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ABSTRACT

Type Ia supernovae (SNe Ia) are excellent tools in cosmology. Their intrinsic luminosi-

ties are found to vary systematically with the light-curve widths, providing an empirical

calibration. This property, called the width-luminosity relation (WLR), is the basis of mod-

ern SN Ia cosmology and led to the unexpected discovery of thecurrent accelerated rate

of cosmic expansion. By examining the spectroscopic diversity of SNe Ia, this thesis aims

to improve both the use of SNe Ia in cosmology and the physicalunderstanding of the

observed properties. Spectra of SNe Ia contain a wealth of information, but are difficult

to organize. In this thesis, new methods are developed to consistently quantify and ana-

lyze the spectral features of supernovae. The efficacy of the methods is tested on a large

library of observed spectra encompassing a wide range of properties. The spectroscopic

diversity of SNe Ia enters cosmology throughK-correction calculations. Before this work,

K-correction was a major contributor of the systematic errors in cosmology. It is shown

here that the systematic errors can be largely diminished bycarefully quantifying the mean

spectroscopic properties of SNe Ia. The remaining statistical errors are also quantified

and shown to be redshift dependent. With the aid of principalcomponent analysis (PCA),

the multidimensional spectral information is reduced to a few components describing the

largest variations in the spectral library. Using this tool, it is shown here that SN Ia intrin-

sic luminosity is the main driver of the spectroscopic diversity at maximum light, forevery
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spectral feature from the ultraviolet to the near-infrared. These spectroscopic sequences

can potentially account for a large fraction of theK-correction statistical errors and even

enable the use of SN Ia spectra as independent indicators of intrinsic luminosity and col-

ors. The established relations will also disentangle the effects of demographic shift and true

evolution in high-redshift SN Ia spectra. The temporal evolution of the spectral features is

shown to exhibit the persistence of the spectroscopic sequences throughout other epochs.

The effect is attributed to the more rapid spectroscopic temporal evolution of fainter SNe

Ia. This conclusion supports the theory that WLR is primarilya spectroscopic effect, rather

than a bolometric one.
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Marion, J́ozsef Vinḱo, Sam Gooding, Saul Perlmutter, Nao Suzuki and Peter Nugent. With-

out their help along the way, this thesis would not have been possible.

I would like to thank my parents and my grandparents for always keeping an open mind

and for patiently supporting me through years (decades!) ofschool.

I would like to thank my wife, Elaine, for her always unconditional love and support and

my son, Ling, for being my constant reminder of what life is about.

I acknowledge the support from National Sciences and Engineering Research of Canada,

R. M. Petrie Memorial Fellowship, Howard Petch Research Scholarship, President’s Re-

search Scholarship and the University of Victoria Fellowship.



xiii

DEDICATION

to Elaine, Ling, Mom and Dad



Chapter 1

Introduction

Type Ia supernovae (SNe Ia) are a remarkably homogeneous class of objects. Their peak

luminosities are extremely bright and are found to vary systematically with the light-curve

width. These properties make SNe Ia a powerful tool for cosmological studies and have

led to the surprising discovery of the acceleration in the current cosmic expansion. The

acceleration infers a previously unaccounted for component of the universe, named “dark

energy” to reflect our ignorance. Dark energy comprises overhalf of the total matter-energy

content of the universe, and poses a great challenge for fundamental physics.

The current generation of SN Ia surveys aims to constrain thenature of dark energy.

This is achieved by the reduction of statistical errors withlarge sample sizes and the metic-

ulous control of the systematic errors. One of the major sources of the errors arises from the

spectroscopic diversity of SNe Ia. At first glance, the spectroscopic properties of SNe Ia are

quite uniform. Yet exquisitely detailed observations of these objects have revealed not only

subtle variations within the majority, but also some rare and truly peculiar events. Despite

efforts in the observational and theoretical studies of SNe Ia,the origin of the variations

remains unclear.

