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ABSTRACT

We have analyzed multi-band light curves of 328 intermediate redshift (0.05 < z <

1 INTRODUCTION

0.24) type Ia supernovae (SNe Ia) observed by the Sloan Digital Sky Survey-II Super-
nova Survey (SDSS-IT SN Survey). The multi-band light curves were parameterized
by using the Multi-band Stretch Method, which can simply parameterize light curve
shapes and peak brightness without dust extinction models. We found that most of
the SNe Ia which appeared in red host galaxies (u —r > 2.5) don’t have a broad light
curve width and the SNe Ta which appeared in blue host galaxies (u —r < 2.0) have a
variety of light curve widths. The Kolmogorov-Smirnov test shows that the colour dis-
tribution of SNe Ia appeared in red / blue host galaxies is different (significance level
of 99.9%). We also investigate the extinction law of host galaxy dust. As a result, we
find the value of R,, derived from SNe Ia with medium light curve width is consistent
with the standard Galactic value. On the other hand, the value of R, derived from
SNe Ia that appeared in red host galaxies becomes significantly smaller. These results
indicate that there may be two types of SNe Ia with different intrinsic colours, and
they are obscured by host galaxy dust with two different properties.

Key words: supernova: general. - dust property.

erately distant (0.01 < z < 0.10) sample of SN Ia. The
Supernova Cosmology Project (SCP) and the High-Z Team

Type Ia supernovae (SNe Ia) are known as excellent stan-
dard candles for tracing the expansion history of the Uni-
verse because of their homogeneity and high luminosity
(Filippenko 2005). Since the early 1990s, several SN Ia
search programs which aimed to measure the Hubble con-
stant have been performed. The CALAN/TOLOLO Super-
nova Search, started in 1990 (Hamuy et al. 1993; Phillips
1993; Hamuy et al. 1995), succeeded in producing a mod-
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(HZT) are independent high redshift (z ~ 0.5) SN searches
designed to measure the cosmological parameters of the
Universe. After a careful analysis of their observed SNe
Ta, both SCP and HZT reported the accelerating expan-
sion of the Universe (Riess et al. 1998; Schmidt et al. 1998;
Perlmutter et al. 1999). This result implies that there is an
unknown component in the Universe, named “dark energy”.

As described above, SNe la show properties which are
more homogeneous than those of any other astronomical ob-
jects which can be used as standard candles at cosmological
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distances. However, many studies have also revealed an in-
trinsic diversity of SN Ia properties. For example, there are
several subgroups of SNe Ia which are classified by spectral
features. SN1991T-type and SN1991bg-type are well stud-
ied subgroups of SNe Ia (Branch et al. 1993; Nugent et al.
1995). The SN1991T-type SN Ia has a slightly broader light
curve width and brighter peak magnitude than a normal
SN Ia (Phillips et al. 1992). The SN1991bg-type SN Ia has
a narrower light curve width and fainter peak magnitude
than a normal SN Ia (Filippenko 1992; Leibundgut et al.
1993).

We can also find intrinsic diversity in spectra of
SNe Ia without including any obviously SN1991T-like and
SN1991bg-like SNe (e.g. Benetti et al. 2005). Recent stud-
ies have reported that even the spectroscopically normal SN
Ia (called “Branch normal”, Branch et al. 1993) may have
subgroups. In order to describe the observed SN Ia rate,
Mannucci et al. (2005) proposed that the population of SNe
Ta consists of two components, one named “prompt”, whose
rate is proportional to the star formation rate and is possibly
related to a young progenitor, and the other named “tardy”,
whose rate is proportional to the total stellar mass of the
host galaxy and is possibly related to an old progenitor (see
also Scannapieco et al. 2005; Mannucci et al. 2006). Based
on photometric and spectroscopic observations of SN2005hj,
Quimby et al. (2007) suggested that there may be two sub-
groups within Branch normal SNe Ia produced by two dif-
ferent progenitor channels. Ellis et al. (2008) reported that
rest frame ultraviolet spectra of SNe Ia have significant vari-
ation using a sample of 36 events at intermediate redshift
(z=0.5).

Recent studies with large SN Ia samples, from low red-
shift to high redshift, show a significant correlation between
SNe Ia properties and their host galaxies. Using a local SN Ia
sample, Kelly et al. (2010) showed that SNe Ia occurring in
physically larger, more massive hosts are ~ 10% brighter af-
ter light curve correction. Hicken et al. (2009) demonstrated
from CfA3 data that SNe Ia which appeared in Scd/Sd/Irr
hosts and E/SO hosts may arise from different populations
(see also Neill et al. 2009). Sullivan et al. (2010) showed SNe
Ta properties depend on the global characteristics of their
host galaxies from SNLS and other data. Lampeitl et al.
(2010) confirmed the effect of host galaxies on SNe Ia in
the SDSS-IT SN Survey. Also using data from the SDSS-
II SN Survey, Smith et al. (2012) found that the rate of
SN Ia per unit stellar mass is much higher in star-forming
host galaxies compared to passive ones, and Galbany et al.
(2012) suggested that SNe that exploded at large distances
from their elliptical hosts tend to have narrower light curves.
With SNFactory data, Rigault et al. (2013) found possible
two modes of SNe Ia. The first mode is present in all envi-
ronments, and the second mode is exclusive to locally pas-
sive environments, intrinsically brighter,and occurs predom-
inately in high-mass hosts. These relations between envi-
ronment and propeties of SN Ia are used to the cosmologi-
cal studies to reduce uncertainties in distance moduli (e.g.
Rigault et al. 2015; Jones et al. 2015). On the other hand,
using by the SDSS-II SN Survey sample, Wolf et al. (2016)
reported there is no evidence of a significant correlation be-
tween Hubble residuals and multiple host galaxy properties
such as host stellar mass and star formation rate.

In this study, we investigate photometric properties of

SNe Ia at intermediate redshift (z ~ 0.2) based on the previ-
ous study of photometric properties of 108 nearby (z ~ 0.1)
SNe Ia in Takanashi et al. (2008) (hereafter, TAK08). We
use data obtained by the SDSS-II SN Survey (York et al.
2000; Frieman et al. 2008), which is well calibrated, homo-
geneous and the first large SN Ia sample at an intermedi-
ate redshift. The SDSS-II SN Survey is a SN survey with
the wide-field SDSS 2.5-m telescope (Gunn et al. 2006) and
wide-field imaging camera (Gunn et al. 1998) at Apache
Point Observatory (APO) operated by an international col-
laboration. The SDSS-II SN Survey complements existing
ground-based low redshift (LOTOSS, SNfactory, CSP etc.)
and high redshift (ESSENCE, SNLS) SN search programs.
Through repeated scans of the SDSS southern equatorial
stripe (82N and 82S, about 2.5 deg wide by 120 deg long)
every other night over the course of three 3-month cam-
paigns (Sept-Nov. 2005-7), the SDSS-II SN Survey obtained
well-measured, densely sampled u-, g-, -, i- and zband light
curves (Holtzman et al. 2008; Sako et al. 2014).

In this paper, we present photometric properties of
the SDSS SNe Ia parameterized by the Multi-band Stretch
Method (TAKO8). In particular, we focus on the stretch dis-
tribution of the SDSS SNe Ia and the relationship between a
stretch factor and photometric properties. We first provide
information about the data used in this work (§2), then de-
scribe how we parameterize the multi-band light curves (§3).
The observational selection biases expected in the SDSS SNe
Ia are discussed (§4), and we show photometric properties of
the SDSS SNe Ia, comparing them with those of nearby SN
samples from the literature (§5.1). We also examine proper-
ties of host galaxy dust (§5.2).

The SNe Ia which were reported to the International As-
tronomical Union (IAU) have a SN ID like SN2005eg. How-
ever, there are many SNe Ia (most without spectroscopic
typing configuration) that were not reported to the IAU in
the SDSS sample used in this study. We use a SDSS SN ID
like SDSS-SN12345 for the name of those SNe without TAU
designations in this paper.

