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Abstract

Host Galaxies of Type Ia Supernovae
From the Nearby Supernova Factory

by

Michael Joseph Childress

Doctor of Philosophy in Physics

University of California, Berkeley

Dr. Greg Aldering, Co-Chair

Professor Saul Perlmutter, Co-Chair

Type Ia Supernovae (SNe Ia) are excellent distance indicators, yet the full details of the underlying
physical mechanism giving rise to these dramatic stellar deaths remain unclear. As large samples of
cosmological SNe Ia continue to be collected, the scatter in brightnesses of these events is equally
affected by systematic errors as statistical. Thus we need to understand thephysics of SNe Ia better,
and in particular we must know more about the progenitors of these SNe so that we can derive better
estimates for their true intrinsic brightnesses. The host galaxies of SNe Ia provide important indi-
rect clues as to the nature of SN Ia progenitors. In this Thesis we utilize the host galaxies of SNe Ia
discovered by the Nearby Supernova Factory (SNfactory) to pursueseveral key investigations into
the nature of SN Ia progenitors and their effects on SN Ia brightnesses.We first examine the host
galaxy of SN 2007if, an important member of the subclass of SNe Ia whose extreme brightnesses
indicate a progenitor that exceeded the canonical Chandrasekhar-mass value presumed for normal
SNe Ia, and show that the host galaxy of this SN is composed of very young stars and has extremely
low metallicity, providing important constraints on progenitor scenarios for thisSN. We then uti-
lize the full sample of SNfactory host galaxy masses (measured from photometry) and metallicities
(derived from optical spectroscopy) to examine several global properties of SN Ia progenitors: (i)
we show that SN Ia hosts show tight agreement with the normal galaxy mass-metallicity relation;
(ii) comparing the observed distribution of SN Ia host galaxy masses to a theoretical model that
couples galaxy physics to the SN Ia delay time distribution (DTD), we show the power of the SN Ia
host mass distribution in constraining the SN Ia DTD; and (iii) we show that the lack of ultra-low
metallicities in the SNfactory SN Ia host sample gives provisional support for the theorized low-
metallicity inhibition of SNe Ia. Finally we revisit recent studies which found thatthe corrected
brightness of SNe Ia (after application of the standard light curve width and color corrections) cor-
relate with the masses of their host galaxies. We confirm this trend with host mass using SNfactory
data, and for the first time confirm that an analogous trend exists with host metallicity. We then
apply a spectroscopic standardization technique developed by SNfactory and show that this method
significantly reduces the observed bias. In this Thesis we show that SN Iahost galaxies continue to
provide key insight into SN Ia progenitors, and also illuminate possible biases inSN Ia brightness
standardization techniques.
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Chapter 1

Introduction

The expansion of the Universe was first observed just under a century ago when Ed-
win Hubble noted that distant galaxies appeared to be moving away from us more rapidly than
nearby galaxies, with recession velocities proportional to their distance. Since then the study of
the Universe’s expansion rate and its evolution over cosmic time has been ofgreat interest to cos-
mologists as it provides constraints on the mass-energy content of the Universe. The best astro-
physical tools for measuring large cosmological distances to facilitate this goal are Type Ia Su-
pernovae (SNe Ia), which are both extremely luminous (L ≈ 1041L⊙) and relatively uniform in
brightness (∆L/L . 50%), making them excellentstandard candles. Further empirical bright-
ness correction techniques have made SNe Ia even betterstandardizable candles (∆L/L . 15%).
Observations of SNe Ia yielded the surprising result that the expansion of the Universe is accel-
erating (Perlmutter et al. 1999; Riess et al. 1998). When coupled with observations of the cosmic
microwave background (CMB), this observation implied that the mass-energy content of the Uni-
verse is dominated not by normal matter, but by a mysterious dark energy which exerts a negative
pressure in a manner similar to Einstein’s cosmological constant.

SN Ia cosmology has progressed rapidly since the discovery of dark energy just over a
decade ago, with major SN Ia surveys completed at low (Hicken et al. 2009), intermediate (Kessler et al.
2009), and high redshifts (Riess et al. 2007; Wood-Vasey et al. 2007; Guy et al. 2010; Amanullah et al.
2010). Combinations of these data yield precise estimates on the matter and dark energy densities
(ΩM ,ΩΛ), as well as the dark energy equation of state parameterw and its first order derivative in
redshiftwa. In this era of precision SN Ia cosmology, the high number of SNe Ia has decreased
the statistical uncertainties in cosmological analyses to such a degree that systematic uncertainties
are becoming a significant source of error in the estimation of the cosmological parameters. Major
progress in SN Ia cosmology now requires a closer inspection of our methods for standardizing
SNe Ia and a deeper physical understanding of these exceptional astrophysical events.

As plans are developed for future SN Ia cosmology experiments designedto find SNe Ia
at even higher redshifts (up toz ∼ 1.7), the necessity to have a deeper understanding of the physics
of SNe Ia becomes even more acute. The SN Ia cosmology method hinges upon comparison of
brightnesses of distant events to those in the nearby universe to measureaccurate distances. Inherent
in this technique is the assumption that the physical mechanism behind SNe Ia behaves similarly
at all redshifts, but concerns remain that the younger stellar ages and lower metallicities of high
redshift environments could bias cosmological measurements if the corrected brightnesses of SNe Ia
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vary with these parameters. A promising source for clues to the origin of this residual brightness
diversity is the study of SN Ia environments.

The goal of this thesis is to study the host galaxies of SNe Ia to gain deeper insight into
the nature of SN Ia progenitors, in order to ultimately improve our ability to standardize SNe Ia
for measuring cosmological distances. Using the SN Ia and host galaxy data set from the Nearby
Supernova Factory (SNfactory –Aldering et al. 2002), I examine the physical properties of SN Ia
host galaxies and their relationships to the properties of the SNe Ia they produced.

1.1 Type Ia Supernova Cosmology

Type Ia Supernovae are used to measure cosmological distances by comparing the bright-
nesses of very distant SNe Ia to those of nearby SNe Ia whose brightnesses have been calibrated
with independent distance measurements such as Cepheid Variables (e.g.Riess et al. 2011). Obser-
vationally, the brightness of an SN Ia rises quickly over the course of 15-20 days and fades slowly
over the course of several hundred days (Filippenko 1997), and the observation of thislight curve
is used to estimate the peak brightness of the SN Ia in some broadband photometric filter (typically
B-band). The raw observed peak brightnesses of SNe Ia inB-band typically have a dispersion of
about 0.4 magnitudes, making them excellent standard candles.

Several empirical relationships have been developed to further standardize SN Ia bright-
nesses. Early studies of SN Ia light curves observed a correlation between the observed peak bright-
nesses of SNe Ia and the width of their light curves (Phillips 1993). The light curve width, or
“stretch” (Perlmutter et al. 1997), can then be used to derive an empirically corrected SN Ia bright-
ness. Similarly, the observed colors of SNe Ia were found to be correlated with peak brightness
(Riess et al. 1996; Tripp 1998), allowing for a second empirical SN Ia brightness correction. These
stretch and color corrections have become a common set of tools in derivingcosmological distances
using SNe Ia.

The typical application of SNe Ia for cosmology involves plotting the difference between
the observed SN Ia magnitude and its expected magnitude (after the empirical brightness correc-
tions), called the distance modulus (µ), against its recession velocity as tracked by the redshift (z)
of its spectrum. The location of SNe Ia on this diagram, known as theHubble Diagram, can be com-
pared to predictions for cosmologies with specific values of the matter density (ΩM ), dark energy
density (ΩΛ), and the dark energy equation of state parameter (w). Marginalization over parame-
ter space allows SN Ia Hubble Diagrams to provide quantitative constraints onthese cosmological
parameters.

Modern compilations of multiple SN Ia data sets provide Hubble Diagrams with hundreds
of SNe Ia. When combined with other cosmological probes such as the cosmicmicrowave back-
ground (CMB) and baryon acoustic oscillations (BAO), a recent compilation of over 500 SNe Ia
(Amanullah et al. 2010) has helped constrain the deviation of the Universe from flat geometry to be
Ωk = −0.005+0.007

−0.007, and the dark energy equation of state parameter to bew = −1.026+0.055
−0.059 (for

a cosmological fit whereΩM , ΩΛ, andw are free parameters). Thus SNe Ia have shown that the
Universe is consistent with a flat spatial geometry with expansion currentlydominated by a dark
energy whose equation of state is consistent with Einstein’s cosmological constant. Future SN Ia
surveys will facilitate a measurement of the evolution ofw and provide constraints on theoretical
dark energy models.
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1.2 Progenitors of SNe Ia

Observationally, SNe Ia are classified spectroscopically by broad absorption features from
intermediate mass elements (IMEs: O, Mg, Si, S, Ca) and no observable hydrogen features (Filippenko
1997). Their spectral energy distributions peak in the optical, and their optical light curves rise
quickly over the course of 15-20 days and fade slowly over the courseof several hundred days.
The consistent decay of optical luminosity at intermediate and late times has led to the generally
accepted belief that SN Ia light curves are powered by the radioactive decay of56Ni to 56Co (which
later decays to56Fe) formed in fusion reactions during the violent SN explosion.

The generally accepted scenario for the production of a SN Ia is the total disruption of
a carbon-oxygen (CO) white dwarf (WD) by thermonuclear runaway asaccretion from a binary
companion drives it toward the Chandrasekhar mass (MCh). In the single-degenerate scenario
(SD; Whelan & Iben 1973), the WD accretes material from a less-evolved companion, either a
main-sequence or red giant star (e.g.Hachisu et al. 2008). In the double-degenerate scenario (DD;
Iben & Tutukov 1984), two WDs coalesce following orbital decay from gravitational radiation. To
date there exists no overwhelming observational evidence to favor one ofthese scenarios over the
other. We currently have no clear identification of any SN Ia progenitor system in archival imaging
data of recent SNe Ia, nor has there been an unambiguous identification of the companion star for
the Galactic SN Ia remnants.

The fact that the progenitor system of the most important cosmological distance indicator
remains uncertain has been a source of great consternation for observers and theorists alike, even
leadingLivio (2001) to declare:

“The fact that we do not know yet what are the progenitor systems of some of the most
dramatic explosions in the universe has become a major embarrassment and one of the
key unsolved problems in stellar and binary star evolution.”

Thus knowledge of the SN Ia progenitor mechanism is a research goal ofkey interest not only to
SN Ia cosmologists, but also to those studying stellar evolution and binary stellar systems.

1.3 Why Study SN Ia Host Galaxies?

Given the challenge of directly observing SN Ia progenitor systems, the study of their host
galaxies serves as an instructive indirect probe of their progenitor environments. Host galaxies pro-
vide information about mean stellar ages in the vicinity of the SN, as well as chemical composition
of the gas or stars near the SN location. These environmental conditions mayaffect the properties of
the resultant SN Ia, and are particularly important to study because ages and metallicities of higher
redshift SN Ia progenitors will differ from those in the nearby universe.

Early studies of SN Ia host galaxies found correlations between the hostgalaxy proper-
ties and the properties of the SNe Ia they hosted (Filippenko 1989; Branch & van den Bergh 1993;
Hamuy et al. 1996). Earlier (later) and more (less) massive type galaxies were found to host fainter
(brighter), faster-declining (slower-declining) SNe Ia with higher (lower) ejecta velocities. This
evident progenitor-driven brightness effect was assumed to be compensated for by the application
of stretch-based luminosity corrections, thereby removing any potential cosmological bias at high
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redshifts. However, recent studies (Kelly et al. 2010; Sullivan et al. 2010; Lampeitl et al. 2010) dis-
covered that thecorrected brightnesses of SNe Ia still showed a very subtle correlation with the
stellar mass of their host galaxies. Though not sufficient to negate the detection of dark energy, this
effect biases cosmological parameter estimates, especially the dark energy equation of state param-
eterw. The source of this bias is currently a source of vigorous study and will be investigated in
this thesis (see Chapter6) using SNfactory data.

In addition to providing a means of searching for possible cosmological biases in SN Ia
standardization techniques, the study of SN Ia hosts also offers insight intothe physics of SNe Ia
and yields some constraints on SN Ia progenitor scenarios. For example, recent studies of SN Ia
rates in galaxies of varying types showed strong evidence for SNe Ia associated with young stellar
populations (Mannucci et al. 2005; Sullivan et al. 2006; Aubourg et al. 2008), as well as association
of other SNe Ia with older stellar populations which were popularly believed tobe the exclusive
source of SNe Ia. Such studies provide observational constraints on the age distribution of SN Ia
progenitors which must be met by any acceptable SN Ia progenitor theory.

1.4 Organization of this Thesis

This chapter and the following chapter introduce both the motivation for studying SN Ia
host galaxies and the pertinent research to-date in this field. In Chapter2 we present a more detailed
description of the proposed SN Ia progenitor scenarios with a particular emphasis on how the varia-
tions of these scenarios may affect SN Ia brightnesses. This Chapter continues to describe relevant
studies of SN Ia host galaxies and how these studies have provided constraints on SN Ia progenitors.

The data from SNfactory used in this thesis are described in Chapter3, beginning with a
brief description of the SNfactory experiment and SN Ia data set. The main effort of this thesis is
the analysis of the host galaxy data for SNfactory hosts, particularly host galaxy photometric data
from various public sources and SNfactory observations, as well as spectroscopic data from over 50
nights of classical observing where I obtained long-slit spectroscopy of the SNfactory hosts. This
data and extraction of galaxy physical parameters (mass, metallicity, star-formation activity, etc.)
are described in that Chapter.

In Chapter4 we analyze the host galaxy of SN 2007if, a key member of the subclass of
SNe Ia that are likely to have originated from a progenitor system that significantly exceeds the
Chandrasekhar mass. Using emission lines measured from the host spectrum and deep photome-
try from Keck LRIS observations, we show this host to be extremely low massand lower gas-phase
metallicity than any previously reported SN Ia host. Balmer absorption features in the stellar contin-
uum constrain the age of the stellar populations in this galaxy, providing key constraints on possible
progenitor scenarios. Finally we inspect the hosts of other likely super-Chandrasekhar-mass SNe Ia
and show that they are lower in stellar mass than the normal SN Ia host sample,perhaps indicating
a preference for low metallicity formation of super-Chandrasekhar SNe Ia.

Chapter5 presents our investigations of the statistical properties of the full sample of
SN Ia host galaxies. Here we inspect the agreement of SN Ia hosts with thenormal galaxy mass-
metallicity relation, a key assumption of many previous authors’ work that has yet to be confirmed
observationally. We also inspect the SN Ia host galaxy stellar mass distribution and how this can
constrain the SN Ia delay time distribution. Finally this chapter focuses in on SNeIa in low lumi-
nosity hosts to assess the observational support for theorized low-metallicity inhibition of SNe Ia.
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In Chapter6 we use SNfactory data to investigate the relationship between SN Ia bright-
nesses and the properties of their host galaxies. We confirm the previousdiscovery of the correlation
between stretch- and color-corrected SN Ia brightnesses and the stellarmasses of their host galax-
ies. We then apply an alternative SN Ia standardization technique developed by SNfactory using
a spectroscopic SN Ia luminosity indicator, and investigate whether this residual host bias remains
with our new methods.

Finally in Chapter7 we revisit the conclusions of this thesis and its contributions to the
field of SN Ia science and cosmology, then present prospects for future analyses to extend the work
of this thesis.
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Chapter 2

Host Galaxies of SNe Ia

The study of SN Ia host galaxies provides an indirect means of investigating the progeni-
tors of SNe Ia, as the properties of the stellar populations from which SNe are born serve as context
for the nature of the SN progenitors themselves. Statistical analyses of the stellar populations of
all SN Ia host galaxies can provide key information about the nature of SNIa progenitor ages and
metallicities. SN Ia host studies also provide a critical cross check for ensuring SN Ia brightness
standardization techniques are unbiased with regard to stellar age and metallicity, as these quantities
evolve with redshift and could bias cosmological parameters if their effecton SN Ia brightnesses
is not properly corrected. Below we describe the currently favored SNIa progenitor models and
the ways in which the study of SN Ia host galaxies facilitates both SN Ia progenitor studies and
cosmological analyses.

2.1 SN Ia Progenitors

SNe Ia are widely believed to be the result of the total disruption of a carbon-oxygen
white dwarf (CO-WD) by thermonuclear runaway following the accretion ofmaterial from a binary
companion until the WD approaches the Chandrasekhar mass (MCh). The precise details of the
SN Ia progenitor scenario remain unknown, but a wealth of theoretical models exist which explain
many of the observed characteristics of SNe Ia.

Of critical concern for the continued use of SNe Ia as cosmological probes is how varia-
tions in the progenitor properties affect the brightnesses of SNe Ia, andwhether these variations are
properly accounted for by our accepted standardization techniques. In this section we review the
important basic details of SN Ia explosion physics, the proposed binary evolution scenarios which
may lead to SNe Ia, and some proposed effects of progenitor metallicity on the properties of the
resultant SN Ia.

2.1.1 SN Ia Explosion Physics

We stated above that SNe Ia are generally agreed to be the thermonuclear explosion of
an accreting carbon-oxygen white dwarf (CO-WD) in a binary system ator near the Chandrasekhar
mass. Here we outline the reasons for this interpretation and discuss the outstanding questions
regarding the nature of the SN explosion.
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Progenitor Composition. A SN Ia shows no spectroscopic hydrogen features, meaning it
must have resulted from a progenitor star that has shed its hydrogen envelope. An obvious single-
star scenario that satisfies this criterion is that of an intermediate mass (M ∼ 12 − 20M⊙) star
that has reached the end of its fusion cycle and undergoes core collapse, which is precisely the
accepted scenario for SNe Ib/Ic (Filippenko 1997). This scenario does not fit for SNe Ia for several
reasons: (i) this scenario allows for a range of progenitor masses and thus explosion energies that
exceed the observed diversity of SNe Ia, (ii) the timescale for this single-star evolutionary scenario
is very short (t ∼ 10 Myr) which is incongruous with the presence of SNe Ia in elliptical galaxies
where the stellar ages are several Gyr old. An accreting CO-WD nearMCh satisfies the lack of
hydrogen, the uniformity of explosion energies, and the potentially long timescale for progenitor
evolution. Although other compositions of WDs are possible (e.g. He-WD or O-Ne WDs), these
are unlikely to be the progenitors of SNe Ia (Livio 2001). He-WDs produce too few IMEs in the
SN explosion, and O-Ne WDs are likely not numerous enough to produce asufficient number of
SNe Ia to match the observed rate, and the explosion of an O-Ne WD may be more likely to result
in accretion-induced collapse than thermonuclear runaway (Nomoto & Kondo 1991).

Progenitor Mass. Several models have been proposed in which SNe Ia arise from the
explosion of WDs belowMCh that ignite by an external trigger, typically a detonation in the surface
He layer of the accreting WD (e.g.Weaver & Woosley 1980; Nomoto 1980). The He ignition drives
a strong shock into the C+O layer, causing a secondary carbon detonation. The main advantages of
these “sub-Chandra” models are the favorable binary population statistics(Yungelson & Livio 1998;
Livio 2000) and the natural tunability of the initial WD mass to explain the observed SN Ia diversity
(Ruiz-Lapuente et al. 1995). However, these models suffer severe disadvantages in that they predict
spectra that are too blue and predict high-velocity Ni and He (rather thanSi and Ca) in early spectra,
contrary to observed SN Ia spectral features (Nugent et al. 1997; Höflich & et al. 1997). Though
recent efforts by the MPA group (Fink et al. 2010; Kromer et al. 2010) have developed improved
sub-Chandra models that effectively eliminate the He shell products in the SNIa explosion, these
models produce colors that are too red and spectra whose features do not fully match observations.
Thus Chandrasekhar-mass SN Ia models are still preferred over sub-Chandra models for explaining
the observed properties of SNe Ia.

Explosion Mechanism. There are several proposed explosion models to the describe the
propagation of the flame in the exploding WD. In a detonation the nuclear burning front propagates
faster than the local sound speed, while a deflagration is characterized by subsonic flame propa-
gation. Full detonation models are generally disfavored as being inconsistent with SN Ia spectra
(Hillebrandt & Niemeyer 2000) because they fail to produce sufficient amounts of IMEs (Arnett
1969, 1971). Pure deflagration models (Ivanova et al. 1974; Woosley et al. 1984) are still viable
mechanisms, as are delayed detonation models (Khokhlov 1991; Woosley & Weaver 1994) in which
the flame front begins as subsonic and then becomes supersonic during the SN expansion.

The SN Ia progenitor composition, mass, and explosion mechanism are all key inputs to
hydrodynamical simulations of SN Ia explosions, which provide key predictions to be compared
with observations. Though the precise values (and distributions) of theseprogenitor properties
are still under investigation, an abundance of observational and theoretical work has significantly
narrowed the viable SN Ia progenitor properties.
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2.1.2 Binary Evolution and SNe Ia

There are currently two proposed binary evolution scenarios which may lead to a SN Ia.
In the single-degenerate scenario (SD;Whelan & Iben 1973), the exploding WD reachesMCh by
accreting material from a less evolved companion (either a main sequence orred giant star), while
in the double-degenerate scenario (DD;Iben & Tutukov 1984) MCh is reached (and possibly ex-
ceeded) by the merger of two WDs which coalesce following orbital decay from gravitational radi-
ation. The dynamical evolution of these two scenarios is very different, and thus will be described
separately here.

Single Degenerate Evolution

In the SD scenario, the CO-WD (primary) star accretes material from its lessevolved
companion (secondary) star until it reachesMCh and undergoes thermonuclear runaway. One of
the main advantages of this scenario is that it has a natural mechanism for producing the uniformity
of SN Ia explosions by having a consistent means of reachingMCh. A major concern for this
scenario is the large amount of unburned H and He material left in the system(from the secondary)
at the time of the SN Ia explosion.

In the SD scenario, the secondary can either be a main sequence (MS) companion on a
red giant (RG). This accretion period occurs when the secondary expands to fill itsRoche lobe, the
path on which the gravitational potential energy from the two stars is balanced and which crosses
between the two stars. When material from the secondary overflows into thispath, it can freely
flow to orbit around the primary and eventually accrete onto the primary afterlosing some angular
momentum to radiative cooling.

The material accreted onto the surface of the CO-WD primary is typically composed
of unburned H and He from the secondary. In order to accumulate more CO material from this
accretion process, the accreted H/He material undergoes nuclear burning on the surface of the WD.
If the accretion rate is too high, the WD builds up a H- and He-rich envelope and develops structure
more similar to a red giant star, and thus will lead to other evolutionary paths thatdo not produce
SNe Ia (Nomoto 1982). If the accretion rate is too low, the hydrogen shell burning on the WD
surface becomes unstable and results in He “flashes” which eject some material and make the net
accretion efficiency lower. While this low accretion could still ultimately producean SN Ia, its
efficiency is much lower and likely to produce a much smaller fraction of SNe Iaobserved today.
Thus most SD SNe Ia are likely to originate from WDs whose companion accretion falls within a
narrow range which is also a function of the initial WD mass (Nomoto 1982).

Thus an SD progenitor system must meet several key requirements to produce an SN Ia
that we observe today. First, the system must be sufficiently massive to reach MCh even after
mass loss episodes leading up to the final accretion stage. Secondly, the orbital separation must be
sufficiently small to allow Roche lobe overflow to proceed when the secondary undergoes expansion
(either as part of late MS or the transition to the RG phase). Thirdly, the combination of the Roche
lobe overflow rate and the orbital separation (and also stellar metallicity) must produce an accretion
rate that falls within the stable accretion range, as well as an accretion rate sufficient to drive the
WD toMCh within a Hubble time.
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Double Degenerate Evolution

In the double degenerate scenario, two CO-WDs in a binary system merge after orbital
decay due to gravitational radiation. A major advantage for this scenario in explaining SNe Ia is the
natural lack of unburned H and He material in the system. However, the large range of allowable
progenitor system masses presents a challenge in explaining the uniformity ofSN Ia brightnesses.

Though DD systems end up as two CO-WDs, several potential routes to this end state
are possible. Initially the more massive of the two stars in the system (the primary) evolves off
the main sequence to become a WD. When the less massive star (the secondary) evolves off the
main sequence and begins to fills its Roche lobe, the outer H and He layers of the star are stripped
in an episode known as a “common envelope” (CE) phase. This stripping ofthe outer layers of
the secondary carries away a significant amount of angular momentum andthe total system orbital
separation decreases significantly.

All DD systems should undergo at least one CE phase, but the next stageof binary evo-
lution is dependent on the masses and orbital separation of the binary afterthis first CE episode.
Mennekens et al.(2010) describe two possible channels to SNe Ia from this stage. In the first, some
steady mass transfer occurs between the WDs via Roche lobe overflow, and the WDs merge after a
relatively long (∼1 Gyr) time. In the second, an additional CE phase brings the WDs to extremely
close orbital separations so that they merge on a very short (∼100 Myr) time scale.

Alternatively,Blais & Nelson(2011) proposed a “single-CE” channel of the DD scenario
in which the two stars in the DD system begin with very similar masses (M1/M2 > 0.95). The
two stars evolve off the main sequence almost simultaneously and undergo a single very large CE
episode. The remnant WDs then merge after the usual orbital energy dissipation via gravitational
radiation.

SN Ia progenitor systems in the DD scenario then must originate from binarieswhere the
initial masses and separation of the two stars produce a binary evolution which results in two WDs.
These WDs must have sufficient mass to exceedMCh and must be separated by a distance suffi-
ciently close so that they merge within a Hubble time. The requirements for DD progenitor systems
are much more dependent on binary dynamical evolution (and stellar evolution of the individual
stars) than potential SD progenitor systems.

Observational Predictions of SD vs. DD

The requirements for the SD and DD scenarios can be combined with binary population
synthesis techniques to predict rates of SNe Ia in each scenario at a function of stellar age for a
(theoretically) instantaneous burst of star formation. This rate versus age relationship is known as
the SN Iadelay time distribution (DTD), and is one of the key predictions of any SN Ia model.
The theoretical DTD can be compared to observations of the ages of SN Iahost stellar populations,
which we will describe in detail in the next Section.

Signatures of the progenitor system in SN Ia observations are somewhat tenuously pre-
dicted by theories at this time, but several interesting possibilities have been proposed. A large
amount of circum-stellar material (CSM) left in the vicinity of the SN Ia progenitor system would
produce spectroscopic evidence of the SN ejecta interacting with the CSM, as well as possible light
echoes at late times. However, this involves detailed mass loss estimates for the system prior to the
SN itself, a very complicated and variable process.
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An interesting observable signature expect for a SD system is partial occlusion of the SN
due to the companion star being aligned along the observer’s line of sight to the exploding WD.
Kasen(2010) showed that MS companions in the SD scenario would produce only very modest
changes to the SN Ia light curve and spectra which could be realistically detected only at very early
times. However, they showed that an RG companion would produce fairly significant alteration of
the early SN Ia light curves.Tucker(2011) andHayden et al.(2010) examined light curves from the
ESSENCE and SDSS-SN surveys, respectively, and found no clear detections of such signatures,
indicating the WD+RG channel must produce at most a very small fraction (< 0.25) of the total
SN Ia population.

2.1.3 Metallicity Effects in SNe Ia

The study of progenitor metallicity effects on the spectra and light curves ofSNe Ia is an
active field of research, with many theoretical predictions resulting from hydrodynamical explosion
modeling. Hoeflich et al.(1998) produced a suite of SN Ia delayed detonation models in which
they varied the pre-explosion heavy element abundances and inspectedthe resulting SN Ia spectra
and light curves. They found only modest changes in the SN Ia spectrumin the optical but some
increased variation in the near-UV, with the magnitude of these changes varying with the amount of
mixing assumed for the ejecta. They also found that increasing the progenitor metallicity produced
more54Fe in the SN explosion and thus less56Ni, resulting in a fainter SN Ia. The parametrized
deflagration models analyzed byLentz et al.(2000) at various metallicities produced stronger vari-
ations in the optical spectrum of SNe Ia than those found byHoeflich et al.(1998), and resulted in
UV variation opposite to that of the other study. As stated inLentz et al.(2000), the uncertainty in
hydrodynamical modeling and the strong blending of lines in SN Ia spectra make it very difficult to
predict spectroscopic features that could be used for reliably measuring SN Ia progenitor metallic-
ity. Thus while these models are greatly insightful for investigating the physicsof SNe Ia, they are
not yet predictive enough to provide observable measures of SN Ia progenitor metallicity.

Timmes et al.(2003, hereafter TBT) investigated the effect of progenitor metallicity in
terms of the nuclear burning products, and found that a high abundanceof neutron-rich14N from
the CNO cycle in high metallicity WDs resulted in an overproduction of58Ni at the expense of
56Ni, thereby decreasing the resultant SN brightness (note this is similar to the effect predicted by
Hoeflich et al. 1998). Observational tests of this theory using host galaxy data have been conducted
by several groups, and will be discussed in the next Section.

A popular interpretation of the observed correlation between (uncorrected) SN Ia bright-
nesses and the morphology (or mass) of their host galaxy is that this is the product of a progenitor
age effect. More massive galaxies and earlier type galaxies tend to have much older stellar popula-
tions than less massive or later type galaxies. Thus it appears that younger stellar populations give
rise to brighter, slower declining SNe Ia. The work ofUmeda et al.(1999a) was partly motivated
to explain this trend, and indeed reproduces the age-luminosity trend. In their models, older WDs
have a lower C/O ratio (more C→O fusion has taken place) which results in a fainter SN Ia (due to
less nucleosynthetic energy being available). This effect also has some modest dependence on the
progenitor metallicity, which affects both the evolution timescale for the WD as wellas its final C/O
ratio.

A particularly interesting prediction for the effect of progenitor metallicity on the prop-
erties of SNe Ia is that ofKobayashi et al.(1998); Kobayashi & Nomoto(2009), who predict that
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SNe Ia cannot occur below a metallicity of[Fe/H] . −1.1. In their model, SNe Ia form in the SD
scenario where the WD undergoes stable accretion from its less evolved companion, and this accre-
tion is stabilized by a steady outflow wind from the surface of the WD. Fe is the primary source of
opacity in this wind, and if the metallicity is too low then the accretion rate is too high andbecomes
unstable, preventing the WD from successfully accreting enough materialto reachMCh. Thus they
predict a low metallicity threshold below which the SN Ia rate is decreased by several orders of
magnitude (to effectively zero). Their model has important consequences for Galactic chemical
evolution, as it provides a means for SNe Ia to start contributing Fe to the ISMmuch later than core
collapse SNe contributeα-elements and thus explain the high[α/Fe] ratios found at low-metallicity
([Fe/H] . −1) in the Milky Way. More importantly for SN Ia cosmology, their model naturally
predicts a decreased rate of SNe Ia at higher redshifts, an important consideration for planning of
future high-redshift ground- and space-based SN Ia searches. Few SNe Ia have previously been
found in galaxies whose metallicities could approach this threshold, but the sample of SNfactory
found numerous SNe Ia whose hosts could potentially test this prediction, and we revisit this with
our data in Section5.3.

2.2 SN Ia Host Galaxies

The study of SN Ia host galaxies provides both indirect clues into the nature of SN Ia
progenitors as well as a critical cross-check on potential biases in SN Iabrightness correction tech-
niques. Correlations of observed SN Ia brightnesses with the propertiesof their host galaxies has
yielded clues to the possible effect of progenitor age on SN Ia brightness, while correlation of the
corrected SN Ia brightnesses with the properties of their hosts has illuminated a potential short-
coming in current SN Ia standardization techniques. The study of SN Ia rates as a function of host
properties, as well as the distribution of SNe Ia within their hosts, have shown differing rates of
SNe Ia at different progenitor ages, leading to measurements of the distribution of SN Ia progenitor
ages.

2.2.1 SN Ia Brightnesses and Host Galaxy Properties

Early studies of SN Ia host galaxies found qualitative evidence for a correlation be-
tween the observed peak magnitude, light curve decline rate, and expansion velocity of an SN Ia
with the morphological type of its host galaxy (Filippenko 1989; Branch & van den Bergh 1993;
Hamuy et al. 1996). It was observed that brighter slower declining SNe Ia preferentially occur in
later type (spiral and irregular) galaxies, while fainter slower declining SNeIa preferentially occur
in earlier type (elliptical and S0) galaxies. Similarly, the observed brightnesses of SNe Ia correlate
with the stellar mass of their host galaxy (e.g.Howell et al. 2009), such that more massive hosts
produce preferentially fainter SNe Ia. As the mean properties of stellar populations in galaxies vary
along the morphological sequence as well as with stellar mass, these correlations provided indica-
tions that the properties of SN Ia progenitors affect the brightness of theSNe themselves. Though
stretch-based luminosity corrections appear to account for this progenitor-driven luminosity depen-
dence, concerns remain that the remaining scatter in SN Ia brightnesses could be caused by intrinsic
SN Ia progenitor diversity that evolves with redshift.

As stated above,Timmes et al.(2003, TBT) predicted a decreased SN Ia brightness for
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high metallicity progenitors, which could potentially introduce cosmological biases if it is present
and not corrected for in SNe Ia. The TBT theory has been tested in observational SN Ia data sets at
high redshift (Howell et al. 2009) and in the local universe (Neill et al. 2009). In both studies, the
photometrically-estimated stellar mass of the SN Ia host galaxies was used as a proxy for metallicity
by invoking the well-known mass-metallicity (MZ) relation (Tremonti et al. 2004; Lee et al. 2006).
The56Ni masses were calculated by combining the peak bolometric SN Ia luminosity and itsoptical
rise time using Arnett’s Law (Arnett 1982). Though these authors found tentative evidence for a
decrease in the average56Ni production (binned in host mass) in SNe Ia at high host metallicities,
the scatter in56Ni was sufficiently large to be consistent with no trend.

Recent studies examining the correlation of SN Ia Hubble residuals with hostgalaxy mass
(Kelly et al. 2010; Sullivan et al. 2010; Lampeitl et al. 2010) have detected evidence of correlations
that could introduce subtle biases to the estimation of cosmological parameters.All of these stud-
ies found that thecorrected brightnesses of SNe Ia (after stretch and color corrections) correlate
with the stellar masses of their host galaxies. The popular interpretation of thisresult has been a
possible residual correlation of SN Ia brightness with progenitor metallicity, perhaps caused by the
TBT effect. Indeed,Kasen et al.(2009) examined the effect of including TBT in hydrodynamical
explosion modeling of SNe Ia, and found that the stretch-luminosity relationship for high- and low-
metallicity SNe Ia was different in a way whichSullivan et al.(2010) showed to be qualitatively
consistent with their observations. The true origin of this correlation remainsunknown, and is a key
point of interest for study in this thesis (see Chapter6).

