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1 INTRODUCTION

ABSTRACT

We have analyzed the u-, g-, r-, i- and z-band light curves of 342 intermediate redshift
(z < 0.24) type Ia supernovae (SNe Ia) with normal spectra observed by the Sloan
Digital Sky Survey-IT Supernova Survey (SDSS-II SN Survey). The multi-band light
curves were parameterized into rest-frame U-, B-, V-, R- and I-band stretch factors,
peak luminosities, and the B-band maximum luminosity dates using the Multi-band
Stretch Method. Stretch-magnitude and stretch-colour relations of the SDSS SNe Ia
are similar to those of nearby SNe Ia. We found that most of the SNe Ia which appeared
in red host galaxies (u — r > 2.5) have a narrow light curve and the SNe Ia which
appeared in blue host galaxies (u — r < 2.0) have a variety of light curve widths. We
infer that “tardy” SNe Ia, whose rate is proportional to the total stellar mass and
possibly related to an old progenitor, appeared in both the red and blue host galaxies
but “prompt” SNe Ia, whose rate is proportional to the star formation rate and is
possibly related to a young progenitor, appeared in only the blue host galaxies; both
types have a small dispersion (< 0.10 mag) in colour excess. The Kolmogorov-Smirnov
test shows that the colour distribution of SNe Ia with a medium light curve width
depends upon host galaxy colour (significance level 96.2%). These results indicate
that there may be two types of SNe Ia with different intrinsic colours. We also discuss
dust properties of host galaxies based on colours and magnitudes of SNe Ia and find
supportive evidence that there may be two kinds of dust with different extinction
properties.

Key words: supernova: general. - light curve. - dust property.

started in 1990 (Hamuy et al. 1993; Phillips 1993; Hamuy
et al. 1995), succeeded in producing a moderately distant

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 (Fil-
ippenko 2005). Since the early 1990s, several SN Ia search
programs which aimed to measure the Hubble constant have
been performed. The CALAN/TOLOLO Supernova Search,
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(0.01 < z < 0.10) sample of SN Ia. The Supernova Cos-
mology Project (SCP) and the High-Z Team (HZT) are in-
dependent high redshift (z ~ 0.5) SN searches designed to
measure the cosmological parameters of the Universe.

After a careful analysis of their observed SNe Ia, both
SCP and HZT reported the accelerating expansion of the
Universe (Riess et al. 1998; Schmidt et al. 1998; Perlmutter
et al. 1999). This result implies that there is an unknown
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component in the Universe, named “dark energy” (Huterer
et al. 1998; Turner 1999). The idea of dark energy has also
been supported by studies of cosmic microwave background
(CMB) fluctuations (e.g. Spergel et al. 2007; Komatsu et al.
2011), baryon acoustic oscillations (BAO, e.g. Percival et al.
2010; Anderson et al. 2012; Samushia et al. 2013), large scale
structure (e.g. Tegmark et al. 2006; Reid et al. 2010; Benson
et al. 2013) and gravitational lensing (e.g. Oguri et al. 2008;
Li et al. 2009; Oguri et al. 2012). In addition, a most recent
result based on CMB analysis has been obtained by the or-
biting Planck satellite (Planck Collaboration et al. 2013),
supporting the standard ACDM cosmology with improved
measurements.

Cosmological studies with SNe Ia have been continued
and refined, with several new SN search programs; for ex-
ample, the Lick Observatory and Tenagra Observatory Su-
pernova Searches (LOTOSS, Filippenko et al. 2001), the
Carnegie Supernova Program (CSP, Hamuy et al. 2006), the
Texas Supernova Search (Quimby et al. 2005), the Nearby
Supernova Factory (SNfactory, Aldering et al. 2002), the
CfA Supernova Group (CfA3, Hicken et al. 2009a), the Sloan
Digital Sky Survey-II Supernova Survey (SDSS-II SN Sur-
vey, Frieman et al. 2008), the Equation of State: SupEr-
Novae trace Cosmic Expansion project (ESSENCE, Wood-
Vasey et al. 2007), the CHilean Automatic Supernova sEarch
(CHASE, Pignata et al. 2009), and the SuperNova Legacy
Survey (SNLS, Pritchet et al. 2005; Guy et al. 2010). The
data from these groups combine to make a large sample of
SNe Ia with high quality photometry and spectroscopy at
various redshifts in order to reduce random errors and to
control systematic effects which affect measurements of the
cosmological parameters (e.g Tonry et al. 2003; Knop et al.
2003; Riess et al. 2004; Astier et al. 2006; Wood-Vasey et al.
2007; Kowalski et al. 2008; Amanullah et al. 2010; Conley
et al. 2011; Suzuki et al. 2012; Campbell et al. 2013).

As described above, SNe Ia show properties which are
more homogeneous than those of any other astronomical ob-
jects which can be used as standard candles at cosmological
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 docu-
mented subgroups of SNe Ia (Branch et al. 1993; Nugent et
al. 1995). The SN1991T-type SN Ia has a slightly broader
light curve and brighter peak magnitude than a normal SN
Ia (Phillips et al. 1992). The SN1991bg-type SN Ia has a nar-
rower light curve and fainter peak magnitude than a normal
SN Ia (Filippenko 1989; Leibundgut et al. 1993). Other sub-
types of SNe Ia have also been described, such as the ”.1a”
explosions (Bildsten et al. 2007), which are only about one-
tenth as bright as SN Ia, and the SNe Tax (Foley et al. 2013),
which are generally similar to the characteristics of a SN Ia
but with some different properties as seen on SN 2002cx, the
prototypical member of this subclass.

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. Mannucci et al. (2005), in order to describe the
observed SN Ia rate, 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 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 subgroups within
Branch normal SNe Ia produced by two different progenitor
channels. Ellis et al. (2008) reported that rest frame ultra-
violet spectra of SNe Ia have significant variation 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 SNe
Ia sample, Kelly et al. (2010) showed that SNe Ia occur-
ring in physically larger, more massive hosts are ~ 10%
brighter after light curve correction. Hicken et al. (2009b)
demonstrated from CfA3 data that SNe Ia which appeared
in Sed/Sd/Irr hosts and E/SO hosts may arise from different
populations (see also Neill et al. 2009). Sullivan et al. (2010)
showed SNe Ia properties depend on the global characteris-
tics of their host galaxies from SNLS and other data. Lam-
peitl et al. (2010b) 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.

