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RATES AND PROPERTIES OF TYPE IA SUPERNOVAE AS A FUNCTION OF MASS AND
STAR-FORMATION IN THEIR HOST GALAXIES

M. SurLivan!, D. LE BorceNE?, C. J. PriTcHET?, A. HopsmaN!, J. D. NEiLL®, D. A. HoweLL!, R. G. CARLBERG!,
P. AsTiEr?, E. AuBourc®?, D. Baram?®, S. Basa®, A. ConLEY!, S. FABBRO', D. Foucuez®, J. Guy*, I. Hook?, R. PaIn?,
N. PALANQUE-DELABROUILLE?, K. PERRETT!, N. REGNAULT?, J. RicH?, R. TaiLLET'®?, S. BaumoNnT?, J. BRONDER?,

R. S. Eruis!', M. Fiuior’, V. LusseT?, S. PERLMUTTER'?, P. RipocHE®, C. Tao®

ABSTRACT

We show that Type Ia supernovae (SNe Ia) are formed within both very young and old stellar
populations, with observed rates that depend on the stellar mass and mean star-formation rates
(SFRs) of their host galaxies. Models where the SN Ia rate depends solely on host galaxy stellar
mass are ruled out with >99% confidence. Our analysis is based on 100 spectroscopically-confirmed
SNe Ta, plus 24 photometrically-classified events, all from the Supernova Legacy Survey (SNLS) and
distributed over 0.2<z<0.75. Using multi-band photometry, we estimate stellar masses and SFRs
for the SN Ia host galaxies by fitting their broad-band spectral energy distributions with the galaxy
spectral synthesis code, PEGASE.2. We show that the SN Ia rate per unit mass is proportional to the
specific SFR of the parent galaxies — more vigorously star-forming galaxies host more SNe Ia per unit
stellar mass, broadly equivalent to the trend of increasing SN Ia rate in later-type galaxies seen in the
local universe. Following earlier suggestions for a simple “two-component” model approximating the
SN Ia rate, we find bivariate linear dependencies of the SN Ia rate on both the stellar masses and the
mean SFRs of the host systems. We find that the SN Ia rate can be well represented as the sum of
5.3+ 1.1 x 10~ SNe per year per unit stellar mass, and 3.9 £ 0.7 x 10~* SNe per year per Mg yr—!
of star formation.

We also demonstrate a dependence of distant SN Ia light-curve shapes on star-formation in the host
galaxy, similar to trends observed locally. Passive galaxies, with no star-formation, preferentially host
faster-declining /dimmer SNe Ia, while slower-declining/brighter events are only found in systems with
ongoing star-formation. We model the light-curve width distribution in star-forming galaxies as the
sum of a young component, and an old component taken from the distribution in non-star-forming
galaxies. Empirically understanding these relationships between SNe Ia and their environments will

lead to future improvements in their use as cosmological candles.

Subject headings: surveys — supernovae: general —

1. INTRODUCTION

Type Ia supernovae (SNe Ia) represent cosmolo-
gists’ most direct probe of the cosmic expansion his-
tory, yet an understanding of the composition of their
progenitor systems has not yet been achieved (e.g.
Hillebrandt_& Niemeyel 2000). In principle, this uncer-
tainty can be reduced and constraints placed on the na-
ture of the progenitor if the typical explosion time-scale
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distance scale — galaxies: evolution

of SNe Ta can be determined. This “delay-time” param-
eterizes the distribution of times between the binary sys-
tem formation and subsequent SN explosion following
accretion of material from a secondary companion (e.
(19984, see [Greggid
for a review of current rate model formalizations).
Various pieces of observational evidence have been used
to place different constraints on the value of this delay
time. The principal approach compares observed SN Ia
rates with a predicted rate generated by convolving a de-
lay function with an assumed cosmic star-formation his-
tory (e.g. Madan_ et all [19984; [Gal-Yam & Maod 2004).
Studies using this approach have determined a wide
e of delay-times: ~2-4Gyr

(Strolger ef all 2004,
) > 2G%r Wm and < 1Gyr

A second technique uses comparisons of the SN Ia rate
in z < 1 galaxy clusters with the observed cluster iron
content. If SNe Ia are assumed to represent the dom-
inant source of iron in clusters, the low cluster SN Ia
rate at low redshift implies much of the iron must have
been produced from events at higher redshift — and hence
suggests delay times of <2 Gyr (Maoz & Gal-Yan 2004).
The third piece of evidence follows from the observa-
tion that SNe Ia are substantially more common in star-
forming later-type galaxies than in early-type systems
(e.g. Oemler & Tinsley [1979). The rate per unit mass
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is significantly higher both in later-type galaxies than in

E/S0 %ﬂmﬂ [1990; Della Valle & Livid
: 2004), and in bluer galaxies than

in red galaxies 2007), with an enhance-
ment of SNe Ia in early-type galaxies that are radio-
loud (Della_Valle et all ). Furthermore, within star-
forming galaxies, SNe Ia are rarer in galaxy bulges than
in their discs (Wang, Hoflich, & Wheeled [1997). This
suggests some dependence of the SN Ia rate on recent
star-formation (and hence very short delay-times). Fi-
nally, there is the observation that SNe Ia are common
in old evolved systems with little recent star-formation
activity (Cappellaro efiall £999; Mannucci et all 2005),
suggesting some progenitors have delay-times of at least
several Gyr; other studies of the star-formation histories

of local SN Ia host galaxies claim a delay-time lower limit
of ~2 Giyr (Gallagher et all 2005).

These contradictions can be resolved by removing
the constraint of a single delay-time parameterizing
all SN TIa explosions, and instead using a “two com-
ponent” distribution (or even a more general func-
tion), similar to the models proposed by

, 2006) and i i (2005, here-
after SB05). Such models comprise a “prompt” (or
small delay-time) SN Ia component, essentially depen-
dent on recent star-formation, and an “old” (larger delay-
time) component, dependent on the number of lower-
mass stars. The total rate of SNe Ia is then a combi-
nation of these different functions. These scenarios are
able to resolve many of the observational contradictions
described above (see discussion in SB05).

These two-component models have implicit but impor-
tant implications for the progenitors of SNe Ia which
might impact their use as calibrated standard candles

to derive cosmological parameters [1998;
Pt et s Feorer ol BN The posst
bility of subtle differences between SNe Ia from the two

components, or a change in the relative fraction of the
two types with redshift, are potentially concerning. As
such it is vital to test and parameterize the SN Ia mod-
els in as many ways as possible. One way to do this is
to look at the rates and properties of SNe Ia in relation
to the environments or galaxies in which they explode.
Galaxies across the Hubble sequence provide an ideal lab-
oratory for studying SNe Ia due the range of potential
progenitor stellar populations that can be probed, from
star-burst galaxies with dominant young populations of
stars, through normal galaxies such as the Milky Way
with a substantial fraction of evolved stellar mass, to the
old, evolved elliptical galaxies in massive galaxy clusters
which are essentially comprised of homogeneous old stel-
lar populations.

In this paper, we examine the properties of high-
redshift SN Ia host galaxies, and calculate the frequency
of occurrence of SNe Ia in galaxies of different type, ex-
ploring the parameters governing the SN Ia rate. Our
motivation is to measure the SN Ia rate as a function
of the stellar mass and star-formation rates of the host
galaxies in order to test the various predictions of the
models described above. Performing these tests requires
not only a large, homogeneous dataset of SNe Ia with
well-understood detection efficiency characteristics, but
additionally a multi-wavelength dataset for their host
galaxy systems which can be used to constrain their

stellar populations. The intermediate-redshift Supernova
Legacy Survey (SNLS) satisfies both requirements.

The SNLS uses repeat wu*g’r’i’z’ imaging of four
square-degree fields to conduct a “rolling” high-redshift
SN search. The repeat imaging allows not only the con-
struction of high-quality multi-band ¢'r’i’z" SN light-
curves m Iﬁ), but also extremely deep im-
ages of the survey fields, and hence precise information
on the broad-band spectral energy distributions (SEDs)
of the SN host galaxies can be collected. Perhaps surpris-
ingly, precision work on SNe Ia rates is most efficiently
performed at these intermediate redshifts (z ~ 0.5); low-
redshift SN Ta rates are still far less precise than those
at higher redshift (e.g. Neill et all 2006) due to the ho-
mogeneity of high-redshift rolling SN searches.

A plan of the paper follows. § Bl § Bl and § Hl detail
the framework upon which our subsequent analyses in
¢ H and § B are built. In § B we introduce the SNLS
and discuss the construction of deep optical stacks of the
survey field as well as the host galaxy identification and
flux measurement. § Bl describes the galaxy SED fitting,
and § Ml details the various incompleteness corrections we
apply to our galaxy and SN Ia samples. Our analysis is
contained in § Hland § B In §E we examine the rate of
SNe Ia as a function of various host galaxy parameters,
and in § @l examine the impact of environment on SN Ia
light-curve shape parameters. We summarize in § [l

Throughout the paper, we assume a cosmology of
Q= 0.3, Qx4 = 0.7, Hy = 70kms~* Mpc™!, and use
the AB photometric system [1983).

2. THE SNLS DATASET

This section describes the observational dataset that
we use for our analysis in this paper. We first describe
the dataset of SNe Ia, and then the datasets of both the
SN Ia host galaxies, and the general galaxy population.

2.1. Supernova data

Our SN Ia data come from the Supernova Legacy Sur-
vey (SNLS). The SNLS is a “rolling” search for dis-
tant SNe with a primary science goal of using 700 high-
redshift SNe Ia to determine the average equation-of-
state parameter of dark energy, < w > (see
. SNLS exploits the square-degree Megacam cam-
era i%ﬁiﬂéaé et_all 2003) on the Canada-France-Hawaii
Telescope (CFHT) to conduct repeat g¢'r'i’z’ imaging
of 4 low Galactic extinction fields (named D1 to D4,
see [Sullivan et all for the field coordinates), im-
aged as part of the “deep” component of the five year
CFHT Legacy Survey (CFHTLS). The data are time-
sequenced with observations conducted every 3-4 nights
in dark time, allowing the construction of high qual-
ity multi-color SN light-curves. Supplementary u*-band
data is also acquired, though these data are not time-
sequenced. SN candidates are observed spectroscopically
at the ESO-VLT, Gemini or W. M. Keck telescopes to
confirm their nature and to measure a spectroscopic red-
shift either from host galaxy features or from the SN
itself (see %, for an overview of the spec-
troscopic typing). A description of the real-time search
operations and the criteria for following SN candidates
spectroscopically can be found in m (2006).

The survey is now in its third year, and each of the
four survey fields has now been observed for at least two
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complete “seasons”, each spanning the 5-6 months the
field is visible from Mauna Kea. This paper uses data
from the first two seasons of D1, D2 and D4, as well as
the second and third seasons of D3. (The first season
of D3 was performed in a pre-survey period where the
data quality and spectroscopic completeness were sub-
stantially lower.) During this period, 116 spectroscopi-
cally confirmed SNe Ia were obtained over the redshift
range 0.2 < z < 0.75, of which 100 were detected during
the period of the survey for which an accurate rate ef-
ficiency calculation can be performed (Neill et all 2006,
and § ). To this confirmed SN Ia sample, we add 24
probable SNe Ia (see § EE2) which lack a spectroscopic
identification but for which a reliable SN Ia photometric
redshift can be estimated and which possess an excellent
light-curve fit to a SN Ia. This set of 124 SNe Ia forms
the primary sample studied here.