2.2.2 SN Ia Rates and Host Galaxy Properties

The measurement of SN Ia rates as a function of the properties of their host galaxies
is a powerful tool for constraining SN Ia progenitor models. In particular, the rate of SNe Ia in
environments of different stellar ages provides information about the efficiency of SN Ia production
as a function of stellar age, a key quantity predicted by many SN Ia models from stellar and binary
evolution modeling. Below we briefly outline the method of measuring SN Ia rates,then discuss
recent studies of SN Ia rates and the insight they have provided with regard to SN Ia progenitor
models.

The general method for measuring SN Ia rates as a function of stellar mass or luminos-
ity involves careful study of not only the host galaxies of those SNe Ia discovered, but also all field
galaxies observed in the survey in which an SN could have been detected.For each observed galaxy,
the SN Ia rate is derived from a quantity known as the control time (Zwicky 1942; van den Bergh
1991; Cappellaro et al. 1997; Leaman et al. 2011), which essentially captures the total time during
which the SN could have been observed in that galaxy. This value is a function of the assumed SN
luminosity function, the distance of the observed galaxy, and the limiting magnitudeof the SN sur-
vey. For repeated observations where the observation interval is shorter than the maximum possible
SN control time for that galaxy, the control time for that observation is then theinterval between
subsequent observations. Coupling this control time to the mass or luminosity ofthe galaxy and
summing over the whole survey yields SN rates as a function of galaxy stellar mass or luminosity
(see Leaman et al. 2011, for a thorough description). SN rates are typically reported in units of
SNuX, the number of SNe per century per1010L⊙ in band X, or SNuM, the number of SNe per
century per1010M⊙, while rates for an individual galaxy are typically reported in simple SNu (SNe
per century). For a galaxy with the size and star-formation intensity of the Milky Way, the typical
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SN Ia rate would be approximately 0.5 SNu (Li et al. 2011).
SN Ia rates studies from a few years ago discovered that the SN Ia rate isdependent on the

properties of the SN Ia host galaxies.Mannucci et al.(2005) found that SN Ia rates in redder and
earlier type galaxies were significantly lower than the rate in bluer later type galaxies. Similarly,
Sullivan et al.(2006) showed that galaxies with a higher specific star formation rate (sSFR, the SFR
per unit stellar mass) had higher SN Ia rates. These and other authors (Scannapieco & Bildsten
2005; Mannucci et al. 2006; Aubourg et al. 2008) interpreted these observations as an indication
that SNe Ia arose from both old and young stellar populations. The rate ofSNe Ia from old stellar
populations (dubbed “tardy” or “delayed” SNe Ia) is proportional to thetotal stellar mass of the
galaxy, while the rate of SNe Ia associated with young stellar populations (dubbed “prompt” SNe Ia)
is proportional to the galaxy star formation rate. This was dubbed the two-component or “A+B”
model byScannapieco & Bildsten(2005) with a total SN Ia rate described by the equation:

SNR = A ·M∗ +B · SFR (2.1)

whereM∗ is the total galaxy stellar mass,SFR is the galaxy star formation rate, andA andB are
the rate constants for the two components. This relation is in fact a simplification of the more com-
plicated effect of the SN Ia delay time distribution, which we discuss in the observational context
below and revisit as part of the analysis in Chapter5.

2.2.3 Observational Measurements of the SN Ia Delay Time Distribution

Perhaps the most effective constraints on SN Ia progenitors models havecome from ob-
servational measurement of the SN Ia delay time distribution (DTD). The DTD represents the rate
of SNe Ia as a function of time following an instantaneous burst of star formation. In theory the
DTD is set by the physics of SNe Ia, specifically the stellar and binary evolution of the SN Ia pro-
genitor system. In practice it is measured from the ages of SN Ia host galaxy stellar populations and
the relative rates of SNe Ia at various progenitor ages. This is a complex procedure which we will
briefly outline below, and present some of the recent measurements of the DTD and its constraining
power on SN Ia progenitor models.

There are several practical methods for measuring the SN Ia DTD (seeMaoz 2010, for
a thorough review), all of which rely on the same underlying principles. The rate of SNe Ia in a
galaxy as a function of timeRIa(t) is the convolution of the galaxy’s star formation historyψ(t)
and the SN Ia DTDη(t):

RIa(t) =

∫ t

0
ψ(t− τ)η(τ)dτ (2.2)

This illustrates the basic principle of measuring the DTD: one must measure the SN Ia rate and
the star formation histories of the observed galaxies and from this informationperform an effective
deconvolution to recover the SN Ia DTD.

Early attempts to constrain the SN Ia DTD simplified the above problem by considering
the SN Ia rate in broader age bins. Indeed the “A+B” formalism effectively splits the SN Ia DTD
into two age bins such that the observed SN Ia rate today is proportional to the sum of the rate in old
stellar populations (“A”) multiplied by the total star formation in the old age bin (i.e. the total stellar
massM∗) and the rate in young stellar populations (“B”) multiplied by the star formation rate in the
young age bin (i.e. the current SFR). Implicit in this simplification is the assumptionthat the DTD
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is only weakly varying over the whole age bin (which is not true, see below)and the coefficients
“A” and “B” trace the average DTD value in their respective bins.

A slightly more sophisticated analysis in this spirit was conducted byTotani et al.(2008)
who measured the rate of SNe Ia in elliptical galaxies as discovered by the theSubaru/XMM-
Newton Deep Survey (SXDS). Here they used the mean stellar age of eachgalaxy in the survey to
assign each galaxy to an age bin, and measured the SN Ia rate per unit massfor each bin. They
found that a simple power law functional form for the SN Ia DTD withη(t) ∝ t−1 fit their data
well.

Perhaps the first comprehensive SN Ia DTD analysis was conducted byMaoz et al.(2011),
who measured the SN Ia DTD using SNe Ia discovered by the Lick Observatory Supernova Search
(LOSS). Using spectra of the∼15,000 galaxies in the LOSS survey, they used the code VESPA
(Tojeiro et al. 2007) to derive the star formation histories of all galaxies in the LOSS survey. This
measurement coupled with the SN Ia rates form the survey enabled a measurement of the SN Ia
DTD. Their values, when coupled with other measurements (Maoz 2010), are consistent with a
power law SN Ia DTD ofη(t) ∝ t−1.1.

One very broad application of the general DTD method is to compare the global SN Ia
rate as a function of redshift compared to the cosmic star formation history in order to derive the
SN Ia DTD. Such an analysis was undertaken inBarbary et al.(2010), who derived the SN Ia rate
at0.9 < z < 1.45 and used other SN Ia rates to constrain the form of the SN Ia DTD. Their results
are consistent with a power law SN Ia DTDη(t) ∝ ts with exponents = −1.3 ± 0.5, consistent
with previous measurements.

Thus the measurement of the SN Ia DTD is a rapidly advancing field which shows promise
for constraining SN Ia progenitor scenarios. Unfortunately, as often happens, many SN Ia progenitor
models are now fine tuning the variable parameters of their models to match the observed SN Ia
DTD. However, as observational constraints improve the DTD estimate, the DTD will continue to be
a powerful tool for constraining SN Ia progenitors, especially when coupled with other observable
SN Ia properties.

2.2.4 Spatial Distributions of SNe Ia in their Host Galaxies

While the study of global SN Ia host galaxy properties provides informationabout the
statistical sample of stellar populations from which SNe Ia are drawn, the study of local stellar
populations in the SN Ia vicinity (as compared to those across the whole galaxy) provides a more
detailed picture of preferred SN Ia birth environments. Such studies are challenging, however, as
they are limited by the spatial resolution of the SN Ia host galaxies, which typically limits such
studies to very nearby SN Ia hosts. Below we will describe some results from such studies and how
they have shed light on SN Ia progenitors.

Fruchter et al.(2006) andKelly et al.(2008) conducted very similar analyses of the loca-
tion of gamma ray bursts (GRBs) and SNe of all types within their host galaxiesin order to compare
the environment preferences of these various transients. In both studies, they used optical photom-
etry of the transient hosts and rank-ordered the pixels within the galaxy byintensity. They then
assigned a score to the transient based on the intensity of the pixel at the transient’s location with
respect to the total optical flux in the galaxy such that a score of 0 corresponded to the faintest
galaxy pixel and a score of 1 the brightest, and a score of 0.5 meant that half the galaxy flux was
contained in pixels of lower intensity than the pixel where the transient was located. They then
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compared the cumulative distribution function of these scores for all transients of a given type and
examined which transients had the most similar or dissimilar distributions. They found that SNe
Ib/Ic and long-duration GRBs had similar distributions, while SNe Ia and SNe II exhibited clearly
different distributions. While these analyses did not necessarily predictthe progenitor mechanism
for these transients, they did provide a meaningful comparison from whichto asses progenitor simi-
larities across transient types.Raskin et al.(2008) sought to make the connection between these SN
location intensity distributions and the underlying progenitor mechanism (or more specifically the
DTD). They generated several galaxy evolution models from which they computed the final galaxy
optical density, and used various SN Ia progenitor delay times to predict thedistribution functions
of Fruchter et al.(2006) andKelly et al. (2008). While they found that a single progenitor age was
insufficient to reproduce the observed distribution, they demonstrated a means to connect such SN
spatial distributions with progenitor models which could potentially be employed in future studies.

In a somewhat analogous work,James & Anderson(2006) examined similar rank-order
pixel distributions for SNe of various types using Hα imaging to specifically trace galaxy star for-
mation. For SNe Ia, they found a large fraction of SNe Ia were associatedwith regions of no star
formation (score=0) while others were found in regions of star formation,even some in regions of
very vigorous star formation (score≈1). This observation gives qualitative support to the “A+B”
model where some SNe Ia are born from very old stellar populations while others are born from
very young stellar populations. Similarly,Förster & Schawinski(2008) examined the radial distri-
bution of SN Ia locations in (morphologically) elliptical galaxies. They found that the distribution
of SN Ia radii (as compared to the galaxy half light radius) was very consistent with a standard
de Vaucouleurs(1948) profile, implying that SNe Ia in old stellar populations indeed trace the loca-
tion of stellar mass in their host galaxies.
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Chapter 3

SN and Host Galaxy Data

In this Chapter we describe the data used for the analyses in this thesis. First we describe
the SNfactory experiment and the SN Ia data used in comparisons of SN Ia properties with the
properties of their host galaxies. We then describe the host galaxy photometric data set, including
our prescriptions for estimating galaxy stellar mass and star formation rate from photometry. Finally
we present the host galaxy spectroscopy from which host redshifts and gas-phase metallicities are
derived.

3.1 Supernova Sample: The Nearby Supernova Factory

The SNe Ia whose hosts are analyzed here were observed as part ofthe ongoing sci-
ence operations for the Nearby Supernova Factory (SNfactory –Aldering et al. 2002). The SNfac-
tory was designed to observe several hundred SNe Ia in the nearby smooth Hubble flow (0.03 <
z < 0.08) with the goals of achieving a deeper physical understanding of SNe Ia,building better
SN Ia templates for cosmological applications, and anchoring the low-redshift Hubble Diagram.
The SNfactory conducted its own SN Ia search from 2004-2008 and discovered several hundred
SNe Ia. Many of these SNfactory discoveries, as well as some publicly announced SNe Ia, were
followed extensively using our custom instrument SNIFS to obtain flux-calibrated spectral time
series. The details of these operations are described below.

3.1.1 SNfactory Search

From 2004 to 2008, the SNfactory conducted a wide-field search of the northern and
equatorial sky using the QUEST-II CCD camera (Baltay et al. 2007) on the Samuel Oschin 1.2m
Schmidt telescope on Mount Palomar, California, partly in collaboration with theJPL Near-Earth
Asteroid Tracking (NEAT) component of the Palomar-QUEST consortium. Typical search images
consisted of 60 s exposure with an RG610 filter, with each field revisited multipletimes in order
to detect asteroids (which we reject). The SNfactory search covered an average unique area of (on
average) 600 deg2 per night and covered over half the sky (≈20,000 deg2) each year.

Search data was transferred from Palomar to the High Performance Storage System (HPSS)
at the National Energy Research Scientific Computing Center (NERSC) in Oakland, California, via
the wireless HPWREN network and the ESnet network. The images were thenprocessed using the
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Parallel Distributed System Facility (PDSF) at NERSC. Images were bias subtracted, flat fielded,
and given astrometric solutions derived from matching field stars to the USNO-A1.0 POSS-E cata-
log (Monet 1996).

New search images and reference images were convolved to a common pointspread func-
tion (PSF) and scaled in flux in order to perform direct image subtraction. Potential new source ob-
jects in subtraction images were identified automatically using our custom pipeline and ranked by
a series of scores which were then passed to a boosted decision tree algorithm (Bailey et al. 2007).
Those new objects which passed a cut based on their final boosted decision tree score were passed
on to human scanners for visual confirmation of viable SN candidates. Typing of SN candidates
and followup of known SNe Ia was conducted with our instrument SNIFS, which will be described
below.

In 28 months of searching, the SNfactory discovered over 1000 supernovae of all types,
and spectroscopically confirmed over 600 of those. A total of 396 SN Ia discoveries were spec-
troscopically confirmed, and SNe Ia discovered before B-band maximum light (as estimated by
spectroscopic typing) were followed up extensively with SNIFS. In addition to those SNe Ia dis-
covered by SNfactory, some SNe Ia discovered by other searches were followed with SNIFS. This
work analyzes all SNe Ia discovered or followed by SNfactory, a total of 469 SNe Ia observed from
2004-2010.

3.1.2 SNfactory Followup: SNIFS

Spectroscopic typing of search candidates and followup observations of SNe Ia were ob-
tained with the SuperNova Integral Field Spectrograph (SNIFS –Aldering et al. 2002; Lantz et al.
2004), mounted continuously on the University of Hawaii 2.2-m telescope on Mauna Kea. SNIFS
is a custom built integral field spectrograph optimized for observing point sources on a diffuse
background. Its 6′′×6′′ field of view (FOV) is broken into a 15×15 spatial grid by means of a
micro-lens array (MLA) which focuses the light from each spatial element(spaxel) before passing
it through a dispersing element. SNIFS has two spectroscopic channels which cover simultaneously
3200-5200Å (blue) and 5100-10000̊A (red) with moderate resolution (∼3 Å). Simultaneous to
spectroscopic observations, the field surrounding the SN is monitored with the SNIFS photometric
channel equipped with the SNIFS “multi-filter”. The multi-filter is composed of filters of various
pass bands spanning the full SNIFS spectroscopic range and is used tomonitor field stars in order
to simultaneously monitor atmospheric extinction, thereby enabling observationsunder non-ideal
photometric conditions. SNIFS is also equipped with an internal calibration unitwith arc lamps and
continuum lamps, and observation of spectrophotometric standard stars are routinely used to derive
accurate flux calibration for all observations.

The novel aspect of SNIFS is that it enables us to observe supernovae spectrophotometri-
cally, meaning we obtain spectra derived from the full object source fluxwithout suffering the usual
slit loss of longslit spectroscopy. Our flux-calibrated spectral time series(an example of which is
presented in Figure3.1) then provide direct measurement of the SN Ia spectral energy distribution
(SED) at multiple epochs. Classical photometry magnitudes for various filters(e.g.B, V ,R) can be
synthesized directly by convolving the filter throughputs with the observed SN SED. This is directly
analogous to many stellar population synthesis analyses which use model stellar population SEDs
convolved with filter throughputs to predict broadband magnitudes for comparison to observations.
For our SN work, we measure the SED directly and synthesize magnitudes in order to apply the
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standard SN Ia light curve analysis techniques. One major advantage of our approach is that we
are able to circumvent the standard S- and K-corrections (see below). Additionally, the wealth of
information contained in the spectral time series is unique in the field of SN Ia physics and provides
insight into new ways to standardize SNe Ia. The unique science possible with the SNfactory data
set will be described below.

3.1.3 SNfactory Light Curve Fits

The typical method for measuring cosmological distances with SNe Ia is to observe their
light curves and compare their (stretch- and color-corrected) fitted peak brightnesses to their ex-
pected peak brightnesses. Here we will describe the general methods for doing so, and the specific
light curve fitting implementation used by SNfactory.

Light Curve Fitting Techniques

To use an SN Ia for measuring cosmological distances, we must measure its peak mag-
nitude (typically inB-band), light curve width, and color. These are typically derived by obtain-
ing broadband photometry of the SN at multiple epochs and fitting for these parameters using a
SN Ia light curve (LC) template. Probably the two most popular light curve fitting tools are MLCS
(Riess et al. 1996; Jha et al. 2007) and SALT (Guy et al. 2005, 2007), which have very different
treatments of SN Ia LCs that will now be briefly described.

The Multicolor Light-Curve Shapes (MLCS) method of fitting SN Ia photometry was
first developed byRiess et al.(1996) and later refined into its modern form known as MLCS 2k2
(Jha 2002; Jha et al. 2007). This code assumes that the LC shape is a function only of a single
width parameter∆, and that variations in the color or SNe Ia are the result of obscuration by
foreground dust which obeys the reddening law (R) of CCM (Cardelli et al. 1989). Their model
then is described by the equation:

m(t− t0) = µ0 +M0 + P∆ +Q∆2 +AV R (3.1)

The template light curve shape (M0, P , andQ) is derived from a set of training data (typically from
low-redshift SNe Ia), and this template is then applied to observed SN Ia lightcurves to derive their
decline rate∆m15 (defined as the decline in the SN Ia brightness in magnitudes from peak to 15
days after peak) and color (as parametrized by the visual extinction in magnitudesAV ).

The Spectral Adaptive Light-curve Template (SALT) method was developedby Guy et al.
(2005, 2007) and uses a spectrophotometric SN Ia template. The template models the SN Ia spectral
energy distribution (SED) as a function of phasep (date with respect to maximum light) according
to the formula:

F (p, λ) = x0 × [M0(p, λ) + x1M1(p, λ) + ...] × exp[cCL(λ)] (3.2)

wherex0 is related to the peak luminosity,c is the color parameter (defined byB−V color at max),
CL(λ) is the color correction law, and the componentsMi describe the SN Ia spectral template
according to the components which encapsulate the most SN Ia variability. Theparameterx1 is
ultimately very closely tied to LC width, and the color law corrects simultaneously for intrinsic
color variations and extrinsic reddening due to dust (without distinguishingthe two).
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Figure 3.1 An example SNfactory spectral time series, here for the SN Ia SNF20080514-002.
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Figure 3.2 Example K-Corrections fromNugent et al.(2002).

K-Corrections and S-Corrections

When using SN Ia data to constrain cosmological parameters, complications arise from
the inhomogeneities between and within SN Ia data sets due to different instrument throughputs
and different SN redshifts. When SNe are at different redshifts, thesame observer-frame filter
samples different parts of the SN SED in its rest frame. This is illustrated in Figure 3.2, taken from
Nugent et al.(2002), which shows how the sampling of filters at certain redshifts approximate (or
don’t) those of different filters in rest-frame. In the first example shown(top panel), theR- andI-
band filters sample the SED of a supernova at redshiftz = 0.47 in a very similar way to rest-frame
B- andV -band filters. Thus comparing the fluxes in these redder bands for the high-redshift SN
to the blue bands of low-redshift SNe is likely to suffer from only minor systematic errors. The
situation in the lower panel is precisely the opposite: the redder filters in observer-frame sample
regions of the SN SED that fall between the bluer filters in rest-frame.

The standard method used to correct this effect is to employ what are known as cross-filter
K-corrections (?Kim et al. 1996; Nugent et al. 2002). In this technique, an assumed form of the SN
SED is convolved with the filter throughputs in rest frame and observer frames to estimate the
amount of flux that would have been measured in the desired rest-frame filter (i.e.B or V from the
previous example) given a flux measured in the observer-frame filter (R or I above). Analytically
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K-corrections take the form:

Kxy = −2.5 log

(
∫

λZ(λ)Sx(λ)dλ
∫

λZ(λ)Sy(λ)dλ

)

+ 2.5 log(1 + z) − 2.5 log

(
∫

λF (λ)Sx(λ)dλ
∫

λF [λ/(1 + z)]Sy(λ)dλ

)

(3.3)
whereF (λ) is the assumed form of the SN SED,Z(λ) is the SED of some zeropoint source whose
colors are (by construction) equal to 0, andSx(λ) andSy(λ) represent the throughputs of the rest
frame (B/V ) and observer frame (R/I) filters respectively.

A subtler variation of this principle takes the form of what is known as anS-correction
(Suntzeff 2000). This term is calculated to account for the differing instrument throughputs for the
same fiducial filter. For example, the transmission profiles of the optics in different telescopes is
almost certain to be different, so even filters with the same coatings will produce different overall
throughput when considered with the instrument. The analytical correctionworks exactly the same
way as for cross-filterK-corrections.

SNfactory Light Curves

SNfactory SN Ia light curves are synthesized from flux calibrated spectral time series in
three filters approximating the same wavelength ranges as the standard BesselB, V , andR filters.
These filters, labeledBSNf , VSNf , andRSNf are simple boxcar functions in wavelength. The
synthesized photometry points (and filter throughputs) are analyzed usingSALT2 to derive theB-
band peak magnitude (mB), stretch (x1), and color (c) for each SN Ia. An example SNfactory SN Ia
LC and its best SALT2 fit (and1σ errors) are shown in Figure3.3.

Cosmological analyses then use the observed distance modulus (µB = mB −MB) and
redshift values compared to those predicted by a set of cosmological parameters. The difference
between the observed brightness of an SN Ia and that predicted by the best fit cosmology is known
as theHubble residual and is defined as:

dµB = mB −MB − µ(z;H0,ΩM ,ΩΛ) (3.4)

After application of empirical corrections for light curve stretch and color, the corrected Hubble
residuals are:

dµB,corr = dµB + α · x1 − β · c (3.5)

In this (and most other) cosmological analysis, a combined minimization procedure is conducted
to minimize the sum of the corrected Hubble residuals. The best fitting values ofH0, ΩM , ΩΛ,
MB, α, andβ are found by this minimization procedure, and final Hubble residuals are computed
using these values. Since SNfactory cosmology results are still being developed, the cosmological
parameter values used here (and in our previously published analyses)are derived from SNfactory
data alone and left blinded.

3.1.4 SNfactory Science

The novel spectral time series data of SNfactory has enabled scientific analyses involving
both SNe Ia with interesting spectroscopic behavior, as well as investigationof new techniques for
standardizing SNe Ia for cosmology.
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Figure 3.3 An example SNfactory light curve synthesized from an SNfactory time series, again for
SNF20080514-002. The three filters shown here are labeledBSNf , VSNf , andRSNf . These filters
have similar wavelength coverage to the standard BesselBV R filters, but are idealized filters with
a boxcar throughput function. The solid lines are the best fit SALT2 LC template synthesized for
the same three filters. The filled bands correspond to the1σ errors on the best fit LC template.
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SNfactory observations of several unique SNe Ia have provided newinsight into the nature
of SNe Ia. InAldering et al.(2006), we analyzed the spectral time series of SN 2005gj, a unique
SN Ia with clear IME absorption features but with unusual Hα emission. We showed that this
emission is very likely to be a signature of interaction of the SN ejecta with a circum-stellar medium
(CSM), which due to its high electron density we argued could potentially be left over from the
WD’s accretion disk. Our early spectra of SN 2006D (Thomas et al. 2007) showed unambiguous
detection of carbon absorption features, indicating the presence of unburned carbon not consumed
during the SN Ia explosion. This result has important implications for the amount of mixing in
the SN Ia ejecta and possibly also the nature of the explosion mechanism. Our spectroscopy and
photometry of SN 2007if (Scalzo et al. 2010) provided strong evidence that this SN Ia originated
from a progenitor system whose mass significantly exceededMCh, and the study of its young low-
metallicity host galaxy (Childress et al. 2011) provided constraints on both the age and metallicity
of its likely progenitor system (and was one of the projects comprising this thesis– see Chapter4).

The unique nature of SNfactory data allows the investigation of alternate SN Ia bright-
ness standardization techniques using the full SN Ia SED. Our first suchanalysis was presented in
Bailey et al.(2009), where we investigated the use of spectral flux ratios as an SN Ia standardization
parameter in the same sense as stretch and color in the traditional SN Ia cosmology technique. We
showed that the ratio of SN Ia fluxes at two wavelengths as measured froma single SN Ia spectrum
could standardize SN Ia brightnesses to better than 0.13 mag (RMS of Hubbleresiduals, equivalent
to 7% in distance), an improvement over the usual stretch- and color-corrected brightnesses which
typically achieve about 0.16 mag precision (8% distance). This standardization technique will be
revisited below in our investigation of SN Ia Hubble residual correlations withthe properties of their
host galaxies (Chapter6).

One of the major frontiers in SN Ia standardization today is the separation of intrinsic
SN Ia color from extrinsic reddening due to dust. The SNfactory data setenabled us to conduct a
unique investigation of this effect inChotard et al.(2011). In that analysis, we derived empirical
linear correction factors for the brightnesses of SNe Ia at ALL wavelengths (i.e. spectral correction
laws) using the equivalent widths of the Si IIλ4131 and Ca II H&K SN Ia spectral absorption
features. This effectively removed the influence of light curve width (viaSi II) and intrinsic color
(via Ca II) on the brightnesses of SNe Ia, and also allowed us to determine aspectroscopic color law
for extrinsic reddening due to dust (which we found to be close to the Milky Way reddening law).

3.1.5 SNfactory Host Galaxy Sample

The full sample of SNe Ia discovered by the SNfactory provides a uniqueadvantage in
the study of SN Ia host galaxies because the nature of the SNfactory search provided an impartial
sample of SN Ia environments. Here we will discuss some of the advantages of the SNfactory host
galaxy sample in the study of SN Ia progenitors and environments.

The SNfactory was the first large area nearby SN survey employing CCDs that did not
specifically target known galaxies. Thus the parent sample of galaxies targeted in the SNfactory
search is representative of a normal field galaxy sample found from anyrandom patch of sky. Thus
our sample of SNe Ia is likely to be the sample with the least amount of bias against selection by
host properties.

The discovery efficiency of SNfactory was determined to be very good.The ability of
our search algorithms to detect new objects was rigorously tested by injectionof artificial SNe into
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Figure 3.4 FromBailey et al.(2009), Hubble residuals for SNfactory SNe Ia using several stan-
dardization techniques: (top) single flux ratio corrections, (middle) flux ratioand color corrections,
and (bottom) standard stretch and color corrections. Single flux ratios alone produce better Hub-
ble residuals than standard techniques, and the inclusion of a color correction further improves the
SN Ia standardization.
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search images which were then run through the same object detection code as the true search data.
We found our detection efficiency to be very high across the full range of galaxy sizes and types,
with only a marginal decrease in efficiency in the bright cores of some galaxies. This likely results
in a minimal reduction in sample completeness since the number of SNe directly on thegalaxy
core is likely to be small. We also checked the efficiency of our boosted decision tree algorithm to
select viable SN candidates by inspecting those candidate objects which slightly missed the boosted
decision tree cut. We found that the vast majority of these objects were image artifacts, and the
fraction of objects which might have warranted human scanning was very small.

Our prioritization of search candidates for spectroscopic screening was performed by a
skilled set of scientists, all of whom were either PhDs or graduate students, with no undergraduate
students or citizen scientists performing any of the “scanning” work. Furthermore, an analysis of
the rate at which search candidates were sent for spectroscopic followup showed no statistically
significant differences between 6 SNfactory scanners. Thus our followup prioritization was of a
high, uniform quality.

Of particular interest for some of our host studies (Section5.3) is the efficiency of finding
SNe Ia in low luminosity galaxies. In this regime, one possible source of concern could be the
potentially lower followup prioritization for SNe without a clear host comparedto those with clear
galaxy associations. This is unlikely to be a major problem, as SNfactory found a significant number
of SNe Ia and core-collapse SNe in low luminosity hosts. Specifically, we found a fair number of
SNe whose low luminosity hosts were not clearly visible in the shallower searchimages but were
identified later with deeper imaging (see Section3.2). Similarly, we found a number of previously
unknown cataclysmic variable stars, whose search images were clearly not associated with a host
galaxy and showed no detectable object in reference images at the candidate location. Moreover,
we also found a surprising fraction of SNe Ia with no identifiable hosts evenwith significantly
deep imaging (see Section5.3.2), so the lack of clear hosts in search data did not prevent us from
classifying objects found in our search.

However, we must note that one possible source of missed SNe in low luminosityhosts
could come from misclassification of faint blue hosts as QSOs by SDSS. It is aknown problem
for high redshift QSO target selection that low redshift blue dwarf galaxies have similar colors and
apparent magnitudes and thereby contaminate these samples. One cause for rejection of SNfactory
search candidates was if they occurred on a galaxy classified as a QSO by SDSS, so in principle
some SNe Ia in nearby blue dwarfs could have been rejected for this reason. However, we have a
log of all these instances and work by other in the SNfactory collaboration iscurrently underway
to assess this potential bias. We do note that this would only have been an issue for SNe in the
SDSS (pre-BOSS) field, which covered about half of the SNfactory search area. Thus this cannot
have removed all possible SNe in faint hosts, and is likely to have impacted only asmall fraction of
possible SNf.

We showed above that the overall search efficiency of SNfactory wastested to be very
high. This implies that the sample of SN Ia host galaxies from SNe Ia discovered by SNfactory is
likely to be very close to an unbiased representation of the true distribution ofSN Ia hosts. This
provides unique advantages in the study of SN Ia progenitors, which we will particularly exploit in
Chapter5.
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3.2 Host Galaxy Photometric Data

Photometric data for SNfactory SN Ia host galaxies was gathered from public sources as
well as targeted observations. Optical photometry was collected from the Sloan Digital Sky Survey
(SDSSYork et al. 2000) Eighth Data Release (DR8Aihara et al. 2011). NIR images from 2MASS
(Skrutskie et al. 2006) were obtained at the NASA/IPAC Infrared Science Archive (IRSA1). UV
data were obtained from the GALEX online data archive at MAST2.

The public photometric coverage of our hosts was very good. Roughly 75% of our hosts
fell within the SDSS photometric footprint (with a significant number added with the BOSS imaging
footprint added in DR8), 95% have 2MASS data, and 85% have GALEX AIS (All-Sky Imaging
Survey - a shallow imaging survey) images. Additionally, about 20% of our host have deeper
GALEX imaging, mostly from the MIS (Medium Imaging Survey). The typical photometric depth
for these surveys (for this work, this limit is effectively where the flux errors reach 5-10%) are
20th magnitude for SDSS, 17th magintude for 2MASS, 19th magnitude for GALEX AIS, and 21st
magnitude for GALEX MIS.

For those hosts without optical photometry from SDSS, we used our instrument SNIFS in
imaging mode to obtain optical images. SNIFS was also used to obtain deeper photometry for those
faint hosts whose SDSS images were not deep enough (typically formg > 19.0). For some hosts,
g-band photometry was obtained with Keck LRIS prior to spectroscopic observations of the hosts,
and was later zero-pointed to either SDSS or SNIFS photometry.

Below we describe our reduction of the SNIFS photometry, our method of combining
multi-band imaging data to obtain accurate common aperture photometry, and the means of deriv-
ing galaxy stellar masses and star formation rates from photometry. A mosaic image of several
SNfactory host galaxies is shown in Figure3.5, utilizing both SDSS and SNIFS optical data and
spanning a large range (4 orders of magnitude) of stellar masses.

3.2.1 SNIFS Photometry

For those hosts without publicly available optical photometry from SDSS, or those faint
hosts for which the photometric depth of SDSS was insufficient, we obtained optical photome-
try using the SNIFS instrument in imaging mode. The photometric imager (P-channel) on SNIFS
consists of two 2k×4k E2V CCDs, with one “guider” chip undergoing fast continuous readout to
perform guiding during observations, and the other “science” chip dedicated to photometry. In nor-
mal SNIFS SN Ia observation mode, the P-channel uses our custom “multi-filter” (see description
above). The SNIFS P-channel is also equipped with a variety of broadband filters covering the full
science chip, including the standard Gunnugriz filters employed by SDSS. Because the SNIFS
P-channel CCDs are different from those on the SDSS imager, the effective SNIFS filter through-
puts vary slightly from those of SDSS. We show in Figure3.6the fiducial SNIFS filter throughputs
derived from the throughput of all the optical components involved and our Mauna Kea extinction
curve (Buton et al., in prep.) compared to the SDSS filter throughputs.

SNIFS images were processed in IRAF3 using standard techniques. Overscan subtraction

1http://irsa.ipac.caltech.edu
2http://galex.stsci.edu
3IRAF is distributed by the National Optical Astronomy Observatory which is operated by the Association of Univer-

sities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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Figure 3.5 A subsample of the SNfactory host galaxies, presented ingri color composites. Galaxies
are order by stellar mass from highest (upper left) to lowest (lower right).
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Figure 3.6 SNIFS filter throughputs, compared to those of SDSS.

was performed for both amplifiers on the science chip, and data from eachamp scaled by its gain.
Images were trimmed to remove occultation by the filter casing, then divided by normalized flatfield
dome images to remove pixel variations in detector efficiency. For the reddest filters (i- andz-band),
fringe patterns were removed by scaling a master fringe frame to the fringingmeasured in sky pixels
for each science image. Master fringe frames were constructed from numerous long exposures, and
identification of sky pixels and fringe scaling were performed using customsoftware. Cosmic rays
were then removed usingLA Cosmic (van Dokkum 2001). Astrometric solutions for all images
were derived usingWCSTools (Mink 2006), then refined usingSCAMP (Bertin 2006) matching to
2MASS (Skrutskie et al. 2006). Images from fields with multiple exposures were combined with
SWARP (Bertin et al. 2002) using median addition.

The observing priorities for the SNIFS host photometry program were to obtaing-band
andi-band photometry of all our hosts. The opticalg− i color is a very good color for determining
mass-to-light ratios (Gallazzi & Bell 2009) and thus serves as a minimal filter set for obtaining
accurate galaxy masses. Many observations were taken between the Seventh Data Release (DR7
Abazajian et al. 2009) and Eighth Data Release (DR8Aihara et al. 2011) of SDSS, which added a
significant area to the SDSS imaging footprint. Thus we have a large number of fields observed in
the SDSS footprint, especially ing andi, and with many of those observed on photometric nights
when photometric calibration solutions were derived. This enables both the study of SNIFS-SDSS
color terms as well as an independent measurement of the accuracy of our photometric calibrations,
and we describe these two studies below.

Photometric zeropoints for imaging in the SDSS footprint were obtained by matching
photometric measurements of field stars from each science image to their valuesin SDSS DR8.
Formal zeropoints and their uncertainties were derived as the weighted mean (weighted by photo-
metric error) of the zeropoints for individual field stars after the exclusion of severe outliers. In
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Table3.1we summarize the total number of fields visited in each band, the average zeropoint error
for a given field, and the total number of stars matched over all fields. Mostof our zeropoints are
derived from≈ 30 field stars and have an accuracy of 0.01-0.02 mag.

