Host Galaxies of Type la Supernovae
From the Nearby Supernova Factory

by
Michael Joseph Childress

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in

Physics

in the

Graduate Division
of the

University of California, Berkeley

Committee in charge:

Dr. Greg Aldering, Co-Chair
Professor Saul Perlmutter, Co-Chair
Professor Marc Davis

Professor Chung-Pei Ma

Fall 2011



Host Galaxies of Type la Supernovae
From the Nearby Supernova Factory

Copyright 2011
by
Michael Joseph Childress



Abstract

Host Galaxies of Type la 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 la Supernovae (SNe la) are excellent distance indicators,e/étltldetails of the underlying
physical mechanism giving rise to these dramatic stellar deaths remain uddarge samples of
cosmological SNe la continue to be collected, the scatter in brightnessessefatients is equally
affected by systematic errors as statistical. Thus we need to understartt/ties of SNe la better,
and in particular we must know more about the progenitors of these SNatssdltan derive better
estimates for their true intrinsic brightnesses. The host galaxies of SNevale important indi-
rect clues as to the nature of SN la progenitors. In this Thesis we utilizeoteghlaxies of SNe la
discovered by the Nearby Supernova Factory (SNfactory) to puasueral key investigations into
the nature of SN la progenitors and their effects on SN la brightne¥gedirst examine the host
galaxy of SN 2007if, an important member of the subclass of SNe la whassEee brightnesses
indicate a progenitor that exceeded the canonical Chandrasekhavaias presumed for normal
SNe la, and show that the host galaxy of this SN is composed of vengyaiars and has extremely
low metallicity, providing important constraints on progenitor scenarios for3Ns We then uti-
lize the full sample of SNfactory host galaxy masses (measured frommletity) and metallicities
(derived from optical spectroscopy) to examine several globalestigs of SN la progenitors: (i)
we show that SN la hosts show tight agreement with the normal galaxy maaBicitg relation;
(i) comparing the observed distribution of SN la host galaxy masses to aetiead model that
couples galaxy physics to the SN la delay time distribution (DTD), we showdivepof the SN la
host mass distribution in constraining the SN la DTD; and (iii) we show that gted&ultra-low
metallicities in the SNfactory SN la host sample gives provisional suppothéotheorized low-
metallicity inhibition of SNe la. Finally we revisit recent studies which found thatcorrected
brightness of SNe la (after application of the standard light curve widdhcator corrections) cor-
relate with the masses of their host galaxies. We confirm this trend with hostusimgy SNfactory
data, and for the first time confirm that an analogous trend exists with hdatlicigy. We then
apply a spectroscopic standardization technique developed by SNfacibshow that this method
significantly reduces the observed bias. In this Thesis we show that Bdstajalaxies continue to
provide key insight into SN la progenitors, and also illuminate possible biaseN i brightness
standardization techniques.
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Chapter 1

Introduction

The expansion of the Universe was first observed just under argeagiwo when Ed-
win Hubble noted that distant galaxies appeared to be moving away from resraqmdly than
nearby galaxies, with recession velocities proportional to their distancee $hen the study of
the Universe’s expansion rate and its evolution over cosmic time has begaatfinterest to cos-
mologists as it provides constraints on the mass-energy content of thermivThe best astro-
physical tools for measuring large cosmological distances to facilitate thisagedype la Su-
pernovae (SNe la), which are both extremely luminalis¥ 10! L) and relatively uniform in
brightness AL/L < 50%), making them excellendtandard candles. Further empirical bright-
ness correction techniques have made SNe la even settelerdizable candles (AL/L < 15%).
Observations of SNe la yielded the surprising result that the expansithre dJniverse is accel-
erating Perimutter et al. 199Riess et al. 1998 When coupled with observations of the cosmic
microwave background (CMB), this observation implied that the mass-gwrergent of the Uni-
verse is dominated not by normal matter, but by a mysterious dark enerigi @kerts a negative
pressure in a manner similar to Einstein’s cosmological constant.

SN la cosmology has progressed rapidly since the discovery of dargeijust over a
decade ago, with major SN la surveys completed at ldigKen et al. 2008 intermediateKessler et al.
2009, and high redshiftsiess et al. 2007 ood-Vasey et al. 20QGuy et al. 2010Amanullah et al.
2010. Combinations of these data yield precise estimates on the matter and dayk eeesities
(Qr,Q0), as well as the dark energy equation of state parameterd its first order derivative in
redshiftw,. In this era of precision SN la cosmology, the high number of SNe la hagased
the statistical uncertainties in cosmological analyses to such a degreedteahatic uncertainties
are becoming a significant source of error in the estimation of the cosmolpgiGmeters. Major
progress in SN la cosmology now requires a closer inspection of our aetioo standardizing
SNe la and a deeper physical understanding of these exceptiomgiaatical events.

As plans are developed for future SN la cosmology experiments desigriedi SNe la
at even higher redshifts (up to~ 1.7), the necessity to have a deeper understanding of the physics
of SNe la becomes even more acute. The SN la cosmology method hingesamparison of
brightnesses of distant events to those in the nearby universe to maasurate distances. Inherent
in this technique is the assumption that the physical mechanism behind SNealkebesimilarly
at all redshifts, but concerns remain that the younger stellar ages aed toetallicities of high
redshift environments could bias cosmological measurements if the cart@@atnesses of SNe la



vary with these parameters. A promising source for clues to the origin ofekidual brightness
diversity is the study of SN la environments.

The goal of this thesis is to study the host galaxies of SNe la to gain deeyigintiinto
the nature of SN la progenitors, in order to ultimately improve our ability to staliwe SNe la
for measuring cosmological distances. Using the SN la and host galégetafrom the Nearby
Supernova Factory (SNfactoryAldering et al. 2002, | examine the physical properties of SN la
host galaxies and their relationships to the properties of the SNe la theyqad.

1.1 Type la Supernova Cosmology

Type la Supernovae are used to measure cosmological distances bgriagripe bright-
nesses of very distant SNe la to those of nearby SNe la whose bisgegbave been calibrated
with independent distance measurements such as Cepheid Variabléddsegget al. 201)1 Obser-
vationally, the brightness of an SN la rises quickly over the course @Ql8ays and fades slowly
over the course of several hundred dalysigpenko 1997, and the observation of thigght curve
is used to estimate the peak brightness of the SN la in some broadband phiatéittest(typically
B-band). The raw observed peak brightnesses of SNe Exlrand typically have a dispersion of
about 0.4 magnitudes, making them excellent standard candles.

Several empirical relationships have been developed to further stinel&N la bright-
nesses. Early studies of SN la light curves observed a correlatioréetiie observed peak bright-
nesses of SNe la and the width of their light curvBillips 1993. The light curve width, or
“stretch” (Perlmutter et al. 1997 can then be used to derive an empirically corrected SN la bright-
ness. Similarly, the observed colors of SNe la were found to be comeleth peak brightness
(Riess et al. 1996Tripp 1998, allowing for a second empirical SN la brightness correction. These
stretch and color corrections have become a common set of tools in dezdsngplogical distances
using SNe la.

The typical application of SNe la for cosmology involves plotting the diffeesbetween
the observed SN la magnitude and its expected magnitude (after the empiigtahess correc-
tions), called the distance modulys){against its recession velocity as tracked by the redshjft (
of its spectrum. The location of SNe la on this diagram, known aklthule Diagram, can be com-
pared to predictions for cosmologies with specific values of the matter defsity, dark energy
density {2,), and the dark energy equation of state paramet@r Marginalization over parame-
ter space allows SN la Hubble Diagrams to provide quantitative constrairteesa cosmological
parameters.

Modern compilations of multiple SN la data sets provide Hubble Diagrams withradad
of SNe la. When combined with other cosmological probes such as the cosormvave back-
ground (CMB) and baryon acoustic oscillations (BAO), a recent compilaifoover 500 SNe la
(Amanullah et al. 201)0has helped constrain the deviation of the Universe from flat geometry to b
Q= —0.00519957, and the dark energy equation of state parameter to be—1.026"0 025 (for
a cosmological fit wheré€),,, 24, andw are free parameters). Thus SNe la have shown that the
Universe is consistent with a flat spatial geometry with expansion currdotlyinated by a dark
energy whose equation of state is consistent with Einstein’s cosmologicstiacdn Future SN la
surveys will facilitate a measurement of the evolutionuofind provide constraints on theoretical
dark energy models.



1.2 Progenitors of SNe la

Observationally, SNe la are classified spectroscopically by broad@sofeatures from
intermediate mass elements (IMEs: O, Mg, Si, S, Ca) and no observabtmleydeaturesHjlippenko
1997. Their spectral energy distributions peak in the optical, and their opticial tgrves rise
quickly over the course of 15-20 days and fade slowly over the cafrseveral hundred days.
The consistent decay of optical luminosity at intermediate and late times has lesl gerikrally
accepted belief that SN la light curves are powered by the radioacizay°Ni to *°Co (which
later decays t6°Fe) formed in fusion reactions during the violent SN explosion.

The generally accepted scenario for the production of a SN la is the istaption of
a carbon-oxygen (CO) white dwarf (WD) by thermonuclear runawaga@setion from a binary
companion drives it toward the Chandrasekhar madg;(). In the single-degenerate scenario
(SD; Whelan & Iben 1978 the WD accretes material from a less-evolved companion, either a
main-sequence or red giant star (eé-gchisu et al. 2008 In the double-degenerate scenario (DD;
Iben & Tutukov 1984, two WDs coalesce following orbital decay from gravitational radiatiom. T
date there exists no overwhelming observational evidence to favor cihesd# scenarios over the
other. We currently have no clear identification of any SN la progenitsiesy in archival imaging
data of recent SNe la, nor has there been an unambiguous identifichtloe @pmpanion star for
the Galactic SN la remnants.

The fact that the progenitor system of the most important cosmological déstadicator
remains uncertain has been a source of great consternation forvelssand theorists alike, even
leadingLivio (200J) to declare:

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

Thus knowledge of the SN la progenitor mechanism is a research g&alohterest not only to
SN la cosmologists, but also to those studying stellar evolution and binary sigtems.

1.3 Why Study SN la Host Galaxies?

Given the challenge of directly observing SN la progenitor systems, tdg sefiheir host
galaxies serves as an instructive indirect probe of their progenitaroemaents. Host galaxies pro-
vide information about mean stellar ages in the vicinity of the SN, as well as chkbooimposition
of the gas or stars near the SN location. These environmental conditioresffeetythe properties of
the resultant SN la, and are particularly important to study because adesedallicities of higher
redshift SN la progenitors will differ from those in the nearby unieers

Early studies of SN la host galaxies found correlations between theghtssty proper-
ties and the properties of the SNe la they hostlippenko 1989 Branch & van den Bergh 1993
Hamuy et al. 1996 Earlier (later) and more (less) massive type galaxies were found tddioter
(brighter), faster-declining (slower-declining) SNe la with higher (lowajecta velocities. This
evident progenitor-driven brightness effect was assumed to be cwmaisel for by the application
of stretch-based luminosity corrections, thereby removing any potensah@ogical bias at high



redshifts. However, recent studidsq(ly et al. 2010 Sullivan et al. 2010Lampeitl et al. 201Pdis-
covered that theorrected brightnesses of SNe la still showed a very subtle correlation with the
stellar mass of their host galaxies. Though not sufficient to negate thetidatef dark energy, this
effect biases cosmological parameter estimates, especially the darly egeggion of state param-
eterw. The source of this bias is currently a source of vigorous study and wilhwzestigated in
this thesis (see Chaptéy using SNfactory data.

In addition to providing a means of searching for possible cosmologicatbiasSN la
standardization techniques, the study of SN la hosts also offers insighthafghysics of SNe la
and yields some constraints on SN la progenitor scenarios. For exampdatistudies of SN la
rates in galaxies of varying types showed strong evidence for SNesteiated with young stellar
populations fMannucci et al. 2005Sullivan et al. 2006Aubourg et al. 2008 as well as association
of other SNe la with older stellar populations which were popularly believdoktthe exclusive
source of SNe la. Such studies provide observational constrainteagthdistribution of SN la
progenitors which must be met by any acceptable SN la progenitor theory.

1.4 Organization of this Thesis

This chapter and the following chapter introduce both the motivation for sigdyN la
host galaxies and the pertinent research to-date in this field. In Ctaptepresent a more detailed
description of the proposed SN la progenitor scenarios with a particulphasis on how the varia-
tions of these scenarios may affect SN la brightnesses. This Chaptaerues to describe relevant
studies of SN la host galaxies and how these studies have providddadmisson SN la progenitors.

The data from SNfactory used in this thesis are described in Chapbeginning with a
brief description of the SNfactory experiment and SN la data set. The rifaim ef this thesis is
the analysis of the host galaxy data for SNfactory hosts, particulartydadaxy photometric data
from various public sources and SNfactory observations, as welegr®scopic data from over 50
nights of classical observing where | obtained long-slit spectroscbpiyedSNfactory hosts. This
data and extraction of galaxy physical parameters (mass, metallicity, staatfon activity, etc.)
are described in that Chapter.

In Chapterd we analyze the host galaxy of SN 2007if, a key member of the subclass of
SNe la that are likely to have originated from a progenitor system that signtfiy exceeds the
Chandrasekhar mass. Using emission lines measured from the hostispaatnl deep photome-
try from Keck LRIS observations, we show this host to be extremely low mad$ower gas-phase
metallicity than any previously reported SN la host. Balmer absorption fesitutbe stellar contin-
uum constrain the age of the stellar populations in this galaxy, providingdesti@ints on possible
progenitor scenarios. Finally we inspect the hosts of other likely supan@rasekhar-mass SNe la
and show that they are lower in stellar mass than the normal SN la host s@eyiaps indicating
a preference for low metallicity formation of super-Chandrasekhar &Ne |

Chapter5 presents our investigations of the statistical properties of the full sample of
SN la host galaxies. Here we inspect the agreement of SN la hosts wittotimal galaxy mass-
metallicity relation, a key assumption of many previous authors’ work that éamye confirmed
observationally. We also inspect the SN la host galaxy stellar mass distritaritb how this can
constrain the SN la delay time distribution. Finally this chapter focuses in onl&Medow lumi-
nosity hosts to assess the observational support for theorized low-migtatiigbition of SNe la.



In Chapter6 we use SNfactory data to investigate the relationship between SN la bright-
nesses and the properties of their host galaxies. We confirm the prelsaoasery of the correlation
between stretch- and color-corrected SN Ila brightnesses and the staiaes of their host galax-
ies. We then apply an alternative SN la standardization technique destidigpBNfactory using
a spectroscopic SN la luminosity indicator, and investigate whether this e¢$idst bias remains
with our new methods.

Finally in Chapter7 we revisit the conclusions of this thesis and its contributions to the
field of SN la science and cosmology, then present prospects foefahalyses to extend the work
of this thesis.



Chapter 2

Host Galaxies of SNe la

The study of SN la host galaxies provides an indirect means of investigagénprogeni-
tors of SNe la, as the properties of the stellar populations from which &N\eacain serve as context
for the nature of the SN progenitors themselves. Statistical analyses dkttee populations of
all SN la host galaxies can provide key information about the nature daSiMogenitor ages and
metallicities. SN la host studies also provide a critical cross check foriegs8N la brightness
standardization techniques are unbiased with regard to stellar age and ntgtaflithese quantities
evolve with redshift and could bias cosmological parameters if their effiecEN la brightnesses
is not properly corrected. Below we describe the currently favored&progenitor models and
the ways in which the study of SN la host galaxies facilitates both SN la pitogestudies and
cosmological analyses.

2.1 SN la Progenitors

SNe la are widely believed to be the result of the total disruption of a caokggen
white dwarf (CO-WD) by thermonuclear runaway following the accretiomaterial from a binary
companion until the WD approaches the Chandrasekhar nmidgg)( The precise details of the
SN la progenitor scenario remain unknown, but a wealth of theoreticatlmedist which explain
many of the observed characteristics of SNe la.

Of critical concern for the continued use of SNe la as cosmologicalgsrabhow varia-
tions in the progenitor properties affect the brightnesses of SNe laybather these variations are
properly accounted for by our accepted standardization techniqoesisl section we review the
important basic details of SN la explosion physics, the proposed binalytmn scenarios which
may lead to SNe la, and some proposed effects of progenitor metallicity orrdperpes of the
resultant SN la.

2.1.1 SN la Explosion Physics

We stated above that SNe la are generally agreed to be the thermonwgkeian of
an accreting carbon-oxygen white dwarf (CO-WD) in a binary systeon agar the Chandrasekhar
mass. Here we outline the reasons for this interpretation and discuss thendirtg questions
regarding the nature of the SN explosion.



Progenitor Composition. A SN la shows no spectroscopic hydrogen features, meaning it
must have resulted from a progenitor star that has shed its hydrogetopay An obvious single-
star scenario that satisfies this criterion is that of an intermediate méss (12 — 20M,) star
that has reached the end of its fusion cycle and undergoes core epliabikh is precisely the
accepted scenario for SNe Ib/[Eiljppenko 1997. This scenario does not fit for SNe la for several
reasons: (i) this scenario allows for a range of progenitor masses as@xplosion energies that
exceed the observed diversity of SNe la, (ii) the timescale for this singteegolutionary scenario
is very short { ~ 10 Myr) which is incongruous with the presence of SNe la in elliptical galaxies
where the stellar ages are several Gyr old. An accreting CO-WD hkay satisfies the lack of
hydrogen, the uniformity of explosion energies, and the potentially long tiaked$or progenitor
evolution. Although other compositions of WDs are possible (e.g. He-WD-bieQVDSs), these
are unlikely to be the progenitors of SNe layio 2001). He-WDs produce too few IMEs in the
SN explosion, and O-Ne WDs are likely not numerous enough to prodscdfieient number of
SNe la to match the observed rate, and the explosion of an O-Ne WD may bkdikedy to result
in accretion-induced collapse than thermonuclear runaiaynoto & Kondo 1991

Progenitor Mass. Several models have been proposed in which SNe la arise from the
explosion of WDs belowt/, that ignite by an external trigger, typically a detonation in the surface
He layer of the accreting WD (e.@veaver & Woosley 198(Nomoto 198(). The He ignition drives
a strong shock into the C+0O layer, causing a secondary carbon detariEie main advantages of
these “sub-Chandra” models are the favorable binary population stafMticgelson & Livio 1998
Livio 2000) and the natural tunability of the initial WD mass to explain the observed SNéasity
(Ruiz-Lapuente et al. 1995However, these models suffer severe disadvantages in that troigtpre
spectra that are too blue and predict high-velocity Ni and He (ratherShand Ca) in early spectra,
contrary to observed SN la spectral featurdsident et al. 1997Hoflich & et al. 1997. Though
recent efforts by the MPA groug-{nk et al. 2010 Kromer et al. 201phave developed improved
sub-Chandra models that effectively eliminate the He shell products in tHa 8kplosion, these
models produce colors that are too red and spectra whose features fddlynmatch observations.
Thus Chandrasekhar-mass SN la models are still preferred oveZlsaibdra models for explaining
the observed properties of SNe la.

Explosion Mechanism. There are several proposed explosion models to the describe the
propagation of the flame in the exploding WD. In a detonation the nucleairigufitont propagates
faster than the local sound speed, while a deflagration is charactegzeablkonic flame propa-
gation. Full detonation models are generally disfavored as being incantsigith SN la spectra
(Hillebrandt & Niemeyer 200pbecause they fail to produce sufficient amounts of IMEmétt
1969 1971). Pure deflagration model$vanova et al. 1974Woosley et al. 1984are still viable
mechanisms, as are delayed detonation mo#éiekhlov 1991 Woosley & Weaver 1994n which
the flame front begins as subsonic and then becomes supersonic derfBly tixpansion.

The SN la progenitor composition, mass, and explosion mechanism are atigkés to
hydrodynamical simulations of SN la explosions, which provide key ptiedis to be compared
with observations. Though the precise values (and distributions) of {hreggenitor properties
are still under investigation, an abundance of observational and tledreork has significantly
narrowed the viable SN la progenitor properties.



2.1.2 Binary Evolution and SNe la

There are currently two proposed binary evolution scenarios which naalyttea SN la.
In the single-degenerate scenario (Sihelan & Iben 1978 the exploding WD reachesl;, by
accreting material from a less evolved companion (either a main sequeree gient star), while
in the double-degenerate scenario (Oben & Tutukov 1983 M, is reached (and possibly ex-
ceeded) by the merger of two WDs which coalesce following orbital deway gravitational radi-
ation. The dynamical evolution of these two scenarios is very differentttaus will be described
separately here.

Single Degenerate Evolution

In the SD scenario, the CO-WD (primary) star accretes material from itseledsed
companion (secondary) star until it reachdg;, and undergoes thermonuclear runaway. One of
the main advantages of this scenario is that it has a natural mechanisrodocprg the uniformity
of SN la explosions by having a consistent means of reachiigg. A major concern for this
scenario is the large amount of unburned H and He material left in the sytamthe secondary)
at the time of the SN la explosion.

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

The material accreted onto the surface of the CO-WD primary is typically ceatpo
of unburned H and He from the secondary. In order to accumulate mOren@terial from this
accretion process, the accreted H/He material undergoes nucleargpamthe surface of the WD.
If the accretion rate is too high, the WD builds up a H- and He-rich envelnogelavelops structure
more similar to a red giant star, and thus will lead to other evolutionary pathsithadt produce
SNe la 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 someéaireted make the net
accretion efficiency lower. While this low accretion could still ultimately prodaoeSN la, its
efficiency is much lower and likely to produce a much smaller fraction of SNEb&erved today.
Thus most SD SNe la are likely to originate from WDs whose companion tamerialls within a
narrow range which is also a function of the initial WD mas®inoto 1982.

Thus an SD progenitor system must meet several key requirements tacprad SN la
that we observe today. First, the system must be sufficiently massivedb kg, even after
mass loss episodes leading up to the final accretion stage. Secondhbitagsaparation must be
sufficiently small to allow Roche lobe overflow to proceed when the secpndaergoes expansion
(either as part of late MS or the transition to the RG phase). Thirdly, the catitinof the Roche
lobe overflow rate and the orbital separation (and also stellar metallicity) mustipe an accretion
rate that falls within the stable accretion range, as well as an accretioruffitiesit to drive the
WD to M, within a Hubble time.



Double Degenerate Evolution

In the double degenerate scenario, two CO-WDs in a binary system nitegebital
decay due to gravitational radiation. A major advantage for this scenariglairing SNe la is the
natural lack of unburned H and He material in the system. However, the targe of allowable
progenitor system masses presents a challenge in explaining the uniforr8iy/ lafbrightnesses.

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

All DD systems should undergo at least one CE phase, but the nextatagery evo-
lution is dependent on the masses and orbital separation of the binarghédtéirst CE episode.
Mennekens et a(2010 describe two possible channels to SNe la from this stage. In the first, some
steady mass transfer occurs between the WDs via Roche lobe overilbthea\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 skd@f@ 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 masaégs/(/, > 0.95). The
two stars evolve off the main sequence almost simultaneously and underggleavery large CE
episode. The remnant WDs then merge after the usual orbital energpatiiss via gravitational
radiation.

SN la progenitor systems in the DD scenario then must originate from binahiee the
initial masses and separation of the two stars produce a binary evolutioh vesiglts in two WDs.
These WDs must have sufficient mass to exckgg, and must be separated by a distance suffi-
ciently close so that they merge within a Hubble time. The requirements for Dipitor systems
are much more dependent on binary dynamical evolution (and stellar evohitithe 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 biopaygtion
synthesis techniques to predict rates of SNe la in each scenario attéofuof stellar age for a
(theoretically) instantaneous burst of star formation. This rate verseisedationship is known as
the SN ladelay time distribution (DTD), and is one of the key predictions of any SN la model.
The theoretical DTD can be compared to observations of the ages of Isd¢tatellar populations,
which we will describe in detail in the next Section.

Signatures of the progenitor system in SN la observations are somewlausdy pre-
dicted by theories at this time, but several interesting possibilities have bepnsed. A large
amount of circum-stellar material (CSM) left in the vicinity of the SN la progerststem would
produce spectroscopic evidence of the SN ejecta interacting with the GSMelbas possible light
echoes at late times. However, this involves detailed mass loss estimates fgstére 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 partiaisiame of the SN
due to the companion star being aligned along the observer’s line of sight exgioding WD.
Kasen(2010 showed that MS companions in the SD scenario would produce only vedgsho
changes to the SN la light curve and spectra which could be realisticallgtddtenly at very early
times. However, they showed that an RG companion would produce fairifisant alteration of
the early SN la light curveslucker(2011) andHayden et al(2010 examined light curves from the
ESSENCE and SDSS-SN surveys, respectively, and found no aésctibns of such signatures,
indicating the WD+RG channel must produce at most a very small fractiof.£5) of the total
SN la population.

2.1.3 Metallicity Effects in SNe la

The study of progenitor metallicity effects on the spectra and light curv&Nefla is an
active field of research, with many theoretical predictions resulting frgdnddynamical explosion
modeling. Hoeflich et al.(1998 produced a suite of SN la delayed detonation models in which
they varied the pre-explosion heavy element abundances and inspgeetesulting SN la spectra
and light curves. They found only modest changes in the SN la speatrtime optical but some
increased variation in the near-UV, with the magnitude of these changgagarith the amount of
mixing assumed for the ejecta. They also found that increasing the progersitallicity produced
more®*Fe in the SN explosion and thus I€§di, resulting in a fainter SN la. The parametrized
deflagration models analyzed hgntz et al.(2000 at various metallicities produced stronger vari-
ations in the optical spectrum of SNe la than those foun#ibgflich et al.(1998, and resulted in
UV variation opposite to that of the other study. As statetléntz et al.(2000, the uncertainty in
hydrodynamical modeling and the strong blending of lines in SN la spectra mhedry difficult to
predict spectroscopic features that could be used for reliably megsbhna progenitor metallic-
ity. Thus while these models are greatly insightful for investigating the phg$i€iNe la, they are
not yet predictive enough to provide observable measures of SN¢gepitor 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 abunadmaitron-rich'*N from
the CNO cycle in high metallicity WDs resulted in an overproductior®i at the expense of
%6Ni, thereby decreasing the resultant SN brightness (note this is similar toféiu¢ pfedicted by
Hoeflich et al. 1998 Observational tests of this theory using host galaxy data have bednaed
by several groups, and will be discussed in the next Section.

A popular interpretation of the observed correlation between (undedg&N la bright-
nesses and the morphology (or mass) of their host galaxy is that this isatiegbiof a progenitor
age effect. More massive galaxies and earlier type galaxies tend to haveahder stellar popula-
tions than less massive or later type galaxies. Thus it appears that yaielgr populations give
rise to brighter, slower declining SNe la. The workldimeda et al(19993 was partly motivated
to explain this trend, and indeed reproduces the age-luminosity trend. itnrtbdels, older WDs
have a lower C/O ratio (more-60 fusion has taken place) which results in a fainter SN la (due to
less nucleosynthetic energy being available). This effect also has sodestritependence on the
progenitor metallicity, which affects both the evolution timescale for the WD asaséts final C/O
ratio.

A particularly interesting prediction for the effect of progenitor metallicity oa pgrop-
erties of SNe la is that dkobayashi et al(1998; Kobayashi & Nomotq2009, who predict that
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SNe la cannot occur below a metallicity [dfe/H] < —1.1. In their model, SNe la form in the SD
scenario where the WD undergoes stable accretion from its less evaluguhoion, and this accre-
tion is stabilized by a steady outflow wind from the surface of the WD. Fe isringapy source of
opacity in this wind, and if the metallicity is too low then the accretion rate is too highhanodmes
unstable, preventing the WD from successfully accreting enough materehch)M ;. Thus they
predict a low metallicity threshold below which the SN la rate is decreasedeyaeorders of
magnitude (to effectively zero). Their model has important conseqséioceGalactic chemical
evolution, as it provides a means for SNe la to start contributing Fe to thei8th later than core
collapse SNe contribute-elements and thus explain the higly F'e] ratios found at low-metallicity
([Fe/H] < —1) in the Milky Way. More importantly for SN la cosmology, their model naturally
predicts a decreased rate of SNe la at higher redshifts, an importasideaation for planning of
future high-redshift ground- and space-based SN la searcles.SNe la have previously been
found in galaxies whose metallicities could approach this threshold, but thelesaf SNfactory
found numerous SNe la whose hosts could potentially test this predictidrwemevisit this with
our data in Sectiob.3,

2.2 SN la Host Galaxies

The study of SN la host galaxies provides both indirect clues into theanafugN la
progenitors as well as a critical cross-check on potential biases in Biglatness correction tech-
niques. Correlations of observed SN la brightnesses with the propefttheir host galaxies has
yielded clues to the possible effect of progenitor age on SN la brightnésle correlation of the
corrected SN la brightnesses with the properties of their hosts has illuminated a potdmtid s
coming in current SN la standardization techniques. The study of SNda &3 a function of host
properties, as well as the distribution of SNe la within their hosts, have rsldiffering rates of
SNe la at different progenitor ages, leading to measurements of the dlistmtof SN la progenitor
ages.

2.2.1 SN la Brightnesses and Host Galaxy Properties

Early studies of SN la host galaxies found qualitative evidence for eeladion be-
tween the observed peak magnitude, light curve decline rate, and @xpaesocity of an SN la
with the morphological type of its host galaxkilippenko 1989 Branch & van den Bergh 1993
Hamuy et al. 1996 It was observed that brighter slower declining SNe la preferentiauoin
later type (spiral and irregular) galaxies, while fainter slower declining &N&eferentially occur
in earlier type (elliptical and SO) galaxies. Similarly, the observed brightsesESNe la correlate
with the stellar mass of their host galaxy (eHpwell et al. 2009, such that more massive hosts
produce preferentially fainter SNe la. As the mean properties of stelfarlptions in galaxies vary
along the morphological sequence as well as with stellar mass, these tonsfarovided indica-
tions that the properties of SN la progenitors affect the brightness @Mheethemselves. Though
stretch-based luminosity corrections appear to account for this progelniten luminosity depen-
dence, concerns remain that the remaining scatter in SN la brightnesgé$®ea@aused by intrinsic
SN la progenitor diversity that evolves with redshift.

As stated abovelimmes et al(2003 TBT) predicted a decreased SN la brightness for
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high metallicity progenitors, which could potentially introduce cosmological Bidséis present
and not corrected for in SNe la. The TBT theory has been tested imaliemal SN la data sets at
high redshift Howell et al. 2009 and in the local universeNgill et al. 2009. In both studies, the
photometrically-estimated stellar mass of the SN la host galaxies was userbay fop metallicity
by invoking the well-known mass-metallicity (MZ) relatiomrémonti et al. 2004Lee et al. 200%
The’SNi masses were calculated by combining the peak bolometric SN Ia luminosity apdidal
rise time using Arnett's LawArnett 1983. Though these authors found tentative evidence for a
decrease in the averag®i production (binned in host mass) in SNe la at high host metallicities,
the scatter ifSNi was sufficiently large to be consistent with no trend.