The effects of spectroscopic diversity have not been dealt with adequately in previous

surveys. This thesis is primarily motivated by the potential to substantially improve SN

Ia cosmology by examining the observed spectroscopic diversity. The same path will also

lead to some insights which will help decipher some of the unanswered questions in SN

Ia physics. There are thus two goals for this work: 1) to improve the use of SNe Ia as

calibrated candles, and 2) to uncover the origin of the intrinsic variations in spectroscopic

features of SNe Ia.

The thesis is organized as follows. In Chapter 2, the current status of our understanding

of SNe Ia and the remaining unanswered questions are outlined. In Chapter 3, the standard
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model of cosmology is developed on the foundation of the general theory, and the use of

SNe Ia as calibrated candles to measure the cosmological parameters is also discussed. The

library of spectra and the methods developed to quantify andanalyze spectral features are

described in Chapter 4. The effects of spectroscopic diversity on SN Ia cosmology and the

efficacy of the proposed methods are examined in Chapter 5. In Chapter 6, the global trend

of the spectral variation and the main drivers of the variation are identified. In Chapter 7,

the spectroscopic properties of SNe Ia in the near-infraredare examined.
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Chapter 2

Properties of Type Ia supernovae

Abstract Type Ia supernovae (SNe Ia) are currently the most precise distance indica-

tors, allowing for the direct measurement of the expansion history of the universe. SNe

Ia display a range of intrinsic luminosities and are calibrated using the empirical width-

luminosity relation (WLR). Because of their cosmological utility, there is pressing need for

the physical understanding of the properties of SNe Ia. Whilethere is general consensus

that the progenitors of SNe Ia are carbon-oxygen white dwarfs (WDs) in binary systems,

the nature of the donor stars is less certain. The explosion models depend on the total mass

of the progenitor system and are thus also uncertain. Fortunately, in the study of the origin

of WLR, the uncertainties in the progenitor systems and the explosion models are of little

consequence. The primary driver of the intrinsic luminosity of SNe Ia is the amount of56Ni

synthesized in the explosion. Most studies explain the WLR byrelating the increase in the
56Ni mass to the increase in the mean opacity and diffusion time. This is manifested as an

increase in the widths of the bolometric light curves. However, recent work suggested that

WLR is primarily a spectroscopic effect. The study of the spectroscopic temporal evolu-

tion of SNe Ia is needed to discern between the two possibilities. The evolution of SN Ia

properties with redshift is also of great concern for cosmology. Current spectroscopic tests

of evolution cannot distinguish between variations drivenby demographic shift and true

evolution. Established relations between SN Ia spectral features and intrinsic luminosity

will help disentangle these effects.
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2.1 Introduction

SNe Ia are the most precise distance indicators available for extragalactic astronomy. Their

intrinsic luminosities in the optical are found to vary systematically with their light-curve

widths, allowing them to be calibrated into standard candles. This empirical relation is

the basis of modern SN Ia cosmology, and made possible the discovery of the current

accelerated rate of cosmic expansion. Despite the successful applications, the physical

origin of the empirical relation is not well understood. TheSN Ia luminosity has also been

found to correlate with host galaxy properties. As galaxy properties shift with redshift,

supernova properties will also shift. The systematic difference between low-redshift and

high-redshift SNe Ia may also affect cosmology. In this section, the observational properties

and the current state of SN Ia physics are outlined. More importantly, the still unanswered

questions and the approaches toward the solutions are also described.

2.2 Classification

Several important historical milestones led to the identification and the subsequent classi-

fication of supernovae. Lundmark (1925) was the first to suggest an “upper class” distinct

from the regular novae. The new class was created for nova S Andromeda or SN 1885A,

which was several magnitudes brighter than a sample of 21 regular novae in the Andromeda

galaxy. Baade (1942) made the important connection between the historical supernova

SN 1054 and its remnant, the Crab Nebula, M1. Minkowski (1941)introduced two sub-

classes for supernova based on their optical spectra. The classification system was then

refined by Zwicky in 1965 and became the basis for modern classification of supernovae.

For a review on the classification of supernovae, see Filippenko (1997) and Turatto (2003).