As stated above, the filter throughputs from SNIFS differ slightly from those of SDSS, so
we might expect small but nonzero color terms between the two filter sets. We can measure these
from the same field stars used for zeropointing SNIFS photometry in the SDSSfootprint. To do so,
we compare the residual magnitude offsets (after application of the fitted zeropoint) of these field
stars as a function of their color (as measured by SDSS). We derive the weighted mean offsets in
bins of color (typically 0.2 mag wide) and perform a minimization to derive the optimal color term
and its uncertainty for each filter. These are summarized in Table3.1. As can be seen, the color
terms are consistent with zero for all of the filters excepti-band, which has a small but significant
detection of a color term. This may be due to the different amount of water vapor at the SNIFS site
(Mauna Kea) compared to the SDSS site (Apache Peak), or may be due to theslightly different red
wavelength roll-off of the filter throughputs.

Table 3.1 SNIFS color terms
Filter Nfields Nstars 〈σZP 〉 Color Term Color
u 9 192 0.0185 −0.0009 ± 0.0269 u− g
g 160 4914 0.0094 0.0004 ± 0.0087 g − r
r 12 790 0.0109 0.0014 ± 0.0104 g − r
i 157 12452 0.0143 −0.0222 ± 0.0115 r − i
z 12 1068 0.0294 0.0081 ± 0.0561 i− z

g – – – −0.0010 ± 0.0044 g − i
i – – – 0.0099 ± 0.0056 g − i

Photometric zeropoints for fields outside the SDSS footprint were derivedfor each observ-
ing night in each passband using observations of standard stars spanning a large range of airmasses.
Our standards were selected from theSmith et al.(2002) sample, placing our measurement on the
standardugriz system employed by SDSS. For each night (in each filter) we fit for a global zero-
point and an atmospheric extinction term, and our extinction terms were consistent with predicted
by the fiducial Mauna Kea extinction curve (C. Buton & SNfactory, in prep.). Typical dispersion
of standard star magnitudes about the best fit calibration solution were about 0.02 mag ingri and
0.03 mag inu andz. New science images were assigned a zeropoint based on their airmass and
exposure time as calculated with the fitted extinction solutions.

As stated above, a number of the fields for which we obtained new zeropoints were in-
cluded in the subsequent SDSS data release, enabling us to derive external zeropoints to cross-check
our calibration solutions. We compared the SNIFS-based zeropoints to those derived by matching
to SDSS and found good agreement (mean zeropoint offsets less than about 0.005 mag) with a dis-
persion consistent with the dispersion seen in our calibration solutions (about 0.02-0.03 mag). Since
the SDSS zeropoints are more precise, we use those in favor of SNIFS zeropoints where available.

3.2.2 Host Galaxy Common Aperture Photometry

With the final processed SNIFS imaging and public data from SDSS, 2MASS,and GALEX,
we obtain magnitudes for our hosts in each band by performing common aperture photometry. We
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Figure 3.7 Example of common aperture photometry for the host of SNF20060609-002, showing
the resampled images in each band and the photometric aperture.

use theg-band image to define the galaxy aperture, then measure the host flux in each band by re-
sampling the image to the resolution of the aperture image usingSWARP and runningSExtractor
(Bertin & Arnouts 1996) in dual image mode. We use theSExtractor FLUX AUTO output pa-
rameter, which measures the flux inside an elliptical Kron-like aperture, andderive final magnitudes
and their errors using the zeropoints and noise characteristics for eachimage. Finally we convert
all magnitudes to the AB systems by applying Vega-AB offsets for 2MASS magnitudes (SDSS and
GALEX zeropoints are already on the AB system). Observed magnitudes were then corrected for
foreground Milky Way reddening using the dust maps ofSchlegel et al.(1998) and the reddening
law of Cardelli et al.(1989). An example of our common aperture photometry method is shown in
Figure3.7.

3.2.3 Host Galaxy Masses and Star-Formation Rates from Photometry

Calculation of galaxy stellar mass and star formation rate from photometry requires the
use of stellar population synthesis (SPS) techniques. The basic principle involves using model
stellar population spectral energy distributions (SEDs) to predict the flux invarious photometric
filters, then comparing these model predictions to observations. SPS techniques typically combine
model SEDs for stars of a single age with masses distributed according to someinitial mass function
(IMF), thereby deriving the SED for what is known as a simple stellar population (SSP) of uniform
age and metallicity. Full galaxy SEDs are calculated by preparing a model star-formation history
(SFH) and convolving the SSP SEDs with the relative weights prescribed bythe galaxy SFH.

The field of galaxy stellar population synthesis is a rich and constantly evolving field. The
best SPS models require stellar evolutionary tracks as well as observed (and modeled) stellar SEDs
spanning the full parameter space of stellar evolution. While most SPS techniques give very similar
results, it is important to understand and track the differences between SPS techniques employed
by different authors. Perhaps the two most popular sets of models in the past decade have been
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Figure 3.8 ExampleZPEG fit for the host of SNF20060609-002. The blue curve is the observed
galaxy spectrum from SDSS; the green points represent photometry measurements from GALEX,
SDSS, and 2MASS; and the red curve is the SED for the best fit PEGASE model as chosen by
ZPEG.

GALAXEV ( Bruzual & Charlot 2003, hereafter BC03) and PEGASE (Fioc & Rocca-Volmerange
1997). Most of the major galaxy evolution analyses from SDSS employed the BC03models
(Kauffmann et al. 2003; Brinchmann et al. 2004; Tremonti et al. 2004). Many SN Ia host galaxy
studies from recent years (Sullivan et al. 2006; Howell et al. 2009; Neill et al. 2009; Kelly et al.
2010; Sullivan et al. 2010; Lampeitl et al. 2010) have made use of PEGASE, but fortunately these
models give consistent results when scaled appropriately (see, e.g.,Kelly et al. 2010).

In particular, these SN Ia host studies employ the codeZPEG (Le Borgne & Rocca-Volmerange
2002), which matches observed photometry to the PEGASE models for a user-input set of galaxy
evolution scenarios. Though designed primarily as a tool for deriving photometric galaxy redshifts,
ZPEG inherently derives galaxy masses and star-formation rates by choosing the appropriate model
SED to scale to the observed galaxy photometry. For consistency (and simplicity), we also employ
ZPEG to derive galaxy stellar masses and SFRs from photometry. We show in Figure 3.8an exam-
pleZPEG fit to the photometry of an SNfactory host. The SFRs reported here are theaverage SFR
over the last 0.5 Gyr of the galaxy SFH.

The Effect of Uneven Photometric Coverage

Because our host galaxies do not all have the same set of photometric filters, it is vital
to ensure that this uneven coverage does not bias our results. To this end, we computed ZPEG
masses and SFRs for our hosts using different subsets of filters: (i) ALL available filters, (ii) optical
filters only (no UV/NIR), and (iii)g- andi-band only, as this pair of filters comprised our minimum
required filter set. We show in Figure3.9 the comparison of galaxy stellar mass and SFR values
for these subsets of filters. It is evident from these plots that even the minimal filter set provides
a consistent value of the mass and SFR. This is because the photometric colors are very effective
at distinguishing between evolutionary scenarios, which set the mass-to-light ratio and SFH of the
best fit model.



32

7 8 9 10 11 12
Log Stellar Mass - Optical

7

8

9

10

11

12

Lo
g
 S

te
lla

r 
M

a
ss

 -
 A

ll

−3 −2 −1 0 1 2 3
Log SFR - Optical

−3

−2

−1

0

1

2

3

Lo
g
 S

FR
 -

 A
ll

7 8 9 10 11 12
Log Stellar Mass - g/i Only

7

8

9

10

11

12

Lo
g
 S

te
lla

r 
M

a
ss

 -
 A

ll

−3 −2 −1 0 1 2 3
Log SFR - g/i Only

−3

−2

−1

0

1

2

3

Lo
g
 S

FR
 -

 A
ll

Figure 3.9 OutputZPEG stellar mass and star-formation rate values for various filter sets. The top
left shows the comparison of stellar masses derived using all available photometry versus that ob-
tained with only optical filters, while the top right is the analogous comparison ofSFRs. The bottom
two plots offer the same comparisons, but for the galaxy parameters derived using all photometry
versus those derived using onlyg andi band.
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Limitations and Future Work

It is important to note the limitations of the codeZPEG in its derivation of galaxy physi-
cal parameters. While this code has become popular in the supernova community (probably due to
its ease of use), it was originally designed as a means of deriving photometric redshifts. The code
chooses between several (user-input) galaxy evolution scenarios and determines which scenario best
fits the observed photometry. Doing so requires scaling of the model SED to the observed photom-
etry, which amounts to a measurement of the galaxy mass. The galaxy specificstar-formation rate
(sSFR – the SFR per unit mass) is essentially set by the chosen evolutionaryscenario, and the total
SFR is thus the input sSFR scaled by the measured mass. The errorbars reported byZPEG for the
mass and SFR are determined only from how well the photometry matches the best-fit SED, and
does NOT include systematic uncertainties due to how well the photometry constrains the galaxy
star formation history (SFH). Thus the errorbars fromZPEG for galaxy mass and SFR underesti-
mate the full mass and SFR uncertainty, but at least accurately reflect the photometric measurement
uncertainty propagated to those physical parameters.

A more detailed study of the galaxy mass and SFR uncertainty requires fitting theob-
served galaxy photometry to a large suite of SPS models spanning a large range of galaxy SFHs.
Such a study is currently underway and we hope to have results to present soon. However, since
these uncertainties do not enter significantly into the analyses in this thesis, weuse the values de-
rived byZPEG for the work presented here.

3.3 Host Galaxy Spectroscopic Data

Galaxy spectroscopy is useful for gaining finer insight into the galaxy SED than can be
gleaned from broadband photometry. In particular, absorption features in the stellar continuum of
the galaxy SED can be compared to stellar evolution models to estimate stellar age and metallic-
ity, while narrow emission lines from ionized HII regions surrounding young stars can yield both
gas-phase metallicity of the galaxy interstellar medium (ISM) as well as the current rate of star for-
mation. Additionally, reddening in the galaxy ISM and near the ionized HII regions can be estimated
from galaxy spectra. In this Section we describe both the SNfactory hostgalaxy spectroscopic data
set as well as the extraction of galaxy physical parameters from these data.

3.3.1 SNfactory Host Spectroscopy Observations

Longslit spectra for our SN Ia host galaxies were obtained during numerous observing
runs at multiple telescopes from 2007-2011. The instruments used were theKast Double Spectro-
graph (Miller & Stone 1993) on the Shane 3-m telescope at Lick Observatory, the Low Resolution
Imaging Spectrometer (LRIS –Oke et al. 1995) on the Keck I 10-m telescope on Mauna Kea, the
R-C Spectrograph on the Blanco 4-m telescope at Cerro Tololo Inter-American Observatory, the
Goodman High Throughput Spectrograph (Clemens et al. 2004) on the Southern Astrophysical Re-
search (SOAR) 4-m telescope on Cerro Pachon, and GMOS-S (Davies et al. 1997) on the Gemini-S
8-m telescope on Cerro Pachon. The instrument configurations, includingwavelength coverage and
effective resolution, are presented in Table3.2.
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Table 3.2 Instrument Configurations
Instrument Dichroic/ Disperser Slit Wavelength Effective

Filter (arcsec) Coverage (Å) Resolution (̊A)
Kast blue d55 600/4310 2.0 3900-5550 3.1
Kast red d55 300/7500 2.0 5450-10500 9.1

LRIS blue D560 600/4000 1.0 3500-5600 3.9
LRIS red D560 900/5500 1.0 5500-7650 4.2

Goodman HTS GG385 300 l/mm 1.0 3850-7700 13.7

R-C Spec GG385 300/7500 1.0 3850-7700 9.1

GMOS-S GG455 B600 1.5 5040-7920 6.8

Spectroscopy Reduction

Longslit spectra were reduced in IRAF using standard techniques. After overscan sub-
traction, we subtracted bias frames from two-dimensional longslit data, removed cosmic rays using
LA Cosmic (van Dokkum 2001), and flatfielded to remove pixel variations in detector efficiency.
Two-dimensional wavelength solutions were derived from arc lamp exposures taken either at the
same pointing as the object spectrum (for Shane, Blanco, and SOAR data)or using nightly arc lamp
exposures (for Keck and Gemini-S data), with a one-dimensional shift applied by measuring atomic
(OI) night sky lines in object spectra. Object spectra were reduced to one dimension using the IRAF
functionapall, and nightly flux calibrations were derived from standard stars observed at appro-
priate ranges of airmass. Telluric absorption features were then removedusing the nightly standard
star spectra. Observer motion with respect to the heliocentric frame was thencorrected, and finally
spectra were dereddened to correct for Milky Way extinction using the dust maps ofSchlegel et al.
(1998) and the reddening law ofCardelli et al.(1989).

Some hosts had spectra available from SDSS DR8 (Aihara et al. 2011). These spectra
were downloaded and then converted to air wavelengths for consistencywith reduction of our own
observations.

3.3.2 Redshifts and Emission Line Fluxes

SN Ia host galaxy redshifts, metallicities, Hα star-formation rates, and internal reddening
were calculated using emission line fluxes from the host galaxy spectra. Accurate measurement of
emission line fluxes in star-forming galaxies requires proper accounting for stellar absorption. To
this end we fit the emission line fluxes and stellar background in each host spectrum simultaneously
using a modified version of the IDL routinelinebackfit from theidlspec2d4 package de-
veloped by the SDSS team. This routine allows the user to provide a list of templatespectra fit in
linear combination with Gaussian emission line profiles. We have modified this codeto force the
background coefficients to be non-negative and fit for internal reddening in the host (using a CCM

4http://spectro.princeton.edu/idlspec2dinstall.html
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Figure 3.10 An example of our fits to galaxy spectroscopy, here for the host of SNF20080908-
000 which was observed with LRIS on Keck. The blue curve is the data, thegreen is the stellar
continuum fit, and the red is the fitted emission line profiles.

law with RV = 3.1 with E(B − V ) as a fit parameter). Additionally, we have incorporated the
ability to fit for a scaling factor between the blue and red channels of two-arm spectrograph data.
For background templates we chose a set of simple stellar populations (SSPs) from the stellar pop-
ulation synthesis code GALAXEV (Bruzual & Charlot 2003, BC03) with aChabrier(2003) IMF
and the same time sampling used for background fitting used byTremonti et al.(2004, T04), which
ultimately consists of ten SSPs for each metallicity track. These templates are convolved to the
resolution of the particular spectrograph whose data we fit. We note that theuse ofSalpeter(1955)
IMF templates results in negligible differences to the fitted emission line fluxes, andmetallicity
difference smaller than our typically quoted precision of 0.01 dex. An example fit to spectroscopic
data is shown in Figure3.10

To ensure that our modifications of the code are not producing anomalousresults, we
compared our fitted emission line fluxes to those derived by the MPA-JHU teamfor those hosts
whose spectra were obtained from SDSS. In Figure3.11, we plot these values and show that our
results are very consistent with those derived by other authors. Thus we believe our emission line
flux estimates (including the resultant corrections for continuum absorption) are accurate.

Redshifts for SNfactory host galaxies with strong emission lines were derived as the
weighted (by measurement uncertainties) mean of individual emission line redshifts fitted from
host spectra. Redshift errors were similarly calculated from the measurement uncertainties on the
individual line redshifts. This method is the same as that used by SDSS. For hosts with very weak
or no emission lines, redshifts were calculated with a cross-correlation technique using the methods
presented byTonry & Davis (1979). We correlated the best fit stellar continuum spectrum against
the observed host spectrum after subtraction of the fitted emission line fluxes. Typical redshift errors
for these two methods are of the orderσz ∼ 0.0001.

Finally, emission line fluxes were corrected for internal reddening within thehost galaxy
by employing the Balmer decrement method. In an HII region ionized by youngstars, the ra-
tio of emission line flux in the Hα line to that in the Hβ line is fixed by atomic physics (with
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Figure 3.11 A comparison of the fitted emission line fluxes from my modified emissionline fitting
code (y-axis) vs. the values derived by the MPA-JHU team (x-axis). Points are color coded by
emission line, and the line representing unity is the solid black line.
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a dependence on the temperature of the gas, which is typically consistent with10,000 K) to be
F (Hα)/F (Hβ) = 2.87 under Case B recombination (Osterbrock & Ferland 2006), and is known
as the Balmer decrement. Reddening by dust causes the observed value of this flux ratio to ex-
ceed its canonical value, and one can calculate the amount of reddening by assuming a reddening
law such as that ofCardelli et al.(1989). Final emission line fluxes used for calculations of gas-
phase metallicity and star-formation rate (from Hα) have been corrected for the internal reddening
calculated using this method.

3.3.3 Host Gas Phase Metallicities

Translating emission line fluxes into a gas-phase metallicity depends on the choice of
metallicity calibration, as thoroughly describe byKewley & Ellison (2008). Different calibrations
are known to disagree by as much as∼ 0.5 dex, which makes it difficult to place metallicity mea-
surements on a common absolute scale. Additionally, there is no single metallicity metricthat is
ideal across the entire range of metallicity probed by our sample. For example, metrics that rely on
the NIIλ6584 line, such asKewley & Dopita(2002) andPettini & Pagel(2004) methods, have high
signal-to-noise at high metallicity and are monotonic, but at low metallicities this line becomes very
weak and produces large errors in metallicity measurements. Additionally, nitrogen at low metallic-
ity saturates at its primary value (Nava et al. 2006) and thus loses sensitivity as a metallicity indica-
tor. The well-known R23 metric (e.g.McGaugh 1991; Zaritsky et al. 1994; Kobulnicky & Kewley
2004) is double-valued with metallicity, and is shallow-sloped at low metallicity (i.e. flux errors
propagate into larger metallicity errors). At low metallicities, the preferred metallicity calibration is
theTe(OIII) method (Aller 1984), which relies on the auroralλ4363 oxygen line. This method is
considered the most reliable, but relies on a very weak emission line and does not consistently agree
with the empirical strong-line methods.

Thus it is challenging to find a consistent metallicity calibration that has high sensitivity
over the full observed range of galaxy gas-phase metallicities. Additionally, the lack of consistency
of absolute metallicity scales between various calibrations makes it difficult to compare reported
metallicity values from numerous authors. In order to utilize the strongest available lines and place
our measurements on a well-known common scale, we employ different calibrations at different
scales and then place all our metallicities on the commonTremonti et al.(2004) scale using the con-
version formulae presented inKewley & Ellison(2008). For galaxies withlog(NII/Hα) > −1.3
(i.e. “high” metallicity galaxies), we use the “N2” method ofPettini & Pagel(2004), as NII is a sen-
sitive metallicity indicator in this range and has relatively low sensitivity to both reddening (due to
the short wavelength baseline) and the ionization parameter of the HII gas.For very low metallicity
galaxies withlog(NII/Hα) < −1.3, we use the “R23” method ofKobulnicky & Kewley (2004)
(as updated byKewley & Ellison 2008), as this method depends on the relatively strong oxygen
lines and also fits iteratively for the ionization parameter. Although the R23 metricis doubly val-
ued with metallicity, the choice of ourlog(NII/Hα) cut places these galaxies firmly on the low-
metallicity “branch.” Metallicities calculated from these original methods are finally converted to
the T04 scale. It is worth noting that the dispersion in the conversion formulae ofKewley & Ellison
(2008) is analogous to the systematic uncertainty in the metallicity calibrations themselves. Thus
unless otherwise noted, all metallicities reported here are on the T04 scale after application of the
above described conversion.

Finally, we employ a cut in our metallicity calculations that excises those galaxies whose
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Figure 3.12 SN Ia hosts from SNfactory in the BPT diagram. The diffuse grey background repre-
sents SDSS galaxies whose emission line fluxes were measured by the MPA-JHU team. Galaxies
above the solid red line are classified as “AGN” galaxies, those below the dashed blue line are
“star-forming” galaxies free of AGN contamination, and those galaxies between the two lines are
classified as “composite” galaxies.

emission line fluxes are contaminated by AGN activity using the emission line diagnostic diagram of
Baldwin et al.(1981, hereafter BPT). In Figure3.12, we plot the distribution of SNfactory emission
line host galaxies on the BPT diagram as compared to the distribution of galaxies from T04, with the
boundaries defined byKewley et al.(2006) to distinguish normal star-forming galaxies from AGNs
and composite galaxies.
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Chapter 4

The Host Galaxy of SN 2007if

Outliers from the typical SN Ia luminosity distribution present an opportunity to ex-
plore the underlying physical mechanism in these systems, and provide a critical cross-check for
possible “contamination” of future high-redshift SN Ia surveys focusing on the normal SNe Ia.
Recently a potential new subclass of exceptionally overluminous SNe Ia hasbeen discovered,
starting with the prototype SN2003fg (SNLS-03D3bbHowell et al. 2006), followed by SN2006gz
(Hicken et al. 2007), SN 2007if (Scalzo et al. 2010; Yuan et al. 2010). and SN2009dc (Tanaka et al.
2010; Yamanaka et al. 2009; Silverman et al. 2011; Taubenberger et al. 2011). Howell et al.(2006)
were the first to suggest that this new subclass of overluminous SNe Ia are likely the product of
super-Chandrasekhar-mass (SC) progenitors systems where substantially more material thanMCh

undergoes thermonuclear runaway, producing more56Ni (see e.g.Raskin et al. 2010) and resulting
in a much more luminous explosion. This interpretation is difficult to reconcile with the traditional
SN Ia progenitor scenarios in which the SN itself is triggered as the WD approachesMCh. In the
SD scenario where accretion onto the WD is posited to be steady and stable, an accumulation of
significantly more mass thanMCh is highly unlikely (Piro 2008). In the DD scenario, the merger
of two WDs whose total mass exceedsMCh (even by a significant amount) is a natural occurrence,
and has made this scenario a favored framework for interpreting the originof super-Chandrasekhar
SNe Ia. There are concerns, however, that the merger of two WDs could result in accretion-induced
collapse rather than thermonuclear runaway (e.g.Nomoto et al. 1995). Independent constraints on
the probable progenitor properties of SC SNe Ia are therefore critical for unraveling the mystery
surrounding these exceptional SNe.

In this Chapter we present our analysis of the host galaxy of SN 2007if.SN 2007if is
particularly interesting among this new subclass of probable super-Chandrasekhar SNe Ia, as it has
been shown to be the most luminous SN Ia ever discovered, with a peakV -band magnitude of
MV,07if = −20.4 (Scalzo et al. 2010) – nearly a full magnitude brighter than the average SN Ia
luminosity ofMV,Ia ∼ −19.5 (Leibundgut 2000). SN 2007if is also interesting for its extremely
faint host galaxy (Mg ∼ −14.5), which we will show below is the lowest-measured metallicity
SN Ia host galaxy known. Our data provide important constraints on possible progenitor scenarios
for SN 2007if, and indicate this exceptional SN is likely to have been born from a young, low-
metallicity progenitor.
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4.1 SN 2007if Host Observations

SN 2007if was discovered by the ROTSE-III supernova search (Akerlof et al. 2007) on
2007 August 16.3 UT, and independently by the Nearby Supernova Factory (SNfactory,Aldering et al.
2002) as SNF20070825-001 on 2007 August 25.4 UT (seeScalzo et al. 2010, for details). Located
at α2000 = 01:10:51.37,δ2000 = +15:27:39.9, SN 2007if showed no apparent host in search ref-
erence images, or in images from the Sloan Digital Sky Survey (SDSS;York et al. 2000). Our
deep co-add of NEAT + Palomar-QUEST search data showed a potential host atmi ≈ 23.3 ± 0.4
(Nugent 2007), which at the estimated redshift of SN 2007if would make its host galaxy (hereafter
HOST07if) one of the faintest SN Ia hosts ever discovered, suggestingvery low metallicity.

HOST07if was observed with the Low Resolution Imaging Spectrometer (LRIS, Oke et al.
1995) on the Keck I 10-m telescope on Mauna Kea on 2009 August 23 and 24 UT. We employed the
Keck-I atmospheric dispersion corrector (ADC;Phillips et al. 2006). On 2009 August 23.6 five ex-
posures of 100 s duration were obtained in imaging mode using the blue cameraof LRIS equipped
with a g-band filter. The images were dithered to allow rejection of cosmetic defects, cosmic rays,
and to provide image coverage across the detector gap. These images were combined to form a deep
image of HOST07if and assess the potential for spectroscopic observation. On the following night
(2009 August 24.6 UT) five additional imaging exposures of 100 s duration were obtained ing-band
to provide additional photometric depth, then the target was aligned on the slit inimaging mode and
the instrument configured for spectroscopic observations. The blue side was configured with the
600 l/mm grism blazed at 4000̊A, covering 3500-5600̊A, and on the red side the 900 l/mm grating
blazed at 5500̊A was employed, covering 5500-7650Å. The D560 dichroic beamsplitter was used,
and no order-blocking filters were necessary. A 1′′ slit was oriented at a position angle of 128o

along the apparent major axis of HOST07if, which fortuitously was only a few degrees away from
the parallactic angle. Our final co-added LRIS image for HOST07if is shown in Figure4.1, along
with an overlay of the slit. Analysis of the acquisition and slit images show HOST07if to be aligned
on the center of the slit to within 1 pixel (0.′′27). The chosen slit gave resolutions ofλ/∆λ ∼ 1000
(4.4 Å) and∼ 1600 (4.1 Å) for the blue and red sides, respectively. Four spectroscopic exposures
of 900 s duration were obtained, starting at airmass 1.00 and ending at airmass 1.02. The Keck-I
ADC was employed, so we expect no chromatic slit loss due to atmospheric differential refraction.
Processing of the photometry and spectroscopy are described below.

Spectroscopy

The LRIS spectra were reduced in IRAF using standard techniques. Overscan subtraction
was performed for each of the four amps, and the data were mosaiced to form individual two-
dimensional frames with data from each amp scaled by its gain. We subtracted bias frames from
these data, removed cosmic rays usingLA Cosmic (van Dokkum 2001), and removed pixel vari-
ations in detector efficiency by dividing images by wavelength-normalized flat field dome lamp
exposures. The two-dimensional wavelength solution for the blue channel was derived from nightly
arc lamp exposures with a linear shift in wavelength applied by measuring the [OI] λ5579 atomic
night sky line. This linear shift was verified by cross-correlation of the sky spectrum with a high-
resolution night sky spectrum fromHanuschik(2003). For the red channel, two-dimensional wave-
length solutions for object exposures were derived from night sky lines in the object exposures,
while for standard stars we used nightly arc lamp exposures with a wavelength shift determined
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Figure 4.1 Keck LRIS image of HOST07if. The blue cross denotes the location of the supernova.
For reference, the “bright” field star in the upper left has magnitudemg = 21.1. The area imme-
diately around HOST07if, denoted by the dotted box, is shown in the upper right inset along with
the slit location shown as the dashed lines. The high-redshift background galaxy appears just to the
southwest of HOST07if, and its location is marked by the thin blue circle.
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from [OI] λλ6300, 6364 sky lines. Object spectra were reduced to one dimension using the IRAF
functionapall, and nightly flux calibrations were derived from standard stars observed at appro-
priate ranges of airmass. Telluric absorption features were then removedusing the nightly standard
star spectra. Finally, the spectrum was corrected for observer motion withrespect to the heliocentric
frame, and the Galactic reddening of the spectrum was corrected using theCardelli et al.(1989) law
and the valueE(B − V ) = 0.079 (Schlegel et al. 1998).

The two-dimensional spectrum of HOST07if showed the presence of a background galaxy
separated from HOST07if by1.′′9 and displaying a strong [OII]λλ3727, 3730 doublet atλλ7537, 7543 Å,
corresponding toz = 1.02. Correction for this object in photometric measurements will be de-
scribed below. We show portions of the background-subtracted 2D redside spectroscopy image in
the top panel of Figure4.2 to show the offending emission lines from the high-z object. The lower
panel of the same figure shows the wavelength-collapsed spatial profile of the 2D blue side spec-
troscopy image along with the chosen extraction aperture. Based on profilefits to the two objects,
we estimate the possible contamination of the extracted HOST07if spectrum by thehigh-z object
to be less than 0.5% at all wavelengths (except at the high-z [OII] doublet position, which does not
affect any emission line measurements for HOST07if).

Photometry

LRIS blue channel photometry was processed in IRAF. Overscan subtraction and mo-
saicing were performed in the same manner as for the spectroscopy, except that blank pixels were
inserted between data from the two detectors to account for the physical gap between the two chips.
The images were flat-fielded usingg-band dome flats taken earlier in the night. Astrometric so-
lutions were derived usingWCSTools (Mink 2006), then refined usingSCAMP (Bertin 2006)
matching to 2MASS (Skrutskie et al. 2006). Individual exposures were combined withSWARP
(Bertin et al. 2002) using median addition, and with proper de-weighting of the detector gap re-
gions and weighting of images by exposure time. With the 5×100 s exposures of 2009-08-23 UT,
5×100 s exposures of 2009-08-24 UT, and the 4×60 s exposures used for target alignment, the total
imaging time at the target location is 1240 s.

The photometric zeropoint for the target was derived by matching objects inthe field to
SDSS (York et al. 2000) photometry. We extracted magnitudes for all objects in the field using
SExtractor (Bertin & Arnouts 1996) using theMAG AUTO output parameter, which measures
the flux inside an elliptical Kron-like aperture. We then matched objects in our field to the SDSS
DR7 (Abazajian et al. 2009) PhotoObjAll g-band model magnitudes, ensuring the photometry
was clean and the objects were primary targets (mode=1). Given the depth of the LRIS imaging,
targets brighter thanmg ∼ 16.5 saturated the detector, so we chose the bright magnitude limit of our
catalog matching to bemg ∼ 17.0. The SDSSg-band completeness limit is estimated atmg ∼ 22.2
with deviation from Poggson magnitudes beginning at aboutmg ∼ 22.6 (Stoughton et al. 2002), so
we conservatively chose a magnitude limit ofmg ∼ 22.0 for our catalog matching. We therefore
calculate the photometric zeropoint using the error-weighted mean ofN = 20 objects between
17.0 < mg < 22.0 and findmZP = 32.59 ± 0.04.

The raw instrumentalg-band magnitude for HOST07if was observed to bemg,inst =
−9.38 ± 0.03. Combined with the SDSS zeropoint and error, we determined the rawg-band mag-
nitude of HOST07if as observed with LRIS to bemg = 23.21 ± 0.05. The Galactic reddening
of E(B − V ) = 0.079 (Schlegel et al. 1998) results in ag-band extinction ofAg = 0.34. In our
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Figure 4.2Top: Portions of the 2D sky-subtracted spectrum image showing (left) the strongHα
feature of HOST07if atλ = 7051Å corresponding toz = 0.074 (note the distinct absence of
[NII] λλ6548, 6584), and (right) the [OII]λλ3727, 3730 feature of the high-z background galaxy
at λλ7537, 7543Å corresponding toz = 1.02. Bottom: Wavelength-collapsed object profiles in
g-band, showing our two-Gaussian fit to HOST07if and the high-z background galaxy, and the
extraction aperture chosen for the HOST07if spectrum. Note the possible contamination from the
high-z galaxy is extremely small.
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stacked image, HOST07if is blended with the background high-redshift galaxy described above.
To account for its contribution to the measured HOST07if flux, we analyze the two-dimensional
blue channel spectrum, which was taken during the best seeing conditionsof both nights (∼ 0.′′6)
and shows a clear separation of the two objects. We subtract the sky background from the 2D
spectrum, apply the flux calibration and multiply by theg-band filter throughput in the wavelength
direction, then collapse the 2D spectrum in wavelength along the aperture trace. This effectively
provides a high signal-to-noise measurement of the object profiles along the slit direction ing-
band. We then fit this 1D profile with two Gaussians; the data and fit are shown in Figure4.2
along with the chosen aperture. The center of both objects fall inside the slit and the seeing was
smaller than the slit width, so we predict that the flux within the slit satisfactorily preserves the flux
ratio between the two objects. The ratio of the flux of the high-z galaxy to HOST07if ing-band
is Fhigh−z/FHOST07if = 0.27 ± 0.02, with a separation of1.′′9. This results in a correction to the
observed magnitude of HOST07if of∆mg = −0.26±0.02. Finally we include the known offset be-
tween the SDSS and AB magnitude systems (Stoughton et al. 2002) of mg,AB = mg,SDSS + 0.02.
To derive the rest-frameg-band magnitude, we perform a K-correction (Nugent et al. 2002) using
theg-band filter throughput and the HOST07if spectrum, findingKg = −0.002. The reddening, ob-
ject overlap, SDSS-AB offset, and K-correction effects result in a final rest-frameg-band magnitude
of HOST07if ofmg = 23.15 ± 0.06.

To derive the correct distance modulus for HOST07if, we convert the heliocentric redshift
derived from nebular emission lines (see§4.2) to the CMB rest frame using the dipole parameters
from WMAP5 (Hinshaw et al. 2009) to obtainzCMB = 0.07336 ± 0.00015. Assuming standard
ΛCDM cosmology (H0 = 70 km/s Mpc−1, Ωm = 0.3, ΩΛ = 0.7), we use the code ofWright
(2006) to calculate a distance modulus ofµ = 37.60 ± 0.004. (note this corrects a transcription
error in the calculation of the host absolute magnitude reported inScalzo et al. 2010, which did not
affect any other values reported in that analysis). With the apparent magnitude derived above, this
gives HOST07if an absoluteg-band magnitude ofMg = −14.45 ± 0.06.

Since the LRISg-band observations were the only deep late-time photometry of the host
(after the SN had fully faded), we analyze the HOST07if spectrum as a source of galaxy color
information. We synthesize rest-frameu- g- andr-band magnitudes from the spectrum using the
SDSS filter transmissions1 and obtain effective observer-frame galaxy colors ofg − r = 0.07 ±
0.04 mag andu− g = 0.67± 0.03 mag. The relative flux calibration of our spectrum is very good,
as we measure the syntheticg−r andu−g colors of the night’s standard star observations to match
those synthesized from calibration spectra to within∆(g−r) < 0.01 mag and∆(u−g) < 0.01 mag,
primarily driven by noise in the dichroic region. These colors will be used below to derive the galaxy
mass-to-light ratio and to inspect possible reddening due to dust.

4.2 SN 2007if Host Metallicity

Our original objective in observing HOST07if was to secure a host redshift in order to
accurately determine the SN 2007if ejecta velocity. This measurement played akey role in es-
tablishing the kinetic energy of the explosion and SN 2007if as having a mass greater than the
Chandrasekhar limitScalzo et al.(2010). Fortuitously, the final spectrum showed emission in Hα
and [OII] λλ3727, 3730 sufficiently strong to measure a gas-phase metallicity.