Recent studies examining the correlation of SN la Hubble residuals witlghltzsty mass
(Kelly et al. 2010 Sullivan et al. 2010Lampeitl et al. 201Phave detected evidence of correlations
that could introduce subtle biases to the estimation of cosmological param@lieséthese stud-
ies found that theorrected brightnesses of SNe la (after stretch and color corrections) correlate
with the stellar masses of their host galaxies. The popular interpretation akthift has been a
possible residual correlation of SN la brightness with progenitor metalliciifhgps caused by the
TBT effect. IndeedKasen et al(2009 examined the effect of including TBT in hydrodynamical
explosion modeling of SNe la, and found that the stretch-luminosity relatipfshhigh- and low-
metallicity SNe la was different in a way whicBullivan et al.(2010 showed to be qualitatively
consistent with their observations. The true origin of this correlation remaiksown, and is a key
point of interest for study in this thesis (see Chaider

2.2.2 SN la Rates and Host Galaxy Properties

The measurement of SN la rates as a function of the properties of theigalexies
is a powerful tool for constraining SN la progenitor models. In particulae rate of SNe la in
environments of different stellar ages provides information about thaesity of SN la production
as a function of stellar age, a key quantity predicted by many SN la modetsstielar and binary
evolution modeling. Below we briefly outline the method of measuring SN la rttes, discuss
recent studies of SN la rates and the insight they have provided withdrég&N la progenitor
models.

The general method for measuring SN la rates as a function of stellar mhsgsinos-
ity involves careful study of not only the host galaxies of those SNe Izodered, but also all field
galaxies observed in the survey in which an SN could have been detBotezhch observed galaxy,
the SN la rate is derived from a quantity known as the control tidivei¢ky 1942 van den Bergh
1991, Cappellaro et al. 199717.eaman et al. 2001 which essentially captures the total time during
which the SN could have been observed in that galaxy. This value is &domf the assumed SN
luminosity function, the distance of the observed galaxy, and the limiting magrofutie SN sur-
vey. For repeated observations where the observation interval ieskizain the maximum possible
SN control time for that galaxy, the control time for that observation is thennteeval between
subsequent observations. Coupling this control time to the mass or luminoghg ghalaxy and
summing over the whole survey yields SN rates as a function of galaxy stelt onduminosity
(see Leaman et al. 201 Ifor a thorough description). SN rates are typically reported in units of
SNuX, the number of SNe per century per'’L, in band X, or SNuM, the number of SNe per
century peri0'° M, while rates for an individual galaxy are typically reported in simple SNugSN
per century). For a galaxy with the size and star-formation intensity of theyMily, the typical
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SN la rate would be approximately 0.5 SNui €t al. 201J).

SN la rates studies from a few years ago discovered that the SN la dee@adent on the
properties of the SN la host galaxigglannucci et al(2005 found that SN la rates in redder and
earlier type galaxies were significantly lower than the rate in bluer later tylaxiga. Similarly,
Sullivan et al (2006 showed that galaxies with a higher specific star formation rate (SSFRFRe S
per unit stellar mass) had higher SN la rates. These and other auStwasn@apieco & Bildsten
2005 Mannucci et al. 2006Aubourg et al. 200Binterpreted these observations as an indication
that SNe la arose from both old and young stellar populations. The r&@blefla from old stellar
populations (dubbed “tardy” or “delayed” SNe la) is proportional to tibkal stellar mass of the
galaxy, while the rate of SNe la associated with young stellar populatiobgédd'prompt” SNe la)
is proportional to the galaxy star formation rate. This was dubbed the twigpopnent or “A+B”
model byScannapieco & Bildste(2005 with a total SN la rate described by the equation:

SNR = A - M, + B-SFR (2.1)

where M, is the total galaxy stellar masSF'R is the galaxy star formation rate, andand B are
the rate constants for the two components. This relation is in fact a simplificdttbe more com-
plicated effect of the SN la delay time distribution, which we discuss in theradi$enal context
below and revisit as part of the analysis in Chapter

2.2.3 Observational Measurements of the SN la Delay Time Dtigbution

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

There are several practical methods for measuring the SN la DTDMaee 2010 for
a thorough review), all of which rely on the same underlying principlese fidte of SNe la in a
galaxy as a function of timé&;,(t) is the convolution of the galaxy’s star formation histasyt)
and the SN la DTDy(¢):

Rialt) = /0 (t - yn(r)dr (2.2)

This illustrates the basic principle of measuring the DTD: one must measure\tha f&te and
the star formation histories of the observed galaxies and from this informagidarm an effective
deconvolution to recover the SN la DTD.

Early attempts to constrain the SN la DTD simplified the above problem by caimgjde
the SN la rate in broader age bins. Indeed the “A+B” formalism effelgtigplits the SN la DTD
into two age bins such that the observed SN la rate today is proportiona soith of the rate in old
stellar populations (“A”) multiplied by the total star formation in the old age bin (i.e.ttttal stellar
masshM,) and the rate in young stellar populations (“B”) multiplied by the star formatitairathe
young age bin (i.e. the current SFR). Implicit in this simplification is the assum{iatrthe DTD



14

is only weakly varying over the whole age bin (which is not true, see betowl)the coefficients
“A’ and “B” trace the average DTD value in their respective bins.

A slightly more sophisticated analysis in this spirit was conductedidigini et al. (2008
who measured the rate of SNe la in elliptical galaxies as discovered by theutieru/XMM-
Newton Deep Survey (SXDS). Here they used the mean stellar age ofjakoty in the survey to
assign each galaxy to an age bin, and measured the SN la rate per unfbomeash bin. They
found that a simple power law functional form for the SN la DTD wifft) oc ¢t~ fit their data
well.

Perhaps the first comprehensive SN la DTD analysis was conduciddm/et al(2011),
who measured the SN la DTD using SNe la discovered by the Lick Olisgyv@upernova Search
(LOSS). Using spectra of the15,000 galaxies in the LOSS survey, they used the code VESPA
(Tojeiro et al. 200 to derive the star formation histories of all galaxies in the LOSS surveis Th
measurement coupled with the SN la rates form the survey enabled a emeastuof the SN la
DTD. Their values, when coupled with other measuremeMi@ogz 2010, are consistent with a
power law SN la DTD ofy(¢) oc ¢~ 11,

One very broad application of the general DTD method is to compare thel @bdbéa
rate as a function of redshift compared to the cosmic star formation histomdar to derive the
SN la DTD. Such an analysis was undertakeBarbary et al(2010, who derived the SN la rate
at0.9 < z < 1.45 and used other SN la rates to constrain the form of the SN la DTD. Tlseiltse
are consistent with a power law SN la DTit) o t° with exponents = —1.3 &+ 0.5, consistent
with previous measurements.

Thus the measurement of the SN la DTD is a rapidly advancing field whichsspimmise
for constraining SN la progenitor scenarios. Unfortunately, as ofs@péns, many SN la progenitor
models are now fine tuning the variable parameters of their models to match theeibSN la
DTD. However, as observational constraints improve the DTD estimate,tBeaill continue to be
a powerful tool for constraining SN la progenitors, especially whampted with other observable
SN la properties.

2.2.4 Spatial Distributions of SNe la in their Host Galaxies

While the study of global SN la host galaxy properties provides informadioout the
statistical sample of stellar populations from which SNe la are drawn, thg stulibcal stellar
populations in the SN la vicinity (as compared to those across the whole yg@liewdes a more
detailed picture of preferred SN la birth environments. Such studieshaléenging, however, as
they are limited by the spatial resolution of the SN la host galaxies, which tiploaits such
studies to very nearby SN la hosts. Below we will describe some resufissuch studies and how
they have shed light on SN la 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 galaxaser to compare
the environment preferences of these various transients. In bothsttltky used optical photom-
etry of the transient hosts and rank-ordered the pixels within the galaxgtegsity. They then
assigned a score to the transient based on the intensity of the pixel atrthients location with
respect to the total optical flux in the galaxy such that a score of O guneled to the faintest
galaxy pixel and a score of 1 the brightest, and a score of 0.5 meantatidhd galaxy flux was
contained in pixels of lower intensity than the pixel where the transient wadddc They then
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compared the cumulative distribution function of these scores for all tratsseé a given type and
examined which transients had the most similar or dissimilar distributions. Thew fthat SNe
Ib/Ic and long-duration GRBs had similar distributions, while SNe la and $Kehibited clearly
different distributions. While these analyses did not necessarily prégigbrogenitor mechanism
for these transients, they did provide a meaningful comparison from vibiagses progenitor simi-
larities across transient typelRaskin et al(2008 sought to make the connection between these SN
location intensity distributions and the underlying progenitor mechanism (oe syecifically the
DTD). They generated several galaxy evolution models from which theypated the final galaxy
optical density, and used various SN la progenitor delay times to predidigtréution 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 demonstratecdiashe connect such SN
spatial distributions with progenitor models which could potentially be employeatime studies.

In a somewhat analogous workames & Anderso2006 examined similar rank-order
pixel distributions for SNe of various types usingvHimaging to specifically trace galaxy star for-
mation. For SNe la, they found a large fraction of SNe la were assocmtedegions of no star
formation (score=0) while others were found in regions of star formaggan some in regions of
very vigorous star formation (scotdl). This observation gives qualitative support to the “A+B”
model where some SNe la are born from very old stellar populations whikrs#re born from
very young stellar populations. Similarligprster & Schawinsk{2008 examined the radial distri-
bution of SN la locations in (morphologically) elliptical galaxies. They fourat the distribution
of SN la radii (as compared to the galaxy half light radius) was very istet# with a standard
de Vaucouleur$1948 profile, implying that SNe la 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 thedisvé-atsscribe
the SNfactory experiment and the SN la data used in comparisons of Sidparpes with the
properties of their host galaxies. We then describe the host galaxymphbtto data set, including
our prescriptions for estimating galaxy stellar mass and star formation ratgpinotometry. Finally
we present the host galaxy spectroscopy from which host redshiftgas-phase metallicities are
derived.

3.1 Supernova Sample: The Nearby Supernova Factory

The SNe la whose hosts are analyzed here were observed as plaet @figoing sci-
ence operations for the Nearby Supernova Factory (SNfactédgering et al. 2002 The SNfac-
tory was designed to observe several hundred SNe la in the nearlmttsidaobble flow (.03 <
z < 0.08) with the goals of achieving a deeper physical understanding of SNmiildjng better
SN la templates for cosmological applications, and anchoring the lowife#ksibble Diagram.
The SNfactory conducted its own SN la search from 2004-2008 amd\dised several hundred
SNe la. Many of these SNfactory discoveries, as well as some publiciguerced SNe la, were
followed extensively using our custom instrument SNIFS to obtain fluxedbl 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 diteern and
equatorial sky using the QUEST-II CCD cameEBaltay et al. 200y on the Samuel Oschin 1.2m
Schmidt telescope on Mount Palomar, California, partly in collaboration wittiieNear-Earth
Asteroid Tracking (NEAT) component of the Palomar-QUEST consortiugpicBl search images
consisted of 60 s exposure with an RG610 filter, with each field revisited mutiipés in order
to detect asteroids (which we reject). The SNfactory search coveradeaage unique area of (on
average) 600 dégper night and covered over half the skyZ0,000 ded) each year.

Search data was transferred from Palomar to the High Performancg&tyatem (HPSS)
at the National Energy Research Scientific Computing Center (NERSC)kilax@h California, via
the wireless HPWREN network and the ESnet network. The images werpthesssed using the
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Parallel Distributed System Facility (PDSF) at NERSC. Images were bidsastdd, flat fielded,
and given astrometric solutions derived from matching field stars to the UBNQPOSS-E cata-
log (Monet 1996.

New search images and reference images were convolved to a commosyread func-
tion (PSF) and scaled in flux in order to perform direct image subtractioteriéial new source ob-
jects in subtraction images were identified automatically using our custom pipeliheaked by
a series of scores which were then passed to a boosted decision tneghalgBailey et al. 200Y.
Those new objects which passed a cut based on their final boostebdé@e score were passed
on to human scanners for visual confirmation of viable SN candidatesngyj SN candidates
and followup of known SNe la was conducted with our instrument SNIFschwvill be described
below.

In 28 months of searching, the SNfactory discovered over 1000 sapge of all types,
and spectroscopically confirmed over 600 of those. A total of 396 SNskeoderies were spec-
troscopically confirmed, and SNe la discovered before B-band maximum (&g estimated by
spectroscopic typing) were followed up extensively with SNIFS. In additothose SNe la dis-
covered by SNfactory, some SNe la discovered by other searchredollewed with SNIFS. This
work analyzes all SNe la discovered or followed by SNfactory, a tdtd60 SNe la observed from
2004-2010.

3.1.2 SNfactory Followup: SNIFS

Spectroscopic typing of search candidates and followup observati@idela were ob-
tained with the SuperNova Integral Field Spectrograph (SNIREdering et al. 2002Lantz et al.
2004, mounted continuously on the University of Hawaii 2.2-m telescope onnsl&ea. SNIFS
is a custom built integral field spectrograph optimized for observing pauotces on a diffuse
background. Its 6x6” field of view (FOV) is broken into a 1515 spatial grid by means of a
micro-lens array (MLA) which focuses the light from each spatial elengpdxel) before passing
it through a dispersing element. SNIFS has two spectroscopic channietseaver simultaneously
3200-5200A (blue) and 5100-10008 (red) with moderate resolution~3 A). Simultaneous to
spectroscopic observations, the field surrounding the SN is monitored \itBNIFS photometric
channel equipped with the SNIFS “multi-filter”. The multi-filter is composed ofriltef various
pass bands spanning the full SNIFS spectroscopic range and is usexhitor field stars in order
to simultaneously monitor atmospheric extinction, thereby enabling observatiates non-ideal
photometric conditions. SNIFS is also equipped with an internal calibratiomithitarc lamps and
continuum lamps, and observation of spectrophotometric standard stasuéinely used to derive
accurate flux calibration for all observations.

The novel aspect of SNIFS is that it enables us to observe superspeatrophotometri-
cally, meaning we obtain spectra derived from the full object sourcedflthout suffering the usual
slit loss of longslit spectroscopy. Our flux-calibrated spectral time séaie®example of which is
presented in Figur8.1) then provide direct measurement of the SN la spectral energy distributio
(SED) at multiple epochs. Classical photometry magnitudes for various fiéteysB, V', R) can be
synthesized directly by convolving the filter throughputs with the obserie8BD. This is directly
analogous to many stellar population synthesis analyses which use modelmipliéation SEDs
convolved with filter throughputs to predict broadband magnitudes for eoisgn to observations.
For our SN work, we measure the SED directly and synthesize magnitudeddnto apply the
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standard SN la light curve analysis techniques. One major advantage approach is that we
are able to circumvent the standard S- and K-corrections (see belafditignally, the wealth of
information contained in the spectral time series is unique in the field of SN kigghgnd provides
insight into new ways to standardize SNe la. The unique science possiblthes SNfactory data
set will be described below.

3.1.3 SNfactory Light Curve Fits

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

Light Curve Fitting Techniques

To use an SN la for measuring cosmological distances, we must measueaktsnag-
nitude (typically in B-band), light curve width, and color. These are typically derived biaiob
ing broadband photometry of the SN at multiple epochs and fitting for thesenesers using a
SN la light curve (LC) template. Probably the two most popular light curve djtiiols are MLCS
(Riess et al. 1996Jha et al. 200)7and SALT Guy et al. 20052007, which have very different
treatments of SN la LCs that will now be briefly described.

The Multicolor Light-Curve Shapes (MLCS) method of fitting SN la photometasw
first developed byRiess et al(1996 and later refined into its modern form known as MLCS 2k2
(Jha 2002 Jha et al. 200 This code assumes that the LC shape is a function only of a single
width parameterA, and that variations in the color or SNe la are the result of obscuration by
foreground dust which obeys the reddening &) ©of CCM (Cardelli et al. 1982 Their model
then is described by the equation:

m(t —to) = po + My + PA + QA? + AyR (3.1)

The template light curve shapfy, P, and() is derived from a set of training data (typically from
low-redshift SNe la), and this template is then applied to observed SN lacligies to derive their
decline rateAm,; (defined as the decline in the SN la brightness in magnitudes from peak to 15
days after peak) and color (as parametrized by the visual extinction initndggaAy).

The Spectral Adaptive Light-curve Template (SALT) method was develbp&ly et al.
(2005 2007 and uses a spectrophotometric SN la template. The template models the SNra spec
energy distribution (SED) as a function of phasfate with respect to maximum light) according
to the formula:

F(p,\) = zp x [Mo(p, \) + 1 M1 (p, \) + ...] X exp[cCL()\)] (3.2)

wherex is related to the peak luminosityjs the color parameter (defined B/— V' color at max),
CL()\) is the color correction law, and the componenfs describe the SN la spectral template
according to the components which encapsulate the most SN la variabilityparametetr; is
ultimately very closely tied to LC width, and the color law corrects simultaneouslyntansic
color variations and extrinsic reddening due to dust (without distinguisthi@dwo).
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Figure 3.1 An example SNfactory spectral time series, here for the SN F23080514-002.
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Figure 3.2 Example K-Corrections frohugent et al(2002.

K-Corrections and S-Corrections

When using SN la data to constrain cosmological parameters, complicatisasram
the inhomogeneities between and within SN la data sets due to different inatrthmeughputs
and different SN redshifts. When SNe are at different redshifts stmee observer-frame filter
samples different parts of the SN SED in its rest frame. This is illustrated iré-88 taken from
Nugent et al(2002, which shows how the sampling of filters at certain redshifts approximate (o
don’t) those of different filters in rest-frame. In the first example sh@wp panel), thek- and /-
band filters sample the SED of a supernova at redshift0.47 in a very similar way to rest-frame
B- andV-band filters. Thus comparing the fluxes in these redder bands for theréighift SN
to the blue bands of low-redshift SNe is likely to suffer from only minor systec errors. The
situation in the lower panel is precisely the opposite: the redder filters imarsigEame 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 arenkaeross-filter
K-corrections PKim et al. 1996 Nugent et al. 200R In this technique, an assumed form of the SN
SED is convolved with the filter throughputs in rest frame and observendgato estimate the
amount of flux that would have been measured in the desired rest-framéifdte3 or V' from the
previous example) given a flux measured in the observer-frame fitar (' above). Analytically
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K-corrections take the form:

[ AZ(A) S (N)dA
[AZ(N)S,(\)dA

Ky = —2.5log < JAF(N)Sz(N)dA >

JAFN/ (14 2)]Sy(A)dA

(3.3)
whereF'()) is the assumed form of the SN SEB()\) is the SED of some zeropoint source whose
colors are (by construction) equal to 0, asigl\) and.S, () represent the throughputs of the rest
frame (B/V) and observer framef{/I) filters respectively.

A subtler variation of this principle takes the form of what is known asSazorrection
(Suntzeff 200Q. This term is calculated to account for the differing instrument througghfor the
same fiducial filter. For example, the transmission profiles of the optics irrelifféelescopes is
almost certain to be different, so even filters with the same coatings will peodifferent overall
throughput when considered with the instrument. The analytical correstioks exactly the same
way as for cross-filtef -corrections.

) +2.5log(1l + 2z) — 2.51og (

SNfactory Light Curves

SNfactory SN la light curves are synthesized from flux calibratedtsgleiime series in
three filters approximating the same wavelength ranges as the standaetl Be®s and R filters.
These filters, labele®sy s, Vsny, and Rsyy are simple boxcar functions in wavelength. The
synthesized photometry points (and filter throughputs) are analyzed 88ih§2 to derive theB-
band peak magnituder(s), stretch ), and color ¢) for each SN la. An example SNfactory SN la
LC and its best SALT?2 fit (ando errors) are shown in Figur&.3.

Cosmological analyses then use the observed distance mogus (np — Mp) and
redshift values compared to those predicted by a set of cosmologicahptars. The difference
between the observed brightness of an SN la and that predicted bysthi besmology is known
as theHubble residual and is defined as:

dup =mp — Mp — u(z; Hy, Qpr, Q0) (3.4)

After application of empirical corrections for light curve stretch and colbe corrected Hubble
residuals are:

dMB,corr = dNB +a-z1—-fB-c (35)

In this (and most other) cosmological analysis, a combined minimization proeéslaonducted
to minimize the sum of the corrected Hubble residuals. The best fitting valugg,d;, 4,
Mp, a, and are found by this minimization procedure, and final Hubble residuals anpeted
using these values. Since SNfactory cosmology results are still beintpdede the cosmological
parameter values used here (and in our previously published anafysedgrived from SNfactory
data alone and left blinded.

3.1.4 SNfactory Science

The novel spectral time series data of SNfactory has enabled sciengfisan involving
both SNe la with interesting spectroscopic behavior, as well as investigatimew techniques for
standardizing SNe la for cosmology.
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Figure 3.3 An example SNfactory light curve synthesized from an SNf@titoe series, again for
SNF20080514-002. The three filters shown here are lableg:, Vs, andRsys. These filters

have similar wavelength coverage to the standard Bd3gek filters, but are idealized filters with
a boxcar throughput function. The solid lines are the best fit SALT2 li@ptate synthesized for
the same three filters. The filled bands correspond td éherrors on the best fit LC template.



23

SNfactory observations of several unique SNe la have providedséght into the nature
of SNe la. InAldering et al.(2006, we analyzed the spectral time series of SN 2005gj, a unique
SN la with clear IME absorption features but with unusual Eimission. We showed that this
emission is very likely to be a signature of interaction of the SN ejecta with a cisteltar medium
(CSM), which due to its high electron density we argued could potentially bhevef from the
WD'’s accretion disk. Our early spectra of SN 2006Th¢mas et al. 20Q7showed unambiguous
detection of carbon absorption features, indicating the presence ofnegthcarbon not consumed
during the SN la explosion. This result has important implications for the abafumixing in
the SN la ejecta and possibly also the nature of the explosion mechanismpéatnoscopy and
photometry of SN 2007if§calzo et al. 201)0provided strong evidence that this SN la originated
from a progenitor system whose mass significantly exceddegl, and the study of its young low-
metallicity host galaxyChildress et al. 20D)1provided constraints on both the age and metallicity
of its likely progenitor system (and was one of the projects comprising this thegis Chaptet).

The unique nature of SNfactory data allows the investigation of alternatea3ixight-
ness standardization techniques using the full SN la SED. Our firstenallisis was presented in
Bailey et al.(2009, where we investigated the use of spectral flux ratios as an SN |la stiE@ataon
parameter in the same sense as stretch and color in the traditional SN la cgpgteclonique. We
showed that the ratio of SN la fluxes at two wavelengths as measure@fsimgle SN la spectrum
could standardize SN la brightnesses to better than 0.13 mag (RMS of Habluleals, equivalent
to 7% in distance), an improvement over the usual stretch- and colareted brightnesses which
typically achieve about 0.16 mag precision (8% distance). This standodizachnique will be
revisited below in our investigation of SN la Hubble residual correlations thigtproperties of their
host galaxies (Chapté).

One of the major frontiers in SN la standardization today is the separatiortrivfsio
SN la color from extrinsic reddening due to dust. The SNfactory datarsatled us to conduct a
unique investigation of this effect i@hotard et al(2011). In that analysis, we derived empirical
linear correction factors for the brightnesses of SNe la at ALL wawgten(i.e. spectral correction
laws) using the equivalent widths of the SiA#131 and Ca Il H&K SN la spectral absorption
features. This effectively removed the influence of light curve width 8iifl) and intrinsic color
(via Ca Il) on the brightnesses of SNe la, and also allowed us to determapectoscopic color law
for extrinsic reddening due to dust (which we found to be close to the Milly Yéddening law).

3.1.5 SNfactory Host Galaxy Sample

The full sample of SNe la discovered by the SNfactory provides a uragwantage in
the study of SN la host galaxies because the nature of the SNfactooh gravided an impartial
sample of SN la environments. Here we will discuss some of the advantbtjesSNfactory host
galaxy sample in the study of SN la progenitors and environments.

The SNfactory was the first large area nearby SN survey employingsG@@ did not
specifically target known galaxies. Thus the parent sample of galaxmgpstdédrin the SNfactory
search is representative of a normal field galaxy sample found fromaeawapm patch of sky. Thus
our sample of SNe la is likely to be the sample with the least amount of bias agelestian by
host properties.

The discovery efficiency of SNfactory was determined to be very gddte ability of
our search algorithms to detect new objects was rigorously tested by injeftotificial SNe into
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Figure 3.4 FromBailey et al.(2009, Hubble residuals for SNfactory SNe la using several stan-
dardization techniques: (top) single flux ratio corrections, (middle) flux eaia color corrections,
and (bottom) standard stretch and color corrections. Single flux ratiog piaduce better Hub-
ble residuals than standard techniques, and the inclusion of a coloctonréurther improves the
SN la standardization.
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search images which were then run through the same object detectionsctidetaue search data.
We found our detection efficiency to be very high across the full rarigglaxy sizes and types,
with only a marginal decrease in efficiency in the bright cores of some igalaXhis likely results
in a minimal reduction in sample completeness since the number of SNe directly galthey
core is likely to be small. We also checked the efficiency of our boostedidedise algorithm to
select viable SN candidates by inspecting those candidate objects whidlystiggsed the boosted
decision tree cut. We found that the vast majority of these objects were inmdigeta, and the
fraction of objects which might have warranted human scanning was rread}.s

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

Of particular interest for some of our host studies (Seclid@is the efficiency of finding
SNe la in low luminosity galaxies. In this regime, one possible source of cormmrild be the
potentially lower followup prioritization for SNe without a clear host compaethose with clear
galaxy associations. This is unlikely to be a major problem, as SNfactorgfagignificant number
of SNe la and core-collapse SNe in low luminosity hosts. Specifically, wed@ufair number of
SNe whose low luminosity hosts were not clearly visible in the shallower séa@afpes but were
identified later with deeper imaging (see Sect®8®). Similarly, we found a number of previously
unknown cataclysmic variable stars, whose search images were cleadgsuriated with a host
galaxy and showed no detectable object in reference images at the at@nidichtion. Moreover,
we also found a surprising fraction of SNe la with no identifiable hosts eviém significantly
deep imaging (see Secti@n3.2), 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 lumihosity
could come from misclassification of faint blue hosts as QSOs by SDSS. kngwn problem
for high redshift QSO target selection that low redshift blue dwarf gakakave similar colors and
apparent magnitudes and thereby contaminate these samples. One cagjsetion of SNfactory
search candidates was if they occurred on a galaxy classified as a PSDSS, so in principle
some SNe la in nearby blue dwarfs could have been rejected for thmnreb®wever, we have a
log of all these instances and work by other in the SNfactory collaboratioarrently underway
to assess this potential bias. We do note that this would only have been arfassNe in the
SDSS (pre-BOSS) field, which covered about half of the SNfactaayckearea. Thus this cannot
have removed all possible SNe in faint hosts, and is likely to have impacted smgléfraction of
possible SNf.

We showed above that the overall search efficiency of SNfactorytesisd to be very
high. This implies that the sample of SN la host galaxies from SNe la dised\sr SNfactory is
likely to be very close to an unbiased representation of the true distributi@Nd& hosts. This
provides unique advantages in the study of SN la progenitors, whichillveasticularly exploit in
Chapters.
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3.2 Host Galaxy Photometric Data

Photometric data for SNfactory SN la host galaxies was gathered frhtic@ources as
well as targeted observations. Optical photometry was collected from the Sligital Sky Survey
(SDSSYork et al. 2000 Eighth Data Release (DR8hara et al. 201L NIR images from 2MASS
(Skrutskie et al. 2006were obtained at the NASA/IPAC Infrared Science Archive (IRBAJV
data were obtained from the GALEX online data archive at MAST

The public photometric coverage of our hosts was very good. Rouglyafcour hosts
fell within the SDSS photometric footprint (with a significant number added wigB®SS imaging
footprint added in DR8), 95% have 2MASS data, and 85% have GALEX @lI-Sky Imaging
Survey - a shallow imaging survey) images. Additionally, about 20% of ast have deeper
GALEX imaging, mostly from the MIS (Medium Imaging Survey). The typicabfimetric depth
for these surveys (for this work, this limit is effectively where the fluxoesrreach 5-10%) are
20th magnitude for SDSS, 17th magintude for 2MASS, 19th magnitude for GBAIS, and 21st
magnitude for GALEX MIS.

For those hosts without optical photometry from SDSS, we used our insttushFS in
imaging mode to obtain optical images. SNIFS was also used to obtain deepamphy for those
faint hosts whose SDSS images were not deep enough (typically fas 19.0). For some hosts,
g-band photometry was obtained with Keck LRIS prior to spectroscopicredsens 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 rabaong
multi-band imaging data to obtain accurate common aperture photometry, and the ofiekeriv-
ing galaxy stellar masses and star formation rates from photometry. A mosaie iofiagveral
SNfactory host galaxies is shown in Figudeb, 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,ametlfiaint
hosts for which the photometric depth of SDSS was insufficient, we obtaipgdabphotome-
try using the SNIFS instrument in imaging mode. The photometric imager (P-eNamSNIFS
consists of two 2k 4k E2V CCDs, with one “guider” chip undergoing fast continuous rehdo
perform guiding during observations, and the other “science” chifcdéstl to photometry. In nor-
mal SNIFS SN la observation mode, the P-channel uses our custom “ralti-fsee description
above). The SNIFS P-channel is also equipped with a variety of bavatitilters covering the full
science chip, including the standard Gumgriz filters employed by SDSS. Because the SNIFS
P-channel CCDs are different from those on the SDSS imager, thetiefSNIFS filter through-
puts vary slightly from those of SDSS. We show in Fig8réthe fiducial SNIFS filter throughputs
derived from the throughput of all the optical components involved amndtauna Kea extinction
curve (Buton et al., in prep.) compared to the SDSS filter throughputs.

SNIFS images were processed in IRARIng standard techniques. Overscan subtraction

http://irsa.ipac.caltech.edu

Zhttp://galex.stsci.edu

3|RAF is distributed by the National Optical Astronomy Observatory whictpisrated by the Association of Univer-
sities for Research in Astronomy, Inc., under cooperative agreewith the National Science Foundation.
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SNF20080512-010 SNF20080825-010 SNF20080817-005 SNF20070802-000 SNF20060923-001 SNF20050805-008 SNF20060521-008

SNF20070531-002 SNF20060912-000 SNF20080725-003 SNF20050928-001 SNF20070330-024 SNF20060514-011 SNF20080517-013

SNF20050621-001 SNF20050727-005 SNF20050828-003 SNF20080528-000 SNF20060912-004 SNF20071108-009 SNF20080514-002

SNF20080323-008 SNF20060622-005 SNF20050729-008 SNF20060624-019 SNF20070831-009 SNF20061113-004 SNF20070807-002

SNF20070427-001 SNF20070930-008 SNF20050927-008 SNF20080731-000 SNF20051113-003 SNF20051006-001 SNF20060907-000

SNF20060112-008 SNF20080903-002 SNF20080522-001 SNF20060719-020 SNF20070910-007 SNF20060520-007 SNF20080707-012

SNF20071021-000 SNF20080522-000 SNF20061009-008 SNF20070902-021 SNF20060919-008 SNF20080906-002 SNF20060618-023

SNF20071115-003 SNF20051031 002 SNF20080522-011 SNF20060916-002 SNF20050919-000 SNF20071019-003 SNF20051004-001

Figure 3.5 A subsample of the SNfactory host galaxies, presentgd golor 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 fromaeaplscaled by its gain.
Images were trimmed to remove occultation by the filter casing, then dividedrbyatiaed flatfield
dome images to remove pixel variations in detector efficiency. For the refilters (- andz-band),
fringe patterns were removed by scaling a master fringe frame to the fringgagured in sky pixels
for each science image. Master fringe frames were constructed framenous long exposures, and
identification of sky pixels and fringe scaling were performed using custoittvare. Cosmic rays
were then removed usingA Cosmi ¢ (van Dokkum 2001 Astrometric solutions for all images
were derived usin@\CSTool s (Mink 2006), then refined usin@CAMP (Bertin 200§ matching to
2MASS (Skrutskie et al. 2006 Images from fields with multiple exposures were combined with
SWARP (Bertin et al. 2002using median addition.