Takanashi et al. (2008) (hereafter, TAKO8) presented
photometric properties of 108 nearby (z ~ 0.1) SNe Ia. In
this study, we investigate photometric properties of SNe Ia
at intermediate redshift (z ~ 0.2). We use data obtained
by the SDSS-II SN Survey (York et al. 2000; Frieman et
al. 2008), which is well calibrated, homogeneous and the
first large SN Ia sample at an intermediate 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 imag-
ing camera (Gunn et al. 1998) at Apache Point Observa-
tory (APO) operated by an international collaboration. The
SDSS-IT 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 campaigns (Sept-Nov. 2005-
7), the SDSS-II SN Survey obtained well-measured, densely
sampled u-, g-, r-, i- and zband light curves (Holtzman et
al. 2008).

Zheng et al. (2008) presented spectroscopy of SNe found
in the first season of the SDSS-II SN Survey, and Kessler et
al. (2009) reported measurements of the Hubble diagram of
SNe Ia discovered during the first season.

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
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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

We analyzed u-, g-, -, i- and zband (Fukugita et al. 1996)
light curves of 643 SNe Ia obtained by the 2005-2007 SDSS-
IT SN Survey. As we show in Table 1, the SNe la sample
(hereafter SDSS sample) consists of four groups, which are
(1) spectroscopically confirmed SNe Ia (we call them type
“120”), (2) spectroscopically probable SNe Ia (type “119”),
(3) SNe Ia spectroscopically identified by observers outside
the SDSS (type “118”) and (4) photometrically probable
SNe Ia with host galaxy spectroscopic redshifts (type “105”)
which 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 un-
certainty. Since we assigned higher priority of spectroscopic
observations to colour selected SN Ia candidates, spectro-
scopically observed SNe Ia (type-120, 119) are biased to blue
and normal SNe Ia. To reduce the selection effect, we include
type-105 SNe Ia in this study. Note that the type-105 SNe
Ta are not spectroscopically confirmed as SNe Ia.

Figure 1 shows the redshift distribution of the SDSS
sample used in this study. The redshifts of all SNe of the
in the sample are measured by spectroscopic observations of
their host galaxies or SN spectra. The average redshift is z ~
0.22, and about 70% of samples lies in the range 0.1 < z <
0.3. Because of insufficient telescope time for spectroscopic
observations of faint objects, we did not obtain spectra for
many SNe Ia, 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 (the type-105 SN Ia of Sako et
al. 2008). As is apparent in Figure 1, the SDSS sample is
strongly biased at higher redshifts. In order to reduce the
effect of bias, we use only 342 SNe Ia in the range z < 0.24
(see §5.1).

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 SNe 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
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Table 2. Synthetic AB magnitude of Vega
in the SDSS filters.

U g r % z

0.951 -0.080 0.169 0.389 0.556

Calculated from the STSDAS v3.3 synphot
Vega spectrum assuming V=+40.03.

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 SNe Ia sample (hereafter Nearby sample)
from TAKO8. The Nearby sample includes 108 SNe Ia in
the range z < 0.11 with U-, B-, V-, R- and I-band light
curves. The light curves were parameterized by the Multi-
band Stretch Method and the parameters are listed in Table
2 of TAKOS.

3 ANALYSIS

We applied the Multi-band Stretch Method (TAKO8) to the
light curves in five passbands. 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 tBmaqz
for maximum light in the B-band. The method does not
include any dust / colour corrections and has the advantage
that we can simply parameterize the light curve shape and
luminosity without any assumptions. We used the U-, B-, V-
, R- and I-band light curve templates which are adjusted to
coincide with a SN Ia with s(gy = 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 standard cosmological parameters (Ho =
70.8 km/s/Mpc, Qar = 0.262,Qx = 0.738 from Spergel et
al. 2007). We corrected extinction by dust in the Milky Way
according to Schlegel et al. (1998). The differences from the
analysis in TAKOS8 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
curves of the Nearby sample. We transformed the data in
the following way.

First, the native SDSS system was transformed into the
AB system (J. Marriner, private communication).

w(AB) = u(SDSS) — 0.065
g(AB) = g(SDSS) + 0.022
r(AB) =r(SDSS) + 0.007
i(AB) =i(SDSS)+0.022
2(AB) = 2(SDSS) + 0.016
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Table 1. Type and properties of the SDSS SNe Ia. The numbers in parentheses are the
number of SNe Ia we used in discussion after §5.

Type Number Average Redshift Comment
all 643 (342) 0.22
120 425 (246) 0.21
119 45 ( 19) 0.24
118 7( 2 0.13 SN2005hj, SN2006eq, SN2006fz,
SN2007fr, SN2007ht, SN2007lu, SN20071w
105 169 ( 75) 0.23 Selected by Sako et al. (2008)

type-120 is a spectroscopically confirmed SN Ia

type-119 is a spectroscopically probable SN Ia

type-118 is a SN Ia identified by external groups of SDSS

type-105 is a photometrically probable SN Ia with spectroscopic redshift of the host galaxy

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( ) =u(AB) )Vega
g(Vega) =g(AB) —g(AB)vega
r(Vega) =r(AB)—71(AB)vega
i(Vega) =i(AB)—i(AB)vega
z(Vega) = z(AB) — 2(AB)vega

At the end of this procedure, we have transformed the
u-, g-, 7-, i- and zband magnitudes of our supernovae 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 trans-
formed (u, g, r, i) = (U, B, R, I) in the range z < 0.05, (u,
g, 1,1 2) = (U, B, V, R, I) in the range 0.05 < z < 0.24,
and (g, r, 1, 2) — (U, B, V, R) in the range 0.24 < z < 0.50.
The cross-filter K-correction was applied according to the
following definition.

K& = ZPy — ZPx +2.5log (1 + 2)
SAF(N1)Sx (N)dA

+2.51log JAFN/(1+ 2),t]Sy (A)dA

(1)

Here Z Px is the zeropoint of X-band in the magnitude
system, F'(\,t) is the spectral energy distribution (SED) of
the SN Ia at time ¢, Sx(A) is the effective response of the
X-band filter, and Kxy, is the value of K-correction from
the X-band to the Y-band at time ¢. We use the spectrum of
Hsiao et al. (2007) for the K-correction. Ideally, we should
apply a spectrum template based on the proper type of each
SN Ia (e.g. SN1991T-like, SN1991bg-like) for K-corrections,
but we applied 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 z < 0.24.