1The SDSS filter transmissions are available athttp://www.sdss.org/dr7/instruments/imager/index.html.
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Figure 4.3Top: Spectrum of HOST07if (blue) binned to 4Å for visual clarity, with fitted background
(red) and emission lines (green).Bottom: Zoomed fit regions for notable emission lines (unbinned),
with fit residuals (magenta).

Emission Line Fluxes

Accurate measurement of emission line fluxes in star-forming galaxies requires proper
accounting for stellar absorption. To this end we fit the emission line fluxes and stellar back-
ground in the HOST07if spectrum simultaneously using a modified version of the IDL routine
linebackfit from theidlspec2d2 package developed by the SDSS team. This routine al-
lows the user to provide a list of template spectra fit in linear combination with Gaussian emission
line profiles. We have modified this code to force the background coefficients to be non-negative
and have incorporated the ability to fit for a scaling factor between the blue and red channels of
two-arm spectrograph data. For background templates we chose a set of simple stellar populations
(SSPs) from the stellar population synthesis code GALAXEV (Bruzual & Charlot 2003, BC03) with
a Chabrier(2003) IMF and the same time sampling used for background fitting byTremonti et al.
(2004, T04), which ultimately consists of ten SSPs for each metallicity. We note that the use of
Salpeter(1955) IMF templates results in negligible differences to the fitted emission line fluxes,
and metallicity difference smaller than the quoted precision of 0.01 dex.

We fit the two LRIS channels simultaneously, with the background templates on each
channel convolved to the spectrograph resolution for each channel, namely 4.4Å and 4.1Å for the
blue and red channels respectively, and fit the cross-channel scaling simultaneously. As with the
SDSS spectroscopic pipeline, our emission line fitting is done in an iterative fashion. An initial
guess of the redshift is used to set the redshift of the background templates, and the spectrum is fit
with the widths and redshifts of all lines allowed to float freely. The best redshift is measured from

2http://spectro.princeton.edu/idlspec2dinstall.html
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the initial emission line fits, and a second iteration is performed with the redshift of the background
templates set to this value. The emission line fluxes are then measured with the line redshifts all
fixed to this value. We found the best fitχ2 was obtained when the background templates were
drawn from theZ = 0.004 track. The uncertainty in the scaling of the blue and red channels
is measured to be≈ 3%, and has a value consistent with those measured for our standard stars.
The uncertainties from all fit parameters and their covariances are measured by the fitting code,
and emission line flux errors accurately reflect the influence of all fit parameters in their estimation
(including the cross-channel scaling). The final emission line fluxes from our best fit are presented
in Table4.1, and the fit to the spectrum is shown in Figure4.3.

Table 4.1 HOST07if Emission Line Fluxes
Line Obs. Fluxa F (λ)/F (Hβ∗)b

[OII] λλ3727, 3730 48.80 ± 10.56 2.44 ± 0.53
Hβ 22.29 ± 7.17 1.11 ± 0.36
[OIII] λ4959 5.22 ± 2.85 0.26 ± 0.14
[OIII] λ5007 15.37 ± 8.38 0.77 ± 0.42
Hα 57.46 ± 5.30 2.87 ± 0.26
[NII] λ6548 0.93 ± 1.25 0.05 ± 0.06
[NII] λ6584 2.77 ± 3.72 0.14 ± 0.19
[SII] λ6717 7.46 ± 3.52 0.37 ± 0.18
[SII] λ6731 6.68 ± 3.71 0.33 ± 0.19

a Fluxes in units of10−19ergs · cm−2 · s−1

b F (Hβ∗) ≡ F (Hα)/2.87; see text for details.

The emission lines from our spectrum of HOST07if provide a formal redshift and uncer-
tainty of zlines = 0.074500 ± 0.000010 in the heliocentric frame. This value is slightly different
from the value we quoted inScalzo et al.(2010), and reflects a more thorough treatment of the spec-
trum wavelength solution. Additionally, we calculate the contribution of our wavelength solution to
the redshift error budget to be∆zwsol ≈ 2.5× 10−5. Because our object has extent smaller than the
slit, the dominant source of redshift error from our data comes from the centering of the object on
the slit. As stated above, we measure this error to be no more than 1 pixel, whichcorresponds to a
redshift error of∆zslit ≈ 1.5 × 10−4 at Hα, the line which best constrains the redshift. Thus we
estimate the final heliocentric redshift and error for HOST07if to bezhelio = 0.07450 ± 0.00015.

The Balmer emission line fluxes are typically used to estimate intrinsic reddening in
galaxies by comparison to the Case B recombination value ofF (Hα)/F (Hβ) = 2.87 at a tem-
perature ofT = 10, 000K (Osterbrock & Ferland 2006). This value is well within the1σ estimate
from our measured emission line fluxes (0.62 in the cumulative probability function), but is poorly
constrained due to the relatively low S/N of our spectrum. We therefore will report results derived
under the assumption ofno intrinsic extinction. Later, in §4.4, we show that this assumption is
supported by multiple facets of the data themselves, and even in the worst case scenario of leaving
reddening unconstrained has negligible impact on our final results.
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Gas-Phase Metallicity

Initial signs that HOST07if is a low metallicity galaxy include the non-detection of [NII]
λλ6548, 6584 (below the noise threshold, see value and errorbar in Table4.1and 2D spectroscopic
image in Figure4.2), the relatively weak [OII]λλ3727, 3730 and [OIII] λλ4959, 5007 lines (com-
pared to the strong Balmer lines), and of course its low luminosity. Low-metallicity galaxy abun-
dances are ideally determined using the “direct” method whereby the ratio of the auroral [OIII]
λ4363 line flux to that of the stronger [OIII]λλ4959, 5007 lines is used to constrain the electron
temperatureTe in the doubly-ionized oxygen (O++) zone (Te(OIII)). Because the auroral line is
not detected in HOST07if, and the intrinsically stronger [OIII]λλ4959, 5007 lines are only weakly
detected, the direct method is untenable here.

The question of appropriate metallicity scales will be addressed later in§4.4, but here
we derive the metallicity using theR23 method ofKobulnicky & Kewley (2004, hereafter KK04).
The ratioR23 is double valued with metallicity, and the flux ratio [NII]/Hα is typically used to
break the degeneracy and select which “branch” of theR23 metallicity calibration is appropriate.
For HOST07if, [NII]/Hα indicates the lower metallicity branch, so we employ the lower branch of
the KK04 calibration of theR23 method as updated byKewley & Ellison (2008). This method is
advantageous because it iteratively calculates the metallicity and ionization parameter.

To derive a tighter constraint on the metallicity of HOST07if, we use the higher S/N Hα
flux measurement and its error scaled by the fiducial Balmer decrement as proxies for the flux and
error of Hβ. As stated above, this is consistent with our assumption of no reddening in HOST07if
and results in an Hβ flux only 0.25σ different from that measured, but with an error bar4× smaller.
For HOST07if, we measure a metallicity of12+ log(O/H)KK04 = 8.01± 0.09, with an ionization
parameterq = 1.46 ± 0.48 × 107. This low value of the ionization parameter is unsurprising
given the strength of [OII]λλ3727, 3730 and the relative weakness of [OIII]λλ4959, 5007. These
indicate that the ionizing radiation is dilute and it has been some time since HOST07if’s most recent
burst of star-formation (consistent with stellar absorption strengths – seebelow). We note that [NII]
λλ6548, 6584 is used to break theR23 degeneracy, and our measurement of this line predicts the
lower branch at only≈ 69% probability, since [NII] appears to be below the noise level. If we
were to choose the upperR23 branch, this would make HOST07if a> 5σ outlier on the mass-
metallicity relation (T04,Kewley & Ellison 2008), an extremely rare event (see e.g.Peeples et al.
2008). Additionally, [NII]/[OII] at such a high metallicity (Kewley & Dopita 2002) would predict
an [NII]λ6584 flux strong enough to be detected at> 8σ.

4.3 SN 2007if Host Age and Stellar Mass

Information about the star-formation history (SFH) of HOST07if is desirable for con-
straining the age of the SN 2007if progenitor. Spectral indices measured from galaxy stellar spectra
can be useful in assessing the mean stellar age, likelihood of recent starburst, and stellar mass-to-
light ratios (see e.g.Kauffmann et al. 2003; Graves & Schiavon 2008; Gallazzi & Bell 2009). To
facilitate the inspection of the SFH of HOST07if, we measure several age-sensitive spectral indices
from the emission-subtracted spectrum of HOST07if and compared their values to model spectra
generated using stellar population synthesis (SPS) techniques. The detailsof our analysis are as
follows.
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We measured the strength of several Balmer absorption features according to their stan-
dard definition on the Lick system (Worthey et al. 1994; Worthey & Ottaviani 1997) as well as the
strength of the 4000̊A break (D4000,Balogh et al. 1999) in the spectrum of HOST07if after re-
moving emission line features as determined in§4.2. Using the formulae ofCardiel et al.(1998),
we measure the values and errors reported in Table4.2. These indices are known to have strong de-
pendence on stellar age (Vazdekis et al. 2010), with negligible dependence on instrument resolution
(and by extension galaxy velocity dispersion). The low D4000 and strongBalmer absorption we
measure for HOST07if is indicative of young stellar ages of a few hundred Myr.

Table 4.2 HOST07if Spectral Indices
Index Value
D4000 1.13 ± 0.05
HδA 3.50 ± 2.33
HγA 7.19 ± 2.36
Hβ 2.34 ± 2.82

To assess the general behavior of the SFH of HOST07if, we generate alibrary of synthetic
galaxy spectra using the BC03 SPS code and a suite of physically-motivated SFHs. We follow the
same prescription asGallazzi et al.(2005) andGallazzi & Bell (2009, hereafter GB09) to generate
models consisting of an exponentially declining continuous SF component superposed with random
burst of SF (see GB09 for details). We measured the same spectral indices from our model spec-
tra and plot the location of HOST07if and our model galaxies (blue background) in HγA-D4000
space in Figure4.4. For reference, we also plot the location of SDSS DR7 galaxies whose spectral
index values and stellar masses have been measured by the MPA-JHU group3. The full sample
of galaxies between redshifts0.005 ≤ z ≤ 0.25 are shown as the green contour, while low mass
(log(M∗/M⊙) ≤ 9.0) galaxies are shown as the red contour, with the median error bars for each
quantity (for each subsample) shown as the crosses in the lower left.

Kauffmann et al.(2003) showed the Balmer-D4000 diagram to be an informative param-
eter space in which to inspect the SFH of star-forming galaxies, and (GB09) extensively analyzed
the properties of galaxies in different regions of this diagram (for HδA). The dense band of model
spectra (dark blue) and the majority of the SDSS galaxies form a sequenceof galaxies dominated
by continuous star-formation ranging from very old (high D4000, low HγA) to very young (low
D4000, high HγA) mean stellar ages. Galaxies whose indices are located away from this bandhave
undergone a strong starburst in the past few hundred Myr.

It is evident that HOST07if is located away from the continuous SFH band in this spectral
index parameter space, and is even separated from the majority of low mass galaxies whose mean
stellar ages are very young. This indicates that HOST07if underwent a major burst of star formation
in its recent past. This is perhaps unsurprising given that HOST07if’s low luminosity implies a low
stellar mass, and low mass dwarf galaxies tend to have SFHs characterized by strong yet intermittent
bursts of star-formation (Searle & Sargent 1972). In the case of a strong recent starburst, the light
from the burst tends to dominate the galaxy spectral energy distribution (SED), which can make it
more difficult to constrain the complete galaxy SFH and mass-to-light ratio (GB09). Thus we will
proceed by decoupling the recent burst of SF from the remaining SFH ofHOST07if. We will first

3http://www.mpa-garching.mpg.de/SDSS/DR7/
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Figure 4.4 Location of HOST07if (green circle) in theHγA-D4000 plane compared to the library
of physically motivated SFHs of GB09 (blue background). Overplotted are index values for SDSS
galaxies derived by the MPA-JHU group for the full galaxy mass range (green contours) as well as
low mass (log(M∗/M⊙) ≤ 9.0) galaxies (red contours), with median measurement errors shown as
the colored crosses in the lower left. Galaxies in the densely-populated band spanning the full range
of D4000 have SFHs dominated by continuous star-formation, while the galaxies located away from
this band have undergone recent burst of star-formation.
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assess the age of the most recent starburst, then investigate the potential presence of older stars in
HOST07if.

HOST07if Burst Stellar Age

To quantify the age of the most recent starburst in HOST07if, we compare the HOST07if
spectral indices to those of a library of starburst model spectra generated from the BC03 SPS mod-
els. The burst SFHs are simple boxcar functions in time described only by thestart and end time
of the burst of star-formation. Burst start times are uniformly distributed between 0 and 13.5 Gyr
ago, and durations are uniformly distributed between 10 Myr and 1 Gyr. Metallicities were dis-
tributed logarithmically between0.2 < Z/Z⊙ < 2.5 and distributed as a smoothly decaying func-
tion in metallicity (∝ log(Z)1/3) between0.02 < Z/Z⊙ < 0.2 (in order to not over-represent
low-metallicity bursts).

We derive the luminosity-weighted HOST07if starburst age probability distribution func-
tion (PDF) in a probabilistic fashion. For each template galaxy in the burst library, we computed
the values of the spectral indices measured in the same way as HOST07if. Wethen derive each
template’s error-normalized separation from HOST07if in this multi-dimensionalparameter space
defined by the spectral indices as

χ2
i =

∑

α

[

aα,i − aα,07if

σaα,07if

]2

(4.1)

whereaα,i is the value of parameterα for templatei, and similarlyaα,07if andσaα,07if
are the

value and uncertainty of that same parameter for HOST07if. Each template spectrum is a linear
combination of spectra of SSPs of discrete age and metallicity as defined by theBC03 models. We
assign a weight to each SSP equal to its integrated optical flux (3500Å < λ < 10000Å), as the
brighter SSPs are more likely to drive the spectral features. Thus each template has a luminosity-
weighted age PDF that is the product of the template’s coefficients for eachSSP multiplied by
the luminosity weights for each SSP (and normalized to unity probability). For each age bin in
the HOST07if burst age PDF, each template adds probability to the bin that is a product of the
template’s age PDF value for that age bin and the appropriate weighting (exp[−χ2

i /2]) for the
template’s parameter space separation from HOST07if. The final burst age PDF for HOST07if was
renormalized according to the total probability of all templates (

∑

i exp[−χ2
i /2]). We use the final

HOST07if burst age PDF to derive the median age and±1σ errors for the stellar population of
HOST07if as derived from the cumulative probability function.

We examined the accuracy of this method by performing the same age measurement with
our burst library SEDs whereg − r < 0.5 mag (thus the youngest subsample of bursts), which
we will refer to as the “validation sample”. We tested our method for a variety ofcombinations of
spectral indices, and measured the mean offset from the true value (bias) and dispersion (systematic
error) for each combination. In general, the bias was much smaller than the dispersion, and the
dispersion decreased as more Balmer indices were added but saturated at the dispersion using the
combination of Hδ, Hγ, and Hβ. The Hβ absorption strength for HOST07if is roughly the same
magnitude as the emission equivalent width (EW (Hβ) = 5.3±1.5Å), so the potential for emission
contamination of this index exceeds the reduction in systematic error gained byits inclusion. Ad-
ditionally, the age sensitivity of the Hβ index is slightly dependent on spectrograph resolution and
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Figure 4.5 Reconstructed starburst age for our selected library galaxies vs. the input time of most
recent starburst (green circles), with duration of starburst shown as horizontal grey bars. The scatter
about the true value is 0.06 dex.

galaxy velocity dispersion (Vazdekis et al. 2010), whereas the other two Balmer indices are not, and
the velocity dispersion of HOST07if is poorly constrained at our spectrumS/N. We thus exclude
the Hβ index from our parameter space. We also considered other (non-Balmer) Lick indices, in-
cluding G4300, but these provided no stronger constraints on the HOST07if age. Given the relative
insensitivity of these other indices in the∼100 Myr age range found for HOST07if (Vazdekis et al.
2010), this is unsurprising.

The final set of indices used to define the parameter space for template matching was
D4000, Hδ, and Hγ. We show in Figure4.5 the comparison between the median reconstructed
stellar age against the median time (green circles) and duration (grey horizontal bars) of the star-
burst for each model in the aforementioned validation sample. The final mean offset between input
and reconstructed age is∆ log(t) = −0.05 dex with a scatter of0.06 dex. We thus consider our
reconstruction method to be accurate, with a systematic age uncertainty of∆ log(t) = 0.06.

The final burst age PDF for HOST07if is shown in Figure4.6, and we can see that the age
constraint is remarkably tight. Our analysis shows the luminosity-weighted stellar age of HOST07if
to belog(t) = 8.09+0.37

−0.43[stat]±0.06[sys], or in linear agetburst = 123+165
−77 Myr (with the addition

of statistical and systematic errors in quadrature). For the BC03 tracks atmetallicity Z = 0.004
(the closest value to our derived galaxy gas-phase metallicity) this corresponds to a main-sequence
turn-off mass ofM/M⊙ = 4.6+2.6

−1.4.
We also investigated the inclusion of optical colors in constraining stellar age,beginning
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Figure 4.6 Final luminosity-weighted burst age PDF for HOST07if. The solidvertical line rep-
resents the median of the cumulative probability distribution, while the two dashedvertical lines
represent the 16th and 84 percentile (i.e.1σ) of the same.
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with g − r which is strongly correlated with stellar age and was shown by GB09 to be a good color
for constrainingM∗/L. The age implied by the HOST07ifg − r optical color was somewhat in
tension with that implied by the spectral indices (log(t) ∼ 8.5 vs. log(t) ∼ 8.1). The cause of this
discrepancy is likely to be either the presence of some older stars in addition tothe recent burst of
star-formation (see§4.3), or intrinsic reddening in the galaxy (see§4.4).

It is worth noting that the distribution of ages and metallicities in the model library has
a significant impact on the resultant age PDF. Applying the same method to the GB09-like SFH
library used in Figure4.4 yields a very differently shaped PDF, and does not successfully recover
burst ages for those SFHs with a dominant recent starburst. This is because the manner in which
the library SFHs populate the age-metallicity parameter space effectively actsas a prior on the
resultant age PDF, whose final form is especially dependent on the wayin which different age bins
are coupled to one another by the assumed shape of the SFH. Our burst model library employs the
simplest possible SFHs (excepting of course aδ-function SFH) and provides an effectively flat and
decoupled prior because it populates age and metallicity bins evenly and onlycouples adjacent age
bins with equal weight and over relatively short (< 1 Gyr) timescales.

Finally, we note that our burst age assessment method also provides corroboration of
the low metallicity of HOST07if (measured from emission lines above in§4.2). In addition to
tracking the age distribution of each template, we can inspect the distribution ofmetallicity tracks
used in construction of the templates. Thus we can examine the burst age PDFas a function of
metallicity, and derive the integrated probability for each BC03 metallicity track. Doing so yields
the following probabilities: 25% forZ = 0.0004, 40% forZ = 0.004, 17% forZ = 0.008, 13% for
Z = 0.02 (solar), and 5% forZ = 0.05. This discrete distribution illustrates the strong preference
for lower metallicity tracks despite the relatively flat prior (w.r.t. each track).This is a product of
the metallicity sensitivity of the spectral indices used in the data-model comparison, and shows that
the stellar spectral features favor a low metallicity in agreement with our measurement of the gas
phase metallicity above.

Old Stars in HOST07if

Perhaps the greatest limitation in our ability to constrain the age of the SN 2007if progen-
itor is the uncertainty in the amount of old stars in HOST07if. Low-mass dwarf galaxies such as
HOST07if are likely to have a bursty SFH (Searle & Sargent 1972) characterized by intense bursts
of star-formation separated by extended quiescent periods of reduced SFR (Sánchez Almeida et al.
2008). Such galaxies may have formed the majority of their stars in the distant past (Zhao et al.
2011), so it is critical to investigate the potential amount of old stars in HOST07if.

The bursty nature of the HOST07if SFH is supported by the comparison of the burst star-
formation rate (SFR) implied by our age constraint as compared to that implied bythe observed Hα
emission. We showed above that the HOST07if spectrum is dominated by starsof age 123 Myr, and
we can make a simple approximation of the mass of stars formed during the burstby multiplying
the observedg-band flux by the mass-to-light ratio of our estimated burst age (and metallicity).
Doing so yields an approximate mass of107M⊙ of stars formed in the burst, and if we assume
this was formed int ≈ 100 Myr (likely an extreme over-estimate), we can estimate a rough burst
SFR ofSFRburst ≈ 0.1 M⊙ yr−1. The presence of Hα emission implies some current star-
formation, which we can quantify using the formula ofKennicutt(1998) to findSFRHα = 2.2 ×
10−3 M⊙ yr−1. Thus, even our crude estimate of the burst SFR shows the ratio of SFR during
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the burst to that at the present time to be at leastSFRburst/SFRHα ≈ 50, which implies that the
HOST07if SFR is tapering off from its intense value during the recent burst.

To investigate the amount of old stars in HOST07if, we begin by reconstructing the spec-
trum derived by convolving the burst 2D age-metallicity PDF with the BC03 SSPs. This “recon-
structed” stellar spectrum is plotted in the top panel of Figure4.7 along with the data and stellar
background fit from§4.2. Remarkably, information from the Balmer absorption features and D4000
alone are enough to reconstruct much of the HOST07if stellar background with high fidelity, espe-
cially in the bluer wavelengths. A slight color discrepancy of∆(g− r) ≈ 0.11 mag is evident here,
which could be due to dust in HOST07if (see§4.4) or old stars (see discussion below). In the lower
panel of the same figure, we show the ionizing flux below the Lyman limit (λ = 912 Å) for the
reconstructed spectrum as compared to the SSP at the age closest to our median age and metallic-
ity closest to our spectroscopic measurement (Z = 0.004). We performed a simple calculation of
the Hα flux that would result from this ionizing flux assuming 45% of ionizing photonseventually
generate anHα photon (Donahue et al. 1995), and found it to be within a factor of about 2 of the
measured value. Thus, our technique not only accurately reproducesthe stellar spectrum in the opti-
cal regime, but also independently predicts the Balmer emission strength fairlywell. This indicates
that our age-matching technique is effectively reproducing the tapering SFR in HOST07if, which
may indicate we are recovering not only the central burst time, but also someof the morphology of
the burst SFH.

We proceed in our investigation of possible old stars in HOST07if by taking our recon-
structed burst spectrum as being representative of the true starburstSED. As noted above, the spec-
trum predicted from our burst PDF is somewhat bluer (∆(g−r) ≈ 0.11 mag) than what we observe
for HOST07if, which could be a product of additional old stars. Here wetake a conservative ap-
proach and explore the implications if the entire color excess arises from anold stellar population.
To the burst spectrum we add the SED from an additional mass of old stars injected at a single age
ranging from 1 Gyr to 13.5 Gyr. For each age, we fit for the mass of starsthat minimizesχ2 from
theg − r andu − g colors, as well as the upper and lower masses that produced a∆χ2 of 1 (i.e.
±1σ) from the optimum value. In Figure4.8(top panel) we plot the best mass (and±1σ values) of
old stars (normalized to the burst mass) as a function of age, as well as the best fittingχ2 (middle
panel). For reference in this plot, we show the bestχ2 obtainable by reddening the burst spectrum
with dust (atRV = 3.1), found to beχ2 = 1.14 atAV = 0.22 mag. At all ages, the spectral features
(D4000, HδA, HγA) of the old+burst spectrum differed from the observed values in HOST07if by
much less than their measured uncertainties, justifying our approach of examining the starburst and
old stellar populations separately.

This test illustrates the aforementioned fact that young bursts of star formation tend to
obscure older stellar populations. Half or more of the stars in HOST07if could indeed come from
older stars and still be consistent with the observed spectral indices and colors, and we can currently
only disfavor old stars in HOST07if by making assumptions about the form ofits SFH. However, our
age measurement technique showed that old stars alone are inconsistent with the observed spectral
features of HOST07if, and a significant amount of young stars dominatesthe galaxy spectrum.
Further observational constraints on old stars in HOST07if must wait for additional data, such as
deep imaging in the near infrared.

An old stellar population can be the source of SN 2007if only if its reservoir of potential
progenitor systems has not been exhausted. Making the simplest assumptions – that the origi-
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Figure 4.7Top: Comparison of the spectrum reconstructed from the HOST07if age PDF(green)
compared to the data (blue) and the background estimate from the emission-linefitting procedure
(red).Bottom: A comparison of the reconstructed spectrum (blue) and the spectrum of the SSP with
age closest to the age estimate for HOST07if. Note the presence of HII ionizing radiation in the
reconstructed spectrum while the SSP (as expected) shows none.
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red line) which is found atAV = 0.22 mag. Bottom: Final probability of SN 2007if arising from
old stars injected at a given age, derived from the product of the SN production likelihood with the
color-matching likehood (from the aboveχ2 values).
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nal reservoir of progenitor systems is proportional to initial stellar mass,Mold, and that the delay
time distribution (DTD) of SN 20007if-like events is not an increasing functionof the delay,told,
for populations older than∼100 Myr – we can define a maximum relative rate today, given by
(Mold/told)/(Mburst/tburst), arising from any ancient burst of star formation. Coupling this rel-
ative rate with the best-fit value ofMold for each age, and scaling by theχ2 probability from the
color matching, we derive the total probability of SN 2007if having been born from an old stellar
population as a function of age. The results are shown in the bottom panel of Figure4.8, where one
sees that the likelihood of SN 2007if arising from an older stellar population never exceeds about
7% (note that this could be even lower if there is some reddening due to dust).We therefore con-
clude there is a high likelihood that SN 2007if was born in the recent burst of stars whose age was
constrained in§4.3. We note that mathematically this consumption-timescale constraint gives the
same relative factor as for old stellar populations distributed equally at multiple ages – where con-
sistency requires a fixed DTD normalization across ages – and then assuming a t−1 power law for
the DTD. This case is of particular interest because at−1 power law is similar to the DTD observed
for normal SNe Ia (Maoz 2010; Barbary et al. 2010), and expected in most DD models.

HOST07if Stellar Mass

The SPS models used above to constrain the luminosity-weighted age of the HOST07if
stellar population can also be used to constrain the HOST07if mass-to-light ratio. Though spectral
indices can in principle be used to constrain the mass-to-light ratio (e.g. GB09), the S/N of our
spectral indices results in a large uncertainty (∼ 1 dex) in the index-based mass-to-light ratio. In-
stead, a much tighter constraint can be obtained using optical color. We thuscompare theg − r
color of HOST07if to that of our SFH models, as this color was shown by GB09 to be a good color
for constraining mass-to-light ratios.

Which SFH models are appropriate for determining mass-to-light ratios is a deeper ques-
tion than can be addressed here. Instead we follow the prescription generally favored in the lit-
erature, which is to use exponentially-declining SFHs similar to those ofKauffmann et al.(2003)
and GB09. Though the SFHs of dwarf galaxies such as HOST07if are likely to be bursty, a long
period of intermittent burst of SF can be well-approximated by a continuous SFH. We thus use the
aforementioned suite of model spectra built following the prescriptions of GB09 to constrain the
HOST07if mass-to-light ratio usingg − r color in the following way. Each model galaxy SED is
normalized toM = 1M⊙, and we measure theg-band luminosity for each template. Using color-
basedχ2 weights, we measure the weighted mean stellar mass of a burst of unitg-band luminosity
as:

〈M〉 =

∑

iwiMi
∑

iwi
(4.2)

and its uncertainty:

σM =
(

〈

M2
〉

− 〈M〉2
)1/2

(4.3)

where the weightwj = exp−χ2
j/2 for each template is computed from the template’sg − r color

χ2 as:

χ2
j =

[

(g − r)HOST07if − (g − r)j

σ(g−r)HOST07if

]2

(4.4)
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Assuming a solarg-band absolute magnitude ofM⊙,g = 5.15 (Bell & de Jong 2001), we derive a
mass-to-light ratio for HOST07if oflog(M∗/L)model = −0.50±0.17. With the absolute magnitude
derived in§4.1 and the aforementioned mass-to-light ratio, this implies a galaxy stellar mass for
HOST07if oflog(M∗/M⊙) = 7.32 ± 0.17.

As a comparison, we inspect the mass-to-light ratios for SDSS galaxies as determined by
the MPA-JHU team. We find theirM∗/L values to be well represented as a linear function in both
opticalg − r color and more weakly in absolute magnitudeMg. From their data, we estimate the
HOST07if mass-to-light ratio to belog(M∗/L)SDSS = −0.52 ± 0.15, which is consistent with our
value within the error bars (as would be expected since our SFH models are essentially the same).
In a similar vein, we use the color-basedM∗/L formulae (appropriately corrected for our choice
of IMF) from Bell & de Jong(2001) along with the color measured from HOST07if to estimate a
mass-to-light ratio oflog(M∗/L) = −0.55, again consistent with our estimate.

4.4 HOST07if Analysis Cross-Checks

We now discuss several cross-checks we performed in order to estimatesystematic effects
in our parameter estimations. The possible effects of dust in HOST07if, systematic uncertainties in
metallicity scales, and the limitations of our particular choice of stellar population synthesis (SPS)
models will be addressed in turn.

The Effect of Uncertain Reddening

In typical applications the Balmer decrement is used to estimate reddening due todust and
correct emission line metallicity diagnostics. Our detection of Hβ is consistent with no reddening,
however it is of sufficiently low S/N that a large range of reddening is allowed by this measurement.
Several lines of evidence suggest that the reddening should be low. InScalzo et al.(2010) we set
strong upper limits on the column of Na I, suggesting little enriched material is available in the
ISM for the formation of dust. Given that HOST07if is in a post-starburst phase, the HII regions
and molecular clouds associated with this burst will have dissipated long ago,and thus it is quite
plausible that the extinction limit derived for SN 2007if is not atypical of that for the emitting
gas and stars. Because dust requires metals to form, the expected low metallicity based on the
low luminosity of HOST07if also leads to the expectation of low extinction.Lee et al.(2009) and
Garn & Best(2010) measure the Balmer decrement as a function of galaxy luminosity and do indeed
find that low-luminosity galaxies typically have extinction of onlyAV ∼ 0.1.

The emission line fluxes of HOST07if also favor low reddening. Correctionfor red-
dening will increaseR23 and lead to a higher predicted O/H. However, N2O2 (=[NII]λ6584/[OII]
λλ3727, 3730) works in the opposite sense. Indeed, at the lowest metallicities (12 + log(O/H) <
8.1), N2O2 is expected to saturate at primary N/O nucleosythesis ratio oflog(N/O) = −1.430.07

−0.08

(Nava et al. 2006), giving N2O2= −1.32+0.08
−0.09. Thus, our non-detection of [NII]λ6584 provides an

upper limit on N2O2 that can be used to constrain the amount of reddening. In the upper left panel
of Figure4.9we show these complementary constraints in theAV –(O/H) plane. These constraints
alone disfavor any reddening greater thanAV ∼ 1.8, and the metallicity prediction would have been
0.21 dex higher than that derived with fixedAV = 0.

The very blue color and strong Balmer absorption of the stellar continuum in HOST07if
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place additional constraints on reddening. It was noted above that the reconstructed spectrum from
our age-metallicity PDF was slightly bluer (by∼ 0.11 mag in g − r and 0.06 mag in u − g,
corresponding to a best-fit extinction ofAV = 0.22 mag) than the observed color of HOST07if.
While this could be caused by reddening due to dust, it could also be indicative of the presence of
older stars (see§4.3). However, the Balmer absorption of the HOST07if stellar continuum and its
optical colors can be combined to place anupper limit on the amount of reddening that is consistent
with the observed color of HOST07if. This can be understood as a disagreement between the
extreme blue stellar color implied by large reddening and the Balmer absorption strengths; if the
reddening was large and HOST07if was intrinsically much bluer, its implied age would be younger
and thus its Balmer absorption strengths would have been shallower than observed. We can quantify
this constraint by examining the effect of reddening on theg − r andu − g colors of HOST07if
and the subsequent agreement with our model spectra used in constraining the burst age. For each
value ofAV , we sum the probability of matching to each of the 150,000 burst templates usingthe
χ2 method described above with theg − r andu− g colors included in theχ2. Shown in the upper
right panel of Figure4.9, theAV PDF from this method shows a sharp drop atAV ∼ 0.5. With
the constraints from the stellar features added to our PDF, the metallicity we would have measured
is only 0.08 dex higher than theAV = 0 value. With the1σ reddening ofAV ∼ 0.5, our mass
estimate for HOST07if would have increased by∼0.3 dex (accounting for both the luminosity and
mass-to-light ratio changes), only slightly larger than the measurement error for that quantity.

Finally we show the result of including the SN 2007if reddening constraint of Scalzo et al.
(2010) as an assumed constraint on the global host reddening. We show the resultant 2D PDF in the
lower left panel of Figure4.9, and find that the resultant metallicity would have been 0.02 dex higher
than theAV = 0 value. Marginalizing our 2D PDFs inAV gives the (O/H) PDFs for each scenario
described above, and we show these in the lower right panel. The valueswe reported for each
scenario represent the metallicity of maximum likelihood for the PDFs shown. Thus, while there
is some uncertainty in the amount of reddening in HOST07if because we cannot strongly constrain
the Balmer decrement, ultimately it has little effect on our final results, which robustly show a low
metallicity. Additionally, the spectral indices used in our age measurement are measured across
short wavelength ranges and thus are relatively insensitive to reddening, making our age estimate
also robust against possible reddening in HOST07if.