The observing priorities for the SNIFS host photometry program werétaimg-band
andi-band photometry of all our hosts. The optigal ¢ color is a very good color for determining
mass-to-light ratiosGallazzi & Bell 2009 and thus serves as a minimal filter set for obtaining
accurate galaxy masses. Many observations were taken between trelSbata Release (DR7
Abazajian et al. 2008and Eighth Data Release (DR8hara et al. 2011of SDSS, which added a
significant area to the SDSS imaging footprint. Thus we have a large nurhfieids observed in
the SDSS footprint, especially ynandi:, and with many of those observed on photometric nights
when photometric calibration solutions were derived. This enables bothutg sf SNIFS-SDSS
color terms as well as an independent measurement of the accuraaypbfaiametric calibrations,
and we describe these two studies below.

Photometric zeropoints for imaging in the SDSS footprint were obtained by mgtch
photometric measurements of field stars from each science image to their valBBSS DRS.
Formal zeropoints and their uncertainties were derived as the weightad (weayhted by photo-
metric error) of the zeropoints for individual field stars after the exclusib severe outliers. In
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Table3.1we summarize the total number of fields visited in each band, the averagmirgrerror
for a given field, and the total number of stars matched over all fields. dasir 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 ¢éhafsSSDSS, so
we might expect small but nonzero color terms between the two filter sets.ameasure these
from the same field stars used for zeropointing SNIFS photometry in the $2f8int. To do so,
we compare the residual magnitude offsets (after application of the fittegdat) of these field
stars as a function of their color (as measured by SDSS). We derivedighted mean offsets in
bins of color (typically 0.2 mag wide) and perform a minimization to derive the optholar term
and its uncertainty for each filter. These are summarized in TalileAs can be seen, the color
terms are consistent with zero for all of the filters excepaind, which has a small but significant
detection of a color term. This may be due to the different amount of wateraphe SNIFS site
(Mauna Kea) compared to the SDSS site (Apache Peak), or may be duestigtitly different red
wavelength roll-off of the filter throughputs.

Table 3.1 SNIFES color terms

Filter Nyicias Nstars  (0zP) Color Term  Color
Uu 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-—7r
i 157 12452 0.0143 —0.0222 +£0.0115 7 —1
z 12 1068 0.0294 0.0081 +0.0561 i — z
g — — — —0.0010£0.0044 g¢g—1
1 - - —  0.0099 £0.0056 ¢ —1

Photometric zeropoints for fields outside the SDSS footprint were defidvesdich observ-
ing night in each passband using observations of standard starsrepanarge range of airmasses.
Our standards were selected from Smith et al.(2002 sample, placing our measurement on the
standardugriz system employed by SDSS. For each night (in each filter) we fit for a bhabva-
point and an atmospheric extinction term, and our extinction terms were carisisth predicted
by the fiducial Mauna Kea extinction curve (C. Buton & SNfactory, in prepypical dispersion
of standard star magnitudes about the best fit calibration solution wetg @lf}2 mag iryr: and
0.03 mag inu andz. New science images were assigned a zeropoint based on their airndass an
exposure time as calculated with the fitted extinction solutions.

As stated above, a number of the fields for which we obtained new zetepedate in-
cluded in the subsequent SDSS data release, enabling us to deriveabxégopoints to cross-check
our calibration solutions. We compared the SNIFS-based zeropoints t deoised by matching
to SDSS and found good agreement (mean zeropoint offsets less tharfa®05 mag) with a dis-
persion consistent with the dispersion seen in our calibration solutionat(@x?-0.03 mag). Since
the SDSS zeropoints are more precise, we use those in favor of SNigi®reEs where available.

3.2.2 Host Galaxy Common Aperture Photometry

With the final processed SNIFS imaging and public data from SDSS, 2M&ARBGALEX,
we obtain magnitudes for our hosts in each band by performing common apphtotometry. We



30

Figure 3.7 Example of common aperture photometry for the host of SNFB0@6002, showing
the resampled images in each band and the photometric aperture.

use theg-band image to define the galaxy aperture, then measure the host fluwhibaad by re-
sampling the image to the resolution of the aperture image &P and runnindSExt r act or
(Bertin & Arnouts 1996 in dual image mode. We use ti$Ext r act or FLUX_AUTO output pa-
rameter, which measures the flux inside an elliptical Kron-like aperturedare final magnitudes
and their errors using the zeropoints and noise characteristics forirmage. Finally we convert

all magnitudes to the AB systems by applying Vega-AB offsets for 2MASS matgs (SDSS and
GALEX zeropoints are already on the AB system). Observed magnitudesthen corrected for
foreground Milky Way reddening using the dust mapsSchlegel 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 Phometry

Calculation of galaxy stellar mass and star formation rate from photometrjresghe
use of stellar population synthesis (SPS) techniques. The basic principlegs using model
stellar population spectral energy distributions (SEDs) to predict the flisaiious photometric
filters, then comparing these model predictions to observations. SPS teelmygically combine
model SEDs for stars of a single age with masses distributed according tarstaienass function
(IMF), thereby deriving the SED for what is known as a simple stellar fajmn (SSP) of uniform
age and metallicity. Full galaxy SEDs are calculated by preparing a moddbstaation history
(SFH) and convolving the SSP SEDs with the relative weights prescribételyalaxy SFH.

The field of galaxy stellar population synthesis is a rich and constantly egdiield. The
best SPS models require stellar evolutionary tracks as well as obsanednodeled) stellar SEDs
spanning the full parameter space of stellar evolution. While most SPS teelsmitye very similar
results, it is important to understand and track the differences betwegrieégRniques employed
by different authors. Perhaps the two most popular sets of models in shelpeade have been



31

— Data
— ZPEG Fit
@ © Photometry

Log Flux F), [arbitrary units]

ZdOO 3600 4d00 SdOO GdOO 7600 8600 10600 1260014600 17600
Rest Frame Wavelength [A]

Figure 3.8 Exampl&ZPEG fit for the host of SNF20060609-002. The blue curve is the observed
galaxy spectrum from SDSS; the green points represent photometryrasants from GALEX,
SDSS, and 2MASS; and the red curve is the SED for the best fit PEGASIEIme chosen by
ZPEG.

GALAXEYV (Bruzual & Charlot 2003 hereafter BC03) and PEGASEi¢c & Rocca-Volmerange
1997. Most of the major galaxy evolution analyses from SDSS employed the Ba@$ls
(Kauffmann et al. 2003Brinchmann et al. 20Q4Tremonti et al. 2004 Many SN la host galaxy
studies from recent yearsSqllivan et al. 2006 Howell et al. 2009 Neill et al. 2009 Kelly et al.
201Q Sullivan et al. 201pLampeitl et al. 201phave made use of PEGASE, but fortunately these
models give consistent results when scaled appropriately (seeKelly.et al. 2010.

In particular, these SN la host studies employ the &RIEG(Le Borgne & Rocca-Volmerange
2002, which matches observed photometry to the PEGASE models for a usersieipof galaxy
evolution scenarios. Though designed primarily as a tool for derivimgguhetric galaxy redshifts,
ZPEGinherently derives galaxy masses and star-formation rates by choosiagpinopriate model
SED to scale to the observed galaxy photometry. For consistency (and siypplie also employ
ZPEGto derive galaxy stellar masses and SFRs from photometry. We show ire&igan exam-
ple ZPEGfit to the photometry of an SNfactory host. The SFRs reported here asvénege 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 photometrg; filtisrvital
to ensure that this uneven coverage does not bias our results. To thisvercomputed ZPEG
masses and SFRs for our hosts using different subsets of filters: [(i)p#dilable 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 Figu&9 the comparison of galaxy stellar mass and SFR values
for these subsets of filters. It is evident from these plots that even the niifill@aset provides
a consistent value of the mass and SFR. This is because the photometricazeloery effective
at distinguishing between evolutionary scenarios, which set the masditadigp and SFH of the
best fit model.
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Figure 3.9 OutpuZPEG stellar mass and star-formation rate values for various filter sets. The top
left shows the comparison of stellar masses derived using all availablerpety versus that ob-
tained with only optical filters, while the top right is the analogous comparis@i&fs. The bottom

two plots offer the same comparisons, but for the galaxy parameteredarsing all photometry
versus those derived using onjyandi band.
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Limitations and Future Work

It is important to note the limitations of the cod®EGin its derivation of galaxy physi-
cal parameters. While this code has become popular in the supernova caynfprobably due to
its ease of use), it was originally designed as a means of deriving photomegtshifts. The code
chooses between several (user-input) galaxy evolution scenadaetarmines which scenario best
fits the observed photometry. Doing so requires scaling of the model SEB tbderved photom-
etry, which amounts to a measurement of the galaxy mass. The galaxy speuHiormation rate
(sSFR —the SFR per unit mass) is essentially set by the chosen evolutaeaayio, and the total
SFR is thus the input sSFR scaled by the measured mass. The errogmateddyZPEG for the
mass and SFR are determined only from how well the photometry matches thi# 8&D, and
does NOT include systematic uncertainties due to how well the photometry @ioisstine galaxy
star formation history (SFH). Thus the errorbars fr@fEG for galaxy mass and SFR underesti-
mate the full mass and SFR uncertainty, but at least accurately refledidbtampetric measurement
uncertainty propagated to those physical parameters.

A more detailed study of the galaxy mass and SFR uncertainty requires fittirgpthe
served galaxy photometry to a large suite of SPS models spanning a laggeafigalaxy SFHs.
Such a study is currently underway and we hope to have results to psesan However, since
these uncertainties do not enter significantly into the analyses in this thesisenbe values de-
rived by ZPEGfor the work presented here.

3.3 Host Galaxy Spectroscopic Data

Galaxy spectroscopy is useful for gaining finer insight into the galax® 8tan can be
gleaned from broadband photometry. In particular, absorption featnréne stellar continuum of
the galaxy SED can be compared to stellar evolution models to estimate stellarcagestatlic-
ity, while narrow emission lines from ionized Hll regions surrounding ygstars can yield both
gas-phase metallicity of the galaxy interstellar medium (ISM) as well as therduate of star for-
mation. Additionally, reddening in the galaxy ISM and near the ionized Hlbregcan be estimated
from galaxy spectra. In this Section we describe both the SNfactorygatesty spectroscopic data
set as well as the extraction of galaxy physical parameters from th&se da

3.3.1 SNfactory Host Spectroscopy Observations

Longslit spectra for our SN la host galaxies were obtained during numsesbserving
runs at multiple telescopes from 2007-2011. The instruments used weash®ouble Spectro-
graph (Miller & Stone 1993 on the Shane 3-m telescope at Lick Observatory, the Low Resolution
Imaging Spectrometer (LRIS ©ke et al. 199bon the Keck | 10-m telescope on Mauna Kea, the
R-C Spectrograph on the Blanco 4-m telescope at Cerro Tololo InteriéameObservatory, the
Goodman High Throughput Spectrogra@iédmens et al. 2004n the Southern Astrophysical Re-
search (SOAR) 4-m telescope on Cerro Pachon, and GM@&8ds et al. 1997on the Gemini-S
8-m telescope on Cerro Pachon. The instrument configurations, includivelength coverage and
effective resolution, are presented in TaBl&
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Table 3.2 Instrument Configurations

Instrument Dichroic/ Disperser Slit Wavelength Effective
Filter (arcsec) Coveragd] Resolution é\)
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 I/mm 1.0 3850-7700 13.7
R-C Spec GG385  300/7500 1.0 3850-7700 9.1
GMOS-S GG455 B600 15 5040-7920 6.8

Spectroscopy Reduction

Longslit spectra were reduced in IRAF using standard techniquesr éferscan sub-
traction, we subtracted bias frames from two-dimensional longslit data vegiremsmic rays using
LA Cosni ¢ (van Dokkum 200}, and flatfielded to remove pixel variations in detector efficiency.
Two-dimensional wavelength solutions were derived from arc lamp expedaken either at the
same pointing as the object spectrum (for Shane, Blanco, and SOARxdatahg nightly arc lamp
exposures (for Keck and Gemini-S data), with a one-dimensional sipliegidy measuring atomic
(Ol) night sky lines in object spectra. Object spectra were reduceddalimension using the IRAF
functionapal | , and nightly flux calibrations were derived from standard stars oleseav appro-
priate ranges of airmass. Telluric absorption features were then renusirggithe nightly standard
star spectra. Observer motion with respect to the heliocentric frame wasdhected, and finally
spectra were dereddened to correct for Milky Way extinction using tise maps ofSchlegel et al.
(1998 and the reddening law @ ardelli et al.(1989.

Some hosts had spectra available from SDSS D&Bafa et al. 2011 These spectra
were downloaded and then converted to air wavelengths for consisieticyeduction of our own
observations.

3.3.2 Redshifts and Emission Line Fluxes

SN la host galaxy redshifts, metallicitiesqttar-formation rates, and internal reddening
were calculated using emission line fluxes from the host galaxy spectrarr@te measurement of
emission line fluxes in star-forming galaxies requires proper accountimstdétiar absorption. To
this end we fit the emission line fluxes and stellar background in each hexttesm simultaneously
using a modified version of the IDL routiié nebackf it from thei dl spec2d* package de-
veloped by the SDSS team. This routine allows the user to provide a list of terspkatéa fit in
linear combination with Gaussian emission line profiles. We have modified thistoddece the
background coefficients to be non-negative and fit for internaleruhd) in the host (using a CCM

“http://spectro.princeton.edu/idispecitall.htm|
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Figure 3.10 An example of our fits to galaxy spectroscopy, here for tisé dfoSNF20080908-
000 which was observed with LRIS on Keck. The blue curve is the datagréen is the stellar
continuum fit, and the red is the fitted emission line profiles.

law with Ry = 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 twos@ectrograph data.
For background templates we chose a set of simple stellar populations) f&s® she stellar pop-
ulation synthesis code GALAXEVBruzual & Charlot 2003BC03) with aChabrier(2003 IMF

and the same time sampling used for background fitting us@ddiponti et al(2004 T04), which
ultimately consists of ten SSPs for each metallicity track. These templates am\vaahto the
resolution of the particular spectrograph whose data we fit. We note thaséhefSalpete (1955

IMF templates results in negligible differences to the fitted emission line fluxesmetallicity
difference smaller than our typically quoted precision of 0.01 dex. An elafitfio spectroscopic
data is shown in Figurd.10

To ensure that our modifications of the code are not producing anomedeuls, we
compared our fitted emission line fluxes to those derived by the MPA-JHU teathose hosts
whose spectra were obtained from SDSS. In Fidlidel, we plot these values and show that our
results are very consistent with those derived by other authors. Tauselieve our emission line
flux estimates (including the resultant corrections for continuum absoj@reraccurate.

Redshifts for SNfactory host galaxies with strong emission lines wereatbrs the
weighted (by measurement uncertainties) mean of individual emission lishifesdfitted from
host spectra. Redshift errors were similarly calculated from the measmteuncertainties on the
individual line redshifts. This method is the same as that used by SDSSo§isrwith very weak
or no emission lines, redshifts were calculated with a cross-correlationiteehusing the methods
presented byfonry & Davis (1979. We correlated the best fit stellar continuum spectrum against
the observed host spectrum after subtraction of the fitted emission lins flliggical redshift errors
for these two methods are of the order~ 0.0001.

Finally, emission line fluxes were corrected for internal reddening withirntist galaxy
by employing the Balmer decrement method. In an HIl region ionized by ystmg, the ra-
tio of emission line flux in the K line to that in the H 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 emisisiefitting
code (y-axis) vs. the values derived by the MPA-JHU team (x-axigjnt® 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 consistentG@d0 K) to be
F(Ha)/F(HpB) = 2.87 under Case B recombinatio®@$terbrock & Ferland 20Q6and is known

as the Balmer decrement. Reddening by dust causes the observed fvidigeflox ratio to ex-
ceed its canonical value, and one can calculate the amount of reddgnasguiming a reddening
law such as that o€ardelli et al.(1989. Final emission line fluxes used for calculations of gas-
phase metallicity and star-formation rate (frorat-Hhave 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 @foic
metallicity calibration, as thoroughly describe Kgwley & Ellison (2008. Different calibrations
are known to disagree by as much-~a%).5 dex, which makes it difficult to place metallicity mea-
surements on a common absolute scale. Additionally, there is no single metallicity thatris
ideal across the entire range of metallicity probed by our sample. For examgtecs that rely on
the NIl A6584 line, such akKewley & Dopita(2002 andPettini & Page(2004 methods, have high
signal-to-noise at high metallicity and are monotonic, but at low metallicities this lioerbes very
weak and produces large errors in metallicity measurements. Additionallygeitrat low metallic-
ity saturates at its primary valudl@va et al. 200B6and thus loses sensitivity as a metallicity indica-
tor. The well-known R23 metric (e.gMcGaugh 1991Zaritsky et al. 1994Kobulnicky & Kewley
2009 is double-valued with metallicity, and is shallow-sloped at low metallicity (i.e. flugrsr
propagate into larger metallicity errors). At low metallicities, the preferred metslbalibration is
the 7. (Olll) method @ller 1984), which relies on the auroral4363 oxygen line. This method is
considered the most reliable, but relies on a very weak emission line aschdbeonsistently agree
with the empirical strong-line methods.

Thus it is challenging to find a consistent metallicity calibration that has hights&ys
over the full observed range of galaxy gas-phase metallicities. Additigmiaéiyyfack of consistency
of absolute metallicity scales between various calibrations makes it difficultrtgpare reported
metallicity values from numerous authors. In order to utilize the stronge#ablalines and place
our measurements on a well-known common scale, we employ different ¢alitzat different
scales and then place all our metallicities on the comtiremonti et al(2004) scale using the con-
version formulae presented iKkewley & Ellison (2008. For galaxies witHog(NII/Ha) > —1.3
(i.e. “high” metallicity galaxies), we use the “N2” methodPéttini & Page(2004), as Nll is a sen-
sitive metallicity indicator in this range and has relatively low sensitivity to botldeathg (due to
the short wavelength baseline) and the ionization parameter of the HIFgasery low metallicity
galaxies withlog(NII/Ha) < —1.3, we use the “R23” method dfobulnicky & Kewley (2004
(as updated bKewley & Ellison 2008, as this method depends on the relatively strong oxygen
lines and also fits iteratively for the ionization parameter. Although the R23 nigtdoubly val-
ued with metallicity, the choice of odog(NII/Ha) cut places these galaxies firmly on the low-
metallicity “branch.” Metallicities calculated from these original methods ardlyimanverted to
the TO4 scale. It is worth noting that the dispersion in the conversion foeuildewley & Ellison
(2008 is analogous to the systematic uncertainty in the metallicity calibrations themselas. T
unless otherwise noted, all metallicities reported here are on the T04 stalagpplication of the
above described conversion.

Finally, we employ a cut in our metallicity calculations that excises those galaxiesev
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Figure 3.12 SN la hosts from SNfactory in the BPT diagram. The diffusg background repre-
sents SDSS galaxies whose emission line fluxes were measured by theHMP#&am. Galaxies
above the solid red line are classified as “AGN” galaxies, those below thleedablue line are
“star-forming” galaxies free of AGN contamination, and those galaxies émtvthe two lines are
classified as “composite” galaxies.

emission line fluxes are contaminated by AGN activity using the emission line diigdaagram of
Baldwin et al.(1981 hereafter BPT). In Figurd.12, we plot the distribution of SNfactory emission
line host galaxies on the BPT diagram as compared to the distribution of gafeote T04, with the
boundaries defined kigewley 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 la luminosity distribution present an opportunityxo e
plore the underlying physical mechanism in these systems, and providkcal @ross-check for
possible “contamination” of future high-redshift SN la surveys focgsam the normal SNe la.
Recently a potential new subclass of exceptionally overluminous SNe |&des discovered,
starting with the prototype SN2003fg (SNLS-03D3dbwell et al. 2008, followed by SN2006gz
(Hicken et al. 200y, SN 2007if Scalzo et al. 201;,0vuan et al. 201p and SN2009dcTanaka et al.
201Q Yamanaka et al. 200%ilverman et al. 201;ITaubenberger et al. 20L.Howell et al.(2006
were the first to suggest that this new subclass of overluminous SNe likely the product of
super-Chandrasekhar-mass (SC) progenitors systems wherengigigtanore material thad/,
undergoes thermonuclear runaway, producing mbé (see e.gRaskin et al. 201)0and resulting
in @ much more luminous explosion. This interpretation is difficult to reconcile wetftrtditional
SN la progenitor scenarios in which the SN itself is triggered as the WD apbesM . In the
SD scenario where accretion onto the WD is posited to be steady and stalleciamulation of
significantly more mass thal/, is highly unlikely (Piro 200§. In the DD scenario, the merger
of two WDs whose total mass exceetdg;, (even by a significant amount) is a natural occurrence,
and has made this scenario a favored framework for interpreting the afigimper-Chandrasekhar
SNe la. There are concerns, however, that the merger of two WDd mesult in accretion-induced
collapse rather than thermonuclear runaway (Bgmoto et al. 1995 Independent constraints on
the probable progenitor properties of SC SNe la are therefore criticalrfraveling the mystery
surrounding these exceptional SNe.

In this Chapter we present our analysis of the host galaxy of SN 208Rf.2007if is
particularly interesting among this new subclass of probable super-Gisekthar SNe la, as it has
been shown to be the most luminous SN la ever discovered, with alpdznd magnitude of
My o7ip = —20.4 (Scalzo et al. 2010- nearly a full magnitude brighter than the average SN la
luminosity of My 7, ~ —19.5 (Leibundgut 2000 SN 2007if is also interesting for its extremely
faint host galaxy 4/, ~ —14.5), which we will show below is the lowest-measured metallicity
SN la host galaxy known. Our data provide important constraints orilgegsogenitor scenarios
for SN 2007if, and indicate this exceptional SN is likely to have been bam fa young, low-
metallicity progenitor.
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4.1 SN 2007if Host Observations

SN 2007if was discovered by the ROTSE-III supernova seak&ker{of et al. 2007 on
2007 August 16.3 UT, and independently by the Nearby Supernovariyg&NfactoryAldering et al.
2002 as SNF20070825-001 on 2007 August 25.4 UT Sealzo et al. 201,(or details). Located
at aggpp = 01:10:51.37 92900 = +15:27:39.9, SN 2007if showed no apparent host in search ref-
erence images, or in images from the Sloan Digital Sky Survey (SD8&;et al. 2000. Our
deep co-add of NEAT + Palomar-QUEST search data showed a potevdicdtnn,; ~ 23.3 + 0.4
(Nugent 2007, which at the estimated redshift of SN 2007if would make its host galaxgéfier
HOSTO7if) one of the faintest SN la hosts ever discovered, suggeaimdow metallicity.

HOSTO7if was observed with the Low Resolution Imaging Spectrometer (LGXS et al.
1995 on the Keck | 10-m telescope on Mauna Kea on 2009 August 23 and 2d/&lemployed the
Keck-1 atmospheric dispersion corrector (ADRillips et al. 2006 On 2009 August 23.6 five ex-
posures of 100 s duration were obtained in imaging mode using the blue cafhdR&S equipped
with a g-band filter. The images were dithered to allow rejection of cosmetic defexgmjic rays,
and to provide image coverage across the detector gap. These imageowdined to form a deep
image of HOSTO7if and assess the potential for spectroscopic obsarv@iithe following night
(2009 August 24.6 UT) five additional imaging exposures of 100 s duratere obtained ig-band
to provide additional photometric depth, then the target was aligned on theistiaging mode and
the instrument configured for spectroscopic observations. The bleensid configured with the
600 I/mm grism blazed at 4008, covering 3500-560@, and on the red side the 900 I/mm grating
blazed at 5506 was employed, covering 5500-7680 The D560 dichroic beamsplitter was used,
and no order-blocking filters were necessary. ‘Aslit was oriented at a position angle of 128
along the apparent major axis of HOSTO7if, which fortuitously was onlynadegrees away from
the parallactic angle. Our final co-added LRIS image for HOSTOQ7if is shiowigure4.1, along
with an overlay of the slit. Analysis of the acquisition and slitimages show H@BT®be aligned
on the center of the slit to within 1 pixel/(27). The chosen slit gave resolutions 9fA\ ~ 1000
(4.4,&) and ~ 1600 (4.1,&) for the blue and red sides, respectively. Four spectroscopicsexps
of 900 s duration were obtained, starting at airmass 1.00 and ending assiin®®?. The Keck-I
ADC was employed, so we expect no chromatic slit loss due to atmospheededifial refraction.
Processing of the photometry and spectroscopy are described below.

Spectroscopy

The LRIS spectra were reduced in IRAF using standard techniquess€an subtraction
was performed for each of the four amps, and the data were mosaicedrtarfdividual two-
dimensional frames with data from each amp scaled by its gain. We subtraateftadmes from
these data, removed cosmic rays udidg Cosmi ¢ (van Dokkum 200}, and removed pixel vari-
ations in detector efficiency by dividing images by wavelength-normalizediéld dome lamp
exposures. The two-dimensional wavelength solution for the blue chamasalerived from nightly
arc lamp exposures with a linear shift in wavelength applied by measuringthe\$579 atomic
night sky line. This linear shift was verified by cross-correlation of tkye spectrum with a high-
resolution night sky spectrum frofManuschik2003. For the red channel, two-dimensional wave-
length solutions for object exposures were derived from night skyslinethe object exposures,
while for standard stars we used nightly arc lamp exposures with a wawelshift determined
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Figure 4.1 Keck LRIS image of HOSTOQ7if. The blue cross denotes the locatithe supernova.
For reference, the “bright” field star in the upper left has magnitude= 21.1. The area imme-
diately around HOSTO7if, denoted by the dotted box, is shown in the upgigrinset along with
the slit location shown as the dashed lines. The high-redshift backdjgalaxy appears just to the
southwest of HOSTO7if, and its location is marked by the thin blue circle.
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from [OI] A\6300, 6364 sky lines. Object spectra were reduced to one dimension using the IRAF
functionapal | , and nightly flux calibrations were derived from standard stars obseav appro-
priate ranges of airmass. Telluric absorption features were then remisuggithe nightly standard
star spectra. Finally, the spectrum was corrected for observer motiomesiplect to the heliocentric
frame, and the Galactic reddening of the spectrum was corrected usiGguttielli et al.(1989 law
and the valugZ(B — V') = 0.079 (Schlegel et al. 1998

The two-dimensional spectrum of HOSTO7if showed the presence akgizaund galaxy
separated from HOSTO7if biy9 and displaying a strong [OI§A3727, 3730 doublet abA7537, 7543 A,
corresponding ta = 1.02. Correction for this object in photometric measurements will be de-
scribed below. We show portions of the background-subtracted 2Bidedspectroscopy image in
the top panel of Figurd.2to show the offending emission lines from the higlebject. The lower
panel of the same figure shows the wavelength-collapsed spatial priofile 8D blue side spec-
troscopy image along with the chosen extraction aperture. Based on [iitsfile the two objects,
we estimate the possible contamination of the extracted HOSTO7if spectrum higthe object
to be less than 0.5% at all wavelengths (except at the highH] doublet position, which does not
affect any emission line measurements for HOSTO7if).

Photometry

LRIS blue channel photometry was processed in IRAF. Overscanastibin and mo-
saicing were performed in the same manner as for the spectroscoppt éxaeblank pixels were
inserted between data from the two detectors to account for the phyajzhlegween the two chips.
The images were flat-fielded usingband dome flats taken earlier in the night. Astrometric so-
lutions were derived using\CSTool s (Mink 2006), then refined usingsCAMP (Bertin 200§
matching to 2MASS $krutskie et al. 2006 Individual exposures were combined WiBWARP
(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 thé80 s exposures of 2009-08-23 UT,
5x100 s exposures of 2009-08-24 UT, and thed® 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 objectifield to
SDSS York et al. 2000 photometry. We extracted magnitudes for all objects in the field using
SExt ract or (Bertin & Arnouts 1996 using theMAG_AUTO output parameter, which measures
the flux inside an elliptical Kron-like aperture. We then matched objects in eldr o the SDSS
DR7 (Abazajian et al. 2009Phot oCbj Al | g-band model magnitudes, ensuring the photometry
was clean and the objects were primary targetsde=1). Given the depth of the LRIS imaging,
targets brighter tham, ~ 16.5 saturated the detector, so we chose the bright magnitude limit of our
catalog matching to bey, ~ 17.0. The SDS§-band completeness limit is estimatedraf ~ 22.2
with deviation from Poggson magnitudes beginning at abaout- 22.6 (Stoughton et al. 2002so
we conservatively chose a magnitude limitraf, ~ 22.0 for our catalog matching. We therefore
calculate the photometric zeropoint using the error-weighted mea¥ ef 20 objects between
17.0 < my < 22.0 and findmzp = 32.59 £ 0.04.

The raw instrumenta-band magnitude for HOSTO7if was observed torhg;,.; =
—9.38 + 0.03. Combined with the SDSS zeropoint and error, we determined the+iaand mag-
nitude of HOSTO7if as observed with LRIS to bg, = 23.21 £ 0.05. The Galactic reddening
of E(B — V) = 0.079 (Schlegel et al. 1998&esults in ag-band extinction ofd, = 0.34. In our
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Figure 4.2Top: Portions of the 2D sky-subtracted spectrum image showing (left) the sklang

feature of HOSTO7if at, = 7051A corresponding toz

0.074 (note the distinct absence of

[NII] AX6548,6584), and (right) the [OII]AA3727, 3730 feature of the high: background galaxy
at AA7537, 7543A corresponding to: = 1.02. Bottom: Wavelength-collapsed object profiles in
g-band, showing our two-Gaussian fit to HOSTO7if and the hidbackground galaxy, and the
extraction aperture chosen for the HOSTO7if spectrum. Note the possibtarination from the
high-z galaxy is extremely small.
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stacked image, HOSTO7if is blended with the background high-redsh#kgalescribed above.
To account for its contribution to the measured HOSTO7if flux, we analyedvtle-dimensional
blue channel spectrum, which was taken during the best seeing condifibosh nights ¢ 076)
and shows a clear separation of the two objects. We subtract the skgrbaokl from the 2D
spectrum, apply the flux calibration and multiply by th4and filter throughput in the wavelength
direction, then collapse the 2D spectrum in wavelength along the apertaes {fais effectively
provides a high signal-to-noise measurement of the object profiles alenglithdirection ing-
band. We then fit this 1D profile with two Gaussians; the data and fit arersiowigure 4.2
along with the chosen aperture. The center of both objects fall inside thendlithe seeing was
smaller than the slit width, so we predict that the flux within the slit satisfactordgemves the flux
ratio between the two objects. The ratio of the flux of the highalaxy to HOSTO7if ing-band
iS Fhigh—»/Frostoris = 0.27 £ 0.02, with a separation of”9. This results in a correction to the
observed magnitude of HOSTO7if &fm, = —0.2640.02. Finally we include the known offset be-
tween the SDSS and AB magnitude systeBt®(ghton et al. 200f my ap = my spss + 0.02.
To derive the rest-frameg-band magnitude, we perform a K-correctiaxugent et al. 200Rusing
theg-band filter throughput and the HOSTO7if spectrum, findiyg= —0.002. The reddening, ob-
ject overlap, SDSS-AB offset, and K-correction effects result ina fiest-framey-band magnitude
of HOSTO7if ofm, = 23.15 & 0.06.

To derive the correct distance modulus for HOSTO7if, we convert #ied¢entric redshift
derived from nebular emission lines (s&&2) to the CMB rest frame using the dipole parameters
from WMAPS5 (Hinshaw et al. 20008to obtainzcyps = 0.07336 + 0.00015. Assuming standard
ACDM cosmology {, = 70 km/s Mpc™!, ©Q,, = 0.3, Qy = 0.7), we use the code diright
(2006 to calculate a distance modulus @f= 37.60 + 0.004. (note this corrects a transcription
error in the calculation of the host absolute magnitude report&taizo et al. 201,0which did not
affect any other values reported in that analysis). With the apparemitadg derived above, this
gives HOSTO7if an absoluggband magnitude of/, = —14.45 4+ 0.06.

