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ABSTRACT

Type la supernovae (SNe la) are excellent tools in cosmolblggir intrinsic luminosi-
ties are found to vary systematically with the light-curvalths, providing an empirical
calibration. This property, called the width-luminosigtation (WLR), is the basis of mod-
ern SN la cosmology and led to the unexpected discovery ofuhent accelerated rate
of cosmic expansion. By examining the spectroscopic diyecdiSNe la, this thesis aims
to improve both the use of SNe la in cosmology and the physinderstanding of the
observed properties. Spectra of SNe la contain a wealthfofnration, but are diicult
to organize. In this thesis, new methods are developed tsistently quantify and ana-
lyze the spectral features of supernovae. Thieacy of the methods is tested on a large
library of observed spectra encompassing a wide range @iepties. The spectroscopic
diversity of SNe la enters cosmology throul§kcorrection calculations. Before this work,
K-correction was a major contributor of the systematic arinrcosmology. It is shown
here that the systematic errors can be largely diminishezhlgfully quantifying the mean
spectroscopic properties of SNe la. The remaining stedisrrors are also quantified
and shown to be redshift dependent. With the aid of prinagpatponent analysis (PCA),
the multidimensional spectral information is reduced tew Eomponents describing the
largest variations in the spectral library. Using this tabis shown here that SN la intrin-
sic luminosity is the main driver of the spectroscopic dvigrat maximum light, foevery



spectral feature from the ultraviolet to the near-infrar@dhese spectroscopic sequences
can potentially account for a large fraction of tecorrection statistical errors and even
enable the use of SN la spectra as independent indicatonsriofsic luminosity and col-
ors. The established relations will also disentangle ffexcts of demographic shift and true
evolution in high-redshift SN la spectra. The temporal atioh of the spectral features is
shown to exhibit the persistence of the spectroscopic segsethroughout other epochs.
The dfect is attributed to the more rapid spectroscopic tempmaligon of fainter SNe

la. This conclusion supports the theory that WLR is primaaigpectroscopicfiect, rather
than a bolometric one.
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Chapter 1
Introduction

Type la supernovae (SNe la) are a remarkably homogeneas a@bjects. Their peak
luminosities are extremely bright and are found to varyeysttically with the light-curve
width. These properties make SNe la a powerful tool for cdegical studies and have
led to the surprising discovery of the acceleration in theent cosmic expansion. The
acceleration infers a previously unaccounted for compboktihe universe, named “dark
energy” to reflect our ignorance. Dark energy comprises baHiof the total matter-energy
content of the universe, and poses a great challenge foafmedtal physics.

The current generation of SN la surveys aims to constraimétere of dark energy.
This is achieved by the reduction of statistical errors Watlge sample sizes and the metic-
ulous control of the systematic errors. One of the majoraeaiof the errors arises from the
spectroscopic diversity of SNe la. At first glance, the spsctopic properties of SNe la are
quite uniform. Yet exquisitely detailed observations @4t objects have revealed not only
subtle variations within the majority, but also some rard anly peculiar events. Despite
efforts in the observational and theoretical studies of SNéhaorigin of the variations
remains unclear.

The dtects of spectroscopic diversity have not been dealt witlyaalely in previous
surveys. This thesis is primarily motivated by the potdrtasubstantially improve SN
la cosmology by examining the observed spectroscopic sliyeiThe same path will also
lead to some insights which will help decipher some of thengmeered questions in SN
la physics. There are thus two goals for this work: 1) to imprthe use of SNe la as
calibrated candles, and 2) to uncover the origin of thenstd variations in spectroscopic
features of SNe la.

The thesis is organized as follows. In Chapter 2, the curtatusof our understanding
of SNe la and the remaining unanswered questions are aiitlin€Chapter 3, the standard



model of cosmology is developed on the foundation of the g@rikeory, and the use of
SNe la as calibrated candles to measure the cosmologiGahe#ers is also discussed. The
library of spectra and the methods developed to quantifyaanadlyze spectral features are
described in Chapter 4. Thé&ects of spectroscopic diversity on SN la cosmology and the
efficacy of the proposed methods are examined in Chapter 5. In &@phe global trend

of the spectral variation and the main drivers of the vasratire identified. In Chapter 7,
the spectroscopic properties of SNe la in the near-infraredcexamined.



Chapter 2
Properties of Type la supernovae

Abstract Type la supernovae (SNe la) are currently the most precisardie indica-
tors, allowing for the direct measurement of the expansistoty of the universe. SNe
la display a range of intrinsic luminosities and are calbdausing the empirical width-
luminosity relation (WLR). Because of their cosmologicalityjithere is pressing need for
the physical understanding of the properties of SNe la. Whiéee is general consensus
that the progenitors of SNe la are carbon-oxygen white dv@MDs) in binary systems,
the nature of the donor stars is less certain. The explosadef depend on the total mass
of the progenitor system and are thus also uncertain. Fately, in the study of the origin
of WLR, the uncertainties in the progenitor systems and théosign models are of little
consequence. The primary driver of the intrinsic luminpsitSNe la is the amount 6fNi
synthesized in the explosion. Most studies explain the WLRelsting the increase in the
6Ni mass to the increase in the mean opacity atfidision time. This is manifested as an
increase in the widths of the bolometric light curves. Hogrevecent work suggested that
WLR is primarily a spectroscopidiect. The study of the spectroscopic temporal evolu-
tion of SNe la is needed to discern between the two poss#silifThe evolution of SN la
properties with redshift is also of great concern for cosgpl Current spectroscopic tests
of evolution cannot distinguish between variations dritgndemographic shift and true
evolution. Established relations between SN la spectedlfes and intrinsic luminosity
will help disentangle thesdfects.



2.1 Introduction

SNe la are the most precise distance indicators availabkxtcagalactic astronomy. Their
intrinsic luminosities in the optical are found to vary ssiatically with their light-curve
widths, allowing them to be calibrated into standard camdl&his empirical relation is
the basis of modern SN la cosmology, and made possible tioevdisy of the current
accelerated rate of cosmic expansion. Despite the suctegsilications, the physical
origin of the empirical relation is not well understood. T8 la luminosity has also been
found to correlate with host galaxy properties. As galaxyperties shift with redshift,
supernova properties will also shift. The systematitedence between low-redshift and
high-redshift SNe la may alsdfact cosmology. In this section, the observational properti
and the current state of SN la physics are outlined. More rtapdy, the still unanswered
guestions and the approaches toward the solutions areedsalaed.

2.2 Classification

Several important historical milestones led to the iderdifon and the subsequent classi-
fication of supernovae. Lundmark (1925) was the first to ssigge “upper class” distinct
from the regular novae. The new class was created for novadfoAreda or SN 1885A,
which was several magnitudes brighter than a sample of 2laegovae in the Andromeda
galaxy. Baade (1942) made the important connection betweemistorical supernova
SN 1054 and its remnant, the Crab Nebula, M1. Minkowski (194ttpduced two sub-
classes for supernova based on their optical spectra. Hssifitation system was then
refined by Zwicky in 1965 and became the basis for moderniéizsson of supernovae.
For a review on the classification of supernovae, see Filipp€1997) and Turatto (2003).

The classification of a SN is mainly based on its optical gpectat maximum light
(Figure 2.1). The presence or absence of hydrogen separgiemovae into Type Il and
Type |, respectively. When it became clear that a subset of Tgoipernovae exhibit very
red colors and lines of intermediate elements at late timgs Filippenko & Sargent 1985;
Panagia et al. 1986; Uomoto & Kirshner 1985; Wheeler & LeviteE2B5), new subclasses
were introduced. Type | supernovae which display the premtisi Il line near 6150A are
classified as Type la. The rest coincide with the subset otithesually red supernovae
and are further subdivided into Type Ib and Type Ic by thegmes or absence of He lines,
respectively.

Type Il supernovae are also subdivided into Type IIP (fotgda) and Type IIL (for



linear) according to their optical light curves. Shortlyeafthe light curve of a Type IIP
supernova reaches the maximum, a plateau phase followsanitbxtraordinarily slow
rate of decline, lasting for 2 3 months. The light curve of a Type IIL supernova, on
the other hand, shows linear decline after maximum lightcimiike Type | supernovae.
Observations of Type IIP supernovae with extraordinariigrs durations of the plateau
phase suggest that there may be some continuity betweewohgubtypes. Progenitors
of Type IIP supernovae are believed to have much more malsgdregen envelopes than
Type IIL supernovae.

A core-collapse supernova results from the gravitatioodapse of the iron core of a
massive star. The fierence in the appearance of the spectra of these supersdbaeght
to be determined by the amount of hydrogen envelope rengainithe massive star at the
time of explosion (Nomoto et al. 1995). A regular star withyditogen layer would explode
as a Type Il supernova. A star which has lost its hydrogenlepeeor both its hydrogen
and helium envelopes, whether through stellar winds orrimméeractions, would explode
as Type Ib or Ic. The discovery of a hybrid Type 1lb (e.qg., ppenko 1988) supports this
picture. These objects start as Type Il at early times arg tlsir hydrogen lines at late
times and reveal He | lines characteristic of Type Ib supaaaoThey make the important
connection between Type Il and Ibc supernovae. In the sieafvarying envelope mass
manifesting as dierent observed properties, the subtypes of core-collasisovae can
be placed in the sequence, types IIP-IIL-lIb-1b-Ic, ordEy the decreasing envelope mass
of the massive star undergoing the explosion (Figure 2.1).

Type la is believed to be the only supernova type that refudte the thermonuclear
disruption of a WD. It is thought that the progenitor of a SN tzr@tes mass until the
carbon in the WD is ignited. This occurs when the WD reaches & miagpproximately
1% less than the Chandrasekhar mass. The carbon ignitiohtieadbsequent unregulated
thermonuclear burning which unbinds and destroys theeeWiD.

For a Type Il supernova with its massive envelope intact etineelope does not have
to expand much for it to become flgiently transparent for photons to escape. The light
curve is powered by the shock energy from the explosion. iEmst the case for the Type
| family. The exploding objects of the Type | variety are caunf whether they are WDs,
suspected for Type la, or bare cores of massive stars, daedpec Type Ibc supernovae.
The expansion of the compact object after its explosiordigjgiools the ejecta. By the time
the matter is transparent, the heat from the original shotkse explosion has dissipated.
The light curves of Type | supernovae are thus powered eixelydy the radioactive decay
of the®®Ni synthesized in the explosion.



Yet another class of objects, Type lIn supernovae, areiitehby the prominent nar-
row hydrogen Balmer emission lines, in place of the broad P Cygyfile characteristic
of normal Type Il supernovae (Schlegel 1990). Other spkfeadures in these objects are
weak. The prominent narrow Balmer emission line is typicaliperimposed on broader,
weaker components. It is thought that these emission fesiare the results of the interac-
tion between the supernova ejecta and a dense circumsteddium (Chugai & Danziger
1994). The interaction between the fast moving ejecta aadlitwly expanding circum-
stellar medium generates a forward shock in the circunasteledium and a reverse shock
in the ejecta. These shocks manifest as distinct compoiretite Balmer emission.

Some Type lIn supernovae, along with some Type Ibc supeaa@ suspected of
being associated with gamma-ray bursts. The explosiorggmeoduced in these events is
generally high. Some have been shown to have kinetic ersergi€P? ergs (e.g., Woosley
et al. 1999). The extreme energies earn them the term “hgpatrflwamoto et al. 1998).
These associations appear to group Type lin with the coiteps® variety. However, recent
discoveries of Type JHn hybrids, such as SN 2002ic (Hamuy et al. 2003) and SN 2005g
(Aldering et al. 2006; Prieto et al. 2007), revealed examplewhat are presumed to be
WDs exploding inside hydrogen envelopes and prompted theangi@ation of some of
these objects. The precise nature of these objects isatili@versial (Benetti et al. 2006).

The spectroscopic properties of SNe la are quite unifornt.oldeervations of Type la
SN 1991hbg (Filippenko et al. 1992a) and SN 1991T (Phillipale1992; Filippenko et al.
1992b) revealed some peculiar spectral features whitardiubstantially from the norm.
The spectra of normal SNe la are characterized by strong &ttebuted to singly-ionized
intermediate-mass elements. Around maximum light, SN b§%hows suppressed flux
near 4200A by strong Ti |l features and a stronger than noBnéll line from the 5958,
5979A doublet. The intrinsic luminosity of SN 1991bg is dataed to be unusually low.
On the other hand, SN 1991T exhibits essentially no abswortom the Ca Il H&K and
Si 15958, 5979A doublet, but prominent high-ionizatioatieres of Fe Il in its early spec-
tra. The intrinsic luminosity is determined to be brightesit normal. The subsequent dis-
coveries of more objects like these prompted the furthessdiaation of spectroscopically
peculiar objects into 1991bg-like and 1991T-like categ®iiBranch et al. 1993). Nugent
et al. (1995) explains the diversity as affieet in the varying “&ective temperature” of
the ejecta, forming a sequence from the low-temperaturéld@®¥ke objects through the
normal SNe la to the high-temperature 1991T-like objects.

More recently, the observations of SN 2002cx (Li et al. 20@8¢aled peculiar proper-
ties which do not fit in either of the two peculiar subclassescdbed above. The premaxi-
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Figure 2.1: The classification scheme of supernovae. (soldigatto (2003))

mum spectrum resembles overluminous 1991T-like objeetstylow intrinsic luminosity

resembles underluminous 1991bg-like objects. Discosesfanore objects with similar
properties, such as SN 2005hk (Phillips et al. 2007) and SD8I28 (Foley et al. 2009),
have prompted yet another category of peculiar SNe la, 200e objects. Foley et al.
(2009) estimate the rate of 2002cx-like objects to be as agyh0% of the total Type la
supernova rate. To complicate the matter further, Valardi.g2009) claimed that mem-
bers of this class of objects are not thermonuclear supagdwt originate from the core
collapse of the oxygen-neon cores of B M, stars.

There are many more examples of these subclasses of p&aNkdr, each with its own
unique peculiarity. Among them are SN 1999aa (Garavini.&@4), SN 1999ac (Phillips
et al. 2006), SN 2000cx (Li et al. 2001a), SN 2001ay (Howell &g&nt 2004), SN 2002bo
(Benetti et al. 2004), SN 2003fg (Howell et al. 2006), and SR&r (Hicken et al. 2007).
As the extensive monitoring and exquisite observationsipémovae continue, the zoo of
subclasses is sure to expand. The vast range of subclafisetsrthe uncertainties in the
theoretical models which describe these events, but atidine $ime provides insight into
a more complete picture.



2.3 Progenitor systems

SNe la occur in all types of galaxies. In particular, SNe laurdn elliptical galaxies,
while the others do not (van den Bergh et al. 2002, 2003, 20@%wever, it should be
noted that a peculiar core-collapse event has recentlydieeovered in an elliptical galaxy
(Kawabata et al. 2009).) This has given rise to the (incoyidea that the progenitors of
SNe la are long-lived low-mass stars. The best candidatéh&oexploding object is a
WD. A helium WD would yield compositions fferent from the observed ones (Nomoto
& Sugimoto 1977). Accretion onto an oxygen-neon-magnesidbis expected to lead
to an accretion-induced collapse to a neutron star (Nomokwg&do 1991). The general
consensus is therefore that a carbon-oxygen WD is the beg¢pitor candidate for a SN
la.

The average WD mass is only about 0.6 k&.g., Ritter & Burkert 1986), and the
Chandrasekhar limit is approximately 1.4,NIChandrasekhar 1931). The most sensible
way to accumulate the mass necessary for an explosion igghra binary system. The
guestion is: what types of companion stars would lead to a&N Despite the general
agreement that the exploding object is a carbon-oxygen Wéetis no consensus on the
donor star. For a review on the possible progenitor systen@Ne la, see Livio (2000,
2001).

One way for a WD to gain mass is to accrete hydrogen from a coimpann-degenerate
star (Whelan & Iben 1973; Nomoto 1982). In this scenario, @harrow range of accre-
tion rates is possible to allow for the stable burning of logdn required for the WD mass
to grow (Nomoto 1982). The mass transfer rate must be rapdginto prevent a nova
explosion that ejects more mass and slow enough that the W& engulfed by hydrogen
in a common envelope, displaying hydrogen in the spectruooiiY& Langer 2003). At
this optimal transfer rate (18— 10° M/yr), the hydrogen will then gently burn to carbon
and oxygen and settle onto the degenerate core. Promignaipedes have been identified
as supersoft X-ray sources, which display just the rightdfer rate (Hachisu et al. 1996;
Kahabka & van den Heuvel 1997).

Another possibility for a WD to gain the necessary mass forxgtosion is through
the merger of two WDs (Iben & Tutukov 1984; Webbink 1984; Paxsky 1985); the dis-
sipation of orbital energy is accomplished through the smoisof gravity waves. In this
scenario, the less massive WD would fill its Roche lobe and swaind the more massive
WD in a thick disk. The total mass of the system is required tteerd the Chandrasekhar
limit, and the orbital period is required to be short. It i<laar whether the system would



remain in this configuration, collapse to a neutron stard8aNomoto 2004) or explode
as a SN la.

Many routes have been explored in an attempt to determinéhehsingle-degenerate
scenario, double-degenerate scenario, or a combinatibotbfbest describe the progeni-
tor systems of SNe la. Delay-time distributions, deterrmibg the lag between the cosmic
star formation rate and the SN la birth rate, have been useéeldoce the progenitors. The
results suggest that the single-degenerate scenariocdonet explain the observed delay-
time distribution (e.g., Mannucci et al. 2006; Pritchetle808; Totani et al. 2008). Obser-
vations of candidate binary systems containing carborgerywDs also yield constraints
on the frequency of the progenitor scenarios. The receneguwf WD binary systems
has identified many candidates for double-degenerate pitoge of SNe la (Napiwotzki
et al. 2004). However, not one of the systems has both amabgstiod short enough to
merge in a Hubble time and a total mass that exceeds the Clsektiea limit. The dearth
of promising double-degenerate systems led Parthasagataly (2007) to conclude that
single-degenerate systems produce most or perhaps alleéSNe |

The detection or non-detection of material from the exglosithemselves or from the
companion stars gives clues as to whether or not the compsare degenerate stars. The
single-degenerate scenario should lead to an enhancemtéetdensity of the circumstel-
lar material. Evidence of hydrogen in the spectra of SNeuahsas SN 2002ic (Hamuy
et al. 2003) and SN 2005gj (Aldering et al. 2006; Prieto e2@07), presumably is a re-
sult of the interactions between the supernova ejecta amerigarom previous mass loss
episodes of the companion stars. This supports the sirgglertbrate scenario; but the
opposite has also been argued (Livio & Riess 2003). The uitiat flux of SNe la can
also ionize circumstellar medium. The detections of Na Iri2di in heavily reddened SNe
la, such as SN 1999cl and SN 2006X, also favor single-degémprogenitor systems for
these SNe la (Patat et al. 2007; Blondin et al. 2009). The mdeetion of SNe la at radio
wavelengths excludes the case of accretion from a massipamon star (Panagia et al.
2006) and supports a low-mass non-degenerate or a degeoenapanion star. Theftler-
ent types of companion stars lead téfelient explosion models and may lead to detectable
differences in the amount of unburned carbon. Optical and edrapectra have shown
little or no carbon (Marion et al. 2006; Thomas et al. 2007hisTis best matched by the
delayed detonation in a single-degenerate scenario (Bez#). However, the unambigu-
ous discoveries of super-Chandrasekhar-mass SNe la, s&dth 2803fg (SNLS-03D3bb;
Howell et al. 2006) and SN 2006gz (Hicken et al. 2007), andditections of unburned
carbon in the outer layer, favor the double-degeneratessicerRuiz-Lapuente et al. (2004)



10

identified a possible companion star for Tycho Brahe’s 157# Ty supernova. The star
is a type GO-G2 star, moving at more than three times the melagity of the stars at the
same radial distance from the explosion. However, a morentespectroscopic study of
the star found this conclusion to be less certain (Kerzdretal. 2009).

It can be seen that thesefferent methods lead to contradictory implications for the
progenitor systems. However, most lines of evidence poira tombination of both de-
generate and non-degenerate stars as donor stars for iexpwds.

2.4 Explosion models

Explosion models of SNe la can generally be organized imetbroad classes. All three
classes involve the explosions of carbon-oxygen WDs, witlging mass conditioned by
the progenitor systems. The first class of models descristplosion of a WD with
mass approaching the Chandrasekhar limit and accretedgthtbe Roche-lobe overflow
from an evolved companion star (Whelan & Iben 1973; Nomota2)9&he explosion is
then triggered by compressional heating near the centdreofMD. The second class of
models describes the explosion of a rotating configuratoméd from the merger of two
low-mass WDs (Webbink 1984; Iben & Tutukov 1984; Paczynsi3)9 The merger is
caused by the loss of angular momentum through gravitdtradation. The total mass of
the system may be super-Chandrasekhar. The third classimssexplosion of a low-mass
sub-Chandrasekhar WD triggered by detonation of a heliunr |@jeosley et al. 1980;
Woosley & Weaver 1986, 1994). The sub-Chandrasekhar modeéstheen ruled out for
normal SNe la from the predicted light curves and spectregéduet al. 1997). Here,
we focus on the Chandrasekhar-mass models to develop ativtumderstanding of the
process.

The thermonuclear runaway process in degenerate matiemssdered the main mech-
anism for the explosion of SNe la (Hoyle & Fowler 1960). As thass of the WD ap-
proaches the Chandrasekhar limit, any small mass incresigiésrin substantial contraction
of the star, compressing the material near the center. Thpassion ignites thermonu-
clear reactions and accelerates them with increasing tetyse. Because the temperature
increase does nottact the degenerate electron pressure and does not expastdrhie
thermonuclear reactions continue in a runaway fashion. Wherthermal and the de-
generate electron pressures are comparable, expansions,blegt is too late to stop the
thermonuclear reactions. The ignition starts a SN la exmhothat lasts for approximately
one minute. The network of thermonuclear processes begins'fC and'®O and ends at
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6Ni where no more exothermic nuclear processes are posstide quantities of partially
processed intermediate-mass elements, such as Ne, Mga8d Sa, are also produced.
The process releases energy on the order &f &@s, most of which is transformed into
kinetic energy that unbinds the star.

The thermonuclear reactions occur in a thin layer of thenntaar flame that propa-
gates from the center outwards. There are two modes of flaomagations in SNe la.
“Detonation” describes burning velocities slightly abdke local sound speed, where the
reaction front is preceded by a shock wave. “Deflagratiorscdbées burning well below
the local sound speed. For pure supersonic burning, the flaukl propagate through the
entire WD before it has time to expand and convert the whotardiairon-peak elements.
This is not what is observed; therefore, a pure detonatienao can be ruled out.

In a pure deflagration scenario (Nomoto et al. 1984), sigmti@mount of material
remains unprocessed because the subsonic speed of theateffagurning front is unable
to catch up to the expansion of the WD near the surface. In dimiénsional deflagration
models, the burning front becomes turbulent and resulteandrge scale mixing of pri-
mordial and processed materials (Gamezo et al. 200Bk& & Hillebrandt 2005). Large
pockets of unburned carbon and oxygen are expected to bd fturarious depths. This
result contradicts the spectroscopic observations of ab8Ne la, characterized by little
or no unprocessed material and radially layered chemiaattsires. The pure deflagration
scenario is also thought to provide ifiscient energy for a normal SN la. The observations
of the new class of 2002cx-like objects (Section 2.2) sujpih@m being pure deflagration
supernovae.

The delayed-detonation models (Khokhlov 1991; Yamaoka. di992) currently pro-
vide the best match to the observations of normal SNe la. elhexlels start with a sub-
sonic deflagration burning front. As described for the puwetagjration case, the turbulent
nature of the burning front results in large scale mixinge Telayed-detonation models
then introduce a transition from deflagration to detonatidme supersonic detonation front
eradicates most chemical inhomogeneities, producing ialkagtratified chemical struc-
ture and little unburned material at the surface, in agregméh observations of normal
SNe la.

Despite the success of the delayed-detonation modelsrathggpng the observed prop-
erties of SNe la, how the deflagration-to-detonation ttasioccurs in the unconfined
ejecta is still unclear (Gamezo et al. 2005; Zingale & Duf¥)?2). A complete model also
has to overcome other uncertainties, such as the nature @irtilyenitor systems, precise
ignition conditions and the physics of the turbulent nuckambustion. There is currently
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no full theoretical description of the explosion mechanafsNe la.

2.5 Light curve and spectra

As the compact exploding object is initially optically tkicmost of the energy from the
explosion is converted into kinetic energy ¢1@rgs) to unbind the star. Another source of
energy is required to produce the observed luminosity of d&SNhe natural end product
of the thermonuclear process¥Ni. The observed luminosities of SNe la are powered
entirely by the radioactive decay chain frofiNi through>®Co and finally to the stable
6Fe (Truran et al. 1967; Colgate & McKee 1969). The observdut bgrves and spectra
are therefore fully determined by the density structurehefrmaterial synthesized during
the explosion. The details in the explosion physics and #s®@ated uncertainties are
fortuitously of little consequence. This is perhaps thesosavhy SNe la, which seemingly
originate from a range of ffierent progenitor systems and explosion physics, can apgear
a single family of objects.

The light curve of a SN la is determined by three competifigots: 1) the conversion
of internal energy to kinetic energy to unbind the star, 2 deposition of energy from
radioactive decay, and 3) the escape of internal energyeashiserved light curve. Before
peak luminosity is reached, more internal energy goeslmg@xpansion than escapes, trap-
ping the photons from the radioactive decay. After peak hasity, more energy escapes
than is converted to kinetic energy, releasing the previboiid up of trapped photons. Peak
luminosity occurs when the product of the rising escapeifstacand the decreasing depo-
sition of energy reaches a maximum. Despite the more coatplicdetails, Arnett (1979,
1982) demonstrated that the luminosity radiated at maxirigint is approximately equal
to the instantaneous rate of energy deposition by the retieadecay and can be used to
estimate thé&®Ni mass. “Arnett’s Rule” has withstood the test of more dethinodeling
and independent methods of obtainMilyi mass and is verified to be a good approximation
(Stritzinger et al. 2006b; Blinnikov et al. 2006).

A product of the radioactive decay induced by the weak fosogamma-ray photons.
As mentioned above, these high energy photons do not immeddiescape the SN la.
They interact with the processed material and free elestumtil they are redshifted to a
wavelength region where the opacity is low enough to escapehe fast diterentially
expanding envelope of a SN la, spectral lines block wide Veangh regions (Karp et al.
1977). The spectra of SNe la are therefore dominated by bbauodd transitions, forming
characteristic feature shapes from a blend of P Cygni profiles
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The expansion of SN la ejecta is homologous, since the kieatrgy for the expansion
(10°! erg) is orders of magnitude larger than the energy depolsitede radioactive decay
(10*° erg). As the thermonuclear process lasts for 4@nd the expansion velocity is ob-
served at 19cm s, the radius of the exploding WD (§@m) is then negligible compared
to the size of the supernova. Maximum light is on the order@fslpast the explosion,
which makes the observed properties of a SN la even lesstigertsi the details of the
explosion. Under these conditions, the velocity and ratbakdinates are equivalent. The
measurement of the expansion velocity of a spectral fedtueyields the layer in which
it is formed. As time progresses, the “photosphere” recéalgard the center with respect
to the comoving frame of the ejecta. Time series spectrosauservations thus probe
progressively deeper layers of the ejecta in time.

Around peak luminosity and during what is called the “phptusric phase,” the ob-
served spectra of normal SNe la are dominated by the P Cygfiigsrof singly-ionized
intermediate-mass elements, such as Mg I, Si ll, S 1l and CBhiése partially-processed
elements are formed in the outer layer, where nuclear stafi®quilibrium has no time
to set in. At a later time, when the envelope becoméBcsently transparent, the spectra
enter the “nebular phase,” where they are dominated by thesen lines of iron-group
elements, such as Fe Ill, Fe Il and Co Il. Some of these are ttwygeoducts of®Ni. The
rest are produced during the explosion in the inner layeesaitihe density and temperature
stay stiiciently high to establish a nuclear statistical equilibriuA very thin outermost
layer of unprocessed carbon is sometimes observed, but isgaorm (Section 2.3).

2.6 Width-luminosity relation

SNe la show a range of peak intrinsic luminosity in the optidde light-curve width is
found to vary systematically with intrinsic luminosity;féer SNe la have narrower optical
light curves, while brighter SNe la have wider ones. Thetiafais called WLR and is the
basis of modern SN la cosmological studies. Because the WLRed to make extraor-
dinary claims in cosmology, it is ever more pressing to fisdpittysical origin. The light
curves of SNe la are powered entirely by radioactive dechgy &re therefore fully deter-
mined by the composition and density structure of the exphogroduct. The uncertainties
in the progenitor systems (Section 2.3) and in the explosienhanism (Section 2.4) are
of little consequence. The search for the origin of the WLRradaative transfer study. As
seen in Arnett’s Rule, the primary variable controlling th & luminosity is the amount
of %°Ni synthesized in the explosion. The question is: how doewémiation of°®Ni mass
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lead to the observed WLR?

Most attempts at explaining the WLR involve relating the @ase in the®Ni mass
to the increase in the mean opacity. The increase in the mgaritg in turn leads to a
longer difusion time and broader bolometric light curves. Tlie& of temperature has
been considered @flich et al. 1996, 2002). SNe la with higher amounts®i have
higher temperatures, shifting the photons toward the bAgline opacity is also higher
in the blue, the higher temperature leads to a higher meaaitg@mnd longer diusion
time. The ionization state of the ejecta algteats the dtusion time (Pinto & Eastman
2000a,b, 2001). SNe la with higher amount8%fi have higher temperatures and are more
ionized. Because fluorescence of blue photons toward longeelengths is lesdfigcient
in doubly ionized compared to singly ionized species ofignoup elements, more ionized
material also leads to a longeffdision time. The fect of ejecta composition has also been
explored (Mazzali et al. 2001). SNe la with higher amoun8Nf have higher abundances
of iron-group elements. Because of the complex atomic strestof iron-group elements,
the higher abundances also help to increase the mean opacity

While all of the above explanations must operate at some,léeden & Woosley
(2007) argued that the WLR is primarily a spectroscopic pherwon, rather than a bolo-
metric one. Past peak luminosity, spectra of SNe la are datedrby line blanketing from
iron-group elements such as Fe Il and Co Il. The line blangedffectively shifts the emis-
sivity to the red, making the SN la redder. A SN la with lowéKi mass has a lower
temperature and experience an earlier onset of Fe Ill to Fectimbination. This results
in a more rapid ionization evolution and narrower opticghticurves. Thus far, there is no
strong evidence of correlation between bolometric ligimve width and luminosity (Con-
tardo et al. 2000; Stritzinger et al. 2006b; Phillips et &l0@), favoring a spectroscopic
mechanism. In Chapter 6, we will also provide direct eviddnoa the temporal evolution
of observed spectra to support this claim.