The classification of a SN is mainly based on its optical spectrum at maximum light

(Figure 2.1). The presence or absence of hydrogen separatessupernovae into Type II and

Type I, respectively. When it became clear that a subset of Type I supernovae exhibit very

red colors and lines of intermediate elements at late times (e.g. Filippenko & Sargent 1985;

Panagia et al. 1986; Uomoto & Kirshner 1985; Wheeler & Levreault 1985), new subclasses

were introduced. Type I supernovae which display the prominent Si II line near 6150Å are

classified as Type Ia. The rest coincide with the subset of theunusually red supernovae

and are further subdivided into Type Ib and Type Ic by the presence or absence of He lines,

respectively.

Type II supernovae are also subdivided into Type IIP (for plateau) and Type IIL (for
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linear) according to their optical light curves. Shortly after the light curve of a Type IIP

supernova reaches the maximum, a plateau phase follows withan extraordinarily 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 light, much like Type I supernovae.

Observations of Type IIP supernovae with extraordinarily short durations of the plateau

phase suggest that there may be some continuity between the two subtypes. Progenitors

of Type IIP supernovae are believed to have much more massivehydrogen envelopes than

Type IIL supernovae.

A core-collapse supernova results from the gravitational collapse of the iron core of a

massive star. The difference in the appearance of the spectra of these supernovae is thought

to be determined by the amount of hydrogen envelope remaining in the massive star at the

time of explosion (Nomoto et al. 1995). A regular star with a hydrogen layer would explode

as a Type II supernova. A star which has lost its hydrogen envelope or both its hydrogen

and helium envelopes, whether through stellar winds or binary interactions, would explode

as Type Ib or Ic. The discovery of a hybrid Type IIb (e.g., Filippenko 1988) supports this

picture. These objects start as Type II at early times and lose their hydrogen lines at late

times and reveal He I lines characteristic of Type Ib supernovae. They make the important

connection between Type II and Ibc supernovae. In the scenario of varying envelope mass

manifesting as different observed properties, the subtypes of core-collapse supernovae can

be placed in the sequence, types IIP-IIL-IIb-Ib-Ic, ordered by the decreasing envelope mass

of the massive star undergoing the explosion (Figure 2.1).

Type Ia is believed to be the only supernova type that resultsfrom the thermonuclear

disruption of a WD. It is thought that the progenitor of a SN Ia accretes mass until the

carbon in the WD is ignited. This occurs when the WD reaches a mass of approximately

1% less than the Chandrasekhar mass. The carbon ignition leads to subsequent unregulated

thermonuclear burning which unbinds and destroys the entire WD.

For a Type II supernova with its massive envelope intact, theenvelope does not have

to expand much for it to become sufficiently transparent for photons to escape. The light

curve is powered by the shock energy from the explosion. Thisis not the case for the Type

I family. The exploding objects of the Type I variety are compact, whether they are WDs,

suspected for Type Ia, or bare cores of massive stars, suspected for Type Ibc supernovae.

The expansion of the compact object after its explosion rapidly cools the ejecta. By the time

the matter is transparent, the heat from the original shocksof the explosion has dissipated.

The light curves of Type I supernovae are thus powered exclusively by the radioactive decay

of the56Ni synthesized in the explosion.
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Yet another class of objects, Type IIn supernovae, are identified by the prominent nar-

row hydrogen Balmer emission lines, in place of the broad P Cygni profile characteristic

of normal Type II supernovae (Schlegel 1990). Other spectral features in these objects are

weak. The prominent narrow Balmer emission line is typicallysuperimposed on broader,

weaker components. It is thought that these emission features are the results of the interac-

tion between the supernova ejecta and a dense circumstellarmedium (Chugai & Danziger

1994). The interaction between the fast moving ejecta and the slowly expanding circum-

stellar medium generates a forward shock in the circumstellar medium and a reverse shock

in the ejecta. These shocks manifest as distinct componentsin the Balmer emission.