2.2. Galazy data

The images that we use to measure the galaxy param-
eters are also constructed from data taken as part of the
CFHT-LS. Deep optical stacks were generated for each
filter (u*g’r'i’z’) in each field from “Elixir” processed
images (Magnier & Cuillandrd 2004) available from the
Canadian Astronomy Data Centre (CADC)3. We sum-
marise the main details of our processing steps here. A
precise astrometric solution, accounting for distortion, is
assigned to every image frame, and the seeing and photo-
metric quality determined by flux measurements of ter-
tiary standard stars in the CFHT-LS fields compiled by
the SNLS team. Any two-dimensional sky variation is
removed from each frame by fitting the background spa-
tially and subtracting the resultant fit. Each individual
frame has a weight-map associated with it, containing
the uncertainty in each pixel from considerations of pho-
ton noise from the sky background and object photons.
Known bad pixels (as determined from the Elixir flat-
fields) and saturated pixels are assigned a weight of zero.

For the SN host galaxies, we require deep optical stacks
with no SN light present when we measure the fluxes of
a given object (the presence of SN light would otherwise
bias the galaxy flux measurements). We therefore gen-
erate stacks on a “per-season” basis; stacks for season
one SNe are generated using only data taken in season
two and later seasons, and so on. The period between
observing seasons for each field — 6 to 7 months — allows
ample time for SN light to have faded to an negligible
level. Every image is resampled to a common pixel co-
ordinate system, excluding images that do not meet the
data quality criteria for a given field/filter/season com-
bination. The goal is to maximize exposure depth whilst
retaining excellent seeing in the final stacks (hence dif-
ferent seeing cuts were used for each field/filter/season
to account for varying observing conditions at different
times of each year). We also require that for a given
field /season combination, the stacks in each filter have a
similar seeing. The typical seeing of the final stacks is
0.7-0.8"”. The SWARP package (version 2.15.6) with a
LANCZOS3 kernel is used for the resampling. The re-
sulting resampled frames are combined using a weighted
average, with a sigma-clipping to remove artifacts (from
satellite trails and cosmic-rays) using a custom-written

13 http://cadewww.dao.nrc.ca/

routine.

We also require flux information for the general galaxy
population to act as a comparison sample to the SN Ia
host galaxies in later sections. For this we use data from
the two fields for which the deepest data exists (D1 and
D4), particularly in u*. We use the same stacking al-
gorithm as above, but produce stacks including all the
data for a given field — the field galaxies have no contam-
inating SN light to concern us — hence these stacks are
deeper than those used for the host galaxies.

Photometric zeropoints are derived from observations
of standard stars taken from [Smith et all (2002), and
transformed to the Sloan Digital Sky Survey (SDSS) pho-
tometric system; these zeropoints are determined sepa-
rately for each of the deep fields in the month in which
the photometric reference epoch is defined. Two of the
fields (D2 and D3) are in the SDSS, and this provides an
independent check of the zeropoints. The CFHT-LS ob-
serves in a filter system close to the Smith et all (2002)
u'g'r’i’z" SDSS system, though the Megacam u* filter
differs from the SDSS «’ filter, being designed to take
advantage of the improved UV capabilities of CFHT and
Megacam. Our effective filter responses can be found in
Sullivan_ et all (2006).

2.3. Host galazy identification and flux measurement

The correct host galaxy for every SN Ia in our sample is
identified as follows. We begin by measuring the SN po-
sition from point-spread function (PSF) fits to the SN in
subtraction images on epochs when the signal-to-noise is
largest. These SN positions are accurate to a fraction of a
pixel, or ~ 0.02” (one megacam pixel is 0.186"). By con-
verting these pixel positions to RA and DEC, we can then
precisely identify the location of the SN on the u*g'r'i’ 2’
deep stacks even though no SN light is present, as all the
frames share a common astrometric system. For each
SN Ia, we use SExtractor 2.4.4 (Bertin & Arnontd [1996,
see Holwerda 2003 for an excellent user guide) to identify
all potential host galaxies within 10" of the SN position,
and simultaneously measure photometric information on
the host galaxies. SExtractor is used in dual-image mode
for the photometric measurements; detections are per-
formed in the 4’ filter (the filter with the deepest data)
and measurements performed in each of u*g'r’i'z’.

Various photometric measurements and galaxy struc-
tural parameters are recorded for each galaxy. We use
the SExtractor MAG_AUTO flux measures and associ-
ated errors throughout this paper. The MAG_AUTO
aperture is a flexible elliptical aperture (e.g. [Kron
1980) with a characteristic “Kron” radius; we con-
figure SExtractor to measure fluxes inside 2.5 Kron
radii. Analytically, this results in ~90% of an object’s
light being measured in each aperture (Infantd [1987;
Graham & Drivel 2005), though this may break down
for very faint, highly concentrated galaxies at the de-
tection limit (Bernstein et all 2002; [Benitez et all 2004,
see discussion in IGraham & Driverl [2005). The use of
SExtractor in dual-image mode (and the similar PSFs of
the stacks in the different filters) ensures that the same
size MAG_AUTO aperture is used for the different mea-
surements of a given galaxy, minimizing aperture mis-
matches. Statistical errors in each flux measurement are
estimated using the weight-image of the final stack as an
r.m.s image in SExtractor.
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The identification of the correct host galaxy is not al-
ways straightforward — occasionally the closest host in
arcseconds is probably not the correct identification. In-
stead we use a separation normalized by the apparent size
of the galaxy to which the SN is being compared (Fig-
ure [l). We calculate the separation of the SN from each
candidate host galaxy in terms of the elliptical radius (R)
along a line connecting the SN pixel position (Zgn,Ysn) t0
a given host center (Tga1,¥ga1). The elliptical shape is de-
termined by SExtractor, defined by semi-major (r4) and
semi-minor (rp) axes together with a position angle (6),
with R given by

where T, = Ten —Zgal, Yr = Ysn—Ygal, Cow = c0s?(0) /1% +
sin?(0)/r%, Cyy, = sin?(0)/r% + cos?(0)/r%, and Cy, =
2cos(0) sin(#)(1/r% + 1/r%). R is determined for every
candidate host galaxy, the hosts ordered by R, and each
SN is assigned to the host that is nearest in terms of
this parameter. The isophotal limit of a given object
corresponds to R ~ 3; we consider only galaxies with
R < 5. In some cases (~7%), no host galaxy is identified
by SExtractor with R < 5; we then measure the flux and
flux error inside a 3" diameter aperture centered on the
SN position, and use this as the “galaxy” flux in what
follows. Figure [ shows a visualization of the technique
for four SNe Ia.

We also measure the properties of the general galaxy
population using the deeper stacks constructed as de-
scribed above. We use SExtractor with the same param-
eters as for the SN host galaxies.

3. GALAXY PROPERTIES

This section details the techniques we use for convert-
ing the galaxy properties into characteristics that can be
used for our subsequent analysis in § Bl and §@ We first
discuss the technique of converting the observed fluxes of
§ 23 into galaxy stellar masses and star-formation rates,
both for the host galaxies themselves and for the general
field galaxy population. We then detail a number of con-
sistency checks we perform on these derived parameters.

3.1. Galazy SED fitting

In order to investigate SNe Ia in relation to the mean
properties of the stellar population from which they
were formed, we need to derive properties such as stel-
lar mass and star-formation rate (SFR) for the galax-
ies. To do this we fit a series of template galaxy
spectral energy distribution (SEDs) to the broadband
fluxes available for each galaxy (§ E3)), and then use
the best-fit SED for the estimation of the various
properties (see for example [Brinchmann & Ellid 2000).
This technique is similar to that employed by pho-
tometric redshift codes (e.g. IGwyn & Hartwick [1996;
Bolzonella_et. all 2000; [Le Borgne & Rocca-Volmerange
2002). The best-fit SED is determined using a x? mini-
mization between the observed fluxes, the corresponding
flux errors, and the synthetic photometry generated by
integrating the template SEDs through the SNLS effec-
tive filter responses. For the host galaxies, the spectro-
scopic redshift is known from the SN confirmation spec-
trum and held fixed, reducing the uncertainty in the de-
rived properties of each galaxy. For the field population

no spectroscopic information is available, and the red-
shift is left as a free parameter in the fits.

Our set of synthetic templates is computed
with the PEGASE.2 galaxy spectral evolu-
tion code (Fioc & Rocca-Volmerange 1997;

Le Borgne & Rocca-Volmerangd 2002; [Le Borgne et al.
2004). This code and the SEDs that it gener-
ates have been used extensively in the literature
to constrain the properties of high-redshift galaxies
(e.g. |Glazebrook et all [2004; McCarthy et all 12004;
Grazian et all 2006). We use eight scenarios which
evolve self-consistently with age; details of the physical
parameters defining them can be found in Table 1 of
Le Borgne & Rocca-Volmerangd (2002). We assume a
Kroupa (2001) initial mass function (IMF), and assume
the IMF is universal across environment (see discussion
in [Kroupa 2002). The synthetic SEDs are the sum of
light emitted by stars and nebular emission (continuum
and lines), including attenuation by dust with a King
model or a plane-parallel slab geometry. The quantity of
dust evolves consistently with the amount of gas present
in the galaxy.

An SED is computed at 69 time-steps in each of the
8 scenarios, giving a total of 552 template SEDs. When
fitting a given galaxy, we use only templates younger
than the age of the Universe at the redshift of the galaxy.

3.2. Galazy derived properties

Two physical parameters, for both the SN Ia host
galaxies and for the general galaxy population, are of par-
ticular interest in this study: the galaxy mass, and the
galaxy SFR. The first is the total stellar mass of a galaxy,
the total current mass in stars of all types and ages. This
is derived by integrating the total star-formation history
(SFH) of the best-fit scenario up to the best-fit age, and
subtracting the mass of stars that have died.

The second parameter is the amount of recent star-
formation that the galaxy has experienced. There are
several approaches that could be taken. First, one could
simply divide the ultra-violet (UV) luminosity of each
galaxy by a conversion factor to obtain a UV-derived
SFR (e.g.Donas et allll987). However, such an approach
tends to over-estimate the SFR in old stellar systems due
to the contaminating presence of evolved stars. A second
approach to determining instantaneous SFRs is to use
nebular emission lines (Kennicntfl [1998). Unfortunately,
only very limited information on the appropriate lines is
available for our host sample from the SN confirmation
spectra, with large uncertainties from aperture losses, SN
light contamination and flux calibration.

