion distribution in the ejecta. We show that five out of six
stripped-envelope SNe, which have been observed spectropolarimetrically so far, show such a loop. This implies
that a three-dimensional geometry is common in stripped-envelope SNe. We find that stronger lines tend to show
higher polarization. This effect is not related to the geometry, and must be corrected for to compare the polarization
of different lines or different objects. Even after the correction, however, there remains a dispersion of polarization
degree among different objects. Such a dispersion might be caused by three-dimensional clumpy ion distributions

viewed from different directions.
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1. INTRODUCTION
1.1. Explosion Geometry of Supernovae

Core-collapse supernovae (SNe) are the explosions of mas-
sive stars at the end of their lives. Besides their importance as
the end points of stellar evolution, SNe play an important role
in the chemical and dynamical evolution of galaxies. However,
the explosion mechanism of SNe has been unclear for a long
time after the first concept proposed by Burbidge et al. (1957)
and the first numerical simulation by Colgate & White (1966).

Modern detailed numerical simulations agree in that a suc-
cessful explosion cannot be obtained in one-dimensional (1D)
simulations (Rampp & Janka 2000; Liebendorfer et al. 2001;
Thompson et al. 2003; Sumiyoshi et al. 2005). Recently, increas-
ing attention is being paid to multi-dimensional effects, such as
convection (e.g., Herantet al. 1994; Burrows et al. 1995; Janka &
Mueller 1996) and Standing Accretion Shock Instability (e.g.,
Blondin et al. 2003; Scheck et al. 2004; Ohnishi et al. 2006;
Foglizzo et al. 2007; Iwakami et al. 2008). In fact, some suc-
cessful explosions have been obtained in two-dimensional (2D)
simulations (Buras et al. 2006; Marek & Janka 2009; Suwa et al.
2010).

Thanks to the advancements in numerical simulations, some
simulations have been done in a fully three-dimensional (3D)
space (Nordhaus et al. 2010; Wongwathanarat et al. 2010;
Takiwaki et al. 2012; Kuroda et al. 2012). Interestingly,

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

Nordhaus et al. (2010) show that it is easier to obtain a suc-
cessful explosion in 3D simulations than in 2D simulations (but
see also Hanke et al. 2011).

Given these circumstances, it is important to obtain obser-
vational constraints on the multi-dimensional geometry of SN
explosions. The most direct way is the observation of spatially
resolved SNe. Isensee et al. (2010) and DeLaney et al. (2010)
performed detailed observations of the Galactic SN remnant
Cassiopeia A. Using a combination of imaging and spatially re-
solved spectroscopy, they reconstructed the 3D geometry of the
SN. Similarly, direct imaging (Wang et al. 2002) and spatially
resolved spectroscopy (Kjer et al. 2010) have been performed
for SN 1987A in the Large Magellanic Cloud. However, the
number of objects suitable for such observations is limited.

Observations of extragalactic SNe can also provide hints of
explosion geometry, although at this distance SNe are point
sources. For example, spectroscopic observations of SNe at
>1 yr after the explosion provide information of explosion
geometry. At such late epochs, SN ejecta are optically thin.
Therefore, this method is sensitive to the geometry of the
innermost ejecta. By analyzing line profiles of nebular emission,
a bipolar geometry of SNe has been suggested (e.g., Mazzali
et al. 2001, 2005; Maeda et al. 2002, 2008; Modjaz et al. 2008;
Tanaka et al. 2009b; Taubenberger et al. 2009; Maurer et al.
2010, but see also Milisavljevic et al. 2010).

Polarization at early phases (<50 days after the explosion)
is another powerful method for studying the multi-dimensional
geometry of extragalactic SNe (see Wang & Wheeler 2008 for
a review). In contrast to late phase spectroscopy, polarization
is sensitive to the geometry of the outer ejecta. In particular,
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Figure 1. Schematic illustration of polarization in the SN ejecta (see also
Kasen et al. 2003; Leonard & Filippenko 2005; Wang & Wheeler 2008).
(a) When the photosphere is spherical, polarization is canceled out, and no
polarization is expected. At the wavelength of a line, polarization produced
by the electron scattering is depolarized by the line transition. (b) When the
ion distribution is spherical, the remaining polarization is canceled, and no
polarization is expected. (¢) When the ion distribution is not spherical, the
cancellation becomes incomplete, and line polarization could be detected (e.g.,
Jeffery 1989; Kasen et al. 2003; Wang & Wheeler 2008).