Some Type IIn supernovae, along with some Type Ibc supernovae, are suspected of

being associated with gamma-ray bursts. The explosion energy produced in these events is

generally high. Some have been shown to have kinetic energies> 1052 ergs (e.g., Woosley

et al. 1999). The extreme energies earn them the term “hypernova” (Iwamoto et al. 1998).

These associations appear to group Type IIn with the core-collapse variety. However, recent

discoveries of Type Ia/IIn hybrids, such as SN 2002ic (Hamuy et al. 2003) and SN 2005gj

(Aldering et al. 2006; Prieto et al. 2007), revealed examples of what are presumed to be

WDs exploding inside hydrogen envelopes and prompted the reexamination of some of

these objects. The precise nature of these objects is still controversial (Benetti et al. 2006).

The spectroscopic properties of SNe Ia are quite uniform. Yet observations of Type Ia

SN 1991bg (Filippenko et al. 1992a) and SN 1991T (Phillips etal. 1992; Filippenko et al.

1992b) revealed some peculiar spectral features which differ substantially from the norm.

The spectra of normal SNe Ia are characterized by strong lines attributed to singly-ionized

intermediate-mass elements. Around maximum light, SN 1991bg shows suppressed flux

near 4200Å by strong Ti II features and a stronger than normalSi II line from the 5958,

5979Å doublet. The intrinsic luminosity of SN 1991bg is determined to be unusually low.

On the other hand, SN 1991T exhibits essentially no absorption from the Ca II H&K and

Si II 5958, 5979Å doublet, but prominent high-ionization features of Fe III in its early spec-

tra. The intrinsic luminosity is determined to be brighter than normal. The subsequent dis-

coveries of more objects like these prompted the further classification of spectroscopically

peculiar objects into 1991bg-like and 1991T-like categories (Branch et al. 1993). Nugent

et al. (1995) explains the diversity as an effect in the varying “effective temperature” of

the ejecta, forming a sequence from the low-temperature 1991bg-like objects through the

normal SNe Ia to the high-temperature 1991T-like objects.

More recently, the observations of SN 2002cx (Li et al. 2003)revealed peculiar proper-

ties which do not fit in either of the two peculiar subclasses described above. The premaxi-
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Figure 2.1: The classification scheme of supernovae. (source: Turatto (2003))

mum spectrum resembles overluminous 1991T-like objects, yet its low intrinsic luminosity

resembles underluminous 1991bg-like objects. Discoveries of more objects with similar

properties, such as SN 2005hk (Phillips et al. 2007) and SN 2008ha (Foley et al. 2009),

have prompted yet another category of peculiar SNe Ia, 2002cx-like objects. Foley et al.

(2009) estimate the rate of 2002cx-like objects to be as highas 10% of the total Type Ia

supernova rate. To complicate the matter further, Valenti et al. (2009) claimed that mem-

bers of this class of objects are not thermonuclear supernovae, but originate from the core

collapse of the oxygen-neon cores of 7− 9 M⊙ stars.

There are many more examples of these subclasses of peculiarSNe Ia, each with its own

unique peculiarity. Among them are SN 1999aa (Garavini et al. 2004), SN 1999ac (Phillips

et al. 2006), SN 2000cx (Li et al. 2001a), SN 2001ay (Howell & Nugent 2004), SN 2002bo

(Benetti et al. 2004), SN 2003fg (Howell et al. 2006), and SN 2006gz (Hicken et al. 2007).

As the extensive monitoring and exquisite observations of supernovae continue, the zoo of

subclasses is sure to expand. The vast range of subclasses reflects the uncertainties in the

theoretical models which describe these events, but at the same time provides insight into

a more complete picture.
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2.3 Progenitor systems

SNe Ia occur in all types of galaxies. In particular, SNe Ia occur in elliptical galaxies,

while the others do not (van den Bergh et al. 2002, 2003, 2005).(However, it should be

noted that a peculiar core-collapse event has recently beendiscovered in an elliptical galaxy

(Kawabata et al. 2009).) This has given rise to the (incorrect) idea that the progenitors of

SNe Ia are long-lived low-mass stars. The best candidate forthe exploding object is a

WD. A helium WD would yield compositions different from the observed ones (Nomoto

& Sugimoto 1977). Accretion onto an oxygen-neon-magnesiumWD is expected to lead

to an accretion-induced collapse to a neutron star (Nomoto &Kondo 1991). The general

consensus is therefore that a carbon-oxygen WD is the best progenitor candidate for a SN

Ia.