We instead estimate the mean SFR from our best-
fitting scenarios, averaging the SFR over a longer time
interval. This provides an automatic correction for the
UV light from old evolved stars. To define the period over
which the star-formation should be averaged, we carried
out simulations where the mean SFR was estimated from
synthetic u*g’r’i’z’ photometry measured both on the
idealized models and on models with stochastic SFHs
(see § B3)). These simulations showed that mean SFRs
on periods of 0.5 Gyr can be reliably recovered without
significant systematic errors. On shorter timescales sys-
tematics can be introduced, particularly for galaxies for
which the redshift is not known (see Table [l and discus-

sion in § B3)).
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For the general galaxy population, an alternative ap-
proach would be to use a parameterized form of the mass
or luminosity functions, either directly inferred from
high-redshift spectroscopic surveys (e.g., [lbert ef. al
2005; Willmer et all 12005; Bundy et all 2005) or low-
redshift functions adjusted for evolution to high redshift.
While this is possible for the global mass function, no
equivalent distribution exists for the SFR property of
field galaxies, requiring a conversion from (for example)
a rest-frame U-band or UV luminosity function. Fur-
thermore, since a goal of this work is to investigate host
galaxy properties binned by the type of the host galaxy
(§ H), mass and luminosity functions derived from galax-
ies categorized in the same way would be required, and
these are not currently available.

Uncertainties in the derived parameters for our galax-
ies arise from both statistical and systematic errors (dis-
cussed in the next section). Statistical errors derive from
the photometric measurements of the galaxies, and are
accounted for by considering the full range in the qual-
ity of the 552 template fits (as defined by the y? statis-
tic). This maps out a probability surface in the stellar
mass and SFR parameters determined from the fits, and
allows estimates of the statistical uncertainties of each
of the derived physical parameters; lower signal-to-noise
photometry will be consistent with a wider range of fit
templates and hence a wider range of stellar masses and
SFRs. Invariably, the derived masses and SFRs possess
non-symmetrical error-bars, particularly for the fainter
systems. In some cases, fainter galaxies can have more
than one minimum in the x? space. In this case, the
best-fit is considered as the solution, but the error bars
in mass and SFR are extended to the largest interval of
uncertainty, covering the range of parameters between
the minima. The errors are therefore conservative for
galaxies with several minima.

3.3. Systematic errors

Systematic errors in our derived galaxy stellar masses
and mean SFRs potentially arise from many sources.
These include the wavelength range of our input photom-
etry, and our choice of spectral libraries, IMFs and SFHs
that form the template SEDs used for the fitting, and are
of course harder to estimate. We first test the accuracy of
the photometric redshift estimates by running fits to the
host galaxies (with known spectroscopic redshifts) with
the redshift left as a free parameter. Figure (left) shows
these spectroscopic and photometric redshift estimates
for the SN Ia host galaxies. For galaxies with SExtrac-
tor detections, the median of |Az| = |zspec — Zphot| is 0.02
(the 90%-ile is 0.15), and the median of |Az|/(1 + zspec)
is 0.012 (90%-ile is 0.09). These measures contain pho-
tometric redshifts from galaxies with a significant pho-
tometric uncertainty due to their faintness (and hence
uncertainty in the photometric redshifts). To confirm
that these error estimates are reasonable, we calculate
the dispersion |Az|/o, where o is the appropriate er-
ror in the photometric redshift. 90% of the photometric
redshift estimates lie within 20 of their corresponding
spectroscopic redshift.

We next compare the host galaxy properties derived
from the template fit with a known redshift against those
derived from the photometric redshift fit (c.f. figure 3
of Bundy et all 2007). Such a comparison will show

whether the photometric-redshift properties of the galax-
ies we study can reliably trace the true galaxy properties
in the mean. We compare the stellar mass and mean
SFR estimates for galaxies using the spectroscopic red-
shift with the same estimates when the redshift is allowed
to float (FigureBl). The agreement for both quantities is
reasonable, with the mass estimates appearing more ro-
bust. No mass or SFR-dependent trends are seen. The
median difference AM = Mspec—Mphot is 0.026 dex (90%
of AM lie within 0.2 dex), and the difference ASFR is
0.033 dex (90% of ASFR lie within 0.38 dex). A compar-
ison of the mass function derived from our photometric
redshift fits to published mass functions of field galaxies
will be presented in an upcoming paper (Le Borgne et
al., in prep).

The next potential source of concern is the lack of
near-IR data and the impact on our estimates of stel-
lar masses, and the lack of very short wavelength data
and the impact on the derived SFRs. These could be
particularly pronounced in systems with both a young
and an old stellar populations, such as those galaxies
experiencing recent star-formation events. Clearly the
uncertainties in derived stellar masses and mean SFRs
will be larger in the absence of UV and near-IR data;
however as long as the error-bars in these properties re-
flect this then this additional uncertainty will be carried
through in our analysis. A larger concern would be any
systematic under- or over-estimation of the stellar masses
and SFRs.

We investigate this by using our standard templates
to fit photometry generated from SEDs with stochastic
SFHs. Synthetic SEDs are formed from the composite of
3 random exponential SFHs each with a different age (t),
mass fraction and 7. One SFH is constrained to be old
(t>1Gyr), one of intermediate age (200Myr<t<2Gyr)
and one young (30Myr<¢<100Myr). Each of these 3
random SFHs is converted into an SED at the randomly-
selected ¢, and the 3 SEDs added together to form one
composite SED. We place this composite SED at a ran-
dom redshift (0.2<2<0.75), generate synthetic u*g'r'i'2z’

photometry, and see how well PEGASE.2 recovers the
stellar mass and mean SFR using the 8 idealized scenar-
ios of § Bl both when the redshift is fixed and when it
is left as a free parameter.

The results are given in Table [l and are encouraging.
For the stellar masses, we see only small differences in the
mean between the input and recovered value with a stan-
dard deviation of around 0.3dex. For the mean SFRs,
again there is no significant systematic offset though the
standard deviation of the differences is larger particularly
when the redshift of the galaxy is not known.

We also briefly investigate the effect of dust on our stel-
lar mass and mean SFR estimates. Though dust is in-
cluded in the idealized scenarios (see § Bdland discussion
in [Le Borgne & Rocca-Volmerangd [2004), this will only
provide an average correction to our derived properties.
We experimented with adding extra dust to our simu-
lated SEDs (up to E(B-V)=0.5 using a |Calzetti et all
2000 extinction law). As expected, this can lead to a
systematic under-estimation of the mean SFR, (up to 0.4
in dex in some cases) and a small increase in the stan-
dard deviation, though the accuracy of the stellar mass
estimates was not affected.
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Finally, we estimate systematic uncertainties by de-
riving the galaxy properties using a similar technique
but different templates. We use the photometric redshift
code of IGwyn & Hartwick (1996), which uses a differ-
ent set of (empirical) galaxy templates (Coleman et al.
1980; IKinney et all [1996) to those used in Z-PEG. We
determine masses by fitting [Buzzoni (2001) population
models to the best-fitting templates which results in a
mass-to-light ratio which can be used to convert the
galaxy luminosities into masses. SFRs are determined
by dividing the flux at 2800A by 4.8 x 10?7 ergs—' Hz '
(Buzzoni 2002; Madanu, Pozzetti, & Dickinson [1998H),
with a small correction for early-type SEDs to account
for the contribution from older stars (see [Buzzoni 2002)

The two different techniques for estimating the masses
and the SFRs showed a good agreement. The mass and
SFR estimates agree to better than a factor of two —
mean difference in mass was 0.35 dex (in the sense Z-
PEG measured smaller masses) with an r.m.s. scatter
of 0.24, and the mean offset for the SFR estimates was
0.15 dex (in the sense Z-PEG measured larger SFRs)
with an r.m.s. scatter of 0.29. Most importantly, no
mass-dependent or SFR-dependent trends were detected.
Given that Z-PEG is used to calculate masses and SFRs
for both field and host galaxies, these offsets in mass or
SFR will cancel in our analyses.

4. INCOMPLETENESS CORRECTIONS

In the next two sub-sections we discuss incompleteness
in our sample. We first discuss the incompleteness of our
field galaxy population due to the limiting magnitude
of our deep field stacks, an effect common to all galaxy
redshift surveys. We then discuss the incompleteness of
our SN Ia sample.

4.1. Galazy incompleteness corrections

Incompleteness will affect our stellar mass and mean
SFR distribution functions of the field galaxy popula-
tion. Our survey is magnitude limited; galaxies with a
given absolute magnitude (and spectral type) will be-
come fainter than this magnitude limit at different red-
shifts, which may be less than the largest redshift we
consider here (z = 0.75). We adopt the traditional Vi ax
method (e.g. [Schmidil [1968; [Felted [1976) to correct for
this effect. Viax is defined as the co-moving volume
within which each galaxy — as defined by its absolute
magnitude and k-correction from best-fitting SED tem-
plate — would remain in our sample i.e. within which
it would satisfy the limits in apparent magnitude of the
current depths of the optical stacks. Each galaxy is then
weighted by a factor Viyrvey/Vmax when computing the
various mass and SFR distributions used in § Bl where
Vsurvey is the total survey volume.

The SExtractor photometric measurements are per-
formed by detecting in the i’ filter, and the depth in
this filter defines the limiting magnitudes. The limiting
magnitudes on the ¢/ D1 and D4 stacks are determined
by inserting fake sources into the stacks, and measur-
ing the fraction recovered by SExtractor as a function of
magnitude; the limiting magnitude is that at which 50%
of fake sources are recovered.

4.2. SN incompleteness and rate calculation

Incompleteness will affect our SN Ia sample in several
ways. Firstly, we could miss SNe Ia altogether due to
inefficiencies in our search pipeline (the detection effi-
ciency). Secondly, detected SNe Ia in the redshift range
of interest could be lacking a spectroscopic observation
because such an observation would be too challenging,
for example due to host galaxy contamination or the SN
maximum light falling during a bright-moon period. Fi-
nally, SNe Ia could lack a spectroscopic confirmation be-
cause poor weather affected the spectroscopic scheduling.

To correct for these effects, we adopt the scheme of
Neill et all (2006), who calculated the SNLS SN Ia rate
over 0.2 < z < 0.6, but we extend the calculation to z =
0.75. The first source of incompleteness, detectability,
is accounted for using simulated SN data. Fake SNe are
placed in real SNLS data, and the recovery efficiency as a
function of SN brightness, position, sky background, host
brightness, exposure time, seeing, and sky transparency
is calculated (see INeill_et_all 2006).