(A color version of this figure is available in the online journal.)

spectropolarimetry can probe 3D geometry, as explained in the
following section. In this paper, we study the multi-dimensional
explosion geometry of SNe using spectropolarimetric observa-
tions.

1.2. Power of Spectropolarimetry

Polarization in SNe is generated by electron scattering.
Since the polarization degree of the scattered light reaches
its maximum when the scattering angle is 90°, the expected
polarization map for a spherical photosphere looks like (a) in
Figure 1. However, SNe are observed as point sources, and
thus all the polarization vectors cancel out, resulting in no
polarization.’

Absorption and re-emission by a bound-bound transition,
which create a P-Cygni profile in the expanding ejecta, tend
to cause depolarization (Jeffery 1989; Kasen et al. 2003).
Thus, the polarization produced by the electron scattering is
effectively concealed by the interaction with lines. If an ion
is distributed spherically (b), polarization vectors still cancel
out, and no polarization is expected at the wavelength of the
line. Polarization would be detected at the wavelength of the
absorption line only if the ion is distributed asymmetrically (c),
because of the incomplete cancellation. Thus, we can identify
an asymmetric ion distribution by detecting line polarization.

Note that an asymmetric ion distribution is expected ei-
ther from an asymmetric element distribution, which could
be produced by a multi-dimensional explosion (e.g., Nagataki
et al. 1997; Kifonidis et al. 2000, 2003; Maeda et al. 2003;
Tominaga 2009; Fujimoto et al. 2011), or by an asymmetric
ionization/temperature structure, which is caused by an asym-
metric distribution of *°Ni (Tanaka et al. 2007).

9 When the photosphere is deformed, the cancellation of polarization
becomes incomplete. As a result, continuum polarization will be detected
(Shapiro & Sutherland 1982; Hoflich 1991). Although continuum polarization
is difficult to distinguish from interstellar polarization, multi-epoch
observations have revealed that there is non-zero continuum polarization in
Type IIP SNe after the plateau phase (Leonard et al. 2006; Chornock et al.
2010).
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The properties of linear polarization are fully described by
the Stokes parameters. Throughout this paper, we define the
Stokes parameters as a fraction of the total flux: Q = Q /I and
U= 0/[, where Q and U can be expressed as Q = Iy—Iyp and
U= I4s — I35, respectively. Here Iy is the intensity measured
through the ideal polarization filter with an angle 6. From the
Stokes parameters Q and U, the polarization position angle 6 is
obtained by

20 = atan(U/ Q). (1)

The position angle is measured from north to east in the sky.

Figure 2 shows the expected line polarization in a 2D bipolar
model (top) and a 3D clumpy model (bottom). The polarization
spectra are calculated by the Monte Carlo method for arbitrary
line optical depth distributions, under assumptions similar to
those in Kasen et al. (2003) and Hole et al. (2010). The details
of the simulations will be given in a forthcoming paper. The
left panels show the distribution of line optical depth. In the 2D
model, the opacity is enhanced by a factor of 10 in the polar
region, while in the 3D model, the opacity is similarly enhanced
in the randomly distributed clumps.

In both cases, the polarization changes at the wavelength of
the line (middle panels), which is caused by the asymmetric
distribution of the line optical depth. However, the behavior
of the polarization angle is different. In the 2D case, the
polarization angle is constant (some fluctuation is caused by
the Monte Carlo noise), while in the 3D case, it largely changes
across the line. Since the SN ejecta expand homologously and
the velocity can be used as a radial coordinate, a change in the
polarization angle means a radially dependent ion distribution.

This effect is more clearly seen in the Q—U plane. The
right panels in Figure 2 show the same simulated polarization
spectrum in the Q — U plane. Different colors represent different
Doppler velocities, according to the color bar above the plots.
The polarization for the 2D model shows a straight line in the
QO —U plane, while that for the 3D model shows a “loop,” which
corresponds to a change in the polarization angle.

Therefore, a change in the polarization angle or the loop in
the Q — U plane is indicative of a 3D ion distribution. In order to
fully utilize the power of spectropolarimetry, we should obtain
high-quality data to discriminate such a feature from noise.
Loops in the Q —U plane have been commonly observed in
Type Ia SNe (Wang et al. 2003a; Kasen et al. 2003; Chornock
& Filippenko 2008; Patat et al. 2009) and in some core-collapse
SNe (e.g., Maund et al. 2007b, 2007c, 2009).