2 PHOTOMETRIC DATA

In this study, we use u-, g-, -, i- and zband (Fukugita et al.
1996; Doi et al. 2010) light curves of 328 SNe Ia in the
range 0.05 < z < 0.24' obtained by the 2005-2007 SDSS-
II SN Survey. As we show in Table 1, the SN Ia sample
(hereafter SDSS sample) consists of three groups, which are
(1) spectroscopically confirmed SNe Ia, (2) spectroscopically
probable SNe Ia and (3) photometrically probable SNe Ia
with host galaxy spectroscopic redshifts. The photometri-
cally probable SNe Ia are identified as SNe Ia based on
luminosity, colour, and light curve shapes (see details in
Sako et al. 2008). We do not include known peculiar SNe
Ia classified by Zheng et al. (2008) in the sample (SN2005js,
SN2005gj, SDSS-SN7017, and SN2005hk are excluded). We
do not use the SNe Ia whose photometry is not based upon
the SDSS calibration stars in the same frame in order to
avoid photometric systematic uncertainty. Also we do not

I In order to reduce uncertainty of cross-filter K-correction, we
use only SNe Ia at this redshift range where we do not to have to
change a combination of filters.
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Table 1. Type and redshift of the SDSS SNe Ia.

Type Number Average Redshift Comment
all 328 0.17
SC 239 0.16
Sp 18 0.17
PP 71 0.18 Selected by Sako et al. (2008)

SC is a spectroscopically confirmed SN Ia
SP is a spectroscopically probable SN Ia
PP is a photometrically probable SN Ia with spectroscopic redshift of the

host galaxy

use the SNe Ia which were observed after 5 days from the
peak brightness in order to reduce uncertainties in estimat-
ing light curves width. Since we assigned higher priority
of spectroscopic observations to not heavily extincted SNe
Ia candidate (Sako et al. 2008, 2014), spectroscopically ob-
served SNe Ia are biased to blue SNe Ia. To reduce the se-
lection effect, we include photometrically probable SNe Ia
in this study. Note that these photometrically probable SNe
Ta are not spectroscopically confirmed as SNe Ia.

Figure 1 shows the redshift distribution of the SDSS
sample used in this study. In order to reduce uncertainty
of cross-filter K-correction, we use only SNe Ia at this red-
shift range where we need not to change a combination of
filters. The redshifts of all SNe in the sample are measured
by spectroscopic observations of their host galaxies or SN
spectra. The average redshift is z ~ 0.17, and about 60% of
samples lies in the range 0.15 < z < 0.24. Because of insuf-
ficient telescope time for spectroscopic observations of faint
objects, we did not obtain spectra for many SNe, especially
those at higher redshift. We did acquire light curves of many
of those missed “SNe Ia”, but we use only light curves which
are classified as having a high probability of being a SN Ia
(see Sako et al. 2011).

The photometry of the SNe Ia was mainly obtained
by the SDSS camera on the 2.5-m telescope at APO. The
flux of each SN Ia has been measured by Holtzman et al.
(2008) with the technique named “Scene Modeling Photom-
etry (SMP)”. SMP does not use a template-subtracted im-
age for photometry. The technique fits all of the individual
reduced frames with a model of the galaxy background and
the SN, and measures the flux from the model. The model
of each image is generated from the sum of a set of stars, a
galaxy, a SN, and background. As a result, SMP can avoid
degrading the PSF and any spatial resampling that leads to
correlated noise between pixels. The basic concept is similar
to the technique of SNLS (Astier et al. 2006).

In order to discuss properties of the SDSS sample, we
use the nearby SN Ia sample (hereafter Nearby sample) from
TAKO0S8. The Nearby sample includes 108 SNe Ia in the range
z < 0.11 with U-, B-, V-, R- and [-band light curves. The
light curves were parameterized by the Multi-band Stretch
Method and the parameters are listed in Table 2 of TAKO8S.
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3 ANALYSIS

We applied the “Multi-band Stretch Method” (TAKOS8) to
the light curves in five passbands. This method is a revised
Stretch method (cf. Perlmutter et al. 1997; Goldhaber et al.
2001) extended to five bands. There are several methods for
parameterizing light curve shapes of SN Ia. For example,
“MLCS” (Riess et al. 1996) and “SALT2” (Guy et al. 2007)
are widely used algorithms. These methods fit parameters
of light curve width and dust extinction to observed light
curves at once. The reason that we apply a stretch factor
to U-, B-, V-, R- and I-band independently instead of a
common stretch factor like SALT2 is that we want to in-
vestigate the diversity of light curve shapes independently.
We can simply parameterize light curve shapes and peak
brightness without any additional assumptions such as dust
extinction models.

We fit up to 11 parameters to each event: U-, B-, V-,
R- and [-band stretch factors, U-, B-, V-, R- and I-band
peak magnitudes, and a time tpmq, for maximum light in
the B-band. Only t¢pme: is common to all passband, and
the remaining 10 parameters are treated equally and inde-
pendently. The method does not include any dust / colour
corrections and has the advantage that we can simply pa-
rameterize the light curve shape and luminosity without any
assumptions. We used the U-, B-, V-, R- and [-band light
curve templates which are adjusted to coincide with a SN
Ia with s(py = 1.0 SED template (Nugent et al. 2002) for
the light curve fitting. We derived absolute magnitudes for
the SDSS sample using redshifts under the assumption of
the flat ACDM model with standard cosmological parame-
ters (Ho = 68.5 km/s/Mpc, Q= 0.303, Q24 = 0.697 from
Betoule et al. 2014). We corrected extinction by dust in the
Milky Way according to Schlegel et al. (1998). We also cor-
rected cosmological time dilation. The differences from the
analysis in TAKO8 are that (1) we need to transform the
photometric data from the native SDSS system to the Vega
system, and (2) we must apply cross filter K-corrections to
the data. We describe these procedures below.

3.1 Magnitude System

The SMP data are provided in the natural system of the
SDSS 2.5-metre telescope (Doi et al. 2010). We need to
transform this ugriz data to the Vega system to compare
SDSS photometry with U-, B-, V-, R- and I-band light
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Table 2. Synthetic AB magnitude of Vega
in the SDSS filters.

N g r 7 z

0.951 -0.080 0.169 0.389  0.556

Calculated from the STSDAS v3.3 synphot
Vega spectrum assuming V=+0.03.

curves of the Nearby sample. We transformed the data in
the following way.

First, the native SDSS system was transformed into the
AB system (Sako et al. 2014).

w(AB) = u(SDSS) — 0.0679
g(AB) = g(5DSS) +0.0203
r(AB r(SDSS) + 0.0049

i(AB

B

b
RN N I N
Il

I

( i(SDSS) +0.0178
( (

2(SDSS) +0.0102

Next, the AB system was transformed into the Vega
system. To adjust zeropoints of the AB system and the Vega
system, the u-, g-, -, i- and zband magnitude of Vega in
the AB system (Table 2) were added as follows.

u(Vega) = u(AB)—u(AB)vega
9(Vega) =g(AB)—g(AB)vega
r(Vega) =r1(AB)—r(AB)vega
i(Vega) =1i(AB)—i(AB)vega

At the end of this procedure, we have transformed the
u-, g-, -, i- and zband magnitudes of the SDSS SNe into
the Vega system.

3.2 Cross-Filter K-correction

The next step is to apply K-corrections to transform ob-
served u-, g-, 7-, i- and zband magnitudes to U-, B-, V-
, R- and I-band magnitudes (see Figure 2). We have to
choose an appropriate filter combination for each cross-filter
K-correction as a function of redshift. In this study, we
transformed (u, g, r, i, 2) — (U, B, V, R, I) in the range
0.05 < z < 0.24.

The cross-filter K-correction was applied according to
Kim et al. (1996). We use the spectrum of Hsiao et al.
(2007) for the K-correction. Ideally, we should apply a spec-
trum template based on the proper type of each SN Ia (e.g.
SN1991T-like, SN1991bg-like) for K-corrections, but we ap-
plied Hsiao’s template all SNe Ia. The template is warped
to fit the observed ugriz photometry. We use the standard
galactic extinction curve (Cardelli et al. 1989) for warping.