We also determine the observing window within which
maximum-light of a SN Ta would have to occur in order
to be considered for a spectroscopic observation and for
which we can derive a reliable photometric classification
(see below). SN Ta candidates detected at the start or
end of an observing season lack a full light-curve and
therefore are not usually observed spectroscopically as
any resulting light-curve fit would be far more uncertain.
For the purposes of this study, these cut-offs are defined
as follows. 1) The SN must have at least 2 i’ and at least
1 7’ observation between -15 and -1.5 days in the SN rest-
frame, ii) There must be at least 1 g’ observation between
-15 and 45 days, and iii) There must be at least 1 ' or ¢’
observation after +11.5days but before +35days. These
criteria cull SNe Ia whose light-curves do not properly
sample maximum light and for which a light-curve width
measurement would be correspondingly more uncertain,
and for which a color near maximum was not measured.
Any confirmed SNe Ia which do not meet these criteria
are excluded from this analysis; this reduces our sample
from 116 SNe Ia to 100. Our simulations then provide,
for a given field observing season, the efficiency required
to convert an observed “per season” rate (the number of
SNe Ia with 0.2<z<0.75 meeting the light-curve criteria
defined above) into a yearly rate. These efficiencies can
be found in Table

The spectroscopic incompleteness — the fraction of can-
didate SNe Ia detected but never observed spectroscop-
ically — is the most challenging source of uncertainty to
address in this study. We assess the incompleteness us-
ing the photometric SN selection method presented in
Sullivan_et, all (2006). This technique fits SN light-curves
in the absence of a spectroscopic redshift, and returns the
best-fitting SN Ia parameters (redshift, stretch, E%‘ftv,
and a dispersion in the SN peak magnitude, dm), as well
as a guide that the candidate under study is a SN Ia.
The software was run on ¢'r'i’z’ photometry for all SN
candidates (including those observed and typed spectro-
scopically) discovered during the period covered by the
simulations above. A comparison of SN spectroscopic
redshift and SN photometric redshift for all SNLS SNe Ia
can be found in Figure@ (Note that as the SN photomet-
ric redshift code makes an assumption about the cosmol-
ogy when fitting the light-curve, the resulting photomet-
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ric redshift cannot themselves be used for determination
of the cosmological parameters.) The mean difference
Zspec — Zphot for all SNe Ia is -0.007; the standard devi-
ation is 0.088. For the SNe Ia included in this study —
over 0.2<2<0.75 and which meet the light-curve criteria
— the standard deviation is 0.077. Occasionally, a spec-
troscopic observation of a SN candidate yielded a spec-
troscopic redshift but no definitive type; in these cases
we still allow the redshift to float for comparison with
the spectroscopic redshift.

There were 286 SN candidates without a spectroscopic
confirmation with a SN Ia photometric redshift in the
range of interest. 80 do not meet the light-curve coverage
criteria that we apply to the spectroscopically confirmed
sample, and are excluded. This ensures that all candi-
dates have a reliable stretch and ¢’ observations. We also
exclude 2 SN candidates where the spectroscopic red-
shift was in disagreement with the photometric redshift
where Zphot > Zspec + 0.135 X (1 + 2Zspec) (Figure B). In
these cases, the SN spectra were ambiguous and no type
could be determined; usually this was because a SN Ib/c
spectrum provided a similar quality fit to the observed
spectrum as did a SN Ia.

The remainder (204) were then culled based on their
light-curve parameterization and the x? of the light-curve
fits in the different observed filters. We exclude 70 SN
candidates with a fitted stretch >1.35 (very effective at
removing SNe IIP), and 75 candidates whose x? per de-
gree of freedom in the fit was >10. None of our spectro-
scopically confirmed SNe Ia had fit parameters in either
of these ranges (see Figure HI).

These simple cuts leave 67 candidate SNe Ia. A further
visual inspection of the remaining candidates revealed
that although many of these had acceptable overall x?
fits, they were too blue in ¢’ — r’ before +5d when com-
pared to a SN Ia template. Hence, our final statistical
cut removes 35 objects with a poor ¢’ fit at early-times
(-15<d<+5), or with a ¢’ mean dispersion

N, . .
i - (g(zabs _lg:nodel) > 2, (2)
N‘] i=1 gérr

where Ny is the number of ¢’ light-curve fluxes gops with
erTor gerp Over -15<d<+5, and gpoder is the SN Ia tem-
plate model. This cut does not remove SNe that are too
red (negative dispersions), which could be indicative of
extinction, only those that are too blue. The various
culls that we use are summarized in Table[ This leaves
24 SN Ia candidates to add to the 100 spectroscopically
confirmed SNe Ia sample; details can be found in Table
For these SNe, the redshift of the SN Ia is taken to be the
SN Ia photometric redshift where no spectroscopic red-
shift was available. The impact on our results of these
photometrically classified SNe Ia is discussed in §

5. THE SUPERNOVA IA RATE AS A FUNCTION OF
HOST GALAXY PROPERTIES

In this section, we examine the SN Ia rate as a func-
tion of the properties of their host galaxies, and use these
rates to place constraints on the composition of the to-
tal SN Ia rate. We first classify our SNe Ia into three
sub-groups based upon the nature of star-formation in
their host galaxy. The first group comprises SNe Ia lo-
cated in host galaxies with a zero mean SFR from the

SED fits (“passive” galaxies). We then use the specific
star-formation rate, sSFR, defined as the star-formation
rate per unit stellar mass (e.g. Guzman et all [1997;
Brinchmann & Ellid 2000; Brinchmann et all 2004), to
classify the star-forming SN Ta host galaxies. With units
of yr=!, sSFR is essentially a measure of the inverse of
the formation time-scale for a given galaxy: high sSFR
galaxies will form the mass in their stellar populations on
shorter times than low sSFR galaxies. The second group
of hosts, defined as —12.0 < log(sSFR) < —9.5, have
a small or moderate amount of star-formation relative
to their stellar mass, and therefore are likely to possess
a substantial evolved stellar component as well as young
stars. The third and final group, with log(sSFR) > —9.5,
have a large amount of star-formation relative to their
stellar mass, and therefore stellar populations that have
a large component made up of young stars. Broadly
speaking, the second group tends to comprise normal
star-forming galaxies such as the Milky Way, whereas
the third group tends to include vigorously star-forming
and lower mass dwarf galaxies. The division is illustrated
in Figure Bl which shows the distribution of all the SN Ia
host galaxies in the stellar-mass/SFR plane.

An attraction of the SED-fitting technique is that
galaxies can be classified according to their star-
formation properties without regard to morphology.
This has some advantages; in morphologically-selected
samples of distant galaxies, a significant fraction of
spheroidals have been shown to possess both “blue
cores” and weak OII emission lines in their spectra
(Menanteau et all 2001; [Tren et all2005), interpreted as
a signature of young stars in these galaxies. There is
also some evidence for recent star-formation in some
early-type galaxies from the near-UV color-magnitude
relation (Yiet all 2005). The advantage of the effective
color-selection of SED-fitting is that rather than assume
all early-type galaxies consist purely of old stars, the
evolutionary model fitting places no a priori constraint
on the type of SFH that can be fit to a given galaxy.
Young populations are perfectly possible in morpholog-
ically spheroidal galaxies, and hence any young stellar
population which has a significant impact on a galaxy’s
colors will be reflected in the best-fitting galaxy SFH.

We examine how the SN Ia rate varies as a function
of this specific SFR in Figure The field galaxies are
binned according to their value of specific SFR, and the
total field-galaxy stellar mass in each bin of specific SFR,
is calculated. We use the V.« technique of § Bl to in-
completeness correct this distribution. We then bin the
SN Ia host galaxies by specific SFR in the same way and
calculate the number of SNe Ia per unit stellar mass as a
function of the specific SFR of their host galaxies. In Fig-
urefl the rate in passive galaxies, where the SFR is zero,
is shown as a hashed area starting at log(sSFR) = —12
(the height of this hashed area represents the statistical
uncertainty in the measurement).

An increase in the rate of SNe Ia per unit stellar mass
with increasing specific SFR of the host galaxy is clear.
The difference between the rate in passive galaxies and
the most vigorous star-forming systems is about a fac-
tor of 10; furthermore, the increase in the rate is a
fairly smooth function of the specific SFR. The general
trend of Figure Bl can be compared to that observed by
Mannucci et_all (2005) in the local universe using a mor-
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phologically classified sample of local SNe Ia host galax-
ies. We illustrate this in Figure @l by over-plotting the
Mannucci et al. data on the SNLS results; the Mannucci
et al. evolution is shown normalized to the SNLS rate in
passive galaxies. The trend is very similar, though there
is the obvious caveat that the link between specific SFR
and galaxy morphology is not a straightforward one-to-
one mapping.

As noted by other authors, this relationship is difficult
to reconcile with a model for SNe Ia that originates solely
from an old evolved stellar population. IMannucci et all
(200€6)) and SB05 instead model the SN Ia rate (SNRy,) as
a composition of two separate components: a “prompt”
component, with a short delay time, and an “old” com-
ponent, with a long delay time. The most general form
for the SNRy, as a function of time is simply the con-
volution of the SFR, M., and the probability function
for getting a SN Ia from a stellar population of age ¢, P,
ie.

SNRy (1) = / Mo (#)P(t — ) 3)

This rate can be simply modeled by making the assump-
tion that P can be well represented by two components.
One has a peak of B at time ¢t = 0 and is zero at all other
times (this represents a very short delay time), the other
has P = A constant with time (and represents long delay
times), i.e.

SNRy(f) = A / N (8)dE 4 BN (6). (4)
0

As Moy (t) = fot My (t)dt, where Mo (t) is the total
mass of a galaxy at time ¢, this equation models the
probability of a SN Ia exploding in a given galaxy as
depending on both the mass and the instantaneous SFR
of that galaxy. A and B are constants which relate the
total mass and the SFR of a galaxy to the SNRy, in
that galaxy (which SB05 fix using the observations of
Mannucci et all (2005)). In effect, A is the SNRy, per
unit mass of the old component, and B the SNRy, per
unit SFR of the young component. The model predicts
that SNRy, is linear in both host galaxy mass and SFR.

Note that the definition of mass above is slightly dif-
ferent to that measured for the SN host galaxies § Bl
For the hosts, we measure the total stellar mass i.e. the
total mass currently in stars in each galaxy. Mo above
is the integral of the SFH for each galaxy — no correc-
tion is made for stars that have lost mass at the end
of their stellar evolution. The numerical differences in
these mass definitions are shown in Figure [ with the
differences being largest in older, lower SFR systems.

The model of equation () is a simplification of the real
physics. For the prompt component, the model implies a
zero delay-time between star-formation and SN Ia explo-
sion; some non-zero delay-time to account for main se-
quence lifetime and subsequent accretion onto the white
dwarf is obviously required. For the old component, the
equation simplifies the complex relationship between the
SN Ia delay-time and the age of the stellar population by
using a simple constant probability rather than a more
complex exponential or Gaussian delay time distribution.
In reality, for a coeval population, after a few billion years

the probability of a SN Ia will likely decrease as the stellar
population ages and fewer progenitor stars are available;
this could cause an over-estimation of the SN Ia rates in
the oldest, passive stellar systems.

Yet, these approximations may not be that poor.
Mannucci et_all (2006) find that the local SN Ia delay-
time distribution is well represented by a prompt compo-
nent modeled as a Gaussian centered at ¢t = 50 Myr plus
a component modeled as an exponential with a decay
time of 3 Gyr. These two terms can be approximated by
a delta function at time ¢ = 0 plus a constant probabil-
ity thereafter. Furthermore, this equation parameterizes
the rate in a convenient form relating to galaxy proper-
ties that are relatively straightforward to measure using
the SNLS dataset introduced above.