1.3. This Paper

In this paper, we show our spectropolarimetric observations
of two Type Ib/c SNe with the Subaru Telescope (Sections 2
and 3). The first target is the Type Ib SN 2009jf (discovered
in NGC 7479 by Li et al. 2009 on UT 2009 September 27.33
and classified by Kasliwal et al. 2009; Sahu et al. 2009). See
Sahu et al. (2011) and Valenti et al. (2011) for more details. The
other target is the Type Ic SN 2009mi (discovered in IC 2151 by
Monard et al. 2009 on UT 2009 December 12.91 and classified
by Kinugasa et al. 2009).

We then summarize the spectropolarimetric data of stripped-
envelope SNe published so far (Section 4). We argue that
a non-axisymmetric, 3D geometry is common in stripped-
envelope SNe. We find a relation between line polarization
and the depth of absorptions: i.e., a stronger line tends to
show a higher line polarization. Even after correcting for the
effect of the absorption depth, there remains a dispersion in the
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Figure 2. Simulated line polarization for a 2D bipolar model (top) and a 3D clumpy model (bottom). Left: the distribution of the line optical depth. Middle: the total
flux spectrum and polarization spectrum. The polarization angle is consistent with a constant in the 2D model, while it changes across the line in the 3D model. Right:
the same simulated polarization but in the Q —U diagram. Different colors represent different Doppler velocities, according to the color bar above the plots. The
polarization data show a straight line (constant angle) in the 2D model, while the data show a loop (variable angle) in the 3D model. Details of the simulations will be

given in a forthcoming paper.
(A color version of this figure is available in the online journal.)

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

2. OBSERVATIONS

‘We have performed spectropolarimetric observations of SNe
2009jf and 2009mi with the 8.2 m Subaru Telescope equipped
with the Faint Object Camera and Spectrograph (Kashikawa
et al. 2002) on UT 2009 October 24.3 (MJD = 55128.3)
and 2010 January 8.3 (MJD = 55204.3), respectively. These
epochs correspond to ¢ = 49.3 and +26.5 days from the B-band
maximum (MJD = 55118.96 for SN 2009jf according to Sahu
et al. 2011, and MJD = 55177.8 for SN 2009mi, based on our
observations). Hereafter, ¢t denotes the days after the B-band
maximum. The log of observations are shown in Table 1.

For both observations, we used an offset slit of 078 width, a
300 lines mm~' grism, and the Y47 filter. This configuration
gives a wavelength coverage of 4700-9000 A. The wavelength
resolution is AA =~ 10A. For the measurement of linear
polarization, we use a rotating superachromatic half-wave plate
and a crystal quartz Wollaston prism. One set of observations
consists of the integrations with the 0°, 45°, 22°5, and 67°5

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

For the observations of SN 2009jf we performed six sets of
the integrations at the four angles with a total exposure time of
4.0 hr. For SN 2009mi, we performed five sets of the integrations
at the four angles with a total exposure time of 3.8 hr. Typical
seeing during the observations was 0”8 and 171-1”5 for SNe
2009jf and 2009mi, respectively.

After deriving the Stokes parameters for each set of obser-
vations, these were combined. Then, the instrumental polariza-
tion (~0%—-0.4 %) was evaluated and subtracted using unpolar-
ized stars (Schmidt et al. 1992), G191-B2B (for both objects),
BD+28°4211 (for SN 2009jf), and HD 14069 (for SN 2009mi),
observed on the same night. The reference axis of the position
angle was calibrated by the observation of the strongly polar-
ized star Hiltner 960 (Schmidt et al. 1992 for SN 2009jf) and
HD 251204 (Turnshek et al. 1990 for SN 2009mi). The wave-
length dependence of the optical axis of the half-wave plate was
corrected using the dome flat taken through a fully polarizing
filter. The total flux was calibrated using the observation of the
spectrophotometric standard stars BD+28°4211 and G191-B2B
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Figure 3. Total flux spectrum and polarization spectrum of SNe 2009jf (left) and 2009mi (right). The total flux is shown in units of 1075 and 10~ "% ergs~' cm2 A~
for SNe 2009jf and 2009mi, respectively. The polarization data are binned into 25 and 50 A for SNe 2009jf and 2009mi, respectively. In the plot of Stokes parameters
and the polarization angle, the contribution of the interstellar polarization is not corrected for.