Metallicity Calibration

Strong emission-line methods such as theR23 method (McGaugh 1991; Zaritsky et al.
1994, KK04) produce oxygen abundance values that are systematically higher than those derived
with the direct method by0.2 − 0.5 dex (Kennicutt et al. 2003). In galaxies like HOST07if where
[OIII] λ4363 is not detected with sufficient S/N but strong line fluxes indicate low metallicity, this
poses a challenge for deriving the correct absolute metallicity. Placing our metallicity estimate on
the correct absolute scale is subject to the uncertainty as to which metallicity calibration is correct
in an absolute sense. This is a subject much debated, and while the final scale remains undecided,
Kewley & Ellison(2008) provided an excellent analysis of the discrepancies between various scales
and means of converting between them. The scatter in these relations (0.06 dex systematic error,
see analysis below) is smaller than the measurement errors from our spectrum. Placement of our
measurements on a common scale with those of other SN Ia hosts in the literature suffices for
comparison purposes, and will be employed in the discussion of§4.5.
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Figure 4.9Upper Left: Two-dimensional probability distribution function of O/H vs.AV combin-
ing constraints from theR23 ratio and N2O2 ratio from emissions lines. The two filled contours
represent the1σ and2σ probability levels for each constraint, with the red and pink contours cor-
responding to the1σ and2σ final combined constraints.Upper Right: Same as left, but with ad-
ditional constraint from SPS matching (see text). Magenta and fuscia contours are final1σ and2σ
combined constraints.Lower Left: Same as upper left, but with addition of SN reddening constraint
from Scalzo et al.(2010). Cyan and light blue contours are final1σ and2σ combined constraints.
Lower Right: Metallicity PDF (marginalizing inAV ) for the three above cases (Case a - emission
line constraints only, red dotted line; Case b - emission line plus SPS constraints, magenta dash-
dotted line; Case c - emission line plus SN constraints, cyan dashed line) as well as the simple case
assumingAV = 0 (blue solid line).
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Systematics in Stellar Population Synthesis

Next, we consider the impact of our particular choice of SPS models. It is a well-known
problem that different stellar evolution and population synthesis codes produce different results due
to different treatment of uncertain stages of stellar evolution, extinction dueto dust, and the IMF
(see e.g.Conroy et al. 2009). Assessment of the full impact of these uncertainties is beyond the
scope of this work, but we inspected the impact of employing aSalpeter(1955) IMF instead of
theChabrier(2003) IMF used in our primary analysis. The age constraint for HOST07if remained
unchanged, as the Salpeter IMF increases the amount of low-mass stars (relative the Chabrier IMF)
which negligibly affect the spectrum of young starbursts similar to HOST07ifwhich are dominated
by bright massive stars. The mass-to-light ratio, however, is≈ 0.16 dex higher for the Salpeter
IMF, again a product of the increased proportion of low mass stars. Thus while our host mass is (as
expected) dependent on the IMF chosen, the age constraint is robustagainst different IMFs.

To place our results in a more general stellar population context, we inspected the stellar
spectra catalog ofGunn & Stryker(1983) and measured the Balmer absorption strengths in the same
manner as for HOST07if. We then analyzed which single star spectra had the closest absorption
strengths to HOST07if, and found the majority of these to be late B-type or earlyA-type stars. This
is consistent with the age and main-sequence turnoff mass derived for HOST07if. Thus we find that
our age measurement for the stellar population dominating the light of HOST07ifis consistent with
single-star spectra, indicating that our results are unlikely to be strongly dependent on the choice of
SPS models.

Summary

In summary, the possible systematic errors or biases on our measurements ofthe metallic-
ity and age of HOST07if are small compared to measurement errors. Our classification of HOST07if
as metal-poor is confirmed for a wide variety of assumptions about reddening by dust in the host,
and is true regardless of the metallicity calibration chosen. Our measurement of the young age
of the stellar populations in HOST07if is not an artifact of our choice of SPSmodels or template
SFHs. One important subtlety to note is that our age PDF for the stellar populations in HOST07if
does not constitute a direct measurement of the progenitor age of SN 2007if, as the SN progenitor
system was drawn from a single epoch in the SFH of its host galaxy. Our estimate of the stellar ages
of the host represents the distribution of ages from which the progenitor was drawn, rather than
a constraint on the age of the single progenitor system. The statistics of the host age distribution
strongly favor a young age for the progenitor system of SN 2007if. Ourassertion that HOST07if is
young and metal-poor is robust, and serves as appropriate context forconsidering the properties of
the progenitor of SN 2007if.

4.5 Implications of HOST07if Properties

In this section we discuss HOST07if in the context of previous SN Ia host galaxy studies,
as well as the implications for progenitor scenarios for SN 2007if suggested by our data. Our
assumption is that the properties of the host galaxy stellar population are good indicators of the
properties of the progenitor system of SN 2007if. We showed above thatthis argument is statistically
sound, as the recent major starburst dominates the galaxy light. Below we willshow that our results
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are consistent with regions of progenitor parameter space believed to produce SNe Ia, and our results
thus provide important constraints on what portions of that parameter space are likely to produce
super-Chandrasekhar SN Ia.

Metallicity of SN 2007if host - Comparison to other SN Ia hosts

Metallicity is a key parameter affecting the evolution of SN Ia progenitors. In the SD sce-
nario (Hachisu et al. 2008), accretion is stabilized by a strong wind from the WD whose strength is
driven by Fe opacity. Lower metallicity decreases the allowable regions of WDmass - orbital period
parameter space in which the wind is strong enough to stabilize the accretion (Kobayashi & Nomoto
2009). In general, metallicity will affect the relation between initial main-sequence mass and final
WD mass, as well as the time to evolve off the main sequence (Umeda et al. 1999b). For WDs of
the same mass, a lower metallicity produces a slightly lower C/O ratio (a product ofthe aforemen-
tioned evolution time effect), which has been proposed as a possible source of the diversity in SN Ia
brightnesses (Umeda et al. 1999a).

Placing our metallicity measurement in the context of previously published spectroscopic
SN Ia host metallicities requires using a common scale, as different metallicity calibrations pro-
duce significantly different results (see the excellent discussion inKewley & Ellison 2008). To
our knowledge, the lowest spectroscopic SN Ia host metallicities to-date arethose of SN 1972E at
12+log(O/H) = 8.14 (Hamuy et al. 2000), and SN 2004hw at12+log(O/H) = 8.23 (Prieto et al.
2008). The original metallicity of the host of SN 1972E is drawn fromKobulnicky et al.(1999), who
use the “direct” method to measure the oxygen abundance. As noted above, the “direct” method
values are typically lower than strong line values by at least 0.2 dex. Therefore we collected the
galaxy emission line fluxes fromKobulnicky et al.(1999) and measured its abundance using the
KK04 technique employed for HOST07if, finding12 + log(O/H)72E,KK04 = 8.35 ± 0.03. The
metallicities ofPrieto et al.(2008) come from SN Ia hosts in the T04 sample, where metallicities
where derived in a Bayesian manner by comparing emission line fluxes to photoionization models of
Charlot & Longhetti(2001). While the means to reproduce their metallicity analysis are not avail-
able, the absorption-corrected emission line fluxes are available from the MPA-JHU group. Using
the fluxes for the host of SN 2004hw, we find12 + log(O/H)04hw,KK04 = 8.24± 0.03. After plac-
ing all these metallicities on a common scale, our value of12 + log(O/H)KK04 = 8.01 ± 0.09 for
the metallicity of HOST07if is≈ 2σ lower than the lowest metallicity from these previous samples,
and far below the metallicities of typical SN Ia host galaxies.

Interpretation of the metallicity of HOST07if on an absolute scale is subject to theinter-
calibration issues described above. The T04 scale is a popular one in the literature, as the mass-
metallicity relation they derive is often invoked to use host mass as a proxy formetallicity. As
stated above, the algorithm for this scale is not accessible, but we can convert our values to this
scale using the conversion formulae ofKewley & Ellison (2008). Doing so yields a metallicity for
HOST07if of12+log(O/H)T04 = 7.71±0.14[stat]±0.06[sys], and for the host of SN 1972E yields
12 + log(O/H)72E,T04 = 8.22, while the value for SN 2004hw of12 + log(O/H)04hw,T04 = 8.23
was derived in the T04 data set. On this scale HOST07if is nearly3σ lower metallicity than the
other SN Ia hosts.

We can place the metallicity of HOST07if on a solar abundance scale by comparing our
measurements of the oxygen abundance to the solar value of12+log(O/H)⊙ = 8.86 (Delahaye et al.
2010). On the KK04 scale, HOST07if has metallicityZKK04 ≈ Z⊙/5, while on the T04 scale it has
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ZT04 ≈ Z⊙/9. The T04 value is perhaps in better agreement with the stellar metallicity preferred
by our template matching (see§4.3) where 40% of the probability is in theZ = 0.004 (Z⊙/5)
track and 25% in theZ = 0.0004 (Z⊙/50), though the coarse metallicity binning of the BC03
models makes this difficult to quantify precisely. While the absolute scale is somewhat uncertain,
the metallicity of HOST07if is significantly sub-solar on several reasonable metallicity scales.

Finally we note that the gas-phase metallicity measured for HOST07if at the present
epoch may be higher than the metallicity at the time of the birth of the progenitor of SN2007if,
presumably during the major starburst 123 Myr before the SN. The massive stars formed during
that burst have exploded as core collapse SNe and enriched the ISM ofHOST07if with their ejecta.
Sánchez Almeida et al.(2009) found that dwarf galaxies with bursty SFHs showed gas-phase metal-
licities enriched by≈ 0.35 dex (as compared to stellar metallicities) during the periods between
bursts of star-formation. Thus the metallicity of the progenitor system of SN 2007if could possibly
be even lower than the extremely low gas-phase metallicity measured for HOST07if at the time of
the SN itself.

SNe Ia in low luminosity hosts

SN 2007if is part of a large and continually growing list of unusual SNe Iadiscovered in
low-luminosity host galaxies. Though low-luminosity galaxies have a higher number density than
high-luminosity galaxies due to the steep faint-end slope of the galaxy luminosity function (e.g.
Schechter 1976), high-luminosity galaxies retain the majority of stellar mass and thus are likely
to produce the large majority of supernovae. Despite this fact, the number ofsupernovae in low-
luminosity hosts is now significant, and includes a number of peculiar SNe suchas SN 2007if.

The SN 2002cx-like supernova SN 2008ha (Foley et al. 2009) was found in a faint (MB =
−18.2 for h = 0.7) irregular galaxy. SN 2002ic (Wood-Vasey et al. 2002; Hamuy et al. 2003;
Wood-Vasey et al. 2004) and SN 2005gj (Aldering et al. 2006; Prieto et al. 2007), both of which
demonstrated features consistent with interaction with circumstellar material, were found in low-
luminosity hosts (as-yet undetected for SN 2002ic andMB = −17.4 for SN 2005gj;Aldering et al.
2006). At the most extreme, SN 1999aw was found in a host galaxy of brightnessMB = −11.9 ±
0.2 (Strolger et al. 2002). The prototype of the possible super-Chandrasekhar class, SN 2003fg,
was discovered in a low luminosity galaxy whose mass was estimated atlog(M∗/M⊙) = 8.93
(Howell et al. 2006), though it is possible this is a tidal feature of a larger morphologically-disturbed
galaxy nearby.

While the prevalence of unusual SNe Ia in low-luminosity galaxies is intriguing,it is by no
means a one-to-one relationship. Most of the SN 2002cx-like host galaxies are spirals of moderate
stellar mass (Foley et al. 2009), and other super-Chandrasekhar candidates have been found in more
massive galaxies. SN 2006gz was found in a bright Scd galaxy (Hicken et al. 2007), and SN 2009dc
appeared to be located in a massive S0 galaxy (UGC 10064) but may be associated with a nearby
blue companion (UGC 10063) at the same redshift which may be interacting withthe fiducial host
of SN 2009dc (Silverman et al. 2011; Taubenberger et al. 2011).

There have also been relatively normal SNe Ia in low luminosity galaxies. Thehost
galaxy of SN 2006an has an extremely low luminosity (Mg = −15.3, SDSS) and stellar mass
(log(M∗/M⊙) = 7.7, Kelly et al. 2010) but was matched spectroscopically to the normal SN Ia
SN 1994D (Quimby et al. 2006). The Catalina Real-Time Transient Survey (Drake et al. 2009) dis-
covered SN 2008hp in a very faint (Mg = −12.7) host galaxy, but matched it spectroscopically to
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a normal SN Ia (Drake et al. 2008). Additionally, the SNfactory discovered a number of relatively
normal SNe Ia in low luminosity galaxies (see below).

To summarize, we note that low luminosity SN Ia hosts do not exclusively produce
unusual SNe Ia, but there appears to be a higher frequency of thesepeculiar SNe Ia, including
SN 2007if, in lower luminosity hosts.

Host Galaxies of the Probable super-Chandrasekhar SN Ia Sample

The properties of the full sample of probable super-Chandrasekhar SNe Ia is crucial for
narrowing down the range of possible explosion scenarios for these exceptional SNe. Though there
exist four SNe Ia whose classification as super-Chandrasekhar is generally agreed upon (SN 2003fg,
SN 2006gz, SN 2007if, and SN 2009dc), three additional SNe Ia showed possible spectroscopic
similarity to the four confirmed super-Chandrasekhar SNe Ia or photometricindication of exceeding
MCh (SNF20080723-012, SN 2004gu, and SN 2009dr).

In Taubenberger et al.(2011) we derived stellar masses for the super-Chandrasekhar SN Ia
host galaxies, as well as gas-phase metallicities for those where spectroscopic observations were
available. In Figure4.10 we show the location of the super-Chandrasekhar SN Ia hosts in the
galaxy mass-metallicity (MZ) diagram, as well as their distribution compared to thatof SDSS
(Lampeitl et al. 2010) and SNLS (Sullivan et al. 2010) host galaxies. For the hosts of SNe 2003fg
and 2009dr, as well as for UGC 10063, no metallicities could be determined, so these galaxies are
plotted as vertical lines; for the SN 2009dr host the upper mass limit is shown.There seems to be
a tendency of the hosts of super-Chandrasekhar SNe Ia to have (on average) lower masses than the
SDSS galaxies. This trend also holds in the histograms in the lower two panels, where the host
mass distribution of super-Chandrasekhar SNe Ia is compared to those ofSNe Ia from the non-
targeted SDSS (Lampeitl et al. 2010) and SNLS (Sullivan et al. 2010) surveys. In the middle panel
UGC 10064 has been assumed to be the host of SN 2009dc, in the bottom panel UGC 10063.

The host mass distribution of super-Chandrasekhar SNe Ia has a mean and dispersion of
log(M∗/M⊙) = 9.2 ± 1.3 or log(M∗/M⊙) = 9.0 ± 1.1, depending on whether UGC 10064 or
UGC 10063 is considered as the host of SN 2009dc. These numbers areconspicuously lower than
the log(M∗/M⊙) = 9.8 ± 1.0 andlog(M∗/M⊙) = 10.0 ± 0.9 obtained for all SNLS and SDSS
SN Ia hosts, respectively. To verify whether the observed distributionsdiffer to a statistically signif-
icant degree, we ran a Kolmogorov-Smirnov test, using the SDSS and SNLShost mass distributions
as a reference, and assuming in our null hypothesis that the hosts of the super-Chandrasekhar SNe Ia
have been drawn from the same distributions. At a customary significance level of α = 0.05, this
null hypothesis is not rejected for both reference distributions. If, however, the significance is re-
laxed toα = 0.10, the null hypothesis is rejected for the SDSS reference distribution (but not yet
for the SNLS reference distribution).

This outcome is independent of which galaxy is adopted as the host of SN 2009dc,
since it is driven by the high frequency of low-mass dwarf galaxies amongthe hosts of the super-
Chandrasekhar SNe Ia. Of course, this is all low number (n = 7) statistics, and one should note
that the addition of a single event might change the result considerably. Nevertheless, we tentatively
claim weak evidence for an excess of low mass galaxies as hosts of the super-Chandrasekhar SNe Ia.
Recent work byKhan et al.(2011) has extended this analysis to inspect the metallicity at the sites
of SN 2009dc, SN 2003fg, and SN 2006gz. They showed that these SNe occur far from the core of
their potential hosts, implying a lower SN progenitor metallicity than implied by these galaxies’ lo-
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Figure 4.10 Top panel: masses and metallicities of the hosts of super-Chandrasekhar SNe Ia, com-
pared to SDSS galaxies. Whenever no spectroscopic metallicity was available, a vertical line was
drawn. The mass reported for the SN 2009dr host is an upper limit, followingthe non-detection in
SDSS images. Middle and bottom panels: binned mass distribution of super-Chandrasekhar SN Ia
hosts, compared to 162 SN Ia hosts from SDSS and 231 SN Ia hosts from SNLS. In the middle
panel UGC 10064 is considered to be the host of SN 2009dc, in the lower panel UGC 10063. The
distributions are scaled by arbitrary amounts to enable a comparison by eye.
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cation on the MZ diagram. Thus low metallicity may be a common quality of super-Chandrasekhar
SN Ia progenitors.

Host Age Constraint - Implications for SN 2007if Progenitor Scenarios

A consistent picture for the progenitor of any supernova should be ableto explain not only
the energetics of the explosion itself, but also the rates and timescales of such events. For normal
SNe Ia, the correlation of SN rates with host galaxy mass and star-formationrate (Mannucci et al.
2005; Sullivan et al. 2006) indicated the likelihood of two progenitor components (the “A+B” model
Scannapieco & Bildsten 2005) with different time scales. This is most directly encapsulated in the
SN Ia delay time distribution (DTD;Mannucci et al. 2006). While the DTD of SNe Ia is still debated
(see e.g.Mennekens et al. 2010), the predictions of various scenarios for normal SNe Ia serve as a
useful baseline for placing our age constraint for HOST07if in the context of progenitor scenarios
for SN 2007if.

Though the presence of SNe Ia in elliptical galaxies and the decline of the SNIa rate at
high redshift argue for progenitors with long delay times (Strolger et al. 2004, 2005), the correlation
of SNe Ia with star-formation indicates the need for short-lived SN Ia progenitors (Aubourg et al.
2008) with delay times of order a few hundred Myr. Such short timescales have indeed been ob-
tained in models of SD progenitor scenarios (e.g.Hachisu et al. 2008, their WD+MS channel), and
DD scenarios (e.g.Ruiter et al. 2009).

As an example,Mennekens et al.(2010) describe a particular DD channel (dubbed the
“CE” channel) in which two stars, with initially large separation and orbital period of several hun-
dred days, undergo two common-envelope phases at the end of the main sequence lifetime of the
more massive star. Following the MS evolution and the CE episodes, the orbitalperiod of the sys-
tem is reduced to a few hundred seconds and rapidly decays by gravitational radiation over a few
hundred kyr. Finally the two WDs merge after a total period of order a few hundred Myr from
the initial birth of the stars. This binary evolution channel has delay times consistent with our age
estimate for the stellar population of HOST07if.

Liu et al. (2010) proposed a stellar evolution channel for super-Chandrasekhar SNe Ia
involving a CO-WD primary and He secondary. This system is born from a binary with initial
masses ofM1 = 7.5M⊙ andM2 = 4.0M⊙ (at solar metallicity) that undergoes rapid rotation
and explodes as a super-Chandrasekhar SN Ia with a delay time of approximately tsuper−Ch ≈
65 Myr. Though the initial masses and timescales would be different at the sub-solar metallicity
of HOST07if, the timescale of this scenario is roughly the same order of magnitude as our age
constraint from the host spectrum.

Blais & Nelson(2011) proposed a new binary evolution scenario which could lead to
an SN Ia through the DD channel. In their “single CE” scenario, two stars of very similar mass
(M1/M2 > 0.95) fill their Roche lobes almost simultaneously, leading to a common envelope
episode that brings the remnant WDs to a much tighter orbital separation followed by the standard
DD merger as a result of orbital energy dissipation due to gravitational radiation losses. Their
scenario manifests a large range of timescales, from less than 100 Myr to greater than a Hubble
time, which allows for the timescale that we estimate for the age of HOST07if. Indeed, a non-
negligible fraction of the short timescale (log(t) ≤ 8.2) realizations of this scenario show a total
WD system mass in the range2.1 M⊙ ≤MWD,tot ≤ 2.3 M⊙ (L. Nelson, private communication),
in line with to the total system mass estimate we derived for SN 2007if inScalzo et al.(2010).
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Short timescales similar to the age of HOST07if are allowed in some SD scenarios[e.g.
the “WD+MS” channel ofHachisu et al.(2008), see alsoHan & Podsiadlowski(2004), Greggio
(2005) and references therein], but are especially common in DD scenarios (Yungelson & Livio
2000; Greggio 2005; Ruiter et al. 2009; Mennekens et al. 2010). While our age constraint does not
definitely establish whether one of the traditional SN Ia progenitor scenarios or a new scenario
is more favored for SN 2007if, our determination that SN 2007if was likely born from a young
stellar population disfavors some scenarios, such as the WD+RG channelof the SD scenario from
Hachisu et al.(2008) in which the WD accretes matter from a red giant companion, or the “RLOF”
channel of the DD scenario described byMennekens et al.(2010) in which early mass transfer in
the binary proceeds by slow Roche lobe overflow (RLOF) and requiresa significantly longer delay
time than the age we measure for HOST07if.

Another interesting consequence of our age constraint is the resultant progenitor WD mass
constraint for SN 2007if. If we assume SN 2007if originated from the merger of two WDs born in
the dominant HOST07if starburst that have evolved off the main sequenceprior to merger, we can
use models connecting initial MS and final WD mass to derive a crude lower limit for the total
system mass prior to SN Ia explosion. Using the models ofUmeda et al.(1999b, see their Fig. 6) at
Z = 0.004, we roughly estimate that aM/M⊙ = 4.6 main sequence star (corresponding to the MS
turnoff mass derived above for HOST07if) would produce aMWD = 0.85 M⊙ white dwarf. Thus
in this toy model SN 2007if should have originated from the merger of two WDs whose total mass
can be no less thanMtot = 1.70M⊙, clearly in excess ofMCh. There must some dynamical orbital
decay time for a double WD merger, so this approximation should be considered an extreme lower
limit. Though the evolution of post-MS stars in binary systems is far more complicated than the sin-
gle star evolutionary scenarios ofUmeda et al.(1999b), these models provide a good approximate
scale of the available C/O material at the time of WD merger. Thus, our age estimatefor HOST07if
implies that even if stars just leaving the main sequence in HOST07if merge immediately, their
mass must exceed the Chandrasekhar mass by a fair margin, reinforcing the model of SN 2007if as
a super-Chandrasekhar SN Ia we derived inScalzo et al.(2010).

4.6 Summary

In this Chapter we have presented Keck photometry and spectroscopy ofthe faint host
galaxy of the super-Chandrasekhar SN Ia SN 2007if. HOST07if has very low stellar mass (log(M∗/M⊙) =
7.32±0.17), and has the lowest-reported spectroscopically-measured metallicity (12+log(O/H)KK04 =
8.01±0.09 or 12+log(O/H)T04 = 7.71±0.14[stat]±0.06[sys]) of any SN Ia host galaxy. We used
the Balmer absorption line strengths in conjunction with the 4000Å break to constrain the age of
the dominant starburst in the galaxy to betburst = 123+165

−77 Myr, corresponding to a main-sequence
turn-off mass ofM/M⊙ = 4.6+2.6

−1.4.
This host galaxy is an ideal system for measuring SN progenitor properties. Dwarf galax-

ies such as HOST07if typically have a well-mixed ISM, lacking the large-scaleabundance gradients
found in larger galaxies. Like other low-mass dwarf galaxies, HOST07if shows indications of a
bursty star-formation history, as its recent star-formation is dominated by thelarge starburst approx-
imately 123 Myr in its past which presumably gave birth to the progenitor system of SN 2007if. We
note, however, that bright recent starbursts are efficient at obscuring the light of older stellar popu-
lations, and HOST07if could possibly have a significant amount of mass in older stars (c.f.§4.3).
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However, we also showed that with the decreased probability of SN 2007ifarising from progres-
sively older stars, the allowable amount of old stars in HOST07if leaves onlya small probability
that the SN was not born in the most recent starburst. Our constraints on the age and metallic-
ity of the host of SN 2007if do not constitute direct constraints on the properties of its progenitor,
but rather characterize the distribution of stars from which its progenitor was drawn. Nonetheless,
the low metallicity and young stellar age of HOST07if are robust measurements (c.f. §4.4), and
strengthen our interpretation that the properties of HOST07if are good indicators of the properties
of the SN 2007if progenitor itself.

Our results provide key properties that should be reproduced by any proposed progenitor
scenarios for SN 2007if. The low host metallicity can be used as input to stellarevolutionary tracks
chosen for progenitor modeling, and will be particularly important in the mass loss stages of the
progenitor. The relatively short timescale for the explosion of SN 2007if provides constraints on the
binary evolution of the progenitor system. While development of a consistentprogenitor scenario
for super-Chandrasekhar SNe Ia is beyond the scope of this work, we have shown that a key member
of this subclass, SN 2007if, is very likely to have originated from a low-metallicity young progen-
itor. Future inspection of the hosts of other super-Chandrasekhar SNeIa as more are discovered
will be critical for assessing the frequency of these characteristics forsuper-Chandrasekhar SN Ia
progenitors.
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Chapter 5

Masses and Metallicities of SN Ia Host
Galaxies

Inferring the likely progenitor properties of an individual SN Ia from theproperties of its
host galaxy is a difficult task. Most galaxies have billions of stars of varying ages and metallicities
(and multiplicities), formed in numerous episodes of star formation throughouta typically complex
history consisting of infall and consumption of pristine gas, injection of metals into the inter-stellar
medium from SNe, and dynamical interactions within the galaxy and with its neighbors. To charac-
terize this complex amalgam of material by a few parameters (e.g. stellar mass, metallicity, current
star-formation rate) is often a generous simplification, and may not necessarily be characteristic of
every stellar system therein.

Instead the study of SN Ia host galaxies is astatistical endeavor in which we try to con-
strain the properties of the distribution from which the SN Ia progenitor was drawn. In some special
cases, such as a chemically well-mixed dwarf galaxy (e.g. the host of SN 2007if, as shown in Chap-
ter 4), or a galaxy that formed a majority of its stars in a short period and canbe well modeled by a
simple stellar population, the properties of potential SN Ia progenitors are more tightly constrained
by the inherently narrow distribution of stellar properties within the galaxy. However, in a more
complex galaxy with broad age and metallicity distributions, the nature of the progenitors of its
SNe Ia remains more uncertain.

The study of the full distribution of SN Ia host galaxy properties partially mitigates this
concern by averaging over a large ensemble of SN Ia host galaxies. Ifthe difference between SN
progenitor and average host properties is randomly distributed, then a large statistical sample of
the two should have consistent averages. That is, the statistical distributionof SN Ia host galaxy
properties, such as age and metallicity, should track the underlying distribution of SN properties.
Thus we can use full samples of SN Ia hosts to learn more about the SN progenitors. The SNfactory
sample is ideal in this regard, as our untargeted search technique provided an impartial sample (see
Section3.1.5) of SNe Ia in host galaxies of all types.

In this Chapter we use the SNfactory host galaxy stellar masses and gas-phase metallici-
ties to perform three key investigations into the nature of SN Ia progenitors.First we calculate the
level of agreement of SN Ia host galaxies with the fiducial galaxy mass-metallicity relation, a key
assumption of many authors which has yet to be tested rigorously with a large statistical sample.
Next we inspect the distribution of SN Ia host galaxy stellar masses – which isa product of the
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average star formation history of galaxies as a function of stellar mass, the statistical distribution
of stellar mass in all galaxies, and the SN Ia delay time distribution – and examine its utility in
constraining the SN Ia delay time distribution. Finally we confront the theoretical low-metallicity
inhibition prediction ofKobayashi & Nomoto(2009) with the observed metallicities of SNfactory
SN Ia host galaxies, and determine the level to which our sample can confirmor refute this theory.

5.1 SN Ia Host Galaxies and the Galaxy Mass-Metallicity Relation

The level of agreement of SN Ia host galaxies with the normal galaxy mass-metallicity
(MZ) relation can provide important insight into preferred SN Ia progenitor environments. Discrep-
ancies between the SN Ia MZ distribution and that of normal galaxies could potentially indicate
metallicity preferences for SNe Ia, which would have important implications forhigh-z SN Ia sur-
veys. Alternatively, disagreement with the MZ relation could have other interpretations, as was the
case with long-duration gamma ray burst host galaxies.

Some recent studies of the host galaxies of long-duration gamma ray bursts(LGRBs)
found that they tended to have systematically lower metallicities than those predicted by fiducial
galaxy MZ relation (Modjaz et al. 2008; Levesque et al. 2010). Initial interpretations of this trend
speculated on a preference for lower metallicity environments in the production of LGRBs. The
key insight, however, came from considering the effect of galaxy star-formation rate (SFR) on the
galaxy MZ relation (Mannucci et al. 2010). Accounting for this effect, it was found that LGRB hosts
indeed agreed with the SFR-adjusted MZ relation (or equivalently the M-Z-SFR relation) but merely
appeared in the region of galaxy parameter space populated by the most intensely star-forming
galaxies (Kocevski & West 2011; Mannucci et al. 2011). Thus this trend showed the preference for
LGRBs to form in very young stellar environments.

The SN Ia host galaxy agreement with the MZ relation has been an implicit assumption
of previous authors who interpreted SN Ia brightness trends with host galaxy stellar mass in terms
of SN Ia progenitor metallicity. The SNfactory sample is ideal for testing this assumption, as our
untargeted search found SNe Ia in an unbiased sample of host galaxies.In this Section we present
our method for inspecting the consistency of SN Ia host galaxies with the galaxy MZ relation and
the results from the hosts of SNe Ia discovered by SNfactory.

5.1.1 The Fiducial Galaxy Mass-Metallicity Relation

The correlation of galaxy luminosity and stellar mass with metallicity has been known
for several decades (Lequeux et al. 1979), but has been quantitatively refined only recently with
the advent of major galaxy spectroscopic surveys at low (SDSSYork et al. 2000) and intermediate
(Zahid et al. 2011) redshifts. Of particular interest for this work is the correlation of galaxystellar
mass with gas-phase metallicity, which for simplicity we will refer to simply as “metallicity”in this
Chapter. For SDSS the MZ relation was studied by the MPA-JHU SDSS team inTremonti et al.
(2004) for the fourth SDSS data release and subsequently for future data releases.Tremonti et al.
(2004) found that for a sample of≈45,000 galaxies, gas-phase metallicities followed a tight relation
in the stellar mass range of8.5 ≤ log(M∗/M⊙) ≤ 11.0 with a dispersion of about 0.1 dex at high
stellar masses. The dispersion in the MZ relation increases at lower stellar mass, up to about 0.3 dex
at log(M∗/M⊙) = 8.5.
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Reduction of dispersion in the MZ relation through the study of other galaxy observables
has been a key point of interest for galaxy astrophysics.Cooper et al.(2005) showed that the resid-
ual deviation from the galaxy MZ relation correlated with the local overdensity of galaxies, such
that galaxies in regions of high density tended to have metallicities slightly higher that the values
predicted by the MZ relation.

More importantly,Mannucci et al.(2010) found that galaxy SFR shifts the MZ relation,
such that more strongly star forming galaxies have lower metallicities than less active galaxies of
the same mass. They thus introduced a relation in the three-dimensional galaxyparameter space
defined by stellar mass, gas-phase metallicity, and star formation rate which they dubbed the “fun-
damental metallicity relation.” This relation has an even tighter dispersion than theMZ relation
alone, generally 0.05 dex across the full range of galaxy stellar masses and SFRs.

5.1.2 SNfactory SN Ia Hosts and the MZ Relation

For this analysis we wish to inspect how much SN Ia hosts deviate from the fiducial
MZ relation and whether those deviations are consistent with the observed dispersion in the MZ
relation. To do so we use derived stellar masses and metallicities from the MPA-JHU SDSS team
analysis of the SDSS DR7 (Abazajian et al. 2009) data. They derive galaxy stellar masses from
broadband photometry using the stellar population synthesis library ofKauffmann et al.(2003),
and calculate gas phase metallicities from emission line fluxes according to the method outlined in
Tremonti et al.(2004). To facilitate the appropriate comparison, we use the SNfactory host stellar
masses and metallicities derived in Chapter3, with masses converted to the same IMF (Chabrier
2003) as the MPA-JHU values and metallicities converted to theTremonti et al.(2004) scale using
the metallicity cross-calibration relations ofKewley & Ellison(2008). The full SNfactory host MZ
diagram is shown in Figure5.1.

In order to assess the agreement of SNfactory host masses and metallicitieswith the SDSS
MZ relation, we first compare the observed SN Ia host metallicities with the values predicted by the
MZ relation for their observed mass. In practice, we sum the metallicities of all neighboring (in
mass) SDSS galaxies, weighted by their distance from the observed host mass (i.e. exp[−χ2/2]
whereχ2 = ((Mi − Mhost)/σM )2) with proper accounting for the number of SDSS hosts as a
function of mass. Thus for each SN Ia host we can calculate the difference between its observed
metallicity and that predicted from the MZ relation as∆Z = Zhost − ZMZ , with an uncertainty
equal to the quadrature sum of the host metallicity measurement error and thedispersion of the MZ
relation at that host mass (i.e. the RMS of the metallicity values of its stellar mass neighbors from
SDSS).

Performing this calculation for all 130 SN Ia hosts in the SNfactory sample in thestellar
mass range over which the MZ relation is well populated by SDSS (the aforementioned8.5 ≤
log(M∗/M⊙) ≤ 11.0), we find the weighted mean and RMS deviation of SN Ia host metallicities
from the MZ relation to be:

〈∆Z〉 = −0.003 ± 0.012 (5.1)

Similarly, if we rephrase the MZ deviation in terms of pull values:
〈

∆Z

σZ

〉

= −0.10 ± 1.00 (5.2)
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Figure 5.1 Location of SNfactory host galaxies in the MZ plane. The grey background is a density
plot of the galaxies in the SDSS DR7 sample analysis from the MPA-JHU team.
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Again we note that the errors quoted for these two quantities are the RMS, not the error on the mean.
Thus we can see that SN Ia host galaxy metallicities are, on average, remarkably consistent with
the values predicted for their host masses by the galaxy mass-metallicity relation. The fact that the
RMS of our pull values is exactly 1.00 (with no tuning of measurement errors) implies agreement of
SN Ia hosts with the MZ relation for not only the average metallicity values, but also the observed
dispersion. This also implies that our measurement errorbars are not misestimated.

To calculate each individual host galaxy’s deviation from the SDSS MZ relation in further
detail, we derive the metallicity cumulative distribution function (CDF) at each value of stellar mass,
again using the weighted metallicities of each host’s neighbors in stellar mass. The host is then
assigned a score corresponding to where its metallicity is placed in the CDF of metallicities at its
mass. This principle is illustrated in Figure5.2.

Thus for each SN Ia host galaxy, we have a measure of where its metallicity lies in the
distribution of metallicities at its stellar mass, which we will call its MZ agreement score. If SN Ia
hosts obey the MZ relation, then the ensemble distribution of these scores should be distributed
uniformly between 0 and 1. We show in Figure5.3this distribution of MZ agreement scores for the
130 SNfactory SN Ia host galaxies whose mass falls within the aforementioned range. From this
histogram we can see that the scores are relatively uniform. In the right panel of the same Figure,
we plot the cumulative distribution function of the MZ agreement scores as compared to a line of
unit slope (i.e. the CDF for a flat distribution). We can see from this plot thatindeed our distribution
is very close to a flat (uniform) distribution, and the cumulative distribution is reasonably close to
unity. This would imply that not only are the mean and RMS metallicity deviation for SNIa hosts
consistent with the MZ relation, but the shape of their distribution is also similar.