2.7 Host environment

The amount of®Ni synthesized in the explosion is the primary driver of thiginsic lumi-
nosity of SNe la. In the previous section, some possitdliiEhow a range of®Ni mass
can lead to the observed WLR are presented. Here, the posaiiddles controlling the
yield of °Ni are outlined. For SNe la in external galaxies, it is nosfbke to make direct
measurements of the properties of the progenitor systetres observations of SN la host
galaxies have therefore been used as indicators of the ptogenvironment. Early and
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late-type galaxies have systematifeliences in stellar age, metallicity and star formation
rate, with significant overlaps across the types. Thesegptieg of the host galaxies have
been considered in the search for the origin of the obseragdtion in the SN la intrinsic
luminosity.

Hamuy et al. (1995, 1996b,c) first noted a correlation betw®d la luminosity and
host galaxy morphology. Intrinsically faint SNe la are gretially located in early-type
galaxies, while intrinsically bright objects are prefdrally located in late-type galaxies.
This result gives rise to the idea that the age of the progersta key variable fecting
the%Ni yield of SNe la (e.g., Howell 2001). Subsequent delayetstudies fer evidence
that brighter SNe la come from a shorted-lived populatiotihai delay time of at most a
few hundred million years old, and fainter ones come fromldrpopulation with a delay
time of at least several billion years (Mannucci et al. 208&nnapieco & Bildsten 2005;
Sullivan et al. 2006).

The metallicity of the progenitors of SNe la has also beersiclared. In a SN la ex-
plosion, iron-peak elements are produced in the centrabmeg In a neutron-rich WD,
more neutron rich and stable iron-peak elements, suéiNaand®>*Fe, are produced com-
pared to°*Ni. Because a higher metallicity environment is expectedrtmipce a more
neutron-rich WD, it has been theorized that high-metajlipitogenitors produce leS&Ni
and intrinsically faint SNe la (Timmes et al. 2003).

The determination of the metallicity of host galaxies ifidult. Many methods have
been employed, such as using spectroscopic indicators i#i@mal. 2000; Gallagher et
al. 2005, 2008), using galactocentriffsets and metallicity gradients (Wang et al. 1997;
Ivanov et al. 2000; Gallagher et al. 2005), and using spleetrargy distribution fits to
the host galaxy photometry (Howell et al. 2009). Recent swtliave shown that high-
metallicity galaxies indeed host less luminous SNe la @sdiér et al. 2008; Howell et al.
2009), but the variation can only account for a small fractibthe observed range &iNi.
Age appears to have a greatéieet.

Using high-redshift SNe la, Sullivan et al. (2006) also fdworrelations between SN
la properties and the star formation rate of the host. SNetlawider light-curve widths
preferentially exist in galaxies with recent star formativhile SNe la with narrower light-
curve widths preferentially exist in galaxies with no onggstar formation. As the cosmic
star formation increases sharply with redshift, the meanl&hght-curve width is also
expected to increase with redshift, as confirmed in higlstidtidata (Howell et al. 2007).

A systematic dierence between low-redshift and high-redshift SNe la iseagcon-
cern for SN la cosmology. As redshift increases, the denpbgeashift toward galaxies
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with higher star formation causes the shift toward brigl@hie la at high redshifts. The
demographic shift should not introduce a bias, if luminesiat high redshifts can be cal-
ibrated using the same WLR derived from nearby SNe la. Thebgesample of SNe la
resides in host galaxies with a wide range of propertiesgivbover the range of properties
of high-redshift hosts. It is therefore reasonable to belia the validity of WLR over the
redshift range currently probed by SNe a0 - 1.5).

Hubble diagrams for subsets of SNe la, which are based omalasty types, separately
yield the same cosmology (Sullivan et al. 2003) and confirenvadidity of the WLR across
host types. The same result is found when comparing the dogmal fits using faint,
low-redshift SNe la and bright, high-redshift SNe la (Hoveglal. 2007). Any correlations
between the Hubble diagram residuals and host propertidd cwicate true evolution in
the intrinsic properties of SNe la. Gallagher et al. (2008eyved a correlation between
the Hubble diagram residual and host metallicity, suggggtie influence of metallicity on
luminosity is not fully corrected by the WLR. In an independstuidy, Howell et al. (2009)
did not observe thisféect and suggested that théfdrence may be caused by th&elient
light-curve fitters used in the two studies.

Spectroscopic studies have also been conducted to tesidiotien (Section 3.9). Re-
cent studies have detected some systematic spectrosdifipredces between low-redshift
and high-redshift samples (Foley et al. 2008a; Sullivan.e2@09). It is thus far unclear
whether the dferences are attributable to demographic shift, true elolubr both.

2.8 Conclusion

While there is a general consensus that the exploding primgsrof SNe la are carbon-
oxygen WDs in binary systems, the identities of the donorssaéae less certain. Many
approaches to identify the properties of the donor stare haen pursued. They sometimes
lead to contradictory results, but mostly point to a comtiomaof degenerate and non-
degenerate donor stars. The explosion models depend oot#hentass of the progenitor
system and are thus also uncertain. The models that bedt thatobserved properties of
SNe la are the delayed-detonation models. They are cheeactdy the transition from
subsonic to supersonic thermonuclear flame propagatiospii2etheir success, it is still
unclear how the transition occurs in the unconfined ejecta.

Because of the cosmological utility of the empirical WLR, thexg@ressing need to
understand its physical origins. Fortunately, the unagtitss in the progenitor systems
and explosion models are of little consequence, as the wdxséght curves and spectra of
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SNe la are fully determined by the density structure of théenm synthesized during the
explosion. The primary driver of the intrinsic luminosit§ 8Ne la is the amount ofNi
synthesized in the explosion. Most studies explain the WLRelating the increase in the
%Ni mass to the increase in the mean opacity. The increasesimtfan opacity in turn
leads to longer diusion time and broader bolometric light curves. Howeveren¢ work
suggests that WLR is primarily a spectroscopieet, associating a lowé&fNi mass with
a more rapid ionization evolution. The study of spectroscdjpersity presented in this
thesis will dfer evidence supporting this view.

SN la properties are found to correlate with their host emment. Evidence has been
shown for the correlation between SN la luminosity and hiedies age, metallicity and star
formation rate. The results give important clues about tigiroof the variation in th&®Ni
yield. The existence of these correlations means that asglatesxy properties shift with
redshifts, there would be systematically brighter SNe laigl redshifts compared to the
low-redshift sample. As the evolution of SN la propertiefwedshift is of grave concern
in cosmology, it is important to distinguish between tlikeets of demographic shift and
true evolution. The work in this thesis will also help makésthossible by identifying
the variations in the spectral features of SNe la instightethe change in the intrinsic
luminosity.

Some of the still unanswered questions of SNe la have bedmexit The path to
answering these questions and improving the use of SNe lasmalogy is one and the
same. From the approach of examining the spectroscopicsdivef SNe la, we will
attempt to do both in this thesis.
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Chapter 3
Cosmology with Type la supernovae

Abstract From the foundation of the general theory, cosmologicahpeaters are shown
to have direct links to observables, such as the apparemdsities and redshifts of a set
of standard candles. Type la supernovae (SNe la) are pdwefiar explosions with lumi-
nosities which can be observed at cosmological distandasir dptical peak luminosities
are found to correlate with their light-curve widths. Thimm@rical relation can then be
used to calibrate SNe la to be standard candles. The cositalagudies using SNe la
led to one of the most important discoveries in modern seefibe universe is shown to
be undergoing an accelerated rate of expansion. The repw@sergy driving the expan-
sion constitutes over half of the matter-energy contenhefuniverse and presents great
challenges to fundamental physics. With meticulous comireystematic errors, SNe la
can be further used to constrain the nature of this mystemomponent of the universe.
This thesis, in particular, is motivated by the potentialSabstantial improvement in SN
la cosmology by studying the spectroscopic properties af BN

3.1 Introduction

Our standard model of cosmology is built on the foundatiokioktein’s general theory of

relativity. The general theory is based on Einstein’s ihstgat gravity is the manifestation
of curvature in space-time created by matter and energy.tiday has been remarkably
successful experimentally, explaining the precessioh@perihelion of Mercury (Einstein

1916) and predicting gravitational redshift (Pound & RebR&9, 1960; Pound & Snider

1964), the deflection starlight by the sun (Dyson et al. 182@)the Shapiro delay (Shapiro
1964).
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When the assumption of an isotropic and homogeneous uniiersade, Einstein’s
field equations from the general theory can be solved araligti The solutions directly
connect the matter-energy content of the universe, whiglems the geometry of the uni-
verse, to observable quantities, such as redshifts anchbsities of astronomical objects.
The solutions also show that, in general, the universe iauyn Einstein’s preference
for a static universe required that he add a cosmologicatenn of integration to the field
equations to counter gravitating matter. This preferencafstatic universe was perhaps
motivated more by aesthetics rather than by observatimddiece. The Copernican prin-
ciple states that we do not occupy a special position in sfgcte same logic, we should
not occupy a special position in time. The simplest way tald&h both conditions is
through a static universe infinite in both space and time.erAHubble (1929) demon-
strated the expansion of the universe, the introductiorhefdosmological constant was
dubbed Einstein’s “biggest blunder” (Gamow 1970).

Decades later, the potential to use SNe la as standard samdéebeing explored. SNe
la have large luminosities which can be observed over casgiea! distances. Their char-
acteristic variability in both photometric and spectrgscoproperties allows them to be
securely identified. Their peak luminosities are found toeate with light-curve widths,
allowing them to be calibrated into very good standard aamdFully expecting to find a
decelerating rate of expansion in a universe full of gravitamatter, experiments using
SNe la as cosmological probes found the surprising resafithie current rate of expansion
is accelerating. Einstein’s cosmological constant is cagasn invoked to explain the ac-
celeration. Even if the acceleration is indeed due to thenotmgical constant, the physical
origin is still unknown and presents great challenges td&mental physics.

In this section, the steps from astronomical observabléssteosmological parameters
are outlined, based on the general theory. The steps ftaratiiig the SN la peak luminosi-
ties are also discussed. Through careful identificationcamtrol of systematic errors, SNe
la can be further used to falsify theories on what is caudwegaicceleration. The sources
of these systematics and possible improvements are alsalubsh

3.2 General theory

Einstein’s general theory describes gravity as the manifies of the curvature of space-
time instigated by matter and energy. The geometry itsetfeiscribed by the Einstein
tensorGK. The distribution of matter and energy is specified by theggrenomentum
tensorTk. The Einstein field equations equate the two tensors antliséta relation



20

between a specified matter energy distribution and the gepmkespace-time.

The laws of physics must not depend on the frame of referelftde.became Einstein’s
main motivation for using tensor calculus as the tool for degelopment of the general
theory. In this framework, relations remain valid under ttensformations of coordinate
systems. In the absence of any matter or energy, the spaedt#ttervaldsis described
by an analog to the familiar Pythagoras’ theorem (in naturals, withc = 1): d& =
dt? — dx? — dy? — dZ. More generally, the fundamental tenggrdescribes the geometry of
space-time with or without curvature as:

dsZ:gijd)édxj. (31)

The Christdtel symbol is defined as a combination of fundamental tensdrsre the
partial derivatives are expressed in the shorthand fpema%:

1
= Eglk(gik,j + Ojki — Gij.k)- (3.2)

The Riemann tensﬂjk, arises when finding the change of a vector under paralletpamn
around a closed and infinitesimal path. In a curved space;tine Riemann tensor yields

non-zero components. It consists entirely of fundamertasars:

R.jkl = r?jl,k - r?jk,l + r?rkrrjl - rirl F.rjk' (3.3)
The diferentiation of a tensor is done by a covariant derivativeiamkpressed in the

shorthand form ag. The law of conservation of energy and momentum requireslla nu
covariant derivative for the energy-momentum tensor:

T =GY =0 (3.4)

The Einstein tensor is constructed by contracted Riemarsoterand the fundamental
tensor in the fashion that produces a vanishing covariamntatve:

. 1.
Gk = Rk - ég'kR (3.5)
The Einstein field equations (Einstein 1915) arise by rezogg that the matter and

energy distribution specified by the energy-momentum teissthe source of the space-
time curvature described by the Einstein tensor:

G* + Ag¥ = 827G Tk, (3.6)
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Note that the infamous cosmological constaAnnaturally arises here as a constant of in-
tegration. The covariant derivative of the terg* yields zero and does not disturb the
conservation of energy and momentum.

3.3 Friedmann-Robertson-Walker Model

Observations have provided evidence that our universeoisojsic on scales larger than
~ 150 Mpc from our vantage point. We are then justified to malkeassumption of an
isotropic universe. If the Copernican principle, sometimefsrred to as the cosmological
principle, is adopted, the assumption is made that we docmitpy a special place in the
universe. The apparent isotropy observed from our vantage ghould then be observed
at any other place in the universe. The two assumptions thply ihomogeneity.
The most general homogeneous and isotropic fundamentnténin the form of the

Robertson-Walker metric (Robertson 1935):

dr?
— kr2
The coordinateslr, d9 andd¢ are comoving coordinates. A point which is at rest in the
preferred frame of the universe hdis= d6 = d¢ = 0. The scale factoa(t) describes the
relative sizes of the spatial surfaces. The scale factobeare-normalized to obtain the
values of+1, 0 or -1 for the constark, representing cases of closed, flat and open spatial
geometry of the universe, respectively.

If we choose to represent the universe on large scales wigrfaqn fluid, the energy-
momentum tensor can be specified by energy depsatyd pressure as follows:

ds = df* - &() | 1 + r%(d6? + sirfade?). (3.7)

T = diaglo(t), - p(t), ~p(t), = p(t)]- (3.8)

Placing the fundamental tensors from the Robertson-Walkeelement (Equation 3.7)
and the energy-momentum tensor of a perfect fluid (EquatiBip i the Einstein field
equations (Equation 3.6), the solutions for the scale faaft) are known as the Fried-
mann equations (Friedman 1922). The first Friedmann equekiaracterizes the geodesic
velocity:

a+k _ 811G N A
2  3/"%®
whereG is the gravitational constant. The second Friedmann emuatiaracterizes the

(3.9)
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geodesic acceleration:

g = —?(p +3p) + % (3.10)
The knowledge of the relation betweprandp, called the equation of state, is essential

for the progress of cosmology, as the form of the energy-nmbame tensoiT* depends

directly on it. In its simplest form, the equation of statiatesp andp by a time-dependent

scale factom:

p = plp) = wp. (3.11)

The energy density conservation law can be derived from &@mua.9 and Equa-
tion 3.10:

b= —32(,9 + ). (3.12)

By integrating Equation 3.12, we obtain a power-law depeodesf densityp on the
eguation-of-state parameter

p oc @ 3w, (3.13)

3.4 Cosmological Parameters

The Hubble parameter is defined ld¢t) = a/a. This convention is, of course, inspired
by the linear Hubble law shown by Hubble (1929) for the locaivarse. The Hubble
constant is expressed as the Hubble parameter at the pegetit,: Ho = H(tp). For the
Euclidean geometry valid for the local universe, the redatlistance and velocity between
two objects can be expresseddas ar andv = ar, wherer is the comoving distance. The
linear Hubble law then follows from these definitions:

Vv = Hod. (3.14)

The non-zero and positive Hubble constant as a result ofticergations of Hubble (1929)
demonstrated that the universe is expanding and refutestdtirs preference for a static
universe. At large distances, the linear law is no longedval

The matter-energy content of the universe can be organitedaur components: ra-
diation, matter, curvature of space and the cosmologicastemt. The components are
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characterized by their equation-of-state parametesich take on the valueg3, 0, -13
and -1 for the radiation, matter, curvature of space and ¢isenological constant com-
ponents, respectively. From Equation 3.13, each equafimtate parameter then yields
the characteristic dependence of the density on the sazla.f&or example, the density
of the matter and the cosmological constant components €awitten asoy o« a2 and
pa & constantrespectively. This demonstrates that, as the universenelg) matter dilutes
rapidly while the energy density from the cosmological ¢ansstays the same.

AssumingA = 0, the critical energy density required for a spatially flabmetry
(k = 0) at a given epoch can be defined from Equation 3.9:

3H?
e
We can then write the first Friedmann equation in terms of theedsionless density pa-
rameter€; = pi/pc, Where each parameter specifies the contribution ofttheomponent
to the critical density:

Pc (3.15)

2
H2 = (Z) = H2[Qa + Qua® + Q@ + Q4. (3.16)

The parameterg,, Qu, Qk andQ, are measures of the present mean energy density con-
tributions from radiation, matter, the curvature of spand the cosmological constant,
respectively.

The redshifiz of an object is an observational quantity. It is the fraciidboppler shift
of its emitted light from radial motionz = 1,/1e — 1, wherele and A, are emitted and
observed wavelength, respectively. The redshift of anatlgan be measured directly by
identifying the source of a line in the spectrum and comggtite observed wavelength to
that measured in the laboratory. The observed redshift mm@mation of astrophysical
effects, such as the cosmic expansion, peculiar velocitiegewtational redshift. If the
observed redshift of an object is dominated by theat of cosmic expansion, the object
is said to be in the “Hubble flow.” For an object in the Hubblenldas redshift is directly
related to the scale factor:

= _a(t()) = ﬁ

at) A
wheret andty specify the time of emission and observation, respectivelyuation 3.16
can then be expressed in terms of redshift:

1+2 (3.17)
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H(2)?
Hs
The sum of the density parameters is defined to be unity. Flmsargations, the matter
density paramete®), consists of baryon densit, and dark matter densitpy (€.9.,
Kirkman et al. 2003; Allen et al. 2008). The total densitygaeter is a measure of the
flatness of space-time and is defined as:

=Q(1+2*+Qul+ 2%+ Q1+ 2%+ Q. (3.18)

Quotal = Qr + Qu + Q4. (3.19)

A flat universe would hav&ia = 1.

A strictly isotropic and homogeneous universe will remamtiopic and homogeneous.
To produce the structure observed in the universe, smaiatiews from homogeneity in
the energy density are required. The density contrast inetbhs:

o(t.x) = (0 - p)/p. (3.20)

The Fourier transform of the density contraskispace is written as:

S (t) = fd3x5(t,x) exp(x - k). (3.21)

The power spectrum of the perturbations, averaged ovega lanlume, is then defined as:

P(k.t) = (k)P (3.22)

The favored model for the origin of these fluctuations is dase the idea that if the very
early universe went through an inflationary phase (Guth },98& quantum fluctuations of
the field driving the inflation would then lead to energy dgnBuctuations (e.g., Hawking
1982). It is then possible to construct inflationary modesalibed by a Gaussian random
field, which is characterized by a power law spectrum (Harris970; Zeldovich 1972):

P(k) = AK". (3.23)

The parameteré andn specify the amplitude and the power law index of the initiatl
tuation, respectively.

The modern standard cosmology is then fully specified by tleelfackground param-
etersHg, Qy, Qpum, Q4 andQ;, and the two parametefsandn governing the conditions of
the initial fluctuations (Narlikar & Padmanabhan 2001).
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3.5 Luminosity distance

Suppose we have at our disposal a class of astronomicaltehjét the same absolute
luminosity L, located at dierent redshifts. The observed fluxésvould then yield di-
rect measurements of the cosmological density paramdtetisis section, we outline the
derivation relating the density parameters to the obséegabedshifiz and flux f.

The fundamental equation relating the bolometric flgixreceived by the observer and
the bolometric luminosity emittel, is:

Lbol
4n(agr)?(1 + 2%’
wherea, = a(ty) denotes the present day scale factor. The tefdn(bor)? is the inverse
square law, accounting for the surface area over which tiéopk are diluted when they
reach the observer. There are two factors of 4. One factor accounts for the fact that
every photon is degraded in energy by+{¥) due to the redshift. The other deals with the
dilution in the rate of photon arrival by (% z) due to the stretching of the path length by
the expansion.

The luminosity distance is defined as:

fool = (3.24)

I—bol

d = .
L 47'( fb0|

(3.25)

From Equation 3.24 and Equation 3.25, we can then rewritduimenosity distance in
terms of the present day scale facgrthe comoving distanceand redshiftz:

d.=ar(l+2. (3.26)

To find the relation between the luminosity distamgeand the cosmological density
parameters, we go back to the Robertson-Walker metric wétptioton path ofls’ = 0
and the choice a radial coordinate system, wiagre d¢ = O:

f = -/ to & (3.27)

Using the relation between redshift and the scale factogumaion 3.17, the above equation
can be rewritten as:

1

W ~ (1+z)dt’ (3.28)
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Obtaining the conversion between a time and a redshiftiatedy dzusing Equation 3.17
and Equation 3.18, we can again rewrite the above equation as

f i aof HE) (3:29)

whereH(2) is defined in Equation 3.18. The integral on the left-hade $ias the following
solutions depending on the signlof

S VR for k= 41

[,
- =1 fork=0 . (3.30)
0 VI-K"? | sV o - g

K]
By solving the integral and using the definitions of the cuwmatdensity parameter
Q« = —k/H3a3 and luminosity distancé, = aor (1 + 2), the luminosity distance can finally
be expressed as a function of redshift and the cosmologeraity parameters:

™ \/_sm[Ho VIO fo H(z,)] forQ, <0
d =(1+2)x foz o forQy=0 . (3.31)

H\/_smh[HO\/_fo H(Z)] for Q. > 0

For a summary of the various distance measures in cosmaegysiogg (1999).

3.6 K-corrections

In astronomical observations, photons from an object auallysobserved through a filter
of fixed bandwidth. The expansion of the universe causespbetiml density distribution
(SED) of the object to be redshifted and results in a chandbdmrreceived flux through
a fixed-bandwidth filter. To compare the magnitudes of objettditerent redshiftsK-
corrections are then required to convert the observed matmithrough a filter to that
which would have been observed in the rest frame of that {ilHemason et al. 1956; Oke
& Sandage 1968). The observed and rest-frame filters nedzkrtbe same. In fact, at high
redshifts, one should take advantage of the overlappingedshifted rest-frame filter and
a redder observed filter (Kim et al. 1996).

TheK-correctionK,, converting the apparent magnituehg through the observed filter
y to the absolute magnitudd, through rest-frame filtex is defined as:

My = My + 1 + Kyy, (3.32)
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assuming that the apparent magnitude is rigcéed by dust extinction along the line of
sight. The distance modulusis defined by:

_ d
M= 5log(10 pC)

The apparent magnituds, comes from the SED, (1) of the object observed through

(3.33)

filter y in a particular magnitude system:

m, = —2.5log

J A6 £1(20) Ty(10)d A } . (3.34)

J 46Z(A6) Ty(A0)d 2o

The subscriptt for the SEDs denotes that they have the units of energy pétioma per
unit area per unit wavelength. The tefiij(1) denotes thefEective transmission function
of the observed filter, and the terZﬁ((/l) defines the idealized zero-magnitude SED for
the magnitude system of the observed figerFor a photon-based photometric system,
such as the prevalent Johnson-Cousins system (Johnson &Nbg53), the extra terms
are included in the integrals in Equation 3.34 to accountttieri/hc energy-to-photon
conversion (see appendix of Nugent et al. 2002).

The absolute magnitudd, is defined to be the apparent magnitude of the object if it is
10 pc away and not redshifted:

[ 25497, (Ae)d e

[ 2Z () Tx(Ae)de |
The termT,(1) denotes theféective transmission function of the rest-frame filter, amel t
termZ}(2) defines the idealized zero-magnitude SED for the magniyetem of the rest-
frame filterx.

As opposed to bolometric flux, the flux considered here is pérwavelength. The
relation between the observed flux and the emitted lumipdisits includes an extra term
of (1 + 2z) from Equation 3.17:

My = -25log

(3.35)

1 La(de)
(1+2 4nd. -

Placing the above definitions of m,, M, and f, in Equation 3.32, th&-correction
term is then expressed as:

fa(Ao0) = (3.36)
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1 [ Lh()Ty()dle [ 2eZ(1e) Tx(Le)dAe
(1+2) [ 2:Z)(2) Ty(1)d 4o [ Aefa((1+ 2)Ae) Tx(de)d e

Ky = —2.5l0g . (3.37)

The above equation is written in terms of flux. Alternativélyan also be written in terms
of luminosity as:

1 [ Ala(2o/(1 + D) Ty(Ao)ddo [ 2Z](2e) Tx(Ae)dAe

Ky = —-25Il0
Y N @+2 [Z()Ty ()l [ AeLi(Ae)Tx(Ae)dAe

] . (3.38)

For the detailed derivations of these definitionsacorrection, see Hogg et al. (2002).

Note that theK-correction term includes a (1 2) term from Equation 3.36. This extra
(1 + 2) term accounts for thefiective bandwidth shrinkage of the observed filter, as the
SED of the distant object is redshifted and stretched. TWwaesome controversy whether
to include two or three terms of (12) in Equation 3.24, until it was settled by the rigorous
derivation of Robertson (1938). The bandwidth term may haenkthe source of the
controversy (Sandage et al. 1995). It is also interestimgpte that Hubble’s definition of
theK term used in his galaxy count program (Hubble 1936) inclutiederm accounting
for the change in the region of the SED sampled by the obsditteqd the (1+ z) terms
from Equation 3.24, but neglected the bandwidth term. Ther evas finally discovered by
Humason et al. (1956). For the full account on this subjest,Sandage et al. (1995).

So far, the steps from observables of astronomical objedtset cosmological param-
eters have been outlined. For a set of perfect standard esritileir observed apparent
magnitudes yield their luminosity distances. For objectthe Hubble flow, their luminos-
ity distances and redshifts give direct measurements afdemological parameters. In the
next section, the use of SNe la as standard candles is déstuss

3.7 Type la supernovae as cosmological probes

SNe la are powerful stellar explosions with luminositiesehihcan be observed over cos-
mological distances. Their characteristic light curved spectral features make them sep-
arable from other classes of variable objects. Their apparm@formity in the peak bright-
ness along with their large intrinsic luminosities makenthen ideal candidate for use as
standard candles for cosmological studies.
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As early as the 1930’s, Baade (1938) had noted that superaogaeore uniform than
novae with a dispersion in peak magnitude of 1.1 mag. We nawhkihat Baade’s low
dispersion sample only contained Type | supernovae, whiklassified by the absence of
hydrogen in their spectra (Section 2.2). The Hubble diagrKowal (1968) constructed
using this class of supernovae showed a dispersion of 0.6 g la supernovae (SNe
la) belong to a subclass of the type | supernovae and areifiddsBy the presence of
silicon features in their spectra. Subsequent studieg tisese objects yielded even smaller
dispersion in the peak magnitude 086 0.5 and gave rise to the idea that they may be true
standard candles (e.g., Branch & Bettis 1978; Sandage & Tamd282; Capaccioli et al.
1990; Tammann & Leibundgut 1990; Branch & Miller 1993; Sarel&glfammann 1993).

In the mean time, Pskovskii (1968, 1977, 1984) argued thaptak magnitudes of
SNe la are not identical, but correlate with the decline ohtide optical light curves. The
idea was generally not embraced by the community, as mosteolight curves used by
Pskovskii were derived from photographic photometry (Beégés& Wheeler 1991). The
first CCD light curves of a SN la were of SN 1986G (Phillips et &87). The light
curves were shown to declined significantly faster thanitite turves of SN 1989B from
photoelectric photometry (Buta & Turner 1983). Phillips 989 confirmed the correlation
between decline rate and peak magnitude, using a sample@fwell-observed SNe la
with distance estimates from surface brightness fluctnatamd Tully-Fisher methods.

Phillips (1993) introduced the parametan;s, defined as the decline Brband magni-
tude during the first 15 days past maximum. The correlatiawéen theAm;s parameter
and peak absolute magnitud&eys an empirical calibration of the peak luminosities of
SNe la (Figure 3.1). As more SNe la were discovered and obddr@fore maximum light,
the peak absolute magnitude was shown to not only correldkedecline rate, but also
with the overall width of the light curve. Perlmutter & et §1.997) utilized this property
to development a stretch parameter which linearly scakesinie axis of a standard light-
curve template to fit an observed light curve. This one-patamparametrization of the
peak absolute magnitude of SNe la is called the “width-lwsity relation” (WLR). For a
review on the history and the techniques developed for USkg la as distance indicators,
see Phillips (2005).

A relation between the peak absolute magnitude and colsralka been reported (e.g.,
Riess et al. 1996; Tripp 1998; Tripp & Branch 1999; Parodi e2@00). Brighter SNe la
are found to be systematically bluer; it is, however, unoigzether the relation is primarily
driven by intrinsic colors of SNe la or by dust properties.ddm methods for calibrating
SN la luminosities make use of both light-curve width ancbcahformation. Among the
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Figure 3.1: The decline rate relationBY 1JHK. The solid circles represent nearby SNe la
with distances determined from Cepheids, surface brigbtflestuations or the planetary
nebula luminosity function method. The open trianglesespnt SNe la in the Hubble flow
with distances derived from the host redshifts. (sourcdlip$(2005))
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examples of these methods are multicolor light-curve shdpB.CS; Riess et al. 1996,
1998; Jha et al. 2007), PRES (Prieto et al. 2006), spectratiaddight-curve template
(SALT; Guy et al. 2005, 2007) and SIFTO (Conley et al. 2008)edenlight-curve fitters
are able to further reduce the intrinsic dispersion-t6.15 mag, making SNe la the best
known standard candles to date.

Even though WLR comes from the combination of several physffacts and the
theory is not well understood (Section 2.6), a crude expianaan be formed from the
effect of varying®®Ni mass. The light emitted by a SN Ila is powered by the storexdggn
in the radioactive decay 6fNi through®°Co to>%Fe (Colgate & McKee 1969). From the
estimates of the bolometric luminosities, SNe la are sh@yraduce dierent amounts of
%6Ni in the explosion (e.g., Stritzinger et al. 2006a). Morekel produced in the explosion
means extra energy from radioactive decay and a brightesrsapa. More nickel also
keeps the expanding matter opaque for longer and the rawlittkes longer to leak out,
making a slower decay. The result is the observed WLR.