In the next sections, we illustrate this model by con-
sidering the SN Ia rate as a function of both host galaxy
stellar mass and host galaxy SFR taken separately, and
then constrain the A and B parameters using a bivariate
fit to the mass/SFR data.

5.1. SN Ia rate as a function of host galaxy stellar
mass

We first attempt to separate any component of the
SN Ia rate which may depend on the stellar mass of
a galaxy, from any component which depends on the
amount of recent star-formation i.e. to separate the two
components of equation ). We can do this using our
sample of SNe Ia which exploded in passive galaxies, and
which in our models have zero recent star-formation ac-
tivity. By binning the SN Ia host galaxies according to
their mass, and dividing by the equivalent (incomplete-
ness corrected) distribution of the general galaxy popu-
lation in each mass bin, we can examine how the proba-
bility of a SN Ia explosion is related to the mass of the
host galaxy.

We perform this comparison in Figure B where we
show the dependence of the SN Ia rate as a function
of mass of the host galaxy. To account for the (invari-
ably non-symmetrical) errors in the mass determinations
of the SN host galaxies, we have performed a Monte-
Carlo simulation with 5000 realizations of each SN host
with the masses for each host drawn from the estimated
probability distribution for that host. We then bin this
Monte-Carlo population, normalize to the total number
of hosts in the sample, and use this binned distribution
in our analysis. Such a procedure produces a distribution
which accounts for observational statistical uncertainties,
which can be considerable in the fainter host sub-sample
where some of the measurements effectively provide only
limits on the host parameters.

One feature of FigureBlis the increase in the SN Ia rate
with increasing host galaxy mass, present among host
galaxies of all types. As the SFR of the passive galaxies
is zero (this defines their selection), the contribution from
the B term in equation (H]) is also zero in these galaxies.
Hence the best-fitting line in log-log space should have a
slope of 1, if equation () is a good approximation — the
model is linear in mass. For passive galaxies, we find that
the slope, Nmass 15 Nmass = 1.1040.12 with a reduced x?
of ~ 1.14 (if only spectroscopically confirmed SNe Ia are
used in the fits, nmass = 1.04 £+ 0.13). This implies that
the relationship between the SN Ia rate and galaxy mass
is consistent with being linear and the model provides
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and adequate fit to the data. Using this technique we
estimate A =5.14+1.2 x 10714 SNe yr~' Mg'

The relationship in later-type, star-forming galaxies is
different. The best-fitting slopes are statistically consis-
tent: 0.66+0.08 (reduced x? = 0.77) and 0.74+0.08 (re-
duced x? = 0.94) for the low and high specific SFR galax-
ies respectively. This translates to an excess of SNe Ia in
low mass star-forming galaxies compared to the passive
galaxies, but a similar number in each at the most mas-
sive end. This is as expected if the model of eqn. (@) is
correct. Doubling the mass in passive systems will dou-
ble the SN Ia rate, but doubling the mass in star-forming
systems will only double the rate if the SFR doubles as
well. As the most massive star-forming systems generally
have lower specific SFRs than the lowest mass systems,
the increase in the SN Ia rate with host mass in star-
forming systems is not linear. The result is that while
the prompt component SNe dominate in low-mass star-
forming galaxies, the old component is more important
in higher-mass star-forming galaxies.

5.2. SN Ia rate as a function of host galaxy mean SFR

Having examined the SN Ia rate in galaxies dominated
by old stellar populations, we now examine the SN Ia rate
in very young populations via the SFR, which we deter-
mine as the mean SFR over the last 0.5 Gyr of a galaxy’s
SFH as determined from the best-fitting template sce-
nario (§ Bl). We first bin both the SN Ta hosts and the
general galaxy population by their mean SFR. We in-
completeness correct the general galaxy population, and
in each bin of mean SFR for this general galaxy popu-
lation, we sum the total stellar mass in that bin, and,
using a value of A determined from the passive galaxies
in § Bl calculate the number of SNe Ia expected from
any old component. This old component is subtracted
from each bin, leaving an excess of SNe Ia above that
predicted from the stellar mass of the galaxies. We show
this distribution in Figure[ In this figure, we have com-
bined the SNe Ia occurring in all types of star-forming
galaxies rather than the two separate star-forming pop-
ulations shown in Figure B As in § Bl a Monte-Carlo
simulation is used to account for the uncertainties in the
stellar mass and mean SFR estimates for the host galaxy
population.

Figure @ shows clear evidence for a component of
SNe Ia beyond that dependent on the integrated stel-
lar mass. The number of SNe Ia expected in each SFR
bin from the stellar mass is smaller than actually ob-
served; the majority of SNe Ia in star-forming galaxies
appear to arise from more recently formed stars than
from old stars. Furthermore, the fraction of SNe Ia
from the “A” component appears fairly constant with
the SFR of the galaxy, with a range of 14% to 21%. We
also test whether the dependence on the mean SFR of
a galaxy is linear by fitting the slope of the line, nspg.
The best fit is ngrr = 0.84 & 0.06 with a x? = 1.31
(the slope is ngrpr = 0.81 £ 0.08 for the spectroscopi-
cally confirmed SNe Ia). For comparison, a line with a
slope of unity is also shown (y? = 2.342. We estimate
B =41407x10"*SNe yr~ ! (Mg yr~')~! using this
approach and enforcing a linear relationship.

5.3. Bivariate fits

Though the last two sections provide a useful visual-
ization of the SN Ia rate as a function of galaxy stel-
lar mass and mean SFR, a more sophisticated bivariate
technique which fits A and B simultaneously across all
galaxy types will result in more accurate fit values, as
the stellar masses and SFRs are partially correlated (Fig-
ure ). We assume the relationship is a linear function of
only A and B (i.e. Mmass and ngpgr are fixed), and per-
form a generalized linear least-squares fit in the galaxy
mass/SFR plane. This effectively fits the two compo-
nents of the SN Ia rate simultaneously to the data. We
perform this fit by converting Figure B, the distribution
of SN Ia host galaxies in the mass/SFR plane, into a
probability of a SN Ia explosion in a given galaxy as
a function of mass and SFR. The probability is calcu-
lated by binning the host distribution by galaxy mass
and galaxy SFR, and dividing the number of SN hosts
in each bin by the (incompleteness corrected) number of
field galaxies similarly binned. This results in a two di-
mensional mass/SFR, probability space which gives the
likelihood of a SN Ia explosion in a galaxy as a function
of both the galaxy stellar mass and mean SFR.

We fit two forms of equation () to this probability
distribution: equation @) with A and B both free, and
the same function but with B = 0 i.e. assuming the SN Ia
rate depends only on host galaxy stellar mass (clearly
the third alternative, fixing A = 0, makes no sense as
plenty of SNe Ia explode in non-star-forming galaxies).
The addition of the B term as a free parameter (B # 0)
reduces the x? of the fit from 67 to 37 (60 degrees of
freedom). Performing an F-test, we find that the null
hypothesis that the extra B term is not needed is rejected
at >99.99% probability. The fit results when fitting for
both A and B with nmass = nspr = 1 are A = 5.3 +
1.1x 1071 (Hy/70)2SNe yr~ ! M' and B =3.940.7 x
107* (Ho/70)2SNe yr—* (Mp yr~1)~1 (these errors are
statistical only). Using the formal covariance matrix of
the fit, we calculate a correlation coefficient between the
input masses and SFRs of -0.22, indicating only a small
correlation.

One important feature of Figure @ is the slight non-
linear relationship between SNRy, and SFR. Using the
bivariate fit method, we can also derive best-fit values
for nmass and ngrr by examining the y? variation of
the best-fit as nmass and ngpr are varied in the ﬁttm%
function. We find minimum 2 at Nmass = 100+0 %0

nsrr = 0. 98JrO %% These are consistent though more
rehable than the estimates of § Bl and § B2 and are
completely consistent with n,,ss = nsrr = 1.

Clearly, in an analysis such as these systematic errors
are likely to be at least as large as the statistical ones
quoted above. For example, using different IMFs (e.g.
those of [Salpeted 11955 or [Rana & Basil [1992) can vary
the fit values of A and B by around 10-20% of their
value compared to the IMF of [Kroupd (2001); using dif-
ferent spectral libraries is likely to produce changes of
a similar magnitude. Furthermore, although dust is in-

cluded in the PEGASE.2 models, no dust extinction cor-
rection is made to individual galaxies, and systematic
errors could clearly therefore be present in the SFR esti-
mates, especially when considering the existing evidence
for SFR-dependent extinction corrections (Hopkins et all
2001; Sullivan_et_all 2001). Hence, the values of A and
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B may change as more multi-wavelength data becomes
available for the host galaxies and better constrains the
extinction properties of the galaxies.

5.4. Comparison to other results

The fits of § show that the SN Ia rate in galaxies
has a linear dependence on both stellar mass and younger
stellar populations, which we parameterize via the galaxy
SFR. We also derived parameters A and B which allow us
to relate the mass and SFR of a galaxy to the probability
of it hosting a SN Ia. We can compare our estimates of
A and B with other similar numbers published in the
literature.

Mannucci et all  (2005) calculated the low-redshift
SN Ia rate per unit mass as a function of host galaxy mor-
phological type from the SN sample of [Cappellaro et al.
(1999). In low-redshift E/SO galaxies, they find a rate
of 3.83715 x 10714 SNe yr'M' (in our cosmology),
which agrees with our determination (4 = 5.3 £ 1.1 x
10~!*) within the error-bars. Given the different tech-
niques for determining galaxy types (SED fitting ver-
sus morphological typing), and the different search and
efficiency calculations, this is an encouraging level of
agreement. Our determination of B (3.9 4+ 0.7 x 1074
SNe yr=! (Mg yr~1)~1 ) is however discrepant with val-
ues of SB05, who derive two different values, 10fg x 104
and 23710 x 107* in our units. If we take the SNLS

z = 0.47 SN Ia rate of 0.42x10~*h3; SNeyr—! Mpc—3,
and assume that all of this rate is generated from the
prompt component, with a star-formation density at
2 = 0.47 of 0.043 Mg yr—! Mpc~? (Hopkins & Beacon]
2006), this implies an upper limit for B of B < 1.0x 1073
SNe yr=! (Mg yr~1)~1 | at the lower end of the SB05 as-
sumed values.

We can also estimate the predicted rate of SNe Ia in
clusters from ellipticals and compare to the observed
cluster rate as a further consistency check. As instan-
taneous star-formation in massive clusters can be sup-
pressed relative to field galaxies (Couch et alli2001), clus-
ter SNe Ia are likely to be dominated by events from
the old component. |Gal-Yam, Maoz, & Sharon (2002)
measure a cluster SN Ia rate of 0.392hZ; SNu'. Assum-
ing a typical elliptical mass-to-light ratio in B-band of
5-10, this converts to a SN Ia rate in clusters of 3.9-
7.8SNe yr ! Mg , in excellent agreement with our A
parameter determination.