5.2 SN Ia Host Galaxy Mass Distributions

In this section we show how the distributions of SN Ia host galaxy stellar masses can be
used to discriminate between various SN Ia delay time distributions. The distribution of SN Ia host
galaxy masses can be predicted from theory as follows. First let us denote the average star-formation
history (SFH) of galaxies of stellar massM∗ asψ(M∗, t). This we combine with the SN Ia delay
time distribution (DTD)η(t;Z(M∗)), which in principle could be a function of metallicity, to derive
the number of SNe Ia expected in a mass interval of widthdM :

dN

dM
(M∗) =

∫ t0

0
ψ(M∗, t)η(t;Z(M∗)) dt (5.3)

In practice, these two quantities,ψ andη, are difficult to measure. It is possible to predict the
approximate SFH density from hierarchical galaxy assembly models, and theDTD is often predicted
as a product of SN Ia progenitor models. Indeed this method was invoked by KN09 to derive a
predicted SN Ia host metallicity distribution. Here we describe a simpler method to arrive at similar
results.

5.2.1 Simplified “A+B” Model

Instead of a complex form forη, we may invoke a simpler parametrization of the SN Ia
DTD as:

η(t) = a+ bδ(t) (5.4)
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Figure 5.2 Example method for calculating the MZ agreement score for each SN Ia host in the
SNfactory sample. In the top panel, the blue and red boxes correspond tothe±1σ mass values
for two hosts, with the white circles showing their mass and metallicity values. The middle panel
shows the (unweighted) histogram of metallicities within±0.05 dex of each host mass, and the
bottom panel shows the (weighted) cumulative distribution function (CDF) for metallicities at each
host’s mass. The score for each host is the intersection of its metallicity value (vertical lines) with
the metallicity CDF at its mass.
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Figure 5.3 Left: distribution of MZ scores for SN Ia hosts from SNfactory. Right: CDF comparison
of the SN Ia host MZ score distribution to a uniform (flat) distribution.

which simplifies our host mass distribution to

dN

dM
(M∗) = a ·

[
∫ t0

0
ψ(M∗, t) dt

]

+ b · [ψ(M∗, 0)] (5.5)

Thus one component of the rate (the first term) is proportional to the total stellar mass available, and
another component (the second term) is proportional to the current instantaneous star-formation rate.
This reduces precisely to the popular “A+B” (Scannapieco & Bildsten 2005) formulation proposed
from studies of the SN Ia rate as a function of host mass and SFR (Mannucci et al. 2005, 2006;
Sullivan et al. 2006):

SNR = A ·M∗ +B · SFR (5.6)

where the SNe Ia associated with stellar mass are assumed to have long delay times (called “de-
layed”, “tardy”, or “extended”) and the SNe Ia associated with current SFR (typically dubbed
“prompt”) are assumed to have very short delay times (e.g.Aubourg et al. 2008).

More broadly speaking, our functional form for the DTD could have invoked a less
sharply-peaked function than ourδ-function to parametrize the “prompt” component and would
have resulted in a similar breakdown of the final SN Ia rate. In fact, most ofthe aforementioned
rates studies reported SFRs averaged over some recent interval (e.g.0.5 Gyr), so this form would
be more general. In general the “A+B” model is a convenient simplification of the DTD to reflect
two coarse age bins representing young and old progenitor populations.The ratio of “prompt” to
“tardy” SNe Ia crudely captures the slope of the DTD, so “A+B” represents the 0th and 1st order
terms in the expansion of the DTD as a power series. For simplicity in some of the subsequent
analyses, we will perform simulations using this simple yet effective parametrization.

If we consider this dependence of the SN Ia rate on galaxy mass and star-formation rate,
it follows that the SN Ia galaxy mass distribution will be dependent on the distribution of those
quantities as a function of galaxy mass. Thus to construct our models for thedistribution of SN Ia
host galaxy masses, it is necessary to have a functional form for thesetwo distributions. These have
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been well measured in the local universe from observational data, andwe describe their derivation
and functional forms below.

Galaxy Mass and SFR Distributions

In the local universe, the number density of galaxies in a luminosity intervaldL is repre-
sented by the well-knownSchechter(1976) function:

φ(L)dL = φ0(L/L∗)
α exp(−L/L∗)d(L/L∗) (5.7)

In terms of magnitudes (to avoid confusion we usem for magnitudes andM for galaxy mass) this
becomes:

φ(m) = φ110−0.4(m−m∗)(α+1) exp(−10−0.4(m−m∗)) (5.8)

Most observational constraints on Schechter function parameters are reported in terms ofm∗ and
α+ 1. In the low-redshift universe, these parameters inugriz were well measured for the SDSS by
Blanton et al.(2003) and will be utilized in our analysis below.

Connecting galaxy luminosities to stellar masses requires a galaxy mass-to-lightratio.
Mass-to-light ratios are typically a strong function of galaxy color and a weaker function of galaxy
absolute magnitude (Kauffmann et al. 2003), and they are driven largely by the average age of the
galaxy’s stellar population and less strongly by the details of the galaxy star-formation history.
Over a large sample, one can derive the averageM∗/L as a function of absolute magnitude, as was
done inKauffmann et al.(2003). Coupling this measurement to the Schechter luminosity function
parameters ini-band fromBlanton et al.(2003) provides us with the desired stellar mass distribution
dN/dlog(M) shown as the dash-dotted green curve in Figure5.4.

Next we want to derive a similar distribution function for the star-formation rate density
in the local universe. This requires additional information about the average star-formation activity
as a function of galaxy stellar mass. Fortunately,Salim et al.(2007) measured the SFR in the
local universe and found that the galaxy specific SFR (sSFR - the SFR per unit mass) strongly
correlates with galaxy stellar mass. Interestingly, thesSFR-M∗ relation is well fit by a Schechter
function, such that lower mass galaxies have more intense star formation (higher sSFR) and the star
formation intensity experiences a sharp drop off aroundlog(M∗/M⊙) ∼ 11. Coupling this function
for sSFR with the previous Schechter function for stellar mass, we can derive a functional form for
the star-formation rate density in the local universe, which is plotted as the dashed magenta curve
in Figure5.4.

In Figure5.4 we plot the distribution of stellar mass and star formation in the local uni-
verse, as well as the host galaxy mass distribution for SN Ia hosts from SNfactory. It is evident from
these distributions that the mass and SFR in the local universe peak at different galaxy mass scales,
and the SN Ia host mass distribution peaks somewhere between the peaks ofthese two distributions.
It can also be seen that the SN Ia host mass distribution follows the SFR distribution at low mass
scales, and the stellar mass distribution at high mass scales. As we will show below, this is because
the SN Ia host mass distribution can be modeled as a linear combination of the two distributions, and
the SFR distribution is dominant at low mass scales (and the stellar mass distributionis dominant at
high mass scales) for almost any possible linear combination of the two distributions.
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Figure 5.4 Distributions of stellar mass (dash-dotted green curve) and starformation (dashed ma-
genta curve) in the local universe, using Schechter function parameters fitted from SDSS data
(Blanton et al. 2003) and sSFR measurements from GALEX (Salim et al. 2007). Also plotted is
the host mass distribution from SNfactory (solid black histogram).
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Fitting the SN Ia Host Mass Distribution

If we label the distribution of galaxy stellar mass in the local universe asΦM (M∗) and the
distribution of star formation asΦS(M∗), these can be related to the aforementioned SFH density
as:

ΦM (M∗) =

∫ t0

0
ψ(M∗, t) dt

ΦS(M∗) = ψ(M∗, t = 0)

which thus transforms our previous host mass distribution (Eq.5.3) to become:

dN

dM
(M∗) = a · ΦM (M∗) + b · ΦS(M∗) (5.9)

Thus we see that the distribution of SN Ia host galaxy masses under the “A+B” formalism
is merely a linear combination of the distributions of stellar mass and star formation inthe local
universe. Since both of these are known quantities, we can fit the observed SN Ia host mass distri-
bution to find the best fitting coefficientsa andb (which are related to the rate coefficientsA andB
through the normalization factors ofΦM andΦS).

From these fitted values we can determine the total number of “prompt” and “tardy”
SNe Ia implied by the host galaxy mass distribution as:

NP = b

∫

ΦS(M∗)dM

NT = a

∫

ΦM (M∗)dM

In the analysis below, it will be useful to define the fraction of the total number of SNe Ia arising
from the prompt channel, which we will call the prompt fractionρ defined as:

ρ ≡
NP

NP +NT
(5.10)

This fraction is dependent on the ratio ofA toB, or equivalently the slope of the SN Ia DTD, which
we can roughly estimate from observations. Using A and B fromScannapieco & Bildsten(2005)
we find a currently best favored value ofρ = 0.68 ± 0.28.

We now wish to utilize the observed SN Ia host galaxy mass distribution from SNfactory
to constrain the prompt fractionρ. To do so, we calculate a theoretical SN Ia host mass distribution
function for an input value ofρ and calculate a probability value for each observed SNfactory host
mass, treating the model host mass distribution as a normalized probability distribution function.
We then calculate the likelihood of the model as a product of all the probabilitiesfor the observed
SNfactory host masses. Marginalizing over all values ofρ between 0 and 1, we find the maximum
likelihood prompt fraction (and its±1σ uncertainty) ofρ = 0.83 ± 0.06. This falls within the1σ
error bars for the value calculated from theScannapieco & Bildsten(2005) rate coefficients but is
much more precise.

We show this best fit in Figure5.6along with the SNfactory host mass distribution. Per-
forming a Kolmogorov-Smirnov (KS) test comparing this predicted host mass distribution with that



79

observed by SNfactory, we obtain a KS score ofD = 0.065. Given the sample size ofN ≈ 400,
the KS test gives a probability of the observed SN Ia mass distribution being drawn from the best fit
theoretical distribution with a probability of approximately 6%. The low agreement probability is
likely due to the insufficiency of the simplified “A+B” to encapsulate the true SN Ia DTD, and we
will investigate more complex DTDs in the next section.

5.2.2 General Power Law DTD

The above simplification of splitting the galaxy SFH into two age bins allowed us to char-
acterize the SN Ia DTD by only two coefficients “A” and “B”, which effectively capture the overall
normalization of the DTD and a first order slope. In our analysis of SNfactory hosts, this effectively
reduced to a constraint on the DTD slope (A/B) because we do not have a global normalization of
the SN Ia rate. However, our data have the power to constrain more complicated functional forms
of the SN Ia DTD. Here we inspect the use of a simple power law DTD of the form η(t) ∝ ts with
a lower age cutoff oftprompt (representing the youngest age allowed for an SN Ia progenitor). Such
a functional form has been fit by previous authors (Totani et al. 2008; Barbary et al. 2010; Maoz
2010), and would be a reasonable expectation for the DTD form in DD scenarios (e.g.Ruiter et al.
2009). We now use our SNfactory host galaxy mass distribution to constrain the power law slope
DTD s and lower age cutofftprompt.

To use the above formula (5.3) with a power law SN Ia DTD, we cannot use the integral
simplifications of the “A+B” approximation. Instead we must have a functionalform for the galaxy
star-formation history as a function of galaxy stellar mass (i.e.ψ(M∗, t)). To accomplish this
we utilize the SFHs measured for SDSS galaxies byTojeiro et al.(2009) using the code VESPA
(Tojeiro et al. 2007). VESPA compares the observed galaxy SED to SPS models and constrainsthe
contributions of stellar populations in various age bins, thus deriving a SFHfor a given spectrum.
Binning the SFHs of galaxies by their stellar masses, we successfully obtained an empirical form
of ψ(M∗, t) based on SDSS data (defined in discrete bins of age and stellar mass). Combining this
with a SN Ia DTD lets us calculate a theoretical SN Ia host galaxy mass distribution.

For this analysis, let us assume that the SN Ia DTD is a power law with a lower age cutoff
of tprompt:

η(t) = η0t
s ; t ≥ tprompt

0 ; t < tprompt (5.11)

Using the above galaxy SFH as a function of stellar mass with this DTD, we can derive the predicted
SN Ia host galaxy stellar mass distribution for a given value of the DTD slopes and lower age cutoff
tprompt.

In Figure5.5we plot the observed SNfactory host galaxy stellar mass distribution against
the predicted host mass distribution for our VESPA-derived galaxy SFHsand power law SN Ia DTD
for several values of the DTD slopes and lower age cutofftprompt (rescaled to the normalization of
the SNfactory distribution). This figure illustrates how these DTD parametersaffect the host mass
distribution: (a) a flatter SN Ia DTD (i.e. lower|s|) produces a host mass distribution that peaks at
higher galaxy masses, and (b) a younger low age cutofftprompt serves to extend the lower mass end
of the SN Ia host mass distribution.

To derive quantitative constraints on the DTD power law slopes and lower age cutoff
tprompt from the SNfactory host galaxy mass distribution, we marginalize over the twoparameters
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Figure 5.5 Predicted SN Ia host mass distribution given a power law DTD of slopes and lower age
cutoff tprompt. The effects of varying the power law slopes (left panel) or the lower age cutoff
tprompt (right panel) are shown here, with the observed SNfactory SN Ia hostmass distribution
shown for reference.

in the ranges−2 < s < 0 and10 Myr < tprompt < 1 Gyr (which corresponds to a main sequence
turn-off mass range of17M⊙ > MMS > 2M⊙ at solar metallicity) and again calculate the agree-
ment by maximizing the likelihood function. Our calculations show the best fit DTDslope to be
s = −1.17 ± 0.10 and best lower age cutoff to betprompt = 18 ± 7 Myr, and the host mass distri-
bution predicted by these best parameters is show in Figure5.6. Our best fit model has a KS score
of D = 0.059 and probability of 14%, an improvement over the best “A+B” fit but still nota strong
agreement. This leaves room for the possibility that the SN Ia DTD shape is more complicated than
a simple power law with a sharp lower age cutoff.

Our value fors is consistent with that recently estimated from high-redshift cluster SN Ia
rates byBarbary et al.(2010), who found a best fit DTD power law slope ofs = −1.3+0.55

−0.40, and
Maoz (2010) who used numerous data sets to show the SN Ia DTD is likely to have a power law
slope ofs ≈ −1. Interestingly, the best fit lower age cutoff corresponds to the main sequence turn
off timescale (at solar metallicity) for stars of massM ∼ 10M⊙ (Bruzual & Charlot 2003), which is
close to the typical upper mass limit for expected progenitors of white dwarfsofMMS,WD . 8M⊙.

5.2.3 Results and Future Work

In this section we showed how the SN Ia host galaxy stellar mass distribution can be
modeled from observations of galaxy physical parameters (stellar mass and star formation rate
distributions, or more detailed star formation histories) coupled to a theoreticalSN Ia delay time
distribution. Using the observed SN Ia host mass distribution, we showed that the ratio of “prompt”
to “tardy” SNe Ia (i.e A/B) can be constrained by the host mass distribution using only the distri-
butions of stellar mass and star formation in the local universe as additional input. We also showed
how the host mass distribution can provide constraints on DTD model parameters when informa-
tion about galaxy star formation histories is available. Our results show stronger agreement of the
SNfactory host mass distribution with a power law DTD, as compared to the simpletwo-component
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Figure 5.6 Host mass distribution predicted by the best fit “A+B” model from above (red curve), the
best fit power law DTD model (blue) curve, and the observed SNfactory SN Ia host mass distribu-
tion.
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“A+B” DTD. Though our analysis shows only modest agreement with the model DTD, this may
be improved with the future detailed inspection of SNfactory search biases (which will enable bias
corrections for the observed host mass distribution) and more sophisticated DTD modeling.

Our work shows the power of SN Ia host observables in constraining SNIa models. We
investigated only simple DTD models here, but there exist more detailed models for SN Ia DTD in
the literature (e.g.Hachisu et al. 2008; Ruiter et al. 2009; Blais & Nelson 2011). Additional con-
straints on DTD models using host mass distributions can be derived by leveraging higher redshift
data, such as those of SDSS-SN (Lampeitl et al. 2010) or SNLS (Sullivan et al. 2010), where the
galaxy star formation characteristics will differ from those in the local universe. In future work,
we will investigate a wider variety of SN Ia DTDs and explore the use of high-redshift SN Ia host
properties to reinforce the constraints of the SNfactory host mass distribution on SN Ia progenitors.

5.3 Low Luminosity SN Ia Host Galaxies

The study of SNe Ia in low luminosity hosts is of interest for several reasons. First, the low
metallicities and young stellar ages expected in low luminosity hosts provide the best local analogs
to the low metallicities and young ages of high redshift SN Ia environments. Second, comparatively
few lower-redshift SNe Ia have been found in low luminosity hosts due to thetargeted nature of
many nearby SN Ia searches. Third, as noted above (see Section4.5), a large number of unusual
SNe Ia have been found in low luminosity hosts. Finally, low luminosity hosts provide the best
tool for testing the proposed low-metallicity SN Ia inhibition predicted byKobayashi et al.(1998);
Kobayashi & Nomoto(2009, hereafter KN09).

Here we use the SNfactory sample of SN Ia hosts to observationally test the KN09 low-
metallicity cutoff prediction. There exist several key challenges in performing such a test. Firstly,
the metallicity of the particular SN Ia progenitor is drawn from the distribution of stellar metallicities
within its host galaxy. Though low-luminosity galaxies (where violators of the KN09 theory are
most probable) are typically well-mixed chemically, the internal galaxy metallicity distribution is
still non-negligible. The most reliable observable signature of a low metallicity cutoff would be
evident in the statistical behavior of SN Ia hosts at low metallicity.

A second challenge in this endeavor arises from the uncertainty of determining galaxy
stellar metallicities on an absolute scale. The KN09 cutoff is cast in terms of iron abundance with
respect to the solar value, whereas metallicities in galaxies are most easily derived from gas-phase
oxygen abundance (with respect to hydrogen). Connecting the observed gas-phase oxygen abun-
dance to the stellar iron abundance with respect to solar requires several critical quantities: (i) the
solar oxygen abundance, (ii) a conversion from gas-phase oxygenabundance to stellar iron abun-
dance, and (iii) a correct estimation of the galaxy oxygen abundance from emission lines. All three
of these quantities are currently subjects of vigorous research, with theirfinal values not definitively
settled. Thus our search for violators of the KN09 threshold lacks a precisely defined gas-phase
metallicity value (or more appropriately a combination of emission line fluxes) to target. Our anal-
ysis then must find a lack of low-metallicity hosts where more would be expected.The prediction
of the expected number is a key objective in this analysis.

The third and final challenge in the search for SN Ia hosts whose metallicity liesbelow
the KN09 prediction (or alternatively for a clear signature of the lack of such hosts) arises from
SNe Ia whose host stellar populations cannot be identified. Several SNeIa from the SNfactory have
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no clearly defined host, even with the aid of very deep imaging. The parentstellar population of
these SNe Ia remains a mystery, and the relation of these SNe Ia with respectto the KN09 theory is
left ambiguous.

In this Section we present the first attempt to confront the KN09 low-metallicity inhibition
theory with observations of SN Ia host galaxies using the SNfactory hostsample. We will address
in turn our methods for confronting the aforementioned difficulties in this endeavor, and ultimately
will show that we indeed find a paucity of low metallicity hosts that represents provisional support
for the KN09 theory.

5.3.1 Low-Luminosity SN Ia Host Sample

The most likely candidate host galaxies of low metallicity SN Ia progenitors are those
galaxies of very low luminosity, as these faint galaxies are likely to be low mass and thus low
metallicity (e.g.Tremonti et al. 2004). We thus developed a focused observing program targeting
likely KN09 violator hosts, and utilized primarily Keck LRIS observations to assess the gas-phase
metallicity of low-luminosity hosts. Here we briefly outline the target selection and properties of
the SNe Ia found in these low luminosity hosts.

Target Selection

Despite the uncertainty in the physical quantities needed to convert the KN09prediction
to observable galactic properties, the fiducial values of these quantities can provide a reasonable
estimate for the galaxy luminosity scale at which KN09 violators are most likely. The current best
estimate for the solar oxygen abundance is12+log(O/H)⊙ = 8.86, as measured byDelahaye et al.
(2010) using asteroseismology techniques. At low metallicities ([Fe/H] ≈ −1) the stellar[O/Fe]
ratio is about 0.3 dex (McWilliam 1997) in the Milky Way, but is likely to be closer to 0 in dwarf
galaxies (Tolstoy et al. 2009). Combining these quantities implies that the target gas-phase oxygen
abundance where inhibition sets in should be12 + log(O/H)KN09 ≈ 7.7.

We can use the galaxy mass-metallicity (MZ) relation (Tremonti et al. 2004) to find the
galaxy stellar mass scales on which to search for KN09 violators. The mediangalaxy mass cor-
responding to the cutoff gas-phase metallicity calculated above is aboutlog(MKN09/M⊙) ≈ 7.3.
However, the MZ relation has some dispersion (about 0.3 dex in metallicity at theaforementioned
mass scale), so that a higher mass galaxy could still have a metallicity low enoughto produce KN09
violators. Thus we use a mass cutoff oflog(M∗/M⊙) = 9.0 as a nominal cut for our study. At this
mass, a galaxy at the KN09 cutoff metallicity would be a3.8σ outlier of the MZ relation. Using
a simple solar mass-to-light ratio (Blanton et al. 2003), this cutoff mass corresponds to an absolute
host galaxy magnitude ofMg = −17.35 in g-band.

Most of the data for this study come from observations taken over three nights with Keck
LRIS. The goal of these observations was to obtain emission line flux strengths from the (longslit)
spectra of these low-luminosity SN Ia host galaxies. Because the strength of emission was not
known prior to observations, our standard observing strategy was to obtain 30 minutes of spectro-
scopic observations for each target. Thus our resulting signal-to-noise(and thus metallicity error)
are variable, but the majority of our observations yielded high S/N (σZ ∼ 0.1 dex) metallicity mea-
surements. The implications of our observational completeness and metallicity success rate will be
addressed later in this study.
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Table 5.1. Low-luminosity SN Ia hosts from SNfactory.

SN Name zhelio Host Host SN SN
log(M∗/M⊙) 12 + log(O/H) SALT2 x1 SALT2 c

SNF20070429-003 0.0672 6.63 ± 0.60 · · · · · · · · ·
SNF20080910-007 0.0791 6.67 ± 0.56 7.91 ± 0.18 0.02 ± 0.11 −0.01 ± 0.01
SNF20070504-012 0.1000 6.83 ± 1.55 · · · · · · · · ·
SNF20051004-001 0.0088 7.10 ± 0.44 8.12 ± 0.06 · · · · · ·
SNF20070825-001 0.0742 7.32 ± 0.17 7.71 ± 0.15 · · · · · ·
SNF20080512-008 0.0774 7.60 ± 0.10 7.75 ± 0.09 0.79 ± 0.16 0.03 ± 0.02
SNF20080510-001 0.0717 7.70 ± 0.21 7.75 ± 0.09 −0.16 ± 0.16 −0.00 ± 0.01
SNF20061101-003 0.1000 7.74 ± 0.33 · · · · · · · · ·
SNF20060514-003 0.0880 7.80 ± 0.52 · · · 0.30 ± 0.19 −0.02 ± 0.02
SNF20060622-020 0.1136 7.90 ± 0.61 · · · · · · · · ·
SNF20080516-000 0.0732 7.95 ± 0.58 7.80 ± 0.17 1.05 ± 0.23 0.01 ± 0.02
SNF20061024-012 0.0430 8.03 ± 0.14 7.88 ± 0.06 · · · · · ·
SNF20050925-010 0.0376 8.05 ± 0.23 · · · · · · · · ·
SNF20050824-002 0.1242 8.07 ± 1.06 7.92 ± 0.02 · · · · · ·
SNF20050822-000 0.1374 8.16 ± 0.42 8.45 ± 0.16 · · · · · ·
SNF20070424-006 0.0702 8.16 ± 0.11 7.75 ± 0.03 · · · · · ·
SNF20080908-000 0.0525 8.16 ± 0.81 8.02 ± 0.04 −0.40 ± 0.19 −0.07 ± 0.02
SNF20070420-001 0.0948 8.19 ± 0.13 8.41 ± 0.06 0.38 ± 0.13 0.00 ± 0.01
SNF20080606-012 0.0750 8.19 ± 0.18 7.90 ± 0.12 · · · · · ·
SNF20070422-003 0.0382 8.25 ± 0.33 8.26 ± 0.20 · · · · · ·
SNF20051113-000 0.0824 8.35 ± 0.25 8.53 ± 0.08 −1.02 ± 0.20 0.05 ± 0.02
SNF20080706-004 0.0399 8.36 ± 0.48 8.42 ± 0.02 · · · · · ·
SNF20061108-004 0.0889 8.37 ± 0.45 · · · · · · · · ·
SNF20070331-013 0.0598 8.37 ± 0.21 8.24 ± 0.03 · · · · · ·
SNF20071117-006 0.0770 8.37 ± 0.30 7.91 ± 0.12 · · · · · ·
SNF20070824-001 0.0293 8.40 ± 0.81 8.46 ± 0.12 · · · · · ·
SNF20050731-005 0.0675 8.42 ± 0.21 8.40 ± 0.16 · · · · · ·
SNF20051020-000 0.0650 8.43 ± 0.40 · · · · · · · · ·
SNF20070419-011 0.1095 8.47 ± 0.50 · · · · · · · · ·
SNF20080610-003 0.0954 8.49 ± 0.07 8.63 ± 0.10 · · · · · ·
SNF20070528-003 0.1167 8.51 ± 0.44 · · · · · · · · ·
SNF20071019-003 0.0326 8.51 ± 0.20 8.59 ± 0.03 · · · · · ·
SNF20080909-024 0.1294 8.51 ± 0.66 · · · · · · · · ·
SNF20080723-012 0.0793 8.52 ± 0.06 8.52 ± 0.19 · · · · · ·
SNF20061107-004 0.0900 8.54 ± 1.82 8.38 ± 0.11 · · · · · ·
SNF20070712-002 0.0921 8.56 ± 1.21 8.31 ± 0.10 · · · · · ·
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Table 5.1 (cont’d)

SN Name zhelio Host Host SN SN
log(M∗/M⊙) 12 + log(O/H) SALT2 x1 SALT2 c

SNF20050903-000 0.0882 8.59 ± 1.13 8.40 ± 0.27 · · · · · ·
SNF20070730-002 0.0407 8.59 ± 0.14 8.15 ± 0.02 · · · · · ·
SNF20060618-014 0.0638 8.60 ± 0.40 8.50 ± 0.08 0.42 ± 0.18 0.04 ± 0.02
SNF20070425-010 0.0800 8.62 ± 0.79 · · · · · · · · ·
SNF20080919-001 0.0420 8.63 ± 0.70 7.98 ± 0.13 0.29 ± 0.18 0.06 ± 0.02
SNF20070712-003 0.0739 8.65 ± 0.04 7.75 ± 0.15 −0.17 ± 0.16 −0.05 ± 0.01
SNF20080510-000 0.0346 8.66 ± 0.22 · · · · · · · · ·
SNF20050919-000 0.0372 8.70 ± 0.23 8.47 ± 0.20 · · · · · ·
SNF20050821-007 0.0595 8.71 ± 0.23 8.48 ± 0.06 0.15 ± 0.29 0.01 ± 0.02
SNF20080909-030 0.0311 8.71 ± 0.38 8.74 ± 0.13 0.88 ± 0.16 0.09 ± 0.02
SNF20070427-010 0.1400 8.75 ± 0.12 · · · · · · · · ·
SNF20070418-019 0.0880 8.76 ± 0.19 · · · · · · · · ·
SNF20070717-003 0.0860 8.80 ± 0.53 8.98 ± 0.01 −0.85 ± 0.14 0.12 ± 0.01
SNF20061019-019 0.0855 8.82 ± 0.32 8.42 ± 0.05 · · · · · ·
SNF20060921-006 0.0527 8.84 ± 0.40 8.62 ± 0.07 · · · · · ·
SNF20061011-005 0.0230 8.85 ± 0.30 8.36 ± 0.04 0.37 ± 0.20 −0.09 ± 0.02
SNF20071012-004 0.0710 8.85 ± 0.43 · · · · · · · · ·
SNF20060916-002 0.0721 8.87 ± 0.42 8.30 ± 0.07 1.07 ± 0.29 0.03 ± 0.02
SNF20051119-004 0.0734 8.94 ± 0.39 · · · · · · · · ·
SNF20080620-000 0.0330 8.97 ± 0.17 8.72 ± 0.02 −1.04 ± 0.18 0.12 ± 0.02
SNF20060906-011 0.0649 8.99 ± 0.67 · · · · · · · · ·

Properties of SNe Ia in Low Luminosity Hosts

Of the 396 SNe Ia discovered by SNfactory, 57 were discovered in hosts whose stellar
masses were less thanlog(M∗/M⊙) = 9.0. These SNe Ia are listed in Table5.3.1along with the
host galaxy masses and metallicities, and SN light curve parameters (where available).

As previously noted, low-luminosity galaxies have produced some interestingSNe Ia.
To gauge how unusual (or not) these low-luminosity-hosted SNe Ia are, we plot in Figure5.7 the
scatter plots and normalized histograms of the light curve width (SALT2x1) and color (SALT2c)
distributions of the low-luminosity-hosted SNe Ia from the SNfactory cosmology sample against
the distributions from the full cosmology sample. As expected, the light curvesof these SNe Ia tend
to be (on average) wider than the full SN Ia sample (higher stretch), consistent with the trend of
light curve width with galaxy mass previously noted by other authors.

Interestingly, the light curve color distribution of the low-luminosity-hosted SNfactory
SNe Ia shows a paucity of highly-reddened colors. The implication here is that low-luminosity
galaxies do not produce highly extincted SNe Ia. This is to be expected if SNIa reddening is
generated exclusively by dust in the interstellar medium (ISM) of the SN Ia host galaxy, as low-
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luminosity galaxies are expected to have low metal content and thus have a smalldust content.
Similarly, the smaller physical size of low-mass galaxies would imply a low column density of
gas, and thus a low foreground extinction even under higher dust-to-gas ratios. If reddening in
SNe Ia is produced by the circum-stellar medium (CSM) surrounding the SN Ia progenitor system
(presumably originating from previous mass-loss episodes) then one would expect highly CSM-
extincted SNe Ia to be present in all environments.

5.3.2 Hostless SNe Ia

Our spectroscopic observations of low-luminosity SN Ia hosts targeted the nearest object
which was expected to be the host. In several cases, the nearest object proved to be either faint
foreground Milky Way stars, or background high-redshift galaxies.In these cases, we obtained
deep imaging with LRIS afterward to identify other potential hosts and place limits on the possible
mass of host galaxy candidates in the SN vicinity.

In two such cases, for the hosts of SNF20050728-012 and SNF20070901-016, subsequent
deep imaging showed tidal tails emanating from nearby galaxy groups (see Figure 5.8). In these
instances, the SNe Ia are unlikely to be of low enough metallicity to be KN09 violators, as tidal
material stripped from larger galaxies is more likely to share metallicity with its largerparent galaxy
(see, e.g.,Croxall et al. 2009). While such SNe Ia could be interesting in studies of SNe Ia in
extreme environments, they are not useful in our search for KN09 violators.

More perplexing in our search for extremely low-metallicity SN Ia host galaxies are
those SNe Ia without any identifiable host galaxy. For 8 SNe Ia, no viable host galaxy candidates
were found even with very deep imaging, and no evident tidal structures from large galaxy groups
were evident. For these SNe Ia, all possible host candidates within 15 kpcwere spectroscopically
screened and confirmed to be either foreground Milky Way stars or background high-redshift galax-
ies. We also confirmed that no distant galaxies in the field were within 10 effective radii of the SN
location. Similarly, we searched the NED database for nearby known galaxy clusters, and found
only one candidate (for SNF20080905-005) whose redshift was too discrepant (by 3000 km s−1) to
be a viable source of this SN.

We show in Table5.2the magnitude limits from deep photometry for our hostless SNe Ia,
along with the corresponding galaxy stellar mass upper limits assuming a solar mass-to-light ratio.
This mass-to-light ratio choice is appropriate for normal intermediate mass (log(M∗/M⊙) ∼ 9.0)
galaxies with somewhat older stellar populations and redder colors than lower mass galaxies, and
thus can be considered a conservatively high upper limit for the mass-to-light ratio for any extreme
low mass galaxy.

Since our primary objective in this study is to identify low metallicity SN Ia host galaxies,
we inspect the likelihood of these potentially hostless SNe Ia originating from extremely low mass
galaxies. We first examine whether the presence of SN Ia hosts with massesat or below our obser-
vational upper limits for the hostless SNe Ia might be consistent with expectations for the number
of low mass SN Ia hosts. To do so, we repeat the host mass distribution maximumlikelihood anal-
ysis of the previous Section, this time including the hostless SNe Ia by using theirhost mass upper
limits as placeholder values for their host masses. Since the host mass distribution function (and
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Figure 5.8 SNfactory SNe Ia in tidal tails of large interacting galaxy groups,SNF20050728-012
(top) and SNF20070901-016 (bottom).
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Figure 5.9 SN vicinity for several hostless SNe Ia from SNfactory. All potential host candidates
within a reasonable distance from the SN location have been spectroscopically classified as either
foreground stars or background galaxies.

Table 5.2 Hostless SNe Ia from SNfactory.
SN mg,lim

a zSN Mg,lim log(M∗/M⊙)lim
b Source

SNF20050729-002 27.07 0.0934 −11.09 6.50 SNIFS
SNF20060601-005 25.91 0.0948 −12.28 6.97 LRIS
SNF20060908-004 27.97 0.0492 −8.73 5.55 LRIS
SNF20061110-006 26.57 0.1330 −12.41 7.02 LRIS
SNF20071108-018 26.10 0.1005 −12.23 6.95 LRIS
SNF20080721-005 27.99 0.0565 −9.02 5.67 LRIS
SNF20080905-005 26.56 0.0585 −10.53 6.27 LRIS
SNF20080918-004 24.80 0.0546 −12.13 6.91 SNIFS

a
3σ limiting apparent magnitude ing-band

b Corresponding host stellar mass3σ upper limit given solar mass-to-light ratio.
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thus the PDF for our likelihood analysis) decreases toward lower masses,using the upper limits
for this calculation is appropriate for estimating an upper limit of the likelihood of finding so many
low mass systems. The resultant likelihood for our SNfactory host mass distribution with hostless
SNe Ia included is a factor of about10−12 smaller than the likelihood without the hostless SNe Ia
(after appropriate rescaling for the altered sample size). The implication of this result is that the
presence of so many low mass SN Ia hosts strongly disagrees with our modelbased on the distri-
bution of stellar mass and star formation in normal galaxies. This could imply that these hostless
SNe Ia come from stellar systems not formed in the typical galaxy evolution sequence that drives
the observed stellar mass and SFR distributions in the local universe. For the purpose of testing
the KN09 theory, we wish to know the likelihood of these SNe Ia originating from progenitors be-
low the proposed metallicity cutoff. While arguments based on galaxy stellar masslimits and the
galaxy MZ relation would point to the likelihood of these hostless SNe Ia being KN09 violators,
their disagreement with the galaxy mass distribution function hints that the MZ relation may not
be applicable in these systems. Thus while we cannot conclusively show that these hostless SNe Ia
do not violate the KN09 cutoff, we cannot confidently invoke galaxy mass assembly arguments to
argue that they do have metallicities below the cutoff.