Figure 3.1 also demonstrates thé&elience between the photometric properties of SNe
la in the optical and in the near-infrared (NIR). In the NJIRH andK bands, the peak
brightness is shown to be quite uniform and exhibits littteno correlation with light-
curve width. While SNe la can be calibrated to make standardlea in the optical, they
appear to be true standard candles in the NIR. Elias et al1(11%85) first noted the uni-
form photometric properties of SNe la in the NIR and the ptédfor them to be used as
distance indicators. Recent observations have demordstifzediicacy of this proposal
and reported a dispersion of only 0.16 mag in Bhdand without the aid of light-curve
corrections (Krisciunas et al. 2004a; Wood-Vasey et al820Matching the photometric
properties, the spectroscopic properties of SNe la in tiea&lso show remarkable unifor-
mity at maximum light (Chapter 7).

In the 1990’s, two SN la surveys, the High-Z SN Search TeamthadSupernova
Cosmology Project, set out to search for high redshift SNenthuse them as calibrated
candles to measure the state of the cosmic expansion (Reginetial. 1998; Garnavich
et al. 1998; Schmidt et al. 1998; Riess et al. 1998; Perimettexl. 1999; Knop et al.
2003; Tonry et al. 2003; Barris et al. 2004; Riess et al. 2004Ket al. 2003). It was fully
expected that the expansion would slow down, because tliersriappears to be filled with
gravitating matter. Both teams, with independent sets ofpsesn(Figure 3.2), found the
surprising result that the SNe la were20% fainter than expected for a slowing expansion,
implying that they are- 10% more distant. The results indicated that the expangitreo
universe is accelerating, not decelerating. This was thedindence that the expansion of
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the universe is currently accelerating.

A repulsive gravity can manifest itself in the standard maxfecosmology through
a positive cosmological constant (Equation 3.10). For geanough cosmological con-
stant, the gravitating matter is overcome and the exparm@gms to accelerate. Einstein’s
cosmological constant, originally introduced to maintaistatic universe, is invoked here
again as the possible explanation of the observed acostieratie of expansion. The repul-
sive component is shown by the SN la data to comprise oveohdit total matter-energy
content of the universe. Whether or not the repulsive commtaseruly from a cosmolog-
ical constant, it remains a challenge for current physieaxgain its physical origin. This
mysterious component of the universe became known as “demigg’ to reflect our lack
of understanding as to its nature.

3.8 Dark energy

The determination of cosmological parameters using SNe bbrated candles is com-
plemented by the results from other independent probesselhmethods include cosmic
microwave background anisotropies (e.g., Spergel et 8l7RWaryon acoustic oscillation
(e.g., Percival et al. 2007), X-ray gas mass fraction ofteliss(e.g., Allen et al. 2008)
and primordial deuterium abundance (e.g., Kirkman et &0320In particular, the cosmic
microwave background method is sensitive to the suf? pindQy,, while the apparent
magnitudes of SNe la are sensitive to th&atence. The two methods combine to yield
strict constraints on the values @fy andQy,.

The results from the various methods show exquisite agreeara are consistent
with a single picture of the universe characterized by a cadence model describing the
present-day matter-energy contributions from the varammsponents (Table 3.1). The uni-
verse is shown to be exquisitely fl&{, ~ 1). This can be shown to be a consequence of
the exponential expansion, 0 seconds after the big bang, proposed by the inflationary
theory. More than 90% of the matter-energy content of thearse consists of “material”
unknown to current physics. While many feel that the iderntitydark matter is within
reach with the completion of the Large Hadron Collider, themaaannot be said about
dark energy.

From observations, the contributions of the energy detfigity the curvature of space
and radiation can be assumed to be zero. To test whether darfpyeresults from a pure
cosmological constant, the luminosity distance from Eigma8.31 can be simplified and
parametrized by the equation-of-state parameter of dagtggm:
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Table 3.1: The density parameters of the concordance model

density parameter contribution

Qa 0.7
Qbm 0.26
Qp 0.04
Q 5x 10°°
Qtotal 1
1 z dz
g =\ ”)f . (3.39)
Ho Jo Vou(T+2)°+ (L - Qu)L+ 2)%@W
For the case of a cosmological constant, the equationaté-gtarametew = -1, and

pressurep and density are all independent of time.

The measurement of the equation-of-state parametan help to exclude certain theo-
retical models of dark energy (Huterer & Turner 2001). Twvsys, the Supernova Legacy
Survey (SNLS; Astier et al. 2006) and Equation of State: 8upeae Trace Cosmic Ex-
pansion (ESSENCE; Wood-Vasey et al. 2007) aim to constr@méture of dark energy
with observations of hundreds of high-redshift SNe la. Thg #ifference between this
new generation of supernova surveys and previous survélys ieeticulous control of the
systematic errors. This is accomplished through congigtstrumentation and reduction
techniques.

Both teams have presented the equation-of-state paranadtes\close tov = —1 with
ever decreasing uncertainties. The results are fully stersi with the idea that dark en-
ergy is the manifestation of the cosmological constant. ddsenological constant through
the formulation of the general theory is the property of gpgself. As seen previously in
Equation 3.13, its density in empty space remains the saithe asiverse expands. Gravi-
tating matter, on the other hand, is rapidly diluted by theession. Further observations of
SNe la above redshift of 1 showed the apparent brightenirigesfe high-redshift objects
compared to an Einstein-de Sitter universe (Riess et al.,Z00@7). This is interpreted
to be evidence of past deceleration. The transition to a-edaekgy-dominated universe is
observed to take place at approximatel§ @f the present age of the universe.

What is the physical origin of the cosmological constant? ifflationary nature of
dark energy, and the fact that it infuses space, gives risbetadea that dark energy is
associated with vacuum energy introduced by quantum mezddluctuation. The energy
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density expected from Planck units is on the ordespf 10> g cnv3. From the observa-
tional value ofQQ,, the energy density of dark energy is on the ordes,of 10730 g cnt3.
The discrepancy is on the order of*#0requiring enormous fine tuning. This “fine-tuning
problem” was dubbed “the biggest mistake ever made by pisysidy Steven Weinberg.
Furthermore, there is also a lack of natural explanatiothfeiobservation that, /oy is on
the order of unity. This is called the “coincidence probleithe mysterious nature of dark
energy has thus far generated an enormous number of theodaasattempt to address the
above issues. A small fraction of them is outlined here.

Scalar fields These theories utilize scalar fields coupled to gravityhsbatp, is nearly
cancelled when the scalar field reaches equilibrium. Anwnglscalar field with a chosen
potential function can yield vacuum energy that varies witie. The free potential func-
tion can be chosen to produce any specifi€d). Even ifw(z) is perfectly determined from
observations, it is still diicult to falsify specific models. This class of models thuk$ac
predictive power. Furthermore, the scalar field potensélsrequire fine tuning in order
to produce viable parameters (Weinberg 1989). This apprbas thus been criticized of
merely pushing the cosmological problems to another I&Rati(hanabhan 2006).

Inhomogeneity Another class of theories examines whether the simplifasgumption
of the Copernican principle is valid (Mustapha et al. 199 He €nergy-momentum tensor
of the real universe is inhomogeneous and anisotropic. Tihgadmental tensor describing
the geometry of the universe at large scales should be @otdig averaging the exact
solutions of the Einstein field equations over a suitablgeéaiange. Practically, the energy-
momentum tensor is averaged first to obtain the solutiorhi®Einstein field equations. In
reality, the Einstein tensor is a nonlinear function of thedamental tensor:

(G¥(g)y = G*((@). (3.40)

The Einstein field equations in Equation 3.6 can then be t@mras:

G (@) = 8rG(T*) + G*((9) - (G*(g)

. . (3.41)
= 8rG[(T™ ) + TX 1.

If the correction term can mimic the cosmological constafdrge scales, there will be no
need for dark energy. In particular, an inhomogeneity inftmen of a large void may also
accomplish this fect (e.qg., Leith et al. 2008). The probability of us livingsach a special
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place in the universe is unlikely but not impossible. SNenl¢éhie redshift range.0 — 0.4
may dfer a way to test the validity of the Copernican principle (©lifiet al. 2008).

Anthropic principle  There is also the distinct possibility that there is no ratuay
to explain the fine-tuning and coincidence problems frond&mental principles. The
anthropic principle (Weinberg 1987) argues that we are he@serve the problems of
dark energy precisely because we are in a universe with lpestight conditions for in-
telligent life. This approach infers the existence of maniverses or many disconnected
sub-universes, with a range offidirent vacuum energy. The probability distribution of
the observed values of vacuum energy is based on the likelibb observers existing in
these universes. Much like Darwin’s theory of evolution layural selection, our universe
is selected because it has the right condition for galaxadsrim. Universes with larger
vacuum energy would produce the repulsive force beforexgedaould form. Conversely,
universes with negative vacuum energy would re-collap$erégalaxies could form. Al-
though not based on fundamental principles, the anthropnciple has the potential to
provide a viable resolution for both the fine-tuning and caence problems.

3.9 Systematic errors

With the advent of large surveys producing data for hundefdSNe Ila, the statistical
uncertainties are lowered to the point where they are coatyato, or even surpassed by,
the systematic uncertainties. Systematic errors are tieusurrent limiting factor in SN

la cosmology. Systematic errors describe uncertaintiagshwdtfect multiple SNe la in a
correlated manner. To reduce théeets requires a deeper understanding of the sources of
the errors, rather than a larger sample. A tremendous anwdwmbrk has been done to
identify, model and reduce theséffexts and has helped the design of current and future
surveys. A sample of the systematic errors whifflec the SN la cosmology is outlined
here.

Evolution The systematic uncertainties from evolution follow fronr ¢ack of under-
standing of SN la progenitors (Section 2.3). Tlieet is dfficult to model with no quanti-
tative predictions from current theories. Anothéeet to consider here is the demographic
shift to brighter and bluer SNe la with increasing redshittis is due to the demographic
shift of the host galaxies (Section 2.7). This shift doespuse a problem to cosmology, as
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long as the WLR, formed by low-redshift SNe la, can correct thi# g average luminos-
ity at high redshifts. There is reason to believe this is tie¢ since the demographic shift
of host galaxies over the redshift range considered is smiddan the variation of nearby
host galaxies. Studies have used spectroscopic data mpagi¢o search for systematic
differences between low-redshift and high-redshift SNe la.yTuse various indicators
of spectroscopic properties, such as feature velocitgngth and flux ratios (Hook et al.
2005; Blondin et al. 2006; Garavini et al. 2007; Foley et aD&4 Bronder et al. 2008; Al-
tavilla et al. 2009), ultraviolet spectra (Ellis et al. 20@illivan et al. 2009) and temporal
evolution (Foley et al. 2005; Blondin et al. 2008). The vasjanty of the studies found no
evidence of evolution. Foley et al. (2008a) founéfeliences in the ultraviolet and optical
Fe Il features between low-redshift and high-redshift SesygSullivan et al. (2009) found
differences indicating lower abundances for intermediatesrabsments in the high red-
shift SNe. In both cases, they cannot rule out the possibiiat the diferences are driven
by demographic shifts of host galaxies, rather than trutuéen of SN la properties. Foley
et al. (2008a) constrained the systematic error te 002 mag.

Malmquist bias Flux-limited surveys sfiier from Malmquist bias (Malmquist 1920). If
after luminosity corrections based on WLR, SNe la are perfaadard candles, Malmquist
bias would have noféect. Because there are additional dispersions after theatmmns,
Malmquist bias results in systematic errors. Tlie& should be negligible below inter-
mediate redshifts where the sampling is complete. Thects at high redshifts can be
modeled and accounted for. There is a related bias on thergrmbtime a SN la stays
above the detection threshold. Brighter and slower dedii@ie la would stay above
the detection threshold longer, causing a change in theagedrrightness of SNe la in a
redshift-dependent manner. The amount of bias in the nesimple can be estimated by
examining how early on in the light curve the SNe la are disced. A data set with SNe
la discovered at earlier epochsfiaus less bias than one with SNe la discovered at later
epochs.

Peculiar velocities Systematic errors can arise with the assumption that thdoyné&iNe

la are at rest in the cosmic microwave background frame eifettexists coherent large-
scale local peculiar velocities (Hui & Greene 2006; Cooray &dGell 2006). Neill et al.
(2007) presented corrections for thi$eet of the nearby sample using the density field of
galaxies and diierent flow models. The remaining statistical errors can béun reduced
with larger samples.
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Gravitational lensing Gravitational lensing can magnify or de-magnify the obedrv
flux. The expected probability distribution function is asyetric about zero magnifica-
tion. Systematic errors can arise from this asymmetry. lddlinder (2005) demonstrated
that the &ect decreases quickly with increasing sample size. Tieetecan then be treated
as a statistical dispersion.

Gray dust  Aguirre (1999a,b) suggested that an increase in the dust §jze can mimic
the apparent dimming of SNe la brightness without produoisgervable reddening. How-
ever, the observations of SNe la at redshafts 1 by Riess et al. (2004, 2007) show the ef-
fect of the transition from a matter-dominated to a darkrgpelominated universe. While
the luminosities of SNe la are first found to be too faint for atter-dominated universe,
these higher redshift SNe la show an apparent brightenimgaced to a matter-dominated
universe. The fect is dificult to explain using gray dust. Furthermore, for SNe la to
become consistently dimmer, dust needs to be distributediginout intergalactic space.
Current observations have placed significant constraintseamount of intergalactic dust
(e.q., Petric et al. 2006).

Dust extinction The large extinction correction necessary in the opticajmifees any
sources of systematic errors in the observed colors. That&n is further complicated by
our lack of understanding of dust properties in distant)gak Using photometry in the
NIR region, where the amount of dust extinction is much lessgared to the optical, there
is evidence that the dust along the line of sight to SNe la do¢fave the same average
properties as dust in the Milky Way (Krisciunas et al. 200 et al. 2008; Elias-Rosa
et al. 2008). Furthermore, the observed colors of SNe laideckontributions from dust
reddening and intrinsic colors, and the twiieets cannot be separated easily. Modern
light-curve fitters treat reddeningftirently. SALT2 (Guy et al. 2007) and SiFTO (Conley
et al. 2008) fit for a color-luminosity relation with a slop@nd do not distinguish between
intrinsic colors and dust, while MLCS2k2 (Jha et al. 2007¢m@ats to separate the two
effects using assumptions and redshift-dependent priors. &ifoaches are susceptible
to the shift in host properties with respect to redshift. Ufeitsurveys can reduce these
errors by using complementary observations of NIR lighwear(Krisciunas et al. 2000)
or optical spectra (Chapter 6) as indicators of intrinsiocsl More recently, Wang et al.
(2009b) demonstrated that the expansion velocities ofitH&355A can be used to divide
SNe la into groups of dierent dust properties, and in turn improve extinction cuiroa.
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Flux calibration Nearby SNe la provide important comparison reference femmog-
ical studies. This requires the understanding of photdmegdibrations of high-redshift
data relative to the low-redshift sample. The current sengpllow-redshift data is inho-
mogeneous with a range of qualities in flux calibration anddpass knowledge. The use
of this low-redshift data usually requires the calibratafrf&Ne la onto the Landolt system
(Landolt 1992) which is not well understood. Mismatch bedwactual instrumental pass-
bands and those of the standard system causes uncertaBitieg passbands are shared
across many observations, the errors are correlated bet@ide la. Furthermore, Vega,
which is used to define the zero points, is much brighter tharstandard stars. The esti-
mation of Vega’s actual magnitudes in a photometric systeahit has never been observed
in introduces further systematic errors. Low-redshifedadm ongoing surveys will allow
cosmological studies to movdtdhe Landolt system.

K-correction TheK-correction yields one of the largest sources of systeneatas as it
directly afects the peak magnitude of a SN la (Section 3®rorrection errors have con-
tributions from the uncertainties in the zero points andghssbands of the photometric
system, the instrumental passbands, and the assumed SHi2 fabject (Equation 3.37).
The uncertainty in the zero points is related to the flux catibn. The indirect determina-
tion of the zero points from Vega can lead to systematic siwba few percent (Fukugita et
al. 1996). An instrumental passband is the wavelengthuigo® throughput of the entire
light path and includes transmission of the optics, miredtectivity, filter transmission,
CCD quantum ficiency and atmospheric absorption. Examining thieats of bandpass
shape on SN la cosmology, Davis et al. (2006) showed that fgpiaal deviation from
the nominal filter shape, thi€-correction error introduced is below 0.004 mag. Studying
the dfect of spectroscopic diversity on SN la cosmology, Hsiad.¢2807a) demonstrated
that the systematic errors from assuming an SED can beYaetiglinated by using a mean
spectral template time series. The remaining statisticar® are redshift dependent and
are on average 0.02 mag (Chapter 5; Hsiao et al. 2007a; Foldy 2008a). The errors
can be further reduced if the detailed shapes of the spée#atalres can be predicted using
photometric information (Chapter 6).

3.10 Conclusion

SNe la can be used as standard candles to make direct meastsarhthe cosmological
parameters. The apparent faintness of distant SNe la sz/@apreviously unaccounted
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for dark energy. The discovery is significant as the existarfdark energy presents great
challenges to fundamental physics. The current generafisapernova surveys produces
observations for hundreds of SNe la. The statistical emoesreduced, while systematic
errors become the limiting factor for SN la cosmology. Witktroulous identification and
control of systematic errors, SNe la can be further used tstcain the nature of dark
energy.

This thesis is motivated by the potential for substantigirovement in cosmological
studies by exploring methods to reduce systematic errarpatticular, the spectroscopic
diversity of SNe la and itsfiect on SN la cosmology have not been studied in detalil
before this work. In the following sections, methods for mfifging spectral features of
supernovae are developed. They are then used to identifigeha spectroscopic properties
of SNe la; this eliminates the systematic errors associatédassuming a particular SED.
Methods are also developed to search for correlations leetspectral features and light-
curve width. Established relations can further reduce #meaining statistical errors and
even provide independent distance estimates.
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Chapter 4
Quantifying spectral features

Abstract The tools and the sample of observed spectra used to studypéutroscopic
diversity of Type la supernovae (SNe la) are detailed her&brary of a statistically sig-
nificant sample of observed spectra is presented. The spaerfrom a wide variety of
sources to cover a wide range of parameter space. Methodblua@eveloped to con-
sistently quantify the spectral features from heterogaesesmurces. A spectral template
time series is constructed using the mean spectral prepestithe library spectra. Using
the mean spectral templates frcorrection calculations largely eliminates the systatnat
errors from assuming a particular SED. The procedures anaulation of principal com-
ponent analysis (PCA) are also outlined. A set of spectrosatgia can be reduced into
orthogonal principal components (PCs). Only the first few P@sacessary to describe
the bulk of the variations. They can then be used to corretdteother SN la properties to
search for the origin of the observed variations.

4.1 Introduction

With the advent of modern surveys which yield observatimrshiindreds of SNe Ia, the
precision and accuracy requirements for Kreorrections are only increasing. The diver-
sities in the spectral features of SNe la become a majoribaidr of errors.

To study the spectroscopic diversity of SNe la, a statiyicignificant sample of ob-
served spectra is needed. Our current library of spectraaitn1100 spectra of 183 SNe
la. In order to obtain spectra which cover wide ranges of bpa@velength and light-
curve width, the library is constructed using spectra fronagety of sources. Methods
are thus developed specifically to quantify the spectrdufea of a heterogeneous data set
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consistently.

SN la spectral features are formed by a blend of multipleslisehanced by large
Doppler broadening. The shapes of the spectral featurethasecomplex with no clear
continuum. Methods are developed to standardize the bapalitolors of the library spec-
tra and to quantify their spectral features using artifinerowband filters. The result is a
consistent treatment of SN la spectra, without resortirgyteye estimation of a “pseudo-
continuum.” A mean spectral template time series is buitigithe mean spectral properties
of the large SN la sample. When used Koicorrection calculations, the spectral template
time series obviates the systematic errors resulting fresam@ing a particular SED.

PCA is a powerful statistical tool used to search for pattamsto reduce the dimen-
sionality of a multidimensional data set. It is ideal foratiag spectroscopic data. Instead
of examining individual spectral features, PCA can pick detdominant variations within
a wavelength region and reduce the spectra into PCs. Oncartiest variation is iden-
tified, the first few PCs describing the bulk of the observedati@n can then be used to
search for correlations between spectral features and p#rameters, such as epoch and
light-curve width. PCA will be adopted in Chapters 6 and 7 tantdg the largest variations
in the spectral features and to search for the origins okthesations.

In this thesis, particular sets of passbands are used fdmcom adjustment and
K-correction calculations. In the optical, the Bessell ()9@alization of the Johnson-
CousinsUBVRI passbands is adopted as rest-frame passbands. The MegaSsaruts,
Omrmimzu, are adopted as examples of observed passbands. MegaCarnuesfaeld im-
ager on the Canada-France-Hawaii Telescope (CFHT) on Mauaa®e MegaCam fil-
ters are closest to the US Naval Observatory (USNO) filtemst{Set al. 2002) and similar
to the Sloan Digital Sky Survey (SDSS) filters (Fukugita etl&96). In the near-infrared
(NIR), the Y JHK passbands of the Wide Field Infrared Camera (WIRC) on the 2.5 m du
Pont telescope (Persson et al. 2002) are adopted. The rsetbudloped here are general
and are not restricted to these sets of filter bands.

4.2 Library of spectra

To study the spectroscopic diversity of an apparently unifolass of objects, it is impor-
tant to use a statistically significant sample of observetsp which spans a wide range
of properties. We have constructed, and are continuing ttatap a library of observed
SN la spectra. The library currently includes 1100 spectrd88 SNe la, including 117
nearby SNe la with complementary photometric informatibine properties of the library
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are illustrated in Figure 4.1, and the full list of libraryesjtra is placed in Appendix A.
Currently, the photometric data of approximately 300 lowst@aft SNe la are cosmologi-
cally useful (Hamuy et al. 1996a; Riess et al. 1999; Jha eb@b2Hicken et al. 2009). The
statistical significance of the spectroscopic data is tg@idproaching that of photometric
data.

The observed spectra were gathered from heterogeneowsesauth varying quality.
A large fraction of the spectra was obtained from public veses, such as the SUSPECT
database and publications. Other spectra were suppliea$tygmd ongoing supernova
surveys, such as the GaTololo Supernova Survey (Hamuy et al. 1996a), CfA Supernova
Group (Matheson et al. 2008), Supernova Cosmology Projearia{@i et al. 2004, 2005;
Lidman et al. 2005), Carnegie Supernova Project (Hamuy @08I6), Supernova Legacy
Survey (Howell et al. 2005; Bronder et al. 2008) and EquatioBtate: Supernovae Trace
Cosmic Expansion (Matheson et al. 2005).

Each observed spectrum is inspected by eye for quality.t&pebich have their spec-
tral features dominated by noise are discarded. The edgescbfspectrum are inspected
and trimmed where the flux calibrations appear unreliablee @&mospheric telluric lines
in thel band are removed using procedures described in Section 4.3.

The library spectra are overwhelmingly of low-redshift SMgtop left panel of Fig-
ure 4.1). Spectroscopic observations of high-redshifesupvae are much more suscepti-
ble to host galaxy contamination, because the smaller sapa+host angular separations
are observed through a fixed slit width. Observations of tedshift SNe la generally
yield higher signal-to-noise ratio than high-redshift snbecause of the larger apparent
luminosities. On the other hand, high-redshift surveysipoe spectra with better obser-
vations of the diicult ultraviolet (UV) region, which is crucial foK-corrections toB at
high redshifts. Spectra from SNe la with redshifts up to @e8iacluded. For the making
of the mean spectral template, the assumption is made #r&t ihno significant evolution
of spectral features between low-redshift and high-rétishpernovae (Section 3.9). Note
that none of the high-redshift spectra have time seriesreaéigens. The histograms in Fig-
ure 4.1 are separated by redshifzat 0.1 to demonstrate the ftierence in characteristics
between the two samples.

The library spectra mostly cover rest-frarBeandV filter bands (bottom right panel
of Figure 4.1). The&K-correction analysis will be focused on corrections to #st-frame
B band, since it is the most important and commonly used barmdrirent cosmological
analysis. When the observed and the rest-fr@fiier bands are misaligned, the spectral

1See httpybruford.nhn.ou.edtsuspegindex.html.
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Figure 4.1: Characteristics of our current spectral lirdtye histograms are separated by
redshift aiz = 0.1 to demonstrate theftierence in characteristics between the two samples
(gray forz < 0.1 and black forz > 0.1). The top left panel plots the histogram of the
redshifts of the library supernovae. The top right panetgtbe histogram of the stretch
factors of the library supernovae. Only supernovae witlabéd photometry are included

in this plot. The median stretch value for the combined sanpimarked with a dotted
vertical line. The bottom left and right panels plot the bggeams of the rest-frame epoch
relative toB-band maximum light and the rest-frame wavelength covecdddbke library
spectra, respectively.
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features in the neighboring andV filter bands are especially important. The relative
shortage of UV spectra is slightly improved by the inclusadmigh-redshift SNe la.

The rest-frame epochs of the spectra are relativB-tand maximum light and are
obtained mainly from the light curves of the supernovae. Wihenphotometry of a SN
la is unavailable or unreliable, an estimate of the epochadarby fitting the spectrum
to other spectra of known ages. The distribution of the epgaks at maximum light
(bottom left panel of Figure 4.1). The epochs are correabedirne-dilation with a factor
(1+ 2. They are also stretch-corrected by a factdr (This stretch correction procedure
will be justified in Section 6.6.)

The light-curve shape is a useful parameter to characttrediversity of the library
SNe la. For each SN la with well sampled light curves, a dtrédctor is measured using
the SIFTO light-curve fitter (Conley et al. 2008). The strefattor, s, linearly stretches
or contracts the time axis of a template light curve arourdeioch relative to maximum
B-band light to best fit the observed light curve (Perimuttesle1997, 1999; Goldhaber
et al. 2001). The stretch factors of the library SNe la sparide wange of values with
most of the supernovae around a stretch of unity (top rigihepaf Figure 4.1). The
high-redshift sample has a slightly higher median stresch {.039) than the low redshift
sample § = 0.964). This is caused by the preferential selection of beg(itigher stretch)
SNe la, which in general yield higher signal-to-noise matiat high redshifts. The median
stretch factor for the combined sample is 0.978.

4.3 Telluric absorption correction

The atmospheric telluric absorption features are mainlged by water vapor (Figure 4.2).
The strengths, widths and central wavelengths of the telfeatures depends on specific
observing conditions, such as wind speed, pressure, tatoper humidity, air mass and
the observer’s elevation. Careful removal of telluric featurequires the observation of
a telluric reference star at a similar time and location & shy as the observed object.
The telluric features are then removed using templates d¢ecutar absorption to match
the features of the observed reference (Stevenson 1994) asibg the spectrum of the
relative featureless A-type star directly as the tellzimplate (Vacca et al. 2003). Since the
telluric absorptions onlyféect spectra at long wavelengths, telluric corrections aually
not applied for optical spectra of SNe la.

For SNe la at dterent redshifts, the telluric features are superimposediffatent wave-
length locations in the rest-frame of the SNe la. This is restichble from the view point
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Figure 4.2: The atmospheric telluric absorption featurébe locations of thdY JHK
bands are noted. The dotted vertical lines mark the regiagrevthe telluric features are
removed from the library spectra.

of K-correction, as the telluric absorptions should be indlitethe observed instrumen-
tal bandpasses. Steps are thus taken to remove the narfokctéatures in thd band
(Figure 4.2). This will yield improvement to the spectratigate in thel band for high-
redshift NIR studies (Nobili et al. 2005; Freedman 2005) fandtudying the spectroscopic
diversity in thel band (Chapter 6).

It is obviously not possible to do the careful correctionsatded above for our hetero-
geneous data set. Instead, known host redshifts and thseddeoadness of the supernova
features compared to the telluric features are used to niekedrrection. The host red-
shifts are used to locate the telluric features. With longhé&s placed at the locations of the
telluric features, Gaussian smoothing is used to extra@dtam regions without telluric
contamination to determine what the flux level should be atltications of the telluric
features. Non-linear least-squares fitting (Markwardt®0e then used to determined the
depths, widths and the central wavelengths of the tellenegiate which give the best fits
to the observed telluric lines. Examples of these procedoimgwo SNe la at two éierent
epochs are shown in Figure 4.3.

During the building of a set of mean spectral templates, Veamggh regions of the
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Figure 4.3: Two examples of telluric feature removal fronpesunova spectra. The left
and right panels show spectra of SN 1999ee at maximum ligam{#y et al. 2002) and
SN 1991bg at 23 days past maximum light (Turatto et al. 1996 normalized telluric

template is plotted as red curve. The library spectra befoceafter telluric correction are
plotted as gray and black curves, respectively.

spectra which had the telluric correction are again assi¢meer weights to minimize the
impact from the uncertainties in the above procedures i@eét7). By using SNe la from
a range of dterent redshifts, it is possible to obtain a good represientaf the true SN la
flux at every wavelength.

Note that for the 52 NIR library spectra, the prominent teétllabsorptions were cor-
rected using the observations of flux standards. Theseryjilmpectra are discussed in
Section 7.3. The procedures for their telluric correctians detailed by Maiolino et al.
(1996) and Vacca et al. (2003). The spectral features whietheavily d@ected by the
prominent telluric lines between the NNRIJIHK bands are not included in the analysis of
spectroscopic diversity in Chapter 7.



48

4.4 K-corrections and broadband colors

K-corrections of SNe la rely on the SED of the supernova. Simgh signal-to-noise
spectrophotometry of high-redshift SNe la at multiple dmois currently not feasible, it is
necessary to assume a set of spectral template time series.