We also check that the A and B values derived here
are consistent with measured volumetric SN Ia rates. We
use the cosmic SFH of [Hopkins & Beacon! (2006) which
gives the SFR of the universe as a function of redshift.
Integrating this SFR gives the mass as a function of red-
shift, which in conjunction with our A and B values will
predict the SN Ia rate. Care must be taken that a similar
definition of mass is used here as is used when we derive
A ie. the mass of stars that have died must be sub-
tracted from the integral (see Figure [ for the difference
this correction makes in the mass evolution of the cosmic
SFH). To do this, we use the SFH of [Hopkins & Beacon

(2006) as an input to PEGASE.2 to calculate the total
mass in stars as a function of redshift. We then use the

14 1 “SNu” is one SN per century per 1010 stellar B-band lumi-
nosities

A and B values from above to calculate the volumetric
SN Ia rate (Figure[[M). The relative contributions of the
two components evolves strongly with time. The young
component provides ~10-20% of all SNe Ia at z = 0, ris-
ing to ~ 85% at z = 2; the exact ratios depend strongly
on the assumed cosmic SFH. Qualitatively similar trends
are also predicted by IMannucci et all (2006), based on
completely different analysis and fitting techniques. This
first fraction is quite low; we note that assuming that the
likelihood of the old component decreases with age rather
than remains constant as in eqn. ([ H) would result in a
larger fraction of SNe being generated from the prompt
component at z = 0, perhaps illustrating a limitation of
the “A+B” model.

The agreement with the volumetric rates is remark-
ably good, given the SFH used in the calculation
(Hopkins & Beaconi 2006) is completely independent of
the derivation of A and B. All of the published rates are
statistically consistent at the 2-o level with the simple
“prompt+old” model parameters derived here. The most
deviant point is the ~ 1 rate from [Dahlen et all (2004),
but even this value differs from the model at only 1.8 ¢.
The A and B model used here predicts a shallow redshift
evolution of the SN Ia rate, one that does not evolve as
fast as the cosmic SFH. Of course, the distribution of
the two types will vary considerably with local galaxy
density. In low-mass star-forming dwarf field galaxies,
for example, the prompt component will be the source
for essentially all SNe Ia. Yet, a substantial fraction of
SNe Ia will always occur in E/SO galaxies (and perhaps
the bulges of spiral galaxies) and in clusters due the large
amount of old stellar mass locked up in these systems.

6. SUPERNOVA PROPERTIES AS A FUNCTION OF
STELLAR POPULATIONS

The results of § B show that the rate of SNe Ia in
a given galaxy depends on both the evolved (old) stellar
mass of that system, and on the young stellar content, pa-
rameterized via the SFR. Indeed, a simple mass-scaling
— assuming that the SN Ia rate is a simple function of
galaxy stellar mass — is unable to reproduce the trends
that we see. These results could have important im-
plications for the use of SNe Ia as precise cosmological
probes. At the very least, as discussed by SB05 and
Mannucci et_all (200€), there must be a broad range of
delay times between a binary system formation and SN
explosion. Whether this is interpreted as being due to a
single channel to a SN Ia (i.e. perhaps single degenerate
or double degenerate), or via a two channel path to a
SN Ia (i.e. perhaps single degenerate and double degen-
erate), a distinct possibility is that the average properties
of these “prompt” and “old” SN Ia populations could dif-
fer. In this section, we search for SN Ia properties that
correlate with environment, or more particularly star-
formation activity (or the mean age of the stellar popu-
lation) in their host galaxies.

One key observable affecting the utility of SNe Ia as
cosmological probes is the light-curve shape/luminosity
relationship (Phillips 1993), which corrects the luminos-
ity of SNe Ia according to the width of their light-curves
— the so called “brighter—slower” relationship. In this
paper, we parameterize the SN Ia light-curves using the
stretch parameter s (e.g. [Perlmutter et all [1997), which
linearly stretches or contracts the time axis of a tem-
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plate SN Ia light curve around the time of maximum
light to best-fit the observed light curve of the SN being
fit. At low redshift, a trend of SN Ia absolute luminos-
ity — or equivalently, light-curve width cast in terms of
Amy5(B), the decline in B-band magnitudes 15 days af-
ter maximum light — versus galaxy morphological type
has been observed (Hammny et all[1995, [1996; Riess et. all
1999; Hamuy et._all 2000, see |Gallagher et all 2005 for a
recent compilation). These authors show that brighter
SNe Ia (or more precisely high-stretch/low-Amq5(B))
are preferentially located in late-type (younger) galax-
ies.

Here, we compare the low-redshift distribution to
that seen at high redshift in the current SNLS sam-
ple (Figure [[1]). We use the specific SFR classification
of the SNLS host galaxies at high redshift, and take
classifications for the low-redshift SNe hosts from ei-
ther the literature (Riess et all{1999; [Hamuy et all2000;
van_den Bergh et alli2002) or from the NASA /TPAC Ex-
tragalactic Database (NED), simplifying onto a ellipti-
cal (E/S0), early-type (Sa to Sbc) and late-type (Sc and
later) classification scheme. We refit the published light-
curves for the low-redshift SNe Ta with the same method
as the high-redshift SNe Ia to ensure a consistent defini-
tion of “stretch” between low and high redshift.

The trend in Figure [ across galaxy type is clear
— passive galaxies with a small (or zero) specific SFR
tend to host lower stretch SNe. Though the low-z trend
was already well-known, this is the first time the ef-
fect has been seen at high-z (e.g. Sullivan et _all 2003),
presumably because the SNLS probes a wider range in
stretch than previous high-z surveys, particular at lower
stretches (fainter SNe). Kolmogorov-Smirnov (K-S) tests
can be used to give some statistical guide as to whether
these various stretch distributions are similar; these are
summarized in Table @l We show that at high redshift,
the stretch distributions between SNe in passive galaxies
versus those in both types of star-forming galaxies are
different with >98% confidence. We also show that the
stretch distributions for spirals at low-z and star-forming
galaxies at high-z are essentially identical.

The distributions in ellipticals at low-z versus passive
galaxies at high-z are formally different at the 90% level,
though this is caused entirely by the lack of very low
stretch high-z SNe (s ~ 0.7). One possibility is that the
delay times for the lowest stretch SNe Ia are long enough
to preclude their existence at high redshift (Howell 2001]).
Another is that as these SNe are the fainter subsample,
this absence could be attributed to selection effects.

In general, selection effects are unlikely to be respon-
sible for the other trends that we observe. The main
trend concerns an absence of high-stretch (i.e. brighter)
SNe Ia in passive systems at high redshift; a selection or
Malmquist bias in passive systems would lead to the op-
posite trend, i.e. a decrease in the lower-stretch (fainter)
SNe Ia in these systems. Furthermore, the trends re-
main unchanged if the sample is culled at z = 0.6 (where
Malmquist effects will be smaller) rather than z = 0.75.

These trends seem highly suggestive of differing prop-
erties between prompt and older SNe Ia. The passive
galaxies, with a SFR=0 and an average older stellar
population, host events with average stretches differing
from those prompt SNe Ia found in galaxies comprised of
younger stellar populations. Of course, galaxies with an

average young stellar population are still likely to host
low-stretch SNe Ia due to the older stellar populations
which must be present in all but the youngest starburst
galaxies, though the reverse is less likely to be true. We
can attempt to identify this low stretch population in
Figure [l using a simple mass-scaling technique in the
context of the single degenerate progenitor system sce-
nario.

We sum the total stellar mass in all the field passive
galaxies and in all the star-forming galaxies. We then
scale the stretch distribution in the old galaxies by the ra-
tio of these two total masses, and overplot on the stretch
distributions of SNe Ia in the younger hosts. Subtract-
ing this scaled population leaves just the residual stretch
distribution remaining (Figure [[2). Clearly, other ratios
could be used to scale the passive distribution prior to
subtraction. We found that the residual stretch distribu-
tion was similar when using various different mass ranges
(e.g., 0.8 Mg to 3.0My) to calculate the scaling ratios.

The resulting subtraction is remarkably clean given the
simple assumption that was made when scaling the low-
stretch SN distribution. The low-stretch distribution in
passive galaxies seems able to reproduce the distribution
of low-stretch SNe Ia in star-forming galaxies, within the
statistical errors. This seems to provide supporting ev-
idence that not only is age a key parameter driving the
SN Ia rate (see § H), but that it also provides a physical
parameter partially controlling the observed SN to SN
stretch variation.

7. CONCLUSIONS

In this paper, we have examined the rates and prop-
erties of high-redshift Type Ia supernovae (SNe Ta) dis-
covered via the Supernova Legacy Survey (SNLS) as a
function of the stellar mass and star-formation in their
host galaxies. Our principal findings are:

1. The SN Ia rate per unit stellar mass is a strong
function of host galaxy specific star-formation rate.
More strongly star-forming (later-type) galaxies
host around 10 times as many SNe Ia per unit mass
than do passive galaxies with a zero star-formation
rate, similar to trends observed in the local Uni-
verse by IMannucci et_all (2005).

2. The number of SNe Ia per galaxy in passive galax-
ies closely tracks the stellar mass of the host system
with a linear relationship. Though a relationship
between the number of SNe per galaxy and galaxy
mass is also seen in star-forming galaxies, it is not a
simple linear dependence (n ==~ 0.7£0.08), with an
excess of SNe Ia in low-mass star-forming galaxies
when compared to that in non-star-forming galax-
ies.

3. We find a clear relationship between the number
of SNe Ia per galaxy and the galaxy mean star-
formation rate averaged over the last 0.5 Gyr, even
after removing any signal derived from the SN/host
mass relationship found above. More strongly star-
forming systems host more SNe Ia per galaxy than
lower star-formation rate systems, with a best-
fitting slope of ngrr = 0.9875:17.

4. By approximating the SN Ia rate as a bivariate
linear function of host galaxy stellar mass (M)
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and host galaxy mean SFR averaged over the

last 0.5 Gyr (Mpew), we find that the SN Ta rate
in a galaxy is well represented by SNRp,(t) =

AM (t) + BMpew(t), with A = 5.3+ 1.1 x 10~
(Ho/70)2SNe yr ' Mg' , and B =3.9+£0.7x 10~*
(Ho/70)2SNe yr=! (Mg yr—1)=t.

5. We demonstrate, for the first time at high redshift,
a relationship between star-formation in a host
galaxy and the SN light-curve width (stretch). We
find that high-stretch (brighter) SNe Ia are exclu-
sively hosted by star-forming galaxies, while non-
star-forming galaxies only host low-stretch SNe Ia.
We show that the SN stretch distributions in low
redshift and high redshift spirals are statistically
identical at 95% confidence, with the distribution
in ellipticals identical at low and high redshift ex-
cept for the lowest-stretch SNe Ia which are not
present at high redshift.

6. We show that the total SN Ia stretch distribution in
high-redshift star-forming galaxies can be well rep-
resented by a combination of a high-stretch compo-
nent and a low-stretch component equivalent to the
low-stretch distribution in passive galaxies, scaled
by the ratio of the total mass in passive galaxies
to that in star-forming galaxies. The indication is
that not only can SNe Ia be generated from both
old and young progenitor systems, but there is a
systematic difference in the mean light-curve prop-
erties of the two components.