Since the LRISj-band observations were the only deep late-time photometry of the host
(after the SN had fully faded), we analyze the HOSTO7if spectrum asemf galaxy color
information. We synthesize rest-frame g- andr-band magnitudes from the spectrum using the
SDSS filter transmissiohsand obtain effective observer-frame galaxy colorgjof » = 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 synthetie- » andu — g colors of the night's standard star observations to match
those synthesized from calibration spectra to withify—r) < 0.01 mag andA(u—g) < 0.01 mag,
primarily driven by noise in the dichroic region. These colors will be usgdw 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 HOSTO7if was to secure a hosthiéida order to
accurately determine the SN 2007if ejecta velocity. This measurement plakey @le in es-
tablishing the kinetic energy of the explosion and SN 2007if as having a nmaategthan the
Chandrasekhar limigcalzo et al(2010. Fortuitously, the final spectrum showed emission im H
and [Ol1] AA3727, 3730 sufficiently strong to measure a gas-phase metallicity.

1The SDSS filter transmissions are availablbtatt p: / / www. sdss. or g/ dr 7/ i nst runent s/ i mager/ i ndex. ht ni .
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Figure 4.3Top: Spectrum of HOSTO7if (blue) binned té\4or visual clarity, with fitted background
(red) and emission lines (greerBottom: 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 esgpioper
accounting for stellar absorption. To this end we fit the emission line fluxdsstailar back-
ground in the HOSTO7if spectrum simultaneously using a modified versioneofDh routine
| i nebackfit from thei dl spec2d? package developed by the SDSS team. This routine al-
lows the user to provide a list of template spectra fit in linear combination with @eusmission
line profiles. We have modified this code to force the background coeiffscite be non-negative
and have incorporated the ability to fit for a scaling factor between the rideed channels of
two-arm spectrograph data. For background templates we chose fasgapte stellar populations
(SSPs) from the stellar population synthesis code GALAXBXugual & Charlot 2003BC03) with
a Chabrier(2003 IMF and the same time sampling used for background fittingtgymonti et al.
(2004 TO04), which ultimately consists of ten SSPs for each metallicity. We note thatsthefu
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 templatesan e
channel convolved to the spectrograph resolution for each charameklp 4.4A and 4.1A for the
blue and red channels respectively, and fit the cross-channel gsatinultaneously. As with the
SDSS spectroscopic pipeline, our emission line fitting is done in an iteratib@fas An initial
guess of the redshift is used to set the redshift of the background texspdand the spectrum is fit
with the widths and redshifts of all lines allowed to float freely. The besthitlis measured from

Zhttp://spectro.princeton.edu/idispecRutall.html
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the initial emission line fits, and a second iteration is performed with the red$hiife doackground
templates set to this value. The emission line fluxes are then measured with thedshéts all

fixed to this value. We found the best fit 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 meealy the fitting code,

and emission line flux errors accurately reflect the influence of all faupaters in their estimation
(including the cross-channel scaling). The final emission line fluxes fror best fit are presented

in Table4.1, and the fit to the spectrum is shown in Fig4:&.

Table 4.1 HOSTO7if Emission Line Fluxes

Line Obs. Flug  F(\)/F(HpB*)
[ON] AA3727,3730 48.80 + 10.56 2.44 +0.53
Hj3 22.29 £7.17 1.11+£0.36
[O1] 4959 5.22 £ 2.85 0.26 £0.14
[Ol] A5007 15.37 £ 8.38 0.77 £0.42
Hao 57.46 £ 5.30 2.874+0.26
[NI] A6548 0.93 £1.25 0.05 £ 0.06
[NI] A6584 277+ 3.72 0.14 +£0.19
[SI] \6717 7.46 + 3.52 0.37 +0.18
[SI] A6731 6.68 £ 3.71 0.33 £0.19

. S_l

@ Fluxes in units ofl0~ergs - cm™
b F(Hp*) = F(Ha)/2.87; see text for details.

The emission lines from our spectrum of HOSTO7if provide a formal réidshd uncer-
tainty of zji,es = 0.074500 £ 0.000010 in the heliocentric frame. This value is slightly different
from the value we quoted iBcalzo et al(2010, and reflects a more thorough treatment of the spec-
trum wavelength solution. Additionally, we calculate the contribution of oureAength solution to
the redshift error budget to &z, =~ 2.5 x 10~°. Because our object has extent smaller than the
slit, the dominant source of redshift error from our data comes from énéecing of the object on
the slit. As stated above, we measure this error to be no more than 1 pixel, ednielsponds to a
redshift error ofAzg;;, ~ 1.5 x 10~* at Ha, the line which best constrains the redshift. Thus we
estimate the final heliocentric redshift and error for HOSTO7if tahg, = 0.07450 4 0.00015.

The Balmer emission line fluxes are typically used to estimate intrinsic reddening in
galaxies by comparison to the Case B recombination valug(éfa)/F(H () = 2.87 at a tem-
perature ofl’ = 10,000K (Osterbrock & Ferland 20Q6 This value is well within thd o estimate
from our measured emission line fluxes (0.62 in the cumulative probabilityiium¢but is poorly
constrained due to the relatively low S/N of our spectrum. We therefore eylhnt results derived
under the assumption @i intrinsic extinction. Later, in§4.4, we show that this assumption is
supported by multiple facets of the data themselves, and even in the warstagamario of leaving
reddening unconstrained has negligible impact on our final results.
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Gas-Phase Metallicity

Initial signs that HOSTO7if is a low metallicity galaxy include the non-detectiomNof [
AN6548, 6584 (below the noise threshold, see value and errorbar in Taliland 2D spectroscopic
image in Figuret.2), the relatively weak [OlIZ\A3727, 3730 and [OllI] AA4959, 5007 lines (com-
pared to the strong Balmer lines), and of course its low luminosity. Low-metalligitgxy abun-
dances are ideally determined using the “direct” method whereby the raticeadutoral [Olll]
A4363 line flux to that of the stronger [OIIIAA4959, 5007 lines is used to constrain the electron
temperaturel, in the doubly-ionized oxygen (O") zone (.(Olll)). Because the auroral line is
not detected in HOSTO7if, and the intrinsically stronger [ONN4959, 5007 lines are only weakly
detected, the direct method is untenable here.

The question of appropriate metallicity scales will be addressed latgt.# but here
we derive the metallicity using thB,3 method ofKobulnicky & Kewley (2004 hereafter KK04).
The ratio Ro3 is double valued with metallicity, and the flux ratio [NII]/His typically used to
break the degeneracy and select which “branch” of fhg metallicity calibration is appropriate.
For HOSTO7if, [NIl]/Ha indicates the lower metallicity branch, so we employ the lower branch of
the KKO04 calibration of theRs3 method as updated tewley & Ellison (2008. This method is
advantageous because it iteratively calculates the metallicity and ionizatiemgkzr.

To derive a tighter constraint on the metallicity of HOSTO7if, we use the highéiHzy
flux measurement and its error scaled by the fiducial Balmer decremenbdsspfor the flux and
error of HG. As stated above, this is consistent with our assumption of no reddening ST BIGX
and results in an H flux only 0.25¢ different from that measured, but with an error Bar smaller.
For HOSTO7if, we measure a metallicity t + log(O/ H )kkos = 8.01 £ 0.09, with an ionization
parameter; = 1.46 4 0.48 x 107. This low value of the ionization parameter is unsurprising
given the strength of [OlIANA3727, 3730 and the relative weakness of [OIlN\4959, 5007. These
indicate that the ionizing radiation is dilute and it has been some time since HOSTA@#t recent
burst of star-formation (consistent with stellar absorption strengths bedew). We note that [NII]
AA6548, 6584 is used to break th&s,3 degeneracy, and our measurement of this line predicts the
lower branch at only~ 69% probability, since [NIl] appears to be below the noise level. If we
were to choose the uppéty; branch, this would make HOSTO7if:a 50 outlier on the mass-
metallicity relation (TO4Kewley & Ellison 2008, an extremely rare event (see eRgeples et al.
2008. Additionally, [NII)/[OIlI] at such a high metallicity Kewley & Dopita 2002 would predict
an [NI1]A\6584 flux strong enough to be detectedaBo.

4.3 SN 2007if Host Age and Stellar Mass

Information about the star-formation history (SFH) of HOSTO7if is degirdbr con-
straining the age of the SN 2007if progenitor. Spectral indices measunedjalaxy stellar spectra
can be useful in assessing the mean stellar age, likelihood of recenirstadnd stellar mass-to-
light ratios (see e.gkauffmann et al. 2003Graves & Schiavon 200&allazzi & Bell 2009. To
facilitate the inspection of the SFH of HOSTO7if, we measure several@ugtise spectral indices
from the emission-subtracted spectrum of HOSTO7if and compared tHagsvéo model spectra
generated using stellar population synthesis (SPS) techniques. The deétailsanalysis are as
follows.
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We measured the strength of several Balmer absorption features imgrtodheir stan-
dard definition on the Lick systenWorthey et al. 1994Worthey & Ottaviani 199Y as well as the
strength of the 4006\ break (D4000Balogh et al. 199pin the spectrum of HOSTO7if after re-
moving emission line features as determined4r2 Using the formulae o€Cardiel et al. (1998,
we measure the values and errors reported in Tal2eThese indices are known to have strong de-
pendence on stellar agegzdekis et al. 200)Qwith negligible dependence on instrument resolution
(and by extension galaxy velocity dispersion). The low D4000 and stBalgner absorption we
measure for HOSTO7if is indicative of young stellar ages of a few huhiihgr.

Table 4.2 HOSTO7if Spectral Indices
Index Value
D4000 1.13+0.05
Hé 4 3.50 +2.33
Hvya 7.19 + 2.36
HpA 2.34 +2.82

To assess the general behavior of the SFH of HOSTO7if, we gendiiatarst of synthetic
galaxy spectra using the BC03 SPS code and a suite of physically-motivialtédd 8Ve follow the
same prescription &Sallazzi et al (2005 andGallazzi & Bell (2009 hereafter GB09) to generate
models consisting of an exponentially declining continuous SF componemnpsgpe with random
burst of SF (see GBO09 for details). We measured the same spectralsifidioe our model spec-
tra and plot the location of HOSTO7if and our model galaxies (blue backgioin Hy4-D4000
space in Figurd.4. For reference, we also plot the location of SDSS DR7 galaxies whes#rap
index values and stellar masses have been measured by the MPA-JHtI. giihe full sample
of galaxies between redshifts005 < z < 0.25 are shown as the green contour, while low mass
(log(M./Mg) < 9.0) galaxies are shown as the red contour, with the median error barsdbr ea
guantity (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 (GB®nsively analyzed
the properties of galaxies in different regions of this diagram (fé5H The dense band of model
spectra (dark blue) and the majority of the SDSS galaxies form a seqoégeéaxies dominated
by continuous star-formation ranging from very old (high D4000, lowHto very young (low
D4000, high H/4) mean stellar ages. Galaxies whose indices are located away from thikdand
undergone a strong starburst in the past few hundred Myr.

Itis evident that HOSTOQ7if is located away from the continuous SFH bandsispiectral
index parameter space, and is even separated from the majority of low alaggeg whose mean
stellar ages are very young. This indicates that HOSTO7if underwenjaa nast of star formation
in its recent past. This is perhaps unsurprising given that HOSTO7#/$uminosity implies a low
stellar mass, and low mass dwarf galaxies tend to have SFHs characteritenity yet intermittent
bursts of star-formationSearle & Sargent 1972 In the case of a strong recent starburst, the light
from the burst tends to dominate the galaxy spectral energy distributidD)(SEich can make it
more difficult to constrain the complete galaxy SFH and mass-to-light ratio 9&Bthus we will
proceed by decoupling the recent burst of SF from the remaining SHO&TO7if. We will first

3hittp://www.mpa-garching.mpg.de/SDSS/DR7/
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Figure 4.4 Location of HOSTO7if (green circle) in ti&y,-D4000 plane compared to the library

of physically motivated SFHs of GB09 (blue background). Overplottedradex values for SDSS
galaxies derived by the MPA-JHU group for the full galaxy mass raggeef 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-populatéidspanning the full range

of D4000 have SFHs dominated by continuous star-formation, while theigallacated away from

this band have undergone recent burst of star-formation.



50

assess the age of the most recent starburst, then investigate the potestalcg of older stars in
HOSTO7if.

HOSTO7if Burst Stellar Age

To quantify the age of the most recent starburst in HOSTQ7if, we compatd@STO7if
spectral indices to those of a library of starburst model spectra gexddram the BC03 SPS mod-
els. The burst SFHs are simple boxcar functions in time described only kstahteand end time
of the burst of star-formation. Burst start times are uniformly distributedvéen 0 and 13.5 Gyr
ago, and durations are uniformly distributed between 10 Myr and 1 GyttalMzties were dis-
tributed logarithmically betweef.2 < Z/Z; < 2.5 and distributed as a smoothly decaying func-
tion in metallicity (x log(Z)1/3) between0.02 < Z/Z; < 0.2 (in order to not over-represent
low-metallicity bursts).

We derive the luminosity-weighted HOSTO7if starburst age probability digtah func-
tion (PDF) in a probabilistic fashion. For each template galaxy in the burstyijbnge computed
the values of the spectral indices measured in the same way as HOSTO7theWderive each
template’s error-normalized separation from HOSTO7if in this multi-dimensipaemeter space
defined by the spectral indices as

R (4.2)

o Oan 07if

wherea, ; is the value of parameter for templatei, and similarlya, o7;y and oy, ,,,, are the
value and uncertainty of that same parameter for HOSTO7if. Each templkté&wsp is a linear
combination of spectra of SSPs of discrete age and metallicity as defined B¢ 8&models. We
assign a weight to each SSP equal to its integrated optical flux (35@0\ < 10000A), as the
brighter SSPs are more likely to drive the spectral features. Thus eaghate has a luminosity-
weighted age PDF that is the product of the template’s coefficients for 88€hmultiplied by
the luminosity weights for each SSP (and normalized to unity probability). Fdr ege bin in
the HOSTO7if burst age PDF, each template adds probability to the bin thatredagp of the
template’s age PDF value for that age bin and the appropriate weightimg—(x?/2]) for the
template’s parameter space separation from HOSTO7if. The final mefRBF for HOSTO7if was
renormalized according to the total probability of all templafe éxp[—x7/2]). We use the final
HOSTO7if burst age PDF to derive the median age atfid errors for the stellar population of
HOSTO7if as derived from the cumulative probability function.

We examined the accuracy of this method by performing the same age measinétine
our burst library SEDs where — » < 0.5 mag (thus the youngest subsample of bursts), which
we will refer to as the “validation sample”. We tested our method for a varietpwoibinations of
spectral indices, and measured the mean offset from the true valuggbdadispersion (systematic
error) for each combination. In general, the bias was much smaller tharigpersion, and the
dispersion decreased as more Balmer indices were added but saturdtedispersion using the
combination of H, Hy, and H3. The H3 absorption strength for HOSTO7if is roughly the same
magnitude as the emission equivalent width¥ (H3) = 5.3+ 1.5,&), so the potential for emission
contamination of this index exceeds the reduction in systematic error gaingslibglusion. Ad-
ditionally, the age sensitivity of the Hindex is slightly dependent on spectrograph resolution and
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Figure 4.5 Reconstructed starburst age for our selected library galesiethe input time of most
recent starburst (green circles), with duration of starburst sh@¥meézontal grey bars. The scatter
about the true value is 0.06 dex.

galaxy velocity dispersiortMazdekis et al. 200Qwhereas the other two Balmer indices are not, and
the velocity dispersion of HOSTOYif is poorly constrained at our spect®xh We thus exclude
the H3 index from our parameter space. We also considered other (non-Bdlinkiindices, in-
cluding G4300, but these provided no stronger constraints on the HOISIg®. Given the relative
insensitivity of these other indices in theL00 Myr age range found for HOSTO7W&zdekis et al.
2010, this is unsurprising.

The final set of indices used to define the parameter space for templateingatcs
D4000, H, and Hy. We show in Figure4.5 the comparison between the median reconstructed
stellar age against the median time (green circles) and duration (grey m@ailibars) of the star-
burst for each model in the aforementioned validation sample. The final nfisah leetween input
and reconstructed age 45log(t) = —0.05 dex with a scatter 0f.06 dex. We thus consider our
reconstruction method to be accurate, with a systematic age uncertaistigft) = 0.06.

The final burst age PDF for HOSTO7if is shown in Figdr6, and we can see that the age
constraint is remarkably tight. Our analysis shows the luminosity-weightedrsigkeof HOSTOQ7if
to belog(t) = 8.091537[statH-0.06[sys], or in linear agé.« = 123715° Myr (with the addition
of statistical and systematic errors in quadrature). For the BCO3 tracketatlicity 7 = 0.004
(the closest value to our derived galaxy gas-phase metallicity) this poimes to a main-sequence
turn-off mass of\/ /M, = 4.67%5.

We also investigated the inclusion of optical colors in constraining stellareggnning
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Figure 4.6 Final luminosity-weighted burst age PDF for HOSTO7if. The sddidical line rep-
resents the median of the cumulative probability distribution, while the two dagtntidal lines
represent the 16th and 84 percentile (i.e) of the same.
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with g — r which is strongly correlated with stellar age and was shown by GB09 to becauor
for constrainingM../L. The age implied by the HOSTO7if — r optical color was somewhat in
tension with that implied by the spectral indicése(¢) ~ 8.5 vs. log(t) ~ 8.1). The cause of this
discrepancy is likely to be either the presence of some older stars in additiba tecent burst of
star-formation (se&4.3), or intrinsic reddening in the galaxy (s&4.4).

It is worth noting that the distribution of ages and metallicities in the model librasy ha
a significant impact on the resultant age PDF. Applying the same method to tB@-lkkB SFH
library used in Figuret.4 yields a very differently shaped PDF, and does not successfullyeeco
burst ages for those SFHs with a dominant recent starburst. This isdeett@e manner in which
the library SFHs populate the age-metallicity parameter space effectivelagacsprior on the
resultant age PDF, whose final form is especially dependent on thenwayich different age bins
are coupled to one another by the assumed shape of the SFH. Our bdedtlim@ry employs the
simplest possible SFHs (excepting of coursefanction SFH) and provides an effectively flat and
decoupled prior because it populates age and metallicity bins evenly andaupies adjacent age
bins with equal weight and over relatively shott ( Gyr) timescales.

Finally, we note that our burst age assessment method also providebamaition of
the low metallicity of HOSTO7if (measured from emission lines abové4ir?). In addition to
tracking the age distribution of each template, we can inspect the distributimetallicity tracks
used in construction of the templates. Thus we can examine the burst agasPdfunction of
metallicity, and derive the integrated probability for each BC03 metallicity trackin@so yields
the following probabilities: 25% foZ = 0.0004, 40% forZ = 0.004, 17% forZ = 0.008, 13% for
Z = 0.02 (solar), and 5% foZ = 0.05. This discrete distribution illustrates the strong preference
for lower metallicity tracks despite the relatively flat prior (w.r.t. each tradi)is is a product of
the metallicity sensitivity of the spectral indices used in the data-model compaaisd shows that
the stellar spectral features favor a low metallicity in agreement with our measunt of the gas
phase metallicity above.

Old Stars in HOSTO7if

Perhaps the greatest limitation in our ability to constrain the age of the SN 200@#p-
itor is the uncertainty in the amount of old stars in HOSTO7if. Low-mass dwalebies such as
HOSTO7if are likely to have a bursty SFIS€arle & Sargent 197 Zharacterized by intense bursts
of star-formation separated by extended quiescent periods of @@kR Sanchez Almeida et al.
2008. Such galaxies may have formed the majority of their stars in the distant fiza0 et al.
2011, so it is critical to investigate the potential amount of old stars in HOSTOTIf.

The bursty nature of the HOSTO7if SFH is supported by the comparisor diutrst star-
formation rate (SFR) implied by our age constraint as compared to that impligeklmpserved H
emission. We showed above that the HOSTO7if spectrum is dominated bypfstges 123 Myr, and
we can make a simple approximation of the mass of stars formed during thebpursiltiplying
the observed;-band flux by the mass-to-light ratio of our estimated burst age (and metallicity)
Doing so yields an approximate masslof M, 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 of SF Ryt ~ 0.1 M, yr~!. The presence of & emission implies some current star-
formation, which we can quantify using the formulakénnicutt(1998 to find SF Ry, = 2.2 X
1073 Mg, yr—!. Thus, even our crude estimate of the burst SFR shows the ratio of Siiig) du
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the burst to that at the present time to be at |€88R;,,,,.«:/ SF R ~ 50, which implies that the
HOSTO7if SFR is tapering off from its intense value during the recenttburs

To investigate the amount of old stars in HOSTO7if, we begin by reconstguittespec-
trum derived by convolving the burst 2D age-metallicity PDF with the BC03sSSmis “recon-
structed” stellar spectrum is plotted in the top panel of Fighiealong with the data and stellar
background fit front4.2 Remarkably, information from the Balmer absorption features and D4000
alone are enough to reconstruct much of the HOSTO7if stellar backdwiih high fidelity, espe-
cially in the bluer wavelengths. A slight color discrepancydfy — ) ~ 0.11 mag is evident here,
which could be due to dust in HOSTO7if (s¢&4) or old stars (see discussion below). In the lower
panel of the same figure, we show the ionizing flux below the Lyman lidit(912 A) for the
reconstructed spectrum as compared to the SSP at the age closest tal@ur age and metallic-
ity closest to our spectroscopic measuremehtf 0.004). We performed a simple calculation of
the Hx flux that would result from this ionizing flux assuming 45% of ionizing photewsntually
generate ar{ o photon Donahue et al. 1995and found it to be within a factor of about 2 of the
measured value. Thus, our technique not only accurately reprothestellar spectrum in the opti-
cal regime, but also independently predicts the Balmer emission strengthvaitlyThis indicates
that our age-matching technique is effectively reproducing the tapefiiyi® HOSTO7if, which
may indicate we are recovering not only the central burst time, but also sbthe morphology of
the burst SFH.

We proceed in our investigation of possible old stars in HOSTO7if by takimgemon-
structed burst spectrum as being representative of the true stafiitDstAs noted above, the spec-
trum predicted from our burst PDF is somewhat blukf4 — ) ~ 0.11 mag) than what we observe
for HOSTO7if, which could be a product of additional old stars. Heretake a conservative ap-
proach and explore the implications if the entire color excess arises frartdastellar population.
To the burst spectrum we add the SED from an additional mass of old sjecteith at a single age
ranging from 1 Gyr to 13.5 Gyr. For each age, we fit for the mass of gtatsminimizesy? from
the g — » andu — g colors, as well as the upper and lower masses that produceg af 1 (i.e.
+10) from the optimum value. In Figur4.8 (top panel) we plot the best mass (ahtlc values) of
old stars (normalized to the burst mass) as a function of age, as well asghfitiingy? (middle
panel). For reference in this plot, we show the bgsbbtainable by reddening the burst spectrum
with dust (atRy = 3.1), found to bey? = 1.14 at Ay, = 0.22 mag. At all ages, the spectral features
(D4000, H 4, Hvy4) of the old+burst spectrum differed from the observed values in HO8 by
much less than their measured uncertainties, justifying our approachrofrérg the starburst and
old stellar populations separately.

This test illustrates the aforementioned fact that young bursts of star tiorm&nd to
obscure older stellar populations. Half or more of the stars in HOSTO7Ifldadeed come from
older stars and still be consistent with the observed spectral indice®bord,and we can currently
only disfavor old stars in HOSTO7if by making assumptions about the foita 8FH. However, our
age measurement technique showed that old stars alone are inconsigtehewbserved spectral
features of HOSTO7if, and a significant amount of young stars domirlagegalaxy spectrum.
Further observational constraints on old stars in HOSTO7if must waitdditianal data, such as
deep imaging in the near infrared.

An old stellar population can be the source of SN 2007if only if its resenfgaotential
progenitor systems has not been exhausted. Making the simplest asssmptioat the origi-
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Figure 4.7Top: Comparison of the spectrum reconstructed from the HOSTO7if age P&4F(D
compared to the data (blue) and the background estimate from the emissidittifigeprocedure
(red). Bottom: A comparison of the reconstructed spectrum (blue) and the spectrura &R with
age closest to the age estimate for HOSTO7if. Note the presence of Hlingmeadiation in the
reconstructed spectrum while the SSP (as expected) shows none.
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red line) which is found a#ly, = 0.22 mag. Bottom: Final probability of SN 2007if arising from
old stars injected at a given age, derived from the product of the 88lugtion likelihood with the
color-matching likehood (from the abowé€ values).
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nal reservoir of progenitor systems is proportional to initial stellar masg,, and that the delay
time distribution (DTD) of SN 20007if-like events is not an increasing functibthe delayt;4,

for populations older than-100 Myr — we can define a maximum relative rate today, given by
(Moia/tora) ] (Mpurst /tourst), @rising from any ancient burst of star formation. Coupling this rel-
ative rate with the best-fit value dff,;; for each age, and scaling by thé probability from the
color matching, we derive the total probability of SN 2007if having beem Iiiamm an old stellar
population as a function of age. The results are shown in the bottom pafiguoe 4.8, where one
sees that the likelihood of SN 2007if arising from an older stellar populatimemexceeds about
7% (note that this could be even lower if there is some reddening due to thstiherefore con-
clude there is a high likelihood that SN 2007if was born in the recent béistcs whose age was
constrained irg4.3. We note that mathematically this consumption-timescale constraint gives the
same relative factor as for old stellar populations distributed equally at multjele -a where con-
sistency requires a fixed DTD normalization across ages — and then agsatnihpower law for

the DTD. This case is of particular interest because'gpower law is similar to the DTD observed
for normal SNe lafaoz 2010 Barbary et al. 201)) and expected in most DD models.

HOSTO7if Stellar Mass

The SPS models used above to constrain the luminosity-weighted age of thHEORIDS
stellar population can also be used to constrain the HOSTO7if mass-to-lightTaough spectral
indices can in principle be used to constrain the mass-to-light ratio (e.g. JoB@S/N of our
spectral indices results in a large uncertainty { dex) in the index-based mass-to-light ratio. In-
stead, a much tighter constraint can be obtained using optical color. Wedhysare they — »
color of HOSTOQYif to that of our SFH models, as this color was shown by3@B®e a good color
for constraining mass-to-light ratios.

Which SFH models are appropriate for determining mass-to-light ratios ispedgaes-
tion than can be addressed here. Instead we follow the prescriptiomafjgrfavored in the lit-
erature, which is to use exponentially-declining SFHs similar to thod€aoffmann et al(2003
and GB09. Though the SFHs of dwarf galaxies such as HOSTO7if aflg tikdse bursty, a long
period of intermittent burst of SF can be well-approximated by a continubtts B/e thus use the
aforementioned suite of model spectra built following the prescriptions dd3G#B constrain the
HOSTO7if mass-to-light ratio using — r color in the following way. Each model galaxy SED is
normalized toM = 1M, and we measure theband luminosity for each template. Using color-
basedy? weights, we measure the weighted mean stellar mass of a burst gfbaitd luminosity

as: v
(o) = ZL 4.2)

and its uncertainty:
o = ((a2) - ar?)? (4.3)

where the weightv; = exp —X?/Q for each template is computed from the template’s » color
2 .
X~ as:

= [(Q—T)HOSTonf—(g—T)jr (4.4)

O(g—r)rostorif
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Assuming a solag-band absolute magnitude 8f, , = 5.15 (Bell & de Jong 200}, we derive a
mass-to-light ratio for HOSTO7if dbg (M. /L) moder = —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
HOSTO7if oflog(M./Mg) = 7.32 £ 0.17.

As a comparison, we inspect the mass-to-light ratios for SDSS galaxietexsnihed by
the MPA-JHU team. We find thei¥/,./ L values to be well represented as a linear function in both
optical g — r color and more weakly in absolute magnitutlg. From their data, we estimate the
HOSTO7if mass-to-light ratio to beg (M. /L)spss = —0.52 & 0.15, which is consistent with our
value within the error bars (as would be expected since our SFH modelssaetially the same).

In a similar vein, we use the color-baséd./L formulae (appropriately corrected for our choice
of IMF) from Bell & de Jong(2001) along with the color measured from HOSTOQ7if to estimate a
mass-to-light ratio ofog (M, /L) = —0.55, again consistent with our estimate.

4.4 HOSTO7if Analysis Cross-Checks

We now discuss several cross-checks we performed in order to estiysiéenatic effects
in our parameter estimations. The possible effects of dust in HOSTO7if psgBteuncertainties in
metallicity scales, and the limitations of our particular choice of stellar populatiothegis (SPS)
models will be addressed in turn.

The Effect of Uncertain Reddening

In typical applications the Balmer decrement is used to estimate reddeningaiugt tnd
correct emission line metallicity diagnostics. Our detection @fislconsistent with no reddening,
however it is of sufficiently low S/N that a large range of reddening is altblyethis measurement.
Several lines of evidence suggest that the reddening should be Id8calmo et al(2010 we set
strong upper limits on the column of Na I, suggesting little enriched material is biaiia the
ISM for the formation of dust. Given that HOSTOYif is in a post-starbuhgtse, the HII regions
and molecular clouds associated with this burst will have dissipated longaaddhus it is quite
plausible that the extinction limit derived for SN 2007if is not atypical of thatthe emitting
gas and stars. Because dust requires metals to form, the expected low etzised on the
low luminosity of HOSTO7if also leads to the expectation of low extinctibee et al.(2009 and
Garn & Best(2010 measure the Balmer decrement as a function of galaxy luminosity and dalindee
find that low-luminosity galaxies typically have extinction of only, ~ 0.1.

The emission line fluxes of HOSTO7if also favor low reddening. Correctiwrred-
dening will increaseR,3 and lead to a higher predicted O/H. However, N202 (=[N684/[OlI]
AA3727,3730) works in the opposite sense. Indeed, at the lowest metallicitizs- (og(O/H) <
8.1), N202 is expected to saturate at primary N/O nucleosythesis ratigaV/0) = —1.43%074
(Nava et al. 2008 giving N202= —1.327 065, Thus, our non-detection of [NIN3584 provides an
upper limit on N202 that can be used to constrain the amount of reddenitige Lipper left panel
of Figure4.9we show these complementary constraints indlye-(O/H) plane. These constraints
alone disfavor any reddening greater thén ~ 1.8, and the metallicity prediction would have been
0.21 dex higher than that derived with fixeld- = 0.

The very blue color and strong Balmer absorption of the stellar continuunQ8H7if
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place additional constraints on reddening. It was noted above thatdbesteucted spectrum from
our age-metallicity PDF was slightly bluer (by 0.11 mag ing — » and0.06 mag inu — g,
corresponding to a best-fit extinction dfy, = 0.22 mag) than the observed color of HOSTO7if.
While this could be caused by reddening due to dust, it could also be in@icdtihhe presence of
older stars (se4.3). However, the Balmer absorption of the HOSTO7if stellar continuum and its
optical colors can be combined to placeugper limit on the amount of reddening that is consistent
with the observed color of HOSTO7if. This can be understood as a éisagmt between the
extreme blue stellar color implied by large reddening and the Balmer absorpteamgths; if the
reddening was large and HOSTO7if was intrinsically much bluer, its implied aggdAre younger
and thus its Balmer absorption strengths would have been shallower tremedhs\We can quantify
this constraint by examining the effect of reddening onghe r andu — g colors of HOSTO7if
and the subsequent agreement with our model spectra used in congtthmiourst age. For each
value of Ay, we sum the probability of matching to each of the 150,000 burst templatesthsing
x? method described above with the- » andu — ¢ colors included in the?. Shown in the upper
right panel of Figuret.9, the Ay, PDF from this method shows a sharp dropdat ~ 0.5. With
the constraints from the stellar features added to our PDF, the metallicity wid Wwawve measured
is only 0.08 dex higher than théy, = 0 value. With thels reddening ofAy ~ 0.5, our mass
estimate for HOSTO7if would have increased$.3 dex (accounting for both the luminosity and
mass-to-light ratio changes), only slightly larger than the measuremenfertbat quantity.