(A color version of this figure is available in the online journal.)

Table 1
Log of Observations
Object Date Date Exposure Time Airmass Comment
(UT) (MJD) (s)
SN 2009jf (+9.3 d) 2009 Oct 24.3 55128.3 (600 x 4) x 6 1.03-1.43 SN
BD+28°4211 2009 Oct 24.2 55128.2 (20 x 4)+ (40 x 4) 1.01 Unpolarized/flux std.
G191-B2B 2009 Oct 24.6 55128.6 (60 x 4) x 2 1.33 Unpolarized std.
Hiltner 960 2009 Oct 24.2 55128.2 20 x 4 1.08 Polarized std.
SN 2009mi (+26.5 d) 2010 Jan 8.3 55204.3 (600 x 4) + (1000 x 4) 1.26-1.83 SN
G191-B2B 2010 Jan 8.2 55204.2 (60 x 4) x 2 1.43 Unpolarized/flux std.
HD 14069 2010 Jan 8.2 55204.2 x4 x2 1.03 Unpolarized std.
HD 251204 2010 Jan 8.2 55204.2 20 x 4 1.48 Polarized std.

Note. All the observations were performed with a 078 width offset slit, a 300 lines mm ™" grism, and the Y47 filter, giving the wavelength coverage 4700-9000 A and

the wavelength resolution AA >~ 10 A.

(Massey et al. 1988; Massey & Gronwall 1990; Oke 1990) for
SNe 2009jf and 2009mi, respectively. Telluric absorption lines
were also removed using the spectrum of these standard stars.

3. RESULTS

Figure 3 shows the observed total flux and polarization spectra
of SNe 2009jf and 2009mi. The observed polarization is the sum
of the intrinsic and interstellar polarization (ISP). ISP is caused
by interstellar dust both in our Galaxy and in the host galaxy.
However, since the wavelength dependence of the ISP is smooth
(Serkowski et al. 1975), the changes in the polarization at the
strong absorption lines, such as He1, O1, and Ca1i, are certainly

intrinsic. These features clearly indicate a broken symmetry of
the SNe.

The same data are shown in the Q — U diagram in Figure 4.
Different colors represent different wavelengths, according to
the color bar above the plots. Most of the data points, except
for the strong lines, are located around (Qyp, Up) =~ (—0.25%,
0.50%) and (—0.30%, 0.60%) for SNe 2009jf and 2009mi,
respectively. The spectropolarimetric type is N1 according to
the classification scheme of Wang & Wheeler (2008). Some
deviation from the reference point could be due to the non-zero
continuum polarization of SNe. Hereafter, we use these (Qy,
Uy) as a reference point. This component is most likely to be
the ISP for the following reason. The ISP can be corrected if we
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Figure 4. Observed polarization data of SNe 2009jf (left) and 2009mi (right) in the Q — U plane. The polarization data are binned into 50 A. The interstellar polarization
is not corrected for. Different colors show different wavelengths as shown in the color bar above the plots. The polarization data at the O1 and Ca1 lines are also

shown as a function of the Doppler velocity in Figure 5.
(A color version of this figure is available in the online journal.)

assume a complete depolarization at strong emission lines (e.g.,
Kawabata et al. 2002; Leonard et al. 2005; Wang et al. 2006;
Maund et al. 2007a, 2007b). This method is justified because
the emission part of a P-Cygni profile consists largely of line-
scattered, depolarized photons. In our data, the polarization at
the strong emission peak at the Ca1i line is consistent with the
reference point above. In the following discussion, however, we
do not explicitly assume this component to be the ISP but focus
only on the line polarization.

The Q —U diagram (Figure 4) is a more unambiguous way
to show the observed polarization data than a plot as a function
of wavelength (Figure 3). Since the ISP could add an offset
to the SN polarization, the polarization angle 6 in Figure 3
is not directly related to the SN properties. Instead, one can
readily measure the polarization angle 6" from the reference
point (Qo, Up):

20" = atan[(U — Up)/(Q — Qo). @

In Figure 5, we show the data only around the O1 and Ca1t
lines as a function of the Doppler velocity. It is clear that the data
at the Ca1r and O1 lines occupy different regions in the Q —U
diagram, indicating different spatial distributions between Ca It
and O1. Such a difference is also clearly seen in other SNe,
e.g.,Type Ib SN 2008D (Maund et al. 2009) and Type IIb SN
2008ax (Chornock et al. 2011).