These conclusions could have implications for the use
of SNe Ia to determine cosmological parameters. As the
cosmic star-formation rate density shows sharp evolu-
tion as a function of redshift, the relative mix of the two
SN Ia components will change correspondingly (see Fig-
ure M), assuming the efficiency of generating a SN Ia
from a given progenitor scenario is invariant with red-
shift. The prompt component should supply the domi-
nant fraction of observed SNe Ia at high redshift, with
the old component producing a larger fraction at low red-
shift. The cross-over point, where the contributions from
the two components is the same, is around z ~ 0.5 — 0.9
assuming the [Hopkins & Beacond (2006) star-formation
history.

There are at least two direct implications for the use of
SNe Ia as cosmological probes. The first is that SNe Ia
should be found even at very high redshift (z ~ 3 — 4
and above). While SN ITa models with significant delay-
times would preclude the existence of SN Ia when the
Universe was so young (¢ ~ 1 — 2Gyr), the delay-time

for the prompt component of SNe Ia is very short. The
implication is that SNe Ia could therefore be used as cos-
mological probes up until the highest redshifts at which
stars are being formed. SNe Ia at z = 4 — 5 would be
within easy range of future facilities such as the James
Webb Space Telescope (JWST) and the various proposed
30-100m class ground-based telescopes.

The second implication is that an excellent under-
standing of the light-curve shape/luminosity correction
in different environments will be essential to fully exploit
SNe Ta in measurements of < w >, and, in particular,
for the more sensitive task of measuring any variation of
w with redshift. The study and classification of SN Ia
environment, using, for example, similar techniques to
those presented here, may become as important a part
of determining future cosmological constraints as mea-
suring the light-curves of the SNe Ia themselves. Sur-
veys which routinely obtain detailed information on the
environment of all confirmed SNe detected will be ideally
placed to perform studies of this nature.

The SNLS collaboration gratefully acknowledges the
assistance of Pierre Martin and the CFHT Queued Ser-
vice Observations team. Jean-Charles Cuillandre and
Kanoa Withington were also indispensable in making
possible real-time data reduction at CFHT. We thank
Lars Bildsten and Evan Scannapieco for useful discus-
sions, and Andrew Hopkins for providing a copy of Hop-
kins & Beacom (2006) prior to submission. Based on ob-
servations obtained with MegaPrime/MegaCam, a joint
project of CFHT and CEA/DAPNIA, at the Canada-
France-Hawaii Telescope (CFHT) which is operated by
the National Research Council (NRC) of Canada, the
Institut National des Sciences de I’Univers of the Centre
National de la Recherche Scientifique (CNRS) of France,
and the University of Hawaii. This work is based in
part on data products produced at the Canadian As-
tronomy Data Centre as part of the CFHT Legacy Sur-
vey, a collaborative project of NRC and CNRS. Cana-
dian collaboration members acknowledge support from
NSERC and CIAR; French collaboration members from
CNRS/IN2P3, CNRS/INSU and CEA. This research has
made use of the NASA/IPAC Extragalactic Database
(NED) which is operated by the Jet Propulsion Labora-
tory, California Institute of Technology, under contract
with the National Aeronautics and Space Administra-
tion. The views expressed in this article are those of the
authors and do not reflect the official policy or position
of the United States Air Force, Department of Defense,
or the U.S. Government.

REFERENCES

Astier, P., et al. 2006, A&A, 447, 31

Barris, B. J., & Tonry, J. L. 2006, ApJ, 637, 427

Benitez, N., et al. 2004, ApJS, 150, 1

Bernstein, R. A., Freedman, W. L., & Madore, B. F. 2002, ApJ,
571, 56

Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393

Blanc, G., et al. 2004, A&A, 423, 881

Bolzonella, M., Miralles, J.-M., & Pell4, R. 2000, A&A, 363, 476

Boulade, O., et al. 2003, in Instrument Design and Performance
for Optical/Infrared Ground-based Telescopes. Edited by lIye,
Masanori; Moorwood, Alan F. M. Proceedings of the SPIE,
Volume 4841, pp. 72-81 (2003)., 72-81

Brinchmann, J., Charlot, S., White, S. D. M., Tremonti, C.,
Kauffmann, G., Heckman, T., & Brinkmann, J. 2004, MNRAS,
351, 1151

Brinchmann, J., & Ellis, R. S. 2000, ApJ, 536, L77

Bundy, K., Ellis, R. S., & Conselice, C. J. 2005, ApJ, 625, 621

Buzzoni, A. 2002, AJ, 123, 1188

—. 2005, MNRAS, 361, 725

Calzetti, D., Armus, L., Bohlin, R. C., Kinney, A. L., Koornneef,
J., & Storchi-Bergmann, T. 2000, ApJ, 533, 682

Cappellaro, E., Evans, R., & Turatto, M. 1999, A&A, 351, 459

Coleman, G. D., Wu, C. ., & Weedman, D. W. 1980, ApJS, 43, 393

Couch, W. J., Balogh, M. L., Bower, R. G., Smail, I., Glazebrook,
K., & Taylor, M. 2001, ApJ, 549, 820



Rates and Properties of Type Ia Supernovae

13

TABLE 1
INPUT AND RECOVERED MASSES AND SFRS FOR OUR SIMULATED GALAXIES

Redshift known

Redshift free

Quantity Offset® St. dev. Fraction of outliers Offset St. dev. Fraction of outliers
Mass -0.11 0.31 0.042 -0.02  0.29 0.101
SFR(0.05Gyr) 0.11 0.51 0.003 0.39 0.51 0.032
SFR(O 10Gyr) 0.04 0.47 0.003 0.32 0.55 0.026

SFR(0.20Gyr) -0.04 0.43 0.006 0.23 0.55 0.023

SFR(0.50Gyr) -0.10 0.46 0.003 0.11 0.59 0.026

SFR(1.00Gyr) -0.14 0.52 0.031 0.02 0.58 0.076
2All numerical values are in dex units

TABLE 2
BREAKDOWN OF CANDIDATE NUMBERS AND EFFICIENCIES
Field” Area Nspccb Nphot Efficiency
sq. deg. 0.2-0.4 0.4-0.6 0.6-0.75

D1 1.024 25 5 0.314 0.297 0.241
D2 1.026 27 4 0.223 0.218 0.181
D3 1.029 28 11 0.331 0.310 0.248
D4 1.027 20 4 0.307 0.317 0.274

aFach field comprises SNe from two years of observing
bSpectroscopically confirmed SNe Ia with a confidence index from

3 to 5 (Howell ef_all 2001)

©SNe Ia with either a spectroscopic redshift but no definitive type,
or solely a photometric redshift (see § EE2)

Dahlen, T., et al. 2004, ApJ, 613, 189

Della Valle, M., & Livio, M. 1994, ApJ, 423, L.31

Della Valle, M., Panagia, N., Padovani, P., Cappellaro, E.,
Mannucci, F., & Turatto, M. 2005, ApJ, 629, 750

Donas, J., Deharveng, J. M., Laget, M., Milliard, B., & Huguenin,
D. 1987, A&A, 180, 12

Felten, J. E. 1976, ApJ, 207, 700

Fioc, M., & Rocca-Volmerange, B. 1997, A&A, 326, 950

Gal-Yam, A., & Maoz, D. 2004, MNRAS, 347, 942

Gal-Yam, A., Maoz, D., & Sharon, K. 2002, MNRAS, 332, 37

Gallagher, J. S., Garnavich, P. M., Berlind, P., Challis, P., Jha, S.,
& Kirshner, R. P. 2005, ApJ, 634, 210

Glazebrook, K., et al. 2004, Nature, 430, 181

Graham, A. W., & Driver, S. P. 2005, Publications of the
Astronomical Society of Australia, 22, 118

Grazian, A., et al. 2006, ArXiv Astrophysics e-prints, 0603094

Greggio, L. 2005, A&A, 441, 1055

Guzman, R., et al. 1997, ApJ, 489, 559

Gwyn, S. D. J., & Hartwick, F. D. A. 1996, ApJ, 468, L77+

Hamuy, M., Phillips, M. M., Maza, J., Suntzeff, N. B., Schommer,
R. A., & Aviles, R. 1995, AJ, 109, 1

Hamuy, M., Phillips, M. M., Suntzeff, N. B., Schommer, R. A.,
Maza, J., & Aviles, R. 1996, AJ, 112, 2398

Hamuy, M., Trager, S. C., Pinto, P. A., Phillips, M. M., Schommer,
R. A., Ivanov, V., & Suntzeff, N. B. 2000, AJ, 120, 1479

Hardin, D., et al. 2000, A&A, 362, 419

Hillebrandt, W., & Niemeyer, J. C. 2000, ARA&A, 38, 191

Holwerda, B. W. 2005, ArXiv Astrophysics e-prints, 0512139

Hopkins, A. M., & Beacom, J. F. 2006, ArXiv Astrophysics e-
prints, 0601463

Hopkins, A. M., Connolly, A. J., Haarsma, D. B., & Cram, L. E.
2001, AJ, 122, 288

Howell, D. A. 2001, ApJ, 554, L193

Howell, D. A., et al. 2005, ApJ, 634, 1190

Ilbert, O., et al. 2005, A&A, 439, 863

Infante, L. 1987, A&A, 183, 177

Kennicutt, R. C. 1998, ARA&A, 36, 189

Kinney, A. L., Calzetti, D., Bohlin, R. C., McQuade, K., Storchi-
Bergmann, T., & Schmitt, H. R. 1996, ApJ, 467, 38

Kron, R. G. 1980, ApJS, 43, 305

Kroupa, P. 2001, MNRAS, 322, 231

—. 2002, Science, 295, 82

Le Borgne, D., & Rocca-Volmerange, B. 2002, A& A, 386, 446

Le Borgne, D., Rocca-Volmerange, B., Prugniel, P., Langon, A.,
Fioc, M., & Soubiran, C. 2004, A&A, 425, 881

Madau, P., Della Valle, M., & Panagia, N. 1998a, MNRAS, 297,
L17

Madau, P., Pozzetti, L., & Dickinson, M. 1998b, ApJ, 498, 106

Magnier, E. A., & Cuillandre, J.-C. 2004, PASP, 116, 449

Mannucci, F., Della Valle, M., & Panagia, N. 2006, ArXiv
Astrophysics e-prints, 0510315

Mannucci, F., della Valle, M., Panagia, N., Cappellaro, E., Cresci,
G., Maiolino, R., Petrosian, A., & Turatto, M. 2005, A&A, 433,
807