3.3 Uncertainty of the Analysis

We now consider the uncertainties in our analysis. The er-
rors are divided into three components: uncertainty due to
the light curve fitting (including observational photometric
errors), uncertainty due to the K-correction, and uncertainty
due to the cosmological parameters 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 errors of each epoch. We mea-
sured the dispersion of each fitting parameter (luminosity,
stretch factor, and time), and estimated the size of error.
The typical errors in estimating luminosity at z = 0.2 are
~ 0.4 mag in U-band, ~ 0.05 mag in B-, V- and R-band,
and ~ 0.2 mag in I-band. The typical errors in estimating
stretch factors at z = 0.2 are ~ 0.3 in U-band, ~ 0.07 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

© 2011 RAS, MNRAS 000, 1-?77



Photometric properties of the SDSS SNe Ia 5

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 sy + (0.16 4 0.02) 0.09 75
s(vy = (0.88+0.01) x sB) + (0.16 £0.01) 0.08 92

template. If one particular SN Ia has a spectrum which dif-
fers strongly from Hsiao’s template, for example, like that of
SN1991T or SN1991bg, we might significantly overestimate
or underestimate 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 errors due to
light curve fitting. We remove those outliers based on the
chi square probability of light curve fitting. The 643 SNe Ia
used in this paper do not contain outliers.

If the SN Ia has a spectrum similar to that of Hsiao’s
template, the typical error 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 (absolute
magnitude). If Ho moves 1o (+1.6 and —1.5 km s~ 'Mpc ™!,
Spergel et al. 2007), the distance modulus changes by 0.04
mag. Adopting a slightly different value for Hp 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
Q4 is equivalent to only 0.002 mag of distance modulus at
z = 0.2. Note that the uncertainty is negligible for the com-
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 errors
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 object
detection is ~ 3.5, in typical conditions, corresponding to
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g~ 23.2,r~ 228, and i ~ 21.2 mag in AB system (Dilday
et al. 2008). From Monte-Carlo simulations with artificial
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 (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 la. The likelihood was cal-
culated from g-, 7- and 4band 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, Thae 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. Many SNe Ia were un-
doubtedly lost with lower priorities, especially since at high
redshift the detected candidates increase in proportion to
the survey volume while the number of spectroscopically ob-
served SNe Ia decreases. Type-119 and 120 SNe are strongly
affected by the bias, and type-105 SNe are also affected by
the bias since the probability of being a SN Ia is calculated
based on the same fitting parameters given here. The possi-
ble missed SNe Ia are (1) obscured SNe Ia, (2) SNe Ia which
occurred in the centre of the host galaxy, and (3) SNe Ia
with peculiar light curves.

4.2 Contamination of other type SNe

As discussed in §2, we added type-105 SNe Ia to the SDSS
sample in order to reduce the biases described above and
to preserve the diversity of the sample since type-120 and
119 SNe Ia are strongly biased (Sako et al. 2011). How-
ever, the incorporation of type-105 events may introduce
contamination by other types of SNe. According to spectro-
scopic observations of SN Ia candidates which correspond to
type-105, the probability of misidentification 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 type-
105 SNe Ia with late epoch observations. So the number
of those misidentified SN must be less than 8 in the range
z < 0.24 (we have 75 type-105 SNe Ia at the redshift range).
In the following discussion, we use type-105 SNe Ia as well
as type-120 SNe Ia.
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Table 4. Typical errors in estimating luminosity and stretch factors at z = 0.2.

OMp s.f. Comment
Light Curve Fitting 0.05 0.06 including photometric errors 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  0.06

5 RESULTS
5.1 Photometric Properties of SNe Ia

Our sample consists of 643 SNe. We did not exclude SNe
Ta due to any properties such as spectroscopic subtypes or
host galaxy types from the sample. Because of poor u- and
zband photometry relative to g-, r- and i-band, we do not
use stretch factors and peak magnitudes of u- and zband
in this study (u-band corresponds to U-band in the range
z < 0.24, and zband corresponds to I-band in the range
z < 0.24 and R-band in the range z > 0.24). Also, we do
not use photometric data with large errors (> 20%). Af-
ter discarding events with inadequate photometry, we have
342 SNe Ia, which are used in the following discussion. All
parameters of the 342 SNe Ia are given at the online table
(partly given in Table 5).

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
for the 342 SNe Ia in the range z < 0.24 which are expected
to be least biased by observational selections. In this figure,
we also show the stretch distributions of the Nearby SNe Ia
used in TAKOS, in which three major data sets were identi-
fied (Hamuy et al. 1996a; Riess et al. 1999; Jha et al. 2006,
hereafter HAM96, RIE99, JHA06; 28 SNe Ia from HAM96,
20 SNe Ia from RIE99, 36 SNe Ia from JHAOQG).

The SNe Ia shown in RIE99 and JHA06 were not found
in a systematic SN search program. Their SNe Ia were se-
lected from the IAU’s Central Bureau for Astronomical Tele-
grams (CBAT). On the other hand, the SNe Ia shown in
HAMO96 were discovered by the CALAN/TOLOLO Super-
nova 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
RIE99 and JHAO06 shown in Figure 6 seem to have fewer
SNe Ia with small stretch values than those in HAM96; 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” :
sp)y < 0.9, (2) “Medium” : 0.9 < sy < 1.1, and (3)
“Broad” : s(py > 1.1.

5.1.2  Stretch-Magnitude Relation

We compared the stretch-magnitude relations derived from
the Nearby sample with those of the SDSS sample. Figure 7*
shows the B- stretch-magnitude relation in different redshift
bins. In the range z < 0.24, the distribution of the SDSS
sample seems to be similar to the stretch-magnitude relation
derived from the Nearby sample except for the SNe Ia with
large inverse B-band stretch factor.

As shown in Figure 8, we define the B-band resid-
ual (hereafter AMp) from the regression line of stretch-
magnitude relation of the bluest SN sample, which is ex-
pected to be almost free from dust extinction. Figure 9
shows the histogram of AMpg of the SDSS sample using the
stretch-magnitude relation derived from the Nearby sample
in TAKO8 (Mp = 2.28 x 3(31) —21.49, see Table 6 in TAKO08).
The histograms have tails toward large AMp possibly due
to host galaxy dust extinction. However, the Narrow SNe
Ia lack this asymmetry, and some of them are significantly
more luminous than predicted by the stretch-magnitude re-
lation.