Since we have calibrated the flux with only the cross-
filter K-correction, we should also apply the stretch K-
correction. As we have noted above, we chose the appro-
priate filter combination for the cross-filter K-correction as
a function of redshift, but the K-corrected bandpass of ob-
served band is not the same as that of rest frame B-band.

We should correct the difference of stretch factors due to the
different bandpass. We use the relations between s gy and
the stretch factors of other bands derived from the Nearby
SNe Ia (Table 3) for the stretch K-correction. Based on those
relations, we calculated the size of the stretch K-correction
by interpolating stretch factors of different two bands. Fig-
ure 3 shows the size of stretch corrections of the SDSS SNe
Ta versus redshift. We show the typical size of the stretch
correction of the SN Ia with s(gy = 1.0 as a solid line. The
correction becomes smallest at the redshift where the K-
corrected bandpass of observed band agrees well with that
of rest frame B-band. For the SDSS SNe Ia, the correction
reaches a maximum of 5% in the range 0.05 < z < 0.24.

3.3 Uncertainty of the Analysis

We now consider the uncertainties in our analysis. The
uncertainties are divided into three components: uncer-
tainty due to the light curve fitting (including observa-
tional photometric uncertainties), uncertainty due to the
K-correction, and uncertainty due to the cosmological pa-
rameters adopted.

We estimated the uncertainty due to the light curve
fitting with Monte Carlo simulations. We created artificial
light curves from the light curve template based on the ob-
served dates and photometric uncertainties of each epoch.
We measured the dispersion of each fitting parameter (lu-
minosity, stretch factor, and time), and estimated the size
of uncertainties. The typical uncertainties in estimating lu-
minosity at z = 0.2 are ~ 0.4 mag in U-band, ~ 0.06 mag
in B-, V- and R-band, and ~ 0.2 mag in I-band. The typi-
cal uncertainties in estimating stretch factors at z = 0.2 are
~ 0.3 in U-band, ~ 0.05 in B- and V-band, ~ 0.1 in R-band,
and ~ 0.3 in [-band.

It is difficult to estimate the uncertainty due to the K-
correction. As described above, we applied Hsiao’s template
to all SNe Ia in our sample, some SNe in our sample might
include SNe Ia which have spectra which differ from Hsiao’s
template. If one particular SN Ia has a spectrum which dif-
fers strongly from Hsiao’s template such as that of SN1991T
or SN1991bg, we might significantly overestimate or under-
estimate the size of K-correction. For example, we show the
value of K-correction at B-band maximum versus redshift
in the top panel of Figure 4. As is clear in the figure, the
difference is significantly larger than the uncertainties due
to light curve fitting.

If the SN Ia has a spectrum similar to that of Hsiao’s
template, the typical uncertainties in K-correction is 0.01 to
0.02 mag in the range z < 1.0 from SNLS study (Foley et al.
2008b). We also compared the difference between Hsiao’s
template and Nugent’s template “Branch Normal” (in the
bottom panel of Figure 4), and confirmed the difference is
negligible (the size is only < 0.005 mag in U- and B-band).

The uncertainty due to the cosmological parameters
also affects our estimation of distance modulus (abso-
lute magnitude). If Ho moves lo (£1.27 km s™'Mpc™!,
Betoule et al. 2014), the distance modulus changes by 0.04
mag. Adopting a slightly different value for Ho only shifts
the zeropoint of the absolute magnitude, and it does not af-
fect the conclusions in this study. A change of 1o in 2, and
Qa is equivalent to only 0.002 mag of distance modulus at
z = 0.2. Note that the uncertainty is negligible for the com-

MNRAS 000, 1-21 (2014)
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Table 3. Relations between B-band stretch factor and stretch
factors in U- and V-band of the Nearby SNe Ia from TAKO08

Relation r.m.s. Number
sy = (0.95 4+ 0.02) x syt (0.16 £+ 0.02) 0.09 75
s(vy = (0.88 +0.01) x sB) + (0.16 +0.01) 0.08 92

parison of samples with the same redshift, but is important
for the comparison of samples with different redshifts.

Any uncertainty in the redshift of an event creates a
corresponding uncertainty in its distance modulus. The red-
shifts of all SNe Ia used in this study were measured by
a host galaxy spectrum or a SN spectrum, with a typical
uncertainty in redshift of 0.001; this corresponds to an un-
certainty of 0.01 mag at z = 0.2.

The main component of uncertainty is due to light curve
fitting (see Table 4). In the following discussion, the uncer-
tainties of each parameter include all of uncertainties.

4 OBSERVATIONAL BIAS OF THE SDSS
SAMPLE

In this section, we discuss the observational biases of the
SDSS sample used in this study.

4.1 Selection Bias of the SDSS Sample

The most important case of selection biases in the SDSS
sample is due to the detection limit of the SDSS 2.5-metre
photometry in which the candidates are identified (see Fig-
ure 5). The signal-to-noise ratio (S/N) threshold for ob-
ject detection is ~ 3.5, in typical conditions, correspond-
ing to g ~ 23.2,7 ~ 228, and ¢ ~ 21.2 mag in AB system
(Dilday et al. 2008). From Monte-Carlo simulations with ar-
tificial SNe, Dilday et al. (2008) showed the survey efficiency
is 100% for candidates whose g-band maximum brightness
is brighter than ~ 21.2 mag.

Another aspect is the bias due to the SN search strat-
egy, especially spectroscopic target selection (see Sako et al.
2008). Since the survey typically found 10 SN candidates
per night, they could not all be observed spectroscopically.
We chose targets for spectroscopic observations based on
their probability of being SNe Ia. The likelihood was cal-
culated from g-, m- and é-band light curve fitting with four
parameters, z, Avsdss, Imaz, and a template; here Ay sass
is the host galaxy extinction in V-band under the assump-
tion that Ry = 3.1, Tyuae is the time of rest-frame B-band
maximum light, and the template is taken from a set of
seven light curves, of SNe type Ia (normal, SN1991T-like,
and SN1991bg-like), Ib, Ic, II-P and II-L SNe.

We searched for best fit parameters for each candidate,
and ranked them by the probability of being SNe Ia. Highly
extincted SNe (beyond Ay = 1.0 for 2005 run and Ay =
3.0 for 2006, 2007 run) are removed from the SDSS sam-
ple, but number of those missed SNe Ia may be very small
(Sako et al. 2008 reported only 2 SNe are missed in 2005 run,
see also Figure 5). Many SNe Ia with lower priorities were
undoubtedly lost from spectroscopically confirmed SNe Ia

MNRAS 000, 1-21 (2014)

subsamples, especially if the colour of SN Ia differs from the
template or the host galaxy extinction law differs from the
galactic extinction law. In fact, the average (Mp — My )maa
of spectroscopically confirmed SNe Ia is 0.05, which is bluer
than those of spectroscopically or photometrically probable
SNe Ia (average (Mg — My )maz = 0.09). In order to re-
duce the selection bias due to spectroscopic target selection,
the SDSS sample used in this paper includes not only spec-
troscopically confirmed SNe Ia but also spectroscopically or
photometrically probable SNe Ia.

4.2 Contamination of other type SNe

As discussed in §2, we added spectroscopically or photo-
metrically probable SNe Ia to the SDSS sample in order to
reduce the biases described above and to preserve the diver-
sity of the sample since spectroscopically confirmed SNe Ia
are strongly biased (Sako et al. 2011). However, the incor-
poration of photometrically probable SNe la may introduce
contamination by other types of SNe. According to spectro-
scopic observations of SN Ia candidates which correspond to
photometrically probable SNe Ia, the probability of misiden-
tification is about 10% (Dilday et al. 2008). Since the SN
candidates were selected based only on photometry at early
phases, the probability of misidentification would be smaller
than 10% for the photometrically probable SNe Ia with late
epoch observations. Sako et al. (2011) estimates purity of
the photometrically probable SNe Ia is ~91% and contam-
ination of other type SN is ~6%. So the number of those
misidentified SN must be less than 7 in the SDSS sample
(we have 71 photometrically probable SNe Ia at the redshift
range).