Finally we show the result of including the SN 2007if reddening constrdiStalzo et al.
(2010 as an assumed constraint on the global host reddening. We showstittanmé 2D PDF in the
lower left panel of Figurd.9, and find that the resultant metallicity would have been 0.02 dex higher
than theA;, = 0 value. Marginalizing our 2D PDFs iAy gives the (O/H) PDFs for each scenario
described above, and we show these in the lower right panel. The wakiesported for each
scenario represent the metallicity of maximum likelihood for the PDFs showns, Thile there
is some uncertainty in the amount of reddening in HOSTO7if because wetcstnongly constrain
the Balmer decrement, ultimately it has little effect on our final results, whichsthpbshow a low
metallicity. Additionally, the spectral indices used in our age measurement a&suneel across
short wavelength ranges and thus are relatively insensitive to redgenaking our age estimate
also robust against possible reddening in HOSTO7if.

Metallicity Calibration

Strong emission-line methods such as g method McGaugh 199} Zaritsky et al.
1994 KKO04) produce oxygen abundance values that are systematicallyrhigirethose derived
with the direct method by.2 — 0.5 dex Kennicutt et al. 2008 In galaxies like HOSTO7if where
[Oll] A\4363 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 datlitiey estimate on
the correct absolute scale is subject to the uncertainty as to which metallicityatialibis correct
in an absolute sense. This is a subject much debated, and while the fiealesnains undecided,
Kewley & Ellison (2008 provided an excellent analysis of the discrepancies between vadaless
and means of converting between them. The scatter in these relations (R.8gstlematic error,
see analysis below) is smaller than the measurement errors from ouruspediacement of our
measurements on a common scale with those of other SN la hosts in the literdfioes Sor
comparison purposes, and will be employed in the discussiga.bf
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Figure 4.9Upper Left: Two-dimensional probability distribution function of O/H v&.,, combin-

ing constraints from thd?,3 ratio and N202 ratio from emissions lines. The two filled contours
represent théo and2c probability levels for each constraint, with the red and pink contours cor-
responding to théo and2c final combined constraintdJpper Right: Same as left, but with ad-
ditional constraint from SPS matching (see text). Magenta and fusciawsrdce finalloc and2o
combined constraintd.ower Left: Same as upper left, but with addition of SN reddening constraint
from Scalzo et al(2010. Cyan and light blue contours are finat and20 combined constraints.
Lower Right: Metallicity PDF (marginalizing inAy’) for the three above cases (Case a - emission
line constraints only, red dotted line; Case b - emission line plus SPS constraagsnta dash-
dotted line; Case ¢ - emission line plus SN constraints, cyan dashed line)l as wWe simple case
assumingAdy = 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 isllakwown
problem that different stellar evolution and population synthesis coaekipe different results due
to different treatment of uncertain stages of stellar evolution, extinctiontagest, and the IMF
(see e.gConroy et al. 200R Assessment of the full impact of these uncertainties is beyond the
scope of this work, but we inspected the impact of employirigafpeter(1955 IMF instead of
the Chabrier(2003 IMF used in our primary analysis. The age constraint for HOSTO7if ieeth
unchanged, as the Salpeter IMF increases the amount of low-masseaiairgg the Chabrier IMF)
which negligibly affect the spectrum of young starbursts similar to HOSTWHi€h are dominated
by bright massive stars. The mass-to-light ratio, howevesy i8.16 dex higher for the Salpeter
IMF, again a product of the increased proportion of low mass starss Wwhile our host mass is (as
expected) dependent on the IMF chosen, the age constraint is egjaisst different IMFs.

To place our results in a more general stellar population context, we insigbetestellar
spectra catalog dbunn & Stryker(1983 and measured the Balmer absorption strengths in the same
manner as for HOSTO7if. We then analyzed which single star spectra badabest absorption
strengths to HOSTO7if, and found the majority of these to be late B-type or&dylye stars. This
is consistent with the age and main-sequence turnoff mass derived BT 6Qf. Thus we find that
our age measurement for the stellar population dominating the light of HOSIB&&hsistent with
single-star spectra, indicating that our results are unlikely to be stronglrdient on the choice of
SPS models.

Summary

In summary, the possible systematic errors or biases on our measuremietsnatallic-
ity and age of HOSTO7if are small compared to measurement errors. QGaifidation of HOSTO7if
as metal-poor is confirmed for a wide variety of assumptions about redglbgidust in the host,
and is true regardless of the metallicity calibration chosen. Our measurert@ goung age
of the stellar populations in HOSTOQY7if is not an artifact of our choice of 8@8els or template
SFHs. One important subtlety to note is that our age PDF for the stellar pomslatidiOSTO7if
does not constitute a direct measurement of the progenitor age of SN,280the SN progenitor
system was drawn from a single epoch in the SFH of its host galaxy. @unags of the stellar ages
of the host represents the distribution of ages from which the progendsrdrawn, rather than
a constraint on the age of the single progenitor system. The statistics of shadwdistribution
strongly favor a young age for the progenitor system of SN 2007if. &3sertion that HOSTO7if is
young and metal-poor is robust, and serves as appropriate contedrisidering the properties of
the progenitor of SN 2007if.

4.5 Implications of HOSTO7if Properties

In this section we discuss HOSTO7if in the context of previous SN la tadakyg studies,
as well as the implications for progenitor scenarios for SN 2007if sugddsteour data. Our
assumption is that the properties of the host galaxy stellar population ackigdicators of the
properties of the progenitor system of SN 2007if. We showed abovéhisatrgument is statistically
sound, as the recent major starburst dominates the galaxy light. Below wshail that our results
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are consistent with regions of progenitor parameter space believeddoqar&Ne la, and our results
thus provide important constraints on what portions of that parametee spadikely to produce
super-Chandrasekhar SN la.

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

Metallicity is a key parameter affecting the evolution of SN la progenitors. éri&ih 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 oM&§s - orbital period
parameter space in which the wind is strong enough to stabilize the accietibayashi & Nomoto
2009. In general, metallicity will affect the relation between initial main-sequencesraad final
WD mass, as well as the time to evolve off the main sequedogefla et al. 1999b For WDs of
the same mass, a lower metallicity produces a slightly lower C/O ratio (a prodtlut eforemen-
tioned evolution time effect), which has been proposed as a possiblesuhe diversity in SN la
brightnessesi{meda et al. 1999a

Placing our metallicity measurement in the context of previously publishedrspeopic
SN la host metallicities requires using a common scale, as different metallicityatadits pro-
duce significantly different results (see the excellent discussidfeinley & Ellison 2008. To
our knowledge, the lowest spectroscopic SN la host metallicities to-datb@se of SN 1972E at
12+log(O/H) = 8.14 (Hamuy et al. 2000 and SN 2004hw att2+log(O/H) = 8.23 (Prieto et al.
2008. The original metallicity of the host of SN 1972E is drawn frimbulnicky et al.(1999, who
use the “direct” method to measure the oxygen abundance. As noted, dbevedirect” method
values are typically lower than strong line values by at least 0.2 dex. fonerere collected the
galaxy emission line fluxes frodobulnicky et al.(1999 and measured its abundance using the
KKO04 technique employed for HOSTO7if, finding + log(O/H )72k kKkos = 8.35 £ 0.03. The
metallicities ofPrieto et al.(2008 come from SN la hosts in the T0O4 sample, where metallicities
where derived in a Bayesian manner by comparing emission line fluxes toiphiaation 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 f#e MU group. Using
the fluxes for the host of SN 2004hw, we fith@l+ log(O/ H )oanw, kK04 = 8.24 £ 0.03. After plac-
ing all these metallicities on a common scale, our valu&of log(O/H )kkos = 8.01 £ 0.09 for
the metallicity of HOSTOQ7if iz 20 lower than the lowest metallicity from these previous samples,
and far below the metallicities of typical SN la host galaxies.

Interpretation of the metallicity of HOSTO7if on an absolute scale is subject timtie
calibration issues described above. The T04 scale is a popular one in thtulige as the mass-
metallicity relation they derive is often invoked to use host mass as a proxydtallicity. As
stated above, the algorithm for this scale is not accessible, but we caartonr values to this
scale using the conversion formulaekd#wley & Ellison (2008. Doing so yields a metallicity for
HOSTO7if of12+1og(O/H )1o4 = 7.71£0.14[stat}0.06[sys], and for the host of SN 1972E yields
12+ 1Og(O/H)72E7TO4 = 8.22, while the value for SN 2004hw af2 + log(O/H)O4hw,TU4 =8.23
was derived in the TO4 data set. On this scale HOSTO7if is n&arlipwer metallicity than the
other SN Ila hosts.

We can place the metallicity of HOSTO7if on a solar abundance scale by ciow mear
measurements of the oxygen abundance to the solar val@e-ddg(O/H ) = 8.86 (Delahaye et al.
2010. On the KK04 scale, HOSTO7if has metallicfixkos ~ Z5 /5, while on the TO4 scale it has
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Zros = Zz/9. The TO4 value is perhaps in better agreement with the stellar metallicity prdferr
by our template matching (séd.3) where 40% of the probability is in th& = 0.004 (Z5/5)
track and 25% in the&Z = 0.0004 (Z5/50), though the coarse metallicity binning of the BC03
models makes this difficult to quantify precisely. While the absolute scale is Soatewcertain,
the metallicity of HOSTO7if is significantly sub-solar on several reasonablellingyescales.

Finally we note that the gas-phase metallicity measured for HOSTO7if at tlserre
epoch may be higher than the metallicity at the time of the birth of the progenitor GfGBNif,
presumably during the major starburst 123 Myr before the SN. The neastvs formed during
that burst have exploded as core collapse SNe and enriched the IBM®T07if with their ejecta.
Sanchez Almeida et a{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 SNi20ould possibly
be even lower than the extremely low gas-phase metallicity measured for HO ST ¢he time of
the SN itself.

SNe la in low luminosity hosts

SN 2007if is part of a large and continually growing list of unusual SNaisaovered in
low-luminosity host galaxies. Though low-luminosity galaxies have a higheteun density than
high-luminosity galaxies due to the steep faint-end slope of the galaxy luminaositfidn (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 numiseipefnovae in low-
luminosity hosts is now significant, and includes a number of peculiar SNeasuSN 2007if.

The SN 2002cx-like supernova SN 2008Fkalgy et al. 200pwas found in a faint{/g =
—18.2 for h = 0.7) irregular galaxy. SN 2002icWood-Vasey et al. 2002Hamuy et al. 2003
Wood-Vasey et al. 2004and SN 2005gj Aldering et al. 2006 Prieto et al. 200), both of which
demonstrated features consistent with interaction with circumstellar materiad, fagnd in low-
luminosity hosts (as-yet undetected for SN 2002ic &figl = —17.4 for SN 2005gj;Aldering et al.
2009. At the most extreme, SN 1999aw was found in a host galaxy of brighthes= —11.9 +
0.2 (Strolger et al. 200R The prototype of the possible super-Chandrasekhar class, SB8ig200
was discovered in a low luminosity galaxy whose mass was estimatied (@t /M) = 8.93
(Howell et al. 2008, though it is possible this is a tidal feature of a larger morphologically-distir
galaxy nearby.

While the prevalence of unusual SNe la in low-luminosity galaxies is intriguingby no
means a one-to-one relationship. Most of the SN 2002cx-like host galaseéespirals of moderate
stellar massKoley et al. 2008 and other super-Chandrasekhar candidates have been foundgn mo
massive galaxies. SN 2006gz was found in a bright Scd galdickén et al. 200¥, and SN 2009dc
appeared to be located in a massive SO galaxy (UGC 10064) but maydmiasesd with a nearby
blue companion (UGC 10063) at the same redshift which may be interactingheifiducial host
of SN 2009dc Gilverman et al. 20L,ITaubenberger et al. 2011

There have also been relatively normal SNe la in low luminosity galaxies. hblse
galaxy of SN 2006an has an extremely low luminosity,( = —15.3, SDSS) and stellar mass
(log(M./Mg) = 7.7, Kelly et al. 201Q but was matched spectroscopically to the normal SN la
SN 1994D Quimby et al. 2006 The Catalina Real-Time Transient Surv&rgke et al. 200Pdis-
covered SN 2008hp in a very faink{, = —12.7) host galaxy, but matched it spectroscopically to
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a normal SN laDrake et al. 2008 Additionally, the SNfactory discovered a number of relatively
normal SNe la in low luminosity galaxies (see below).

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

Host Galaxies of the Probable super-Chandrasekhar SN la Sample

The properties of the full sample of probable super-Chandrasekenl&is crucial for
narrowing down the range of possible explosion scenarios for thesptanal SNe. Though there
exist four SNe la whose classification as super-Chandrasekharasady agreed upon (SN 2003fg,
SN 2006gz, SN 2007if, and SN 2009dc), three additional SNe la shpwssible spectroscopic
similarity to the four confirmed super-Chandrasekhar SNe la or photonmadication of exceeding
Mep, (SNF20080723-012, SN 2004gu, and SN 2009dr).

In Taubenberger et a2011) we derived stellar masses for the super-Chandrasekhar SN la
host galaxies, as well as gas-phase metallicities for those where spepimsbservations were
available. In Figure4.10 we show the location of the super-Chandrasekhar SN la hosts in the
galaxy mass-metallicity (MZ) diagram, as well as their distribution compared toath8DSS
(Lampeitl et al. 201pand SNLS Gullivan et al. 201phost galaxies. For the hosts of SNe 2003fg
and 2009dr, as well as for UGC 10063, no metallicities could be determingbese galaxies are
plotted as vertical lines; for the SN 2009dr host the upper mass limit is shohere seems to be
a tendency of the hosts of super-Chandrasekhar SNe la to havedi@ye) lower masses than the
SDSS galaxies. This trend also holds in the histograms in the lower two pariedse the host
mass distribution of super-Chandrasekhar SNe la is compared to th&deofa from the non-
targeted SDSS @mpeitl et al. 201pand SNLS Sullivan et al. 201Psurveys. In the middle panel
UGC 10064 has been assumed to be the host of SN 2009dc, in the bottehtU® 10063.

The host mass distribution of super-Chandrasekhar SNe la has a medispersion of
log(M./Mg) = 9.2 £ 1.3 or log(M,/Ms) = 9.0 + 1.1, depending on whether UGC 10064 or
UGC 10063 is considered as the host of SN 2009dc. These numbersrs@cuously lower than
thelog(M,/Ms) = 9.8 + 1.0 andlog(M,/Ms) = 10.0 + 0.9 obtained for all SNLS and SDSS
SN la hosts, respectively. To verify whether the observed distributidfes to a statistically signif-
icant degree, we ran a Kolmogorov-Smirnov test, using the SDSS and Bb#t &hass distributions
as areference, and assuming in our null hypothesis that the hosts aop#reGhandrasekhar SNe la
have been drawn from the same distributions. At a customary significaveeolierr = 0.05, this
null hypothesis is not rejected for both reference distributions. If,dvas the significance is re-
laxed toa = 0.10, the null hypothesis is rejected for the SDSS reference distribution @iutat
for the SNLS reference distribution).

This outcome is independent of which galaxy is adopted as the host of 88d20
since it is driven by the high frequency of low-mass dwarf galaxies antoadnosts of the super-
Chandrasekhar SNe la. Of course, this is all low numhbet=(7) statistics, and one should note
that the addition of a single event might change the result considerablgriNeless, we tentatively
claim weak evidence for an excess of low mass galaxies as hosts of #reCGlugndrasekhar SNe la.
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&Nir far from the core of
their potential hosts, implying a lower SN progenitor metallicity than implied by thelseiga’ lo-
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Figure 4.10 Top panel: masses and metallicities of the hosts of super-@eakldar SNe la, com-
pared to SDSS galaxies. Whenever no spectroscopic metallicity was avadalddical line was
drawn. The mass reported for the SN 2009dr host is an upper limit, follothi@gon-detection in
SDSS images. Middle and bottom panels: binned mass distribution of supad@isekhar SN la
hosts, compared to 162 SN la hosts from SDSS and 231 SN la hosts fitu®. $n the middle

panel UGC 10064 is considered to be the host of SN 2009dc, in the |awed PGC 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 superdthsekhar
SN la progenitors.

Host Age Constraint - Implications for SN 2007if Progenitor Scenaios

A consistent picture for the progenitor of any supernova should ba@kbeplain not only
the energetics of the explosion itself, but also the rates and timescaleshoérts. For normal
SNe la, the correlation of SN rates with host galaxy mass and star-fornrat®fviannucci et al.
2005 Sullivan et al. 200pindicated the likelihood of two progenitor components (the “A+B” model
Scannapieco & Bildsten 20D%vith different time scales. This is most directly encapsulated in the
SN la delay time distribution (DTDOMlannucci et al. 2006 While the DTD of SNe la s still debated
(see e.gMennekens et al. 20)0the predictions of various scenarios for normal SNe la serve as a
useful baseline for placing our age constraint for HOSTO7if in the ctmteprogenitor scenarios
for SN 2007if.

Though the presence of SNe la in elliptical galaxies and the decline of tHea &lte at
high redshift argue for progenitors with long delay tim&srélger et al. 20042009, the correlation
of SNe la with star-formation indicates the need for short-lived SN lagmidgrs @ubourg et al.
2008 with delay times of order a few hundred Myr. Such short timescales hale=dtbeen ob-
tained in models of SD progenitor scenarios (¢lgchisu et al. 200&heir WD+MS channel), and
DD scenarios (e.dRuiter et al. 200%

As an exampleMennekens et al2010 describe a particular DD channel (dubbed the
“CE” channel) in which two stars, with initially large separation and orbitalqeeof several hun-
dred days, undergo two common-envelope phases at the end of the maénse lifetime of the
more massive star. Following the MS evolution and the CE episodes, the qditadl of the sys-
tem is reduced to a few hundred seconds and rapidly decays by granvdiat@mliation over a few
hundred kyr. Finally the two WDs merge after a total period of order a femdned Myr from
the initial birth of the stars. This binary evolution channel has delay timesstens with our age
estimate for the stellar population of HOSTO7if.

Liu et al. (2010 proposed a stellar evolution channel for super-Chandrasekharl®N
involving a CO-WD primary and He secondary. This system is born fronmar with initial
masses of\f; = 7.5Ms and My, = 4.0M (at solar metallicity) that undergoes rapid rotation
and explodes as a super-Chandrasekhar SN la with a delay time oxapately ¢, pe.—cn ~
65 Myr. Though the initial masses and timescales would be different at thedabmetallicity
of HOSTOQ7if, the timescale of this scenario is roughly the same order of magnés our age
constraint from the host spectrum.

Blais & Nelson(2011) proposed a new binary evolution scenario which could lead to
an SN la through the DD channel. In their “single CE” scenario, two sthx@Kry similar mass
(My/Ms > 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 éallbwthe standard
DD merger as a result of orbital energy dissipation due to gravitation#trad losses. Their
scenario manifests a large range of timescales, from less than 100 Myedtegthan a Hubble
time, which allows for the timescale that we estimate for the age of HOSTO7if.ethde non-
negligible fraction of the short timescal®g(t) < 8.2) realizations of this scenario show a total
WD system mass in the rangel Mq < Mwp ot < 2.3 M (L. Nelson, private communication),
in line with to the total system mass estimate we derived for SN 200Ataizo et al(2010.
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Short timescales similar to the age of HOSTO7if are allowed in some SD scef@gos
the “WD+MS” channel oflachisu et al(2008, see alsdHan & Podsiadlowski{2004), Greggio
(2005 and references therein], but are especially common in DD scenafimgy¢lson & Livio
200Q Greggio 2005Ruiter et al. 2009Mennekens et al. 20J0While our age constraint does not
definitely establish whether one of the traditional SN la progenitor scenari@ new scenario
is more favored for SN 2007if, our determination that SN 2007if was likelsnldoom a young
stellar population disfavors some scenarios, such as the WD+RG clarthel 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 Mgnnekens et al2010 in which early mass transfer in
the binary proceeds by slow Roche lobe overflow (RLOF) and reqaistgnificantly longer delay
time than the age we measure for HOSTO7If.

Another interesting consequence of our age constraint is the resulbgetptor WD mass
constraint for SN 2007if. If we assume SN 2007if originated from the mrenfjtwo WDs born in
the dominant HOSTOYif starburst that have evolved off the main seqyeimcdo merger, we can
use models connecting initial MS and final WD mass to derive a crude lower limthe total
system mass prior to SN la explosion. Using the modeldroéda et al(1999h see their Fig. 6) at
Z = 0.004, we roughly estimate that@/ /M = 4.6 main sequence star (corresponding to the MS
turnoff mass derived above for HOSTO7if) would produck/g p = 0.85 M white dwarf. Thus
in this toy model SN 2007if should have originated from the merger of two WDsse total mass
can be no less thaW,,, = 1.70 M, clearly in excess ol . There must some dynamical orbital
decay time for a double WD merger, so this approximation should be condidarextreme lower
limit. Though the evolution of post-MS stars in binary systems is far more comgitiaséa the sin-
gle star evolutionary scenarios Bimeda et al(1999h), these models provide a good approximate
scale of the available C/O material at the time of WD merger. Thus, our age estonBt®@STO7if
implies that even if stars just leaving the main sequence in HOSTO7if merge imnhgdiésr
mass must exceed the Chandrasekhar mass by a fair margin, reinforeimptiel of SN 2007if as
a super-Chandrasekhar SN la we derive@aalzo et al(2010.

4.6 Summary

In this Chapter we have presented Keck photometry and spectroscabpg tHint host
galaxy of the super-Chandrasekhar SN la SN 2007if. HOSTO7if&gdow stellar masd¢g(M../Ms) =
7.32+0.17), and has the lowest-reported spectroscopically-measured metallzityd(g (O / H ) kkos =
8.01+0.09 or12+1log(O/H )14 = 7.71£0.14[stat}-0.06[sys]) of any SN la host galaxy. We used
the Balmer absorption line strengths in conjunction with the 4#0bfeak to constrain the age of
the dominant starburst in the galaxy tog.«; = 123f%§5 Myr, corresponding to a main-sequence
turn-off mass of\/ /M, = 4.673.

This host galaxy is an ideal system for measuring SN progenitor propeDigarf galax-
ies such as HOSTOYif typically have a well-mixed ISM, lacking the large-sdaledance gradients
found in larger galaxies. Like other low-mass dwarf galaxies, HOSTGWivs indications of a
bursty star-formation history, as its recent star-formation is dominated Hguiipe starburst approx-
imately 123 Myr in its past which presumably gave birth to the progenitor syst&N@007if. We
note, however, that bright recent starbursts are efficient at olbgcthe light of older stellar popu-
lations, and HOSTO7if could possibly have a significant amount of mass én stdrs (c.f.§4.3).
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However, we also showed that with the decreased probability of SN 2@€gihg from progres-
sively older stars, the allowable amount of old stars in HOSTO7if leavesasiyall probability
that the SN was not born in the most recent starburst. Our constrainteeagthand metallic-
ity of the host of SN 2007if do not constitute direct constraints on the ptiegeof its progenitor,
but rather characterize the distribution of stars from which its progenit@ dvawn. Nonetheless,
the low metallicity and young stellar age of HOSTO7if are robust measurenehts4.4), and
strengthen our interpretation that the properties of HOSTO7if are goachimds of the properties
of the SN 2007if progenitor itself.

Our results provide key properties that should be reproduced byramppged progenitor
scenarios for SN 2007if. The low host metallicity can be used as input to stetartionary tracks
chosen for progenitor modeling, and will be particularly important in the mass dtages of the
progenitor. The relatively short timescale for the explosion of SN 200@¥iges constraints on the
binary evolution of the progenitor system. While development of a consiptegenitor scenario
for super-Chandrasekhar SNe la is beyond the scope of this werkawe shown that a key member
of this subclass, SN 2007if, is very likely to have originated from a low-meiiliung progen-
itor. Future inspection of the hosts of other super-Chandrasekhan&hie more are discovered

will be critical for assessing the frequency of these characteristicsujper-Chandrasekhar SN la
progenitors.
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Chapter 5

Masses and Metallicities of SN la Host
Galaxies

Inferring the likely progenitor properties of an individual SN la from fiveperties of its
host galaxy is a difficult task. Most galaxies have billions of stars ofimgrgges and metallicities
(and multiplicities), formed in numerous episodes of star formation throughtutically complex
history consisting of infall and consumption of pristine gas, injection of met&stive inter-stellar
medium from SNe, and dynamical interactions within the galaxy and with its neighibo charac-
terize this complex amalgam of material by a few parameters (e.g. stellar masHicitetaurrent
star-formation rate) is often a generous simplification, and may not neite$sacharacteristic of
every stellar system therein.

Instead the study of SN la host galaxies atistical endeavor in which we try to con-
strain the properties of the distribution from which the SN la progenitor wasml. In some special
cases, such as a chemically well-mixed dwarf galaxy (e.g. the host of @Nf28s shown in Chap-
ter 4), or a galaxy that formed a majority of its stars in a short period antbeavell modeled by a
simple stellar population, the properties of potential SN la progenitors are tighitly constrained
by the inherently narrow distribution of stellar properties within the galaxyweier, in a more
complex galaxy with broad age and metallicity distributions, the nature of theepitmgs of its
SNe la remains more uncertain.

The study of the full distribution of SN la host galaxy properties partially miggahis
concern by averaging over a large ensemble of SN la host galaxid® tfifference between SN
progenitor and average host properties is randomly distributed, thelge $&atistical sample of
the two should have consistent averages. That is, the statistical distrilofiti®d la host galaxy
properties, such as age and metallicity, should track the underlying distnboitiSN properties.
Thus we can use full samples of SN la hosts to learn more about the Sihitiarg. The SNfactory
sample is ideal in this regard, as our untargeted search technique grevidepartial sample (see
Section3.1.5 of SNe la in host galaxies of all types.

In this Chapter we use the SNfactory host galaxy stellar masses andhgses-petallici-
ties to perform three key investigations into the nature of SN la progenitinst we calculate the
level of agreement of SN la host galaxies with the fiducial galaxy masdiivigyarelation, a key
assumption of many authors which has yet to be tested rigorously with a katigtisal sample.
Next we inspect the distribution of SN la host galaxy stellar masses — whiatpisduct of the
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average star formation history of galaxies as a function of stellar masstatigtisal distribution
of stellar mass in all galaxies, and the SN la delay time distribution — and examindii{sin
constraining the SN la delay time distribution. Finally we confront the theotdteametallicity
inhibition prediction ofKobayashi & Nomotq2009 with the observed metallicities of SNfactory
SN la host galaxies, and determine the level to which our sample can canfiafute this theory.

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

The level of agreement of SN la host galaxies with the normal galaxy masaHicity
(MZ) relation can provide important insight into preferred SN la progemtvironments. Discrep-
ancies between the SN la MZ distribution and that of normal galaxies cotéahipally indicate
metallicity preferences for SNe la, which would have important implicationsifgin-z SN la sur-
veys. Alternatively, disagreement with the MZ relation could have othergregations, as was the
case with long-duration gamma ray burst host galaxies.

Some recent studies of the host galaxies of long-duration gamma ray (UERBS)
found that they tended to have systematically lower metallicities than those pcedictieducial
galaxy MZ relation Modjaz et al. 2008Levesque et al. 20]0 Initial interpretations of this trend
speculated on a preference for lower metallicity environments in the producticGRBs. The
key insight, however, came from considering the effect of galaxyfetanation 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 NFR 18lation) but merely
appeared in the region of galaxy parameter space populated by the moselgtstar-forming
galaxies Kocevski & West 2011Mannucci et al. 2011 Thus this trend showed the preference for
LGRBs to form in very young stellar environments.

The SN la host galaxy agreement with the MZ relation has been an implicitngsisun
of previous authors who interpreted SN la brightness trends with héestygatellar mass in terms
of SN la progenitor metallicity. The SNfactory sample is ideal for testing thisrapsion, as our
untargeted search found SNe la in an unbiased sample of host galaxibis Section we present
our method for inspecting the consistency of SN la host galaxies with thgygslZ relation and
the results from the hosts of SNe la 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 decaded . €queux et al. 1979 but has been quantitatively refined only recently with
the advent of major galaxy spectroscopic surveys at low (SE8Ket al. 2000 and intermediate
(Zahid et al. 201 redshifts. Of particular interest for this work is the correlation of galateflar
mass with gas-phase metallicity, which for simplicity we will refer to simply as “metalliditythis
Chapter. For SDSS the MZ relation was studied by the MPA-JHU SDSS tedineimnonti et al.
(2009 for the fourth SDSS data release and subsequently for future datsesl@remonti et al.
(2009 found that for a sample ¢£45,000 galaxies, gas-phase metallicities followed a tight relation
in the stellar mass range 8f5 < log(M./Mg) < 11.0 with a dispersion of about 0.1 dex at high
stellar masses. The dispersion in the MZ relation increases at lower stellgrupas about 0.3 dex
atlog(M./Mg) = 8.5.
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Reduction of dispersion in the MZ relation through the study of other galaggmwables
has been a key point of interest for galaxy astrophysicioper et al(2005 showed that the resid-
ual deviation from the galaxy MZ relation correlated with the local overitemd galaxies, such
that galaxies in regions of high density tended to have metallicities slightly higaethé 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 légs galaxies of
the same mass. They thus introduced a relation in the three-dimensional galaxyeter space
defined by stellar mass, gas-phase metallicity, and star formation rate whyctitthbed the “fun-
damental metallicity relation.” This relation has an even tighter dispersion thalZheelation
alone, generally 0.05 dex across the full range of galaxy stellar masde3RRs.

5.1.2 SNfactory SN la Hosts and the MZ Relation

For this analysis we wish to inspect how much SN la hosts deviate from thedidu
MZ relation and whether those deviations are consistent with the obseiserslon in the MZ
relation. To do so we use derived stellar masses and metallicities from theJMBASDSS team
analysis of the SDSS DRAbazajian et al. 2009data. They derive galaxy stellar masses from
broadband photometry using the stellar population synthesis libraKaaffmann et al.(2003,
and calculate gas phase metallicities from emission line fluxes according to thednoettined in
Tremonti et al.(2004). To facilitate the appropriate comparison, we use the SNfactory hostrstella
masses and metallicities derived in Cha@ewith masses converted to the same IMFhébrier
2003 as the MPA-JHU values and metallicities converted toTiremonti et al.(2004) scale using
the metallicity cross-calibration relations Kéwley & Ellison (2008. The full SNfactory host MZ
diagram is shown in Figurg.1

In order to assess the agreement of SNfactory host masses and metalititigee SDSS
MZ relation, we first compare the observed SN la host metallicities with the ygleslicted by the
MZ relation for their observed mass. In practice, we sum the metallicities ofeghboring (in
mass) SDSS galaxies, weighted by their distance from the observed hest(ineaexp[—x?/2]
wherex? = ((M; — Mp,st)/oar)?) With proper accounting for the number of SDSS hosts as a
function of mass. Thus for each SN la host we can calculate the differeetween its observed
metallicity and that predicted from the MZ relation A = Z,,s — Zarz, With an uncertainty
equal to the quadrature sum of the host metallicity measurement error adidpleesion of the MZ
relation at that host mass (i.e. the RMS of the metallicity values of its stellar magsopesgrom
SDSS).