K-correction calculations also depend on the supernovaifettsrough the alignment
of the rest-frame and the observed filter bands. The obsdifiedband progressively
shifts towards bluer parts of the spectrum as a supernovedshifted to progressively
longer wavelengths (from top to bottom panel of Figure AMhen the observed and rest-
frame filter bands are misaligned, as in the top and the botanels of Figure 4.4, the
K-corrections are more reliant on the assumed spectral &enpl

K-corrections are largely driven by the broadband colors 8Nala and are thus sen-
sitive to anything thatféects the continuum of the SED, such as the Milky Way and host
galaxy extinction, and the intrinsic colors of the supemoWhen a spectral template is
used as an assumed SED for the supernova, its continuum mwetjlsted to have the
same colors as the supernova beforeKheorrections can be determined. Nugent et al.
(2002) demonstrated that two SNe la with verffelient spectral features can yield similar
K-corrections when the spectra of the SNe la are adjusteceteaime broadband colors.
Adjusting the colors of the spectral template to match thafsthe particular SN la sig-
nificantly improves the accuracy of thé-correction (Nugent et al. 2002). However, it is
not generally true that two SNe la with identical broadbaabbis share identical SEDs.
The diversity in individual spectral features between S&lenlst also fiectK-correction
calculations.

These €ects are illustrated in Figure 4.5. Tlecorrections are calculated using in-
dividual library spectra. The spectrum colors are deteeahifftom synthetic photometry
on the actual observed spectrum. Colors from the spectrastiiees are used instead of
photometric colors for the following reasons. Most of therdiry spectra are not spec-
trophotometric; therefore, using colors from photometriraduces errors which do not
originate from supernova feature inhomogeneity. This ahevas also made for practical
reasons as the photometry of the library supernovae is soe®tinavailable or unreliable.

In Figure 4.5, the relation between tKecorrection and broadband color is shown at
two redshifts. At a redshift of @5 where theB andiy bands are aligned (middle panel
of Figure 4.4) K-corrections are largely independent of the colors of thgeswvae (top
panels of Figure 4.5). At = 0.9, the filter bands are misaligned (bottom panel of Fig-
ure 4.4), and th&k-corrections show a strong dependence on broadband coltrsaw
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Figure 4.4: The pairing of observed filtgf and rest-frame filteB at redshifts 0.6 (top
panel), 0.75 (middle panel) and 0.9 (bottom panel). Thalsalrves are the transmission
of B band, and the dotted curves are the transmission of thed$#ifeediy band. The
filter bands are misaligned at= 0.6 andz = 0.9. TheK-corrections at these redshifts
depend heavily on the assumed spectral template.
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Figure 4.5: K-corrections from observeg, band to rest-framé band as a function of
broadband colord,) — B (left panels) andB — V (right panels). The&-correction-color
relations are plotted at the redshits 0.75 (top panels) and= 0.9 (bottom panels). The
im and B filter bands are aligned at= 0.75 and misaligned a = 0.9. All the library
spectra with adequate wavelength coverage are includeth f€ant represents one library
spectrum. Filled and open circles represent normal andrgiseopically peculiar SNe la,
respectively. The diversity in colors mostly reflects tmedievolution of supernova colors.
The scatter reflects theftkrences in the spectral features.

larger scatter around the trend (bottom panels of Figure AtShese misaligned redshifts,
the K-correction involves larger extrapolations and hence isemmeliant on the details of
the SED. The colors of the SED describe the bulk of the redatibhe remaining scatter
can be attributed to the inhomogeneity in spectral feafwbgh will be the focus of this

thesis.

How should one allow for color variations when calculatigcorrections? Previous
studies have utilized the reddening law of Cardelli et al8@3%0 perform the color cor-
rection on the spectral template (e.g., Riess et al. 1998eMugt al. 2002; Tonry et al.
2003). This choice is based on the observation that SN la oeltions roughly follow the
reddening law. The correction applies a slope as a functiovagelength to the spectral
template in order to obtain the desirBd- V color.

Modern surveys, such as the Supernova Legacy Survey, prodelt sampled multi-
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Figure 4.6: An example of color correction which contrakstivo color-correction meth-

ods: reddening law slope correction and the mangling fonctiThe spectral template is
color corrected to match the colors of an observed spectitime. top panel shows three
spectra: the observed spectrum (gray curve), the speetrgdlate corrected by the man-
gling function (black solid curve) and the spectral templadrrected by the reddening law
(black dotted curve). The bottom panel shows the coloremion scale for the mangling

function (black solid curve) and for the reddening law (kldotted curve). The black filled

circles locate the spline knots for the mangling functione mangling function adjusts the
continuum using all the color information supplid®l- V andV — R.

filter light curves and in turn produce multi-color infornaat for most SNe la. To utilize
fully the multi-color information, a “mangling function’sideveloped in lieu of the red-
dening law slope correction. It defines a spline as a funatiowavelength, with knots
located at the fective wavelengths of the filters. Non-linear least-sgsiditing (Mark-
wardt 2009) is used to determine the spline which smoottdjesahe spectral template to
the correct colors.

Figure 4.6 shows an example of color correction which catréne mangling function
and the slope correction of the reddening law. The two metledhibit similar behavior
between théd8 andV filter bands. When th¥ — R color information is included, the scale
in the R band determined by the mangling function diverges from @eslcorrection to
incorporate the extra color information. The mangling fiimrt anticipates the possibility
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that the reddening law does not completely characterizéhallcolors of a SN la; it ef-
fectively pieces together segments of slope correctiorgosimy to satisfy the multi-color
information.

The variations in large features, such as the Ca H&K featuttegituV, can significantly
alter the colors of the supernovae. It isfidiult to disentangle color and feature variations
in these cases; however, the results of the analysis heomdtected as long as the distinc-
tions between theffects of colors and features are consistently defined. Beparetis are
compared with one another, they are color-corrected todheesroadband colors using
the mangling function. This procedure consistently defaesftective “continuum” for
all spectra and enables the study of tikeet of spectral features df-corrections inde-
pendent of colors, whether the coloiffdrences are caused by extinction, intrinsic colors
or observationalféects.

Returning to Figure 4.5, this figure illustrates not only tkeagral trend oK-correction
in terms of supernova colors, but also the scatter aroundrémel which is caused by
the diversity of spectral feature shapes. The scatter besanore significant as the rest-
frame filter band is redshifted away from the observed fil@nd (from top to bottom
panels of Figure 4.5) showing the heavier reliance on thetspand the inhomogeneity
of the spectral features. The goal now is to construct a mpectisl template time series
that is representative of the observed SN la spectral festmd to characterize the errors
associated with the spectral inhomogeneity shown in thiéesca

4.5 Measurements of feature strengths

A set of artificial non-overlapping narrowband filters arémed for measuring the spectral
feature strengths (Figure 4.7). A tradf-peeds to be considered when setting the band-
widths of the narrowband filters. A smaller bandwidth cagsumore details of the spectral
feature shapes, but the signal-to-noise ratio is reducete,ive take advantage of the large
expansion velocities of SNe la. The bandwidths of the naveowd filters are set to be on
the order of the sizes of supernova features to maximizeigfmalsto-noise ratio without
sacrificing the details of the spectral features.

The bandwidths of the narrowband filters are logarithmic ave&ength, and the ratio
of A1/A = 0.03 is adopted. This ratio corresponds to an expansion Wgloti~ 9000
km s, which is on the low end of the observed expansion velocitieSN la features.
The large expansion velocities of SNe la mean that the baftdwf the narrowband filters
can be set large enough that modest noise in observed spestrinimal &ect on the
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Figure 4.7: The defined narrowband filters for the measuréemérspectral feature
strengths. The narrowband filters are defined to have |dgaiét bandwidths with a ra-
tio of A1/A4 = 0.03 and are plotted as gray lines. Broadband filteB&VRIY JHKare
plotted as red curves. The spectral template at maximurhigiotted as a black curve to
show the widths of the spectral features.
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measurements of feature strengths.

The narrowband measurement approach afiectvely lowers the resolutions of all
spectra to a standard one. This is especially importantfoheterogeneous data set which
is obtained from a wide range of instruments and reduced aiitkerent techniques. A
lowered resolution will help keep the heterogeneous naititbke data set from entering
the signals which are intrinsic to the SNe la.

Before the feature strengths are measured, each libraryrspeis color-corrected us-
ing the mangling function (Section 4.4) to a set of lightvatemplates with a set stretch
value (conventionallys = 1). It is worth noting that the procedure presented heredbr c
culatingK-corrections is independent of any established photomedtation, such as the
stretch-color relation. Even though the stretch-coloatreh for a particular stretch value
is used here to yield the standard colors for the library spethe spectral template later
has to be color-corrected to match the colors of the padicsN la in question. The color-
correction procedure removes any dependence on colomgpfgictors, such as stretch,
extinction and flux calibration. The spectral diversity bétlibrary SNe la can then be
adequately quantified independent of broadband colors.

4.6 Mean spectral template time series

The spectra of normal SNe la are remarkably uniform in the &wolution of their spectral
features (Branch et al. 1993), but som#&eatiences do exist. Some of theséelences are
associated with the variation in light-curve shapes (é&ggent et al. 1995, Chapter 6),
while the origins of others remain unknown (e.g., Hatand.2@00; Benetti et al. 2005).

Nugent et al. (2002) introduced a spectral template timesdhat is based on one
well-observed supernova spectrum for each epoch and wegtblenterval. The template
is constructed by assembling well-observed spectra in edimensional grid of flux as a
function of epoch and wavelength. The temporal gaps arefilheshwith a simple interpo-
lation.

The spectral features of the templates usedfaorrection calculations of a particular
set of SNe la should be representative of that populatiore t€mplates constructed by
the method outlined in Nugent et al. (2002) can cause sysieeraors if the spectra used
represent the extremes in spectral features. In this seetiprescription for constructing a
mean spectral template time series with representativergbéeatures is described.

Simply averaging a large number of spectra tends to broadi@nvaaken the spectral
features, when there exists a range of feature velocitiestedd, we adjust the features
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of a base template to the weighted mean of the measured desttengths from a large

sample of observed spectra. The procedures of buildingpeetial template time series

have been built into a fully automated IDL program. The papgrcan incorporate new

additions to the library, adjust the grid size accordingiyg areate a new spectral template.
The procedures are summarized as follows:

1. Assign a two-dimensional grid of epoch and wavelengtl.bin

2. Color-correct each library spectrum to the same broadbalads in each epoch bin.
3. Measure the feature strength in each wavelength bin ¢f ldaary spectrum.

4. Assign weights to each feature strength of each libraggtspm.

5. Determine anféective epoch for each epoch bin.

6. Determine a weighted mean feature strength for each gdemt.

7. Build a base template time series from a subset of libraegtsp at the fective
epochs.

8. Adjust the base template time series to the weighted negduare strengths using the
mangling function.

The library spectra are first divided into epoch bins. Wheigassg an epoch bin, two
competing factorsféecting the bin sizes must be considered. First, a statiistisignifi-
cant sample size of spectra in each epoch bin is requiredtéonotepresentative charac-
terizations of the spectral features; larger bin sizesdymbre spectra per bin. Second,
the temporal evolution of the spectral features within daichshould be kept as small as
possible; small epoch bin sizes are preferred in this calse.niost direct way to improve
the situation is to increase the number of library spectch shat the epoch bin sizes can
be narrowed without sacrificing the generality of the samipleach bin. For the current
sample size, it is not sensible set a bin size of one day fapalths. Instead, variable bin
sizes are adopted.

The temporal evolution of spectral features is illustrate&igure 4.8. The SEDs at
different epochs are normalized to the sa&reand flux to emphasize the evolution of the
spectral features. The spectrum of a SN la evolves rapidiwn fthe time of explosion to
around 20 days past maximum light. These epochs are alsaastamportant when fitting
light curves. The epoch bin sizes for these epochs are kegt soch that the féects of
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Figure 4.8: An illustration of the time evolution of spedti@atures of SNe la. A spectral
template time series is plotted frotn= —15 tot = 48 relative toB-band maximum.
Template spectra atftierent epochs are normalized to the sdreand flux to emphasize
the evolution of the spectral features. Spectral featufe&dN® la evolve rapidly around
maximum light and slow down past= 30. This emphasizes the importance of small
epoch bins near maximum light.

temporal evolution on spectral features are minimized. fEngporal evolution of feature
shapes in thé8 andV bands slows down considerably beyond the age of 30 days. At
these epochs, larger bin sizes are adopted to compensdke femall number of spectra.
Table 4.1 lists the epoch bins adopted for the current §orar

The relative spectral feature strengths of a library specaire measured as narrowband
colors, as described in Section 4.5. Note that measuriagvelfeature strengths eliminates
the need for the absolute fluxes of the spectra. The narravbalors are organized in a
two-dimensional grid of wavelength and epoch. The sizeb®firid elements are defined
by narrowband filter bandwidths and epoch bins. Figure 4uStiates a schematic of the
grid and specifies the number of narrowband measuremergadbrgrid element. A typical
grid element in theB andV filter bands yields approximately 40 measurements from the
current library.

Before the narrowband colors are averaged in each grid elethey are weighted to
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Table 4.1: The assignment of epoch bins for the mean spéetngllate time series

Lower Upper Bin Hective Number of

epoch epoch size epoch spectra

-15 -9 6 -10.8 34
-9 -7 2 -7.9 39
-7 -5 2 -6.0 51
-5 -3 2 -3.8 37
-3 -1 2 -2.0 44
-1 1 2 -0.0 71

1 3 2 2.0 51
3 5 2 3.9 38
5 7 2 6.0 39
7 9 2 7.9 39
9 11 2 10.0 38
11 13 2 12.1 34
13 16 3 14.4 56
16 19 3 17.4 42
19 22 3 20.5 a7
22 25 3 23.4 32
25 29 4 27.0 40
29 33 4 30.9 38
33 38 5 35.7 50
38 42 4 39.9 38
42 50 8 45.5 51
50 57 7 53.6 33
57 68 11 62.1 42
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Figure 4.9: A schematic of the two-dimensional grid defingdh® epoch bins and the
narrowband filters. The number of narrowband color measeinésrin each grid element is

plotted in the third dimension.
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account for the heterogeneous nature of the data set. Tlghtseire designed to yield
feature measurements which are truly representative aheen of SNe la. They ensure
that the final mean spectral template time series is not datediby peculiar spectra, super-
novae with multiple observations or supernovae with exéreimetch values. The details of
the weighting schemes are described in Section 4.7. Thewueigschemes yield arffec-
tive epoch for each epoch bin. The base template time sarthem built at thesefkective
epochs.

As the narrowband filters degrade the resolutions of thabspectra, it is important
to start with a set of base template spectra with the coreattife shapes. The steps for
building the base templates are similar to those for bugjidiire spectral templates of Nugent
et al. (2002). A subset of library spectra with high sigrahbise ratios is selected. The
coverage in epoch and wavelength is kept below three speetrday per wavelength to
avoid broadening the spectral features with a range of esiparvelocities. Each library
spectrum is given a Gaussian spread in epoch, centered @stitame stretch-corrected
epoch, with a standard deviation the size of the associggedhebin. The base template
time series is then produced by averaging the Gaussian te€idluxes at eachfiective
epoch. The Gaussian spread allows the smooth time evolotithe spectral features and
also helps to fill the gaps in epoch and wavelength space vatservations are rare.

The grid of weighted mean narrowband colors as a functionamelength and epoch is
now used as the input color information for the mangling tiorcdescribed in Section 4.4.
Each spectral feature of the base spectrum is adjusted hyangling function to have
the weighted mean strength of the library spectra. The tetjuemplate at thefkective
epochs is then smoothly interpolated to an integer epochfgsint = —19 tot = 85 at
each wavelength.

Finally, the spectral template is color-adjusted to a hginve template. Note that
adjusting the flux and the colors of the spectral templates particular set of template
light curves is optional for the following reasons. The dans of normalization for the
template SED is cancelled when performing-aorrection calculation. Furthermore, the
broadband colors of the spectral template would later haveetadjusted to match the
colors of the SN la in question. Here, the mean spectral i@®plare adjusted to a set of
template light curves to allow for a more natural interpolaof flux between epochs.

The resulting spectral template at maximum light is showiigure 4.10. To illustrate
that the spectral template is indeed the mean of the libjaegtsa, spectral templates are
also built using 100 bootstrapped samples of library spectihe bootstrapped templates
also show the size of the dispersion at each wavelength. péetrsl features in the)
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Figure 4.10: The comparison of spectral templates at maxiight. The mean spectral
template is plotted as a black curve, while the templates foootstrapped samples are
plotted as gray curves. The revised templates of Nugent €@02) from 2005 and 2006
are plotted as red and blue curves, respectively.

band exhibit much larger dispersion around the mean thasetimotheV band. The mean
spectral template is also compared with the revised teeplaitNugent et al. (2002). Fig-
ure 4.10 shows that the Nugent templates are not representathe library spectra and
can cause significant systematic errors. The resultingsaic errors will be quantified
in Chapter 5.

The mean spectral template time series provides an exteditarence for the spec-
tral features of a typical SN la and has a wide range of apmieca. The current spectral
template time series covers epochs from -19 to 85 daysBhand maximum and wave-
lengths from 0.lumto 2.5um. It has been adopted as the spectral model for the SIFTO
light-curve fitter (Conley et al. 2008). Because of the wide elength baseline, it has also
been adopted to estimate the bolometric luminosities, amdrin the®®Ni masses, of SNe
la (Howell et al. 2009).
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4.7 Weighting of narrowband measurements

The heterogeneous nature of our library means that ffereinces between the spectra need
to be considered carefully. Before the narrowband colora@eaged in each grid element,
some simple weighting schemes are applied to each speatrenstre that the resulting
template is not dominated by peculiar spectra, supernovidemultiple observations or
supernovae with extreme stretch values. Weights as a amdii wavelength are also
assigned to deal with theftierences in the spectral coverage and in the locations of the
telluric lines.

We chose to include spectroscopically peculiar SNe la ferftilowing reasons. In-
cluding peculiar spectra in the template and the analysesg more complete description
of the population of the SNe la. Moreover, peculiar SNe latenreceive more attention
and yield more detailed observations. Including thesetspéelps to increase the num-
ber of spectra in wavelength and epoch intervals which asdyraovered. To adequately
include these peculiar spectra in the spectral templatedeet the weightwiype. For the
peculiar spectra, we chose a relative weight of one fifth tbasonably characterizes the
intrinsic fraction of peculiar supernovae in the SN la papioin (Branch 2001; Li et al.
2001b). For a grid element witNoma Normal spectra antllpecuiar peculiar spectra, the
weight for the type of spectra is:

(4.1)

B 1/Nhormar for normal SNe la

For a SN la withN narrowband color measurements in a grid element, the neasuts
are averaged and weighted as one measurement:

Whnultiplicity = 1/N- (4-2)

Narrowband color measurements at the edges of a librantrspea@are assigned less
weight than the measurements at the center. This step ggesdthe edge trimming, de-
scribed in Section 4.2, in minimizing théfects of miscalibration at the edges of observed
spectra. It also gives higher weights to library spectraciwinave wider wavelength cov-
erage and thus have their continua better adjusted by thglmgriunction. The weight
for the filter coveragewcoverage IS @ triangular or trapezoidal function in wavelength spac
with a value of unity at theféective wavelengths of the available bands and one fifth at the
ends of the spectrum.

Even though the telluric features for each spectrum takeymaind-based telescopes
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are removed, lower weights at the location of the telluratdiees are applied to account for
the errors associated with this procedure. The diversitseds$hifts in our library means
that most of the grid elements would have at least a few feattrength measurements
uncontaminated by telluric features. The weight assigoeddluric line contamination,
Weelluric, IS INversely proportional to the equivalent width of aueit feature template inside
the two adjacent narrowband filters in question.

To ensure that a grid element is not dominated by superndvaet@me stretch val-
ues, the narrowband color measurements are weighted saicthéweighted mean of the
stretch values in each grid element is close to a representdtetch valuesgective (CON-
ventionally unity). A normal distribution centered on thi@eetive stretChsgectives With @
standard deviation afs = 0.2, is used to define the weight for stretch:

(SSN - Seffective)z] ) (4.3)

Wstretch = eXp[ 20
For SNe la without stretch factors, the mean weight for slrés adopted for each grid
element.

An effective epoch tegeciive IS determined for each epoch bin using the rest-frame,
stretch-corrected epochs of the library spedirand their weightsy:

2wt
teffectlve - T\N; (4-4)

The letteri denotes théth spectrum of the epoch bin in question. The weights the prod-
uct of the weights for supernova type, multiplicity, wavedéh coverage, telluric features
and stretch. The resultindgtective epochs for our current library are listed in Table 4.1
Within an epoch bin, library spectra with epodgs closer to the ffective epoch are then
assigned higher weights. A normal distribution is againdusedefine the weights. It is
centered on theffective epochiegectives With @ sigmag, corresponding to the size of the
epoch bin:

_ (tSN - teﬁective)z
Wepoch— eXp 2— . (4.5)
Tt
The total weight for theéth library spectrum can then be written as:
W = Wtypei X Wmultiplicity,i X Wcoveragei X Whelluric,i X Wstretchi X Wepochi (4-6)

Assuming that the spectral features of SNe la depend on tkelstparameter (Chap-
ter 6), weighting the feature strength measurements instefrepoch and stretch helps us
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to disentangle the twofieects on spectral features in an epoch bin of finite size.

The weighted mean of the narrowband measureménts, determined for each grid
element (in epoch and in wavelength) using the total weightand the narrowband color
measurement§ for theith spectrum:

2i Wi
The grid of weighted mean narrowband colors in epoch and leagéh now character-
izes the mean spectral features of the desired SN la sptarmplate time series.

4.7)

4.8 Principal component analysis

PCA is a statistical technique useful for reducing the dinmraity and identifying pat-
terns in a set of multi-dimensional data. PCA has been emglfyreanalyzing astronomi-
cal spectra in a wide variety of applications (e.g., Ronen.di9; Kong & Cheng 2001,
Madgwick et al. 2003; Ferreras et al. 2006; Suzuki 2006). lapgiér 6 and Chapter 7, the
method will be used to search for correlations between sdettures and factors which
drive the variations in spectral features, such as timeutionl and photometric properties.

The simplifying “bra ket” notation of Suzuki (2006) is adepthere for the formulation
of PCA. PCA in this case is applied to the narrowband measuresnéa set of supernova
spectra. Each spectrum is denoted her¢fipyand is characterized bynarrowband color
measurements. First, the mean spectrum (mean narrowbastireenents)) is computed
and removed from the data set. The covariance matrix is tberpated to determine how
strongly a spectral feature is correlated with the otheos itiisn-dimensional data set, the
covariance matrix is an x n symmetric matrix.

The eigenvectors and eigenvalues of the covariance magiglatained using internal
IDL routines which utilize Householder reductions and tHer@ethod (Press et al. 1992).
The resulting eigenvectors form anx n matrix. Each of then PCs, denoted here by
i&€;), are simply each of tha n-dimensional column vectors of the eigenvectors. In this
formulation, the PCs are renormalized to be unit vectors.yBre further ranked by the
eigenvalues which provide a measure of the amount of vaniati the spectra that the PCs
describe. The fractional variance for a PC is the ratio ofeigenvalue of the PC over the
sum of all the eigenvalues. The first PC points in the dir@octibmaximum variance in the
n-dimensional data space, and the rest of the PCs are orthogamars:
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(&lép) = 6ij. (4.8)

The projection of a spectrunfi) on a PC¢j) can then be computed as:

pij = (i — plé)). (4.9)

This projection for thath spectrum and th¢h PC, denoted here byy;, gives a measure
of how much the spectral features of the specttiinvary in the direction of the P(;)
in the n-dimensional data space. Because the PCs are unit vectongrdjeetions have
the units of narrowband magnitude. PCA searches for pattertiee spectroscopic data
independent of any information about the spectrum or thesigva. The projectiong;;
can thus be used to search for correlations between therapfsetures and any factors
which may cause the observed variation.

The set of spectra used in PCA can be represented as the suhofotaPCs and the
mean spectrum:

) =1y + ) piléy). (4.10)

j=1

The set of spectra can also be reconstructed using only siddiw PCs. If these PCs
constitute a large fraction of the overall variations, teeanstructed spectra will be repre-
sentative of the actual data.

4.9 Conclusion

A library of a statistically significant sample of observeakstra is presented. The spec-
tra are from heterogeneous sources to cover a wide rangerarfnpger space in epoch,
wavelength and photometric properties. New methods fotimonm adjustment and flux
measurement are developed, such that the spectral fefturethe heterogeneous data set
can be consistently quantified.

A mean spectral template time series is constructed by stemély quantifying the
spectral features of the large sample of library spectrecanefully incorporating the mea-
surements with weighting schemes which account for the wadetions in properties of
the library spectra. The resulting templates are showne tiee mean properties of SNe
la. The revised spectral templates of Nugent et al. (2062¥skhown to have unrepresenta-
tive spectral features which will result in systematic esrim cosmological studies. These
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errors will be quantified in Chapter 5.

The procedures and formulation of PCA have been outlinedt afspectroscopic data
can be reduced into orthogonal PCs. Only the first few PCs amseary to describe the
bulk of the variations. These PCs are then used to searchri@iaibons between spectral
features and factors which drive the variations of spet#atlres, such as light-curve width
and time evolution. PCA will be adopted in Chapter 6 and Chaptendentify the origins
of observed variations and to construct template speapissequences to gain insight on
how the spectral features vary with light-curve width.
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Chapter 5

Impact of spectroscopic diversity on
cosmology

Abstract The mean spectral template time series is shown to elimihatesystematic
errors inK-corrections which arise from assuming the spectral endigfyibution (SED)
of a particular Type la supernova (SN la). The remainingistteal errors are redshift
dependent, with minima at redshifts where the rest-frartex filand and the observed filter
band are aligned. Because the broadband colors of the dpea@ates are adjusted to
match those of the SNe Ia, the errors are attributed to themalgeneity in the spectral
features. As these errors directlffexct the magnitudes of the SNe Ia, it is important to
incorporate the redshift-dependerffeet in cosmology. ThefBect of filter coverage on
the K-correction errors is also examined. Spectral templateshware not adequately
constrained by the color information of the SN la are showsaigse significant errors in the
K-correction, emphasizing the importance of the choice tdrftbands in survey designs.
A first attempt is made at measuring the correlatioK aforrection errors between epochs.
The dfect of partial correlation of spectral features betweenckpads approximately a
factor of two increase in the errors of the peak magnitudas fhose estimated assuming
uncorrelated errors.

5.1 Introduction

K-correction calculations require the SED of the SN la. Aditsignal-to-noise, time series
spectroscopic observations of high-redshift SNe la areeatly not feasible, a spectral
template time series is usually assumed. This is justifiethbyexistence of remarkable
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homogeneity in the observed optical spectra of “normal” EN@ranch et al. 1993).

The dependence df-corrections on the spectral template is large at redshiftsre
the observed and the rest-frame filter bands are misaligiWduile the observed spectra
of “normal” SNe la are apparently uniform, subtlefdrences in feature strengths and
velocities do exist (e.g., Nugent et al. 1995; Hatano et @002. How well the spectral
template represents the SED of the SNe la becomes espegiplthytant at the misaligned
redshifts.

Previous papers oK-corrections of SNe la presented methods which made it possi
ble to use SNe la for the determination of cosmological patans. Hamuy et al. (1993)
explored the possibility of using SNe la as distance indisatnd presented single-filter
K-corrections for supernovae out to redshi 0.5 using spectroscopic observations of SN
1990N, SN 1991T and SN 1992A. At high redshifts, consideraktrapolation is required
for single-filter K-corrections. Kim et al. (1996) developed the cross-fikecorrection
to take advantage of the overlap at high redshifts of a rasté filter band and a redder
observed filter band. Nugent et al. (2002) presented a SNdetrgp template time se-
ries and a recipe for determininrcorrections. The importance of broadband colors was
particularly emphasized.

While K-corrections are largely driven by SN la colors, it is shovemehthat the di-
versity in spectral features of SNe la can also be importarthis section, we investigate
the dfects of SN la inhomogeneity on the determinatiorKe€orrections and cosmology,
paying close attention to thefects of the diversity in the spectral features.

5.2 Quantifying K-correction errors

For a high-redshift supernova, the light through a resné&dilter band is redshifted to
longer wavelengths and is observed through an observedddtel that overlaps, but is not
identical to, the redshifted rest-frame filter band. ThessrfilterK-correction (Kim et al.
1996),K,y, allows one to transform the magnitude in the observed,fyit¢éo the magnitude
in the rest-frame filter:

S(1/(1+2).L) (5.1)

Il /lTX(/l)Z(/l)d/l) [AT(D)S(A,t,6)da
[ ATy(2) [T] da

Kt 2.0) = =2:5 log( [AT,(D)Z()dA

The K-correction,K,y, is a function of the epoch the redshiftz, and a vector of pa-
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rameter<;, which &fect the broadband colors of the SN la, such as light-curvéhwadd
dust reddening.S(1) designates the SED of the supernovg(1) and T,(1) denote the
effective transmission of the andy filter bands, respectivelyZ(1) denotes the SED for
which the reference -y color is precisely known. Note that the normalization of 8D
is arbitrary.

K-correction dispersions are quantified here as tiierdinces between thecorrection
calculated using a particular observed spectB#fi) and that calculated using an assumed
template spectrun$’ (1), where the continuum o8'(1) is adjusted with the mangling
function to have the same broadband color§38) (Section 4.4). From Equation 5.1, the
K-correction dispersions can be expressed as:

S s
MKy = 25 Iog( fas (/l)Tx(/l)d/l] 25l ( [AS5(2/(1+ 2)Ty(2)da

[AST(Q)T()dA [AST(/(1+2)Ty()da)

This definition ofK-correction dispersions removes the dependence on theaars
and focuses on theffects of an assumed spectral template and the alignment oéshe
frame and observed filters. The first term in Equation 5.2 ipes/the normalization such
that the two spectra have the same flux under the rest-frarmelddnd. The second term
then yields the magnitudeftierence caused by the spectroscopitedences between the
supernova spectrum and the template.

The library spectra are used here to quantifykheorrection errors. The library spectra
are artificially redshifted fronz = 0 toz = 1.2 to determine th&-correction as a function
of redshift. TheK-correction dfference between each library spectrum and the appropriate
template is then determined for all redshifts with varioasbinations of rest-frame and
observed filter bands. The statistical error is then defirsetth@K-correction dispersions
added in quadrature at each redshift, and the systematicisrdefined as the average of
the K-correction dispersions at each redshift.