5 RESULTS
5.1 Photometric Properties of the SDSS sample

As we described above, we use 328 SNe [a in the range 0.05 <
z < 0.24. At this redshift range, the bluer SNe Ia are almost
complete, but the redder SNe Ia are not complete (Figure
5). However, the selection bias due to the redshift cutoff is
not important for the following discussion.

Because of poor u- and zband photometry relative to
g-, ™ and i-band, we do not use stretch factors and peak
magnitudes of u- and zband in this study (w-band corre-
sponds to U-band and zband corresponds to [-band in the
range z < 0.24). Also the sample does not include SNe with
large photometric uncertainties (> 20%). All parameters of
the 328 SNe Ia are given at the online table (partly given in
Table 5).
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Table 4. Typical uncertainty in estimating luminosity and stretch factors at z = 0.2.

OMp s.f. Comment
Light Curve Fitting 0.06 0.05 including photometric uncertainties of each epoch
K-correction 0.02 - Branch Normal SN Ia only, Foley et al. (2008a)
Cosmological Parameters  0.002 -
Redshift Estimation 0.01 -
Total 0.06  0.05

Table 5. The sample of the fitting parameters of the 328 intermediate redshift SDSS SNe la. Complete data

are provided at online.

SDSS-SNID SN name  redshift 5(B) Mp My, Mg My
762 2005eg 0.19 1.14(0.05)  -18.86(0.07) -18.89(0.03) -18.88(0.05) -18.58(0.32)
1032 2005ez 0.13 0.74(0.03)  -18.42(0.11) -18.49(0.05) -18.62(0.04) -18.77(0.16)
1241 2005fF 0.09 0.93(0.01) -18.83(0.04) -18.91(0.03) -18.93(0.03) -18.78(0.07)
1371 2005th 0.12 1.09(0.02) -19.47(0.04) -19.38(0.03) -19.35(0.04) -19.17(0.06)
1395 - 0.19 1.00(0.06) -18.77(0.10)  -18.75(0.06) -18.92(0.06) -18.73(0.16)
1415 - 0.21 1.12(0.08) -18.51(0.07) -18.78(0.05) -18.79(0.06) -19.06(0.20)
1525 - 0.11 1.73(0.08)  -18.41(0.05) -18.28(0.02) -18.65(0.03) -18.48(0.03)
1595 - 0.21 1.00(0.05)  -19.10(0.07)  -19.05(0.06) -19.10(0.05) -18.91(0.17)
1740 - 0.17 0.94(0.05) -18.80(0.08) -18.79(0.03) -18.86(0.04) -18.79(0.16)
1794 2005fj 0.14 1.21(0.06)  -18.85(0.05) -18.87(0.03) -18.84(0.03)  -18.52(0.19

Peak magnitudes are shown in Vega system. Redshift of the SNe Ia is published in Sako et al. (2011).

5.1.1 Stretch Factor Distribution

The stretch factor is one of the simplest parameters reflect-
ing intrinsic properties of SNe Ia among the parameters de-
rived from light curve fitting since stretch factors are not
affected by the host galaxy dust. In the lower right panel of
Figure 6, we show the distribution of B-band stretch factor
of the SDSS sample. In this figure, we also show the stretch
distributions of the Nearby SNe Ia used in TAKO0S8, in which
three major data sets were identified (Hamuy et al. 1996a;
Riess et al. 1999; Jha et al. 2006, hereafter HAM96, RIE99,
JHAO06; 28 SNe Ia from HAM96, 20 SNe Ia from RIE99, 36
SNe Ia from JHAQ6).

The SNe Ia shown in RIE99 and JHAO06 were not discov-
ered in a systematic SN search program. Their SNe Ia were
selected from the IAU’s Central Bureau for Astronomical
Telegrams (CBAT). On the other hand, the SNe Ia shown
in HAM96 were discovered by the CALAN/TOLOLO Su-
pernova Search (Hamuy et al. 1993), which is a repeated
scan SN survey of galaxy clusters which include many early
type galaxies. This fact may result in an excess of events
with a lower stretch value in the HAM96 sample since early
type galaxies tend to host lower stretch SNe Ia (c.f. Howell
2001; van den Bergh et al. 2005). The stretch distributions
of HAM96 shown in Figure 6 seem to have more SNe Ia with
small stretch values than those in RIE99 and JHAO06; recall
that SNe with small stretch values are expected to be fainter
than average SNe Ia. This difference may be caused by ob-
servational selection biases since the samples made from the
SNe Ia reported in CBAT are expected to include fewer less-
luminous SNe Ia with narrower light curves.

In order to compare photometric properties of the SDSS
SNe with different stretch factors, we classified the SDSS

sample into three subsamples as follows; (1) “Narrow” :
spy <09, (2) “Medium” : 0.9 < sy < 1.1, and (3)
“Broad” : s(gy > 1.1.

5.1.2  Stretch-Magnitude Relation

We compared the stretch-magnitude relations derived from
the bluest SNe (—0.14 < (M — Mv )maz < —0.10) of the
Nearby and SDSS samples (Table 6), which are expected
to be almost free from dust extinction. Slope of the B-
band stretch-magnitude relation of the SDSS sample and
the Nearby sample are consistent within the uncertainties,
though that of the V-band stretch-magnitude relation of
them are not consistent.

Figure 72 shows the B-band stretch-magnitude relation
in different redshift bins. 90% of the SDSS sample become
under the stretch-magnitude relation derived from the bluest
SDSS sample (Mg = 1.71 X 55, — 20.73).

We define the B-band residual (hereafter AMpg) as
AMp = Mp — (1.71 x s_Bl — 20.73), which is difference
between estimated Mp from photometry and intrinsic lumi-
nosity estimated from the stretch-magnitude relation of the
SDSS sample. Figure 8 shows the histogram of AMpg of the
SDSS sample using the stretch-magnitude relation derived
from the SDSS sample. Host galaxy dust extinction is one
of the possible explanations of the tails toward large AMpg.

2 We use inverse B-band stretch factor in these figures for the
comparison with Figure 16 in TAKO0S.
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Table 6. Relations of B-band stretch factor and B- and V-band magnitude of bluest SNe.
The relations of Nearby SNe is from TAKO08.

Sample Relation r.m.s. (mag) Number

Nearby Mp = (2.28 £0.42) x s(_Bl) —(21.49 £ 0.41) 0.17 21
My = (258 +0.38) x s ) — (21.67 % 0.38) 0.20 21

SDSS  Mp = (1.7140.31) X 53, — (20.73 % 0.31) 0.16 15
My = (1.59 £ 0.26) x 5 ) — (2051 4 0.25) 0.16 15

5.1.8 Stretch-Colour Relation

In order to discuss nature of SNe Ia colour and variety of
host galaxy dust extinction at §6, we use Mp — My colour
at the B-band maximum date because B- and V-bands are
the bands with the least dispersion among optical passbands
(James et al. 2006). Figure 9 show the colour distribution of
the SDSS sample. 93% of SNe are above the stretch-colour
relation derived from the SDSS sample.

We define the supernova colour excess (hereafter SNCE)
as SNCE = (Mg — My )maz — (0.12 X s — 0.22), which is
difference between estimated (Mp — Mv )mae from photom-
etry and intrinsic colour estimated from stretch-magnitude
relations of the SDSS sample (Table 6).

5.2 Photometric Properties of Host Galaxies
5.2.1 Eatinction Law of Host Galaxy Dust

It is important to correct for dust extinction in the host
galaxy before making distance estimation using SNe la. In
particular, we must know the shape of extinction curve
(colour-colour relation) and the zeropoint of the extinction
curve (magnitude-colour relation).