Performing this calculation for all 130 SN la hosts in the SNfactory sample isttikar
mass range over which the MZ relation is well populated by SDSS (the afatemed8.5 <
log(M./Mg) < 11.0), we find the weighted mean and RMS deviation of SN la host metallicities
from the MZ relation to be:

(AZ) = —0.003 £ 0.012 (5.1)

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

AZ
<> = —0.10 & 1.00 (5.2)
0z
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Figure 5.1 Location of SNfactory host galaxies in the MZ plane. The gaekdround 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 RNitBergrror on the mean.
Thus we can see that SN la host galaxy metallicities are, on average kedatyaconsistent with
the values predicted for their host masses by the galaxy mass-metallicity relBtierfiact that the
RMS of our pull values is exactly 1.00 (with no tuning of measurement grirogdies agreement of
SN la hosts with the MZ relation for not only the average metallicity values, Isottae observed
dispersion. This also implies that our measurement errorbars are notimesesl.

To calculate each individual host galaxy’s deviation from the SDSS N&iom in further
detail, we derive the metallicity cumulative distribution function (CDF) at eadinevaf stellar mass,
again using the weighted metallicities of each host’'s neighbors in stellar magshokh is then
assigned a score corresponding to where its metallicity is placed in the CDFtalioiges at its
mass. This principle is illustrated in Figube2

Thus for each SN la host galaxy, we have a measure of where its metalligitin ltbe
distribution of metallicities at its stellar mass, which we will call its MZ agreementesddiSN la
hosts obey the MZ relation, then the ensemble distribution of these scorelsl $leodistributed
uniformly between 0 and 1. We show in Fige3this distribution of MZ agreement scores for the
130 SNfactory SN la host galaxies whose mass falls within the aforemedtiange. From this
histogram we can see that the scores are relatively uniform. In the raglai pf the same Figure,
we plot the cumulative distribution function of the MZ agreement scores mpared to a line of
unit slope (i.e. the CDF for a flat distribution). We can see from this plotitfteted our distribution
is very close to a flat (uniform) distribution, and the cumulative distributionasaoeably close to
unity. This would imply that not only are the mean and RMS metallicity deviation fofe&Ehbsts
consistent with the MZ relation, but the shape of their distribution is also similar.

5.2 SN la Host Galaxy Mass Distributions

In this section we show how the distributions of SN la host galaxy stellar massebe
used to discriminate between various SN la delay time distributions. The distrimft®N la host
galaxy masses can be predicted from theory as follows. First let usediémeoaverage star-formation
history (SFH) of galaxies of stellar madg, asv (M., t). This we combine with the SN la delay
time distribution (DTD)(¢; Z(M.,)), which in principle could be a function of metallicity, to derive
the number of SNe la expected in a mass interval of wittf

dN o

T (ML) = [ oM Ot Z(M.)) dt (5.3)

0

In practice, these two quantitieg, and n, are difficult to measure. It is possible to predict the
approximate SFH density from hierarchical galaxy assembly models, abdtbés often predicted
as a product of SN la progenitor models. Indeed this method was invok&dNB9 to derive a
predicted SN la host metallicity distribution. Here we describe a simpler methodue at similar
results.

5.2.1 Simplified “A+B” Model

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

n(t) = a+ bi(t) (5.4)
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Figure 5.2 Example method for calculating the MZ agreement score for dddia 8ost in the
SNfactory sample. In the top panel, the blue and red boxes correspahd 46lc mass values
for two hosts, with the white circles showing their mass and metallicity values. Thelerpénel
shows the (unweighted) histogram of metallicities within.05 dex of each host mass, and the
bottom panel shows the (weighted) cumulative distribution function (CDFnfetallicities at each
host’s mass. The score for each host is the intersection of its metallicity wadueal lines) with

the metallicity CDF at its mass.
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which simplifies our host mass distribution to

dN to
—(M,)=a- [ (M., t) dt} + b [¢(M,,0)] (5.5)
dM 0
Thus one component of the rate (the first term) is proportional to the totlarsteass available, and
another component (the second term) is proportional to the currentiastous star-formation rate.
This reduces precisely to the popular “A+B3¢annapieco & Bildsten 20p%ormulation proposed
from studies of the SN la rate as a function of host mass and $#&Rr(ucci et al. 20052006
Sullivan et al. 2008

SNR = A - M, + B -SFR (5.6)

where the SNe la associated with stellar mass are assumed to have long detafctitiesl “de-
layed”, “tardy”, or “extended”) and the SNe la associated with cur®RR (typically dubbed
“prompt”) are assumed to have very short delay times ¢@udpourg et al. 2008

More broadly speaking, our functional form for the DTD could haveoked a less
sharply-peaked function than odiffunction to parametrize the “prompt” component and would
have resulted in a similar breakdown of the final SN la rate. In fact, mosteofforementioned
rates studies reported SFRs averaged over some recent intervad.@& @yr), so this form would
be more general. In general the “A+B” model is a convenient simplificatidheDTD to reflect
two coarse age bins representing young and old progenitor populafitrestatio of “prompt” to
“tardy” SNe la crudely captures the slope of the DTD, so “A+B” repras the Oth and 1st order
terms in the expansion of the DTD as a power series. For simplicity in some ofibseguent
analyses, we will perform simulations using this simple yet effective par&@attm.

If we consider this dependence of the SN la rate on galaxy mass arfdrsteation rate,
it follows that the SN la galaxy mass distribution will be dependent on the disiib of those
guantities as a function of galaxy mass. Thus to construct our models fdrstnigution of SN la
host galaxy masses, it is necessary to have a functional form fortiiesiistributions. These have
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been well measured in the local universe from observational datayvantescribe their derivation
and functional forms below.

Galaxy Mass and SFR Distributions

In the local universe, the number density of galaxies in a luminosity intdivas repre-
sented by the well-know8chechte(1976 function:

O(L)dL = ¢o(L/L.)* exp(~L/L.)d(L/L+) (5.7)

In terms of magnitudes (to avoid confusion we usdor magnitudes and/ for galaxy mass) this
becomes:
¢(m) _ ¢110—0.4(m—m*)(o¢+1) exp(_10—0.4(m—m*)) (5.8)

Most observational constraints on Schechter function parameters@oded in terms ofn, and
a + 1. In the low-redshift universe, these parameterggniz 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-teatight
Mass-to-light ratios are typically a strong function of galaxy color and akeefunction of galaxy
absolute magnitudekK@uffmann 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 galaxyfastagtion history.
Over a large sample, one can derive the averdg¢L as a function of absolute magnitude, as was
done inKauffmann et al(2003. Coupling this measurement to the Schechter luminosity function
parameters in-band fromBlanton et al(2003 provides us with the desired stellar mass distribution
dN/dlog(M) shown as the dash-dotted green curve in Figude

Next we want to derive a similar distribution function for the star-formatide density
in the local universe. This requires additional information about thesgeestar-formation activity
as a function of galaxy stellar mass. Fortunat&glim et al.(2007) measured the SFR in the
local universe and found that the galaxy specific SFR (SSFR - the 8FRnit mass) strongly
correlates with galaxy stellar mass. Interestingly, £l§¢' R- M, relation is well fit by a Schechter
function, such that lower mass galaxies have more intense star formatite(si§FR) and the star
formation intensity experiences a sharp drop off arolwgd)/, /M) ~ 11. Coupling this function
for sSSFR with the previous Schechter function for stellar mass, we caredefunctional form for
the star-formation rate density in the local universe, which is plotted as gfeedanagenta 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 la hosts frdac&ixy. It is evident from
these distributions that the mass and SFR in the local universe peak egmiffi@laxy mass scales,
and the SN la host mass distribution peaks somewhere between the ptedsedivo distributions.
It can also be seen that the SN la host mass distribution follows the SFR wtistnilat low mass
scales, and the stellar mass distribution at high mass scales. As we will sloaw thés is because
the SN la host mass distribution can be modeled as a linear combination of thistidmudions, and
the SFR distribution is dominant at low mass scales (and the stellar mass distribut@ninant at
high mass scales) for almost any possible linear combination of the two distributio
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Figure 5.4 Distributions of stellar mass (dash-dotted green curve) antbetzation (dashed ma-
genta curve) in the local universe, using Schechter function parasniitied from SDSS data
(Blanton et al. 200Band sSFR measurements from GALESafim et al. 200Y. Also plotted is
the host mass distribution from SNfactory (solid black histogram).
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Fitting the SN la Host Mass Distribution

If we label the distribution of galaxy stellar mass in the local universe ¢, ) and the
distribution of star formation a®s (M1, ), these can be related to the aforementioned SFH density
as:

to

Dy (M) = (M, t)dt
0
Gg(M,) = (M, t=0)
which thus transforms our previous host mass distribution §E2).to become:

dN
amM
Thus we see that the distribution of SN la host galaxy masses under tiig fArmalism
is merely a linear combination of the distributions of stellar mass and star formatiihe ilocal
universe. Since both of these are known quantities, we can fit thevalss8N la host mass distri-
bution to find the best fitting coefficiengssandb (which are related to the rate coefficietsand B
through the normalization factors &f,; and®g).
From these fitted values we can determine the total number of “prompt” andy*tar
SNe la implied by the host galaxy mass distribution as:

(M) = a- @3 (M.) +b- Bs(M.) (5.9)

Np = b/@S(M*)dM
Np = a/@M(M*)dM

In the analysis below, it will be useful to define the fraction of the total nurob&Ne la arising

from the prompt channel, which we will call the prompt fractiedefined as:
Np

Np + Np

p (5.10)
This fraction is dependent on the ratio4fto B, or equivalently the slope of the SN la DTD, which
we can roughly estimate from observations. Using A and B frannapieco & Bildste(R005
we find a currently best favored value @f= 0.68 + 0.28.

We now wish to utilize the observed SN la host galaxy mass distribution frofacsiy
to constrain the prompt fraction To do so, we calculate a theoretical SN la host mass distribution
function for an input value op and calculate a probability value for each observed SNfactory host
mass, treating the model host mass distribution as a normalized probability distriunction.
We then calculate the likelihood of the model as a product of all the probabiiiidbe observed
SNfactory host masses. Marginalizing over all valuep between 0 and 1, we find the maximum
likelihood prompt fraction (and its10 uncertainty) ofp = 0.83 £ 0.06. This falls within thelo
error bars for the value calculated from tBeannapieco & Bildste(2009 rate coefficients but is
much more precise.

We show this best fit in Figurg.6 along with the SNfactory host mass distribution. Per-
forming a Kolmogorov-Smirnov (KS) test comparing this predicted host mag#dition with that
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observed by SNfactory, we obtain a KS scoredbf= 0.065. Given the sample size df ~ 400,
the KS test gives a probability of the observed SN la mass distribution beamghdrom the best fit
theoretical distribution with a probability of approximately 6%. The low agredrpesbability is
likely due to the insufficiency of the simplified “A+B” to encapsulate the true 8ITD, 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 usatie ch
acterize the SN la DTD by only two coefficients “A” and “B”, which effa@ly capture the overall
normalization of the DTD and a first order slope. In our analysis of Sifgtosts, this effectively
reduced to a constraint on the DTD slop&/(B) because we do not have a global normalization of
the SN la rate. However, our data have the power to constrain more coteglitactional forms
of the SN la DTD. Here we inspect the use of a simple power law DTD of thwe f@t¢) o ¢* with
a lower age cutoff of ..,y (representing the youngest age allowed for an SN la progenitorh Suc
a functional form has been fit by previous authofsténi et al. 2008Barbary et al. 2010Maoz
2010, and would be a reasonable expectation for the DTD form in DD scengeig.Ruiter et al.
2009. We now use our SNfactory host galaxy mass distribution to constrainaverdaw slope
DTD s and lower age cutoff,,; o, p:.

To use the above formul®3) with a power law SN la DTD, we cannot use the integral
simplifications of the “A+B” approximation. Instead we must have a functitorah for the galaxy
star-formation history as a function of galaxy stellar mass (€M, t)). To accomplish this
we utilize the SFHs measured for SDSS galaxiesTojgiro et al.(2009 using the code VESPA
(Tojeiro et al. 200Y. VESPA compares the observed galaxy SED to SPS models and consteains
contributions of stellar populations in various age bins, thus deriving af8FH given spectrum.
Binning the SFHs of galaxies by their stellar masses, we successfully ab&inempirical form
of (M., t) based on SDSS data (defined in discrete bins of age and stellar mass)inDgrtttis
with a SN la DTD lets us calculate a theoretical SN la host galaxy mass distributio

For this analysis, let us assume that the SN la DTD is a power law with a lowenagff

of tprompt:

77(75) = not® ;t=> tprompt
0 1t < tyrompt (5.11)

Using the above galaxy SFH as a function of stellar mass with this DTD, weerase dhe predicted
SN la host galaxy stellar mass distribution for a given value of the DTD si@me lower age cutoff
tprompt-

In Figure5.5we plot the observed SNfactory host galaxy stellar mass distribution agains
the predicted host mass distribution for our VESPA-derived galaxy $fdgpower law SN la DTD
for several values of the DTD slopeand lower age cutoff,,,..,,,: (rescaled to the normalization of
the SNfactory distribution). This figure illustrates how these DTD paramafést the host mass
distribution: (a) a flatter SN la DTD (i.e. lowes|) produces a host mass distribution that peaks at
higher galaxy masses, and (b) a younger low age ctgpff,,: serves to extend the lower mass end
of the SN la host mass distribution.

To derive quantitative constraints on the DTD power law sle@nd lower age cutoff
torompt from the SNfactory host galaxy mass distribution, we marginalize over theparameters
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Figure 5.5 Predicted SN la host mass distribution given a power law DTIbpés and lower age

cutoff ¢,,.ompe. The effects of varying the power law slopg(left panel) or the lower age cutoff
tprompt (right panel) are shown here, with the observed SNfactory SN lamass 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 of 7M. > Mg > 2M,, at solar metallicity) and again calculate the agree-
ment by maximizing the likelihood function. Our calculations show the best fit BIbpe to be

s = —1.17 £ 0.10 and best lower age cutoff to 8§, = 18 £ 7 Myr, and the host mass distri-
bution predicted by these best parameters is show in Fig@reOur 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 acttrong
agreement. This leaves room for the possibility that the SN la DTD shape éscooplicated 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 la
rates byBarbary et al(2010, who found a best fit DTD power law slope ef= —1.370-%> and
Maoz (2010 who used numerous data sets to show the SN la DTD is likely to have a power la
slope ofs ~ —1. Interestingly, the best fit lower age cutoff corresponds to the main seguarn
off timescale (at solar metallicity) for stars of mags~ 10M, (Bruzual & Charlot 2008 which is
close to the typical upper mass limit for expected progenitors of white dwai¥sy;s 1w p S SMe.

5.2.3 Results and Future Work

In this section we showed how the SN la host galaxy stellar mass distributiobeca
modeled from observations of galaxy physical parameters (stellar masstanformation rate
distributions, or more detailed star formation histories) coupled to a theor&i¢dh delay time
distribution. Using the observed SN la host mass distribution, we showethéheatio of “prompt”
to “tardy” SNe la (i.e A/B) can be constrained by the host mass distributiomg wsly the distri-
butions of stellar mass and star formation in the local universe as additignal MWe also showed
how the host mass distribution can provide constraints on DTD model paramédten informa-
tion about galaxy star formation histories is available. Our results showggr@greement of the
SNfactory host mass distribution with a power law DTD, as compared to the sivapleomponent
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Figure 5.6 Host mass distribution predicted by the best fit “A+B” model frbova (red curve), the
best fit power law DTD model (blue) curve, and the observed SNfa@&bt la host mass distribu-
tion.
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“A+B” DTD. Though our analysis shows only modest agreement with theehDBd D, this may
be improved with the future detailed inspection of SNfactory search biagesH will enable bias
corrections for the observed host mass distribution) and more sophidtida modeling.

Our work shows the power of SN la host observables in constrainintgaShbdels. We
investigated only simple DTD models here, but there exist more detailed mod&Blfm DTD in
the literature (e.g.Hachisu et al. 20Q08Ruiter et al. 2009Blais & Nelson 201} Additional con-
straints on DTD models using host mass distributions can be derived badgngrhigher redshift
data, such as those of SDSS-IMrfpeitl et al. 201Por SNLS Sullivan et al. 201]) where the
galaxy star formation characteristics will differ from those in the local arge. In future work,
we will investigate a wider variety of SN la DTDs and explore the use of Inggishift SN Ia host
properties to reinforce the constraints of the SNfactory host mass digbritmn SN la progenitors.

5.3 Low Luminosity SN la Host Galaxies

The study of SNe lain low luminosity hosts is of interest for several readéinst, the low
metallicities and young stellar ages expected in low luminosity hosts provide thitasanalogs
to the low metallicities and young ages of high redshift SN la environmente&n8ecomparatively
few lower-redshift SNe la have been found in low luminosity hosts due tdattgeted nature of
many nearby SN la searches. Third, as noted above (see Sédjpa large number of unusual
SNe la have been found in low luminosity hosts. Finally, low luminosity hostsigeothe best
tool for testing the proposed low-metallicity SN la inhibition predicteckmpayashi et al(1998);
Kobayashi & Nomotq2009 hereafter KN09).

Here we use the SNfactory sample of SN la hosts to observationally testNG8 kKw-
metallicity cutoff prediction. There exist several key challenges in perifog such a test. Firstly,
the metallicity of the particular SN la progenitor is drawn from the distributionelfar metallicities
within its host galaxy. Though low-luminosity galaxies (where violators of tiNO® theory are
most probable) are typically well-mixed chemically, the internal galaxy metallicityiligion is
still non-negligible. The most reliable observable signature of a low metallicityficwould be
evident in the statistical behavior of SN la hosts at low metallicity.

A second challenge in this endeavor arises from the uncertainty of detegrgalaxy
stellar metallicities on an absolute scale. The KNO9 cutoff is cast in terms of imamdance with
respect to the solar value, whereas metallicities in galaxies are most eagiddeom gas-phase
oxygen abundance (with respect to hydrogen). Connecting thevalokgas-phase oxygen abun-
dance to the stellar iron abundance with respect to solar requires lsesvécal quantities: (i) the
solar oxygen abundance, (ii) a conversion from gas-phase oxalgemdance to stellar iron abun-
dance, and (iii) a correct estimation of the galaxy oxygen abundancednoission lines. All three
of these quantities are currently subjects of vigorous research, witHitiedivalues not definitively
settled. Thus our search for violators of the KNO9 threshold lacks dgeigadefined gas-phase
metallicity value (or more appropriately a combination of emission line fluxes) teta@ur anal-
ysis then must find a lack of low-metallicity hosts where more would be expettes prediction
of the expected number is a key objective in this analysis.

The third and final challenge in the search for SN la hosts whose metallicitipdiesv
the KNO9 prediction (or alternatively for a clear signature of the lack ahdoosts) arises from
SNe la whose host stellar populations cannot be identified. SeverdbSiben the SNfactory have
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no clearly defined host, even with the aid of very deep imaging. The pateltar population of
these SNe la remains a mystery, and the relation of these SNe la with resgeeN09 theory is
left ambiguous.

In this Section we present the first attempt to confront the KNO9 low-metallidifipition
theory with observations of SN la host galaxies using the SNfactorydamsple. We will address
in turn our methods for confronting the aforementioned difficulties in this anale and ultimately
will show that we indeed find a paucity of low metallicity hosts that represetggional support
for the KNO9 theory.

5.3.1 Low-Luminosity SN la Host Sample

The most likely candidate host galaxies of low metallicity SN la progenitors ageth
galaxies of very low luminosity, as these faint galaxies are likely to be low magdhais low
metallicity (e.g.Tremonti et al. 2004 We thus developed a focused observing program targeting
likely KNO9 violator hosts, and utilized primarily Keck LRIS observations taeasghe gas-phase
metallicity of low-luminosity hosts. Here we briefly outline the target selection angdgsties of
the SNe la found in these low luminosity hosts.

Target Selection

Despite the uncertainty in the physical quantities needed to convert the gid@tion
to observable galactic properties, the fiducial values of these quantitiegrogide a reasonable
estimate for the galaxy luminosity scale at which KNO9 violators are most likelg. clinrent best
estimate for the solar oxygen abundanciis-log(O/H). = 8.86, as measured Hyelahaye et al.
(2010 using asteroseismology techniques. At low metallicitié&( H] ~ —1) the stellarfO/ Fe]
ratio is about 0.3 dexiMcWilliam 1997) in the Milky Way, but is likely to be closer to 0 in dwarf
galaxies Tolstoy et al. 2002 Combining these quantities implies that the target gas-phase oxygen
abundance where inhibition sets in shouldiBet log(O/H ) ik nog = 7.7.

We can use the galaxy mass-metallicity (MZ) relatidinefnonti et al. 200%to find the
galaxy stellar mass scales on which to search for KNO9 violators. The mgdiary mass cor-
responding to the cutoff gas-phase metallicity calculated above is &Ut/ x no9/Me) ~ 7.3.
However, the MZ relation has some dispersion (about 0.3 dex in metallicity affénementioned
mass scale), so that a higher mass galaxy could still have a metallicity low etopigiduce KNO9
violators. Thus we use a mass cutofflog(M.. /M) = 9.0 as a nominal cut for our study. At this
mass, a galaxy at the KNO9 cutoff metallicity would b8.8c outlier of the MZ relation. Using
a simple solar mass-to-light ratiBkanton et al. 2008 this cutoff mass corresponds to an absolute
host galaxy magnitude af/, = —17.35 in g-band.

Most of the data for this study come from observations taken over thréésnigth Keck
LRIS. The goal of these observations was to obtain emission line flux gtiefrgm the (longslit)
spectra of these low-luminosity SN la host galaxies. Because the strehgthigsion was not
known prior to observations, our standard observing strategy wast&no®0 minutes of spectro-
scopic observations for each target. Thus our resulting signal-to-(emskthus metallicity error)
are variable, but the majority of our observations yielded high S/N 0.1 dex) metallicity mea-
surements. The implications of our observational completeness and metalligssurate will be
addressed later in this study.
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Table 5.1. Low-luminosity SN la hosts from SNfactory.
SN Name Zhelio Host Host SN SN
log(M,/Mz) 12+ log(O/H) SALT2 z1 SALT2 ¢
SNF20070429-003 0.0672  6.63 £+ 0.60 e e e
SNF20080910-007 0.0791 6.67 = 0.56 7.91+0.18 0.024+0.11 —-0.01£0.01
SNF20070504-012 0.1000  6.83 £ 1.55 e
SNF20051004-001 0.0088  7.10 +0.44 8.12 £ 0.06
SNF20070825-001 0.0742  7.32+0.17 7.71+0.15 e e
SNF20080512-008 0.0774  7.60 + 0.10 7.75 4+ 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 e e
SNF20060514-003 0.0880  7.80 4+ 0.52 0.30+0.19 —0.02 +0.02
SNF20060622-020 0.1136  7.90 + 0.61 e e e
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 e
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 e e
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 e e
SNF20070422-003 0.0382  8.254+0.33 8.26 +0.20 . e
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 e e
SNF20061108-004 0.0889  8.37 £0.45 e
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 4+0.21 8.40 + 0.16
SNF20051020-000 0.0650  8.43 + 0.40 e
SNF20070419-011 0.1095  8.47 £ 0.50 e
SNF20080610-003 0.0954  8.49 +0.07 8.63 £ 0.10
SNF20070528-003 0.1167  8.51 +0.44 e
SNF20071019-003 0.0326  8.51 +0.20 8.59 £ 0.03
SNF20080909-024 0.1294  8.51 +0.66 e
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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SN Name Zhelio Host Host SN SN
log(M,/Mz) 124 1log(O/H) SALT2 z1 SALT2¢

SNF20050903-000 0.0882 8.59+1.13 8.40 +£0.27
SNF20070730-002 0.0407 8.59 +0.14 8.15 4+ 0.02 e e
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 e e e
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 —0.174+0.16 —0.05+0.01
SNF20080510-000 0.0346  8.66 £ 0.22 e e e
SNF20050919-000 0.0372  8.70 £0.23 8.47 £0.20 e e
SNF20050821-007 0.0595  8.71 4+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 e e e
SNF20070717-003 0.0860  8.80 +0.53 8.98 £ 0.01 —0.85+0.14 0.124+0.01
SNF20061019-019 0.0855  8.82 £0.32 8.42 +0.05 e
SNF20060921-006 0.0527  8.84 +0.40 8.62 £ 0.07 e e
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 4+ 0.43 e e e
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 e e e
SNF20080620-000 0.0330 8.97+0.17 8.72 4+ 0.02 —1.04 £0.18 0.12 £ 0.02
SNF20060906-011 0.0649  8.99 +0.67

Properties of SNe la in Low Luminosity Hosts

Of the 396 SNe la discovered by SNfactory, 57 were discovered its lvdsose stellar
masses were less théwg (M. /M) = 9.0. These SNe la are listed in TatBe3.1along with the
host galaxy masses and metallicities, and SN light curve parameters (whéabke).

As previously noted, low-luminosity galaxies have produced some intereStiegla.

To gauge how unusual (or not) these low-luminosity-hosted SNe la a&@lat in Figure5.7 the
scatter plots and normalized histograms of the light curve width (SALT)2and color (SALT2c)
distributions of the low-luminosity-hosted SNe la from the SNfactory cosnyofagmple against
the distributions from the full cosmology sample. As expected, the light cafibese SNe la tend
to be (on average) wider than the full SN la sample (higher stretch)jstenswith the trend of
light curve width with galaxy mass previously noted by other authors.

Interestingly, the light curve color distribution of the low-luminosity-hostedf&tbry
SNe la shows a paucity of highly-reddened colors. The implication hereatddtv-luminosity
galaxies do not produce highly extincted SNe la. This is to be expected iaShddening is
generated exclusively by dust in the interstellar medium (ISM) of the SNo& alaxy, as low-
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Figure 5.7 Light curve width (SALT2:,) and color (SALT2¢) properties for all SNe la from
SNfactory (black squares) compared to those hosted in low mass galaxeen (diamonds:
log(M./Mg) < 9, blue circleslog(M./Mg) < 8).
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luminosity galaxies are expected to have low metal content and thus have adsistationtent.
Similarly, the smaller physical size of low-mass galaxies would imply a low columisigeaf
gas, and thus a low foreground extinction even under higher duststoag@s. If reddening in
SNe la is produced by the circum-stellar medium (CSM) surrounding theaSi¥olgenitor system
(presumably originating from previous mass-loss episodes) then onkel wrpect highly CSM-
extincted SNe la to be present in all environments.

5.3.2 Hostless SNe la

Our spectroscopic observations of low-luminosity SN la hosts targetecetirest object
which was expected to be the host. In several cases, the nearestmbjesd to be either faint
foreground Milky Way stars, or background high-redshift galaxiés.these cases, we obtained
deep imaging with LRIS afterward to identify other potential hosts and place limitsepossible
mass of host galaxy candidates in the SN vicinity.

In two such cases, for the hosts of SNF20050728-012 and SNF200-L6, subsequent
deep imaging showed tidal tails emanating from nearby galaxy groups igee B.8). In these
instances, the SNe la are unlikely to be of low enough metallicity to be KNOQ9 vis|ats tidal
material stripped from larger galaxies is more likely to share metallicity with its largeant galaxy
(see, e.g.Croxall etal. 2009 While such SNe la could be interesting in studies of SNe la in
extreme environments, they are not useful in our search for KNQ9 vislato

More perplexing in our search for extremely low-metallicity SN la host gakere
those SNe la without any identifiable host galaxy. For 8 SNe la, no vialdedalaxy candidates
were found even with very deep imaging, and no evident tidal structweslarge galaxy groups
were evident. For these SNe la, all possible host candidates within 1&éqgcspectroscopically
screened and confirmed to be either foreground Milky Way stars oigoackd high-redshift galax-
ies. We also confirmed that no distant galaxies in the field were within 10tiet#eadii of the SN
location. Similarly, we searched the NED database for nearby knownygalagters, and found
only one candidate (for SNF20080905-005) whose redshift wasisaoegrant (by 3000 kms) to
be a viable source of this SN.

We show in Tablé.2the magnitude limits from deep photometry for our hostless SNe Ia,
along with the corresponding galaxy stellar mass upper limits assuming a sokstoréght ratio.
This mass-to-light ratio choice is appropriate for normal intermediate nas&\{(.. /M) ~ 9.0)
galaxies with somewhat older stellar populations and redder colors than hoass galaxies, and
thus can be considered a conservatively high upper limit for the masshtioditio for any extreme
low mass galaxy.

Since our primary objective in this study is to identify low metallicity SN la host gakax
we inspect the likelihood of these potentially hostless SNe la originating frxtrareely low mass
galaxies. We first examine whether the presence of SN la hosts with naszdselow our obser-
vational upper limits for the hostless SNe la might be consistent with expeddtothe number
of low mass SN la hosts. To do so, we repeat the host mass distribution maxikelihood anal-
ysis of the previous Section, this time including the hostless SNe la by usindhtsimass upper
limits as placeholder values for their host masses. Since the host mass tigstrfionction (and
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Figure 5.8 SNfactory SNe la in tidal tails of large interacting galaxy gro§dé-20050728-012
(top) and SNF20070901-016 (bottom).
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Figure 5.9 SN vicinity for several hostless SNe la from SNfactory. Alleptial host candidates
within a reasonable distance from the SN location have been spectragtoplassified as either
foreground stars or background galaxies.

Table 5.2 Hostless SNe la from SNfactory.

SN Mg lim “ ZSN Mg,lim IOg(M* /M(D)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 5.95 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

@ 30 limiting apparent magnitude ig-band

® Corresponding host stellar mass upper limit given solar mass-to-light ratio.
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thus the PDF for our likelihood analysis) decreases toward lower massieg, the upper limits
for this calculation is appropriate for estimating an upper limit of the likelihoodrafifig so many
low mass systems. The resultant likelihood for our SNfactory host masgdigin with hostless
SNe la included is a factor of aboi®~'2 smaller than the likelihood without the hostless SNe la
(after appropriate rescaling for the altered sample size). The implicatiorisofesult is that the
presence of so many low mass SN la hosts strongly disagrees with our bas#el on the distri-
bution of stellar mass and star formation in normal galaxies. This could imply thaé thostless
SNe la come from stellar systems not formed in the typical galaxy evolutiameseg that drives
the observed stellar mass and SFR distributions in the local universe. d-puthose of testing
the KNO9 theory, we wish to know the likelihood of these SNe la originatingnfppogenitors be-
low the proposed metallicity cutoff. While arguments based on galaxy stellar limatssand the
galaxy MZ relation would point to the likelihood of these hostless SNe la be@Xviolators,
their disagreement with the galaxy mass distribution function hints that the M#orelaay not
be applicable in these systems. Thus while we cannot conclusively shothidlsa hostless SNe la
do not violate the KNO9 cutoff, we cannot confidently invoke galaxy maserably arguments to
argue that they do have metallicities below the cutoff.