5.1.8 Stretch-Colour Relation

We also compared the stretch-colour relation derived from
the Nearby sample with that of the SDSS sample. In order
to avoid significant reddening caused by host galaxy dust,
we select SNe based on the Mg — 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). We find the blue end of the SDSS SNe Ia has the
following value, with an error smaller than 0.05 mag.

(MB — Mv)maz = —0.28 x S(B) +0.22 (2)

We select the SDSS SNe Ia whose observed (Mp —
My )maz colour is within a range of 0.05 mag of the value
above as a sample of SNe Ia with low extinction (hereafter,
the BV-selected SDSS sample, see Figure 10).

Figures 11 and 12 show the stretch-colour relations
of the SDSS sample and the Nearby sample. The (My —
MR)maz distribution of BV-selected SDSS SNe Ia, except
a few outliers, is similar to that of the Nearby SNe Ia (see

1 We use inverse B-band stretch factor in these figures for the
comparison with Figure 16 in TAKO0S.
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Table 5. The sample of the fitting parameters of the 342 intermediate redshift SDSS SNe Ia. Complete data
are provided at online.

SDSS-SNID SN name  Type $(B) Mp My, Mg My
694 - 105 1.38(0.05) -19.01(0.05) -19.11(0.05) -19.27(0.06) -18.86(0.10)
722 SN2005ed 120  1.03(0.02) -19.16(0.08) -19.14(0.04) -19.08(0.05) -18.73(0.07)
744 SN2005ei 120 1.05(0.07) -19.28(0.04) -19.14(0.04) -19.11(0.04) -18.88(0.13)
762 SN2005eg 120  1.14(0.05) -19.06(0.07) -19.09(0.03) -19.08(0.05) -18.78(0.32)
774 SN2005ex 120 1.04(0.03) -19.11(0.13) -19.11(0.05) -19.13(0.04) -18.91(0.05)
1032 SN2005ez 120 0.74(0.03) -18.54(0.11) -18.61(0.05) -18.74(0.04) -18.89(0.16)
1241 SN2005fF 120 0.93(0.01) -18.82(0.04) -18.90(0.03) -18.92(0.03) -18.77(0.07)
1371 SN2005fh 120 1.09(0.02) -19.58(0.04) -19.49(0.03) -19.46(0.04) -19.28(0.06)
1395 - 105 1.00(0.06) -18.96(0.10) -18.95(0.06) -19.12(0.06) -18.92(0.16)
1415 - 105 1.12(0.08) -18.73(0.07) -19.00(0.05) -19.02(0.06) -19.28(0.20)
1525 - 105 1.73(0.08)  -18.49(0.05) -18.37(0.02) -18.73(0.03) -18.57(0.03)
1595 - 105 1.00(0.05) -19.32(0.07) -19.27(0.06) -19.33(0.05) -19.14(0.17)
1686 - 119 0.90(0.07) -18.00(0.12) -18.22(0.09) -18.24(0.09) -18.30(0.13)
1740 - 105 0.94(0.05) -18.97(0.08) -18.96(0.03) -19.03(0.04) -18.96(0.16)
1794 SN2005fj 120 1.21(0.06)  -18.99(0.05) -19.01(0.03) -18.98(0.03) -18.66(0.19)
2031 SN2005fm 120 1.08(0.04) -19.49(0.03) -19.43(0.03) -19.34(0.06) -19.15(0.08)
2057 - 105 1.01(0.06) -18.81(0.09) -19.08(0.11) -19.10(0.18) -18.78(0.34)
2102 SN2005fn 120 1.12(0.02) -19.47(0.07) -19.36(0.03) -19.26(0.05) -19.06(0.04)
2162 - 105 0.88(0.03)  -19.04(0.06) -19.09(0.08) -18.96(0.07) -18.74(0.14)
2246 SN2005fy 120 1.03(0.07) -18.74(0.13) -18.87(0.08) -18.96(0.10) -18.69(0.28)
2308 SN2005ey 120 1.10(0.02)  -19.57(0.05) -19.39(0.03) -19.25(0.04) -18.96(0.11)
2309 - 105 1.12(0.02) -19.58(0.04) -19.45(0.03) -19.29(0.02) -18.96(0.04)
2330 SN2005fp 120 0.76(0.09) -18.24(0.09) -18.31(0.11) -18.39(0.09) -18.48(0.33)
2372 SN2005ft 120 1.09(0.11)  -19.00(0.11)  -19.04(0.07) -19.10(0.10) -18.67(0.33)
2561 SN2005fv 120 1.01(0.01) -18.80(0.03) -18.89(0.03) -18.94(0.03) -18.81(0.08)
2635 SN2005fw 120 1.16(0.04) -19.22(0.04) -19.23(0.03) -19.15(0.03) -18.77(0.06)
2639 - 105 1.04(0.05)  -19.31(0.07) -19.28(0.03) -19.41(0.07) -19.05(0.18)
2689 SN2005fa 120 1.13(0.03) -19.09(0.04) -19.15(0.03) -19.26(0.03) -19.06(0.11)
2734 - 105 1.15(0.07)  -18.35(0.10) -18.45(0.05) -18.55(0.14) -18.45(0.20)
2916 SN20051{z 120 1.08(0.02) -18.47(0.05) -18.79(0.04) -18.85(0.04) -18.56(0.10)
2928 - 105 1.04(0.07) -18.28(0.04) -18.25(0.05) -18.54(0.03) -17.97(0.12)
2929 SN2005im 105 1.21(0.04) -17.49(0.03) -17.41(0.06) -17.77(0.03) -17.96(0.12)
2992 SN2005gp 120 0.91(0.02) -18.73(0.05) -18.88(0.03) -19.00(0.03) -18.62(0.14)
3049 - 105 1.01(0.05) -19.26(0.17) -19.07(0.09) -19.12(0.04) -18.59(0.13)
3080 SN2005ga 120 1.04(0.06) -19.21(0.07) -19.27(0.09) -19.21(0.09) -18.66(0.30)
3087 SN2005gc 120 1.07(0.02) -19.09(0.03) -19.14(0.03) -19.17(0.04) -18.78(0.14)
3256 SN2005hn 120 0.94(0.02) -19.00(0.06) -18.84(0.03) -18.93(0.05) -18.87(0.06)
3317 SN2005gd 120 0.97(0.03) -18.96(0.04) -19.00(0.03) -19.12(0.04) -18.79(0.14)
3331 SN2005ge 119 0.96(0.04) -18.84(0.16) -18.96(0.21) -18.99(0.18) -18.81(0.28)
3452 SN2005gg 120 1.07(0.02) -19.36(0.04) -19.26(0.04) -19.21(0.05) -19.03(0.15)
3488 - 105 0.97(0.08) -18.24(0.07) -18.41(0.13) -18.70(0.12) -18.37(0.19)
3508 - 105 1.01(0.07) -16.49(0.14) -17.32(0.14) -17.23(0.14)  -17.49(0.24)
3592 SN2005gb 120  1.01(0.02) -19.14(0.03) -19.09(0.02) -19.12(0.03) -18.80(0.05)
3901 SN2005ho 120 1.14(0.01)  -19.18(0.03) -19.21(0.02) -19.26(0.02) -19.00(0.03)
3959 - 105  0.98(0.09) -17.95(0.10) -18.30(0.23) -18.41(0.24) -18.82(0.39)
4019 - 105 1.03(0.02) -18.63(0.09) -18.76(0.06) -18.92(0.04) -18.83(0.16)
4064 - 119 0.85(0.03) -18.93(0.07) -19.03(0.06) -18.89(0.03) -19.10(0.06)
4065 - 105 0.98(0.03) -19.28(0.04) -19.25(0.04) -19.23(0.04) -18.95(0.08)
4281 SN2005in 105  0.97(0.03) -19.48(0.06) -19.46(0.09) -19.39(0.05) -19.20(0.09)
5339 - 105 1.07(0.07) -17.71(0.11) -18.56(0.08) -18.71(0.05) -18.85(0.07)