When a relation between light-curve shape and color (e.gssRieal. 1996) is used,
one has available the predictions of multiple rest-framlercmformation from the fit to
the observed light curve. The spectral template can be-coloected using the predicted
rest-frame colors in this case. On the other hand, when fooilltir observations of a SN la
are available, one may choose to use the more empirical agipad correcting the spectral
template directly to the observed colors. TKecorrection errors calculated from both
color-correction options are examined in the following sedtions.
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5.3 Color correction using model rest-frame colors

First, the case where the colors of the spectral templates@rected by the rest-frame
colors is examined. When determining tecorrection to a rest-frame filter, the neighbor-
ing spectral regions become important when the rest-framdeocaserved filter bands are
misaligned. Library spectra which halk B andV rest-frame filter band coverage (ap-
proximately 9% of the library spectra) are selected to attarae the errors iK-correction
from the observed filters to the rest-frafdilter band. The selected library spectra range
in epoch fromt = —15 tot = 65. The rest-frame colors of the library spectra are medsure
by synthetic photometry. Before calculating tkecorrection diference between a library
spectrum and the corresponding template, the templatérspers color corrected to have
the sameJ — BandB -V colors as the library spectrum.

To ensure that the sample of library spectra used to buildspeetral templates and
the one used to measure tkecorrection errors are independent of each other, thetselec
library spectra are randomly split in half. One half of théested spectra and the library
spectra which did not meet the wavelength coverage cmieaire used to build a set of
spectral templates. The other half is then used to compet&borrection dispersions.
The random selection process was repeated 100 times KIdwrection errors are also
calculated using the revised templates of Nugent et al.ZR00he Nugent templates are
assumed to be independent of the selected library spectna. résulting statistical and
systematic errors fdk-corrections going from observeghrvivzy bands to the rest-frame
B band are plotted in Figure 5.1.

Note that the errors presented here are for individual @asens. Combining multiple
data points on a light curve to derive overall light-curvegmaeters should reduce these
errors. This will be examined in Section 5.6. The statistireors follow the pattern of a
minimum at the redshift where the observed and the restdifdtar bands are aligned and
two maxima where the two filter bands are misaligned. Theepatiepeats as a function
of redshift and as one observed filter is switched to anothea redshift where the filter
bands are misaligned, th€-correction error for a single observation is importanthe t
0.04 mag level. Because the spectra are compared with camisisbadband colors, we
argue that the 0.04 mag error is primarily due to the inhomedgdg in spectral features of
SNe la.

The right panel of Figure 5.1 shows that the new mean tenypledese lower sys-
tematic errors than the Nugent templates. This is becagsméan templates have more
representative spectral features for the selected spsmtisadered here. This implies that
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Figure 5.1:K-correction errors to the rest-franiBband, for the case where the template
spectra are color corrected with rest-frame colors. Therewf the new template and the
revised template of Nugent et al. (2002) are representddswitd black and dotted curves,
respectively. The statistical errors are plotted in thé pahel, and the systematic errors
in the right panel. The thickness of the black solid curvewghthe dispersion from the
random selection process and the thin white curve is the mEaa errors presented here
are for individual observations of a light curve.

the Nugent templates are only representative for the haatiépectra used to make it. The
method presented in Section 4.6 allows for the inclusion lafrge sample of spectra for
building the mean templates. Assuming that our currenatipis a more representative
sample than the sample used by Nugent et al. (2002), the reegolate will largely elim-
inate the systematic errors caused by spectral featuregde@hspectral template for this
particular population of spectra would yield distributsocentered on zero at all redshifts
and epochs. The deviation from zero for the mean templatiestethe particularity of the
smaller sample used for thé-correction estimate.

When a SN la lies at a redshift where the observed and reseffdtar bands are
misaligned, all the observations on the light curve wouldehlargerK-correction errors.
The larger errors are attributed to the larger extrapatatiod the heavier reliance on the
spectral templates. Multiple epochs may reduce the erpotsthe redshift dependent na-
ture remains. SNe la atf@ierent redshifts would haveféeérentK-correction errors. This
redshift-dependent feature of thecorrection error must be considered in the determina-
tion of cosmological parameters.
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Figure 5.2: Statistical errors a¢f-corrections from the observeg band to rest-fram®
band, for the case where the template spectrum is coloectea with “observed” colors.
The observed colors are from synthetic photometry usingliservedyrwiw filter bands.
The left panel compares the errors of the revised Nugentltgagpand the mean spectral
templates. Both sets of templates are color corrected bydxdg, —r\ andiy —ry colors
before the calculation. The right panel shows tifiec of the availability of observed
colors on the errors. The solid, dotted and dashed curvesset the errors of the mean
templates corrected by bogy — ry andry — iy colors,gy — rv color alone, andy, — iy
color alone, respectively.

5.4 Color correction using observed colors

Here, the same error analysis as above is performed, buethgldte spectra are color-
corrected using “observed” colors. The observed colorohbtained from synthetic pho-
tometry using de-redshiftegly, ry andiy observed filter bands. As the redshift of a super-
nova spectrum increases, the observed filter bands covgrgasively bluer regions of the
spectrum. The locations of the spline knots for the mandiimgtion are thus not fixed as
in the previous subsection, but instead depend on the fedskhie supernova.

Because the observed filter bands are shifted as a functioedshift, spectra with
wide wavelength coverage are required for the analysis.reTae 12 spectra with ade-
guate wavelength coverage from seven SNe la: SNe 1981B, 1989BN, 1990T, 1991T,
1991bg, and 1992A, covering ages freit4 to 37 days relative tB-band maximum light.
The spectral templates built for this analysis excludedHlesspectra, such that the spec-
tral template is independent of the library spectra usedHheranalysis. An example of
K-correction from the observag, band to rest-fram®& band is plotted in Figure 5.2.

The left panel plots the comparison of statistiBatorrection errors calculated using
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the revised Nugent templates and the mean spectral termplgte result is similar to that

of Figure 5.1. Since the spline knots are placed@éd@nt locations for the two methods of
color correction, the similarity between the results giuesonfidence that the method of
constructing spectral templates presented in Sectiors4adely independent of the way
in which the spectra are color corrected.

Color correction using observed colors has the advantageinfbndependent of an
assumed stretch-color relation, but tkecorrection errors depend on the availability of
observed colors. Theffects of the availability of observed colors are shown in igatr
panel of Figure 5.2. We consider three cases where the meatragemplates are color-
corrected by 1) both observegh — ry andry, — iy colors, 2) by observedy — ry color,
and 3) by observedy, — iy color. They illustrate the point that in the treatmentkof
correction, the errors should also reflect the availabditpbserved colors. For example,
theK-correction error is increased considerably for a SN la misgy —ry observed color
atz = 0.36 (dashed curve of the right panel of Figure 5.2). A simiféea is also observed
for a SN la atz = 0.54 missingry — iy (dotted curve of the right panel of Figure 5.2).

At redshifts where the observed and rest-frame filter barelsésaligned, the observed
color which straddles the rest-frame filter band is the mogiartant. This is illustrated in
Figure 5.3. For a SN la that is at a misaligned redshift, argkimg this observed color
information, the associatd€-correction error arises not only from inhomogeneity of SNe
la spectral features, but also from the missing color ingtran.

The filter coverage of modern SN la surveys is simulated toag®bre realistic de-
scription of the statistical errors. The observed filterdsaand the surveys considered
here areR1 bands for Equation of State: Supernovae Trace Cosmic Expa(EESENCE;
Miknaitis et al. 2007; Wood-Vasey et al. 200d@jj bands for the Sloan Digital Sky Survey-
Il Supernova Survey (SDSS Il; Sako et al. 2008; Frieman €2G08),griz bands for the
Supernova Legacy Survey (SNLS; Astier et al. 2006),adtands for the Carnegie Super-
nova Project (CSP; Freedman 2005). CSP uses near-infraréahpetoy, as well as optical
photometry from other surveys, to computecorrections to rest-frameband. Here we
computeK-corrections to the rest-frant® V andl bands. At each redshift, all the library
spectra with adequate wavelength coverage to perform coloections are included. The
results are plotted in Figure 5.4.

The redshift-dependent nature of tdecorrection errors should be incorporated into
cosmological analysis to fully account for th&exts of feature inhomogeneity and filter
coverage. Figure 5.4 also illustrates the importance othwéce of filter bands in survey
design. For the case of ESSENCE, there is reasonable ovesteyedn the observeld
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Figure 5.3: The locations of the observed filters at redshift 0.36 (top panel) and

z = 0.54 (bottom panel). The same example<atorrection as in Figure 5.2 is considered.
The solid curves represent the rest-fraBiéand, while the dotted curves represent the
observedyyrviym bands. At redshifts where the observed and rest-frame fiiads are
misaligned, the observed color which straddles the restdr filter band (highlighted for
each plot) is the most important.

band and the rest-frant® band in the redshift range= 0.2 — 0.4. However, there is no
filter band on the blue side of thefilter to constrain the color of the spectral template in
the rest-frameB-band region. As a resulB-band based cosmology is expected to have
larger scatter in this redshift range (top-left panel ofufeg5.4).

5.5 Spectral templates from the minimization of errors

In Section 4.7, two constants are chosen for the weightihgrees, constants fary,. and
Weoverage IN Order to ensure that the spectral templates producedairéominated by an
extreme of the SN la population. A constant o2 vas chosen fow,, to simulate the
fraction of peculiar supernovae in the SN la population. Astant of 02 was chosen for
WeoveragelO deweight the edges of the spectra. Alternatively, thesstants can be quan-
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Figure 5.4: Realistic models df-correction statistical errors for ESSENCE, SDSS I,
SNLS and CSHK-corrections to rest-framB (top panels)V (middle panels) andl bands
(bottom panels) are considered. TiRecorrection errors are computed using spectral tem-
plates color corrected with the observed filter bands of BSSJE (left panels), SDSS Il
(center panels) and SNLS (right panels). CSP uses nearadfpdnotometry, as well as op-
tical photometry from other surveys to compitecorrections to rest-framieband (bottom
panels).
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Figure 5.5: Comparison between the spectral templatesusiig weights determined by
minimizing the K-correction errors, and templates built using preseleateghts. The
templates at maximum light are shown. The template builgirogess is largely insensi-
tive to the way these constants are determined. The lakgestrection (toB) difference
between the two templates i04.

titatively determined by minimizing the systemakecorrection errors of a set of library
spectra.

The constants fomiype andweoveragedlf® NOW set as parameters free to vary between 0 and
1. All of the library spectra which have enough wavelengtiecage to allow for accurate
mangling are used to determine the systematic errors ihifgdss discussed in Section 5.3.
The parameters are determined by minimizing these errang m®n-linear least-squares
fitting (Markwardt 2009). At each iteration, a spectral téatgis produced from the entire
spectral library with the specified parameters, and thesaesy of thek-correction difer-
ences between this template and the library spectra ara tekéhe systematic errors in
redshift to be minimized.

By minimizing the systematic errors, the optimal constaatsifype andweoyerageWere
determined to be.@44 and 0498, respectively. The constant fag,,e roughly reflects the
fraction of peculiar spectra in the sample. The larger @MDr wegveragereflects the fact
that the edges of the library spectra are also used to deterime errors at redshifts where
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the filters are misaligned.

The spectral templates produced by using the quantitattetermined parameters
show very little diference from the mean spectral template presented in Sec6oThe
templates at maximum light are compared in Figure 5.5. Thge&K-correction (toB)
difference between the two templates.30@. Even when the two constants are set as their
maximum value of unity, the maximui-correction diference is still less than@L. The
spectral template building process is therefore largedgmsitive to the way these constants
are determined.

The statistical error estimates remain on the order.@t @t the redshifts where the fil-
ters are aligned and@ at the redshifts where the filters are misaligned. Themmaation
of the systematic error represents an improvement 60005 at the misaligned redshifts
and has no féects on the shape of the systematic errors in redshift. Téensitivity to
these parameters is mostly due to the fact that our speitiraity is large and encompasses
SNe la which span a wide range of properties.

Despite the fact that the template building process is largeafected by the choice
of these parameters, the weights determined from the nuation of errors depend on
the characteristics of the sample used for the error estsndb use the method presented
in this section, one should ensure that the sample of speat@good spectral and epoch
coverage and is reasonably representative in propertasasithe stretch and the fraction
of peculiar spectra. Using an unrepresentative sampleeaftispphas the potential to skew
the template toward a particular extreme of the SN la pojaulat

5.6 Impact of K-correction errors on cosmology

In the preceding sections, thkecorrection errors for individual observations are quigedi
Since one generally observes a supernova at multiple epabsatural to ask what the
final effect of these errors will be on the derived light-curve paramse such as the peak
magnitude inB.

This question is currently flicult to answer. The critical issue is how correlated the
K-correction error is at dierent epochs. If the errors were completely uncorrelatsed, a
is often assumed in the literature, then the final error wba@dpproximately reduced by
1/ VN, whereN is the number of observations. Alternatively, if tKecorrection errors
were perfectly correlated, then there would be no redudtidhe final error from multiple
observations.

In reality, we are somewhere between these extremes. Isisteaunderstand why
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Figure 5.6: Estimated correlation dheients for the~ 10% of the d¢f-diagonal elements
of the K-correction covariance matrix that we can currently meaglotted against the
difference between the two epochs. Herezhe 0.8 iy to B is shown. At this redshift

the filters line up fairly well. Note that some of the corredatcodticients are greater than
one, which is unphysical, and results from the fact that nafrtyese bins have only one
SN la in them.

observations at lierent epochs could be correlated. For example, imagineexrsoya at

a redshift where a particular feature is barely outside argnbserved filter for a normal
SN la. If this supernova has unusually high expansion viéscithen the feature might be
shifted just inside the observed filter anftieat theK-correction. Since a supernova with a
high expansion velocity is likely to also have a high expansielocity at a later date, the
same €ect will occur when the supernova is observed several dags lBhus, the errors
in the K-correction will be correlated betweerfidrent observations.

What is needed to determine the level of correlation is SNeith 8pectra obtained
at many epochs. One can then calculateKheorrection errors for the same supernova
at different epochs and form the covariance matrix. Unfortunatglyhe current time,
there are not nearly enough SNe la with multiple publisheztBp. New data samples
such as those which should be provided by the Carnegie SuzeRroject (Hamuy et al.
2006), Katzman Automatic Imaging Telescope (Li et al. 2008@) the Supernova Factory
(Wood-Vasey et al. 2004) will help address this issue.
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Nonetheless, we can try to develop a feel for the importaridéis effect with the
current data, although this will necessarily be highly spetive. All of the SNe la with
multiple spectra which have wide enough wavelength coweta@llow for accurate man-
gling are included in the analysis. Th&krcorrection errors are computed as discussed in
Section 5.3. A covariance matrix in epoch is then formed Bintathe appropriate prod-
ucts. This covariance matrix has 275 uniqu&dagonal elements (from 25 epoch bins
defined in Table 4.1). The current data set provides infaondbr only 10% of these,
many of which have entries from only one SN la.

Clearly, with only 10% of the elements specified, some assompbn the empty ele-
ments are required to compute the final errors. The distabudf correlation cofficients
for the K-correction fromiy, to B atz = 0.6 is shown in Figure 5.6, plotted against the
epoch diference between the two bins. Note that some of the correlabdficients are
larger than 1, which is non-physical and is related to thetfzat there is only one super-
nova in that bin from which to estimate the covariances. &laee no clear trends visible,
which is not surprising given the paucity of data.

For the lack of a better model, the mean correlationffocient is computed~ 0.5)
and used for all of the unknownffediagonal elements. The calculations are carried out
at three redshifts, 0.6, 0.7 and 0.8, in all cases calcglahe error in theK-correction
from iy to B. The alignment betweeB andiy, is the best az = 0.8. To get the typical
cadence, the Supernova Legacy Survey (SNkSdbservations of three SNe la at three
different redshifts are adopted: SNLS-03D4dy at 0.604, SNLS-04D1si at = 0.701,
and SNLS-04D1ks at = 0.798. SNe la at higher redshifts tend to have slightly more
frequent measurements due to time dilation.

The expected error in the pe&magnitude is then computed in thredfeient ways:

1) assuming that the errors are completely uncorrelatedsifp only the covariance ma-
trix elements with actual measurements (i.e., with 10% efrttmon-zero), and 3) using
the above model for the unknown dbeients. The results are summarized in Table 5.1.
Roughly speaking, the errors in the final magnitudes are arfa€2 or so larger than one
would expect in the absence of correlations. It must be esipdd that these numbers
are tentative, but they should be a considerable improveowan the assumption that the
K-correction errors at flierent epochs are uncorrelated.

The diferences between local and high-redshift SNe la are alsderesst in cosmol-
ogy. The possible systematicfidirences between spectra of nearby and distant SNe la
have been studied extensively (Section 3.9). For the Imgldf the spectral template time
series, it has been assumed that tifieat of the evolution in redshift is negligible compared
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Table 5.1: The approximatéfects of including correlations betwe&acorrections at dif-
ferent epochs on the peak magnituddin

z=0.6 z=0.7 z0.8
1) Uncorrelated 0.011 0.011 0.004
2) Partially correlated 0.013 0.011 0.006
3) Correlations model 0.023 0.018 0.010

to the intrinsic variations in spectral features betwee &N\at the same redshift. A basic
test is performed on the impact of including both low-refts{a < 0.2) and high-redshift
samples in the template building process. A spectral teimpilae series is built using only
low-redshift spectra to compare with the mean spectral E@pime series built using the
full sample of library spectra (Figure 5.7). The largestedence is seen id, where most

of the high-redshift spectra are observed. Th&edence between the two templates pri-
matrily reflects the higher average stretch of the high-riféidsfimple and the dlierences in
wavelength coverage. Theflirence inK-corrections between the two spectral templates
is small (typically 0.01 to rest-frami band).

5.7 Conclusion

A method for quantifying thé-correction errors is developed to examine the impact of
the observed spectroscopic diversity on SN la cosmologg.niéan spectral template time
series described in Chapter 4 is built to have the mean sgeop@ properties of SNe
la. The mean spectral template time series is shown to elimitihe systematic errors in
K-correction, which arise from assuming the SED of a pardicalipernova.

The remaining statistical errors are redshift dependeiti, minima at redshifts where
the rest-frame filter band and the observed filter bands ayeeal. At redshifts where the
filters are misaligned, the statistical errors are measiarbd 0.04 mag for one observation
on the light curve. Because the broadband colors of the sppéetnplates are adjusted to
match those of the SNe Ila, the errors are attributed to therglty in the spectral features.
As these errors directlyfect the magnitudes of the SNe la, it is important to incorfgra
the redshift-dependenttect in cosmology.

The dfect of filter coverage on thi€-correction errors is also examined. Spectral tem-
plates which are not adequately constrained by the colornmétion of the SN la are shown
to cause significant errors K-correction. The fect is also illustrated with the simulation
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Figure 5.7: Comparison between the spectral template bitlitthve full sample of library

spectra (solid curve) and the spectral template built witty dow-redshift spectra (dot-
ted curve). The templates at maximum light are shown. THereénce inK-corrections

between the two spectral templates is small and mostly tefiee diference in the wave-
length coverage of the two samples rather than true eveolutio

of K-correction statistical errors using the observed bandsioent high-redshift SN la
surveys.

There is not enough time series spectroscopic data to perdofull analysis, but a
first attempt is made at measuring the correlatioiK eforrection errors between epochs.
This represents a significant improvement from the asswmpti completely uncorrelated
errors, where the errors are reduced by approximatglyN with N observations. The
effect of the partial correlation is approximately a factonebtincrease in the errors in the
peak magnitudes from those estimated assuming uncodeaiars.
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Chapter 6
Spectroscopic sequence

Abstract The relations between the spectral features of Type la sopae (SNe la) and
the light-curve width are investigated. Principal comparenalysis (PCA) is performed
on the narrowband measurements of the spectral featuredaofj@ number of spectra.
The methods are specifically designed to quantify the splefetatures consistently, while
retaining the detailed information on the diversity of thpestral shapes. At maximum
light, light-curve width is shown to be the main driver of tbleserved diversity for every
spectral feature fron band tol band, even for features which have been previously
reported to show little or no correlation. There is also ewick of the persistence of the
spectroscopic sequences throughout other epochs. Thisvsdo originate from the more
rapid temporal evolution of fainter objects than that ofitihheighter counterparts.

6.1 Introduction

SNe la have provided the most direct measurements of thesixqpehistory of the universe
and, in turn, the most direct evidence for the existence olaic acceleration. SNe la are
found to have a spread 8fband peak luminosities. After the correction for extinatithe
spread is thought to be instigated by the range®f mass synthesized in the explosions.
Standardizing the luminosities of SNe la is made possibleutjh the width-luminosity
relation (WLR; Phillips 1993) which describes SNe la as a omarpater family. Brighter
objects have wider light-curve widths and thus have slowarporal evolution than the
dimmer ones.

Matching the photometric behavior, corresponding spsctipic sequences have also
been found near maximum light. The ratio of the depth of twi) &bsorption features near
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0.58um and 0.615um were found to correlate with the width of the light curve (g

et al. 1995). Subsequent studies also detected correddtietaveen spectral features and
light-curve width using a variety of indicators, such as sihgpes of the UV continuum
(Foley et al. 2008b), the flux ratio of the regions which foime boundaries of the Ca Il
H&K feature (Bongard et al. 2006), the pseudo equivalenthwdéasurements of the Si ll
feature at 0.4xm (Arsenijevic et al. 2008), the Fe |l feature at 048, the S Il feature at
0.54umand the O | feature at 0.7om (Hachinger et al. 2006).

While many of the optical spectral features at maximum lightehbeen found to vary
systematically with light-curve widths, other spectrqsicproperties were reported to have
weak dependence on light-curve widths or no dependencé atiathinger et al. (2006)
noted large scatters in the relations between the lightecdecline rates and the pseudo
equivalent widths of the Fe Il feature centered at QuA8and the Si Il feature centered
at 0.615um. Benetti et al. (2005) found that for the Si Il feature at 0.61% the time
rates of change of the velocities divide the SNe la into thklisgnct groups. There also has
been little attention paid in the literature to spectroscgpquences at epochs other than at
maximum light. All this seems to suggest that the one-patanuescription of the spectral
features of SNe la is inadequate and other unknown drivens significant contributions
to the observed diversity in the spectral features.

Spectroscopic data of SNe la provides a wealth of inforrmasach as ionization evo-
lution and chemical composition and structure. Howevecahee the nature of the ex-
panding medium, it is dliicult to organize. SN la spectral features are formed by adadén
multiple lines enhanced by large Doppler broadening. Tlagpek of the spectral features
are thus complex with no clear continuum. This makes thetsgefeatures dticult to
qguantify. Previous studies have often relied upon by-eyienasions of the boundaries of
a spectral feature and methods which do not retain infoonain the complexity of the
spectral shapes. The methods developed here are spegifiesined to quantify spectral
features consistently and to study the diversity withouatifiaing the details of the spectral
features. These methods are then used to investigate #ti®nslbetween spectral features
and light-curve widths.

PCA is a statistical technique useful for reducing the dinmradity and identifying
patterns in a set of multi-dimensional data. PCA has beenamaglfor analyzing astro-
nomical spectra in a wide variety of applications (e.g., Roeeal. 1999; Kong & Cheng
2001; Madgwick et al. 2003; Ferreras et al. 2006; Suzuki 200 also adopt the method
described by Hsiao et al. (2007a) to systematically quanitié spectral features of ob-
served spectra using artificial narrowband filters. The dibaad colors of the spectra are
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first standardized to a single set of light curve templatese flux ratios of neighboring
spectral features are then measured as narrowband col@AsisRhen performed on these
measurements to detect the largest variations of speetralres among the observed spec-
tra.

The spectra of low-redshifiz(< 0.1) SNe la from the library of observed spectra de-
scribed in Section 4.2 are used for the analysis. Bfftand stretch parameters (Goldhaber
et al. 2001) are also adopted as a measure of the width ofgihieclirve. The technique is
based on the linear scaling of the time axis of a light curvétta fiducial template. The
scale is then taken as the stretch parameter. Most of thelstralues of the low-redshift
SNe la are derived using the SIFTO light-curve fitter (Conlegle2008). For supernovae
which only haveAm, s values available, they are converted to stretch valueg @sialation
similar to that described by Garnavich et al. (2004).

At maximum light, the results of the PCA are used to detect atspgcopic sequence
for every spectral feature across the optical wavelengtista construct template spec-
troscopic sequences. The template spectroscopic seguesitallow us to visualize in
unprecedented detail how the spectral features vary withight-curve width. Light-curve
width will indeed be shown to be the main driver of the spestopic diversity observed in
SNe la, even for features which have been previously repdotdave little or no depen-
dence. Evidence of the persistence of the spectroscopiesegs throughout other epochs
will also be presented. Similar to the photometric WLR, thecspscopic properties of
fainter objects will be shown to have more rapid temporal@ian than those of brighter
ones.

The WLR provides the basis for the modern empirical calibratechniques for SNe
la in cosmological studies. The physical origin of the rielats, for this reason, of great
interest. Kasen & Woosley (2007) argued that WLR reflects éiséef spectroscopic evo-
lution for fainter SNe la, rather than a bolometriteet due to the overall ffusion time.
The methods developed here allow the quantitative exarmmmaft spectroscopic temporal
evolution throughout wavelength and time. We will providedence that the spectroscopic
properties of fainter SNe la, independent of the estalfigitetometric relations, indeed
have faster temporal evolution than their brighter coypags.

6.2 Systematic measurement of spectral feature strengths

The methods described by Hsiao et al. (2007a), and in Settanme adopted to quantify the
spectral features across a spectrum. These methods arfcgfigalesigned to incorporate
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Figure 6.1: Narrowband filters for the measurements of splefgature strengths. The
spectral template of SN la &-band maximum light is also plotted to compare spectral
feature sizes with the chosen bandwidths. The most domspeties responsible for each
spectral feature is also noted.

a large number of spectra from a wide variety of sources.t,Rine broadband colors of
each spectrum are adjusted to a set of light-curve templatest of artificial narrowband
filters is defined to have bandwidths on the order of the widfithe supernova spectral
features. The relative feature strengths of neighborirgtsal features are then measured
as narrowband colors.

The broadband colors of the spectra are adjusted using thglimg function described
in Section 4.4. It defines splines as a function of wavelegngitih knots located at the ef-
fective wavelengths of the filters. Non-linear least-sgsditting (Markwardt 2009) is used
to determine the spline which smoothly scales the spe@anaplate to the correct colors.
This step consistently defines and removesféacave “continuum” for each spectrum.

The vast majority of the spectra in our library are not speatiotometric. To ade-
guately study the patterns in the spectra, their broadbalmiscneed to be adjusted. (It
should however be noted that recent spectrophotometricfdan the Nearby Supernova
Factory allows the study of spectral features with accubat@dband properties (Bailey
et al. 2009).) We chose to correct their broadband colorssiet af template light curves
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instead of correcting them to the observed colors. Thisaghaias made so that the most
dominant patterns detected by the PCA will be from the vanntiof the spectral fea-

tures instead of established photometric relations, famgde, the stretch-color relation.
Because each spectrum is color adjusted to a single set ofcighes, the focus of our

analysis is placed on the spectral features of the spectra.

There is a trade{dto consider when setting the bandwidths of the narrowbatetdil
A smaller bandwidth captures more details of the spectatlufe shapes, but the signal-
to-noise ratio is reduced, making it mordiaiult to identify the patterns in the data. To
maximize the signal-to-noise ratio without sacrificing thetails, we set the bandwidth
of the narrowband filters to be logarithmic in wavelength amdthe order of the width
of supernova spectral features. The value adopted for H@cise isA1/4 = 0.03. It
corresponds to an expansion velocity~00000 km s?, on the same order of magnitude
as the expansion velocities of SNe la. The narrowband fitexplotted in Figure 6.1 and
compared with the spectral features of a SN 184iand maximum light.

The narrowband measurement approach afiectvely lowers the resolutions of all
spectra to a standard resolution. This is especially inapbfor our heterogeneous data set
which is obtained from a wide range of instruments and redwgth different techniques.
A lowered resolution will help keep the heterogeneous reatfithe data set from entering
the signals which are intrinsic to the SNe la.

The method used here for characterizing the spectral featus several advantages
over the “pseudo equivalent width” method (Folatelli 20@4dely adopted for measuring
feature strengths of SNe la (e.g., Hachinger et al. 2006avdaret al. 2007; Bronder et
al. 2008; Foley et al. 2008a; Arsenijevic et al. 2008). Thecsml features of a SN la are
formed from a blend of multiple P-Cygni features with largepplter broadening. At later
epochs, the emission features of iron group elements frobidden transitions dominate
the spectrum and further complicate any attempts at qyardgithe spectral feature. It is
thus not possible to identify the true continuum of a SN speet The pseudo equivalent
width method relies on locating the edges of the spectraufea by eye. It is thus in-
consistent and prone to errors. Our approach, on the otimel, kansistently removes the
broadband tilt in the spectra and consistently quantifiesgiectral features. The method
can also be easily extended to measure spectral featursvavalengths and epochs.
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Figure 6.2: Wavelength dependent relations at maximumnt gtween narrowband and
broadband color errors. The relations are linear with tbped noted. The broadband tilt
of a spectrum generally has a smdtkeet on the narrowband measurements.

6.3 Determination of errors in the projections

In order to establish relations between the spectral featand the stretch parameter or
epoch, appropriate errors need to be assigned to the pomjedn the PCs. The formula-
tion of the PCA performed here is outlined in Section 4.8.

First, the errors in the narrowband measurements are aesid The dominating er-
rors for the narrowband measurements come from the uncesin the broadband color
adjustment. Even though all the spectra at the same epochriested to the same broad-
band colors, many factors may cause the spectra to tiltfierdnt ways. These factors
include, for example, the intrinsic colors of SNe la, dustdening, host contamination
and atmospheric fferential refraction.

The dependence of narrowband color errors on errors in besaticolors is simulated
using the spectral template of Hsiao et al. (2007a). The leagéh dependent relations at
maximum light between narrowband and broadband color e plotted in Figure 6.2.
The narrowband color errors increase linearly with broadbeolor errors. The narrow-
band errors vary betweernf8 and 14 of the associated broadband color errors, depending
on the wave bands. This suggests that the broadband tilp&fcrsm generally has a small
effect on the narrowband measurements.
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Figure 6.3: The relation between narrowband color erroregwth. Epochs and spectral
features have smalffects on the narrowband error estimates.