The origin of these apparently hostless SNe la is an intriguing mystery. Whileawe
ruled out any normal host candidates within a reasonable distance fesa 8Ne, there remain
several alternate (yet highly irregular) possible explanations for thigjino It is still possible that
these SNe la could be associated with normal size host galaxies thati@mely far away (i.e.
> 25 kpc), and were possibly ejected from the galaxy in the distant past ganmuexceed our
effective radius cut). Though such events are expected to be iace (@nly small fractions of
galaxy mass are typically lost in such ejections) at least one strong centiemdsuch a case has
been found in the unusual SN PTF09d8ulivan et al. 2011 Indeed if a SN la progenitor system
was ejected from its host with a terminal velocity of only 100 kmi,sthen a distance of 25 kpc
could be traversed in only 250 Myr. Thus tidally ejected SNe la with long detegs could severely
confuse host association. In a similar situation, the progenitors of thate$®SNe la could have
been ejected from their host galaxy with a high velocity along the obseneofiisight, thereby
complicating host identification due to a redshift mismatch. This however, isgbateinlikely, as
a large velocity discrepancy would result in a significant deviation fronbtightness predicted by
normal Hubble expansion (i.e. a large Hubble residual), and this is noafeefor those SNe la
with available Hubble residuals. Additionally, we found no clear host cated&nearby with even
modestly close velocities<{( 2000 km s71). Similarly, these hostless SNe la are not analogous to
the two obvious tidal ejection SNe la presented above. Though an ejecigim af these hostless
SNe la is still remotely possible, we have carefully excluded any obviarsasios of this sort.

If these hostless SNe la are not dynamically stripped from larger gajatxiemost likely
that they originated from extremely faint stellar groups. Perhaps thechadidate systems would
be very old and compact dwarf galaxies which quenched all their gaseasd star formation in
the distant past. As noted in the HOSTOQ7if analysis above (see CHptdder stellar populations
have a higher mass-to-light ratio, meaning a very old stellar system evendgstnmass would
have a very low luminosity. These would be the extreme analogs of the guiehearf galaxies
(Sanchez Almeida et al. 2008vhich become fainter between episodes of star formation. Though
some very faint dwarfs have been identified in the Local Group andopegalaxy clusters (see
Tolstoy et al. 2009for a review), none have yet been identified in distant isolated reghssess-
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ment of the prevalence of such faint stellar systems is a challenging emdesvo be undertaken,
and thus cannot be pointed to as a clear source for our potentially hdSheska.

Perhaps the most extreme potential explanation for the origin of these Sdlthapos-
sibility that their progenitors formed from the inter-galactic medium. Star-formaticthe space
between galaxies is a poorly understood subject, as might be expectedtigé/difficulty of iden-
tifying the low luminosity star-formation the IGM would be likely to produce. If ta&iNe la did
indeed originate from IGM stars, they would serve as an excellent psbbds under-examined
medium. While the origin of these hostless SNe la is a conundrum for SN gepitor studies,
they present a unique opportunity to study exotic realms of star formatiostahar dynamics, and
we hope they will be examined in greater depth in the future.

5.3.3 KNO9 Threshold with SNfactory Data

The primary objective of this study is to examine whether the metallicities of SNd9& ho
galaxies from the SNfactory provide evidence in support of or cordtay to the KNO9 low-
metallicity SN la inhibition theory. As shown in Tabfe3.1and in Figure5.10, none of the SNfac-
tory host galaxies has a measured metallicity significantly below the fiducidicped KNO9 cutoff
metallicity. Thus we must turn to an inspection of the statistical behavior of ath&bify 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 la hoststmaitld
have metallicity below the KNO9 cutoff if the cutoff is not present. This methodrefyl heavily on
the SN la host galaxy mass distribution modeling techniques of the previctigrseBelow we will
describe the particular adaptation of our previous methods to this low metallidib§f @malysis,
including our use of Monte Carlo techniques to simulate the expected metallicitjpdisin for
our sample. We then discuss the observational completeness for ounétadlicity measurements
and the final significance of our data’s support for the KNO9 theory.

Low Metallicity SN la Host Expectations

In order to evaluate the agreement of our data with a low-metallicity SN la ¢uwieff
must first answer the question of how many SN la hosts we should hagetexdbelow the fiducial
cutoff gas-phase oxygen abundance (given our sample size). ddoezally, since the exact value
of the cutoff is somewhat uncertain, we investigate the likelihood of obsgrnhosts below the
observed minimum metallicity of our sample.

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

Let us start with a simple calculation of the expected number of SN la hostsawhetal-
licity violates the KNO9 threshold. We first calculate the amount of stellar masstanformation
in the local universe that occurs on galaxy mass scales below the exp@d@® mass scale (cal-
culated above) using the integrals of the distribution functions for these tamntities. We find that
pyr =0.08% of stellar mass angy =1.58% of star formation in the local universe can be found in
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Figure 5.10 Observed SN la host metallicities for SNfactory hosts (soliditiegram), compared
to the predicted total distribution based on SNfactory host masses coujilethes MZ relation
(dash-dotted green curve), and the predicted number of star-formstg for which we might have
measured a gas-phase metallicity (dotted magenta curve). For refenenatso 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-Callinat@ns for various
values ofp. Bottom: Host galaxy locations in MZ space for the same realizations. Prokpd S
hosts are represented as magenta squares, while tardy SN la hosteareigcles.

galaxies whose masses are belbii noo. A SN la host galaxy mass distribution paramtrizedsby
then has a predicted fraction of KNO9 violators that is merely the weightedo$tinese two frac-
tionspy = pps + (1 — p)par. For a sample of siz&/, the likelihood of finding/Vy violators then is
just described by a binomial distribution parametrized\byndpy . For the best fit prompt fraction
from abovep = 0.83 with the full SNfactory sample siz& = 396, this gives a violator fraction of
py =1.3%, with a probability of finding no KNQO9 violators (i.éVy, = 0) of P = 0.0058. Thus
if we confidently determine all SNfactory hosts to not be KNO9 violators, tlaald/constitute a
strong confirmation of the KNO9 theory.

Because there exists some spread in the galaxy mass-metallicity relation (whigh is
constant in metallicity), the above simple calculation could be subtly differenttti@real SN la
host metallicity distribution. To examine this effect, we perform Monte-Carlo kitians of the
expected SN la host galaxy mass and metallicity distributions for numeroussvafithe prompt
fraction p. For a givenp, we randomly generat&/, ~ 100000 galaxy mass values distributed
according to®s and ®,, appropriately weighted (by and1 — p, respectively). From these we
randomly selectedvs = 396 mock SN la host galaxies, and to these mock galaxies we assigned
gas-phase oxygen abundances according to the MZ relatidreofonti et al(2004) with random
offsets gaussianly distributed according to the observed dispersiat td@MZ relation (as esti-
mated from MPA-JHU metallicities for SDSS data). This procedure was tepaa,,. = 10000
times for each value g, which was sampled from O 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 valuepofrhese examples clearly illustrate the general trend:
“tardy” SNe la occur more frequently in galaxies of much higher mass,tlansl rarely occur in
low-metallicity hosts, while “prompt” SNe la have a fair number in low-metallicity hosts

For eachp, we evaluated the distribution of two quantities: (i) the number of SN la hosts
with metallicity below the fiducial cutoff in each realization, label®g (number of “violators”
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Figure 5.12 Top: Histogram of the number of KNQ9 violatdis with metallicities below the fidu-
cial threshold value (solid blue histogram) in our Monte-Carlo simulations.gféen points repre-
sent the predictions from a binomial distribution for our given sample sidetaexpected fraction
of galaxies below the KNO9 mass cutoff value. Bottom: Histogram of the lomesallicity val-
ues from Monte-Carlo simulations (blue histogram), along with the observesstspectroscopic
metallicity (vertical red line) from SNfactory.

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

From the above plots it is evident that if all SNe la originated from the tah@ynel then
it would be unsurprising to find no violators of the KNO9 threshold givensaumple size §y = 0
for 75% of realizations ap = 0). Indeed, the fraction of hosts whose mass lies below the value
corresponding to the KNO9 cutoff is 0.03% wheg= 0 (i.e. the sub-KNO9 stellar mass fractipfy
from above), indicating the need for a sample size of several thoussinceka violator would be
observed, or substantially more SNe la before a significant non-detemiidd be observed. The
number of violators rapidly increases as even a small number of prompteSiympear (ap = 0.1
more than half of the realizations have violators). For example ~a0.8 (close to the best fit value
of p = 0.83), the fraction of realizations without violators is 0.31%, and the numberatizagions
whoseZ,,.;., exceeds our observed value is equally small (0.34%)

Observational Completeness and Final Results

To correctly assess the statistical power of the observed SNfactorylesamgnalyzing
the KNO9 cutoff prediction, we must first inspect our observational detapess. In the top panel
of Figure5.13we show the total number of SNfactory hosts in (coarse) bins of stellar,raass
well as the counts for spectroscopic observations and successfulicitgtmmeasurements. In the
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Figure 5.13 Top: Counts of all SNfactory host galaxies, all those htstsreed spectroscopically,
and those with successful metallicities measurements. Bottom: The same quaniitipktted
as completeness fractions rather than raw counts. The coarse bins inmekaare employed to
mitigate low statistics at small mass scales.

bottom panel of the same Figure we show the completeness fractions étnosgepic observations,
metallicity measurements, and also the spectroscopic metallicity success fraetichd€ number

of metallicities divided by the number of spectroscopic observations rataeitlie total number of
hosts). Our spectroscopic observation fraction actuatiyroves as host mass decreases, a product
of our heightened priority for low mass host observations and the dongnafretar-forming hosts

at low mass scales. Our metallicity success fraction (with respect to the nointieservations) is
roughly constant at about 80% at lower mass scales.

In the bottom panel of Figurg.13we also show for reference the expected prompt frac-
tion as a function of stellar mass for the fiducial global prompt fractiop ef 0.83 (this is merely
the ratio of the galaxy SFR distribution divided by the combined SFR and stelks distributions).
This shows that the decrease in metallicity success at higher masses is artaistyca product of
more tardy SNe la associated with old stars, which are more likely to be foupaksive galaxies
without emission lines needed for calculating gas phase metallicities. This alswéllustrates
a very important consideration when calculating our effective sample theerate of metallicity
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completeness at high mass scales is not important in calculating our averagketeness, as it is
driven by the presence of tardy SNe la in passive systems ratherlisarnvational incompleteness.

Thus we propose that it is reasonable to estimate that the effective nuinbleserved
metallicities corresponds to 80% of the total sample size, since this is the value wietallicitiy
success rate at low mass scales where we might have expected to seeremisflitiosts (and
interestingly is also close to our measured prompt fraction). This comeisp N.¢; = 317,
which interestingly is close to the total number of spectroscopically obséisdN,,; = 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 KNO9 violators. thar aforementioned
KNO9 violator fraction ofpy: = 0.013 and an effective sample size 8t ;; = 317, the probability
of finding no violators (Vi = 0) is P =1.6%. Thus with the observed sample of SNfactory host
galaxies, our discovery of no KN0O9 violators amounts to provisionalwasenal 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 la
proposed byKobayashi & Nomotq2009 by inspecting the SN la host galaxy sample from SNfac-
tory. We first sought to rephrase the KNO9 prediction of minimum progeiridor abundance in
terms of host galaxy gas-phase oxygen abundance, and foundeahatréidiction likely indicates
a minimum host metallicity expectation 2 + log(O/H) ~ 7.7. Because none of the observed
SNfactory host galaxies had metallicities significantly below this value, araliseche exact value
of the cutoff has some uncertainty, we then turned to the proper meansrprétieg the number of
low-metallicity hosts and the minimum observed SN la host metallicity in the contexed€D9
prediction.

Using the host galaxy stellar mass distribution modeling of Se&i2ooupled to Monte-
Carlo technigues, we showed that the number of predicted KNO9 violamveell as the expectation
value of the lowest observed SN la host metallicity, could be predicteduasctidn of the “prompt”
SN la fraction, i.e. the fraction of SN la progenitors from young stellgsytations. Because the
distribution of star formation density in the local universe is dominant ovedistebution of stellar
mass at low galaxy stellar mass values, we found that nearly all possibl® Kid@&tors would
need to arise from the “prompt” population. Indeed, the predicted numbeolators, as well
as the distribution of minimum observed host metallicities, from our simulations shaixfor a
“prompt” fraction close to that measured from SN la rates (pe= 0.83, see Sectiorb.2), the
mean number of KNQ9 violators for our full sample size should have beeatd$s, ~ 6 with a
minimum observed metallicity of abou® + log(O/H) ~ 7.0. After inspecting our observational
completeness to determine the effective sample size of our data, we cal¢hktdee likelihood of
observing no KNQ9 violators was 1.6%, meaning our observations consituederately strong
confirmation of low metallicity inhibition of SN la hosts.

The lack of SN la host galaxies of such low metallicity is certainly not an attié&c
our metallicity calculations or the lack of such low metallicity galaxies in the localerse. To
confirm this assertion, we took emission line fluxes for several known lovwaliivity galaxies
from van Zee & Hayne$2006 andlzotov & Thuan(2007) and calculated metallicities in the same
manner as for our SNfactory hosts (namely the KK04 R23 method converié# using the KEO8
formulae). We then calculated masses from SDSS photometry using celed-bess-to-light ratios
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Figure 5.14 MZ diagram of SNfactory low metallicity hosts (blue circles) andersg sam-
ples of known low metallicity galaxies frorman Zee & Hayneg2006 (magenta triangles) and
Izotov & Thuan(2007 (green diamonds). We also plot the KNO9 cutoff as the horizontal red line

derived from the MPA-JHU SDSS database. We plot these in Figdvealong with the SNfactory
hosts. As we can see, these galaxies show general agreement with treddii@h and extend to
lower metallicities than the KNO9 cutoff.

However, several factors could leave open the possibility of there laireg-yet unde-
tected KNO9 violator in the SNfactory sample. First and foremost is the lasgextroscopic com-
pleteness in our low-mass host galaxy sample. In particular, several ¢tdwest mass hosts have
yet to be observed spectroscopically. It is still possible that some Shyawbsts have metallicity
lower than the fiducial cutoff value, and indeed a few would be strong osithie the galaxy mass-
metallicity relation if they do not. The final word on SNfactory agreement (@agreement) with
the KNO9 low metallicity inhibition would be significantly enhanced by spectrasooipservation
of these lowest mass SN la hosts.

Further complication arises from the SNe la with no identifiable hosts. Weotgty
inspected host galaxy candidates in the vicinity of these SNe la and codfinaieno nearby objects
could be the SN host, with very stringent limits on possible host mass (seeSa@pléVhile the
origin of these SNe la remains an intriguing mystery, it complicates the investigatipotential
low-metallicity SN la hosts. If indeed these SNe were born in extremely low-inasts that obey
the typical galaxy MZ relation, all of these would almost certainly violate thecfallKNO9 cutoff.
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However, we showed that the galaxy mass values implied by our obsevéigen the upper limits)
would be strongly discrepant with our model for the SN la host mass distibuThus we cannot
immediately conclude that hostless SNe la come from low mass systems that ey telation
and thus must violate KNQ9. Instead the origin of these fascinating SNe |&athaytside the usual
regime of galaxy mass assembly, likely precluding any arguments about theintially metallicity
based on normal galaxy models.

Finally difficulties still remain in identifying the exact metallicity values below which
no SNe la (or almost none) should occur, as several conversiorngakesplace between the pro-
posed number and the observational quantities. Even if we definitivelsifiéelran SN la host with
metallicity significantly below our predicted value, these factors would leavégaitpin its iden-
tification as a true KNO9 violator. Indeed, the authors have stated thattéheataw their threshold
would be extremely small but possibly non-zero, so a single violator wouldewessarily negate
their theory. Furthermore, recent commentsHgchisu et al(2011) have suggested that any non-
zero iron abundance, even as low as that found in Population Il stark] be sufficient to allow
the formation of a SN la. Since the number of galaxies at even lower metallicivesyismall, a
decrease in the predicted threshold value would make the likelihood of a@limgitKNO9 violators
in the SNfactory sample much smaller. Fortunately our analysis is not stroeglgndent on the
exact value of the threshold, but instead uses predictions of the SNstartedallicity distribution
to show that the observed paucity of very low metallicity hosts is contradictomyatels without
low metallicity inhibition.

Our inspection of the KNO9 low metallicity SN la inhibition theory with SNfactorythos
galaxy metallicity represents the first major observational attempt to test thig/thBespite the
fact that we might have expected several) host galaxies to have metallicity below the fiducial
value predicted by KN09, we found the surprising result that none dfltiserved SNfactory SN la
hosts had metallicity below this value. This tentative observational confirmatitireio theory is
a tantalizing result that could be further strengthened by additional sawipB la host galaxies.
A fair number of low luminosity SN la hosts have also been found by both tler2a Transient
Factory and the Catalina Real-Time Transient Survey, with several haslistickhave masses lower
than the mass scale expected for the KNO9 cutoff. Thus additional SMiglesexist which could
significantly augment the statistics for our SNfactory sample. We wish to eageuhe spectro-
scopic observation of these very low mass hosts, which could providdiség strengthening of
the results we presented here.
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Chapter 6

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

In this Chapter we investigate the correlation of SN la host galaxy propexiig the
brightnesses of the SNe la they host, using SN la and host galaxy datdHe SNfactory. Several
recent studie{elly et al. 2010 Sullivan et al. 2010Lampeitl et al. 201Pobserved that the stretch-
and color-corrected brightnesses of SNe la correlated with the stellar ofdlseir host galaxies,
such that SNe la in high-mass host galaxies were brighter than SNe la-imé®s galaxies after
application of the usual stretch- and color-based brightness corrgetibniques. In this work we
investigate the same trend with SNfactory data, as well as analogous tréhdsogt galaxy gas-
phase metallicity and star-formation rate, and finally with SN la brightnessescted using unique
spectroscopic standardization techniques developed by SNfactory.

The recently observed correlation of corrected SN la brightnessediwtinass of their
host galaxies is of great concern for future cosmological SN la garvéhough this trend is not
strong enough to negate the dark energy signature in current SN ldesaihpould potentially bias
estimation of cosmological parameters, especially the dark energy equéstate parametei.
Galaxy mass correlates with metallicitfréemonti et al. 200¥and stellar ageGallazzi et al. 200p
properties whose average values evolve with redshift, implying that thegeeorrected SN la
brightnesses at higher redshift will be fainter than the average ¢ed&N la brightnesses in the
local universe.

The origin of this trend is of paramount concern for SN la cosmologistsneSauthors
have speculated on the possibility of the SN progenitor metallicity driving the 8ihhsity, since
galaxy mass correlates with metallicity. However the correlation of galaxy stajles with mass
and the possible influence of progenitor ages has thus far been nédgfettte literature. If this trend
is indeed progenitor driven then its driving feature is still unidentified. ifididal consideration
must be given for the fact that SN Ia light curve width is known to correldta galaxy stellar
mass, and the amount of dust in galaxies scales with mass (and metallicity).b3&meved trend
with galaxy mass could be an artifact of deficiency in the standard brightmerection techniques
that leaves certain regions of SN la parameter space under- or owecited.

Coincident with the concern for biased cosmological results generatékisyrend is
the desire to find a means to correct for it. Some of the aforementioned authee suggested
using host galaxy mass as a third SN la brightness correction paramigers(eetch and color),
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but this proposal has several critical limitations. Firstly, requiring galebgtpmetry for host mass
estimates may require either an extended host followup program (which malyetaesources of
some search programs, especially low-redshift all-sky surveys) aruhef SNe la in faint hosts
from cosmological analyses. Secondly, and more importantly, the measurehtlke properties of
an SN la host galaxy does not constitute a measurement of the progenjertes. Distributions

of stellar age and metallicity exist within individual galaxies, so a host-badedaSorightness

correction (for e.g. metallicity) would introduce a random error whose rtad@ is proportional

to the difference between the true SN progenitor metallicity and the valuegmdever its entire

host galaxy. This error then is completely unrelated to the properties of khiés8lf, and the

remaining brightness diversity is no longer representative of only S8ipsy While such a host-
based correction may be useful in the short term to empirically correcbs@reed source of bias,
it cannot directly recover the true SN la luminosity.

Thus it is desirable to find an unbiased SN la luminosity indicator derivedfomty ob-
servations of the SN itself, and galaxies should be used only to confirrauhahoice of luminosity
indicators is indeed unbiased with respect to host properties. To begenithésavor, we will inves-
tigate alternate SN la standardization techniques developed by the SMfactarr analysis below
and examine whether this observed host bias remains.

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

Using the SN la and host galaxy data described above (see CBgptexfirst investigate
the correlation of SN la host galaxy properties with the brightnesses efl&HMfter the application
of the standard stretch- and color-based luminosity corrections. Hergillvese the SN la light
curve parameters fit from SNfactory data using the SALG2iY et al. 200y code. Host galaxy
masses and specific star formation rates are derived &g as described above, while gas
phase metallicities are derived from host spectra. We note that the Hudsithial errors were
slightly padded in order to force the Hubble Diagram fit to haye= 1.

For reference, we plot the SN la light curve parameters against thpegies of their
host galaxies in Figuré.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 withrxga&FR and
metallicity, which are unsurprising given that these quantities correlate witarsteass in galaxies.
Interestingly, we see that highly reddened SNe la (e.g.0.2) only occur in high mass (and high
metallicity) hosts. This too is to be expected as these highly reddened SNepeedicted to suffer
from extinction by foreground dust, which is more abundant in high masda@taing (and high
metallicity) galaxies.

6.1.1 Hubble Residuals vs. Galaxy Properties

In this analysis we use the Hubble residuals for 119 SNe la from SNfaefter cor-
rections have been made for light curve width (SALT2 X1) and color (BAL). Of these 119
SNe la, 116 have good host stellar mass estimates from photometry, 2stiesidsee discussion
in Section5.3.2, and 1 is lacking photometry data. For these 116 SNe la with good hoséséss
same fits fronZ PEG also provide specific star formation rates. Of the 119 SNe la considered h
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Figure 6.1 Light curve width (SALT2 X1 - top row) and color (SALT?2 c -ttmm row) for our SNe la
as compared to the properties of their hosts: stellar mass (left column), spstaifformation rate
(middle column), and gas phase metallicity (right column).

67 have good gas-phase metallicities (i.e. are star forming and have emissifiotis consistent
with star formation rather than AGN activity — see Cha3dor details). In Figure$.2, 6.3 and
6.4, we plot the SALT2 Hubble residuals against host galaxy stellar mas&,s8f metallicity
respectively. For visual aid we show the bin-averaged values of thie $Mbble residuals in bins
corresponding to 1.0 dex in galaxy stellar mass. The best fit linear treahchaan residuals split by
host mass (sSFR, metallicity) are shown as well, and will be described in blelkaiV.

As was noted by previous authors, our data indicate a correlation of $hbale resid-
uals with host galaxy mass. Our data also indicate for the first time confirmédtmsimilar trend
with host gas-phase metallicity, which was to be expected given that thesegqtars are correlated
in normal galaxies (and in SN la hosts - see Sechdi). We quantify this observed trend with
two metrics: a linear trend in Hubble residuals vs. host stellar mass (sSFRIlicitglaand the
difference between the average Hubble residuals when SNe la ar@tptivo bins corresponding
to high- and low-mass (sSFR, metallicity) hosts. We summarize the results ofitsesdable6.1

While the linear trend fits were typically of low significancg (1o), the difference in
Hubble residuals between high-and low-mass-hosted SNe la show acsighgiep in corrected
SN la brightnesses. Similar to previous authors’ findings, we find that émd-high-mass-hosted
SNe la have brightnesses that differ(bg7140.030 magnitudesfter stretch- and color corrections
have been applied, such that SNe la in high mass hosts are brighteraftmtion than those in
low mass hosts. Our data also confirm that corrected SN la brightneffeedat SNe la in hosts
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Figure 6.2 SALT2 Hubble residuals for SNfactory SNe la plotted versis$ alaxy stellar mass
(grey points). The blue line represents the best fit linear trend, the greiats represent binned
averages, and the thick red lines represent the averages for Hekhdaals split into high and low
mass bins.

Table 6.1 Hubble Residual Trends with Host Properties
Host Residual  Ngpne 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 6.4 Same as Figue2, but for host metallicity.
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with different metallicity or star-formation intensity. Regardless of the drivimgior behind this
trend, this result indicates that applying the canonical SN la standardizatbniques to SNe la
at all redshifts will result in biased cosmological parameters as the SNvleoements evolve in
metallicity and star-formation activity as we probe to higher redshifts. Thisewn along with our
thoughts on the appropriate course of action for SN la cosmology, wilebisited and discussed
thoroughly in Sectior®.3.

6.1.2 SN la Cosmology Fits Split By Galaxy Properties

In light of the apparently different corrected brightnesses of SNe hégh and low mass
host galaxies, it has been proposed that one means of correctingsfdrethd is to split the SN
data sets by host mass and fit for separate sets of light curve corrpetiametersy, 3, and M.
Such an analysis was undertaken for the SNLS host samp&ubiiyan et al.(2010, who noted
several results from this investigation. First, they found that the scattert élve Hubble diagram
(i.e. Hubble residual RMS) was only marginally improved (from about 0:148 to 0.142 mag)
by splitting the sample by host mass [ag(M. /M) = 10.0). Second, they found that when fit
separately high mass hosts had a lower (brightég)(by AMp = 0.085), lower s (by AS = 0.55),
and essentially equal (Ao = 0.08) when compared to the parameters fitted for the low-mass
hosted SN la sample.

We conducted a similar analysis with the SNfactory sample, splitting the sample by
host mass and fitting separately for 5, and Mp 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 SNfacsmyology
analysis is not yet published, we have kept the nominak, and M values blinded in order to
preserve the integrity of that future analysis. Thus we examine the effecir split cosmology fit
by inspecting thehange in these fit parameters. We found that the valuea @r the two subsets
are nearly identicalfa = 0.05, with SNLS typicala = 0.139). We found thatM 5 for the high-
mass hosts was lower (brighter) ByMp = 0.107 (typical Mp ~ —19.0), similar to the SNLS
result. And finally, we found that the high-ma8svas lower than the low-mass valua § = 0.99,
with typical SNLSS = 3.2). Similar results were found when splitting SNe la by host sSFR or
metallicity.

The above cosmology fits split by host properties appear to give slighttgrb®N la
standardization, but it has been known for some time that SN la propeptetsc(larly stretch)
correlate with the properties of their host galaxies. Thus we investigatdtemmate technique
whereby we split the SN la sample by stretch (SALTP and repeat the above analysis steps.
We found very similar results to our mass split fit, with stretch-split fit pararaadéfering as:
Aa = 0.075, AMp = 0.119, andAB = 0.62. This calls into question the notion that splitting
SN la standardization parameters by host properties is truly correctirmgamitor-driven diversity.
Instead it may be that the color behavior of SNe la with different stretchaaot be effectively
corrected with a single color correction parameteWWe will revisit this possibility in the Discussion
below.
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6.2 Flux Ratio-Corrected SN la Brightness and Host Properties

We now revisit the above analyses with an alternate SN la standardizatforigee de-
veloped byBailey et al.(2009 which employs spectral flux ratios to standardize SNe la. In that
work we showed that the spectral flux rafty,, 443, defined as the ratio of the SN la flux at 642 nm
divided by the flux at 443 nm (smoothed with 2000 km/s binning), correlagegistrongly with the
raw SN la Hubble residuals (i.e. without stretch and color correction®).n@W wish to examine
whether the bias in corrected Hubble residuals persists when using thisasdtestandardization
technique.

The SN la data set for this analysis consists of the subset of the 119&5ian the
previous sample for which we can apply the correction methdghdley et al.(2009. This method
requires a spectrophotometric observation of the SN withnb days of B-band maximum light
(as estimated from the full light curve). This requirement brings the pa@mple of SNe la down
to 98, of which we have host stellar masses for 95. As with the previouso8geElubble residual
error bars were again padded to force the Hubble Diagram to fiave 1.

For simplicity in this section, we inspect only the trend of Hubble residuals witlaste
mass, since the sSFR trend is very similar, and the sample attrition for a metallicijysiana
rather significant. In Figuré.5we show the flux-ratio-corrected SN la Hubble residuals for our 95
SNe la plotted against the stellar masses of their host galaxies. Similarly t@Bi@uwe plot the
binned average Hubble residuals, best fit linear trend, and averalgielédresidual when splitting
the sample by host mass.

The results of our analysis show a similar trend with host mass, but with a thdekeease
in magnitude. The high- to low-mass magnitude step after flux-ratio correcti®938 + 0.028
magnitudes, versus071 + 0.030 magnitudes from stretch- and color-corrected SN la brightnesses.
Similarly, the linear best-fit trend of flux ratio Hubble residuals with host masgi814 + 0.014
magnitudes (of SN brightness) per dex (in host mass), compared.@33 + 0.015 mag/dex for
stretch- and color-based Hubble residuals for the same sample. Indiegédta could be consistent
with there being no trend (at0c) or step (atl.2¢) in flux-ratio corrected SN la 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 SNyidtudas shown here
cannot be a result of that decreased dispersion. The possiblefoadlis improved reduction in
host bias will be a key point of interest in the Discussion that follows.

6.3 Discussion

Recent studies of SN la Hubble residuals and the properties of theighiasties have
uncovered the disturbing result that SN la brightnesses corrected tignstandard light curve
width and color corrections show a residual correlation with the massdshas presumably the
metallicities and mean stellar ages, of their host galaxies. Such a trend is qtrigegiigy for future
SN la cosmology missions which will hunt for SNe la at very high redshifiere the mean stellar
age and metallicity are quite different from their values in the local univeérke discovery of this
SN la host bias has motivated two critical questions: what is the true céulsis bias, and what
should be done to correct it? We will address each of these questionsjrasavell as the impact
our analysis of SNfactory data on their answers.
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Figure 6.5 Same as Figue2, but with Hubble residuals obtained using spectral flux ratio bright-
ness corrections following the method describediayley et al.(2009.



108

6.3.1 Comparison To Previous Studies

Before discussing the potential origins of the observed host bias asib® means of
correcting it, let us first summarize the results presented here and cothpaesto the findings of
previous studies. For simplicity we will focus only on the studies with respelodsd stellar mass,
since that is the only common host property across all such studies. Usisggtidard light curve
width and color correction techniques for SNe la, we found the Hubblduels for our 116 SNe la
using SALT2 had a best fit linear trend with massiei/d log(M,) = —0.033 £ 0.015 mag/dex.
When splitting the sample by host massd@{(M. /M) = 10.0, we found the mean corrected
brightnesses of high-mass-hosted SNe la were,,,.,, = 0.071 4+ 0.030 magnitudes brighter than
the mean corrected brightnesses of low-mass-hosted SNe la. The medshiftrfor SNfactory
SNe lais approximately = 0.06. Conducting the same analysis with SN la brightnesses corrected
using the technique dBailey et al.(2009, we found a linear trend in mass consistent with zero
(dm/dlog(M,) = —0.014 £+ 0.014 mag/dex) atlo, and a markedly smaller step in the average
corrected magnitudes of high- versus low-mass-hosted SN&rta f., = 0.033 4 0.028).

The first major study of SN la Hubble residuals as a function of their halsixg masses
came fromKelly et al. (2010, who studied the hosts of low redshift & 0.02) SNe la discovered
mostly from targeted nearby searches. Their host mass range wascsigtyfihigher (median
log(M./Mg) = 10.67) than other similar studies, so their analysis was restricted only to high mass
hosts {og(M,./Mg) > 9.5). They found a linear trend of corrected brightnesses with host mass
of dm/dlog(M,) ~ —0.15 mag/dex with &.40 significance for a sample size of 60 SN la hosts.
When splitting their sample &vg (M. /M) = 10.8, they find a bin average magnitude difference
of Amerr = 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 saandl¢his may be
an artifact of the shortened mass range2dex) of the Kelly sample. Our SNfactory sample goes
to three orders of magnitude lower in host mass and doubles the sample Hizekdlly sample.
Thus we have the first sample of low redshift SNe la to detect this hosebrass the full mass
range sampled by higher redshift surveys.