The average WD mass is only about 0.6 M⊙ (e.g., Ritter & Burkert 1986), and the

Chandrasekhar limit is approximately 1.4 M⊙ (Chandrasekhar 1931). The most sensible

way to accumulate the mass necessary for an explosion is through a binary system. The

question is: what types of companion stars would lead to a SN Ia? Despite the general

agreement that the exploding object is a carbon-oxygen WD, there is no consensus on the

donor star. For a review on the possible progenitor systems of SNe Ia, see Livio (2000,

2001).

One way for a WD to gain mass is to accrete hydrogen from a companion non-degenerate

star (Whelan & Iben 1973; Nomoto 1982). In this scenario, onlya narrow range of accre-

tion rates is possible to allow for the stable burning of hydrogen required for the WD mass

to grow (Nomoto 1982). The mass transfer rate must be rapid enough to prevent a nova

explosion that ejects more mass and slow enough that the WD is not engulfed by hydrogen

in a common envelope, displaying hydrogen in the spectrum (Yoon & Langer 2003). At

this optimal transfer rate (10−8−10−6 M⊙/yr), the hydrogen will then gently burn to carbon

and oxygen and settle onto the degenerate core. Promising candidates have been identified

as supersoft X-ray sources, which display just the right transfer rate (Hachisu et al. 1996;

Kahabka & van den Heuvel 1997).

Another possibility for a WD to gain the necessary mass for an explosion is through

the merger of two WDs (Iben & Tutukov 1984; Webbink 1984; Paczynski 1985); the dis-

sipation of orbital energy is accomplished through the emission of gravity waves. In this

scenario, the less massive WD would fill its Roche lobe and swirlaround the more massive

WD in a thick disk. The total mass of the system is required to exceed the Chandrasekhar

limit, and the orbital period is required to be short. It is unclear whether the system would
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remain in this configuration, collapse to a neutron star (Saio & Nomoto 2004) or explode

as a SN Ia.

Many routes have been explored in an attempt to determine whether single-degenerate

scenario, double-degenerate scenario, or a combination ofboth best describe the progeni-

tor systems of SNe Ia. Delay-time distributions, determined by the lag between the cosmic

star formation rate and the SN Ia birth rate, have been used todeduce the progenitors. The

results suggest that the single-degenerate scenario alonecannot explain the observed delay-

time distribution (e.g., Mannucci et al. 2006; Pritchet et al. 2008; Totani et al. 2008). Obser-

vations of candidate binary systems containing carbon-oxygen WDs also yield constraints

on the frequency of the progenitor scenarios. The recent survey of WD binary systems

has identified many candidates for double-degenerate progenitors of SNe Ia (Napiwotzki

et al. 2004). However, not one of the systems has both an orbital period short enough to

merge in a Hubble time and a total mass that exceeds the Chandrasekhar limit. The dearth

of promising double-degenerate systems led Parthasarathyet al. (2007) to conclude that

single-degenerate systems produce most or perhaps all SNe Ia.

The detection or non-detection of material from the explosions themselves or from the

companion stars gives clues as to whether or not the companions are degenerate stars. The

single-degenerate scenario should lead to an enhancement in the density of the circumstel-

lar material. Evidence of hydrogen in the spectra of SNe Ia, such as SN 2002ic (Hamuy

et al. 2003) and SN 2005gj (Aldering et al. 2006; Prieto et al.2007), presumably is a re-

sult of the interactions between the supernova ejecta and material from previous mass loss

episodes of the companion stars. This supports the single-degenerate scenario; but the

opposite has also been argued (Livio & Riess 2003). The ultra-violet flux of SNe Ia can

also ionize circumstellar medium. The detections of Na I D lines in heavily reddened SNe

Ia, such as SN 1999cl and SN 2006X, also favor single-degenerate progenitor systems for

these SNe Ia (Patat et al. 2007; Blondin et al. 2009). The non-detection of SNe Ia at radio

wavelengths excludes the case of accretion from a massive companion star (Panagia et al.