Maoz, D., & Gal-Yam, A. 2004, MNRAS, 347, 951

McCarthy, P. J., et al. 2004, ApJ, 614, L9

Menanteau, F., Abraham, R. G., & Ellis, R. S. 2001, MNRAS, 322,
1

Neill, D., et al. 2006, in AJ, in press, Astrophysics e-prints, 0605148

Oemler, A., & Tinsley, B. M. 1979, AJ, 84, 985

Oke, J. B., & Gunn, J. E. 1983, AplJ, 266, 713

Pain, R., et al. 2002, ApJ, 577, 120

Perlmutter, S., et al. 1999, ApJ, 517, 565

Perlmutter, S., et al. 1997, ApJ, 483, 565

Phillips, M. M. 1993, ApJ, 413, L105

Rana, N. C., & Basu, S. 1992, A&A, 265, 499

Riess, A. G., et al. 1998, AJ, 116, 1009

Riess, A. G., et al. 1999, AJ, 117, 707

Salpeter, E. E. 1955, ApJ, 121, 161

Scannapieco, E., & Bildsten, L. 2005, ApJ, 629, L85

Schmidt, M. 1968, ApJ, 151, 393

Smith, J. A., et al. 2002, AJ, 123, 2121

Strolger, L.-G., et al. 2004, ApJ, 613, 200

Strolger, L.-G., et al. 2005, ApJ, 635, 1370

Sullivan, M., et al. 2003, MNRAS, 340, 1057

Sullivan, M., et al. 2006, AJ, 131, 960

Sullivan, M., Mobasher, B., Chan, B., Cram, L., Ellis, R., Treyer,
M., & Hopkins, A. 2001, ApJ, 558, 72

Tonry, J. L., et al. 2003, ApJ, 594, 1

Treu, T., Ellis, R. S., Liao, T. X., van Dokkum, P. G., Tozzi, P.,
Coil, A., Newman, J., Cooper, M. C., & Davis, M. 2005, ApJ,
633, 174

van den Bergh, S. 1990, PASP, 102, 1318

van den Bergh, S., Li, W., & Filippenko, A. V. 2002, PASP, 114,
820

Wang, L., Hoflich, P., & Wheeler, J. C. 1997, ApJ, 483, L29

Willmer, C. N. A., et al. 2005, ArXiv Astrophysics e-prints, 0506041

Yi, S. K., et al. 2005, ApJ, 619, L111



14

Sullivan et al.

TABLE 3
BREAKDOWN OF PHOTOMETRIC TYPING CULLS
Criterium Nspec Nphot
Number over 0.2<z<0.75 116 286
Number rejected on light-curve coverage 16 80
Number rejected on zspec cee 2
Number rejected on stretch e 70
Number rejected on 2 e 75
Number rejected on g’ dispersion e 35
Number remaining 100 24
TABLE 4
K-S TESTS ON THE STRETCH DISTRIBUTIONS AT LOW AND HIGH REDSHIFT
K-S test sample Probability that distribution
is the same
Low-z E/SO — High-z passive 10%
Low-z spirals — High-z SFR>0 95%
High-z passive — High-z weak” SF-ing 2%
High-z passive — High-z strong SF-ing 0.2%
High-z passive — High-z all SF-ing 0.9%
High-z weak SF-ing — High-z strong SF-ing 53%

2The weak and strong star-forming galaxies are divided based on their specific
star-formation rate; see § Bl



Rates and Properties of Type Ia Supernovae 15

SNLS-04D1sk SNLS-05D2hc 4"
7=0.66 7=0.36 o

= (-

SNLS-03D4dy SNLS-03DA4gj
7=0.60 O 2=0.27

% o8

. &
@

Fic. 1.— Examples of the SN Ia host galaxy identification technique used in this paper (see § Z3)). Four SNe are shown. In each panel,
the SN position is marked with a cross, and each candidate host, as detected by SExtractor, has the 5R ellipse over-plotted (see § EZ3 for
the definition of R). The nearest host in terms of this R parameter is considered to be the correct host; SNe with no hosts inside 5R are
considered “hostless”. Top Left: SNLS-04D1sk, a straightforward case where the identification is unambiguous. Top Right: SNLS-05D2hc,
a case where the nearest host in terms of arcseconds is probably not the correct identification. Bottom Left: SNLS-03D4dy, a case where

no potential host is found within several arcseconds of the SN position. Bottom Right: SNLS-05D2hc, where all candidate hosts lie at
R > 5.
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1:1 agreement between zspec and zphot, the dashed lines show a 10% uncertainty in (1+4zspec). The right-hand plot, the dotted line shows
the region above which SNe were excluded as SNe Ia during the SN completeness correction stage (§ ). The SN Ia photometric redshifts
follow the method of [Sullivan_et_all (200€). For the host galaxy photometric redshift, the median of zspec — Zphot is 0.02 with a standard
deviation of 0.15. For the SN photometric redshifts, these values are -0.007 and 0.088. Note that the SN Ia photometric redshift estimates
include a cosmological prior that precludes their use for determining the cosmological parameters.



Rates and Properties of Type Ia Supernovae 17

127‘ T T T T T T T T T T T T T T T T T T T T T T T T T \‘\‘; 21\\\\\\ TTT T T T T TTT T T T T TTT T T T T T \\\\\\‘v‘,_
F _ T S 4 A
: — |7 ] g T T ]
r b 1E : + A -
0 1r T - 7 o Te T 1
= L - 1 & F TH— 2 b
7} [l 1 = F I %E a 1
I ! 1 £ of | 3
e 1 1 % E ] | | 1
a 10: J o =1 ST = ]
& 10} | 1 & F AN 31 ]
= ‘ Ll " 1 x L il I ]
3 I 1 L 1o ¢t | ‘ 1
2 i e 1 0 -1F ‘ E
(23 S il 10 & b
o HT aiss =SSl 1 2 r ]
(e} H L 4 [ { ]
a9 = ; | - [ | ]
L T by i \””‘ 7 r ! ]
[ [ bt Gl 4 L A ] L ]
HHi—s—i (M T . —2r =
[l H= | ] L to—i ]
[l ) ] E i |
[ | L L ] = e ]
| aannani £ U 2N W A B T 75 P PRI A AR P P | P I IR

8 9 10 11 12 -2 -1 0 1

LOG Stellar Mass (redshift fixed) LOG SFR (redshift fixed)

Fic. 3.— The comparison of mass (M) and star-formation rate (SFR) estimates for the SNLS SN Ia host galaxies when the redshift
is fixed (spectroscopic redshift; y-axes), and when the redshift is determined using the photometric redshift code, Z-PEG (photometric
redshift; x-axes). Zero SFR systems are shown with log(SFR) = —2.5 plus a random offset for clarity. The average properties of the sample
as determined when the redshift is known versus the photometric redshift estimate are very similar; the median difference AM is 0.026 dex
(90% of AM lie within 0.2 dex), and the difference ASFR is 0.034 dex (90% of ASFR lie within 0.38 dex).
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FIG. 4.— The range of fitted stretch (left), light-curve x? per degree of freedom (center), and early-time g’ dispersion (right) obtained
when running the photometric redshift code of [Sullivan_ef_all (200€]) on all spectroscopically confirmed SNLS SNe Ia (filled histogram) and
SNLS core-collapse SNe (open histogram) over 0.2 < z < 0.75. Cuts of s > 1.35, x2 > 10, and g’ mean dispersion >2 (see equation @)
are effective at removing core-collapse SNe while retaining SNe Ia; these cuts are shown as vertical dotted lines in the figure.
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Fic. 5.— The distribution of the SN Ia host galaxies in the SFR-mass plane. Each galaxy is coded according to its assigned type.
Passive galaxies are shown as circles (red), normal star-forming galaxies as squares (green), and vigorous star-formers as triangles (blue).
The black diagonal dotted line shows the division in specific star-formation rate used to sub-divide those hosts that are star-forming. The
passive galaxies (which have a zero SFR in our models) are assigned a random SFR centered on 0.005Mg yr~—! for illustration purposes.
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Fic. 6.— The number of SNe Ia per unit stellar mass as a function of the star-formation rate (SFR) per unit stellar mass of the host

galaxy. Blue points represent SNLS data-points in star-forming galaxies. The red hashed area shows the number per unit stellar mass
as measured in the SNLS passive galaxies (assigned zero SFR in our models). Shown for comparison is the evolution in SN Ia rate to
later-type galaxies observed locally by
of the Mannucci et al. data points are subject to a uncertainty when converting their galaxy types into specific SFRs. The vertical dotted
lines show the division we use to classify the host galaxies into different types.

(2007), normalized to the SNLS rate in passive galaxies. The horizontal positioning
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Fic. 7.— The mass evolution, as calculated by PEGASE.Q7 for 3 different galaxy scenarios plus the cosmic SFH of [Hopkins & Beacond
(2006). The different lines show the total mass in stars excluding compact objects (dotted line), the total mass in stars plus the mass in
white dwarfs (dashed line), and the mass as calculated by simply integrating the SFH of that scenario (solid line).
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Fic. 8.— The number of SNe Ia per host galaxy as a function of host galaxy stellar mass. The three colors denote SNe Ia in the three

different types of host galaxy as partitioned by their specific star-formation rate. The best-fitting lines and slopes to each distribution are
shown. For the passive hosts, a line of slope unity is also shown (dotted line).
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Fic. 9.— The number of SNe Ia per host galaxy as a function of host galaxy mean star-formation rate measured over a 0.5Gyr period

(see text for details). The open blue circles show the raw rate in star-forming galaxies, with the red filled squares showing the expected rate
derived from the total stellar mass of field galaxies in each bin. The filled blue circles shows the number per galaxy after the component
from the stellar mass is removed. The solid line shows the best-fit; the dotted line has a slope of unity.
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Fic. 10.— The predicted volumetric SN Ia rate as a function of redshift based on the A and B values from the bivariate fit of §
The dotted lines denotes the A “old” component (plus limits from the statistical errors), and the dashed line the B “prompt” component.
The solid line shows the sum of the two. The filled circle is the z = 0.47 SNLS determination of the SN Ia rate of [Neillef_all (2004).

Open circles represent other SN Ia rate determinations from [Cappellaro_ef_all (1999), [Hardin_ef_all ([2000), [Pain_ef all (IA)QJ) [Tonry ef_all
,IDahlen_ef_all m) and [Blanc_ef_all (2004). We Conservatlvely show the statlstlcal and systematlc error-bars added in quadrature

where both are given in these papers. The star-formation history of [Hopkins & Beacond (200€) is assumed.
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F1a. 11.— The distribution of the SN Ia light-curve shape parameter “stretch”, separated according to the specific star-formation rate of

the host galaxy. The left-hand plot shows low-redshift SNe Ia, the right-hand plot shows high-redshift SNLS SNe Ia. The typical precision on
the stretch measure is 0.01 —0.02, i.e. smaller than the bin width of the histograms. LEFT: The top panel shows galaxies morphologically
classified as spirals, the lower panel shows those SNe in elliptical or SO galaxies. RIGHT: The top panel shows galaxies with a specific SFR
(sSFR) of log(sSFR) > —9.5, the middle panel galaxies with —12.0 < log(sSFR) < —9.5, and the lower panel log(sSFR) < —12.0. The
vertical lines show the positions of the median stretch in each histogram.
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F1c. 12.— The effect of subtracting the SN Ia stretch distribution in passive galaxies from the distribution in star-forming galaxies.

The left-hand panel shows the distribution in all star-forming galaxies, the middle panel shows the passive galaxy distribution over-plotted
scaled by the ratio of the total mass in passive galaxies to the total mass in star-formers. The right-hand panel shows the remaining

distribution after subtracting the scaled passive galaxy distribution.