Peak magnitudes are shown in Vega system. Redshift of the SNe Ia will be published in Sako et al. (in prep).

Figure 11). Broad SNe Ia tend to be bluer in (Mv — MR)ma= 5.2 Photometric Properties of Host Galaxies
colour. The (My — MB)mae distribution of the BV-selected

SDSS SNe Ia is also similar to that of the Nearby SNe 5.2.1 Eatinction Law of Host Galaxy Dust

Ia (see Figure 12). Broad SNe Ia also tend to be bluer in

(My — MB)mas colour. The results that SNe Ia with large It is important to correct for dust extinction in the host
light curve width is blue are consistent with previous works galaxy before making distance estimates using SNe. In par-

(Phillips 1993; Riess et al. 1996).

© 2011 RAS, MNRAS 000, 1-??

ticular, we must know the shape of extinction curve (colour-
colour relation, the ratio of Ry /Rx) and the zeropoint of
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Table 6. Relations between AMp and colour excess from the stretch-colour relation under
different assumptions. o(mag) is root mean square (rms) of residuals from the relation in B-
band and Ry is conversion factor of V-band translated from Rp.

Sample Relation o(mag) Ry Number  Figure
All (0.24 +£0.02) x AMp + (0.06£0.01) 012  3.2753 342 14
Broad  (0.25+0.16) x AMp + (0.07£0.07)  0.18  3.1%52 41 17
Medium  (0.28 £ 0.03) x AMp + (0.05+£0.01) 010 27753 216 16
Narrow  (0.33+0.18) x AMp + (0.10+0.03) 013  23+2% 85 18

the extinction curve (magnitude-colour relation, the abso-
lute value of Rx).

If the stretch-magnitude relation of the SDSS sample
and the Nearby sample is the same, the residuals from the
stretch-magnitude relation are mainly due to host galaxy
dust extinction. Figure 13 shows the relation between (Mp —
My )maes and other colours. The direction of the arrows
shows the shape of the extinction curves of dust in these
host galaxies. It is similar to that of dust in the Milky Way
(RV = 3.3).

Figure 14 shows the AMpg and colour excess relation
(hereafter, the AMp-E relation) of the SDSS sample in the
range z < 0.24. In the figure, we assume that the B-band
residuals from the stretch-magnitude relation (AMp) are
due to extinction by host galaxy dust, and that colour ex-
cesses E(B — V), from the stretch-colour relation (eq.(2))
are due to reddening by host galaxy dust and a zeropoint
offset. Figure 15 is the AMp-E relation under a different
stretch-magnitude relation (Mp = 1.83 X s’B1 —21.04, which
is equivalent to the relation shown in Altavilla et al. 2004;
see details in TAKO08). Figure 16 shows the AMpg-E rela-
tion of the Medium SDSS sample (0.9 < s(gy < 1.1) in the
range z < 0.24. Figures 17 and 18 are the same figures for
the Broad SDSS sample and the Narrow SDSS sample. 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 6.

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 ¢’ = 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 u' — r" = 2.5 and found no examples of spectroscop-
ically classified early-type galaxies with colour bluer than
u' — 1" = 2.05. Based on the u — r colour, we classified
the SDSS SNe Ia into three subgroups as follows. (1) “Blue
Host” : uw —r < 2.0 corresponding to late types (Sb, Sc,
and Irr), (2) “Red Host” : w—r > 2.5 corresponding to
early types (E/SO and Sa), and (3) intermediate colour :
2.0 < u—1r < 2.5. We show the relation between SNe Ia
and host galaxy type in Figure 16, 17, 18 and 19.

Figures 16 and 18 show that the SNe Ia which appeared
in the “Red Hosts” have smaller dispersion in colour excess
around the best fit relation than that of the SNe Ia which
appeared in the “Blue Hosts” (see Table 7). In addition, the

Medium and Narrow SNe la which appeared in the “Red
Hosts” have smaller AMpg, due to less extinction by the
host galaxy dust (most have AMp ~ 0.0 mag), than that
of the SNe Ia which appeared in the “Blue Hosts”. On the
other hand, the Broad SNe Ia which appeared in the “Red
Hosts” have larger extinction (AMp ~ 0.6 mag, see Figure
17). Table 7 also shows that the dispersion in colour excess
around the best fit relation is smaller in each SN Ia sample
with AMp < 0.5 mag (7B).