Since AMp and SNCE are possibly due to host galaxy
dust extinction, the AMp-SNCE relation gives us a clue to
understand the properties of host galaxy dust. Figure 10
shows the AMp-SNCE relation of the SDSS samples which
include Medium, Broad and Narrow SNe Ia subsamples. We
discuss the possibility that there are different stretch-colour
relations for the SNe Ia with different stretch factors in §6.
The relations and conversion factors we derive are shown in
Table 7.

5.2.2  Relations between SNe Ia and Host Galaxy Colour

We investigated relationships between the photometric
properties of SNe Ia and their host galaxy types. Using
the galaxies brighter than g = 21 in the SDSS imag-
ing data, Strateva et al. (2001) found that 90% of spec-
troscopically classified late-type galaxies have colour bluer
than v —r = 2.5 and found no examples of spectroscop-
ically classified early-type galaxies with colour bluer than
u — r = 2.05. Based on the u — r colour of the host galaxy,
we classified the SDSS SNe Ia into three subgroups as fol-
lows. (1) “Blue Host” : uw —r < 2.0 corresponding to late
types (Sb, Sc, and Irr), (2) “Red Host” : u — r > 2.5 corre-
sponding to early types (E/SO and Sa), and (3) intermediate
colour : 2.0 < u — r < 2.5. We show the relations between
SNe Ta and host galaxy type in Table 7, Figure 10 and 11.
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Blanton & Berlind (2007) and Skibba et al. (2009)
show a different colour cut, g —r = 0.8 —0.03 x (M, 4 20) for
separating the “red sequence” and “blue cloud” of galaxies.
However, this colour cut is similar to the colour cut proposed
by Strateva et al. (2001) and the latter is a more strict colour
cut for selecting early type galaxies. We use the colour cut
proposed by Strateva et al. (2001) in this study. The spe-
cific star formation rate (sSFR) of 125 “Blue Host” galaxies
and 16 “Red Host” galaxies are published by Wolf et al.
(2016). The average of sSFR of the “Blue Host” galaxies is
-9.78 Mg /yr and that of the “Red Host” galaxies is -11.34
Mg /yr. This result supports the idea that the “Blue Host”
galaxies correspond to late types and the “Red Host” galax-
ies correspond to early types.

Figure 10 shows that the SNe Ia which appeared in the
“Red Hosts” have smaller dispersion in SNCE around the
best fit relation than that of the SNe Ia which appeared in
the “Blue Hosts” (see also Table 8). In addition, the Medium
and Narrow SNe la which appeared in the “Red Hosts” have
smaller AMp than that of the SNe Ia which appeared in
the “Blue Hosts”. Table 8 also shows that the dispersion in
SNCE around the best fit relation is smaller in each SN Ia
subsample with AMp < 0.5 mag (8B).

6 DISCUSSION

Since the SDSS SN Ia sample is more homogeneous than
any other large sample of SNe Ia made from surveys at lower
redshift, the photometric properties derived would give us
a clue to understand the nature of spectroscopically normal
SN Ia. Hence, it is worth looking into photometric properties
of SDSS SNe Ia in detail.

In particular, the AMp-SNCE relation is quite inter-
esting (Figure 10). The dispersion around the AMp-SNCE
relation (Table 8) might be consistent with the uncertain-
ties (see Table 4) under the two assumptions that (1) peak
luminosities and colours are the same for all SNe Ia after
the stretch correction, and (2) extinction laws of dust in
host galaxies are the same. However, the dispersion of the
Medium sample (0.11 mag) appears to be larger than the
typical uncertainty (o in colour is 0.08 mag at z = 0.2).
This implies that the assumptions may be too simplified.
We now discuss the possible diversity of photometric prop-
erties of SNe Ia and properties of dust extinction in their
host galaxies.
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Table 7. Relations between AMp and SNCE of each subsample. Ry is conversion

factor of V-band translated from Rp. See also Figure 10.

Sample Relation Ry Number

Broad (0.18 £ 0.01) x AMp + (0.10 £0.01)  4.370-2 39

Blue Host onl 0.21 +0.01) x AMp + (0.09 £0.01)  3.770-2 34
( y 0.2

Medium (0.23+£0.01) x AMp + (0.10 £ 0.01)  3.3702 208

Blue Host onl 0.21 +0.02) x AMp + (0.09 £0.01)  3.770-2 154
( y 0.4

(Red Host only)  (0.38 4 0.03) x AMp + (0.14 +0.01)  2.0152 28

Narrow (0.19 £ 0.03) x AMp + (0.14 £0.01) 40708 81

Blue Host onl 0.34 +0.04) x AMp + (0.14 £0.01)  2.370-3 49
Yy 0.3

(Red Host only)  (0.28 +0.13) x AMp + (0.14 +0.03)  2.8F2-5 18

All (0.15 £ 0.06) x AMp + (0.12+£0.04) 5173 328

Table 8. Dispersion of residuals around the relations of AMp and SNCE of each

subsample. See also Figure 11.

Sample Red Host Blue Host All
o(mag) Number o(mag) Number o(mag) Number

Broad A - 3 0.19 34 0.19 39
B - 2 0.04 18 0.04 20

Medium A 0.08 28 0.11 154 0.11 208
B 0.06 22 0.07 126 0.08 169

Narrow A 0.09 18 0.15 49 0.12 81
B 0.05% 16 0.12 43 0.11 73

Total 49 237 328

Sample A is all of SNe of the subgroup.
Sample B is SNe with AMp < 0.5 mag.

a: One outlier is excluded because the SN has larger dispersion than 5 o.

6.1 Diversity of Photometric Properties of SNe Ia

Table 8 shows that the SNe Ia which appeared in the “Red
Hosts” tend to have narrower light curve width (3 / 39
SNe of the Broad sample, 28 / 208 SNe of the Medium
sample and 18 / 81 SNe of the Narrow sample are “Red
Hosts” SNe; see also the ratio of red filled triangles to oth-
ers in Figure 10). Since many of “Red Hosts” are early
type galaxies, the tendency that the “Red Hosts” SNe Ia
have a narrower light curve width is consistent with pre-
vious studies (c.f. Hamuy et al. 1996b, 2000; Howell 2001;
van den Bergh et al. 2005; Sullivan et al. 2006). The SNe Ia
which appeared in the “Blue Hosts”, however, have a variety
of light curve widths (34 / 39 SNe of the Broad sample, 154
/ 208 SNe of the Medium sample and 49 / 81 SNe of the
Narrow sample are “Blue Hosts” SNe; see also the ratio of
blue open squares to others in Figure 10).

These observational results can be explained by pos-
tulating that the progenitors of SNe Ia which appeared in
the “Red Hosts” are members of an old stellar population,
but those of SNe Ia which appeared in the “Blue Hosts”
may belong to both old and young stellar populations. How-
ever, there are 6 Medium SNe Ia which have large AMp in
spite of they appeared in the “Red Hosts” (see top right
panel of Figure 10). They can be explained if those “Red
Hosts” are dusty red galaxies with large extinction. In fact,

Strateva et al. (2001) reported about 10% (20/210) of late-
type galaxies have a colour of u—r > 2.5. Table 9 shows some
of those “Red Hosts” may be dusty red late-type galaxies.

The interpretation that there are two types of SNe Ia
with different photometric properties, originating in young
and old stellar populations, is consistent with the idea
that there are two varieties of SNe Ia, named “tardy” and
“prompt” (Mannucci et al. 2005). The SNe Ia which appear
in the “Red Hosts” are all “tardy” SNe Ia and the SNe
Ta which appear in the “Blue Hosts” are both “tardy” and
“prompt” SNe la. Based on this idea, we can estimate the
intrinsic dispersions of the “tardy” and “prompt” SNe Ia on
the AMp — SNCE plane. In Table 8, the B samples of “Red
Host” - “Narrow” and “Red Host” - “Medium” are expected
to be pure samples of “tardy” SNe Ia and the B sample of
“Blue Host” - “Broad” is “prompt” SN Ia. Those dispersions
are 0.04-0.06 mag, and the values are smaller than that of the
B samples of “Blue Host” - “Medium” (0.07 mag) and “Blue
Host” - “Narrow” (0.12 mag) SNe Ia which are expected to
be a mixture of “tardy” and “prompt” SNe la. This result
supports the original idea that there are two distinct popu-
lation (“tardy” and “prompt”) proposed by Mannucci et al.
(2005).