Similar analyses were conducted Bullivan et al.(2010 for the SNLS 3rd year sample
of SNe la and byLampeitl et al.(2010 for the SDSS-SN surveySullivan et al.(2010 found a
best fit linear trend of Hubble residuals versus host mas&ofdlog(M,) = —0.042 £+ 0.013
mag/dex for a sample of 195 SNe la at a median redshift-ef0.63. When splitting the sample at
log(M. /M) = 10.0, he found a magnitude difference Afmn.,» = 0.08 + 0.02. Lampeitl et al.
(2010 found a linear trend oflm/dlog(M,) = —0.072 £+ 0.018 mag/dex for a sample of 162
SNe la at a median redshift ef = 0.16. For the mean stellar masses of this sample in bins split
atlog(M./Mg) = 10.0, this corresponds to a magnitude differenceofi.,,, = 0.100 £ 0.025.

Our value of the SNfactory linear trend with host mass is withibo and1.660 of those found

by Sullivan et al.(2010 and Lampeitl et al.(2010, respectively, while our mass-split magnitude
differences is withir).250 and0.74¢ of the same studies. Thus we have found good quantitative
agreement with these results from two other untargeted SN la searches.

Now that we have shown the SNfactory stretch- and color-correctéxblduesiduals ex-
hibit similar trends with host mass as those found by previous authors, wéotthe results of our
flux-ratio corrected SN la Hubble residuals derived using the methdzhoéy et al.(2009. For
simplicity, we will compare these results only to thoseSoillivan et al.(2010 andLampeitl et al.
(2010, as these studies span similar mass ranges and showed similar trends |a Hsidhuals
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corrected for stretch and color. The best fit linear trend for our fatic Hubble residuals as a func-
tion of host mass is shallower than the trends measure&tlbiivan et al (2010 andLampeitl et al.
(2010 at 1.470 and2.540, respectively, while the mass-split magnitude difference is smaller by
1.370 and 1.78¢. The disagreement of the flux ratio residuals linear trend with the SNfactory
stretch- and color-based trend(93c0, and the mass-split magnitude difference disagrees also at
0.93¢. Though the statistical significance of our decreased host bias is nfod&dfactory alone,

our results are also significantly different from the stretch- and cadset trends found by pre-
vious authors. Thus we believe that our analysis of flux-ratio basedleubsiduals has shown

a significant decrease in bias with respect to host galaxy mass. Infleed, were to posit that
the brightnesses of SNe la differ in low-mass hosts and high-mass ho6td®ynagnitudes in a
manner which cannot be recovered from SN la data alone, we are algabe that hypothesis at
2.40. This implies that reduction of the host bias using SN la data alone is highbable, a point

we will return to shortly.

6.3.2 Origin of Observed Bias

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

Because galaxy stellar mass correlates with gas-phase metallicityT¢ergonti et al.
2004 and specific star-formation rate (e$glim et al. 200y, it was expected that the SN la Hub-
ble residuals would correlate with these two properties as well. We showedalitn SNfactory
data that this is indeed the case, with roughly similar steps in magnitude betwéerahdalow-
metallicity hosted SNe la as that observed for SNe la split by host masss wéadhave shown
observationally that corrected SN la brightnesses correlate with the stelleses, specific star for-
mation rates, and gas-phase metallicities of their host galaxies.

Disentangling which of these galaxy physical properties is most stronghglated is
extremely difficult, leaving ambiguity as to whether these parameters are glisame residual
SN la brightness correction. Indeed, the measured host galaxy metalticeySN la host may not
necessarily reflect the metallicity of the progenitor itself (Beavo & Badenes 201 Xor a detailed
discussion), a key point we will revisit in our discussion of how to cdrg la brightnesses below.
If measurement of th@rogenitor metallicity and age were possible, it would provide a clearer
answer to the strength of correlation between corrected SN la briglesessl their progenitor
properties.

An alternative explanation to the observed host bias is that, rather thag den by
some residual dependence on progenitor age or metallicity, perhaps $he araartifact of insuffi-
cient SN la stretch and color correction techniques. Consider the ainmatigation where we split
our SNfactory sample by stretch and refit the light curve correctiompeiersy, 3, andM g, where
the value off differed significantly from low- to high-stretch SNe la. One potential intetgtion is
that the effect of SN la color on its brightness is different at diffexetties of stretch. A failure to
correct for this would leave low- and high-stretch SNe la, which aradanore prevalently in high-
and low-mass hosts respectively, to be insufficiently corrected in suely éhat ends up correlating
with host galaxy mass.

The mass-split fits can be interpreted in a similar way, where SNe la in high-nusts
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are more likely to be affected by dust and thus have a different valuetbéin SNe la with low
dust extinction. If intrinsic SN la color diversity drives the observetbiat low host mass (low
extinction) and dust drives it at high mass, then the monolithic treatment @& tiveseffects would
result in biased corrected brightnesses. Because SN la light cuetehsand color show some
correlation with host properties, it is difficult to discern whether the resittost bias is a product
of a third intrinsic SN la parameter, or whether it reflects some deficiencyirecting for the
first two parameters whose behavior is tied to the properties of the SN Hdsis.we believe that
a definitive interpretation of the host bias as being driven by an additfmoglenitor property is
premature.

6.3.3 Correcting Bias in SN la Data

The second major concern provoked by the observed SN la brightiossdias is how
to effectively correct for this effect in SN la cosmological data. Sontb@s (e.gLampeitl et al.
2010 have suggested including SN la host mass as a third brightness coreataometer such that
corrected SN la brightnesses would be of the form:

dpu=mp— (Mp+a-S+5-C+~-H)— pu(z;Q, 20, Ho) (6.1)

wheredy is the corrected Hubble residu&l,andC are the usual stretch and color parameters with
their respective correction coefficientsand3, andy is the new correction coefficient for some host
property H such as mass (or metallicity). Some authors have already performed SEn@logy

fits using a host-based brightness correcti®ullfvan et al. 2011por a step-wise brightness correc-
tion for host mass where brightnesses of low-mass-hosted SNe |gjastegidoy a constant amount
(Suzuki et al. 2011 While these techniques may be viable as a short term means for corranting
observed bias in SN la data sets, we believe they are not the optimal measrézting current
(and future) SN la cosmological data. Instead, we advocate using 8hltdaitself to train new
standardization techniques that are unbiased with respect to hosttmep&Ve describe both of
these concepts below.

The Challenges of Host-Based Corrections

The first major problem with using SN la host galaxies for cosmology ctiaes is the
observational requirements for obtaining host galaxy properties f@Mlla cosmology data sets.
Host galaxy masses derived from photometry are the easiest (anplestieform of host data to
obtain. Typically photometric observations of host galaxies in numerous liiteds (ideally 5
optical bands, but as few as 2 bands would suffice), obtained longtilat&N has faded, provide
sufficient information to obtain a galaxy stellar mass. For high redshifteysnsuch as SNLS
(Sullivan et al. 201pwhich 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 isralragdta product
arising from the usual survey operations. Similarly, the SDSS-SN suyivaypeitl et al. 201p
revisited the same stripe of sky (SDSS Stripe 82) for multiple years, obtaidag ghotometry
over the whole survey area and at least a year after (or before) NhexBlosion. For nearby
surveys, such as SNfactory or the Palomar Transient FacRay ét al. 2009 that target a very
large area of sky, uniform photometric data is very difficult. As descridieolve (see Chapt@),
targeted photometric observations of varying depth were required to dhtagame mass precision
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for all SNfactory SN la hosts. Additionally, a wealth of nearby SN la datrsady on hand, but
would require significant additional observations to provide the leveluality photometric host
data needed to obtain host masses for brightness corrections. Thuss#reational requirements
of performing host-based SN la brightness corrections are challenging.

The second major problem with using host-based SN la brightness tion®s the ex-
tensive galaxy modeling requirements inherent in this method. Even for thdesingata, photo-
metric host masses, assumptions must be made about (a) galaxy star-foingtticies in order to
obtain mass-to-light ratios, (b) the extinction law and physical distributiorust @ithin galaxies
in order to correct observed galaxy brightnesses, and (c) stelladatogm models which must be
invoked in order to convert the aforementioned SFHs into mass-to-lighsrakarther difficulty
arises from the fact that stellar populations and galaxy SFHs evolve &hifedsuch that the re-
lationships between mass-to-light ratios and photometric colors employedltoties in the local
universe will not be applicable at higher redshifts. The complexity obgedéellar population mod-
eling inherent in assigning physical properties (i.e. stellar mass) to gatextpmetric data is such
that a significantly large and new set of systematic errors must be acddante SN la cosmology.
We believe that burdening SN la data sets with the systematics of galaxy modetioifavorable.

The final, and most significant, problem with using host properties tociosid la bright-
nesses is the fact that the properties of a SN la host are not the saneepasghbrties of the SN la
progenitor itself. Consider for example a SN la brightness correction ffeadtieely corrects for
host galaxy metallicity in order to account for an assumed progenitor metallftetst eSuppose for
argument’s sake that the SN la brightness does indeed depend on the ityetdliis progenitor:

MB,true = MB,O +7- ZSN (62)

whereMp e 1S the true SN la brightness/g o is the standardized brightness to which we wish to
correct the observed SN la brightne&s,y is the progenitor metallicity, angl the scaling relation
defining how the metallicity affects the true brightness. For simplicity we haveved@ference
to stretch and color under the simple assumption that we are correctly adjtrsinpserved SN la
brightness for those parameters. Now suppose we model the obséMviedbBightness based on
the metallicity of its host as:

MB,model = MB,O +- Zhost (63)

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

d,u = MB,model - MB,true (64)
= 7 (Zhost - ZSN) (6.5)

Thus our Hubble residuals will be mistakenly corrected by an amount gropal to the difference
between the true SN metallicity and the average metallicity of its host. Since galaxies llistri-
bution of stellar metallicities and the SN was drawn randomly from this distributiendifference
Zhost — Zgn 1S a random variable which has no physical meaning, only a probabilistic\doee-
over, No means exists to recover this metallicity difference without measurn§hthmetallicity
itself, a feat not currently attainable. Thus a host-based SN la brightteesection obscures the
true SN la brightness by a value which has no physical meaning andtdamnecovered observa-
tionally. This means that any future attempts to derive additional physicallyatetl 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 coupledgaldkg MZ
relation, a galaxy with an internal metallicity dispersion of 0.5 dex (a typicajedor elliptical
metallicity gradientsSpolaor et al. 207)0would introduce a random error on SN la brightnesses of
about 0.03 mag. The range of observed galaxy metallicities has a muchdpegethan the typical
internal metallicity dispersion of a single galaxy, so ultimately such a correctmridrntroduce
an error whose magnitude is smaller than the bias it is intended to correct. veloulee random
dispersion introduced into SN la brightnesses could possibly hindeefuaittempts to refine SN la
standardization. This is our primary objection to using host data to corheta Brightnesses.

The Case For Improved SN-Based Techniques

Now that we have outlined the reasons disfavoring use of host datarewtSN la bright-
nesses, we turn to a discussion of the potential improvement of SN la sl@ad®n methods using
only SN data. SN la brightness corrections derived exclusively frbheSlata have the advantages
of being derived directly from the SN itself (rather than a proxy), amucibeing contaminated by
the differences between the SN progenitor properties and the aveiggeres of its host galaxy.
An ideal standardization technique would be derived from SN photomedtag, ds this is the pre-
ferred method for observing SNe la in future high-redshift survepe¢troscopy is expensive), and
is the primary format of the expansive SN la data currently available.

It may be that a re-training of the methods for correcting SN la brightisefsem light
curve data may be able to rectify this problem. We showed above that wh8hltleedata set is split
by light curve width, the color-correction termfor the two subsamples was substantially different.
This result was similar to that found when splitting the sample by host mass, whetpected
because light curve width is known to correlate with host galaxy mass. @Gadlast content is
also expected to correlate with galaxy mass, such that significant amouhtstafand thus more
heavily extincted SNe la) can be found in higher mass galaxies. If intrinsita®olor variations
affect the SN la brightness in a way that is different from reddenindust, then erroneous color-
based brightness correction would be expected to correlate with dusint@md thus by extension
host galaxy mass. Alternatively, if the color behavior of SNe la is a funatiostretch, this would
produce a similar signal due to the host mass-stretch correlation. Similarky,riétldening behavior
of dust is a function of metallicity, then monolithic color corrections would ngitaee this effect
and again produce a similar signal. All of these effects could potentially ntdisgled from
photometry (and thus corrected for), but sufficient data to do so heivi® Yoe presented.

A full re-examination of SN la light curve correction techniques is beythedscope of
this work, but we can provide some support for the notion that a hosaset SN-based standard-
ization technique is feasible by invoking the results from our flux-ratioezied Hubble residuals
study above. The SN la Hubble residuals derived after correctiogpfectral flux ratios showed a
decrease in host bias. While this alternate standardization method may ndetayngmove the
bias, it does illustrate that SN-based techniques can be found whichsatdeace the bias. We
hope this is a proof of principle, and eagerly anticipate future standaiatizanethods which can
be tested for their impartiality with respect to SN la host properties.
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Chapter 7

Conclusions

This thesis has presented observations of the host galaxies of SNarigHe Nearby
Supernova Factory (SNfactory) along with analyses of the physioglgpties of those galaxies and
their implications for the SNe la they hosted. In Chaptave focused on the host galaxy of the
probable super-Chandrasekhar-mass SN la SN 2007if, showingsit$dbe extremely low mass,
the lowest observed SN la host metallicity to-date, and composed of amengstellar population.
Chapteis pursued three key investigations into the nature of SN la progenitors tgrigll sample
of SNfactory host galaxies. First we demonstrated that SN la hostigalakow good agreement
with the normal galaxy mass-metallicity relation. We then showed that the distrilnfti®N la host
galaxy masses can be modeled using stellar mass and star-formation hidribytitisis coupled to
an SN la delay time distribution (DTD), thereby constraining the propertiésoEN la DTD. Next
we investigated the proposed low-metallicity inhibition of SNe la with the SNfadiost sample,
and found that our sample contained no SN la hosts observed signifitceatthy the proposed
metallicity threshold, providing tentative evidence in support of this theoiyally in Chapter6
we compared the brightnesses of SNe la after application of severalastération methods to
the properties of their host galaxies, and showed that the previousld has of stretch- and
color-corrected SN la brightnesses with host mass was indeed piasiat SNfactory sample,
but definitely diminished when brightnesses were corrected with a spegpiescorrection method
developed by SNfactory.

The foremost goals of this thesis have been twofold: to learn more aboutathee of
SN la progenitors through the study of their parent stellar populatiorts trereby improve the
potential for SN la luminosity standardization for cosmological applications. viidrk has made
contributions to both these endeavors, and below we remark on the gsageede here as well as
our preferred next steps in pursuing these research goals.

7.1 Host Galaxies of Super-Chandrasekhar-Mass SNe la

The discovery of exceptionally over-luminous SNe la whose progedikely exceed the
Chandrasekhar mass has been one of the most interesting discoveridars@ence in the past
decade. Following the initial discovery of SN 2003fg (SNLS-03D8tuwell et al. 2008, several
other SNe have shown similar spectroscopic and photometric behavige Bide la challenge the
fiducial progenitor model in which a Chandrasekhar mass white dwarérgoés thermonuclear
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runaway to produce a SN la.

We undertook the study of the host galaxies of these SNe, with a partioglas bn the
host galaxy Childress et al. 200)1of SN 2007if (SNF20070825-008calzo et al. 2010 This par-
ticular SN was the brightest known SN la at the time of its discovery, and axgeghthat its host has
the lowest measured metallicity of any SN la host. Additionally, our inspectitimedstellar absorp-
tion features in the host spectrum strongly indicated the host underveémoing burst of star forma-
tion ~ 100 Myr before the SN, possibly producing the SN progenitor in this starbWstcontinued
to examine the hosts of other probable super-Chandrasekhar Seutzefiberger et al. 201&nd
found that their host mass distribution was markedly lower in average masgshbahost mass
distribution from other surveys such as SNLS{livan et al. 201pand SDSS-SNLampeitl et al.
2010, implying a potential preference for low metallicity.

Our work has already been followed in the literature by several recetysesKhan et al.
(2011 followed our analysis of super-Chandrasekhar SN la hosts franbenberger et a{2011)
and our analysis of the host of SN 2007if fradiildress et al(2011) by inspecting the local sites
of the SN explosions for three key members of the super-Chandrasaidheass. They found that
SN 2006gz was found in a region outside>6f95% of its host light, where the metallicity was
more than 0.4 dex lower than at the core of its galaxy. Similarly, SN 2003fG&h2009dc, though
found in interacting systems, were significantly far from the center of thessible hosts, imply-
ing low metallicity regions. Their conclusion was that the most definitive s@bemdrasekhar
SNe la — SN 2003fg, SN 20069z, SN 2007if, and SN 2009dc — wereatid in low-metallicity
environments, lending strong support for low metallicity being a requirenwerihé production of
super-Chandrasekhar SNe la.

Hachisu et al(201]) recently revisited possible SD progenitors of super-Chandrasekhar
SNe la. They found that low metallicity was important in increasing the initial WDsha$ore the
onset of accretion. With these higher mass WDs, they found that accietioem SD scenario could
lead to differential rotation supporting a significantly more massive WD thgyy. Indeed their
mass estimates for super-Chandrasekhar SN la progenitors wasoresigtent with our estimate
for SN 2007if inScalzo et al(2010. Additionally, they found that the SD companion needed to
have a stellar masa{, ~ 4M) consistent with the main-sequence turn-off mass we estimated for
the stellar population in the host of SN 2007if@hildress et al(2011).

The study of super-Chandrasekhar SNe la and their possible praigeis a highly pop-
ular and rapidly advancing field within the study of SNe la. Our work hex® dontributed to the
study of the environments in which these SNe have been found, and weily fu& advanced as more
of these exceptional SNe are found.

7.2 Statistical Properties of SN la Host Galaxies

The nature of SN la progenitors remains a topic of great interest notfontiie purpose
of potentially improving their calibration for cosmology, but also for uncowgrthe stellar and
binary evolution paths which lead to these exceptionally explosive evehtsstlidy of the parent
stellar populations where SNe la are born is a useful tool for constgaivla progenitor models.
While the study of the host galaxy of an individual SN la can constrain tiedylijgroperties of its
progenitor, thestatistical study of the ensemble of SN la host galaxies provides clues tratige
of SN la progenitor properties and the relative frequency of thospepties.
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SN la Host Galaxies and the MZ Relation

The agreement of SN la host galaxies with the normal galaxy mass-metalllaiipres a
key assumption in the interpretation of SN la trends with host mass in termstafietalicity. The
agreement of SN la hosts with the MZ relation has been an implicit assumptionabgkevational
tests of thelimmes et al(2003 theory as presented byowell et al.(2009 andNeill et al. (2009,
as well as the numerous studies analyzing SN la Hubble residuals agiariusfaheir host galaxy
massesKelly et al. 2010 Sullivan et al. 2010Lampeitl et al. 201D This is an important aspect
of SN la hosts to check, as deviation from the MZ relation could be caugethiisually intense
star formation activity, as was discovered to be the case with LGRB hosteyski & West 2011
Mannucci et al. 2011

Here for the first time we have inspected the agreement of SN la hosts witthelation
using a large sample of SN la host galaxies from SNfactory. The SNfastonple proved to be
ideal for this analysis because of the large range of host stellar mas&idd la discovered with our
search. Our impartial search technique is also advantageous in thisyrenteaause it avoids the
selection biases that might arise from a search technique which targeifscspelaxies. We showed
that indeed SN la hosts show remarkably good agreement with the MZ retatiothe mass range
8.5 <log(M,/Mg) < 11.0, with mean offsets from the MZ relation &2 = —0.003+0.012. We
also showed that the dispersion of SN la host metallicities about the MZ relati@ny consistent
(pull distribution RMS exactly equal to 1) with the observed dispersion ofabgalaxies about
the mean MZ relation.

Our analysis provides observational support for the previous infeseabout host metal-
licity in trends observed with host mass. It also shows that the star formatimityaof SN la hosts
is likely to be very similar to that of a typical field galaxy sample, rather than beimgentrated
in regimes of extreme star formation. We thus conclude that future studiebl o& properties
with respect to progenitor metallicity can be validly inspected by means of thslirgabaxy stellar
masses.

SN la Host Galaxy Mass Distributions

The study of the SN la delay time distribution (DTD) is currently a very actie&fi
of research. Knowledge of the SN la DTD would be helpful not only irtiplg constraints on
progenitor models, but also for calculating expected yields from futuréaSNrveys. To date most
such studies have grown out of SN la rate calculations, where the totalrdrabstars observed
in each age bin must be estimated from stellar population synthesis modelingyafeadies in the
search area of the SN survey. The calculations of these statistics feonhs#ata is very complex,
especially in the determination of survey completeness and purity. FurtBemsgtics enter into
the galaxy stellar population modeling, which is limited by the complexity of data alailabthe
galaxies (i.e. spectroscopic data, or the number of photometric filter haWisle great progress
is being made toward this end (sikaoz 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 la DTD using tinidwatisn
of SN la host galaxy masses. Building upon the deep base of knowledgaling galaxy star for-
mation histories and the distributions of stellar mass and star formation in the ticafse, we can
generate a prediction for the SN la host mass distribution for a given Mg the observed SN la
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host mass distribution from SNfactory we showed the power of this distribirtioonstraining DTD
models. In the simplified “A+B” framework, we found the fraction of “prom@Ne la to be approx-
imately 80%, consistent with the value implied from rates studses(inapieco & Bildsten 20D5
Adding complexity to the allowed DTD, we used galaxy SFHs measured frorSEH&S survey

to predict host mass distributions for a power law DTD and showed thatNifiec®ry host mass
distribution favors & = —1.2 power law index with a lower age cutoff of aroutig,,,,: = 20 Myr.

This power law index is fairly consistent with other observational studiesafi et al. 2008Maoz
201Q 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 progenitofd (~ 10M).

Our analysis is contingent upon an accurate measurement of the truet®idtlgalaxy
mass distribution, which is made possible for SNfactory due to our impartialeaitis technique.
SN la host galaxy stellar masses are available from numerous untargeteygss(e.gSullivan et al.
201Q Lampeitl et al. 201 and with some additional inspection of selection biases could likely be
turned into additional measurements of the SN la host mass distribution atd$tefteof these
surveys. We emphasize here the power of using only the SN la host ms&risution to constrain
the DTD, rather than resorting to galaxy star formation history modeling forMllé&Shostsand
other galaxies observed in a survey. Our method takes advantage atttibdt the average SFH
of SN la hosts of a given stellar mass will be representative of the awe3&df of all galaxies
at that mass. This method will be further enhanced by the inclusion of hast distributions
from different redshifts where the local star formation histories will béedént, enabling a unique
variation of the input to the host mass distribution calculation.

Low-Metallicity Inhibition of SNe la

The study of preferred SN la environments can provide clues to SNdgepitors by
revealing potential progenitor properties that favor (or disfavor) tieglypction of SNe la. One the-
oretically proposed environmental preference was put fortiKblyayashi & Nomotq2009, who
predicted that SNe la could not occur at extremely low metallicities. For theifire, we attempted
to confront this theory with observations by examining the low-metallicity SN kdiwom SNfac-
tory. Using the best available data to calculate the expected gas phase methitestyold, we
found that none of the observed SNfactory host galaxies show a metdtlediiy the fiducial pre-
dicted cutoff metallicity. Returning to our SN la host galaxy mass distribution tmageechniques,
we showed this result to be in sharp contrast to the best fit predictidhef6 SNe la in galaxies of
metallicity below the threshold. Given the observed effective sample sizgréssnted a P=1.6%
likelihood of there being no cutoff, constituting provisional observati@uglport of the proposed
low metallicity SN la inhibition theory.

We note that some SNfactory hosts with extremely low masses have yet to drwarhs
but our calculations account for observational completeness andweenlbareason to believe that
we have mistakenly observed only those hosts which do not violate the Ki&htiid. Similarly,
hosts for a number of SNe la could not be found despite very deep imagiigaaeful spectroscopic
screening of nearby host candidates. While arguments citing probatiienass upper limits cou-
pled to the galaxy mass-metallicity relation might favor an interpretation of thesd&dtiginating
from progenitors with metallicities below the KNQO9 threshold, these argumeatsratermined by
the fact that such a large number of extremely low luminosity SN la hosts $grdisggrees with
the observed distribution of stellar mass in galaxies. It was rather suigptisat many of our faintest
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candidate hosts turned out to be hostless SNe la, and that none ofoal fmw mass hosts showed
metallicity below the KNO9 value despite the expectation that some should.

Other nearby SN la surveys have found several other SNe la in low husss, and could
substantially augment the results we presented here. Our inspection oNO®@ Ikw metallicity
inhibition theory with SNfactory data is a representative example of the wayhiohatheoretical
predictions of SN la progenitor behavior can be tested with a statisticalsasalySN la host galaxy
properties.

7.3 SN la Brightnesses and the Properties of Their Host Galaxies

One of the major motivations for studying SNe la is their utility in cosmological digtan
measurement. SNe la are the best standardizable candles for measeraxgpamsion rate of the
universe by means of the Hubble diagram. However, the number of cogital&Ne la has become
sufficiently large that systematic errors are becoming comparable in magmatsdtistical errors
in SN la cosmology fitsQullivan et al. 2011a Understanding the progenitors of SNe la better is
thought to be a fruitful means of improving their calibration for cosmology @ study of SN la
hosts plays an important role in this endeavor.

A critical secondary role of SN la host galaxies is to serve as a meanssafieg that
our SN la standardization methods do not leave a residual bias of tr&N la brightnesses
with respect to the properties of their hosts. If corrected SN la brighiseshow a dependence on
properties of their hosts which will evolve globally at higher redshiftshsag metallicity or stellar
age, then this could indicate SN la cosmology will yield biased results at hitghifés. Such a bias
was indeed uncovered in recent studi€slly et al. 2010 Sullivan et al. 201pLampeitl et al. 201P
of SN la Hubble residuals and the properties of their host galaxies. Wieise tstudies showed this
bias to be present for stretch- and color-corrected Hubble residaadsfanction of SN la host
mass and specific star-formation rate, we showed here for the first time Widc®ry data that
an analogous trend is present with respect to host galaxy gas-ph&asgaiye Though this result
was expected given our previous confirmation that SN la hosts follow dlexg MZ relation, it
provides important confirmation that corrected SN la brightnesses shiag avith respect to their
host metallicity.

More importantly, we revisited this investigation using an alternate SN la brightan-
dardization techniquBailey et al.(2009 that employs spectral flux ratios. This provides an impor-
tant check of whether the previously observed bias is a result of trda Biightness dependence on
host (and presumably progenitor) metallicity, or whether this might in facnberifact of inferior
standardization techniques. While this host bias was still detected (altholmh significance —
roughly 10) 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 rdsifhoen 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 correctablggthiobser-
vations of SNe la alone. We argued that the use of host galaxy datarezicBN la brightnesses
was not a favorable solution for several reasons. These includéffloailties in collecting host
data, particularly for wide area nearby SN la searches, and emplogitgistent modeling of that
galaxy data. Furthermore, if indeed there is some dependence of Shyldness on progenitor
metallicity (or some other property that scales with host mass and metallicity) tsttdiwected
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SN la brightnesses will be partially corrupted by the differences betwlemetallicities of their
progenitors and the average metallicities or their hosts.

For the near future, correction of SN la cosmological data for this eksdnost bias is a
viable means of ensuring cosmological parameters are not biased byfdrerdiprogenitor popu-
lations along the redshift range of SN la observations. However, wadsubmit that our analysis
employing a different standardization method illustrated that SN-based luityicosrections that
do not bias cosmological parameters could indeed exist. Host galaxy datal i providing a
cross-check of such new standardization methods, as these dateepaovieans of confirming that
SNe la are being born in different environments. It would likely be a welnile endeavor to re-
visit SN la light curve modeling in order to seek a new means of SN la calilorétiat results in
host-unbiased SN la luminosities by means of SN la data alone.

7.4 Final Remarks

Type la supernovae are vital cosmological tools as well as interestimgphgsical ob-
jects in their own right. Their continuing utility as cosmological distance indicasoligely to be
enhanced by a deeper understanding of their physical origin, so bsthatogists and stellar evo-
lution experts seek insight into the nature of their progenitors. Most astrers agree that SNe la
likely come from the thermonuclear disruption of Chandrasekhar-mass divaefs. Unlike the
luminous giant progenitors of many core collapse supernovae, SN ¢gepitor systems are likely
to be so faint that their detection beyond the Local Group would be nearlyssilple even with the
best resolution space telescopes. Thus the mystery of SN la progesitorikely to be resolved
through direct detection. Instead we must turn to the study of SN la emegots and host galaxies
in order to uncover the nature of their stellar progenitors.

Though the study of SN la hosts can provide only an indirect probe daSiXogenitors,
a wealth of information has already been gleaned from such studies. 8Nil@nment studies
have provided important constraints on theoretical SN la progenitor madelsSN la host science
is well placed to aid in several key future areas of study.

SN la cosmology will continue to rely on host studies to ensure that our Skhradard-
ization methods will not bias the measurement of cosmological parametergeddm discovery
that current SN la standardization methods leave a residual bias witbctasphost properties is
likely to inspire a close examination of those methods, and hosts will continueytah@acritical
role of testing corrected brightness trends with progenitor properties.

Another key effort we would like to see pursued with future host studiggeisomparison
of SN la environments for different subclasses of SNe la. Statistioglgrties of the environments
where spectroscopically peculiar SNe la (e.g. 91T-like or 91bg-like)faund could shed light
on the progenitor properties which drive their peculiarity. Similarly, studyheyenvironments of
SNe la grouped by light curve shape (e.g. SNe la binned by stretald poovide key insight into
the physical properties of their progenitors, and whether those pitogenoperties vary along with
the resultant behavior of the SNe themselves.

Finally, we believe SN la host galaxies will be critical to unraveling the most tapb
issue facing SN la cosmology today: the disentanglement of intrinsic SNIda ftom extrinsic
reddening by dust. External constraints on the amount of possible bsstiong SNe la is critical
to understanding the amount of color variability inherent in the full sampleN& B&. The study of
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the dust content of SN la host galaxies is instrumental in constraining therdrabdust possibly
obscuring SNe la, and the sample of dust-free SN la host galaxies vplidtieularly useful in this
endeavor. A key source for such immaculate environments is the sample ofds& SN la hosts,
whose probable low dust content (due to expected low metallicity) and lowabputepth could
provide key dust-free environments for studying the intrinsic colors o &N

Host galaxies are likely to help answer these and other key questions ia &fiehce as
the number of well observed SNe la continues to increase. The numbeowhkSNe la is poised
to make a tremendous leap forward in the coming years, with numerous relrby search and
followup campaigns currently underway (SNfactory, Palomar Transiantory, Lick Observatory
Supernova Search, SkyMapper Transient Survey, PanSTARR&Sllla QUEST, ROTSE), several
intermediate redshift campaigns completed (SNLS, SDSS-SN, ESSENGEnping up (Dark
Energy Survey), continued high-redshift campaigns employing the ldu#ace Telescope (SCP,
CLASH, CANDELS), and future large telescopes (LSST, TMT) that wijh&icantly increase the
number of SNe la found. With these plentiful SNe la will surely come nunsrpportunities
to study their diverse environments and further our knowledge of thenooifythese fascinating
explosive events.
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