The simulation is also done across epochs, forming a gridtalfrey factors between
narrowband and broadband errors across wave bands andsepidah result is shown in
Figure 6.3. The epoch has milfects on the narrowband color errors. The small variations
across the wide variations of spectral features in epocgesighat these error estimates
are largely independent of the spectral features.

The narrowband color errors of a particular spectrum are tietermined by two fac-
tors: 1) the amount of broadband color adjustmerti¢dence between the spectrum colors
and the light-curve template), and 2) the wavelength cageecd the spectrum. The broad-
band color error is set to be equal to the amount of broadbalad adjustment. In cases
where there is inadequate wavelength coverage for broddtmdor adjustment, three times
the error is assigned. The factor of three is a liberal esénand is based on the study of
the dfects of the availability of photometry ok-correction errors (Hsiao et al. 2007a,
Figure 5.2 in Section 5.4).

Once the narrowband color errors of a particular spectrendatermined, a normally-
distributed random population of displacements is gerdraith standard deviations equal
to the narrowband color errors. The random displacemeeatdied to the mean subtracted
narrowband color measuremenfs-- i), and the projectiom; of this data on each PIE;)
is computed. This step is repeated until a reliable standawihtion can be determined
from the distribution of the projections for each PC. The dtad deviation is then taken
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in particular the projections of band spectral features on the first PC of a set of spectra
aroundB-band maximum light. Lines connect projections from the s@Ne la. The plot

is color coded using the stretch parameters of the SNe la.

as the error in the determination of the projectnfor theith spectrum and thgth PC.

For cases where the projections on a spectrum at a partieptath (for example, at
B-band maximum light) are desired, epoch corrections to thgptions are applied. The
corrections are determined using SNe la in the library wghctra at multiple epochs
around the desired epoch. These spectra are projected &Cthrequestion, yielding the
evolution of projections in epoch. The assumption is madé ¢lwen though the projec-
tions from diferent SNe la would vary widely in magnitude, the instantaisezhanges of
projections around the desired single epoch are similavdezt SNe la and that the slopes
do not correlate with stretch. An example of this claim iswhan Figure 6.4. This as-
sumption will be shown to be false in Section 6.6. Howevarafemall correction within
a timescale of a few days, the assumption is reasonable. paotiaular PC, the median of
the slopes is adopted for epoch correction. The standaidtasvof the slopes is used to
generate the errors associated with the correction, sattsprectra at epochs further from
the desired epoch are assessed higher correction erravallyFthe correction errors are
added in quadrature with the projection errors to form thal f#mrors on the projections.
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6.4 Detection of spectroscopic sequences at maximum light

In this section, the subtle relations between the speaedlifes and the stretch parameter
at B-band maximum light are examined using the technique of PCAemarrowband
measurements, outlined in Chapter 4.

For this analysis, the narrowband measurements are diudedour wavelength re-
gions. They approximately cover the regiondfB, V andl bands, and are summarized
in Table 6.1. There are two main reasons for such divisioirst, PCA on only a handful
of spectral features would yield larger signals than it wioah a large segment of the ob-
served spectra. Second, observed spectra have limitedengte coverage. It is rare for
an observed spectrum to cover all four bands considered Bgmividing the analysis into
smaller segments in wavelength, more spectra can be irtlndbe analysis. The number
of narrowband measurements and the number of spectra forregion are tabulated in
Table 6.1.

Table 6.1: Wavelength regions for the PCA at maximum light

Lower Upper Lower Upper Numberof  Number of
Band wavelength wavelength epoch epoch measurements apectr

U  0.348um 0.405um -3 3 5 34
B 0.38lum 0.546um -2 2 12 71
V. 0.499um  0.654um -2 2 9 74
| 0.694um  0.937um -3 3 10 22

All the epochs are corrected for time dilation with a factbt ((1+2) (Riess et al. 1997;
Foley et al. 2005; Blondin et al. 2008), wherés the supernova redshift. The corrections
for the low-redshift objects in our sample around maximughtiare quite small. All the
epochs are also stretch corrected with a factor/af Wheres is the stretch factor. This
correction is also small around maximum. At later epoche stihetch corrections become
significant and are the focus of our study in Section 6.6.

In Table 6.1, the lower and upper epochs used to select tharylilspectra are also
specified. The epoch intervals are set large enough thatististlly significant number
of spectra can be included and small enough that the epocections are insignificant
compared to the magnitudes of the variations in the data.

PCA is performed on the narrowband measurements in eachevaiklregion to yield
the PCs. Each library spectrum is then projected on the PCsafiequs.9). The projec-
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Figure 6.5: Projections dfi band spectra on the PCs. The fractional variance is noted for
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Polynomial fits are done on a subset of the data which contaiaslata point per SN la.
These data points are marked as red dots. Spectroscopeailfiar SNe la are denoted
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tions are then used to search for correlations between gwrgpfeatures and the stretch
parameters. The results for the first few PCs in the bahdB, V and| are plotted in
Figure 6.5, Figure 6.6, Figure 6.7 and Figure 6.8, respelgtiv

It is immediately apparent that the projections of the sédeatures on the PCs cor-
relate strongly with the stretch parameter, with signifiatispersions only observed in the
U band. The individual spectral features will be discussetkiril in Section 6.5.

Spectroscopically peculiar, 1991bg-like and 1991 T-lideSare marked as blue dots
in Figure 6.5, Figure 6.6, Figure 6.7 and Figure 6.8. Gagtaet al. (2004) noted that
while the B — V colors at maximum is continuous between 1991bg-like andhab6Ne
la, a sharp change of slope is observed at the transitiorhelmmalysis of spectroscopic
properties, such a sharp transition is not observed. Whigetiue that spectroscopically
peculiar SNe la anchor the extreme ends of the stretch ranpese observed trends, the
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spectra of normal SNe la also show strong trends with redpestretch. Furthermore,
spectroscopically peculiar and normal SNe la appear to baviog the same relations,
suggesting a continuous shift in the shapes of the speetturies from peculiar to normal
objects. Although, the dearth of spectroscopic data in tfetch range where the transi-
tion between peculiar 1991bg-like to normal SNe la occur g@yceal a sharp boundary
between the two populations.

We comment here on a truly peculiar SN 2000cx in our data. SNV@0has asymmet-
ric light curves, which rise faster and decline slower thayypécal SN la. Li et al. (2001a)
found that when the full range of tH&band light curve was used to obtain a stretch value,
the fit was poor. The fits are better when only premaximum oy pokt-maximum data is
included. From our analysis, it is clear that SN 2000cx hasspl features associated with
high-stretch objects in all four wavelength regions. Whengtietch value o$ = 1.09, us-
ing only post-maximum data (Li et al. 2001a), was adopteslsfiectra of SN 2000cx agree
with the relations formed by other SNe la. If the stretcls ef 0.89 derived from the whole
light curve is used, SN 2000cx would be a clear outlier in ¢htesnds.

A simple approach of polynomial fits was taken to establise-tmone relations be-
tween the projections and stretch. This is done for the fest PCs which describe the
bulk of the variations in the spectra and show strong carogla with stretch. For each
of the SN la with multiple spectra in the epoch interval, opecirum closest to maxi-
mum light is selected so that these SNe la are not weighted than other SNe la. The
data points used for the polynomial fits are marked as rediddigyure 6.5, Figure 6.6,
Figure 6.7 and Figure 6.8.

With these projection-stretch relations, template spsctpic sequences can be con-
structed. These sequences will reveal the details of hovspleetral features vary with
stretch which may have been missed by using pseudo equivaldth measurements.
They will also provide a set of stretch-dependent specgraptates for further improve-
ment ofK-corrections in cosmological studies.

6.5 Reconstruction of spectroscopic sequences at maximum
light
Equation 4.9 gives the definition of projections for ttrelibrary spectrum and thgh PC.

The polynomial fits in Section 6.4 then yield projections asoatinuous function of the
stretch parametes;
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p; = pi(9). (6.1)

With these projection-stretch relations, a continuousieage of spectral templates can be
constructed with respect to stretch:

F() =)+ ). pi(9ky), (6.2)

j=1
wherem s the number of PCs used for the reconstruction and is sribHer, or equal to,
the number of narrowband measuremenihe value chosen fan and the total fractional
variance accounted for in the selected PCs are tabulatedla G.

Table 6.2: Number of PCs used for sequence reconstructiothairdotal fractional vari-
ance

Band m Fractional variance

U 3 0.939
B 4 0.876
v 3 0.906
I 1 0.540

The resulting sequencél(s)) are a continuous set of narrowband colors as a function
of stretch. The narrowband colors are converted into teta@aquences using the same
method as the one used to build a mean spectral templatelmbasby Hsiao et al. (2007a),
and in Section 4.6. We start with the mean spectral templakts@o et al. (2007a) and
use the mangling functions to scale the spectral featuredbenftemplate to the desired
narrowband colors as prescribed|bys)).

The template sequences are compared to the actual libracyrapsed to create them.
The library spectra are first placed in stretch bins to acttendiferences in spectral fea-
tures between SNe la withféigrent stretch values. For each stretch bin, the mean of the
bootstrapped sample of spectra is then determined. Thegsas repeated to get a fair
representation of the spectral features in each stretchWenow discuss the results in
each wavelength region as follows:

U band TheU-band region focuses on the deep spectral feature attdiboi€a Il H&K.
From Figure 6.5, the projections to the first PC exhibiteddadispersions with respect to
stretch, although a trend is still clearly visible. It isdllg that stretch is not the only driver
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Figure 6.9: The template spectroscopic sequence itJtland at maximum light from
the first PC. The template spectroscopic sequence (left parempared to the means of
bootstrapped samples of library spectra (right panel). bidwstrapped samples are binned
in stretch intervals to emphasize théfdrences between SNe la offérent stretch. The
mean spectra are color coded using the mean stretch valdles bbotstrapped samples.
The narrowband filters used to quantify the features arégui@ts gray lines. The dominant
species responsible for each spectral feature in the régalso noted.

of the variations described by the first PC, and that otheofacsuch as the progenitor
metallicity (Hoflich et al. 1998; Lentz et al. 2000), may play a role.

The first PC describes the range of expansion velocitieseo€Cthnll feature, especially
on the blue edge (Figure 6.9). This correlation with the esj@n velocity of the Ca Il was
first noted by Wells et al. (1994). The large dispersion fer plhojections on this PC, and
the fact that this PC accounts for the largest variationgests that there exists significant
variation in the velocities of the Ca Il feature in SNe la andtttihe velocities correlate
with stretch, but with large dispersion.

The second PC detects the flux variation on the red edge of théf€ature, while
the third PC detects that on the blue edge (Figure 6.10 andd-i§11). These two PCs
describe the flux dierence across the Ca Il feature described by Nugent et al5) 9@
the Ca Il luminosity indicator examined by Bongard et al. (2006
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Figure 6.10: Same as Figure 6.9 in théand from the second PC.

The final template sequence, with contributions from akkéhPCs, is plotted in Fig-
ure 6.12. The template sequence is shown to match the olsgveetra fairly well. From
Figure 6.12, it is clear that a consistent definition of thest#dge of the Ca Il H&K feature
is difficult. Bongard et al. (2006) used flux integrals of fixed wavgtemegions to define
the boundaries of the feature This method may soften theatrgfethe large dispersion
on the large velocity shifts, but is arbitrary and may miss Ifue edges of high-stretch

objects.

Bband The spectral features examined in Bxand region are the Si Il feature centered
at 0.40um, the Mg Il triplet and Fe [IFe Ill blend centered at 0.48n and the Fe JFe IlI
blend centered at 0.48m. The first two PCs detect variations over the enBreband
region (Figure 6.13 and Figure 6.14). The most prominenatians originate from the
contributions of the low-stretch objects, such as, SN 1§9Hiippenko et al. 1992a) and
SN 1999by (Garnavich et al. 2004). For these objects, stfofidines dominate the Si |l
lines at 0.4Qum and the Mg Il lines at 0.4am and dramatically alter the shapes of these

spectral features.
In the first PC plot of Figure 6.6, a cluster of data points inghttstretch range of



relative flux

relative flux

......... P =T = =
| stretch Call | stretch ]
0.55 - 0.55
| 0:60 | 0:60

1.0

0.8
0.6
0.4

0.2r T

......... Lo b b b b b b b b b D D
0.34 0.35 0.36 0.37 0.38 0.39 0.34 0.35 0.36 0.37 0.38 0.39 0.40
rest wavelength (um) rest wavelength (um)

Figure 6.11: Same as Figure 6.9 in theband from the third PC.

| stretch Call | stretch
0 0.55

1.0F 0.55 . / :
| 0:60 | 0.60

0.34 0.35 0.36 0.37 0.38 0.39 0.34 0.35 0.36 0.37 0.38 0.39 0.40
rest wavelength (um) rest wavelength (um)

Figure 6.12: Same as Figure 6.9 in théand from the first three PCs.



99

s=0.79- 0.82 is observed to lie- 1o off the polynomial fit. The same is also observed
in the first PC in thev band. The cluster contains SNe 1992A, 1992bl, 1999cc, 999%e
2004ef. The spectra of the five SNe la all appear to be unreahbek The spectroscopic
properties of the five SNe la are also quite uniform, formiggttclusters in most PCs. The
tight cluster may be just an aberration caused by the de&dpeztra in the stretch range.
However, it creates a noticeable kink in an otherwise smoattion in the current data
set. As these SNe la lie close to the stretch where the tram$&ietween 1991bg-like and
normal SNe la occurs, they may hold the clues as to whetherahsition is abrupt.

The third and fourth PCs describe diminishing variationsagrtbe spectra (Figure 6.15
and Figure 6.16). In particular, the third PC probes theatem of the flux between the
Mg Il and Fe Il features. An outlier in the third PC plot of Figu6.6 is SN 1999cl (Math-
eson et al. 2008) with a normal stretchf 0.964. The spectrum was reported to have
unusually broad absorption features and evidence of hesgvycgon (Garnavich et al.
1999). The spectra of SN 1999cl around maximum light exlekétggerated flux between
the Mg Il and Fe II. As described by the first PC (Figure 6.18is enhanced flux is most
often accompanied by the characteristic Ti Il features @ased with low-stretch objects.
This is not the case for SN 1999cl, causing it to show up as #ieoin the third PC. The
PCA method can perhaps be used to identify heavily extindbgetts like SN 1999cl and
SN 2006X (Patat et al. 2007; Wang et al. 2008; Blondin et al9200

The final template sequence, with contributions from allrfBCs, is plotted in Fig-
ure 6.17. Hachinger et al. (2006) found no significant tresithgi the equivalent width
measurements of the Fe Il feature at w48 with respect toAm;s. From Figure 6.17, it
is obvious that this result is not due to the lack of correlathetween the spectral features
and the light-curve parameters. The equivalent width nreasents in this case removed
the details of the spectral feature shapes. A dependent® ahtapes on the light-curve
was thus not detected with this method.

The variations described by this sequence appear drastiit,i®mostly accounting for
the low-stretch objects. As is evident in Figure 6.6, theatam in the spectral features for
the stretch range of “normal” SNe la ¢ 0.8 — 1.1) is actually quite small. This is not the
case in for the spectral features in ¥Mdand.

V band TheV-band region includes the S Il features centered at &4t also includes
the Si Il features centered at 0.pfhand 0.615:m, the ratio of which form the well known
spectroscopic sequence noted by Nugent et al. (1995). Buéflt, which describes more
than half of the variations in this region, indeed pick up $hdl spectroscopic sequence
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Figure 6.14: Same as Figure 6.9 in BB®and from the second PC.
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Figure 6.15: Same as Figure 6.9 in BB&and from the third PC.
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Figure 6.16: Same as Figure 6.9 in BB&and from the fourth PC.
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Figure 6.17: Same as Figure 6.9 in BB®and from the first four PCs.

(Figure 6.18). The second and third PCs also detect vargatiothe S |l features along
with those in the Si Il features (Figure 6.19 and Figure 6.20)

The final template sequence, with contributions from akkéhPCs, is plotted in Fig-
ure 6.21. The Si Il feature at 0.28n exhibits the most prominent spectroscopic sequence,
perhaps of all the sequences, deepening as the stretchdedueases. Garnavich et al.
(2004) suggested that the variation is due to contributiohi @l lines in fainter objects,
while Hachinger et al. (2008) claimed that the variation u® do the higher Si J5i 1lI
ratio in the fainter objects. The depth of the Si Il featur®.&15um appears to reach its
maximum at a stretch value sf~ 0.8, and decreases slightly in strength for objects with
lower stretch values. Hachinger et al. (2008) explainshikizavior as Si Il line saturation
for the fainter objects.

Hachinger et al. (2006) shows large dispersion for the edgmt width measurements
of the Si Il feature at 0.61am at a decline rate oAm;s ~ 1.2, which correspond to a
stretch value o6 ~ 0.9. Figure 6.7 does not show especially large dispersionsarthis
stretch value. This may reflect theffdirences in the samples or in the methods used to

guantify the features.
Hachinger et al. (2006) also reported parabolic trends danalent measurements of
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Figure 6.18: Same as Figure 6.9 in ¥éand from the first PC.

both the S Il features and the Si Il at 0.61%, indicating that low-stretch and high-stretch
objects have similar equivalent widths. From Figure 6.215 apparent that although the
equivalent widths of low-stretch and high-stretch objects/ be similar, the shapes of the
spectral features are quitefi@irent.

Also note that the library spectra from Figure 6.21 showlsutifferences in the expan-
sion velocities between SNe la offidirent stretch parameters in nearly all of the spectral
features in th&/ band. While the PCA can detect expansion velocity shifts ommtter of
the widths of the narrowband filters, such as the range obdenvthe Ca Il H&K feature
(Figure 6.12), the subtle fierences in th¥ band are not detected. The expansion velocity
of the Si Il have been used by previous studies to show evedehsubstantial diversity
between SNe la (e.g., Hatano et al. 2000; Benetti et al. 2086hidger et al. 2006) and
remains an important diagnostic. Here, the focus is placeftua ratios.

| band In thel band, the spectral features examined are the O | featurereenat 0.75
umand the large Ca Il triplet feature centered at Qu88 In this region, only the first PC
was used to construct the template sequence, as the poogot the other PCs show little
trend with respect to stretch (Figure 6.8).
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The first PC accounts for over half of the variations and shavetear trend with a
relatively small number of data points. The first PC dessrittee variations in both of
the spectral features (Figure 6.22). It detects the demegesfithe O | and Ca Il triplet
features as stretch decreases. It also picks up the dethaiedelocity component of
the Ca Il feature which has been previously reported (e.getlal. 2001a; Kasen et al.
2003; Mazzali et al. 2005a,b; Marion et al. 2006). In our tE&atgsequence, the detached
high-velocity feature is associated with high-stretch $&e

Note that because only the first PC was used to construct njgldée sequence, the
sequence does not match the observation as well as iB #melV regions. For majority
of the SNe la in this low-redshift sample set, a strong andomatelluric feature coincides
with the O | feature. Our attempts to remove this feature mesd in Section 4.2 may
be a significant cause of the scatter observed beyond thePfrgFigure 6.8). It may
also be driven by another yet unidentified factor. A homogesespectroscopic data set
with careful and consistent telluric removal may be neagsseidentify the source of the
remaining 46% of the variation.

At maximum light, every spectral feature examined exhihitstrong correlation with
stretch, even ones which have been previously reporteddw $tile or no correlation.
The lack of trend found using the equivalent width methodasaaused by the lack of a
spectroscopic sequence. Rather, it is caused by the fadhthaguivalent width method
does not retain information on the shapes of the spectralriem Two spectral features
with very different shapes can yield the same equivalent width.

6.6 Temporal evolution of spectroscopic sequence

As mentioned in Section 6.4, all the epochs of the spectraidered in the previous sec-
tions are corrected for time dilation with a factor of(1 + z), wherez is the supernova
redshift, and stretch corrected with a factor glwheres is the stretch factor of the
supernova. In this section, we present the justificatiorttierstep of stretch correction
and show that it originates from the persistence of a spsmbfmc sequence not only at
maximum light, but throughout a supernova’s evolution in@p

For photometric observations of SNe la, the stretch pamngetes a measure of the
width of a light curve. Fainter SNe la have a faster rise ardime in their optical light
curves and hence narrower light curves and a smaller stpetcdmeter. Taking advan-
tage of the ability of PCA to reduce the dimensionality of d$pescopic data, we can
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show whether or not the spectral features of fainter SNesa @lolve faster than brighter
ones. To accomplish this, the temporal evolutions of spéfeatures using timescales with
stretch correctiontf . ) and without stretch correctios(,a,) are compared.

The time ofB-band maximum light has some physical relevance, as it seclo the
time when the luminosity is equal to the rate of energy demwsby radioactive decay
(Arnett 1979, 1982). Labeling epochs relative to the tim8-dfand maximum lighttgmay)
is also convenient observationally, but there is no priddence to suggest that this choice
of reference point is superior over the others. For thisaeathe epochs are also labeled
using the time of explosion as the reference poighiésio). The rise time from Conley
et al. (2006) oft;e = 19.58 is adopted. The time of explosion is then estimated to be
Stise prior to time ofB-band maximum. Thefects of performing stretch correction on the
temporal evolution of spectral features are then examinédih cases.

Note that there is evidence which suggests that there mayrbage of SN la rise
time (Strovink 2007). We do not explore this possibility éebut focus mostly on the
time evolution past maximum light. In future studies, thetmoel of PCA on relative flux
measurements adopted here may be used to determine whettsgreictroscopic temporal
evolution on both the rising and declining parts of the lightve is well described by a
single stretch parameter.

The epochs with various options of corrections and refexguents are summarized as
follows:

t(observation}- t(Bmax
temax = ( 1+ Z)— ( ) (6.3)

_ t(observation)- t(Bmax)

S
thax - S(l + Z) (6-4)
t(observation}- t(Bmax)— st;
texplosion: ( 1)—+(Z ) =< (6.5)
s _ t(observation)- t(Bmax)— Stise (6.6)

explosion — S(l + Z)
The same wavelength regions are used to divide the spetdréour segments. PCA
is again performed on the observed spectra to reduce thendiamality in the wavelength
direction and to examine the relation between spectralifeatand epochs. We select an
epoch interval for each wavelength region where the latgesporal evolution of spectral
features is observed in the direction of the first PC. This isedim amplify the &ect of
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stretch correction on the relation between spectral featand epoch. The epoch intervals
are tabulated in Table 6.3.

Table 6.3: Epoch intervals for the temporal evolution asialand the dispersions from the
linear fit of timescales with various options of referencenfwand stretch corrections

Lower Upper Number of Dispersions from linear fit

Band epoch epoch spectra tamax texplosion [Bmax tgxplosion
U -10 10 96 0.415 0.504 0.404 0.403
B 5 20 165 0.298 0.586 0.189 0.192
V 3 22 232 0.200 0.435 0.180 0.183
I -20 30 90 0.262 0.339 0.255 0.253

In each wavelength region, a linear fit is done for the tempamalution of the spectral
feature projections on the first PC with respect to the diretarected epochs. The data
points are weighted by the errors in the epochs and in theg@ions. The data points are
also weighted by the stretch values, such that SNe la widtc$trvalues further from the
mean value are weighted less. This step ensures that tla fitethrough points which
require the smallest stretch corrections. The resultimgeptions of the spectral features
on the first PC are plotted in Figure 6.23, Figure 6.24, Figu2® and Figure 6.26 for the
U, B, V andl wavelength regions, respectively.

In all four wavelength regions considered, there is evidethat high-stretch objects
tend to lie on one side of the linear fit, while low-stretcheatig tend to lie on the opposite
side. The trends also support the idea that low-stretctctibfeve a more rapid evolution
in their spectral features than high-stretch ones. Aftetithescale is stretch corrected, the
dispersions of the projections around the linear fit seenetvehse. Theffects are most
dramatic when the timescales are taken with respect tortteedf explosion, because of the
larger magnitudes of stretch corrections. To confirm theeddpnce of the directions and
the magnitudes of the dispersions on the stretch parantle¢éedispersions of the projec-
tions from the linear fits are plotted in Figure 6.27, Figui28 Figure 6.29 and Figure 6.30
for theU, B, V andl wavelength regions, respectively.

In each of the four bands, there is evidence of a trend betweedispersions from
the linear fit and the stretch parameters, when the timescalat stretch corrected. After
the stretch corrections, the trend mostly disappears.oftih there is not enough spectro-
scopic data to confirm a spectroscopic sequence at each,epoehethod here has shown
evidence that spectral features correlate with stretcutiirout these epochs and that spec-
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Figure 6.23: The time evolution of the projectionslbfband spectral features on the first
PC. The left panel shows epochs with respecBtband maximum, and the right panel
shows epochs with respect to time of explosion. The epoctisstietch corrections are

represented by solid dots, and epochs without stretch act@ns are represented by open
dots. For each spectrum, epochs with and without stretalections are connected with a
horizontal line. The quadrature sums of the dispersionkefihear fit are also noted from

before to after stretch corrections to the timescales. Titwe bars are omitted for clarity.

tral features evolve faster for low-stretch objects thanhigh-stretch ones. After stretch
correcting the timescale, the sequences largely disappear

The dispersions from the linear fits are summed in quadraivee all the spectra at
the epoch intervals considered and are tabulated in TaBlelGe scatters indeed decrease
when stretch corrections are applied to the timescale.eTald also shows that the total
dispersions show very smallftBrences between adopting timescales with respect to time
of B maximum and time of explosion. For our data set, there is myegerred choice of
reference point between the two options.

When a spectral template time series is used for cosmologiadysis, it is common
practice to use the stretch corrected timescale of the wbde3N to select the epoch of
the spectral template. Before this study, there was no epelEnsuggest that this step was
necessary, except for parallels drawn from the photomie¢fi@vior of SNe la. Because the
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Figure 6.25: Same as Figure 6.23 in theand.
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Figure 6.26: Same as Figure 6.23 in theand.

spectral template usually has features which are repsenof a SN la with stretch close
to unity (e.g., Hsiao et al. 2007a), it is shown here thatgisitnetch-corrected timescale
indeed reduces the dependence of spectral features arhsiret the scatters caused by this
effect. Itis also true that even after stretch correctionsspeetroscopic sequences around
maximum light still exist, regardless of which referencépcs used for the timescale. The
construction of template sequences described in Secttoprévides an improvement to
the use of spectral templates near maximum light.

In the above analysis, the resemblance between the spisctates of a stretch SN
la at timet and those of a typicad ~ 1 SN la at times x t is used to infer the existence of
spectroscopic sequences throughout the epochs. Thioissds to show that the spectral
features of low-stretch SNe la evolve faster than thosegif-siretch ones. The claims can
be further tested by directly measuring the time rate of ghanf the projections using SNe
la with time series observations.

The time rates of change of theband projections are examined, using the timescales
before stretch corrections to see if the spectral evolutilow-stretch objects is indeed
faster. The analysis is limited to SNe la in the library witluf or more time series obser-
vations covering epoch intervals of five or more days in otd@btain secure estimates of
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Figure 6.27: Dispersions &f-band projections from the linear fit against stretch. Tlie le
panel shows the case of epochs with respeBtiband maximum, and the right panel shows
the case of epochs with respect to time of explosion. Thelepwith stretch corrections
are represented by solid dots, and epochs without stretchations are represented by
open dots. For each spectrum, epochs with and without Btoetigections are connected
with a vertical line.

the speed of the evolution. The results are plotted in theupanel of Figure 6.31. Except
for one outlier, there is a clear trend of decreasing time aditchange of the projections
with respect to stretch. For the epoch intervals specifiegl linear fit in Figure 6.25 is

assumed to be a reasonable description of the time evolafitime projections for a SN

la with stretch value equal to the mean of the sample. In therse of WLR and linear

projection evolution, the time rate of change can be writen

Pu(s=1)
S 9
wherep; denotes the projections of the library spectra on the firstT?@.fainter objects

Pa(s) = (6.7)

are expected to evolve faster than the brighter ones indllsiédn. This derived time rate
of change with respect to stretch is plotted as a gray curtreeinpper panel of Figure 6.31
for comparison. The WLR scheme and the linear approximatiershown to provide a
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Figure 6.28: Same as Figure 6.27 in Biband.
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Figure 6.30: Same as Figure 6.27 in theand.

decent description for the speed of the spectral evolution.

In the upper panel of Figure 6.31, SN 1999by (Garnavich eR@04) is an outlier
because of its exceptionally low rate of change in the ptmes. To examine the source
of this mismatch, the projections of SN 1999by and a normall88Fdo from Figure 6.25
are isolated and plotted in the lower panel of Figure 6.3k dtear that the data points of
SN 1999by are not well described by the linear fit and thus ddawe a constant rate of
change. The projections of SN 1999by flatten and enter infatagu phase much earlier
than a normal SN la like SN 1997do. This is expected in thersehef WLR. What is not
expected is the low projections of SN 1999by compared toetldSN 1997do when they
enter the plateau phase. With the lack of time series spadpic data for 1991bg-like
objects, it is dfficult to tell whether this peculiarity is a common feature agnthem. The
stretch corrections indeed reduce the scatter from tharliiite There is therefore no doubt
that their spectroscopic temporal evolution is faster thamnal at earlier phases.
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stretch (upper panel) and the projections of SN 1999by an@i®Ndo with respect to time
(lower panel). In the upper panel, the timescale used is gpect tadB maximum, cor-

rected for time dilation, and before stretch correctione Tiick gray line corresponds to the

time rate of change expected from the WLR scheme and the litnéaam Figure 6.25. In

the lower panel, the timescale is with respedBtmaximum and corrected for time dilation.

The open and filled symbols represent timescales before fegrdstretch corrections, re-
spectively. The red and blue dotted lines represent thectxgéemporal evolution, before
stretch correction, from the WLR scheme and the linear fit ffogure 6.25 for SN 1999by

(s=0.61) and SN 1997do £9.98), respectively.
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6.7 Conclusion

At maximum light, the detection of a strong correlation bedw spectroscopic properties
and light-curve widths is reported for every spectral featwiom U band tol band. The
detections are made even for spectral features which haregreviously shown to have
little or no correlations using the equivalent width methdthe lack of detections from
previous studies is attributed to the inability of the egigwnt width method to retain infor-
mation on the detailed spectral shapes. In a Chandraseldss-model, brighter SNe la
produce moré&®Ni and therefore have fewer intermediate-mass elementghtri SNe la
also have higher temperature ejecta in general. The sniapsh®N la spectral features at
maximum light reflect both thefiect of diterent temperatures on ionization and tiffeet
of different compositions.