The origin of these apparently hostless SNe Ia is an intriguing mystery. While wehave
ruled out any normal host candidates within a reasonable distance from these SNe, there remain
several alternate (yet highly irregular) possible explanations for their origin. It is still possible that
these SNe Ia could be associated with normal size host galaxies that are extremely far away (i.e.
> 25 kpc), and were possibly ejected from the galaxy in the distant past (enough to exceed our
effective radius cut). Though such events are expected to be rare (since only small fractions of
galaxy mass are typically lost in such ejections) at least one strong contender for such a case has
been found in the unusual SN PTF09dav (Sullivan et al. 2011b). Indeed if a SN Ia progenitor system
was ejected from its host with a terminal velocity of only 100 km s−1, then a distance of 25 kpc
could be traversed in only 250 Myr. Thus tidally ejected SNe Ia with long delaytimes could severely
confuse host association. In a similar situation, the progenitors of these hostless SNe Ia could have
been ejected from their host galaxy with a high velocity along the observer line of sight, thereby
complicating host identification due to a redshift mismatch. This however, is somewhat unlikely, as
a large velocity discrepancy would result in a significant deviation from thebrightness predicted by
normal Hubble expansion (i.e. a large Hubble residual), and this is not the case for those SNe Ia
with available Hubble residuals. Additionally, we found no clear host candidates nearby with even
modestly close velocities (< 2000 km s−1). Similarly, these hostless SNe Ia are not analogous to
the two obvious tidal ejection SNe Ia presented above. Though an ejection origin of these hostless
SNe Ia is still remotely possible, we have carefully excluded any obvious scenarios of this sort.

If these hostless SNe Ia are not dynamically stripped from larger galaxies, it is most likely
that they originated from extremely faint stellar groups. Perhaps the bestcandidate systems would
be very old and compact dwarf galaxies which quenched all their gas andceased star formation in
the distant past. As noted in the HOST07if analysis above (see Chapter4), older stellar populations
have a higher mass-to-light ratio, meaning a very old stellar system even of modest mass would
have a very low luminosity. These would be the extreme analogs of the quiescent dwarf galaxies
(Sánchez Almeida et al. 2008) which become fainter between episodes of star formation. Though
some very faint dwarfs have been identified in the Local Group and nearby galaxy clusters (see
Tolstoy et al. 2009, for a review), none have yet been identified in distant isolated regions.Assess-
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ment of the prevalence of such faint stellar systems is a challenging endeavor yet to be undertaken,
and thus cannot be pointed to as a clear source for our potentially hostlessSNe Ia.

Perhaps the most extreme potential explanation for the origin of these SNe Iais the pos-
sibility that their progenitors formed from the inter-galactic medium. Star-formation in the space
between galaxies is a poorly understood subject, as might be expected given the difficulty of iden-
tifying the low luminosity star-formation the IGM would be likely to produce. If these SNe Ia did
indeed originate from IGM stars, they would serve as an excellent probeof this under-examined
medium. While the origin of these hostless SNe Ia is a conundrum for SN Ia progenitor studies,
they present a unique opportunity to study exotic realms of star formation andstellar dynamics, and
we hope they will be examined in greater depth in the future.

5.3.3 KN09 Threshold with SNfactory Data

The primary objective of this study is to examine whether the metallicities of SN Ia host
galaxies from the SNfactory provide evidence in support of or contradictory to the KN09 low-
metallicity SN Ia inhibition theory. As shown in Table5.3.1and in Figure5.10, none of the SNfac-
tory host galaxies has a measured metallicity significantly below the fiducial predicted KN09 cutoff
metallicity. Thus we must turn to an inspection of the statistical behavior of all SNfactory hosts and
whether their metallicities show significant support for a low metallicity cutoff.

A critical component of this analysis is to predict the number of SN Ia hosts thatshould
have metallicity below the KN09 cutoff if the cutoff is not present. This method willrely heavily on
the SN Ia host galaxy mass distribution modeling techniques of the previous section. Below we will
describe the particular adaptation of our previous methods to this low metallicity cutoff analysis,
including our use of Monte Carlo techniques to simulate the expected metallicity distribution for
our sample. We then discuss the observational completeness for our hostmetallicity measurements
and the final significance of our data’s support for the KN09 theory.

Low Metallicity SN Ia Host Expectations

In order to evaluate the agreement of our data with a low-metallicity SN Ia cutoff, we
must first answer the question of how many SN Ia hosts we should have expected below the fiducial
cutoff gas-phase oxygen abundance (given our sample size). Moregenerally, since the exact value
of the cutoff is somewhat uncertain, we investigate the likelihood of observing no hosts below the
observed minimum metallicity of our sample.

To predict the expected metallicity values for the SNfactory sample, we begin with the
host galaxy mass distribution. For the purposes of this analysis, we will model the SN Ia host
galaxy mass distribution using the “A+B” models of the previous section, whichwere parametrized
by the “prompt fraction”ρ (i.e. the fraction of SNe Ia associated with star-formation, see discussion
above). This model serves as a good approximation of the shape of the SNIa host mass distribution
and provides an analytical means of calculating expected host metallicity statistics.

Let us start with a simple calculation of the expected number of SN Ia hosts whose metal-
licity violates the KN09 threshold. We first calculate the amount of stellar mass and star formation
in the local universe that occurs on galaxy mass scales below the expected KN09 mass scale (cal-
culated above) using the integrals of the distribution functions for these two quantities. We find that
pM =0.08% of stellar mass andpS =1.58% of star formation in the local universe can be found in
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Figure 5.10 Observed SN Ia host metallicities for SNfactory hosts (solid bluehistogram), compared
to the predicted total distribution based on SNfactory host masses coupled with the MZ relation
(dash-dotted green curve), and the predicted number of star-forming hosts for which we might have
measured a gas-phase metallicity (dotted magenta curve). For reference,we also plot an ideogram
of the SNfactory host metallicities as the (unbinned) red curve.
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Figure 5.11 Top: Host galaxy mass histograms for example Monte-Carlo realizations for various
values ofρ. Bottom: Host galaxy locations in MZ space for the same realizations. Prompt SN Ia
hosts are represented as magenta squares, while tardy SN Ia hosts are green circles.

galaxies whose masses are belowMKN09. A SN Ia host galaxy mass distribution paramtrized byρ
then has a predicted fraction of KN09 violators that is merely the weighted sumof these two frac-
tionspV = ρpS +(1−ρ)pM . For a sample of sizeN , the likelihood of findingNV violators then is
just described by a binomial distribution parametrized byN andpV . For the best fit prompt fraction
from aboveρ = 0.83 with the full SNfactory sample sizeN = 396, this gives a violator fraction of
pV =1.3%, with a probability of finding no KN09 violators (i.e.NV = 0) of P = 0.0058. Thus
if we confidently determine all SNfactory hosts to not be KN09 violators, this would constitute a
strong confirmation of the KN09 theory.

Because there exists some spread in the galaxy mass-metallicity relation (which isnot
constant in metallicity), the above simple calculation could be subtly different than the real SN Ia
host metallicity distribution. To examine this effect, we perform Monte-Carlo simulations of the
expected SN Ia host galaxy mass and metallicity distributions for numerous values of the prompt
fraction ρ. For a givenρ, we randomly generateNg ≈ 100000 galaxy mass values distributed
according toΦS andΦM appropriately weighted (byρ and1 − ρ, respectively). From these we
randomly selectedNSN = 396 mock SN Ia host galaxies, and to these mock galaxies we assigned
gas-phase oxygen abundances according to the MZ relation ofTremonti et al.(2004) with random
offsets gaussianly distributed according to the observed dispersion about the MZ relation (as esti-
mated from MPA-JHU metallicities for SDSS data). This procedure was repeatedNsample = 10000
times for each value ofρ, which was sampled from 0 to 1 in steps of 0.1.

In Figure5.11we present examples of simulated host mass distributions and locations of
mock hosts in MZ space for several values ofρ. These examples clearly illustrate the general trend:
“tardy” SNe Ia occur more frequently in galaxies of much higher mass, andthus rarely occur in
low-metallicity hosts, while “prompt” SNe Ia have a fair number in low-metallicity hosts.

For eachρ, we evaluated the distribution of two quantities: (i) the number of SN Ia hosts
with metallicity below the fiducial cutoff in each realization, labeledNV (number of “violators”
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Figure 5.12 Top: Histogram of the number of KN09 violatorsNV with metallicities below the fidu-
cial threshold value (solid blue histogram) in our Monte-Carlo simulations. Thegreen points repre-
sent the predictions from a binomial distribution for our given sample size and the expected fraction
of galaxies below the KN09 mass cutoff value. Bottom: Histogram of the lowestmetallicity val-
ues from Monte-Carlo simulations (blue histogram), along with the observed lowest spectroscopic
metallicity (vertical red line) from SNfactory.

of the prediction); and (ii) the minimum metallicity in each realizationZmin. In Figure5.12we
show the distributions of these two quantities across all realizations at a given ρ for several values of
ρ. With theNV distributions we also plot the values predicted by our simple binomial distribution
calculation above. As we can see, our simple calculation comes very close to the simulated distri-
bution, meaning it is reasonable to perform our significance tests using this simplified model based
on a binomial distribution parametrized by the calculated violator fraction.

From the above plots it is evident that if all SNe Ia originated from the tardy channel then
it would be unsurprising to find no violators of the KN09 threshold given our sample size (NV = 0
for 75% of realizations atρ = 0). Indeed, the fraction of hosts whose mass lies below the value
corresponding to the KN09 cutoff is 0.03% whenρ = 0 (i.e. the sub-KN09 stellar mass fractionpM

from above), indicating the need for a sample size of several thousand before a violator would be
observed, or substantially more SNe Ia before a significant non-detection could be observed. The
number of violators rapidly increases as even a small number of prompt SNeIa appear (atρ = 0.1
more than half of the realizations have violators). For example, atρ = 0.8 (close to the best fit value
of ρ = 0.83), the fraction of realizations without violators is 0.31%, and the number of realizations
whoseZmin exceeds our observed value is equally small (0.34%)

Observational Completeness and Final Results

To correctly assess the statistical power of the observed SNfactory sample in analyzing
the KN09 cutoff prediction, we must first inspect our observational completeness. In the top panel
of Figure 5.13 we show the total number of SNfactory hosts in (coarse) bins of stellar mass, as
well as the counts for spectroscopic observations and successful metallicity measurements. In the
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Figure 5.13 Top: Counts of all SNfactory host galaxies, all those hosts observed spectroscopically,
and those with successful metallicities measurements. Bottom: The same quantities,but plotted
as completeness fractions rather than raw counts. The coarse bins in stellar mass are employed to
mitigate low statistics at small mass scales.

bottom panel of the same Figure we show the completeness fractions for spectroscopic observations,
metallicity measurements, and also the spectroscopic metallicity success fraction (i.e. the number
of metallicities divided by the number of spectroscopic observations rather than the total number of
hosts). Our spectroscopic observation fraction actuallyimproves as host mass decreases, a product
of our heightened priority for low mass host observations and the dominance of star-forming hosts
at low mass scales. Our metallicity success fraction (with respect to the numberof observations) is
roughly constant at about 80% at lower mass scales.

In the bottom panel of Figure5.13we also show for reference the expected prompt frac-
tion as a function of stellar mass for the fiducial global prompt fraction ofρ = 0.83 (this is merely
the ratio of the galaxy SFR distribution divided by the combined SFR and stellar mass distributions).
This shows that the decrease in metallicity success at higher masses is almost certainly a product of
more tardy SNe Ia associated with old stars, which are more likely to be found inpassive galaxies
without emission lines needed for calculating gas phase metallicities. This curvealso illustrates
a very important consideration when calculating our effective sample size:the rate of metallicity
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completeness at high mass scales is not important in calculating our average completeness, as it is
driven by the presence of tardy SNe Ia in passive systems rather than observational incompleteness.

Thus we propose that it is reasonable to estimate that the effective number of observed
metallicities corresponds to 80% of the total sample size, since this is the value of our metallicitiy
success rate at low mass scales where we might have expected to see emission in all hosts (and
interestingly is also close to our measured prompt fraction). This corresponds toNeff = 317,
which interestingly is close to the total number of spectroscopically observedhostsNobs = 312.

With this, let us finally return to our previous model using a binomial distribution to
predict the likelihood of observing a given number of KN09 violators. Forthe aforementioned
KN09 violator fraction ofpV = 0.013 and an effective sample size ofNeff = 317, the probability
of finding no violators (NV = 0) is P =1.6%. Thus with the observed sample of SNfactory host
galaxies, our discovery of no KN09 violators amounts to provisional observational support for their
low-metallicity inhibition theory.

5.3.4 Discussion

In this Section we sought to examine the theorized low metallicity inhibition of SNe Ia
proposed byKobayashi & Nomoto(2009) by inspecting the SN Ia host galaxy sample from SNfac-
tory. We first sought to rephrase the KN09 prediction of minimum progenitoriron abundance in
terms of host galaxy gas-phase oxygen abundance, and found that their prediction likely indicates
a minimum host metallicity expectation of12 + log(O/H) ≈ 7.7. Because none of the observed
SNfactory host galaxies had metallicities significantly below this value, and because the exact value
of the cutoff has some uncertainty, we then turned to the proper means of interpreting the number of
low-metallicity hosts and the minimum observed SN Ia host metallicity in the context of the KN09
prediction.

Using the host galaxy stellar mass distribution modeling of Section5.2coupled to Monte-
Carlo techniques, we showed that the number of predicted KN09 violators,as well as the expectation
value of the lowest observed SN Ia host metallicity, could be predicted as a function of the “prompt”
SN Ia fraction, i.e. the fraction of SN Ia progenitors from young stellar populations. Because the
distribution of star formation density in the local universe is dominant over thedistribution of stellar
mass at low galaxy stellar mass values, we found that nearly all possible KN09 violators would
need to arise from the “prompt” population. Indeed, the predicted number of violators, as well
as the distribution of minimum observed host metallicities, from our simulations showthat for a
“prompt” fraction close to that measured from SN Ia rates (i.e.ρ = 0.83, see Section5.2), the
mean number of KN09 violators for our full sample size should have been aboutNV ≈ 6 with a
minimum observed metallicity of about12 + log(O/H) ≈ 7.0. After inspecting our observational
completeness to determine the effective sample size of our data, we calculatedthat the likelihood of
observing no KN09 violators was 1.6%, meaning our observations constitutea moderately strong
confirmation of low metallicity inhibition of SN Ia hosts.

The lack of SN Ia host galaxies of such low metallicity is certainly not an artifact of
our metallicity calculations or the lack of such low metallicity galaxies in the local universe. To
confirm this assertion, we took emission line fluxes for several known low metallicity galaxies
from van Zee & Haynes(2006) andIzotov & Thuan(2007) and calculated metallicities in the same
manner as for our SNfactory hosts (namely the KK04 R23 method convertedto T04 using the KE08
formulae). We then calculated masses from SDSS photometry using color-based mass-to-light ratios
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Figure 5.14 MZ diagram of SNfactory low metallicity hosts (blue circles) and several sam-
ples of known low metallicity galaxies fromvan Zee & Haynes(2006) (magenta triangles) and
Izotov & Thuan(2007) (green diamonds). We also plot the KN09 cutoff as the horizontal red line.

derived from the MPA-JHU SDSS database. We plot these in Figure5.14along with the SNfactory
hosts. As we can see, these galaxies show general agreement with the MZrelation and extend to
lower metallicities than the KN09 cutoff.

However, several factors could leave open the possibility of there beingan as-yet unde-
tected KN09 violator in the SNfactory sample. First and foremost is the lack ofspectroscopic com-
pleteness in our low-mass host galaxy sample. In particular, several of our lowest mass hosts have
yet to be observed spectroscopically. It is still possible that some SNfactory hosts have metallicity
lower than the fiducial cutoff value, and indeed a few would be strong outliers on the galaxy mass-
metallicity relation if they do not. The final word on SNfactory agreement (or disagreement) with
the KN09 low metallicity inhibition would be significantly enhanced by spectroscopic observation
of these lowest mass SN Ia hosts.

Further complication arises from the SNe Ia with no identifiable hosts. We rigorously
inspected host galaxy candidates in the vicinity of these SNe Ia and confirmed that no nearby objects
could be the SN host, with very stringent limits on possible host mass (see Table5.2). While the
origin of these SNe Ia remains an intriguing mystery, it complicates the investigation of potential
low-metallicity SN Ia hosts. If indeed these SNe were born in extremely low-masshosts that obey
the typical galaxy MZ relation, all of these would almost certainly violate the fiducial KN09 cutoff.
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However, we showed that the galaxy mass values implied by our observations (even the upper limits)
would be strongly discrepant with our model for the SN Ia host mass distribution. Thus we cannot
immediately conclude that hostless SNe Ia come from low mass systems that obey the MZ relation
and thus must violate KN09. Instead the origin of these fascinating SNe Ia mayfall outside the usual
regime of galaxy mass assembly, likely precluding any arguments about their potentially metallicity
based on normal galaxy models.

Finally difficulties still remain in identifying the exact metallicity values below which
no SNe Ia (or almost none) should occur, as several conversions must take place between the pro-
posed number and the observational quantities. Even if we definitively identified an SN Ia host with
metallicity significantly below our predicted value, these factors would leave ambiguity in its iden-
tification as a true KN09 violator. Indeed, the authors have stated that the rate below their threshold
would be extremely small but possibly non-zero, so a single violator would not necessarily negate
their theory. Furthermore, recent comments byHachisu et al.(2011) have suggested that any non-
zero iron abundance, even as low as that found in Population II stars, could be sufficient to allow
the formation of a SN Ia. Since the number of galaxies at even lower metallicities isvery small, a
decrease in the predicted threshold value would make the likelihood of our finding KN09 violators
in the SNfactory sample much smaller. Fortunately our analysis is not strongly dependent on the
exact value of the threshold, but instead uses predictions of the SN Ia host metallicity distribution
to show that the observed paucity of very low metallicity hosts is contradictory tomodels without
low metallicity inhibition.

Our inspection of the KN09 low metallicity SN Ia inhibition theory with SNfactory host
galaxy metallicity represents the first major observational attempt to test this theory. Despite the
fact that we might have expected several (≈ 6) host galaxies to have metallicity below the fiducial
value predicted by KN09, we found the surprising result that none of theobserved SNfactory SN Ia
hosts had metallicity below this value. This tentative observational confirmation of their theory is
a tantalizing result that could be further strengthened by additional samplesof SN Ia host galaxies.
A fair number of low luminosity SN Ia hosts have also been found by both the Palomar Transient
Factory and the Catalina Real-Time Transient Survey, with several hosts likely to have masses lower
than the mass scale expected for the KN09 cutoff. Thus additional SN Ia samples exist which could
significantly augment the statistics for our SNfactory sample. We wish to encourage the spectro-
scopic observation of these very low mass hosts, which could provide significant strengthening of
the results we presented here.
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Chapter 6

The Dependence of SN Ia Brightnesses
on the Properties of Their Host Galaxies

In this Chapter we investigate the correlation of SN Ia host galaxy properties with the
brightnesses of the SNe Ia they host, using SN Ia and host galaxy data from the SNfactory. Several
recent studies (Kelly et al. 2010; Sullivan et al. 2010; Lampeitl et al. 2010) observed that the stretch-
and color-corrected brightnesses of SNe Ia correlated with the stellar mass of their host galaxies,
such that SNe Ia in high-mass host galaxies were brighter than SNe Ia in low-mass galaxies after
application of the usual stretch- and color-based brightness correctiontechniques. In this work we
investigate the same trend with SNfactory data, as well as analogous trends with host galaxy gas-
phase metallicity and star-formation rate, and finally with SN Ia brightnesses corrected using unique
spectroscopic standardization techniques developed by SNfactory.

The recently observed correlation of corrected SN Ia brightnesses withthe mass of their
host galaxies is of great concern for future cosmological SN Ia surveys. Though this trend is not
strong enough to negate the dark energy signature in current SN Ia samples, it could potentially bias
estimation of cosmological parameters, especially the dark energy equation of state parameterw.
Galaxy mass correlates with metallicity (Tremonti et al. 2004) and stellar age (Gallazzi et al. 2005),
properties whose average values evolve with redshift, implying that the average corrected SN Ia
brightnesses at higher redshift will be fainter than the average corrected SN Ia brightnesses in the
local universe.

The origin of this trend is of paramount concern for SN Ia cosmologists. Some authors
have speculated on the possibility of the SN progenitor metallicity driving the SN luminosity, since
galaxy mass correlates with metallicity. However the correlation of galaxy stellarages with mass
and the possible influence of progenitor ages has thus far been neglected in the literature. If this trend
is indeed progenitor driven then its driving feature is still unidentified. Additional consideration
must be given for the fact that SN Ia light curve width is known to correlatewith galaxy stellar
mass, and the amount of dust in galaxies scales with mass (and metallicity). The observed trend
with galaxy mass could be an artifact of deficiency in the standard brightness correction techniques
that leaves certain regions of SN Ia parameter space under- or over-corrected.

Coincident with the concern for biased cosmological results generated bythis trend is
the desire to find a means to correct for it. Some of the aforementioned authors have suggested
using host galaxy mass as a third SN Ia brightness correction parameter (after stretch and color),
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but this proposal has several critical limitations. Firstly, requiring galaxy photometry for host mass
estimates may require either an extended host followup program (which may tax the resources of
some search programs, especially low-redshift all-sky surveys) or thecut of SNe Ia in faint hosts
from cosmological analyses. Secondly, and more importantly, the measurement of the properties of
an SN Ia host galaxy does not constitute a measurement of the progenitor properties. Distributions
of stellar age and metallicity exist within individual galaxies, so a host-based SN Ia brightness
correction (for e.g. metallicity) would introduce a random error whose magnitude is proportional
to the difference between the true SN progenitor metallicity and the value averaged over its entire
host galaxy. This error then is completely unrelated to the properties of the SN itself, and the
remaining brightness diversity is no longer representative of only SN physics. While such a host-
based correction may be useful in the short term to empirically correct an observed source of bias,
it cannot directly recover the true SN Ia luminosity.

Thus it is desirable to find an unbiased SN Ia luminosity indicator derived onlyfrom ob-
servations of the SN itself, and galaxies should be used only to confirm thatour choice of luminosity
indicators is indeed unbiased with respect to host properties. To begin thisendeavor, we will inves-
tigate alternate SN Ia standardization techniques developed by the SNfactory in our analysis below
and examine whether this observed host bias remains.

6.1 Stretch- and Color-Corrected SN Ia Brightnesses and Host Prop-
erties from SNfactory

Using the SN Ia and host galaxy data described above (see Chapter3), we first investigate
the correlation of SN Ia host galaxy properties with the brightnesses of SNe Ia after the application
of the standard stretch- and color-based luminosity corrections. Here wewill use the SN Ia light
curve parameters fit from SNfactory data using the SALT2 (Guy et al. 2007) code. Host galaxy
masses and specific star formation rates are derived usingZPEG as described above, while gas
phase metallicities are derived from host spectra. We note that the Hubble residual errors were
slightly padded in order to force the Hubble Diagram fit to haveχ2

ν = 1.
For reference, we plot the SN Ia light curve parameters against the properties of their

host galaxies in Figure6.1. As has been noted by previous authors, light curve width has a clear
trend with host galaxy mass. We also show trends of light curve width with galaxy sSFR and
metallicity, which are unsurprising given that these quantities correlate with stellar mass in galaxies.
Interestingly, we see that highly reddened SNe Ia (e.g.c & 0.2) only occur in high mass (and high
metallicity) hosts. This too is to be expected as these highly reddened SNe Ia are predicted to suffer
from extinction by foreground dust, which is more abundant in high mass star-forming (and high
metallicity) galaxies.

6.1.1 Hubble Residuals vs. Galaxy Properties

In this analysis we use the Hubble residuals for 119 SNe Ia from SNfactory after cor-
rections have been made for light curve width (SALT2 X1) and color (SALT2 c). Of these 119
SNe Ia, 116 have good host stellar mass estimates from photometry, 2 are hostless (see discussion
in Section5.3.2), and 1 is lacking photometry data. For these 116 SNe Ia with good host masses, the
same fits fromZPEG also provide specific star formation rates. Of the 119 SNe Ia considered here,
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Figure 6.1 Light curve width (SALT2 X1 - top row) and color (SALT2 c - bottom row) for our SNe Ia
as compared to the properties of their hosts: stellar mass (left column), specific star formation rate
(middle column), and gas phase metallicity (right column).

67 have good gas-phase metallicities (i.e. are star forming and have emission line fluxes consistent
with star formation rather than AGN activity – see Chapter3 for details). In Figures6.2, 6.3, and
6.4, we plot the SALT2 Hubble residuals against host galaxy stellar mass, sSFR, and metallicity
respectively. For visual aid we show the bin-averaged values of the SNIa Hubble residuals in bins
corresponding to 1.0 dex in galaxy stellar mass. The best fit linear trend and mean residuals split by
host mass (sSFR, metallicity) are shown as well, and will be described in detailbelow.

As was noted by previous authors, our data indicate a correlation of SN IaHubble resid-
uals with host galaxy mass. Our data also indicate for the first time confirmation of a similar trend
with host gas-phase metallicity, which was to be expected given that these parameters are correlated
in normal galaxies (and in SN Ia hosts - see Section5.1). We quantify this observed trend with
two metrics: a linear trend in Hubble residuals vs. host stellar mass (sSFR, metallicity), and the
difference between the average Hubble residuals when SNe Ia are splitinto two bins corresponding
to high- and low-mass (sSFR, metallicity) hosts. We summarize the results of thesefits in Table6.1.

While the linear trend fits were typically of low significance (. 1σ), the difference in
Hubble residuals between high-and low-mass-hosted SNe Ia show a significant step in corrected
SN Ia brightnesses. Similar to previous authors’ findings, we find that low-and high-mass-hosted
SNe Ia have brightnesses that differ by0.071±0.030 magnitudesafter stretch- and color corrections
have been applied, such that SNe Ia in high mass hosts are brighter after correction than those in
low mass hosts. Our data also confirm that corrected SN Ia brightnesses differ for SNe Ia in hosts
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Figure 6.2 SALT2 Hubble residuals for SNfactory SNe Ia plotted versus host galaxy stellar mass
(grey points). The blue line represents the best fit linear trend, the green points represent binned
averages, and the thick red lines represent the averages for Hubble residuals split into high and low
mass bins.

Table 6.1 Hubble Residual Trends with Host Properties
Host Residual NSNe Linear Trend Split Hubble Residual

Property Type (mag/dex) Value Step (mag)
Mass Stretch+Color 116 −0.033 ± 0.015 10.0 0.071 ± 0.030
sSFR Stretch+Color 116 0.031 ± 0.044 −10.0 0.057 ± 0.039

Metallicity Stretch+Color 67 −0.026 ± 0.043 8.8 0.044 ± 0.031

Mass Flux Ratio 95 −0.014 ± 0.014 10.0 0.033 ± 0.028
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Figure 6.3 Same as Figure6.2, but for host sSFR.
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Figure 6.4 Same as Figure6.2, but for host metallicity.
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with different metallicity or star-formation intensity. Regardless of the drivingfactor behind this
trend, this result indicates that applying the canonical SN Ia standardization techniques to SNe Ia
at all redshifts will result in biased cosmological parameters as the SN Ia environments evolve in
metallicity and star-formation activity as we probe to higher redshifts. This concern, along with our
thoughts on the appropriate course of action for SN Ia cosmology, will be revisited and discussed
thoroughly in Section6.3.

6.1.2 SN Ia Cosmology Fits Split By Galaxy Properties

In light of the apparently different corrected brightnesses of SNe Ia inhigh and low mass
host galaxies, it has been proposed that one means of correcting for this trend is to split the SN
data sets by host mass and fit for separate sets of light curve correctionparametersα, β, andMB.
Such an analysis was undertaken for the SNLS host sample bySullivan et al.(2010), who noted
several results from this investigation. First, they found that the scatter about the Hubble diagram
(i.e. Hubble residual RMS) was only marginally improved (from about 0.148mag to 0.142 mag)
by splitting the sample by host mass (atlog(M∗/M⊙) = 10.0). Second, they found that when fit
separately high mass hosts had a lower (brighter)MB (by∆MB = 0.085), lowerβ (by∆β = 0.55),
and essentially equalα (∆α = 0.08) when compared to the parameters fitted for the low-mass
hosted SN Ia sample.

We conducted a similar analysis with the SNfactory sample, splitting the sample by
host mass and fitting separately forα, β, andMB parameters for each subsample. As with the
Sullivan et al.(2010) analysis, we found only marginal improvement in the Hubble diagram resid-
uals, going from 0.153 mag RMS to 0.148 mag RMS. Because the main SNfactorycosmology
analysis is not yet published, we have kept the nominalα, β, andMB values blinded in order to
preserve the integrity of that future analysis. Thus we examine the effectof our split cosmology fit
by inspecting thechange in these fit parameters. We found that the values ofα for the two subsets
are nearly identical (∆α = 0.05, with SNLS typicalα = 0.139). We found thatMB for the high-
mass hosts was lower (brighter) by∆MB = 0.107 (typicalMB ≈ −19.0), similar to the SNLS
result. And finally, we found that the high-massβ was lower than the low-mass value (∆β = 0.99,
with typical SNLSβ = 3.2). Similar results were found when splitting SNe Ia by host sSFR or
metallicity.

The above cosmology fits split by host properties appear to give slightly better SN Ia
standardization, but it has been known for some time that SN Ia properties (particularly stretch)
correlate with the properties of their host galaxies. Thus we investigate an alternate technique
whereby we split the SN Ia sample by stretch (SALT2x1) and repeat the above analysis steps.
We found very similar results to our mass split fit, with stretch-split fit parameters differing as:
∆α = 0.075, ∆MB = 0.119, and∆β = 0.62. This calls into question the notion that splitting
SN Ia standardization parameters by host properties is truly correcting a progenitor-driven diversity.
Instead it may be that the color behavior of SNe Ia with different stretchescannot be effectively
corrected with a single color correction parameterβ. We will revisit this possibility in the Discussion
below.
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6.2 Flux Ratio-Corrected SN Ia Brightness and Host Properties

We now revisit the above analyses with an alternate SN Ia standardization technique de-
veloped byBailey et al.(2009) which employs spectral flux ratios to standardize SNe Ia. In that
work we showed that the spectral flux ratioR642/443, defined as the ratio of the SN Ia flux at 642 nm
divided by the flux at 443 nm (smoothed with 2000 km/s binning), correlated very strongly with the
raw SN Ia Hubble residuals (i.e. without stretch and color corrections). We now wish to examine
whether the bias in corrected Hubble residuals persists when using this alternate standardization
technique.

The SN Ia data set for this analysis consists of the subset of the 119 SNe Ia from the
previous sample for which we can apply the correction method ofBailey et al.(2009). This method
requires a spectrophotometric observation of the SN within±2.5 days ofB-band maximum light
(as estimated from the full light curve). This requirement brings the parent sample of SNe Ia down
to 98, of which we have host stellar masses for 95. As with the previous Section, Hubble residual
error bars were again padded to force the Hubble Diagram to haveχ2

ν = 1.
For simplicity in this section, we inspect only the trend of Hubble residuals with stellar

mass, since the sSFR trend is very similar, and the sample attrition for a metallicity analysis is
rather significant. In Figure6.5we show the flux-ratio-corrected SN Ia Hubble residuals for our 95
SNe Ia plotted against the stellar masses of their host galaxies. Similarly to Figure 6.2, we plot the
binned average Hubble residuals, best fit linear trend, and average Hubble residual when splitting
the sample by host mass.

The results of our analysis show a similar trend with host mass, but with a marked decrease
in magnitude. The high- to low-mass magnitude step after flux-ratio correction is0.033 ± 0.028
magnitudes, versus0.071±0.030 magnitudes from stretch- and color-corrected SN Ia brightnesses.
Similarly, the linear best-fit trend of flux ratio Hubble residuals with host mass is−0.014 ± 0.014
magnitudes (of SN brightness) per dex (in host mass), compared to−0.033 ± 0.015 mag/dex for
stretch- and color-based Hubble residuals for the same sample. Indeed our data could be consistent
with there being no trend (at1.0σ) or step (at1.2σ) in flux-ratio corrected SN Ia Hubble residu-
als. ThoughBailey et al.(2009) showed that the flux-ratio standardization method results in lower
dispersion on the Hubble diagram, the decreased bias in corrected SN Ia magnitudes shown here
cannot be a result of that decreased dispersion. The possible causefor this improved reduction in
host bias will be a key point of interest in the Discussion that follows.

6.3 Discussion

Recent studies of SN Ia Hubble residuals and the properties of their hostgalaxies have
uncovered the disturbing result that SN Ia brightnesses corrected using the standard light curve
width and color corrections show a residual correlation with the masses, and thus presumably the
metallicities and mean stellar ages, of their host galaxies. Such a trend is quite distressing for future
SN Ia cosmology missions which will hunt for SNe Ia at very high redshifts where the mean stellar
age and metallicity are quite different from their values in the local universe. The discovery of this
SN Ia host bias has motivated two critical questions: what is the true cause of this bias, and what
should be done to correct it? We will address each of these questions in turn, as well as the impact
our analysis of SNfactory data on their answers.
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Figure 6.5 Same as Figure6.2, but with Hubble residuals obtained using spectral flux ratio bright-
ness corrections following the method described byBailey et al.(2009).
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6.3.1 Comparison To Previous Studies

Before discussing the potential origins of the observed host bias and possible means of
correcting it, let us first summarize the results presented here and comparethose to the findings of
previous studies. For simplicity we will focus only on the studies with respect tohost stellar mass,
since that is the only common host property across all such studies. Using the standard light curve
width and color correction techniques for SNe Ia, we found the Hubble residuals for our 116 SNe Ia
using SALT2 had a best fit linear trend with mass ofdm/d log(M∗) = −0.033 ± 0.015 mag/dex.
When splitting the sample by host mass atlog(M∗/M⊙) = 10.0, we found the mean corrected
brightnesses of high-mass-hosted SNe Ia were∆mcorr = 0.071 ± 0.030 magnitudes brighter than
the mean corrected brightnesses of low-mass-hosted SNe Ia. The median redshift for SNfactory
SNe Ia is approximatelyz = 0.06. Conducting the same analysis with SN Ia brightnesses corrected
using the technique ofBailey et al.(2009), we found a linear trend in mass consistent with zero
(dm/d log(M∗) = −0.014 ± 0.014 mag/dex) at1σ, and a markedly smaller step in the average
corrected magnitudes of high- versus low-mass-hosted SNe Ia (∆mcorr = 0.033 ± 0.028).