6 DISCUSSION

As shown in §5.1, stretch-magnitude relations and stretch-
colour relations of the SDSS sample in the range z < 0.24 are
similar to those of the Nearby sample, and the result is con-
sistent with other observational studies of SNe Ia at higher
redshift (Riess et al. 1999; Garnavich et al. 2004; Riess et
al. 2007; Bronder et al. 2008; Foley et al. 2008a). Since the
SDSS SNe Ia sample is more homogeneous than any other
large sample of SNe Ia made from surveys at lower redshift,
the photometric properties derived in this work can be used
as standard photometric properties of SNe Ia. Hence, it is
worth reviewing photometric properties of SDSS SNe Ia in
detail.

In particular, the AMp-E relation is quite interesting
(Figure 14). The dispersion around the AMp-E relation
might be consistent with the uncertainties (see Table 4)
under the two assumptions that (1) peak luminosities and
colours are the same for all SNe Ia after the stretch cor-
rection, and (2) extinction laws of dust in host galaxies are
the same. However, the dispersion 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.

6.1 Diversity of Photometric Properties of SNe Ia

Table 7 shows that the SNe Ia which appeared in the “Red
Hosts” tend to have narrower light curves (30 / 216 SNe of
the Medium sample and 18 / 85 SNe of the Narrow sample
have “Red Hosts”; see also the ratio of red triangles to oth-
ers in Figures 17 and 18). Since many of “Red Hosts” are
early type galaxies, the tendency that the “Red Hosts” SNe
Ia have a narrower light curve is consistent with previous
studies (c.f. Hamuy et al. 1996b, 2000; Howell 2001; van den
Bergh et al. 2005; Sullivan et al. 2006). The SNe Ia which
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Table 7. Dispersion of E(B — V) around the relations of AMp and colour excess.

See also Figure 19.
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Sample Red Host Blue Host All
o(mag) Number o(mag) Number o(mag) Number

Broad TA - 3 0.17 35 0.18 41
B - 1 0.04 15 0.04 16

Medium 7A 0.10 30 0.10 160 0.10 216
7B 0.09 26 0.09 135 0.08 183

Narrow  7A 0.10 18 0.14 53 0.13 85
7B 0.05% 16 0.14 49 0.12 79

Total 51 248 342

7A is all of SNe of the subgroup.
7B is SNe with AMp < 0.5 mag.
a: One outlier is excluded.

appeared in the “Blue Hosts”, however, have a variety of
light curve widths. These observational results can be ex-
plained by postulating 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” belong to both old and young stellar populations.
Some of SNe Ia which appeared in the “Red Hosts” have
large AMp (i.e. Figures 16 and 17). They can be explained
if those “Red Hosts” are dusty red galaxies with large ex-
tinction. In fact, Strateva et al. (2001) reported about 10%
(20/210) of late-type galaxies have a colour of u’ —r’ > 2.5.
Also, based on inspections by eye, half of these very red host
galaxies have morphologies of 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 ap-
pear 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 Ia. Based on this idea, we can estimate the
intrinsic dispersions of the “tardy” and “prompt” SNe Ia.
The “B” samples in Table 7 show this dispersion to be 0.09
/ 0.05 mag for the “tardy” SNe Ia (“Red Host” - “Medium
/ Narrow”) and 0.04 mag for the “prompt” SNe Ia (“Blue
Host” - “Broad”).

Figure 20 shows the distributions of colour residuals
from the expected colour of the Medium SNe Ia under the
assumption that the dust properties are the same as those
of the Galactic dust. The result of Kolmogorov-Smirnov test
shows that the distributions of the Medium SNe Ia which
appeared in the “Blue Hosts” and “Red Hosts” are differ-
ent at a significance level 96.2%. These results support the
possibility that there are two different populations of SNe
Ta.

There is a possibility that large errors could mislead
this analysis. However, the dispersion of colour residuals
is significantly larger than the estimated uncertainty even
if we select the Medium SNe Ia with smaller uncertain-
ties (omp,0onmy, < 0.05 mag, see Figure 21). There is an-
other possibility that the two types of SNe Ia correspond
to the Medium SNe Ia with larger s(p) and smaller s(p),
because the s(py range of the Medium SNe Ia is too wide

© 2011 RAS, MNRAS 000, 1-??

to regard it as a homogeneous sample. However, the ten-
dency is the same for the Medium SN Ia subsamples di-
vided into four groups based on the B-band stretch factor
(0.90 < 5By < 0.95,0.95 < s(p) < 1.00,1.00 < s(p) <
1.05,1.05 < sy < 1.10, see Figure 21). There is an-
other possibility that the inverse stretch-magnitude relation
(Mp = 2.28 X 55 — 21.49), which is used for deriving
AMp creates apparent two subgroups. However, we con-
firmed that there is no significant difference (~ 1%) between
the Medium SN Ia subsamples based on the inverse and nor-
mal 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 Sul-
livan et al. (2010) shows basically the same properties as
those in Figure 14, we cannot identify two distinct subgroups
as in the Medium SDSS sample (Figure 16). Their results do
not conflict with our findings since we cannot identify two
subgroups in the SDSS sample which include the Narrow,
Medium, and Broad SNe (Figure 14).

Lampeitl et al. (2010b) discussed the relation between
properties of SN Ia and their host galaxies in the SDSS
sample. 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 corrections. Brandt et al. (2010) also
found strong evidence of two progenitor channels related
with the age of SN Ia progenitors from the delay time dis-
tribution of SDSS sample. These results are consistent with
our conclusion that there are two subgroups of SNe Ia de-
pending 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”. As shown in Figure 13, the
colour-colour relations derived from the SDSS sample in the
range z < 0.24 indicate that the shape of extinction curves
are similar to that of the Galactic dust. On the other hand,
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the relations between AMp and colour excess, which is re-
lated to the conversion factor R, have different implications.

From Figures 14 and 15, it is not clear whether or not
the average Ry of host galaxy dust is close to the standard
Galactic value (Ry = 3.3) . The value of Ry derived from
the SDSS sample (Ry = 3.2703) is similar to the standard
Galactic value (”All” in Table 6).

However, as shown in §6.1, the SDSS sample may in-
clude two types of SNe Ia which have intrinsically different
colours. In order to reduce the uncertainty of intrinsic di-
versity of SNe Ia colour, we derive Ry from the Medium,
Broad and Narrow samples. Table 6 shows that average val-
ues of Ry of those three samples (”Broad”, "Medium” and
”Narrow” in Table 6) are smaller than the standard Galac-
tic value. This result is 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 smaller than the standard Galactic
value. In Figure 17, some of SNe Ia with large AMp seem to
be consistent with the standard Galactic value of Ry . This
measurement may indicate that the value of Ry has a large
intrinsic dispersion. In that case, in order to reduce uncer-
tainty due to variety of Ry, we should use only the bluest
SNe Ia for cosmological studies unless we know a proper Ry
of each host galaxy. 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.