Steps have been taken to remove the broadband tilts of tleerap&urthermore, the
narrowband measurements of the spectral features havesbeen to have a weak depen-
dence on the broadband tilt. Thus, the PC projections reftdety the diversity of spectral
features, independent of any established photometricovimisa A large fraction of the in-
formation in the spectral data can be retained using onlfirtstsfew PCs, even when large
gaps exist in the stretch parameter space of the data. Tlheptess of the sequences
from PCA show in unprecedented detail how spectral feattagswith stretch. They also
show great promise for improving the use of spectral teregiate series in cosmological
studies, by including an extra dimension of light-curve thidlong with wavelength and
time.

These methods provide a straight-forward application simgispectral features as dis-
tance indicators. They can also be extended to search foelabons between spectral
features and intrinsic colors. As there is evidence thainsit colors also correlate with
peak luminosity, the spectral features are expected teleter with intrinsic colors. Es-
tablished relations between spectral features and indramdors will help disentangle the
degeneracy between dust reddening and intrinsic coloreinbserved colors of SNe la.

Evolution of SN la properties with respect to redshift issad§ great concern in cosmol-
ogy. Recent spectroscopic studies detected systematitrapeapic diferences between
low-redshift and high-redshift SNe la (Foley et al. 2008alli%an et al. 2009). However,
it was unclear whether theftierences were caused by théeets of demographic shift or
true evolution. As the cosmic star formation density insesawith redshift, the mean light-
curve width of SNe la, which depends on the star formatioe ohtthe host galaxy, also
increases with redshift. With the relations between spét#atures and light-curve width
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established here, théect of demographic shift on the spectra of SNe la can be pirgdi
If there are remaining variations in the spectral featufé&Ne la with the same light-curve
width at diferent redshifts, they may be signs of true evolution.

The time evolution of spectral features is also shown toetate with stretch across
the optical wavelengths. In particular, low-stretch SNehaw a more rapid evolution in
their spectral features than high-stretch ones. The spe#tk evolution is also shown
to be well characterized by the stretch parameter. Thesitsdsnd support to the idea
that the origin of the WLR is predominantly a spectroscopiermmenon, rather than a
bolometric one (Kasen & Woosley 2007). As fainter SNe la aeler and have earlier
recombination of iron-group elements, the more rapid spscopic temporal evolution of
fainter SNe la reflects the faster ionization evolution ohigroup elements. Our study
of spectroscopic temporal evolution alsfberss, for the first time, empirical evidence that
using stretch-corrected epochs when selecting the epdde anean spectral template
time series reduces the scatter instigated by stretch.

There is evidence that the one-parameter description magamopletely account for
the observational diversity in the spectral features, agthe spectral features in the
band and the feature velocities in tWeband. Nevertheless, stretch, and in turn, the lumi-
nosity of a SN la, is shown here to be one of the dominant, itm®most dominant, driver
of time-dependent spectroscopic diversity observed in &N optical wavelengths.
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Chapter 7

Spectroscopic diversity in the
near-infrared

Abstract While Type la supernovae (SNe la) can be calibrated into arahchndles in
the optical, they appear to be true standard candles in tramfeared (NIR). Matching the
photometric behavior, the spectroscopic properties of di&ctra around the NIR maxima
are shown here to be exceptionally uniform with very slowpgenal evolution. The first
mean spectral template time series of SNe la in the NIR isepted. The spectral template
is shown to minimize th&-correction systematic errors caused by using individpatsa.
Principal component analysis (PCA) is performed the NIR Bpeo search for relations
between the spectral features and light-curve widths. Addte NIR primary maximum,
a spectroscopic sequence is detected in each of ,theH andK bands. These systematic
variations are perhaps too small to enter into broadbandopteiric observations. The
rapidly evolving and promineniti-band feature also shows evidence of a spectroscopic
sequence. Because the sequences are formed by erflyspectra for each analysis, more
NIR spectra are required to confirm or refute these trends.

7.1 Introduction

NIR observations of SNe la are challenging both becauseeddtiiong absorption features
due to the Earth’s atmosphere, and the low intrinsic lumtiessof SNe la in the NIR. The
benefits of observing in the NIR, however, outweigh the clhgkss. Light is less extincted
by dust along the line of sight, with the extinction origiimgt from the host galaxy, the
intergalactic medium and the Milky Way. The standard Gatasast law of Cardelli et al.
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(1989) shows that the extinction in the NIR is less than 30%af in the optical. As we
move toward longer wavelengths, the extinction correstioecome less dependent on our
assumptions on the properties of dust and the intrinsiacs@bSNe la.

In recent years, extensive monitoring of nearby SNe la inNH@ has become more
common, producing statistically significant samples oflwbserved photometry (e.g., Jha
et al. 1999; Meikle 2000; Hernandez et al. 2000; Valentirale2003; Candia et al. 2003;
Krisciunas et al. 2001, 2003, 2004b,c, 2006, 2007; Beneti.e2004; Elias-Rosa et al.
2006, 2008; Hamuy et al. 2006; Phillips et al. 2006; Padtmedtlal. 2007a,b; Prieto et al.
2007; Stritzinger & Sollerman 2007; Wang et al. 2008, 200@aibenberger et al. 2008;
Pignata et al. 2008; Wood-Vasey et al. 2008; Foley et al. pa@€d spectra (e.g., Meikle
et al. 1996; Bowers et al. 1997; Rudy et al. 2002; Hamuy et al22B06flich et al. 2002;
Marion et al. 2003, 2006; Krisciunas et al. 2007). Elias e{E81, 1985) first noted the
small dispersion in the peak absolute magnitudes of SNe thheNIR and the potential
for them to be used as distance indicators. Consideringeétieal models wit*®Ni mass
range 04 — 0.9M,q0;, Kasen (2006) found similar small dispersions at the NIRnary
maximum.

Krisciunas et al. (2004a) demonstrated tiidcacy of using NIR primary maxima of
SNe la as distance indicators. They found that the stretitintque provides good fits to
the observed light curves in the rang&2— 10 days with respect tB-band maximum. This
range includes the primary NIR maximum, but excludes thersgary peak. They also
found no obvious relation between light-curve shape andimamx brightness. Heavily
reddened or peculiar objects in the optical are also shovioe tgood standard candles in
the NIR. While SNe la are standardizable candles in the optibaly appear to be true
standard candles in the NIR.

Crucial for the study of the NIR photometric properties of Sdes an accurate and
expansive set of spectral templates which covers the rahgawelengths and epochs of
observed SNe la. Previous studies of NIR photometry haiedreh the time series spectra
of asingle SN la for the determination Kfcorrections (e.g., Krisciunas et al. 2004b). This
method has been shown to cause significant systematic emrthve optical (Hsiao et al.
2007a). The methods presented by Hsiao et al. (2007a), aBHapter 4, are adopted to
build the first mean spectral template time series of SNe thanNIR. TheK-correction
errors from the spectroscopic diversity of observed speate quantified and shown to be
reduced from the previous method of using the spectra ofghesBN la.

In Chapter 6, the light-curve width as an indicator of the Inosity of a SN la is shown
to be the main driver of the diversity observed in opticalct@e Here, the spectroscopic
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properties of SNe la in the NIR are examined, using 52 NIR tspagathered from the

literature and through private communications. PCA is pengxl on the spectral features
of the NIR spectra to identify the vectors pointing toward targest variations in the data
space. The projections of the library spectra on the respitectors are correlated with
the light-curve widths. The relations are examined to sd¢liR spectral features vary

systematically with the light-curve widths, even when thetometric properties appear to
show no such correlations.

7.2 Color curves

To build a mean spectral template time series, a represansait of light-curve templates
which cover a wide range of epochs for the NIRJHK bands are required. Such a set
of light-curve templates is not yet available in the literat In this section, a set of NIR
light-curve templates are built from available photometng light-curve templates in the
literature. The purpose here is not to build accurate lgyhre templates for the use of
cosmological analysis or the study of photometric propsrtbut to build representative
and expansive light curves to scale the colors of the speetrglates smoothly with time.

The primary purpose for a mean spectral template i&faorrection calculations. The
absolute flux of a SN la is normalized away #fcorrections, and the broadband colors of
a SN la play an important role fd¢-corrections. For these reasons, the focus is placed on
building template color curves in the NIR.

Our color curves include contributions from two light-cartemplates presented by
Krisciunas et al. (2000) and Wood-Vasey et al. (2008). Atstuded are the photometry
of SNe 1980N, 1981B, 1981D (Elias et al. 1981, 1985), 1986G@dé&lret al. 1987), 1989
(Kidger et al. 1989; Wells et al. 1994), 1998bu (Mayya et 8Bg; Jha et al. 1999; Hernan-
dez et al. 2000), 2001el (Krisciunas et al. 2003) and 20048¢kinas et al. 2007). Even
though the library spectra are not spectrophotometricctiers obtained by performing
artificial photometry on the spectra are also used for therdenation of the color curves.
The diferent contributions are then combined by appropriate wegyimean at each epoch
to create the final template color curves.

The template color curves are plotted in Figure 7.1 and coetpaith other light-curve
templates, photometry from individual SNe la and colorgfitbe library spectra. The tem-
poral evolutions of the broadband colors of SNe la are shava to be quite uniform. The
colors of the library spectra also match the template caloves well. For this reason, the
library spectra require small color corrections when theaadband tilts are standardized
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Figure 7.1: The NIR template color curves for the mean spettemplate. The epochs
are with respect t@8-band maximum. The light-curve templates are plotted ad §oks.
The photometry from individual SNe la is plotted as openlescThe colors of the library
spectra obtained from artificial photometry are plottedaisi €ircles.
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Figure 7.2: The NIR light-curve templates with respect moetiof B-band maximum.

to this set of color curves. The narrowband measurementseaf $pectral features will
thus be less susceptible to uncertainties in the broadbalodscand the process of color
corrections.

The final NIR light-curve templates are plotted in Figure. MBe double-peaked char-
acteristics of NIR light curves are present for the temglateall five bands. The primary
maximum occurs a few days befdBeband maximum. The secondary peaks inltt@nd
are found to occur later in time and have higher intensitiestfe more luminous objects
(Hamuy et al. 1996a; Nobili et al. 2005). This photometribédaor is found to be con-
nected to the ionization evolution of iron group elementag&n 2006). Here, we do not
study the dependence of photometric properties of SNe Id®ein brightness, but focus
on the spectroscopic properties instead. Our templatédigives should be similar to the
light curves of a typicat = 1 SN la.

7.3 Library spectra

Despite the recent surge in NIR observations of the SNe &antimber of NIR spectra
is still relatively low compared to the number of optical spa. 52 NIR spectra of 30
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SNe la are gathered for this study. All of the spectra are wfredshift nearby SNe la,
reflecting the challenging observing conditions in the NIRpPoximately half of the SNe
la have complementary optical photometric observatioagatve to deriveB-band stretch
parameters (Goldhaber et al. 2001). These stretch valaesad as measures of the widths
of the optical light curves and as indicators of the lumibhosf the SNe la. The full list of
library NIR spectra and the available stretch values atedish Table 7.1.

Most of the spectra are from Marion et al. (2003, 2009) andeculy form the largest
set of NIR spectra of SNe la. The spectra were obtained usag-meter telescope at the
NASA Infrared Telescope Facility (IRTF) with the SpeX mediwesolution spectrograph
(Rayner et al. 1998). The data was reduced using IDL routiesgldped by Cushing
et al. (2004). The prominent telluric absorption featureshie NIR were removed using
techniques developed by Vacca et al. (2003).

Also included in the library are the NIR spectra of SN 1999ekligshed by Hamuy et
al. (2002). These 11 spectra constitute the largest sampil@® series observations of a
SN la in the NIR. The telluric features are removed using the ¢llibration technique
described by Maiolino et al. (1996). A single NIR spectruomnfrSN 2004S, published by
Krisciunas et al. (2007), is also included in the library.

Table 7.1: The full list of library NIR spectra. The epochs
are with respect to the time & maximum. The stretch pa-
rameters are obtained froBiband light curves.

Name Epochs Stretch References

1999%ee -9,0,1,4,8,15,19,22,27,31,41 1.053 Hamuy et@D2

2000dk 6,7 0.763 Marion et al. (2003)
2000dm 0 0.885 Marion et al. (2003)
2000dn -6 1.140 Marion et al. (2003)
2000do 7 Marion et al. (2009)
2001bf 4 1.140 Marion et al. (2003)
2001bg 10 0.993 Marion et al. (2003)
2001br -2 1.060 Marion et al. (2003)
2001dI -1 1.140 Marion et al. (2003)
2001en -2, 20 0.935 Marion et al. (2009)

Continued on the next page. ..
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Table 7.1 — Continued

Name Epochs Stretch References
2002bo 83 0.922 Marion et al. (2009)
2002cr -7,-5 Marion et al. (2009)
2002ef 11 Marion et al. (2009)
2002fb 8 Marion et al. (2009)
2002fk -14, 42 0.940 Marion et al. (2003)
2002ha 8 Marion et al. (2003)
2002hw -1 Marion et al. (2003)
2003W -7,-6 Marion et al. (2009)
2003cg 37 Marion et al. (2009)
2003du 1,75 1.056 Marion et al. (2009)
2004E 37 Marion et al. (2009)
2004S 15 Krisciunas et al. (2007)
2004ab 18 Marion et al. (2009)
2004bk 19 Marion et al. (2009)
2004bl -2 Marion et al. (2009)
2004bv -5,53 Marion et al. (2009)
2004bw -9 Marion et al. (2009)
2004ca 46 Marion et al. (2009)
2004da 4,14, 18, 24 Marion et al. (2009)
2005am -4,0,7,14 0.729 Marion et al. (2009)

A sample of the library spectra is plotted in Figure 7.3. Indmaéely apparent from
the plot is the uniformity in the temporal evolution of theespral features. Even though
time series observations are lacking in our sample, the lsegle temporal evolution of the
spectral features appear to be similar betweéierdint SNe la.

Early spectra are relatively featureless and appear to Wewyeslow temporal evolu-
tions. The deep absorption trough centered near @85 the Ca Il triplet feature which
was examined in Chapter 6. The feature near L®5can be attributed to Mg I triplet
(Wheeler et al. 1998; Marion et al. 2003). There is also ewiddor an emission feature
due to Fe lll near 1.2;m (Rudy et al. 2002). The P Cygni-like feature near A6 is
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Figure 7.3: A sample of NIR library spectra. The spectra doétqd in log scale with
offsets. The library spectra are plotted in gray. The Gaussmothed spectra are plotted
on top to aid the comparison. The names of the SNe la are nlmed with the epochs of
the spectra with respect to the timeB®band maximum.

attributed to a blend of Si Il and Mg 1l lines (Wheeler et al. 8% arion et al. 2003).
These feature become more apparent with time during thg plaalses.

At around five days pa$®-band maximum, the NIR spectra rapidly form a wide and
prominent feature stretching from 1.0 to 1.80um. This feature is produced by line
blanketing from thousands of Co Il, Fe Il and Ni Il lines (Wheed¢ al. 1998; Marion et
al. 2003). The result is a pseudo-emission feature with fhiouatwice as large as the
adjoining continuum. After its quick development, thistiga stays prominent for weeks.
The abrupt development of this feature marks the transitam partial to complete silicon
burning in the expanding envelope (Marion et al. 2003).

From approximately two weeks paBtband maximum, a group of emission features
begin to appear between Zuinand 2.4um. The features appear to grow more prominent
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with time and can be attributed to Fe I, Si ll, Co Il and Ni Il.

7.4 Temporal evolution of spectral features

Here, the temporal evolution of the NIR spectral featuresxamined using PCA. PCA is
a statistical tool which searches for patterns in a multetisional data set, and irffect,
reduces the dimensionality of the data set. PCA is performeti® narrowband measure-
ments of library spectra, using the methods described itidde6.2 and Section 4.8. The
analysis is done over a wide bandwidth, which spans fromufin@o 2.3 um and covers
rest-frame filtersy, J, H andK. It consists of 39 library spectra which have the specified
wavelength coverage and 28 narrowband spectral featureurezaents. The resulting pro-
jections of the library spectra on each principal compoiieqt) are plotted in Figure 7.4.

A detailed comparison between the temporal evolutionsiofdaand brighter objects,
like ones done in the optical bands (Section 6.6) fBdilt. First, the number of spectra is
relatively small compared to the optical sample. Furtheembalf of the library SNe la do
not have complementary light curves available to yield tihetsh parameters. When the
spectra with complementary stretch information are useském to temporal evolution,
it is not clear whether stretch correcting the timescalaiced or increases the scatter.
Therefore, the epochs specified here are all rest epochiectea for time dilation only.

The projections of our library spectra on the first 3 PCs, wlaicbount for over 70%
of the spectral variance, show remarkable uniformity inrtteenporal evolution. The time
line has been divided into four evolutionary stages baseti@ifollowing observations.

The early spectra, before around three days Basand maximum, are remarkably
uniform for all PCs. This section of the time line includes tHER primary maximum
which occurs a few days befoband maximum. The third PC picks up the temporal
evolution for this stage and quantifies the magnitude ofdiah to be relatively small
compared to the other evolutionary stages. This reflectslight strengthening of the
broad features in the early and largely featureless libspgctra.

The second evolutionary stage is dominated by the rapidloj@vent of the most
prominent spectral feature in the NIR, the pseudo-emissatufe in théd band produced
by line blanketing from Fe II, Co Il and Ni Il lines. The featuseshown in the second
PC to reach its peak strength at approximately two weeks Bdstnd maximum. This
evolutionary stage also shows the largest dispersion gstigg that the temporal evolution
of the prominentH-band feature is less uniform.

The third evolutionary stage reflects a slight weakeninghefirominentH-band fea-
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Figure 7.4: The temporal evolution of the projections of Mibectral features on the PCs.
The fractional variance for each PC is noted. The epochsoareated for time dilation and
are with respect t8-band maximum. The vertical dotted lines specify the epaalidns.
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Figure 7.5: The NIR spectral template time series. The tata@pectra are plotted in log
scale with dfsets. The epoch with respectBaband maximum for each spectrum is also
noted.

ture, while the fourth stage exhibits the strengtheninghef émission features in thé
band, attributed to Fe Il, Si ll, Co Il and Ni Il. From the smallmber of spectra in these
epochs, the temporal evolution appears to be uniform, withller dispersion than ob-
served in the second stage.

7.5 Spectral template time series

In this section, a mean NIR spectral template time seried, foom the 52 NIR library
spectra listed in Table 7.1, is presented. The spectrallegegpare built using the methods
presented by Hsiao et al. (2007a), and in Chapter 4. The Yilsgzectra are first color cor-
rected to the template color curves presented in SectianThe spectral features of each
spectrum are then quantified using artificial narrowbaner§lt The narrowband measure-
ments are then placed in epoch bins and averaged with ajgepreights. The resulting
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spectral template is presented in Figure 7.5.

Even though the number of NIR spectra is quite small compi@rétat of optical spec-
tra, the 52 library spectra provide excellent temporal cage. The majority of the spectra
are taken around maximum light and during the developmeasgdof the prominen-
band feature. This provides good descriptions of the teaipmrolution of the spectral
features during these epochs. At later epochs, even thdwegbpoch bins are wider, the
construction of the templates often has to relies on one ospectra per epoch bin. There
is clearly room for improvement at these phases.

The spectral template time series in Figure 7.5 nicely rébdesrthe library spectra in
Figure 7.3. For a more detailed comparison, we separatetitaey spectra into the four
evolutionary stages described in Section 7.4 and compare With spectral templates at
corresponding epochs. They are presented in Figure 7.6.

The first stage includes the largest number of spectra, mtsskthe least amount of
dispersion. This illustrates both the remarkable unifeyrm the evolution of the spectral
features and the relative slow evolution at this stage. Eloersd stage is dominated by the
abrupt formation of the promineht-band feature. The strengthening of this feature is most
striking on the blue edge of the feature. The spectral teteplare shown in Figure 7.6
to track this evolution closely. For the third and fourth keNnary stages, because the
construction of the spectral templates rely on only one ar $pectra per epoch bin, the
spectral templates are expected to be very similar to tharjilspectra.

At the second evolutionary stage, there is also a curiousreaear 1.6em at which
the library spectra show diversity. This spectral feataksfright in the center of the
prominentH-band feature. Because this feature from our low-redshiftpda falls well
within theH band, the contamination from telluric features should lggigible, suggesting
that the diversity originates fromfiierences in the SNe la. The feature does not follow the
temporal evolution of the spectral templates. The diversitthis feature therefore does
not appear to be driven by temporal evolution. The spectrauire will be examined in
detail in Section 7.8.

There is also evidence of diversity in the spectral featareand the blue and red edges
of K band. Since these features are either close to the tellosizrption features or close
to the edges of the observed spectra, they are not examined he
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Figure 7.6: The comparison between NIR library spectra hadpectral template time se-
ries. The library spectra (black curves) are divided intar fevolutionary stages described
in Section 7.4 and compared with spectral templates (recesyiof corresponding epochs.
The epoch range and the number of library spectra includedlao noted for each evolu-
tionary stage.
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7.6 K-correction

The primary motivation for building a set of mean spectrahpéates is forK-correction
calculations. Even thougK-corrections for nearby objects are small, there is the afsk
incurring significant systematic errors by calculatlkgorrections using individual spec-
tra.

To illustrate this &ect, theK-corrections calculated using the mean spectral templates
are compared to those calculated using individual libragcsra. A typical redshift of 02
for a nearby SN la is adopted for this analysis. As describeldeK-correction calculation
procedures presented by Nugent et al. (2002), we make baoddinlor corrections such
that the colors of the spectral template match those of théaShh practice, these color
corrections are done on the spectral templates such thabtbes of the templates match
the observed colors of the SN la. Here, library spectra al& corrected to match the
template color curves, such that tecorrections can be presented in a single plot. As
shown in Section 7.2, NIR colors exhibit small dispersiodsis color correction step
should have minimalféects on the determination &f-correction.

The resultingK-corrections and the flerences from th&-corrections of the spectral
template are plotted in Figure 7.7. Previous studies ofemiveld K-corrections from a
single SN la. The&-correction values published by (Krisciunas et al. 200dbjermined
using time series spectra of SN 1999ee, are also plottedfoparison.

First thing to notice from Figure 7.7 is the remarkably smkaltorrection errors around
the NIR primary maximum. This corresponds to the first evohary stage described in
Section 7.4, where the temporal evolution of the NIR spédéatures is slow and uni-
form. LargerK-correction errors begin to occur p&band maximum, where the use of a
representative spectral template becomes important.

From Figure 7.7, our NIR spectral templates yield essdntihle mean of theK-
corrections at each epoch. The systematic errors from asguarset of spectral templates
are therefore largely diminished. On the other hand, theofigedividual spectra for the
determination ofK-corrections is shown to cause, in some cases, significatersyatic
errors. TheK-correction values published by (Krisciunas et al. 2004b)il@t especially
large diferences from the mean spectral templates Basind maximum light. The dis-
persions may have contributions from both th@ediences in the broadband colors and truly
unrepresentative spectral features.

The dependence df-correction errors on redshift is also examined. Kheorrection
errors are taken as thefiirence inK-corrections between the spectral templates and the
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Figure 7.7: The comparison #&f-corrections calculated using our mean NIR spectral tem-
plates and library spectra. They are calculated assumiadshift of 002. The epochs are
rest epochs with respect ®band maximum. The upper panels show Kieorrections,
and the lower panels show thé-correction diferences from those of the spectral tem-
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library spectra. They are then summed in quadrature. Thétsemre plotted in Figure 7.8
for a large redshift range. The typical redshifts for neashydies are between 0.01 and
0.03. In this redshift range, thi€-correction errors scale roughly linearly with redshift
and coincidentally have similar values as the redshiftseséherror estimates include all
epochs. The errors around the NIR primary maximum are eggdeotbe much smaller.

7.7 Spectroscopic sequence around NIR primary peaks

Krisciunas et al. (2004a) tested th&ieacy of using the NIR primary maximum of SNe
la as a distance indicator. In the range between -12 and 19 wlily respect td-band
maximum, the light curve shapes in theH andK bands can be standardized by stretch
correcting the time axis using stretch parameters derik@a B-band light curves. The
resulting NIR peak absolute magnitudes were shown to haleeh small dispersions and
have little or no correlation with the light-curve widths.

In the optical bands, the peak absolute magnitudes vargmsgically with the light-
curve widths. In Chapter 6, the optical spectroscopic festat peak brightness are also
shown to vary systematically with light-curve widths, ntatg the photometric behav-
ior. Here, we examine whether the same parallels can be dratween photometric and
spectroscopic properties in the NIR.

The first evolutionary stage, described in Section 7.4, iogpochs ranging from -15
to 3 days pasB-band maximum and includes the primary NIR maximum. The tspkec
features in this epoch range exhibit very small dispersiot @elatively slow temporal
evolution (Figure 7.4). We will attempt to search for anyretations between spectral
features and light-curve widths within the small diverghown in these early spectra.

The analysis is divided into four wavelength regions. Thgaes correspond to the NIR
bandsY, J, H andK. The NIR filters are strategically placed between the premitelluric
features. Having the wavelength regions similar to the Vesgths covered by the NIR
filter bands prevents the telluric features from enterirggdignals intrinsic to the SNe la.
Each wavelength region covers six narrowband measureraespectral features. All the
library spectra with stretch values available are incluiethe analysis. The information
for each wavelength region is listed in Table 7.2.

Because of the small number of spectra available, analysiseigle epoch, as done
in the optical band, is not possible. The sample size of tierees spectroscopic data in
the NIR is also small. We therefore do not attempt to corteetarojections of the library
spectra on the PCs to a single epoch. Because of the wide epwghcansidered and the
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Table 7.2: Wavelength regions for the NIR PCA

Lower Upper Number of  Number of Sequence
Band wavelength wavelength measurements  spectra variance
Y 0.937um  1.122um 6 8 43.5%
J 1.122um  1.343um 6 9 11.8%
H 1.426um  1.708um 6 9 17.8%
K 1.925um  2.305um 6 9 31.0%

mild temporal evolution observed in Figure 7.4, it is impmttto identify which PCs are
detecting spectral variations instigated by temporalwiah. The projections on the six
PCs are plotted against rest epoch in Figure 7.9, Figure FigQre 7.11 and Figure 7.12
for theY, J, H andK wavelength regions, respectively.

In the'Y band, there is no clear sign of temporal evolution withirs #gpoch range for
the first PC. A mild trend in the projections on the second PC imaigate some temporal
variation with large scatter. The projections on the firstiR@he J, H andK bands all
exhibit trends which suggest that the variations are drivgriemporal evolution. The
projections on the second PC in these three bands appeardobaorrelation with epoch.

The projections are then plotted against stretch to searaniy spectroscopic sequence
in the NIR. The results are presented in Figure 7.13, Figutd, #igure 7.15 and Fig-
ure 7.16, for they, J, H andK wavelength regions, respectively. Focus is placed on the
PCs which do not appear to be detecting temporal evolutiorcanstitute significant frac-
tions of the overall variation.

In theY band, the projections on the first PC exhibit little sign ofaarelation with
epoch (Figure 7.9), but a trend against stretch (Figure) 718 projections on the second
PC exhibit a hint of a trend against epoch, but no correlatibim stretch. Similar behaviors
are observed for thd, H andK bands. For these three bands, the variations driven by
temporal evolution in the epoch range considered is latger those driven by stretch. For
all four of the NIR bands and for the epoch range considerpdcle and stretch appear
to be the two most dominant drivers of the spectral variat®8A is able to separate the
contributions from these two factors into the two orthodwegtors.

Weak correlations with stretch are observed for all four R ds in PCs which show
little time dependence. For these cases, polynomial fitslane to derive one-to-one and
continuous relations between projections and stretch. rélagions then yield a continu-
ous set of narrowband measurements. The narrowband meesussare converted into
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template sequences using the method used to build a meanaspeaplate described by
Hsiao et al. (2007a), and in Section 4.6. The resulting tateptequences are plotted in
Figure 7.17, Figure 7.18, Figure 7.19 and Figure 7.20, fervthd, H andK wavelength
regions, respectively.

For each template sequence, the amount of spectral varetamunted for in this epoch
range is tabulated in Table 7.2. Note that these values depethe epoch range. A larger
epoch interval can include more spectra, but stretch woaNe kliminishing influence.

The template sequence in thifeband shows a slight deepening of the Mg Il feature as
stretch decreases. The sequence is detected by the first ielC sainstitutes over 40% of
the observed diversity, but scatter around this relatidarge. For both thd andH bands,
the template sequences describe slight velocity shifiseoflbminant features in the bands.
These sequences are described by the second PCs which osiiguter 10— 20% of the
overall variation. For these two bands, time is the mainatrand is responsible for the
strengthening of the features (first PCs). For the specifiedrepange, the time-dependent
variation accounts for over 60% of the diversity in the dagt sTheK-band region is
probing the ends of the spectra, and can include larger taictes as a result. More data
points are needed in Figure 7.16 to see if they form scattds pBecause the spectra in
this epoch range are already quite uniform, the variati@ssbed by these spectroscopic
sequences are indeed very small. We caution that theseonslatre formed by a small
number of data points. More NIR spectra with complementgfyt lcurves are required to
confirm or refute these correlations.

7.8 Spectroscopic sequence in the promineht-band fea-
ture

At the second evolutionary stage described in Section 1R ddectra of SNe la are dom-
inated by the promineniti-band feature caused by FgQb II/Ni Il line blanketing. In
Section 7.5, we noted a spectral feature which lies at théecef this feature { 1.66
um) and displays significant diversity among our sample of S&NeHor some spectra, it
appears to be an emission-like feature, while absorpti@nféatures are observed in oth-
ers at the same wavelengths. The variation cannot be deddripthe temporal evolution
of the mean spectral templates. We examine whether thestivéorms a spectroscopic
sequence.

PCA is performed on spectra within the epoch range betweerl B ttays pasB-band
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Figure 7.17: The template sequence inYheand from the first PC for the epoch range be-
tween -15 and 3 days paBtband maximum. The left panel shows the template sequence,
and the right panel shows the Gaussian smoothed libraryrapdeach spectrum is color
coded by stretch. The names and the epochs of the libraryraee noted. The narrow-
band filters used to quantify the features are plotted aslgrag. The dominant species
responsible for each spectral feature in the region is adtedn

maximum, as assigned for the second evolutionary stage.r@wrowband measurements
are used covering the region of the entitdband structure. The projections of the library
spectra on the resulting PCs are again plotted against bothemd stretch to separate the
two effects. The projections with respect to epoch and stretchlateg in Figure 7.21
and Figure 7.22, respectively.