Figure 12 shows the distributions of SNCE residuals
from the regression line of AMp — SNCE plane of the
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Table 9. Host galaxies of SNe la with AMp > 0.5 which are excluded from sample B in Table
8. Morphology is determined by eye inspections and spectral type is determined by SDSS-III’s
Baryon Oscillation Spectroscopic Survey (BOSS, Dawson et al. 2013).

AMp  SDSS-SNID SN name Host name Morphology Spectral Type
0.51 13224 - SDSS J030958.79-001444.8 ? N/A

0.54 20376 - SDSS J211734.92-003126.3 ? N/A

0.56 12778 2007re SDSS J210958.95+002430.9 Spiral Starforming
0.64 1415 - SDSS J002425.55+4003556.4 Spiral Broadline
0.82 3488 - SDSS J205413.25-010037.2 ? N/A

2.54 19003 2007mp  2MASX J21163594-0046133 Spiral AGN Broadline

Medium SNe Ia. The result of Kolmogorov-Smirnov test
shows that the distributions of the Medium SNe la which
appeared in the “Blue Hosts” and “Red Hosts” are different
at a significance level 99.9%. Averages of colour residuals
are 0.01 mag for the “Blue Host” SNe Ia and 0.07 mag for
the “Red Host” SNe Ia. The colour offset, “tardy” SNe are
redder and “prompt” SNe are bluer, can be explained by the
idea of two types of SNe Ia with different intrinsic colour.
These results support the possibility that there are two dif-
ferent populations of SNe Ia.

There are several possibilities which could mislead this
analysis. The first possibility is large estimated uncertain-
ties. However, the dispersion of colour residuals is sig-
nificantly larger than the estimated uncertainties even if
we select the Medium SNe Ia with smaller uncertainties
(onp,oa, < 0.05 mag, see Figure 13). The second pos-
sibility is that the two types of SNe Ia correspond to the
Medium SNe Ia with larger s(z) and smaller s(p), because
the s(py range of the Medium SNe Ia is too wide to regard
it as a homogeneous sample. However, the tendency is the
same for the Medium SN Ia subsamples divided into four
groups based on the B-band stretch factor (0.90 < s(p) <
0.95,0.95 < sB) < 1.00,1.00 < sB) < 1.05,1.05 < sB) <
1.10, see Figure 14). The result of Kolmogorov-Smirnov test
shows that the distributions of the Medium SNe la with
smaller 5(5)(0.90 < s(5y < 0.95) and that of the Medium
SNe Ia with larger s(p)(1.05 < s(gy < 1.10) are not differ-
ent (p-value = 0.28). The third possibility is that the inverse
stretch-magnitude relation (Mp = 1A71><5(7Bl) —20.73), which
is used for deriving AMp creates apparent two subgroups.
However, we confirmed that there is no significant difference
(~ 1%) between the Medium SN Ia subsamples based on the
inverse and normal stretch-magnitude relation.

From these discussions, we conclude there may be two
subgroups of Medium SNe Ia which have intrinsically differ-
ent colours.

Sullivan et al. (2010) examined the colour-magnitude
relation of the SNLS SNe sample. Although Figure 9 of
Sullivan et al. (2010) shows basically the same properties
as those in Figure 10, we cannot identify two distinct sub-
groups as in the Medium SDSS sample (right top panel of
Figure 10). However, their results do not conflict with our
findings since we cannot identify two subgroups clearly in
the SDSS sample which include the Narrow, Medium, and
Broad SNe (Figure 10). There is another possible explana-
tion that difference of redshift range of the samples may af-
fect the results. Redshift of the SNLS SNe sample are higher
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Table 10. Difference of properties of host galax-
ies between the SNLS sample used in Sullivan et
al. (2010) and the SDSS sample. The average val-
ues of the SNLS sample are calculated from Table
1 except metallicity which is read from Figure 11
of the paper.

SNLS  this work
redshift 0.64 0.16
stellar mass [log Mg)] 9.8 10.5
metallicity [12+log(O/H)] 8.5 8.9
sSFR [log Mg /yr] -9.5 -10.0

than that of our sample, and properties of host galaxies such
as stellar mass, metallicity and sSFR are different between
the samples (see Table 10). Two distinct subgroups in the
Medium SDSS sample may be a result of a variety of stellar
population.

Lampeitl et al. (2010) discussed the relation between
properties of SN Ia and their host galaxies in SDSS sample
which includes 110 common SNe with this study. They use
the SALT2 (Guy et al. 2007) and the MLCS2k2 (Jha et al.
2007) for the parameterization of multi-band light curves,
and found that introduction of the third parameter, a host
galaxy type, reduces the luminosity dispersion after the cor-
rections. Brandt et al. (2010) also found strong evidence of
two progenitor channels related with the age of SN Ia pro-
genitors from the delay time distribution of SDSS sample.
They also use the SALT2 (Guy et al. 2007) for the param-
eterization of multi-band light curves, and found “tardy”
components are luminous SNe Ia with high stretch factors
and “prompt” components are subluminous SNe la with low
stretch factors. Even though we use a different light curve
analysis method as we described §3, these results are con-
sistent with our conclusion that there are two subgroups of
SNe Ta depending on the host galaxy colour.

6.2 Extinction Law of Host Galaxy Dust

Dust is another possible factor for creating large dispersions
in the colour distributions of SNe Ia which appear in the
“Blue Hosts” and “Red Hosts”. The colour-colour relations
derived from the SDSS sample indicate that the shape of
extinction curves are similar to that of the Galactic dust.
On the other hand, the relations between AMp and SNCE,



10  N. Takanashi et al.

which is related to the conversion factor R, have different
implications.

From Figure 10, it is not clear whether or not the aver-
age Ry of host galaxy dust is close to the standard Galactic
value (Ry = 3.3) . As shown in §6.1, the SDSS sample may
include two types of SNe Ia which have intrinsically differ-
ent colours. In order to reduce the uncertainty of intrinsic
diversity of SNe Ia colour, we derive Ry from the Medium,
Broad and Narrow samples. As a result, we find that a
value of Ry derived from the Medium sample is 3.3f81%,
and it is consistent with the standard Galactic value. On
the other hand, values of Ry derived from the Medium-
“Red Hosts” sample (2.0732) and Narrow-“Blue Hosts”
sample (2.3703) are significantly smaller than the standard
Galactic value. These results are consistent with previous
studies (e.g. Rp ~ 3.5, Phillips et al. 1999; Knop et al.
2003; Altavilla et al. 2004; Rp ~ 3.3, Wang et al. 2006;
Ry = 1.75 £ 0.27, Nobili and Goobar 2008; Ry = 2.2,
Kessler et al. 2010), which find values of R are smaller than
the standard Galactic value.

These mesurements may indicate that the value of Ry
has a large intrinsic dispersion. Also we should notice the re-
port that there are large variations of interstellar extinction
curve even in our Galaxy (Nataf et al. 2015). An example
is given by Folatelli et al. (2010), who found Ry =~ 1.7 for
their sample of SNe Ia but this value changed to Ry ~ 3.2
if the highly reddened SNe are excluded.