2006) and supports a low-mass non-degenerate or a degenerate companion star. The differ-

ent types of companion stars lead to different explosion models and may lead to detectable

differences in the amount of unburned carbon. Optical and infrared spectra have shown

little or no carbon (Marion et al. 2006; Thomas et al. 2007). This is best matched by the

delayed detonation in a single-degenerate scenario (Section 2.4). However, the unambigu-

ous discoveries of super-Chandrasekhar-mass SNe Ia, such asSN 2003fg (SNLS-03D3bb;

Howell et al. 2006) and SN 2006gz (Hicken et al. 2007), and thedetections of unburned

carbon in the outer layer, favor the double-degenerate scenario. Ruiz-Lapuente et al. (2004)
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identified a possible companion star for Tycho Brahe’s 1572 Type Ia supernova. The star

is a type G0-G2 star, moving at more than three times the mean velocity of the stars at the

same radial distance from the explosion. However, a more recent spectroscopic study of

the star found this conclusion to be less certain (Kerzendorf et al. 2009).

It can be seen that these different methods lead to contradictory implications for the

progenitor systems. However, most lines of evidence point to a combination of both de-

generate and non-degenerate stars as donor stars for exploding WDs.

2.4 Explosion models

Explosion models of SNe Ia can generally be organized into three broad classes. All three

classes involve the explosions of carbon-oxygen WDs, with varying mass conditioned by

the progenitor systems. The first class of models describes the explosion of a WD with

mass approaching the Chandrasekhar limit and accreted through the Roche-lobe overflow

from an evolved companion star (Whelan & Iben 1973; Nomoto 1982). The explosion is

then triggered by compressional heating near the center of the WD. The second class of

models describes the explosion of a rotating configuration formed from the merger of two

low-mass WDs (Webbink 1984; Iben & Tutukov 1984; Paczynski 1985). The merger is

caused by the loss of angular momentum through gravitational radiation. The total mass of

the system may be super-Chandrasekhar. The third class describes explosion of a low-mass

sub-Chandrasekhar WD triggered by detonation of a helium layer (Woosley et al. 1980;

Woosley & Weaver 1986, 1994). The sub-Chandrasekhar models have been ruled out for

normal SNe Ia from the predicted light curves and spectra (Nugent et al. 1997). Here,

we focus on the Chandrasekhar-mass models to develop an intuitive understanding of the

process.

The thermonuclear runaway process in degenerate matter is considered the main mech-

anism for the explosion of SNe Ia (Hoyle & Fowler 1960). As themass of the WD ap-

proaches the Chandrasekhar limit, any small mass increase results in substantial contraction

of the star, compressing the material near the center. The compression ignites thermonu-

clear reactions and accelerates them with increasing temperature. Because the temperature

increase does not affect the degenerate electron pressure and does not expand thestar, the

thermonuclear reactions continue in a runaway fashion. Whenthe thermal and the de-

generate electron pressures are comparable, expansion begins, but is too late to stop the

thermonuclear reactions. The ignition starts a SN Ia explosion that lasts for approximately

one minute. The network of thermonuclear processes begins from 12C and16O and ends at
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56Ni where no more exothermic nuclear processes are possible.Vast quantities of partially

processed intermediate-mass elements, such as Ne, Mg, Si, Sand Ca, are also produced.

The process releases energy on the order of 1051 ergs, most of which is transformed into

kinetic energy that unbinds the star.

The thermonuclear reactions occur in a thin layer of thermonuclear flame that propa-

gates from the center outwards. There are two modes of flame propagations in SNe Ia.