In this study, SNe Ia which appeared in the “Blue
Hosts” (see the blue squares in Figure 16) have a larger dis-
persion than that of the SNe Ia which appeared in the “Red
Hosts”, which are expected to be less affected by ISM. It
is therefore difficult to explain the SNe Ia with large AMp
solely by extinction with small Ry. We conclude that the
distributions shown in Figures 16 and 20 probably include
a mixture of two factors, SNe Ia properties and dust prop-
erties.

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 cir-
cumstellar dust (CSD) around the SN Ia in addition to
dust in the interstellar medium (ISM). The existence of cir-
cumstellar material (CSM) is expected based on theoret-
ical arguments (e.g. Nomoto 1982; Hachisu et al. 1999),
and several recent observations have indicated the exis-
tence of circumstellar gas around spectroscopically normal
SNe Ia (SN2000cx, Mazzali et al. 2005; Patat et al. 2007a;
SN2003du, Germany et al. 2004; SN2005cg, Quimby et al.
2006; SN2006X, Patat et al. 2007b; SN2007af, Simon et al.
2007). Wang (2005) reported one possibility of CSD as-
sociated with circumstellar gas. The value of Ry from the
“Red Hosts” is smaller than that of the Galactic ISM (see
the distribution of red triangles in Figure 16). Smaller R
values normally indicate a smaller size of dust particles (c.f.
Draine 2003). Wang (2005) pointed out that a low Ry of
host galaxy dust estimated from SNe Ia may be a result of
the reflection effect from CSD.

New observations provide increasing number of evi-
dence suggesting the presence of CSM/CSD in (at least

some of) SNe Ia. Sternberg et al. (2011) showed that the
sodium absorption features in 35 type-Ia SNe 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 Ia 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 Maust 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 appear red-
der. 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.

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 22. There may be two types of
SNe Ta with different intrinsic colours, and their colours are
affected by dust with different extinction properties.

7 SUMMARY

In this paper, we present photometric properties of the inter-
mediate redshift SNe Ia found by SDSS-II 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. Con-
sidering the observational errors and selection biases, we se-
lect 342 SNe Ia in the range z < 0.24 for a study of their pho-
tometric properties. Stretch-magnitude and stretch-colour
relations of the SDSS SNe Ia are similar to those of the
Nearby SNe Ia. We find that most of the SNe Ia which ap-
peared in the “Red Hosts” have a narrow light curve and the
SNe Ia which appeared in the “Blue Hosts” have a variety of
light curve widths. We infer that “tardy” SNe Ia appeared
in both “Red Hosts” and “Blue Hosts” but “prompt” SNe
Ta appeared in only “Blue Hosts”, and find that both of
them have a small dispersion (< 0.10 mag) in colour excess
around the best fit relation. The Kolmogorov-Smirnov test
shows that the colour distribution of the Medium SNe Ia de-
pends upon host galaxy colour (significance level of 96.2%).
These results indicate that there may be two types of SNe
Ta with different intrinsic colours. We also discuss the dust

© 2011 RAS, MNRAS 000, 1-?77



properties of host galaxies and find evidence that there may
be dust with different extinction properties.
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stars are SNe Ia found in 2007. Filled symbols are spectroscopi-
cally confirmed SNe Ia (type-120 and 118) and open symbols are
spectroscopically or photometrically probable SNe Ia (type-119
and 105). The solid line denotes typical luminosity of SN Ia, -
19.0 + distance modulus. The dotted lines denote (a) detection
limit (S/N = 3.5) of the SDSS 2.5-metre telescope at APO and
(b) complete limit estimated from Monte-Carlo simulation. The
dashed lines denote the limits of host galaxy dust extinction pa-
rameter 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). The colour of the
circles is related to (Mp — My )maz, the bluer SN Ia is coloured
bluer and the redder SN is coloured redder. See also Sako et al.
(2008).
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Figure . Ulstrlbutlon of B-band stre tcn tac‘tors of the Nealb

SNe Ia TAIQO§) fou]nd b}ltﬁree]d%ere%t grou%s H]A@/I96 IQIEQQ
and JHAO06). Black hngﬁﬂ élt%ﬂe%ﬁgycf‘g% gggmple found by
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range z < 0.24

the

S SNe Ia in the
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Figurel §. Relation betwee é}verse B-band stIr ch factor and

B-band peak magnitude at different redshift bins. Coloured open
circles are the Sg@? é%rélﬁle F%H%% (ﬁ;@ eg are the Nearby sam-
ple. The size of the circles is mversely portional to the size of
errors, i.e. the larger the error estimation, the smaller the circle.
The colour of the circles is related to (Mp — My )maa, the bluer
SNe Ia are coloured bluer and the redder SNe Ia are coloured
redder (same as Figure 5). The solid line denotes the relation be-
tween inverse B-band stretch factor and B-band magnitude de-
rived from the Nearby sample in TAKOS8. The dotted lines denote
100% completeness limiting magnitude and the dashed lines de-
note 20% completeness limiting magnitude. SNe Ia with large
errors (oprp > 0.2) are excluded from this figure.
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F1gur1978. Definiition of AMp. The solid Tine is the B-band
stretch-magnitude relation oflthe bluest sample in TAKOS, al@d
the circles are exampﬂ}e@r@t@kﬁerp@C@&ﬁa(Bﬁo‘cbmetry. AMp
is defined as a magnitude difference between estimated abso-
lute peak B-band magnitude from photometry and expected peak
B-band magnitude from the B-band stretch-magnitude relation
(shown by a dotted arrow). Positive AMp indicates that a pho-
tometric point is below the regression line.
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Figul . A relation between the B-band stretch factor and

(Mp — ]\ﬂf@naz. The blue filled circﬂes are the BV-selected S?D@
SNe Ia in the range z €tG:24,¢he blae bpan é@)les are the BV-
selected type-105 SDSS SNe Ia in the range z < 0.24, the red
stars are the BV-selected Nearby SNe Ia, the filled grey squares
are the SDSS SNe Ia with a smaller photometric error in the range
z < 0.24, the grey stars are the other Nearby SNe Ia and the grey
open circles are the others. The diagonal dashed line shows the
blue end of the SDSS SNe Ia.