6.3 Other factors which may have affected the
observed SNe Ia colours

In the line of sight toward any SN Ia, there may
be circumstellar dust (CSD) around the SN Ia in ad-
dition to dust in the interstellar medium (ISM). The
existence of circumstellar material (CSM) is expected
based on theoretical arguments (e.g. Nomoto 1982;
Hachisu et al. 1999), and several recent observations have
indicated the existence of circumstellar gas around spec-
troscopically normal SNe Ia (SN2000cx, Mazzali et al.
2005; Patat et al. 2007a; SN2002ic, Hamuy et al. 2003;
SN2003du, Germany et al. 2004; SN2005cg, Quimby et al.
2006; SN2006X, Patat et al. 2007b; SN2007af, Simon et al.
2007; SN2012ca and SN2013dn, Fox et al. 2015). Wang
(2005) reported a possibility of CSD associated with cir-
cumstellar gas has smaller value of Ry than that of the
Galactic ISM. Smaller R values normally indicate a smaller
size of dust particles (c.f. Draine 2003). Wang (2005) also
pointed out that a low Ry of host galaxy dust estimated
from SNe Ia may be a result of the reflection effect from
CSD. The distribution that the SNe appeared in the “Red
Hosts” (red triangles in Figure 10) are plotted along a low
Ry line can be explained by these ideas.

New observations provide increasing number of evi-
dence suggesting the presence of CSM/CSD in (at least some
of) SNe Ia. Blondin et al. (2009) detected variable Na I D
lines in low-resolution spectra of SN1999cl and SN2006X,
suggesting that the variability could be associated with in-
terstellar absorption. Sternberg et al. (2011) showed that
the sodium absorption features in 35 SNe Ia they observed
indicate the presence of CSM around the progenitor system,
which may have originated from gas outflows from the single-
degenerate progenitors. Later, Dilday et al. (2012) reported

a complex, multi-shell circumstellar material structure in
the close environment of SN Ta PTF 11kx. An RS Oph-like
symbiotic nova progenitor was proposed for this particular
SN. Further, Forster et al. (2012, 2013) put forward new evi-
dences for the presence and asymmetric distribution of CSM
in SNe Ia from the observations of nearby SNe Ia. Also re-
cently, Johansson et al. (2013) obtained strict upper limits
for the amount of dust around three nearby SNe Ia down
t0 Mayst S 7 X 1073 Mg with Herschel Space Observatory
far-infrared observations, but could not completely rule out
CSD as one contributor to the reddening suffered by SNe Ia.

Another possible factor affecting the observed SN Ia
colour is the viewing angle of the asymmetric SN explosion.
An off-center explosion of the white dwarf progenitor star in
a SN Ia (Maeda et al. 2010) may affect the luminosity and
colour of the SN (Maeda et al. 2011; Cartier et al. 2011).
SNe viewed from the side closer to the ignition center will
appear bluer, and those viewed from the other side will ap-
pear redder. Maeda et al. (2011) shows a difference of the
peak luminosity changes ~ 30% due to the viewing angle.
The colour of the SN also seems to be correlated with the
ejecta velocity (Foley & Kasen 2011; Foley 2012), with high-
velocity SNe tend to be redder than the low-velocity ones
and the offset is ~ 0.04 mag. As we discussed in §6.1, if
the SNe appeared in “Red Host” except dust rich late-type
galaxies are all “tardy” SNe Ia, the viewing angle is one of
possible explanations of their distribution in Figure 10. On
the other hand, we cannot conclude that dependence on the
ejecta velocity are seen in our sample.

While with the current photometric dataset we are
unable to address the aforementioned points affecting the
colours of our SNe, disregarding those possible factors we
present the empirical result of our study as follows. A
schematic picture of our conclusion based on the discussion
above is shown in Figure 15. There may be two types of
SNe Ia with different intrinsic colours, and their colours are
affected by dust with two different extinction properties.

This idea does not conflict with Scolnic et al. (2014)
which pointed out the Galactic reddening law (R, = 3.1)
can explain the trend between Hubble residuals and colours.
As we show in Table 7, the reddening law (R, = 3.3) de-
rived from the Medium sample consistent with the Galactic
reddening law. The smaller value of R, can be derived if we
regard the SN sample as two components as we discussed.

6.4 Implications for cosmology

If there are two subgroups of Medium SNe Ia which have
intrinsically different colours, and they are extincted by host
galaxy dust with different properties, what are implications
for cosmological studies?

The offset in intrinsic colour between two subgroups
of Medium SNe Ia is 0.06 mag as we showed in §6.1. This
colour offset becomes AMp = 0.26 mag under the standard
galactic extinction law (Rp = 4.3). This is significantly large
value compared with the standard value of peak brightness
dispersion onp ~ 0.15. However, since the Medium SNe
appeared in “Red Host” are only 13% of all the Medium
SNe (28 / 208), the large offset is smoothed when we use
a SN sample with no selection bias. On the other hand,
when we use a SNe sample selected by host galaxy type,
it should be carefully analyzed since the offset may become
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a factor of systematic uncertainty. If there are statistically
enough number of the Medium SNe appeared in “Red Host”,
dispersion of peak brightness is expected to be smaller than
that of the all Medium SNe.

In order to reduce uncertainty due to variety of Ry,
we should use only the bluest SNe Ia for cosmological stud-
ies unless we know a proper Ry of each supernova. How-
ever, it is needed to carefully select the bluest SNe Ia sub-
sample when we use them. If we assume that a SN with
—0.2 < Mp— My < —0.1 is the bluest one, there are 13% of
all the Medium SNe (28 / 208). This colour selected sample
reduces systematic uncertainties in luminosity estimation by
factor 2, but the small number of the sample results in in-
creasing statistical uncertainties. As we show in Table 8, the
effects are cancelled in this study (Dispersion of Medium-B
subsamples is similar in spite of difference in sample size).

When we have larger SN Ia sample in future, using sub-
samples of carefully selected SNe Ia may improve precision
of the cosmological measurements with SNe Ia. Cosmologi-
cal studies are not the main topic in this paper, but current
study may become a clue for the optimized sample selection.

7 SUMMARY

In this paper, we present photometric properties of the inter-
mediate redshift SNe Ia found by SDSS-IT SN Survey. The
u-, g-, -, i- and zband light curves of the SDSS SNe Ia
are parameterized into rest-frame U-, B-, V-, R- and I-band
stretch factors, peak luminosities, and B-band maximum lu-
minosity dates using the Multi-band Stretch Method, which
can simply parameterize light curve shapes and peak bright-
ness without any additional assumptions such as dust extinc-
tion models unlike widely used methods SALT2 and MLCS.

Considering the observational uncertainties and selec-
tion biases, we select 328 SNe Ia in the range 0.05 < z < 0.24
for a study of their photometric properties. Applying the
stretch-magnitude and stretch-colour relations derived from
the SDSS sample, we find that most of the SNe Ia which
appeared in the “Red Hosts” do not have a broad light
curve, on the other hand, the SNe Ia which appeared in
the “Blue Hosts” have a variety of light curve widths. The
Kolmogorov-Smirnov test shows that SNe Ia of these two
subsamples selected by the host galaxy colour have signifi-
cantly different colour (significance level of 99.9%).

We infer that “tardy” SNe Ia appeared in both “Red
Hosts” and “Blue Hosts” but “prompt” SNe la appeared in
only “Blue Hosts”. Based on the inference, the Medium and
Narrow SNe Ia appeared in “Red Hosts” are pure “tardy”
samples, and the Broad SNe la appeared in “Blue Hosts”
are pure “prompt” samples. Both of these pure samples have
a smaller dispersion (< 0.06 mag) in the supernova colour
excess (SNCE) around the best fit relation than that of the
Medium and Narrow SNe [a appeared in “Blue Hosts” which
are expected to be a mixture of “tardy” and “prompt” SNe
Ta.

We also investigate the extinction law of host galaxy
dust. As a result, we find that a value of Ry derived from
the Medium sample is 3.3707, and it is consistent with
the standard Galactic value. On the other hand, values of
Ry derived from the Medium-“Red Hosts” sample (2.073%)
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and Narrow- “Blue Hosts” sample (2.3703) are significantly
smaller than the standard Galactic value.