The first major study of SN Ia Hubble residuals as a function of their host galaxy masses
came fromKelly et al. (2010), who studied the hosts of low redshift (z ∼ 0.02) SNe Ia discovered
mostly from targeted nearby searches. Their host mass range was significantly higher (median
log(M∗/M⊙) = 10.67) than other similar studies, so their analysis was restricted only to high mass
hosts (log(M∗/M⊙) ≥ 9.5). They found a linear trend of corrected brightnesses with host mass
of dm/d log(M∗) ≈ −0.15 mag/dex with a2.4σ significance for a sample size of 60 SN Ia hosts.
When splitting their sample atlog(M∗/M⊙) = 10.8, they find a bin average magnitude difference
of ∆mcorr = 0.094 ± 0.045. Our SNfactory data (and indeed the SDSS-SN and SNLS samples)
show a much shallower trend of brightness with host mass than the Kelly sample,and this may be
an artifact of the shortened mass range (≈ 2 dex) of the Kelly sample. Our SNfactory sample goes
to three orders of magnitude lower in host mass and doubles the sample size ofthe Kelly sample.
Thus we have the first sample of low redshift SNe Ia to detect this host biasacross the full mass
range sampled by higher redshift surveys.

Similar analyses were conducted bySullivan et al.(2010) for the SNLS 3rd year sample
of SNe Ia and byLampeitl et al.(2010) for the SDSS-SN survey.Sullivan et al.(2010) found a
best fit linear trend of Hubble residuals versus host mass ofdm/d log(M∗) = −0.042 ± 0.013
mag/dex for a sample of 195 SNe Ia at a median redshift ofz = 0.63. When splitting the sample at
log(M∗/M⊙) = 10.0, he found a magnitude difference of∆mcorr = 0.08 ± 0.02. Lampeitl et al.
(2010) found a linear trend ofdm/d log(M∗) = −0.072 ± 0.018 mag/dex for a sample of 162
SNe Ia at a median redshift ofz = 0.16. For the mean stellar masses of this sample in bins split
at log(M∗/M⊙) = 10.0, this corresponds to a magnitude difference of∆mcorr = 0.100 ± 0.025.
Our value of the SNfactory linear trend with host mass is within0.45σ and1.66σ of those found
by Sullivan et al.(2010) andLampeitl et al.(2010), respectively, while our mass-split magnitude
differences is within0.25σ and0.74σ of the same studies. Thus we have found good quantitative
agreement with these results from two other untargeted SN Ia searches.

Now that we have shown the SNfactory stretch- and color-corrected Hubble residuals ex-
hibit similar trends with host mass as those found by previous authors, we turn to the results of our
flux-ratio corrected SN Ia Hubble residuals derived using the method ofBailey et al.(2009). For
simplicity, we will compare these results only to those ofSullivan et al.(2010) andLampeitl et al.
(2010), as these studies span similar mass ranges and showed similar trends in Hubble residuals
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corrected for stretch and color. The best fit linear trend for our flux-ratio Hubble residuals as a func-
tion of host mass is shallower than the trends measured bySullivan et al.(2010) andLampeitl et al.
(2010) at 1.47σ and2.54σ, respectively, while the mass-split magnitude difference is smaller by
1.37σ and 1.78σ. The disagreement of the flux ratio residuals linear trend with the SNfactory
stretch- and color-based trend is0.93σ, and the mass-split magnitude difference disagrees also at
0.93σ. Though the statistical significance of our decreased host bias is modestfor SNfactory alone,
our results are also significantly different from the stretch- and color-based trends found by pre-
vious authors. Thus we believe that our analysis of flux-ratio based Hubble residuals has shown
a significant decrease in bias with respect to host galaxy mass. Indeed,if one were to posit that
the brightnesses of SNe Ia differ in low-mass hosts and high-mass hosts by0.10 magnitudes in a
manner which cannot be recovered from SN Ia data alone, we are able tonegate that hypothesis at
2.4σ. This implies that reduction of the host bias using SN Ia data alone is highly probable, a point
we will return to shortly.

6.3.2 Origin of Observed Bias

The first major concern raised by the SN Ia brightness host bias is, whatis the underlying
physical cause of this observed bias? Is it a true correlation of SN Ia brightnesses with the properties
of their progenitors? If so, is it age, metallicity, or some other physical parameter driving this effect?
On the other hand, could this be a deficiency in the SN Ia models or standardization techniques?

Because galaxy stellar mass correlates with gas-phase metallicity (e.g.Tremonti et al.
2004) and specific star-formation rate (e.g.Salim et al. 2007), it was expected that the SN Ia Hub-
ble residuals would correlate with these two properties as well. We showed here with SNfactory
data that this is indeed the case, with roughly similar steps in magnitude between high- and low-
metallicity hosted SNe Ia as that observed for SNe Ia split by host mass. Thus we have shown
observationally that corrected SN Ia brightnesses correlate with the stellarmasses, specific star for-
mation rates, and gas-phase metallicities of their host galaxies.

Disentangling which of these galaxy physical properties is most strongly correlated is
extremely difficult, leaving ambiguity as to whether these parameters are driving some residual
SN Ia brightness correction. Indeed, the measured host galaxy metallicity for a SN Ia host may not
necessarily reflect the metallicity of the progenitor itself (seeBravo & Badenes 2011, for a detailed
discussion), a key point we will revisit in our discussion of how to correct SN Ia brightnesses below.
If measurement of theprogenitor metallicity and age were possible, it would provide a clearer
answer to the strength of correlation between corrected SN Ia brightnesses and their progenitor
properties.

An alternative explanation to the observed host bias is that, rather than being driven by
some residual dependence on progenitor age or metallicity, perhaps the bias is an artifact of insuffi-
cient SN Ia stretch and color correction techniques. Consider the aboveinvestigation where we split
our SNfactory sample by stretch and refit the light curve correction parametersα, β, andMB, where
the value ofβ differed significantly from low- to high-stretch SNe Ia. One potential interpretation is
that the effect of SN Ia color on its brightness is different at differentvalues of stretch. A failure to
correct for this would leave low- and high-stretch SNe Ia, which are found more prevalently in high-
and low-mass hosts respectively, to be insufficiently corrected in such a way that ends up correlating
with host galaxy mass.

The mass-split fits can be interpreted in a similar way, where SNe Ia in high-mass hosts
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are more likely to be affected by dust and thus have a different value ofβ than SNe Ia with low
dust extinction. If intrinsic SN Ia color diversity drives the observed colors at low host mass (low
extinction) and dust drives it at high mass, then the monolithic treatment of these two effects would
result in biased corrected brightnesses. Because SN Ia light curve stretch and color show some
correlation with host properties, it is difficult to discern whether the residual host bias is a product
of a third intrinsic SN Ia parameter, or whether it reflects some deficiency in correcting for the
first two parameters whose behavior is tied to the properties of the SN hosts.Thus we believe that
a definitive interpretation of the host bias as being driven by an additionalprogenitor property is
premature.

6.3.3 Correcting Bias in SN Ia Data

The second major concern provoked by the observed SN Ia brightnesshost bias is how
to effectively correct for this effect in SN Ia cosmological data. Some authors (e.g.Lampeitl et al.
2010) have suggested including SN Ia host mass as a third brightness correction parameter such that
corrected SN Ia brightnesses would be of the form:

dµ = mB − (MB + α · S + β · C + γ ·H) − µ(z; ΩM ,ΩΛ, H0) (6.1)

wheredµ is the corrected Hubble residual,S andC are the usual stretch and color parameters with
their respective correction coefficientsα andβ, andγ is the new correction coefficient for some host
propertyH such as mass (or metallicity). Some authors have already performed SN Ia cosmology
fits using a host-based brightness correction (Sullivan et al. 2011a) or a step-wise brightness correc-
tion for host mass where brightnesses of low-mass-hosted SNe Ia are adjusted by a constant amount
(Suzuki et al. 2011). While these techniques may be viable as a short term means for correctingan
observed bias in SN Ia data sets, we believe they are not the optimal means for correcting current
(and future) SN Ia cosmological data. Instead, we advocate using SN Iadata itself to train new
standardization techniques that are unbiased with respect to host properties. We describe both of
these concepts below.

The Challenges of Host-Based Corrections

The first major problem with using SN Ia host galaxies for cosmology corrections is the
observational requirements for obtaining host galaxy properties for allSN Ia cosmology data sets.
Host galaxy masses derived from photometry are the easiest (and cheapest) form of host data to
obtain. Typically photometric observations of host galaxies in numerous filterbands (ideally 5
optical bands, but as few as 2 bands would suffice), obtained long after the SN has faded, provide
sufficient information to obtain a galaxy stellar mass. For high redshift surveys such as SNLS
(Sullivan et al. 2010) which revisit the same small area of sky over a multi-year survey and take
data in numerous filters, sufficient host imaging to obtain stellar masses is a natural data product
arising from the usual survey operations. Similarly, the SDSS-SN survey(Lampeitl et al. 2010)
revisited the same stripe of sky (SDSS Stripe 82) for multiple years, obtaining deep photometry
over the whole survey area and at least a year after (or before) the SN explosion. For nearby
surveys, such as SNfactory or the Palomar Transient Factory (Rau et al. 2009), that target a very
large area of sky, uniform photometric data is very difficult. As describedabove (see Chapter3),
targeted photometric observations of varying depth were required to obtainthe same mass precision
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for all SNfactory SN Ia hosts. Additionally, a wealth of nearby SN Ia data isalready on hand, but
would require significant additional observations to provide the level of quality photometric host
data needed to obtain host masses for brightness corrections. Thus the observational requirements
of performing host-based SN Ia brightness corrections are challenging.

The second major problem with using host-based SN Ia brightness corrections is the ex-
tensive galaxy modeling requirements inherent in this method. Even for the simplest data, photo-
metric host masses, assumptions must be made about (a) galaxy star-formation histories in order to
obtain mass-to-light ratios, (b) the extinction law and physical distribution of dust within galaxies
in order to correct observed galaxy brightnesses, and (c) stellar population models which must be
invoked in order to convert the aforementioned SFHs into mass-to-light ratios. Further difficulty
arises from the fact that stellar populations and galaxy SFHs evolve in redshift, such that the re-
lationships between mass-to-light ratios and photometric colors employed for galaxies in the local
universe will not be applicable at higher redshifts. The complexity of galaxy stellar population mod-
eling inherent in assigning physical properties (i.e. stellar mass) to galaxy photometric data is such
that a significantly large and new set of systematic errors must be accounted for in SN Ia cosmology.
We believe that burdening SN Ia data sets with the systematics of galaxy modelingis not favorable.

The final, and most significant, problem with using host properties to correct SN Ia bright-
nesses is the fact that the properties of a SN Ia host are not the same as the properties of the SN Ia
progenitor itself. Consider for example a SN Ia brightness correction that effectively corrects for
host galaxy metallicity in order to account for an assumed progenitor metallicity effect. Suppose for
argument’s sake that the SN Ia brightness does indeed depend on the metallicity of its progenitor:

MB,true = MB,0 + γ · ZSN (6.2)

whereMB,true is the true SN Ia brightness,MB,0 is the standardized brightness to which we wish to
correct the observed SN Ia brightness,ZSN is the progenitor metallicity, andγ the scaling relation
defining how the metallicity affects the true brightness. For simplicity we have removed reference
to stretch and color under the simple assumption that we are correctly adjustingthe observed SN Ia
brightness for those parameters. Now suppose we model the observed SN Ia brightness based on
the metallicity of its host as:

MB,model = MB,0 + γ · Zhost (6.3)

Then the Hubble residual we obtain will be the different between the true magnitude and the mod-
eled value:

dµ = MB,model −MB,true (6.4)

= γ · (Zhost − ZSN ) (6.5)

Thus our Hubble residuals will be mistakenly corrected by an amount proportional to the difference
between the true SN metallicity and the average metallicity of its host. Since galaxies have a distri-
bution of stellar metallicities and the SN was drawn randomly from this distribution, the difference
Zhost − ZSN is a random variable which has no physical meaning, only a probabilistic one. More-
over, no means exists to recover this metallicity difference without measuring the SN metallicity
itself, a feat not currently attainable. Thus a host-based SN Ia brightness correction obscures the
true SN Ia brightness by a value which has no physical meaning and cannot be recovered observa-
tionally. This means that any future attempts to derive additional physically-motivated brightness
correction parameters could be washed out by this random error.
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Based on the mass trend observed above with SNfactory data coupled to thegalaxy MZ
relation, a galaxy with an internal metallicity dispersion of 0.5 dex (a typical range for elliptical
metallicity gradientsSpolaor et al. 2010) would introduce a random error on SN Ia brightnesses of
about 0.03 mag. The range of observed galaxy metallicities has a much largerspan than the typical
internal metallicity dispersion of a single galaxy, so ultimately such a correction would introduce
an error whose magnitude is smaller than the bias it is intended to correct. However, the random
dispersion introduced into SN Ia brightnesses could possibly hinder further attempts to refine SN Ia
standardization. This is our primary objection to using host data to correct SN Ia brightnesses.

The Case For Improved SN-Based Techniques

Now that we have outlined the reasons disfavoring use of host data to correct SN Ia bright-
nesses, we turn to a discussion of the potential improvement of SN Ia standardization methods using
only SN data. SN Ia brightness corrections derived exclusively from SN Ia data have the advantages
of being derived directly from the SN itself (rather than a proxy), and avoid being contaminated by
the differences between the SN progenitor properties and the average properties of its host galaxy.
An ideal standardization technique would be derived from SN photometric data, as this is the pre-
ferred method for observing SNe Ia in future high-redshift surveys (spectroscopy is expensive), and
is the primary format of the expansive SN Ia data currently available.

It may be that a re-training of the methods for correcting SN Ia brightnesses from light
curve data may be able to rectify this problem. We showed above that when theSN Ia data set is split
by light curve width, the color-correction termβ for the two subsamples was substantially different.
This result was similar to that found when splitting the sample by host mass, whichis expected
because light curve width is known to correlate with host galaxy mass. Galaxy dust content is
also expected to correlate with galaxy mass, such that significant amounts ofdust (and thus more
heavily extincted SNe Ia) can be found in higher mass galaxies. If intrinsic SN Ia color variations
affect the SN Ia brightness in a way that is different from reddening bydust, then erroneous color-
based brightness correction would be expected to correlate with dust content and thus by extension
host galaxy mass. Alternatively, if the color behavior of SNe Ia is a function of stretch, this would
produce a similar signal due to the host mass-stretch correlation. Similarly, if the reddening behavior
of dust is a function of metallicity, then monolithic color corrections would not capture this effect
and again produce a similar signal. All of these effects could potentially be disentangled from
photometry (and thus corrected for), but sufficient data to do so have yet to be presented.

A full re-examination of SN Ia light curve correction techniques is beyondthe scope of
this work, but we can provide some support for the notion that a host-unbiased SN-based standard-
ization technique is feasible by invoking the results from our flux-ratio-corrected Hubble residuals
study above. The SN Ia Hubble residuals derived after correction forspectral flux ratios showed a
decrease in host bias. While this alternate standardization method may not completely remove the
bias, it does illustrate that SN-based techniques can be found which at least reduce the bias. We
hope this is a proof of principle, and eagerly anticipate future standardization methods which can
be tested for their impartiality with respect to SN Ia host properties.



113

Chapter 7

Conclusions

This thesis has presented observations of the host galaxies of SNe Ia from the Nearby
Supernova Factory (SNfactory) along with analyses of the physical properties of those galaxies and
their implications for the SNe Ia they hosted. In Chapter4 we focused on the host galaxy of the
probable super-Chandrasekhar-mass SN Ia SN 2007if, showing its host to be extremely low mass,
the lowest observed SN Ia host metallicity to-date, and composed of a very young stellar population.
Chapter5 pursued three key investigations into the nature of SN Ia progenitors usingthe full sample
of SNfactory host galaxies. First we demonstrated that SN Ia host galaxies show good agreement
with the normal galaxy mass-metallicity relation. We then showed that the distributionof SN Ia host
galaxy masses can be modeled using stellar mass and star-formation history distributions coupled to
an SN Ia delay time distribution (DTD), thereby constraining the properties ofthe SN Ia DTD. Next
we investigated the proposed low-metallicity inhibition of SNe Ia with the SNfactoryhost sample,
and found that our sample contained no SN Ia hosts observed significantlybelow the proposed
metallicity threshold, providing tentative evidence in support of this theory. Finally in Chapter6
we compared the brightnesses of SNe Ia after application of several standardization methods to
the properties of their host galaxies, and showed that the previously noted bias of stretch- and
color-corrected SN Ia brightnesses with host mass was indeed presentin the SNfactory sample,
but definitely diminished when brightnesses were corrected with a spectroscopic correction method
developed by SNfactory.

The foremost goals of this thesis have been twofold: to learn more about thenature of
SN Ia progenitors through the study of their parent stellar populations, and thereby improve the
potential for SN Ia luminosity standardization for cosmological applications. Our work has made
contributions to both these endeavors, and below we remark on the progress made here as well as
our preferred next steps in pursuing these research goals.

7.1 Host Galaxies of Super-Chandrasekhar-Mass SNe Ia

The discovery of exceptionally over-luminous SNe Ia whose progenitorslikely exceed the
Chandrasekhar mass has been one of the most interesting discoveries in SN Ia science in the past
decade. Following the initial discovery of SN 2003fg (SNLS-03D3bbHowell et al. 2006), several
other SNe have shown similar spectroscopic and photometric behavior. These SNe Ia challenge the
fiducial progenitor model in which a Chandrasekhar mass white dwarf undergoes thermonuclear
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runaway to produce a SN Ia.
We undertook the study of the host galaxies of these SNe, with a particular focus on the

host galaxy (Childress et al. 2011) of SN 2007if (SNF20070825-001Scalzo et al. 2010). This par-
ticular SN was the brightest known SN Ia at the time of its discovery, and we showed that its host has
the lowest measured metallicity of any SN Ia host. Additionally, our inspection ofthe stellar absorp-
tion features in the host spectrum strongly indicated the host underwent astrong burst of star forma-
tion≈ 100 Myr before the SN, possibly producing the SN progenitor in this starburst.We continued
to examine the hosts of other probable super-Chandrasekhar SNe Ia (Taubenberger et al. 2011) and
found that their host mass distribution was markedly lower in average mass than the host mass
distribution from other surveys such as SNLS (Sullivan et al. 2010) and SDSS-SN (Lampeitl et al.
2010), implying a potential preference for low metallicity.

Our work has already been followed in the literature by several recent analyses.Khan et al.
(2011) followed our analysis of super-Chandrasekhar SN Ia hosts fromTaubenberger et al.(2011)
and our analysis of the host of SN 2007if fromChildress et al.(2011) by inspecting the local sites
of the SN explosions for three key members of the super-Chandrasekhar subclass. They found that
SN 2006gz was found in a region outside of> 95% of its host light, where the metallicity was
more than 0.4 dex lower than at the core of its galaxy. Similarly, SN 2003fg andSN 2009dc, though
found in interacting systems, were significantly far from the center of their possible hosts, imply-
ing low metallicity regions. Their conclusion was that the most definitive super-Chandrasekhar
SNe Ia – SN 2003fg, SN 2006gz, SN 2007if, and SN 2009dc – were all found in low-metallicity
environments, lending strong support for low metallicity being a requirement for the production of
super-Chandrasekhar SNe Ia.

Hachisu et al.(2011) recently revisited possible SD progenitors of super-Chandrasekhar
SNe Ia. They found that low metallicity was important in increasing the initial WD mass before the
onset of accretion. With these higher mass WDs, they found that accretionin the SD scenario could
lead to differential rotation supporting a significantly more massive WD thanMCh. Indeed their
mass estimates for super-Chandrasekhar SN Ia progenitors was very consistent with our estimate
for SN 2007if inScalzo et al.(2010). Additionally, they found that the SD companion needed to
have a stellar mass (M∗ ∼ 4M⊙) consistent with the main-sequence turn-off mass we estimated for
the stellar population in the host of SN 2007if inChildress et al.(2011).

The study of super-Chandrasekhar SNe Ia and their possible progenitors is a highly pop-
ular and rapidly advancing field within the study of SNe Ia. Our work here has contributed to the
study of the environments in which these SNe have been found, and will surely be advanced as more
of these exceptional SNe are found.

7.2 Statistical Properties of SN Ia Host Galaxies

The nature of SN Ia progenitors remains a topic of great interest not onlyfor the purpose
of potentially improving their calibration for cosmology, but also for uncovering the stellar and
binary evolution paths which lead to these exceptionally explosive events. The study of the parent
stellar populations where SNe Ia are born is a useful tool for constraining SN Ia progenitor models.
While the study of the host galaxy of an individual SN Ia can constrain the likely properties of its
progenitor, thestatistical study of the ensemble of SN Ia host galaxies provides clues to therange
of SN Ia progenitor properties and the relative frequency of those properties.
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SN Ia Host Galaxies and the MZ Relation

The agreement of SN Ia host galaxies with the normal galaxy mass-metallicity relation is a
key assumption in the interpretation of SN Ia trends with host mass in terms of host metallicity. The
agreement of SN Ia hosts with the MZ relation has been an implicit assumption in theobservational
tests of theTimmes et al.(2003) theory as presented byHowell et al.(2009) andNeill et al. (2009),
as well as the numerous studies analyzing SN Ia Hubble residuals as a function of their host galaxy
masses (Kelly et al. 2010; Sullivan et al. 2010; Lampeitl et al. 2010). This is an important aspect
of SN Ia hosts to check, as deviation from the MZ relation could be caused by unusually intense
star formation activity, as was discovered to be the case with LGRB hosts (Kocevski & West 2011;
Mannucci et al. 2011).

Here for the first time we have inspected the agreement of SN Ia hosts with theMZ relation
using a large sample of SN Ia host galaxies from SNfactory. The SNfactory sample proved to be
ideal for this analysis because of the large range of host stellar masses for SNe Ia discovered with our
search. Our impartial search technique is also advantageous in this endeavor because it avoids the
selection biases that might arise from a search technique which targets specific galaxies. We showed
that indeed SN Ia hosts show remarkably good agreement with the MZ relationover the mass range
8.5 ≤ log(M∗/M⊙) ≤ 11.0, with mean offsets from the MZ relation of∆Z = −0.003±0.012. We
also showed that the dispersion of SN Ia host metallicities about the MZ relationis very consistent
(pull distribution RMS exactly equal to 1) with the observed dispersion of normal galaxies about
the mean MZ relation.

Our analysis provides observational support for the previous inferences about host metal-
licity in trends observed with host mass. It also shows that the star formation activity of SN Ia hosts
is likely to be very similar to that of a typical field galaxy sample, rather than beingconcentrated
in regimes of extreme star formation. We thus conclude that future studies of SN Ia properties
with respect to progenitor metallicity can be validly inspected by means of their host galaxy stellar
masses.

SN Ia Host Galaxy Mass Distributions

The study of the SN Ia delay time distribution (DTD) is currently a very active field
of research. Knowledge of the SN Ia DTD would be helpful not only in placing constraints on
progenitor models, but also for calculating expected yields from future SNIa surveys. To date most
such studies have grown out of SN Ia rate calculations, where the total amount of stars observed
in each age bin must be estimated from stellar population synthesis modeling of allgalaxies in the
search area of the SN survey. The calculations of these statistics from search data is very complex,
especially in the determination of survey completeness and purity. Further systematics enter into
the galaxy stellar population modeling, which is limited by the complexity of data available for the
galaxies (i.e. spectroscopic data, or the number of photometric filter bands). While great progress
is being made toward this end (seeMaoz 2010, for a review), a simpler method that can be widely
applied would be beneficial.

Here we presented a new method for constraining the SN Ia DTD using the distribution
of SN Ia host galaxy masses. Building upon the deep base of knowledge regarding galaxy star for-
mation histories and the distributions of stellar mass and star formation in the local universe, we can
generate a prediction for the SN Ia host mass distribution for a given DTD.Using the observed SN Ia
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host mass distribution from SNfactory we showed the power of this distribution in constraining DTD
models. In the simplified “A+B” framework, we found the fraction of “prompt”SNe Ia to be approx-
imately 80%, consistent with the value implied from rates studies (Scannapieco & Bildsten 2005).
Adding complexity to the allowed DTD, we used galaxy SFHs measured from theSDSS survey
to predict host mass distributions for a power law DTD and showed that the SNfactory host mass
distribution favors as = −1.2 power law index with a lower age cutoff of aroundtprompt = 20 Myr.
This power law index is fairly consistent with other observational studies (Totani et al. 2008; Maoz
2010; Barbary et al. 2010), and the lower age limit is consistent with the main sequence turn off
time for the most massive likely white dwarf progenitors (M ∼ 10M⊙).

Our analysis is contingent upon an accurate measurement of the true SN Iahost galaxy
mass distribution, which is made possible for SNfactory due to our impartial SN search technique.
SN Ia host galaxy stellar masses are available from numerous untargeted surveys (e.g.Sullivan et al.
2010; Lampeitl et al. 2010), and with some additional inspection of selection biases could likely be
turned into additional measurements of the SN Ia host mass distribution at the redshift of these
surveys. We emphasize here the power of using only the SN Ia host mass distribution to constrain
the DTD, rather than resorting to galaxy star formation history modeling for all SN Ia hostsand
other galaxies observed in a survey. Our method takes advantage of the fact that the average SFH
of SN Ia hosts of a given stellar mass will be representative of the average SFH of all galaxies
at that mass. This method will be further enhanced by the inclusion of host mass distributions
from different redshifts where the local star formation histories will be different, enabling a unique
variation of the input to the host mass distribution calculation.

Low-Metallicity Inhibition of SNe Ia

The study of preferred SN Ia environments can provide clues to SN Ia progenitors by
revealing potential progenitor properties that favor (or disfavor) the production of SNe Ia. One the-
oretically proposed environmental preference was put forth byKobayashi & Nomoto(2009), who
predicted that SNe Ia could not occur at extremely low metallicities. For the first time, we attempted
to confront this theory with observations by examining the low-metallicity SN Ia hosts from SNfac-
tory. Using the best available data to calculate the expected gas phase metallicitythreshold, we
found that none of the observed SNfactory host galaxies show a metallicitybelow the fiducial pre-
dicted cutoff metallicity. Returning to our SN Ia host galaxy mass distribution modeling techniques,
we showed this result to be in sharp contrast to the best fit prediction ofN ≈ 6 SNe Ia in galaxies of
metallicity below the threshold. Given the observed effective sample size, thispresented a P=1.6%
likelihood of there being no cutoff, constituting provisional observationalsupport of the proposed
low metallicity SN Ia inhibition theory.

We note that some SNfactory hosts with extremely low masses have yet to be observed,
but our calculations account for observational completeness and we have no reason to believe that
we have mistakenly observed only those hosts which do not violate the KN09 threshold. Similarly,
hosts for a number of SNe Ia could not be found despite very deep imaging and careful spectroscopic
screening of nearby host candidates. While arguments citing probable host mass upper limits cou-
pled to the galaxy mass-metallicity relation might favor an interpretation of these SNe Ia originating
from progenitors with metallicities below the KN09 threshold, these arguments are undermined by
the fact that such a large number of extremely low luminosity SN Ia hosts strongly disagrees with
the observed distribution of stellar mass in galaxies. It was rather surprising that many of our faintest
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candidate hosts turned out to be hostless SNe Ia, and that none of our normal low mass hosts showed
metallicity below the KN09 value despite the expectation that some should.

Other nearby SN Ia surveys have found several other SNe Ia in low mass hosts, and could
substantially augment the results we presented here. Our inspection of the KN09 low metallicity
inhibition theory with SNfactory data is a representative example of the way in which theoretical
predictions of SN Ia progenitor behavior can be tested with a statistical analysis of SN Ia host galaxy
properties.

7.3 SN Ia Brightnesses and the Properties of Their Host Galaxies

One of the major motivations for studying SNe Ia is their utility in cosmological distance
measurement. SNe Ia are the best standardizable candles for measuring the expansion rate of the
universe by means of the Hubble diagram. However, the number of cosmological SNe Ia has become
sufficiently large that systematic errors are becoming comparable in magnitudeto statistical errors
in SN Ia cosmology fits (Sullivan et al. 2011a). Understanding the progenitors of SNe Ia better is
thought to be a fruitful means of improving their calibration for cosmology, and the study of SN Ia
hosts plays an important role in this endeavor.

A critical secondary role of SN Ia host galaxies is to serve as a means of ensuring that
our SN Ia standardization methods do not leave a residual bias of corrected SN Ia brightnesses
with respect to the properties of their hosts. If corrected SN Ia brightnesses show a dependence on
properties of their hosts which will evolve globally at higher redshifts, such as metallicity or stellar
age, then this could indicate SN Ia cosmology will yield biased results at high redshifts. Such a bias
was indeed uncovered in recent studies (Kelly et al. 2010; Sullivan et al. 2010; Lampeitl et al. 2010)
of SN Ia Hubble residuals and the properties of their host galaxies. While these studies showed this
bias to be present for stretch- and color-corrected Hubble residuals as a function of SN Ia host
mass and specific star-formation rate, we showed here for the first time with SNfactory data that
an analogous trend is present with respect to host galaxy gas-phase metallicity. Though this result
was expected given our previous confirmation that SN Ia hosts follow the galaxy MZ relation, it
provides important confirmation that corrected SN Ia brightnesses show abias with respect to their
host metallicity.

More importantly, we revisited this investigation using an alternate SN Ia brightness stan-
dardization techniqueBailey et al.(2009) that employs spectral flux ratios. This provides an impor-
tant check of whether the previously observed bias is a result of true SNIa brightness dependence on
host (and presumably progenitor) metallicity, or whether this might in fact be an artifact of inferior
standardization techniques. While this host bias was still detected (although at low significance –
roughly1σ) using theBailey et al.(2009) method, it was shown to be significantly decreased com-
pared to the level of bias in stretch- and color-corrected Hubble residuals from SNfactory data, as
well as the bias level found by and previous authors.

This result implies that the observed host bias may in fact be correctable through obser-
vations of SNe Ia alone. We argued that the use of host galaxy data to correct SN Ia brightnesses
was not a favorable solution for several reasons. These include the difficulties in collecting host
data, particularly for wide area nearby SN Ia searches, and employing consistent modeling of that
galaxy data. Furthermore, if indeed there is some dependence of SN Ia brightness on progenitor
metallicity (or some other property that scales with host mass and metallicity) then host-corrected
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SN Ia brightnesses will be partially corrupted by the differences betweenthe metallicities of their
progenitors and the average metallicities or their hosts.

For the near future, correction of SN Ia cosmological data for this observed host bias is a
viable means of ensuring cosmological parameters are not biased by the different progenitor popu-
lations along the redshift range of SN Ia observations. However, we would submit that our analysis
employing a different standardization method illustrated that SN-based luminosity corrections that
do not bias cosmological parameters could indeed exist. Host galaxy data isvital in providing a
cross-check of such new standardization methods, as these data provide a means of confirming that
SNe Ia are being born in different environments. It would likely be a worthwhile endeavor to re-
visit SN Ia light curve modeling in order to seek a new means of SN Ia calibration that results in
host-unbiased SN Ia luminosities by means of SN Ia data alone.

7.4 Final Remarks

Type Ia supernovae are vital cosmological tools as well as interesting astrophysical ob-
jects in their own right. Their continuing utility as cosmological distance indicatorsis likely to be
enhanced by a deeper understanding of their physical origin, so both cosmologists and stellar evo-
lution experts seek insight into the nature of their progenitors. Most astronomers agree that SNe Ia
likely come from the thermonuclear disruption of Chandrasekhar-mass whitedwarfs. Unlike the
luminous giant progenitors of many core collapse supernovae, SN Ia progenitor systems are likely
to be so faint that their detection beyond the Local Group would be nearly impossible even with the
best resolution space telescopes. Thus the mystery of SN Ia progenitorsis unlikely to be resolved
through direct detection. Instead we must turn to the study of SN Ia environments and host galaxies
in order to uncover the nature of their stellar progenitors.

Though the study of SN Ia hosts can provide only an indirect probe of SNIa progenitors,
a wealth of information has already been gleaned from such studies. SN Iaenvironment studies
have provided important constraints on theoretical SN Ia progenitor models, and SN Ia host science
is well placed to aid in several key future areas of study.

SN Ia cosmology will continue to rely on host studies to ensure that our SN Iastandard-
ization methods will not bias the measurement of cosmological parameters. Therecent discovery
that current SN Ia standardization methods leave a residual bias with respect to host properties is
likely to inspire a close examination of those methods, and hosts will continue to play the critical
role of testing corrected brightness trends with progenitor properties.

Another key effort we would like to see pursued with future host studies isthe comparison
of SN Ia environments for different subclasses of SNe Ia. Statistical properties of the environments
where spectroscopically peculiar SNe Ia (e.g. 91T-like or 91bg-like) are found could shed light
on the progenitor properties which drive their peculiarity. Similarly, studyingthe environments of
SNe Ia grouped by light curve shape (e.g. SNe Ia binned by stretch) could provide key insight into
the physical properties of their progenitors, and whether those progenitor properties vary along with
the resultant behavior of the SNe themselves.

Finally, we believe SN Ia host galaxies will be critical to unraveling the most important
issue facing SN Ia cosmology today: the disentanglement of intrinsic SN Ia color from extrinsic
reddening by dust. External constraints on the amount of possible dust obscuring SNe Ia is critical
to understanding the amount of color variability inherent in the full sample of SNe Ia. The study of
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the dust content of SN Ia host galaxies is instrumental in constraining the amount of dust possibly
obscuring SNe Ia, and the sample of dust-free SN Ia host galaxies will beparticularly useful in this
endeavor. A key source for such immaculate environments is the sample of lowmass SN Ia hosts,
whose probable low dust content (due to expected low metallicity) and low optical depth could
provide key dust-free environments for studying the intrinsic colors of SNe Ia.

Host galaxies are likely to help answer these and other key questions in SN Ia science as
the number of well observed SNe Ia continues to increase. The number of known SNe Ia is poised
to make a tremendous leap forward in the coming years, with numerous nearbySN Ia search and
followup campaigns currently underway (SNfactory, Palomar TransientFactory, Lick Observatory
Supernova Search, SkyMapper Transient Survey, PanSTARRS-1, La Silla QUEST, ROTSE), several
intermediate redshift campaigns completed (SNLS, SDSS-SN, ESSENCE) orramping up (Dark
Energy Survey), continued high-redshift campaigns employing the Hubble Space Telescope (SCP,
CLASH, CANDELS), and future large telescopes (LSST, TMT) that will significantly increase the
number of SNe Ia found. With these plentiful SNe Ia will surely come numerous opportunities
to study their diverse environments and further our knowledge of the origin of these fascinating
explosive events.
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