<MV4MR>maX

1 T T \ ‘ \ T T T
Narrow i Medium: Broad ]
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0 _
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Figu . A relation between the B-band stretch factor and

(My — ]\@g@mm. The blue filled circﬂes are the BV-selected Sb@S
SNe Ia in the range z €tG:24;¢he blae bpan Q@)es are the BV-
selected type-105 SDSS SNe Ia in the range z < 0.24, the red
stars are the BV-selected Nearby SNe Ia, the grey stars are the
other Nearby SNe Ia and the grey open circles are the others.
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Figure 112 A Felation between tnv‘a B-band streteh factor and
(My — ﬁimaz. The blue filled Circﬂes are the BV-selected Sb@S
SNe Ia in the range z $tG:24;¢he blae bpan @]B:)les are the BV-
selected type-105 SDSS SNe Ia in the range z > 0.24, the red
stars are the BV-selected Nearby SNe Ia, the grey stars are the
other Nearby SNe Ia and the grey open circles are the others.
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Figutg; 13 Reélgtions betgmen (M2, Hv Tmar @ud the ggier
colours. Ope, irglema}e the SDSS SNe Ia in the ra z < 0.24
and the filled Black ciréi® are the average of the colour™st each
(Mp — My )maa bin. The filled red stars denote the colour calcu-
lated from Hsiao’s template and the red arrows denote the direc-
tion of extinction when we assume the value of conversion factor
R is the same as that of the Milky Way (Schlegel et al. 1998,
Ry = 3.3).
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Figure 147A Telation between 2 OV‘IB fron1 the stret(‘:n—r‘nag‘mtude
relation and colour excess & the SDSS SNella in the range ~2<
0.24. The filled circles are the ,Q‘M]raagef@ggggh bin and the bars are
standard errors of the mean. The solid line denotes the conversion
factor of standard Galactic extinction (Ry = 3.3), the dotted line
denotes smaller conversion factor (Ry = 2.0), and the red dashed
line is the best linear fit to the filled circle (Ry = 3.2f8‘§ .
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E(B-V),
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Figure 15. A relation between ANM g trom the stretch-magnitude
relation (Kllavilla et al. 20(@) and colour exchss of the SDSS $Ne
Ia in the range z < 0.24. Thgﬁl}aed(m@gys the average at each
bin and bars are standard errors of the mean. The solid line is
the conversion factor of standard Galactic extinction (Ry = 3.3),
the dotted line denotes smaller conversion factor (Ry = 2.0),
and the red dashed line is the best linear fit to the filled circle
(Ry =3.2702).

Medium only P

0.5 —

E(B-V),

Figure 16. A Telation between 2 V‘IB fron1 the stret(‘:n—r‘nag‘mtude
relation and colour excess @f the Medium 9DSS SNe Ia in %he
range z < 0.24 (0.9 < s(B)AMBl.Qm@ge) filled circles are the
average at each bin and bars are standard errors of the mean. The
blue squares show the SNe Ia which appeared in the “Blue Host”
galaxies, the red triangles show the SNe Ia which appeared in the
“Red Host” galaxies, and the black circles show the SNe Ia which
appeared in the intermediate colour galaxies. The solid line is
the conversion factor of standard Galactic extinction (Ry = 3.3),
the dotted line denotes smaller conversion factor (Ry = 2.0),
and the red dashed line is the best linear fit to the filled circle
(Ry =2.770%).
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E(B-V),

s

Figure 17.A Telation between 23 \/‘13 front tn‘e st‘retc‘n—r‘nag‘nltude
relation amd colour excess dPthe Broad SDSSISNe Ta in the ragge
z < 0.24 (s(gy > 1.1). The fﬂlk@Bci(rg@@gr)a the average at each
bin and bars are standard errors of the mean. The blue squares
show the SNe Ia which appeared in the “Blue Host” galaxies, the
red triangles show the SNe Ia which appeared in the “Red Host”
galaxies, and the black circles show the SNe Ia which appeared in
the intermediate colour galaxies. The solid line is the conversion
factor of standard Galactic extinction (Ry = 3.3), the dotted line
denotes smaller conversion factor (Ry = 2.0), and the red dashed
line is the best linear fit to the filled circle (Ry = 3.1f?‘é .
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Figure 187A Telation between 2 V‘IB fron1 the stret(‘:n—r‘nag‘mtude
relation afid.colour excess ofthe Narrow SDS$ SNe Ia in the ra%ge
z < 0.24 (s(py < 0.9). The ﬁAlMBciép}@ggrk the average at each
bin and bars are standard errors of the mean. The blue squares
show the SNe Ia which appeared in the “Blue Host” galaxies, the
red triangles show the SNe Ia which appeared in the “Red Host”
galaxies, and the black circles show the SNe Ia which appeared in
the intermediate colour galaxies. The solid line is the conversion
factor of standard Galactic extinction (Ry = 3.3), the dotted line
denotes smaller conversion factor (Ry = 2.0), and the red dashed
line is the best linear fit to the filled circle (Ry = 2.3f3:§ .
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show the SNe Ia which appeared in the intermediate colour galax-
ies (d, e, f), and the red triangles show the SNe Ia which appeared
in the “Red Host” galaxies (g, h, i). They are also divided into
three groups, 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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Medium only

E(B-V),

Figure 21.A Telation between 23 \/‘13 front tn‘e st‘retc‘n—r‘nag‘nltude
relation anid. colour excess oPthe Medium SD3S SNe Ia with stfeall
errors in the range z < 0.24 (Q.M§ (m@ﬁy.l, oMp> oMy < 0.05
mag). Red triangles are the SNe Ia with 0.90 < s(B) < 0.95, green
squares are the SNe Ia with 0.95 < s(py < 1.00, blue pentagons
are the SNe Ia with 1.00 < s(p)y < 1.05, and black sexanglulars
are the SNe Ia with 1.05 < $(B) < 1.10. 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).
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Flgure 22, A schematic picture ot our conclusion based on he

discussioni ih 86. There ar® two types of slie Ta with different
intrinsic colours (the circles),m% t(lpmag)aﬂected 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).
The distributions of SNe Ia shown in Figures 16 and 21 probably
include a mixture of these factors.