These results indicate that there may be two types of
SNe Ia with different intrinsic colours, and they are extincted
by host galaxy dust with two different properties. This idea
does not claim a review of cosmological studies with unbi-
ased SNe la sample. However, there is a possibility that the
systematic uncertainty could be reduced by selecting SNe Ia
based on the idea.
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Figure 1. Redshift distribution of the all SNe taken by the SDSS-
II Supernova Survey. The shaded histogram shows the 328 SNe
used in this work called “the SDSS sample” in this paper. Since
we select the SN sample according to the criteria described in
82, the number of the SDSS sample is not up to the all SNe
sample even though at lower redshift. The filled histogram shows
photometrically probable SNe Ia (see Table 1).
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Figure 2. In the top panel, we show u-, g-, -, i- and zband
response curves (including atmosphere) and a SN Ia spectrum at
maximum which is shifted to z = 0.2. In the bottom panel, we
show U-, B-, V-, R- and I-band responses in solid lines, shifted
u-, g-, -, i- and z-band response at z = 0.2 in dashed lines, and
a rest frame SN Ia spectrum at maximum.
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Figure 3. Stretch corrections of each SN Ia versus redshift. We
need to correct the g-band and r-band stretch factor to the rest
frame B-band stretch factor (g-band in the range z < 0.24 and
from r-band in the range 0.24 < z < 0.50) since stretch factors of
a SN Ia in different filter bands are not same. The solid line shows
the size of stretch correction of SN Ia (s(p) = 1.0). See text for
description.

MNRAS 000, 1-21 (2014)

Photometric properties of the SDSS SNe Ia 15

\

\

2 L L L
L i g~ B i r - B _
1 [ — Hsiao ]
r : - Nugent(91bg)
[ P — Nugent(91T) -

\
—
T T

Magnitude

(@)
\‘\\\\\\\\\‘\

—0.005

1
0.2 0.3 0.4

o
©
iR

Redshift

Figure 4. In the top panel, we show the amount of K-correction
(9 — B,r — B) at B-band maximum calculated from three dif-
ferent types of SN Ia template versus redshift. The black solid line
is calculated from Hsiao’s template (corresponding to Nugent’s
normal template), the short dashed red line is calculated from
Nugent’s SN1991bg-like template, and the long dashed red line
is calculated from Nugent’s SN1991T-like template. In the bot-
tom panel, we show the difference between K-corrections which
calculated from Hsiao’s template and Nugent’s Branch Normal
template in U- and B-band versus redshift. Vertical dotted lines
denote the border of band combinations for K-correction.
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Apparent B—band Magnitude
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Figure 5. Apparent peak B-band magnitude versus redshift of
the SNe Ia observed by the SDSS-II Supernova Survey with uncer-
tainties less than 0.2 magnitude. Filled symbols are spectroscopi-
cally confirmed SNe la and open symbols are spectroscopically or
photometrically probable SNe Ia. The solid line denotes typical
luminosity of SN Ia, -19.2 + distance modulus. The dashed lines
denote the limits of host galaxy dust extinction parameter Ay
(we transformed Ay to Ap in this figure); we set the value to 1.0
mag for the 2005 survey (short dashed line) and 3.0 mag for the
2006-2007 survey (long dashed line). SNe plotted between dotted
lines are the SDSS sample. The darker symbols are the bluer SNe
Ia and the lighter symbols are the redder SNe Ia.
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Figure 6. Distribution of B-band stretch factors of the Nearby
SNe Ia (TAKO08) found by three different groups (HAM96, RIE99
and JHAO06). Black line is the Nearby SN Ia sample found by each
group, red line is the distribution of the SDSS SNe Ia in the range
0.05 < z < 0.24 and red dotted line is the same distribution of
the SDSS sample. The histograms are made from B-band stretch
factors which are smoothed by estimated uncertainties.
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Figure 7. Relation between the inverse B-band stretch factor
and B-band peak magnitude (the upper panels) and AMp (the
lower panels) at different redshift bins. In the upper panels, circles
are the SDSS sample and open squares are the Nearby sample.
The thickness of the circles is related to (Mp — My )maaz, the
darker circles are the bluer SNe Ia and the lighter circles are
the redder SNe Ja (same as Figure 5). The solid line denotes the
relation between the inverse B-band stretch factor and B-band
magnitude derived from the SDSS sample. In the lower panels,
positive AMp indicates that a photometric point is below the
regression line.
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Figure 8. Histogram of AMp of the SDSS sample at each red-
shift bin. The shaded histograms show the Broad SNe Ia, the
filled histograms show the Narrow SNe Ia, and the remaining his-
tograms are the Normal SNe Ia.
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Figure 9. A relation between the B-band stretch factor and
(Mp — My )maz of the Nearby and SDSS sample. The squares are
the Nearby SNe Ia and the circles are the SDSS SNe Ia, in which
blue filled symbols are the BV-selected SNe la with a smaller pho-
tometric uncertainty. The diagonal dashed line shows the relation
between B-band stretch factor and (Mp — My )maqz of bluest sam-
ple of the SDSS SNe Ia used for the definition of SNCE.
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Figure 10. Relations between AMp from the stretch-magnitude
relation and SNCE from the stretch-colour relation of the SDSS
SNe Ia. Top left panel shows all of the SDSS sample and the other
panels show subsamples (Medium, Broad, Narrow, respectively).
The blue open squares show the SNe Ia which appeared in the
“Blue Host” galaxies, the red filled triangles show the SNe Ia
which appeared in the “Red Host” galaxies, and the black open
circles show the SNe Ia which appeared in the intermediate colour
galaxies. Average estimation uncertainties are 0.06 mag for AMp
and 0.08 mag for SNCE. The solid lines denote the conversion
factor of standard Galactic extinction (Ry = 3.3), the dotted
lines denote smaller conversion factor (Ry = 2.0), and the dashed
lines denote the best linear fit. See also Table 7.
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Figure 11. Subsets of the relation between AMp and SNCE
of the SDSS SNe Ia. The blue open squares show the SNe Ia
which appeared in the “Blue Host” galaxies (a, b, c), the black
open circles show the SNe Ia which appeared in the intermediate
colour galaxies (d, e, f) and the red open triangles show the SNe
Ia which appeared in the “Red Host” galaxies (g, h, i). Left side
of the dashed line is the “B” sample (see Table 8). They are also
divided into three subgroups, Broad, Medium and Narrow. The
solid line is the conversion factor of standard Galactic extinction
(Ry = 3.3) and the dotted line denotes smaller conversion factor
(Ry = 2.0).
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Figure 12. Distributions of colour residuals from the average
SNCE (dashed line in Figure 10) of the Medium SNe Ia. The
histogram with a dotted blue line shows the “Blue Host” SNe
Ia, the shaded histogram with a red line shows the “Red Host”
SNe ITa and the histogram with a solid black line shows all of the
Medium SNe Ia. Averages of colour residuals are 0.01 mag for the
“Blue Host” SNe Ia and 0.07 mag for the “Red Host” SNe Ia.
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selected Medium only

SNCE

Figure 13. A relation between AM g from the stretch-magnitude
relation and SNCE from the stretch-colour relation of the selected
Medium SDSS SNe Ta with small uncertainties (0.9 < sy < 1.1,
OMps oMy, < 0.05 mag). The symbols and lines are the same as
Figure 10 (error bars are added to the “Red Host” SNe Ia).

selected Medium only

SNCE

Figure 14. A relation between AMp and SNCE of the selected
Medium SDSS SNe Ia which divided into four groups due to a
stretch factor. Green filled triangles are the SNe Ia with 0.90 <
s(By < 0.95, green squares are the SNe Ia with 0.95 < s(B) <
1.00, purple pentagons are the SNe Ia with 1.00 < s(py < 1.05,
and purple filled sexanglulars are the SNe Ia with 1.05 < s(B) <
1.10. The lines are the same as Figure 10.
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Figure 15. A schematic picture of our conclusion based on the
discussion in §6. There are two types of SNe Ia with different
intrinsic colours (the circles), and they are affected by dust with
different extinction laws (the arrows). The solid line denotes the
conversion factor of standard Galactic extinction (Ry = 3.3) and
the dotted line denotes smaller conversion factor (Ry = 2.0).
Grey small circles are the SDSS sample same as top left panel of
Figure 10, which probably includes a mixture of these factors.
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