A more interesting feature is the shape of the polarization
data in the Q —U diagram. Starting from the reference point,
the Can and Or1 lines in SN 2009jf show a loop at these
lines (spectropolarimetric type L). This means that the angle 6’,
measured from the reference, varies with the Doppler velocity
and the depth in the ejecta (homologous expansion, r = vt). As
shown in Figure 2, and as suggested by, e.g., Kasen et al. (2003)

and Maund et al. (2007b, 2007¢), this loop clearly indicates that
even axisymmetry is broken in the SN ejecta.

The Can feature of SN 2009mi is even more intriguing.
Measuring from the reference point, the variation in the angle 6’
is as large as ~90° (the difference of 180° in the Q — U diagram
corresponds to the difference of 90° in the polarization angle on
the sky). This indicates a large change in the distribution of the
Cau ion depending on the depth of the ejecta.

4. PROPERTIES OF SUPERNOVA LINE POLARIZATION
4.1. Ubiquity of Non-axisymmetry

In Table 2, we summarize line polarization measurements ob-
tained so far for stripped-envelope SNe. Here the line polariza-
tion is defined as a relative change from the continuum level, and
thus, not affected by the ISP. We show six stripped-envelope SNe
with high-quality data, namely, Type Ib SNe 2005bf (Maund
et al. 2007b; Tanaka et al. 2009a), 2008D (Maund et al. 2009),
2009jf (this paper), 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 polariza-
tion, 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 O —U diagram at strong lines, which is
indicative of a 3D geometry (Kasen et al. 2003; Maund et al.
2007b, 2007c; 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 (Kawabata 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)
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Figure 5. Observed polarization data of SNe 2009jf (left) and 2009mi (right) around the O 11 line (circles connected with the blue line) and Ca 11 line (squares connected
with the red line). The polarization data are binned into 50 A, giving a velocity resolution of about 1900 and 1700 km s~! for the O1and Ca 11 lines, respectively. The
interstellar polarization is not corrected for. Different colors represent different Doppler velocities as shown in the color bar above the plots. Although the Ca1i 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 A). In our
data, there is no evidence for an additional high-velocity component of the Ca1i line as seen in some other SNe (see, e.g., Maund et al. 2009). The O1 and Ca 11 features
show a loop in the Q — U plane, indicating non-axisymmetric distribution. In addition, the Ca line in SN 2009mi shows a large change of the angle measured from
the reference point.

(A color version of this figure is available in the online journal.)

Table 2
Summary of Line Polarization
Object Type 3D?  Epoch Prenn Pcant Por PNal/Hel FDren FDcan FDor FDNal/Hel 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 33 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 paper
SN 2002ap Ic Yes 1 0.18 (0.05) e 0.8 (0.1) 0.0 (0.05) 0.20 (0.03) e 0.38 (0.02)  0.04 (0.02) 4.5
3 0.12 (0.05) e 0.6 (0.1) 0.0 (0.1) 0.21 (0.03) e 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 e 1.6 (0.1) 0.0 (0.2) 0.2 (0.1) cee 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) 09(.2) 05(0.2) 0.0 (0.2 0.41(0.04) 0.83(0.02) 0.56(0.02) 0.46 (0.02)  This paper

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.

show a loop in the Ca11 line. Thus, loops are quite common in tends to be more polarized than the other lines. There is no clear
stripped-envelope SNe; five of six stripped-envelope SNe show trend in the time evolution; the line polarization could increase
the loop. This implies that a non-axisymmetric, 3D geometry is or decrease with time.

common in stripped-envelope SNe. Figure 7 shows the same polarization data as a function of the

. . o . fractional depth (FD) of the absorption. The FD is defined as
4.2. Relation between Line Polarization and Absorption Depth

Figure 6 shows the observed line polarization as a function
of epoch from maximum brightness. There is a large variety D — Foont — Fabs 3)
in the polarization degree. It is clear that the Ca1r line (blue) Feot
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Figure 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 Ca11 line tends to be more polarized than the other
lines.

(A color version of this figure is available in the online journal.)

where F.on and F,, are the fluxes at the continuum and
absorption minimum, respectively.