The prominenH-band feature has been shown to strengthen rapidly durengpbch
range considered. The first PC detects the strengtheningso$tructure, but shows large
scatter in its temporal evolution (Figure 7.21). This isindhe large scatter shown in the
second evolutionary stage in Figure 7.4, suggesting tleatinfie evolution of this feature
can be quite dierent between SNe la. Because of the abrupt nature of thetievglthe
uncertainties in the epoch determinations may also plajea ro

The second PC also shows little time dependence, but showgsificant trend with
stretch. A linear fit is performed through this apparent spscopic sequence. The tem-
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Figure 7.20: Same as Figure 7.17 in kdand from the second PC.

plate sequence from the linear fit is presented in Figure.7.PB8e second PC indeed
picks up the diversity of the spectral feature at 1,66 The sequence associates the
emission-like shapes to low-stretch objects and the abearpke shapes to high-stretch
objects. The emission-like features are found in two lowetsh objects, SN 2000dk and
SN 2005am. Both SNe la have stretch values below 0.8, and dutrafare taken at6 7
days pasB-band maximum.

By visual inspection, this emission-like feature is alsoeasbed in the spectrum of
SN 2002fb at eight days pa8tband maximum. |If this spectral feature is exclusively
associated with low-stretch objects, as suggested bymieti data set, SN 2002fb should
also be a low-stretch object. There is no complementarygohetry available for this SN
la to derive a stretch parameter. The host galaxy, NGC 758INd2002fb is classified as an
elliptical galaxy by van den Bergh et al. (2003). The specwpg& identification done by
the CfA Supernova Group classified the optical spectrum asld@8ke (Matheson et al.
2002). These two pieces of information are consistent withimference that SN 2002fb
is a subluminous, low-stretch object. From the linear retabetween the spectral features
and stretch dictated by the second PC, a stretch valse-d@i.60 is deduced for SN 2002fb.
This value is consistent with the stretch values of sublwusobjects, such as SN 1991bg
(s=0.54) and SN 1999byy= 0.61).
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The emission-like features at 1.@én, associated with low-stretch objects, are all ob-
served in a narrow epoch range-@ days pasB-band maximum. It is uncertain from
our data whether this characteristic only exists during tiairrow range or persists through
later epochs.

Hoflich et al. (2002) noted a similar feature in their subluouis model. The emission
feature originates from the innermost Ni-rich region. Tlsginthetic spectrum at six days
pastV-band maximum does not show a clear emission-like featwteshows the lack of
a local minimum, common in most other spectra and also in fsafanormal luminosity
SNe la (e.g., Wheeler et al. 1998). This lends support to osemiation that the emission-
like feature at 1.6@mis associated exclusively with low-stretch objects. Hogvekioflich
et al. (2002) also reported that the peculiar and low-gtr&iN 1999by does not exhibit
this feature in its unusually weak Fe@o II/Ni Il structure. Thus, the one-parameter
description of this spectral feature is far from definitivdore spectroscopic data in the
NIR is required to confirm this trend and to determine whetirenot the peculiar NIR
spectral feature of SN 1999by is an isolated occurrenceutolusninous objects.

7.9 Conclusion

The spectroscopic properties of NIR spectra before arouthay83 pasB-band maximum
are shown to be exceptionally uniform with very slow tempevalution. This epoch range
centers approximately on the time of the NIR primary maximuich occurs a few days
beforeB-band maximum. The observation is consistent with the phetdc observations
of the uniformity in the peak NIR absolute magnitudes (&gsciunas et al. 2004a; Wood-
Vasey et al. 2008). From the standpointkoicorrections, this epoch range is excellent for
cosmology, as uncertainties associated with using an asbspectral energy distribution
are very small.

The first mean spectral template time series of SNe la in thHe isllpresented.K-
corrections calculated using individual spectra are shtawmcur significant systematic
errors. The mean spectral template presented here is spégiflesigned to minimize
these systematic errors. THecorrection errors around the NIR primary maximum have
also been shown to be exceptionally small.

Around the NIR primary maximum, a spectroscopic sequenciiected in each of
the NIRY, J, H andK bands. Because the spectra in this epoch range are alreddy qui
uniform, the variations described by these spectroscagjaences are very small. In the
Y band, there is evidence for the slight increase in strenjtheoMg Il feature as stretch
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Figure 7.23: The template sequence of the promikebind feature from the second PC
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the template sequence, and the right panel shows the snadditeay spectra. SN 2002fb
has no available stretch and is not included in the PCA. Eaebtspn is color coded by
stretch. The names and the epochs of the library spectraoged.nrhe narrowband filters
used to quantify the features are plotted as gray lines. Dnarthnt species responsible
for each spectral feature in the region is also noted.
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decreases. In thé andH, the sequences describe small velocity shifts of the splectr
features. The correlations between the NIR spectral featand light-curve widths are
formed using only 8 9 data points in each band. More data is required to confirrefate
these trends. The NIR absolute magnitudes of SNe la havedieswn to have little or
no dependence on light-curve widths (Krisciunas et al. 2004 he variations described
by the spectroscopic sequences are perhaps too small targntbroadband photometric
observations.

In the epoch range between 3 to 15 days fabaind maximum, the NIR spectra are
dominated by the rapid formation of the witteband feature, attributed to the line blan-
keting by Fe I, Co Il and Ni ll. An emission-like feature is fiodi at the center of the wide
H-band structure and is associated only with low-stretcleaibjin our data set. This fea-
ture yields evidence of another spectroscopic sequenteiNiR. However, Hdflich et al.
(2002) reported that the low-stretch SN 1999by does nobéxhis feature in its unusually
weak Fe IICo II/Ni Il structure, indicating that perhaps the one-parameéscription of
spectroscopic variations is incomplete.
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Chapter 8
Conclusion

The path to improving the use of Type la supernovae (SNe la)aamlard candles in cos-
mological studies and the path to the understanding of tilgensrof the observed properties
of SNe la are one and the same. In this work, a large librarpe€soscopic data is con-
structed to study thefiect of the observed spectroscopic diversity on cosmolbgtadies
and to search for the origins of the observed diversity.

Before this work, the inhomogeneity in the SN la spectra hadaen dealt with ade-
guately, and th&-correction calculations were a major source of systenaatiors in SN
la cosmology. New methods have been developed here to tamtgrsquantify observed
spectral features and thé-correction errors associated with the diversity. A meagcsp
tral template time series is built to have the mean speatsgroperties of SNe la and
is shown to largely obviate systematic errors caused bynasisguthe SED of a particular
supernova.

The remaining statistical errors are shown to be redshifeddent, with minima at
redshifts where the rest-frame filter band and the obseritedlfiands are aligned. These
errors are attributed to the inhomogeneity in the obserpedtsal features. As these errors
directly afect the magnitudes of the SNe Ia, it is important to incorfthe redshift-
dependent féect in cosmology. The statistical errors can be reduceckifsghectroscopic
differences from the mean of individual SNe la can be predictau their photometric
properties.

Principal component analysis (PCA) has been adopted tolsé&arthe global trends
in the variations of spectral features in the sample of ne&fke la. At maximum light,
significant correlations between the light-curve width #relspectral features are found for
every spectral feature frok band tol band, even for features which have been previously
reported to show little or no correlation. The result in tatoggests that the SN la intrinsic
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luminosity is the main driver of the observed variation ie gpectral features. Template
spectroscopic sequences are built to illustrate in detail the features vary with light-
curve width. The methods presented here also provide waysetthe spectral features as
independent indicators of intrinsic luminosity and color.

Beyond maximum light, there is also evidence of the persigter the spectroscopic
sequences throughout other epochs. Tifeceis attributed to the more rapid spectroscopic
temporal evolution of fainter objects than that of theirghter counterparts. This obser-
vation provides the first justification for selecting theeth-adjusted epochs of a spectral
template time series for the use in cosmological studiedstt supports the theory that the
width-luminosity relation (WLR) is primarily a spectroscogphenomenon, rather than a
bolometric one, and points to the speed of the ionizationugem of iron-peak elements
as the origin of the WLR (Kasen & Woosley 2007).

In the near-infrared (NIR), the spectroscopic propertieSigé la are found to be re-
markably uniform, especially around the NIR primary maximurhe spectroscopic homo-
geneity is consistent with the photometric observatioh 8iNe la are true standard candles
in the NIR. Within the homogeneous spectral features, PCActilecorrelations between
the small variations and light-curve width. The correlai@at the NIR maximum are barely
discernable. Stronger evidence of a spectroscopic sequempcovided for the prominent
H-band feature which appears abruptly at approximately &wast maximum light and is
attributed to the line blanketing by iron-group elementse Tenter of the feature appears
as an emission feature for low-stretch objects and as angtimsofeature for high-stretch
objects. However, more spectroscopic data in the NIR isiredtio confirm or refute this
finding.

Exquisitely detailed spectroscopic observations of higdtshift SNe la are beginning
to detect systematic fierences between the spectroscopic properties of nearhyistadt
SNe la (Foley et al. 2008a; Sullivan et al. 2009). As the cosstar formation density
increases with redshift, the mean light-curve width of SBlewhich depends on the star
formation rate of the host galaxy, also increases with néds$tis thus unclear whether the
observed dterences are due to the demographic shift of the host galaxiese evolution
in SN la properties, such as affgirent width-luminosity relation at high-redshift. The
relations between spectral features and light-curve wadtiablished here will be able to
disentangle the variations driven by the shift in averagaticurve width and by other
factors.

PCA and other methods developed here also have potentiaaigh in spectroscopic
typing of supernovae. Current tools for spectroscopic typnvolve the comparison be-
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tween the spectrum in question and individual observedtspeovering a large range of
supernova types, epochs and wavelengths (Howell et al.; ZI0&din & Tonry 2007).
Problems can arise for this approach when large gaps exibeiparameter space. Un-
published spectroscopic data can also make the distribofithe tool dificult. PCA can
be used to search for patterns in the spectra instigatedd®; spoch, redshift, galaxy
light. The established relations can then be used to daterthe information without the
aid of any photometric information. This approach also es a statistical indicator of
the database spectrum which most closely resembles arvedssyectrum. The deviation
from the established relations can also be used to identdticobjects.

In summary, the current measures of thecorrection error contributions caused by
the spectroscopic diversity of SNe la are tabulated in T8ldle The broadband colors are
still the largest component. With adequate filter coveragkthe careful treatment of the
broadband colors of the spectral templates, this compa@enbe largely eliminated. The
intrinsic dispersion in the spectral features contribetesrs on the order of 18 mag. The
spectroscopic sequences established here have the pbterccount for a large fraction
of the intrinsic dispersion at maximum light. With betteresproscopic observations of
high-redshift SNe la and the spectroscopic sequencedish&bhere by low-redshift SNe
la, there is real hope that a more certain constraint on thea®Molution can be determined
in the near future.

Table 8.1: Sources df-correction errors from spectroscopic diversity

Contributions Amag
broadband colors 16
spectral features 19

spectroscopic sequences ~40
evolution ?
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Table A.1: The full list of library spectra. The stretch pa-
rameters are obtained froBrband light curves. The refer-
ences marked as M. M. Phillips and D. A. Howell are spectra
obtained through private communications. The references
marked as CSP and SNLS are spectra from the Carnegie
Supernova Project (Hamuy et al. 2006) and the Supernova
Legacy Survey (Howell et al. 2005; Bronder et al. 2008; Bau-
mont et al. 2008), respectively. Some of the spectra from
these collaborations are not yet published.

Number of
Name spectra  Stretch Redshift References
1981B 8 0.902 0.0060 Branch etal. (1983)
1986G 19 0.696 0.0026 Phillips et al. (1987)
1989B 25 0.902 0.0024 Barbon etal. (1990); Wells et al. (1994)
1990G 1 0.0358 Gomez et al. (1996)
1990M 0.0090 Gomezetal. (1996)
1990N 13 1.027 0.0034 Mazzalietal. (1993)
19900 7 1.088 0.0303 Gomezetal. (1996); M. M. Phillips
1990R 3 0.0161 Gomez et al. (1996)
1990T 2 1.028 0.0404 M. M. Phillips

Continued on the next page. ..
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Table A.1 — Continued

Number of
Name spectra  Stretch Redshift References
1990af 1 0.747  0.0506 M. M. Phillips
1991F 2 0.0060 Gomezetal. (1996)
1991M 3 0.971 0.0072 Gomez et al. (1996)
1991S 2 1.052 0.0546 Gomezetal. (1996); M. M. Phillips
1991T 19 1.080 0.0058 Mazzalietal. (1995)
1991U 1 1.088 0.0317 M. M. Phillips
1991X 1 0.0088 Gomez et al. (1996)
1991ad 1 0.0700 Gomez et al. (1996)
1991ag 2 1.125 0.0141 M. M. Phillips
1991bc 1 0.0214 Gomez et al. (1996)
1991bd 1 0.0127 Gomez et al. (1996)
1991bg 28 0.536 0.0035 Turatto et al. (1996)
1991b;j 1 0.0182 Gomez et al. (1996)
1992A 15 0.798 0.0063 Kirshneretal. (1993)
1992G 4 1.014 0.0053 Gomezetal. (1996)
1992J 2 0.831 0.0446 M. M. Phillips
1992K 1 0.0103 M. M. Phillips
1992P 1 1.092 0.0252 M. M. Phillips
1992ac 2 0.0523 Gomez et al. (1996)
1992ae 1 0.957 0.0752 M. M. Phillips
1992ag 1 1.066 0.0249 M. M. Phillips
1992ah 1 0.0250 Gomez et al. (1996)
1992al 2 0.950 0.0146 M. M. Phillips
1992aq 1 0.840 0.1018 M. M. Phillips
1992au 1 0.0614 M. M. Phillips
1992bc 3 1.033 0.0202 M. M. Phillips
1992bg 1 1.014 0.0352 M. M. Phillips
1992bh 1 1.012 0.0450 M. M. Phillips
1992bk 2 0.790 0.0581 M. M. Phillips

Continued on the next page. ..




Table A.1 — Continued

157

Number of

Name spectra  Stretch Redshift References

1992bl 1 0.813 0.0437 M. M. Phillips

1992bo 1 0.751 0.0189 M. M. Phillips

1992bp 1 0.887 0.0793 M. M. Phillips

1992br 1 0.627 0.0882 M. M. Phillips

1992bs 1 1.017 0.0637 M. M. Phillips

1993B 1 0.983 0.0696 M. M. Phillips

1993H 3 0.714 0.0239 M. M. Phillips

19930 2 0.908 0.0510 M. M. Phillips

1994D 42 0.798 0.0015 Patatetal. (1996)

1994M 1 0.854 0.0232 Gomez etal. (1996)

1994Q 2 1.126 0.0296 Gomezetal. (1996)

1994S 1 0.990 0.0152 Gomez etal. (1996)

1994U 1 0.0044 Gomez et al. (1996)

1994ae 18 1.007 0.0043 D.A. Howell

1996X 20 0.911 0.0069 Salvo etal. (2001)

1997br 9 1.057 0.0053 Lietal. (1999)

1997c¢cn 1 0.890 0.0162 Turatto et al. (1998)

1997do 12 0.978 0.0105 Matheson et al. (2008)

1997dt 7 0.969 0.0073 Matheson et al. (2008)

1998V 8 1.016 0.0172 Matheson et al. (2008)

1998ab 10 0.967 0.0279 Matheson et al. (2008)

1998aq 54 0.985 0.0043 Branchetal. (2003);
Matheson et al. (2008)

1998bp 11 0.646 0.0102 Matheson et al. (2008)

1998bu 65 1.006 0.0042 Cappellaro et al. (2001);
Matheson et al. (2008)

1998de 7 0.604 0.0156 Matheson et al. (2008)

1998dh 10 0.871 0.0090 Matheson et al. (2008)

1998dk 10 0.963 0.0132 Matheson et al. (2008)

Continued on the next page. ..
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Table A.1 — Continued

Number of
Name spectra  Stretch Redshift References
1998dm 10 0.952 0.0065 Matheson etal. (2008)
1998ec 6 0.946 0.0199 Matheson et al. (2008)
1998eg 6 0.971 0.0235 Matheson et al. (2008)
1998es 26 1.135 0.0096 Matheson et al. (2008)
1999X 6 0.930 0.0252 Matheson et al. (2008)
1999aa 43 1.131 0.0153 Garavini et al. (2004);
Matheson et al. (2008)
1999ac 33 0.973 0.0098 Garavini et al. (2004);
Matheson et al. (2008)
1999aw 8 1.205 0.0380 Strolger et al. (2002)
1999by 18 0.612 0.0027 Garnavich et al. (2004);
Matheson et al. (2008)
1999cc 7 0.808 0.0315 Matheson et al. (2008)
1999cl 11 0.964 0.0087 Matheson et al. (2008)
1999dq 18 1.111 0.0135 Matheson et al. (2008)
1999ee 37 1.053 0.0114 Hamuy etal. (2002)
1999¢j 5 0.797 0.0137 Matheson et al. (2008)
1999gd 5 0.942 0.0193 Matheson et al. (2008)
1999gh 15 0.702 0.0077 Matheson et al. (2008)
1999gp 10 1.146  0.0260 Matheson et al. (2008)
2000B 7 0.778 0.0198 Matheson et al. (2008)
2000E 5 1.030 0.0044 Valentinietal. (2003)
2000cf 6 0.933 0.0365 Matheson et al. (2008)
2000cn 10 0.778 0.0232 Matheson et al. (2008)
2000cx 42 1.090 0.0081 Lietal. (2001a); Matheson et al. §200
2000dk 9 0.763 0.0165 Marion et al. (2003);
Matheson et al. (2008)
2000dm 1 0.885 0.0150 Marion et al. (2003)
2000dn 1 1.140 0.0321 Marion et al. (2003)

Continued on the next page. ..
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Table A.1 — Continued

Number of
Name spectra  Stretch Redshift References
2000do 1 0.0109 Marion et al. (2009)
2000fa 14 1.053 0.0218 Marion et al. (2003);
Matheson et al. (2008)
2001ay 6 1.500 0.0302 Howell & Nugent (2004)
2001ba 5 1.018 0.0305 M. M. Phillips
2001bf 3 1.140 0.0155 Marion et al. (2003); M. M. Phillips
2001bg 1 0.993 0.0071 Marion et al. (2003)
2001br 1 1.060 0.0206 Marion etal. (2003)
2001bt 1 0.900 0.0144 M. M. Phillips
2001cn 2 0.978 0.0154 M. M. Phillips
2001dI 1 1.140 0.0207 Marion et al. (2003)
2001el 10 0.981 0.0039 Wang et al. (2003)
2001en 2 0.935 0.0159 Marion et al. (2009)
2001ex 6 0.0264 D. A. Howell
2001hc 1 0.3500 Lidman et al. (2005)
2002bo 15 0.922 0.0042 Benettietal. (2004);
Marion et al. (2009)
2002cr 1 0.0095 Marion et al. (2009)
2002ef 1 0.0240 Marion et al. (2009)
2002er 25 0.922 0.0086 Kotak et al. (2005)
2002fb 1 0.0156 Marion et al. (2009)
2002fk 2 0.940 0.0071 Marion et al. (2003)
2002ha 1 0.0140 Marion et al. (2003)
2002hw 1 0.0175 Marion et al. (2003)
2002iu 1 0.1100 Matheson et al. (2005)
2003W 2 0.0201 Marion et al. (2009)
2003bf 6 0.0336 D. A. Howell
2003bs 3 0.0500 D. A. Howell
2003bt 2 0.0266 D. A. Howell

Continued on the next page. ..
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Number of
Name spectra  Stretch Redshift References
2003bu 1 0.0201 D. A. Howell
2003cg 1 0.0041 Marion et al. (2009)
2003du 10 1.056 0.0064 Anupama et al. (2005);

Marion et al. (2009)

2004E 1 0.0298 Marion et al. (2009)
2004S 8 0.0091 Kirisciunas et al. (2007)
2004ab 1 0.0058 Marion et al. (2009)
2004bk 1 0.0231 Marion et al. (2009)
2004bl 1 0.0173 Marion et al. (2009)
2004bv 2 0.0106 Marion et al. (2009)
2004bw 1 0.0212 Marion et al. (2009)
2004ca 1 0.0178 Marion et al. (2009)
2004da 4 0.0159 Marion et al. (2009)
2004ef 7 0.791 0.0310 CsP
2004e0 3 0.788 0.0157 CSP
2004ey 4 1.016 0.0158 CSP
2004gs 2 0.685 0.0266 CSP
2005M 8 1.060 0.0220 CSP
2005al 7 0.929 0.0124 CsP
2005am 11 0.729 0.0079 CSP; Marion et al. (2009)
2005cg 6 1.070 0.0313 Quimby et al. (2006)
2005el 4 0.811 0.0149 CsP
2005eq 2 1.144 0.0290 CSP
2005hc 1 0.989 0.0459 CSP
2005iq 2 0.861 0.0340 CsSP
2005kc 2 0.879 0.0151 CsP
2005ke 6 0.601 0.0049 CSP
2005ki 3 0.866 0.0196 CSP
2005na 3 1.014 0.0263 CSP

Continued on the next page. ..




Table A.1 — Continued

161

Number of
Name spectra  Stretch Redshift References
2006D 11 0.789 0.0085 CSP
2006ax 8 1.003 0.0168 CSP
2006bh 2 0.750 0.0109 CsP
03Dlau 1 1.119 0.5040 Ellis et al. (2008); SNLS
03Dlaw 1 1.076 0.5820 Ellis etal. (2008); SNLS
03D1dj 1 1.123  0.4000 Ellis et al. (2008); SNLS
03D3ay 1 1.064 0.3710 Ellis etal. (2008); SNLS
03D3bb 1 0.2440 Ellis et al. (2008); SNLS
03D3bl 1 0.989 0.3550 Ellis et al. (2008); SNLS
03D3cc 1 1.013 0.4630 Ellis etal. (2008); SNLS
03D3cd 1 1.099 0.4610 Ellis etal. (2008); SNLS
03D4ag 1 1.049 0.2850 Ellis etal. (2008); SNLS
03DA4cj 1 1.039 0.2700 Ellis etal. (2008); SNLS
03D4dh 1 1.053 0.6270 Ellis etal. (2008); SNLS
03D4gl 1 0.931 0.5710 Ellisetal. (2008); SNLS
04D1hd 1 0.3690 Ellis et al. (2008); SNLS
04D1jg 1 0.5840 Ellis et al. (2008); SNLS
04D1rh 1 0.965 0.4350 Ellisetal. (2008); SNLS
04D2gc 1 1.096 0.5220 Ellis etal. (2008); SNLS
04D2kr 1 1.069 0.7440 Ellisetal. (2008); SNLS
04D3ez 1 0.935 0.2630 Ellis etal. (2008); SNLS
04D3fk 1 0.963 0.3580 Ellis et al. (2008); SNLS
04D3nq 1 1.035 0.2200 Howell et al. (2005); SNLS
04D4in 1 1.045 0.5160 Ellis et al. (2008); SNLS
04D4jr 1 1.182 0.4820 Ellis etal. (2008); SNLS
05D1hk 1 1.060 0.2630 Ellis etal. (2008); SNLS
05D1hn 1 0.981 0.1490 Ellisetal. (2008); SNLS
05D1if 1 1.039 0.7630 Ellis etal. (2008); SNLS

05D1ix 1 0.950 0.4900 Ellis etal. (2008); SNLS
Continued on the next page. ..
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Number of

Name spectra  Stretch Redshift References

05D1iy 1 0.814 0.2480 Ellis etal. (2008); SNLS
05D2le 1 1.144  0.7000 Ellis et al. (2008); SNLS
05D2mp 1 1.138 0.3540 Ellis etal. (2008); SNLS
05D3kx 1 1.051 0.2190 SNLS

05D3mq 1 0.868 0.2400 SNLS

05D3ne 1 0.823 0.1692 SNLS

06D2fb 1 0.976 0.1242 SNLS

06D2ez 1 0.0822 SNLS

06D3cn 1 0.2320 SNLS
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Appendix B

Plaskett Spectroscopic Supernova
Survey

The Plaskett Spectroscopic Supernova Survey (PSS$)n ongoing observing program
initiated and led by the author. It uses the 1.82-m Plaskel##stope of the Dominion
Astrophysical Observatory (DAQO) in Victoria to obtain sgrescopic data of nearby su-
pernovae. The survey began in the latter half of 2007 andvs num by five graduate
students. A large fraction of nights on the Plaskett Telpedmas been allocated to this
survey, on average between one to two nights a week. The roala gf the survey are to
spectroscopically confirm and classify newly discoverearbg supernovae and to expand
the current library of spectra.

Because the supernova spectral features are broad, thd thggsrsion setting for the
Cassegrain spectrograph is used to maximize the amounthafrégeived at each wave-
length. The spectrograph at the Plaskett telescope isrbig observe objects down to
16th magnitude. With long exposure times, spectra for sugee down to 17th magnitude
are consistently obtained. From the known telescope liafiteour angle, declination and
magnitude, an IDL program is written to automatically gexteia list of targets from the as-
tronomical circulars for each observing night. On averageZpectra can be obtained on
a clear night, with unclassified supernovae given priofityring the first six quarters, the
survey has produced 37 spectra and published 13 astrorarin@maars for spectroscopic
classifications. The publications and their Central Bureactibnic Telegrams (CBET)
numbers are listed in Table B.1. During this time the survey/dizserved spectra for some
very interesting objects. A sample of them is described bowe:

Ihttpy//www.astro.uvic.cAhsiagpssg
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SN 2007gk SN 2007gk has been classified as a Type la supernova by the(PSias et
al. 2007b). The two spectra of SN 2007gk observed by the P&&#nble those of peculiar
SN 2002bo (Benetti et al. 2004), characterized by their uallyslarge expansion veloc-
ities of the Si Il features. The expansion velocity for thdlF355A line of SN 2007gk
is measured to be approximately 14 500 ki) snuch higher than those of normal Type
la supernovae (Figure B.1). The high velocity suggests tiattrning to intermediate
mass elements has reached the outermost region. The SiaR38#% is one of the best
indicators of intrinsic luminosity (Chapter 6). The depthtteé Si Il 5972A of SN 2007gk
is quite typical. A PCA projection analysis of this featuréns a stretch value of = 1.0.
The higher than usual expansion velocities are therefaremaen by an extreme amount
of °®Ni. Benetti et al. (2004) argued that the one-parameter geer is inadequate for
the Si Il expansion velocities, as there exists a wide ramgelocities for supernovae with
similar light-curve widths.

SN 2008A The two spectra of SN 2008A obtained by the PSSS resemble tigeecu-
liar SN 2002cx (Li et al. 2003) and SN 2005hk (Phillips et &02). SN 2002cx has been
called “the most peculiar known Type la supernova,” becailisas premaximum spectra
resembling overluminous 1991T-like objects, yet its lovakéuminosity resembles un-
derluminous 1991bg-like objects. The reported discoveagmitude of SN 2008A is 17.6
(Nakano et al. 2008) and corresponds to an absolute magrofud 6.6, assuming that it is
in the Hubble flow and dters from no dust extinction. This is consistent with an uhder
minous object. Its premaximum spectrum is also reportetidavsigh ionization features
characteristic of overluminous objects (Blondin & Berlind03). The PSSS spectra of
SN 2008A are taken approximately three weeks past maximglmdind exhibit unusually
narrow features (Figure B.2), present in both SN 2002cx an@@Mhk. These narrow
features show evidence of well-mixed unprocessed carlhuppaosting a pure deflagration
burning front. As more of these 2002cx-like objects arealisced, it is clear that they are
not isolated events.

SN 2008fz The PSSS obtained an early spectrum of SN 2008fz approXynate day
past discovery. The spectrum is quite featureless (FiguBedhd is classified as a Type Ic
(Hsiao et al. 2008a). Hydrogen Balmer lines are reported farbgent in a later spectrum
of SN 2008fz, and the supernova is re-classified as Type limdéiieet al. 2008). The
redshift from the Balmer lines is measured toze 0.133 and suggests that this object
is quite distant and luminous. Benetti et al. (2008) derivedabsolute magnitude of -
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22.1, which makes it one of the brightest supernovae obdeigere is some controversy
over the explosion mechanism of some of the Type lin sup@mosuch as SN 2002ic
(Hamuy et al. 2003; Benetti et al. 2006). Our classificatiomye Ic appears to favor

SN 2008fz being a core-collapse supernova. However, the ga@ctrum of SN 2008fz is

quite featureless, making the classification less secure.

SN 2008hp SN 2008hp is classified by the PSSS as a Type la supernovao(Eisal.
2008b), approximately four days past discovery. The spetimatches that of a normal
Type la supernova at approximately 10 days past maximun [ligte host galaxy is found
to have a very low luminosity, with an absolute magnitudepgfraximately -12.4 (Drake et
al. 2008). This luminosity is at the low end of the populatiewen among dwarf galaxies.
A supernova like SN 2008hp would probably have been missgdlaxy-targeted searches,
creating a sampling bias towards brighter hosts.

There are plans to keep the survey going because of theshterebserving generated
among young graduate students. At the time of writing, th&eguis ongoing and run
mostly by students who do not have previous experience ierelvgy or supernova science.
Although the lack of complementary photometry and the sgisv@ability to make time
series observations will probably continue to limit theesitific goals, the PSSS has been
shown to be a good facility for students to gain valuable Bam observing experience.



Table B.1: Astronomical circulars published by the PSSS

CBET Supernova Supernova Host Days past

number name type redshift discovery
1025 2007gk la 0.02663 1.4
1219 2008L la 0.01940 8.1
1224 2008P Il 0.01214 1.0
1267 2008ak Il 0.00793 7.9
1429 2008dx la 0.02303 3.6
1434 2008dw I 0.01244 5.5
1434 2008ea Il 0.01426 1.8
1436 2008eb Ic 0.00761 15
1502 2008fn Ibc 0.02984 36.5
1524 2008fz I 0.5
1547 2008g! la 0.03402 1.8
1551 2008gm lIn 0.01173 6.6
1589 2008hp la 0.02700 3.5
1804 2009en la 0.04674 6.3
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