Figure 7 shows that stronger lines tend to show a higher
polarization degree. In fact, there are no observational points at
the top left of the plot, i.e., FD <0.3 and Py, > 1%. This seems
natural because the absorption, unless it is quite strong, cannot
cause a significant incomplete 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 / and the
polarization degree are assumed to be uniform. The total flux
from the photospheric disk is F.on = IS. When light is emitted
from a point on the photospheric disk on the sky, it can undergo
line absorption with an absorption fraction xps = 1 — exp(—1).
At the wavelength of this line, the flux is Fyps = (1 — x405)1S.

If the distribution of the line opacity is uniform, no polar-
ization is expected at the line, i.e., Pyps = 0 (Section 1.2). To
introduce asymmetry in the line opacity, we assume that the
absorption fraction is enhanced by a factor of fin a region AS
(e.g., the shaded region in Figure 1(c)). Then, the total flux at
the wavelength of the line is

Faps = (1 = Xap) I (S — AS) + (1 — fxaps)IAS
= [(I = Xabs) — (f — DxansAS/SIIS, “4)

and the FD (Equation (3)) can be written by using Equation (4)
as

FD = xups + (f — DxansAS/S. )
The asymmetry introduced above results in an incomplete
cancellation of the polarization. If this region has a constant

polarization direction, the amount of non-canceled flux is
equivalent to the excess absorption in the region, i.e.,

Paps Favs = (f — DxansIAS. (6)
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Figure 7. Observed line polarization as a function of fractional depth of the
absorption. Data for the same SN are connected with lines. There is a general
trend that stronger lines show higher polarization. The gray dashed line shows
the line polarization expected from Equation (8) for the case of Peor = 2.0%.

(A color version of this figure is available in the online journal.)

Then, the polarization degree can be expressed as a function of

the FD: (F — DS/
— 1)Xabs
Ppg= ——"-—"—". 7
abs 1—FD ( )

Unless the enhanced opacity dominates the absorption, FD =~
Xabs (Equation (5)). Thus,

FD
1 —-FD’

FD
Pabs jad (f - l)AS/Sl

0 ®)

= Pcnr

where we define a corrected polarization degree P, =
(f — 1AS/S. This corrected polarization degree is equivalent
to the polarization with FD = 0.5. It can be interpreted as a
rough indicator of the product of the amount of the enhance-
ment (f —1) and the fractional area of the enhanced region AS /S
under the assumption that the enhanced region only has one po-
larization direction. The gray dashed line in Figure 7 shows the
line polarization expected from Equation (8) with Peor = 2.0%.

Note that the analytic equations here involve significant
simplifications, i.e., a constant intensity in the photospheric
disk and a constant direction of polarization in the enhanced
region. But if we use AS as an intensity-weighted area, in which
polarization is not canceled, the equation holds even for general
cases with a non-constant intensity and many opacity-enhanced
regions.

From Equation (8), it is expected that stronger lines with
a larger FD tend to have higher polarization, which is actually
found in Figure 7. It should be emphasized that the variety of the
observed line polarization is largely generated by a variety of the
absorption depth. The absorption depth is primarily determined
by the density, chemical abundance, or ionization in the ejecta,
which can be varied even in the 1D explosion (reflecting the
mass and kinetic energy of the ejecta, and the temperature in the
ejecta).

Figure 8 shows the observed polarization (left) and polariza-
tion corrected for the absorption depth (right) for each stripped-
envelope SN. It is obvious that after correcting for the absorption
depth, the Ca11 line is not always more polarized than the other



THE ASTROPHYSICAL JOURNAL, 754:63 (10pp), 2012 July 20

4 T T T

Observed

Fell
Call

35 F []
3F ol
He I/Na |
25| }

2t

P (%)

15 F [

1k

05 |

LR\ B

05bf 08D 09jf 02ap 07gr 09mi
SN

TANAKA ET AL.

4 T T T T T T

Corrected

351 ¢ Fell T

Cali
ol
He I/Na |

P (%)
N

15} 1

1. iy f.'{

05bf 08D 09jf 02ap 07gr 09mi
SN

05

Figure 8. Left: observed line polarization for stripped-envelope SNe. The Ca1r line is usually more polarized than the other lines. Right: line polarization corrected
for the absorption depth (Equation (8)). After correcting for the effect of the absorption depth, the Ca 1 line is not always more polarized than the other lines.

(A color version of this figure is available in the online journal.)
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Figure 9. Left: corrected line polarization as a function of SN epoch. Data for the same SN are connected with lines. Right: relation between the corrected line

polarization and the nebular [O1] line profile.
(A color version of this figure is available in the online journal.)

lines. This demonstrates the importance of the correction. To
compare the polarization of different lines or different objects
correctly, one must correct for this effect, which is not directly
related to the geometry. This fact has been overlooked in previ-
ous analyses. It would be interesting to study this effect also on
the line polarization of Type Ia SNe, which has been suggested
to be correlated to the declining rate of the light curve (Wang
et al. 2007).

4.3. Properties of Corrected Polarization

It is clear that there is a remaining dispersion in the line
polarization among different objects even after correcting for the
absorption depth (right panel in Figure 8). We first examine if the
corrected polarization is related with the epoch. The left panel
of Figure 9 shows the corrected line polarization as a function
of epoch. Although there is a weak trend of the polarization

decreasing with time, it is not clear if all the variety in the
corrected polarization can be explained by the effect of the
epoch.

The remaining dispersion could also be understood by the
multi-dimensional properties of each SN. It is thus worth
studying the relationship between the line polarization and
the [O1] line profile in the nebular spectra, which is another
geometric probe of the SN ejecta (Mazzali et al. 2001, 2005;
Maeda et al. 2002, 2008; Modjaz et al. 2008; Tanaka et al.
2009b; Taubenberger et al. 2009; Maurer et al. 2010).

The right panel of Figure 9 shows the relation between
the corrected line polarization and the [O1] line profile. SNe
2002ap and 2007gr show a single-peak profile (Leonard et al.
2002; Foley et al. 2003; Mazzali et al. 2007, 2010; Hunter
et al. 2009) while SNe 2005bf and 2008D show a double-peak
profile (Maeda et al. 2007; Modjaz et al. 2009; Tanaka et al.
2009b). The [O1] profile of SN 2009jf is complex; it shows both
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single- and double-peak components (Sahu et al. 2011; Valenti
etal. 2011). Following the classification by Maeda et al. (2008),
we classify it as “transition.” With only five objects, it is difficult
to draw a firm conclusion. It is therefore important to increase
spectropolarimetric samples to further study this relation.

The dispersion may also reflect a difference between Type Ib
and Ic. In fact, three Type Ic SNe in our sample tend to have
a lower polarization degree than three Type Ib SNe (left panel
of Figure 8). By increasing the number of samples, we will be
able to study the effect of the existence of the He envelope on
the explosion geometry.

One natural scenario is that the dispersion is caused by
random line-of-sight effects. As discussed in Section 4.1,
stripped-envelope SNe generally have a 3D geometry. If we
assume a clumpy structure as in the left bottom panel of Figure 2,
a variety of polarization is naturally expected for different lines
of sight. Since the effect of the line of sight is very sensitive
to the size and the number of clumps, it can be used as an
observational probe to study a typical 3D geometry of SNe.
This will be further studied in a forthcoming paper.

5. CONCLUSIONS

We have performed spectropolarimetric observations of two
stripped-envelope SNe, Type Ib SN 2009jf and Type Ic SN
2009mi. Both objects show non-zero line polarization at the
wavelength of strong absorption lines. The polarization data
show a “loop” in the Q —U diagram, which indicates a non-
axisymmetric, 3D distribution of ions in the SN ejecta. After
adding our new data to the sample of stripped-envelope SNe with
high-quality spectropolarimetric observations, five SNe out of
six show a loop in the Q — U diagram. We conclude that a non-
axisymmetric, 3D geometry is common in stripped-envelope
SNe.

‘We have studied the properties of line polarization in stripped-
envelope SNe. We have found that a stronger line tends to show
a higher polarization. We give an analytic equation that naturally
explains this relation. Although the Ca1 line usually shows a
higher line polarization than the other lines, it is not always true
after correcting for the absorption depth. This effect must be
corrected in order to compare the polarization of different lines
or different objects.

Even after correcting for the absorption depth, there is a dis-
persion in the polarization degree among different objects. This
dispersion could simply reflect the epoch of the observations.
It might also be related to the [O1] line profile in the nebular
spectra or SN types (Type Ib or Ic), although it is not possible to
draw any firm conclusion with the current sample. Also, if we
assume a 3D clumpy structure, the variety is naturally expected
from the line-of-sight effect. Modeling of spectropolarimetric
data will be performed in a forthcoming paper.
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