“Detonation” describes burning velocities slightly abovethe local sound speed, where the

reaction front is preceded by a shock wave. “Deflagration” describes burning well below

the local sound speed. For pure supersonic burning, the flamewould propagate through the

entire WD before it has time to expand and convert the whole star into iron-peak elements.

This is not what is observed; therefore, a pure detonation scenario can be ruled out.

In a pure deflagration scenario (Nomoto et al. 1984), significant amount of material

remains unprocessed because the subsonic speed of the deflagration burning front is unable

to catch up to the expansion of the WD near the surface. In multidimensional deflagration

models, the burning front becomes turbulent and results in the large scale mixing of pri-

mordial and processed materials (Gamezo et al. 2003; Röpke & Hillebrandt 2005). Large

pockets of unburned carbon and oxygen are expected to be found at various depths. This

result contradicts the spectroscopic observations of normal SNe Ia, characterized by little

or no unprocessed material and radially layered chemical structures. The pure deflagration

scenario is also thought to provide insufficient energy for a normal SN Ia. The observations

of the new class of 2002cx-like objects (Section 2.2) support them being pure deflagration

supernovae.

The delayed-detonation models (Khokhlov 1991; Yamaoka et al. 1992) currently pro-

vide the best match to the observations of normal SNe Ia. These models start with a sub-

sonic deflagration burning front. As described for the pure deflagration case, the turbulent

nature of the burning front results in large scale mixing. The delayed-detonation models

then introduce a transition from deflagration to detonation. The supersonic detonation front

eradicates most chemical inhomogeneities, producing a radially stratified chemical struc-

ture and little unburned material at the surface, in agreement with observations of normal

SNe Ia.

Despite the success of the delayed-detonation models at reproducing the observed prop-

erties of SNe Ia, how the deflagration-to-detonation transition occurs in the unconfined

ejecta is still unclear (Gamezo et al. 2005; Zingale & Dursi 2007). A complete model also

has to overcome other uncertainties, such as the nature of the progenitor systems, precise

ignition conditions and the physics of the turbulent nuclear combustion. There is currently
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no full theoretical description of the explosion mechanismof SNe Ia.

2.5 Light curve and spectra

As the compact exploding object is initially optically thick, most of the energy from the

explosion is converted into kinetic energy (1051 ergs) to unbind the star. Another source of

energy is required to produce the observed luminosity of a SNIa. The natural end product

of the thermonuclear process is56Ni. The observed luminosities of SNe Ia are powered

entirely by the radioactive decay chain from56Ni through 56Co and finally to the stable
56Fe (Truran et al. 1967; Colgate & McKee 1969). The observed light curves and spectra

are therefore fully determined by the density structure of the material synthesized during

the explosion. The details in the explosion physics and the associated uncertainties are

fortuitously of little consequence. This is perhaps the reason why SNe Ia, which seemingly

originate from a range of different progenitor systems and explosion physics, can appearas

a single family of objects.

The light curve of a SN Ia is determined by three competing effects: 1) the conversion

of internal energy to kinetic energy to unbind the star, 2) the deposition of energy from

radioactive decay, and 3) the escape of internal energy as the observed light curve. Before

peak luminosity is reached, more internal energy goes into the expansion than escapes, trap-

ping the photons from the radioactive decay. After peak luminosity, more energy escapes

than is converted to kinetic energy, releasing the previousbuild up of trapped photons. Peak

luminosity occurs when the product of the rising escape fraction and the decreasing depo-

sition of energy reaches a maximum. Despite the more complicated details, Arnett (1979,

1982) demonstrated that the luminosity radiated at maximumlight is approximately equal

to the instantaneous rate of energy deposition by the radioactive decay and can be used to

estimate the56Ni mass. “Arnett’s Rule” has withstood the test of more detailed modeling

and independent methods of obtaining56Ni 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 force is gamma-ray photons.

As mentioned above, these high energy photons do not immediately escape the SN Ia.

They interact with the processed material and free electrons until they are redshifted to a

wavelength region where the opacity is low enough to escape.In the fast differentially

expanding envelope of a SN Ia, spectral lines block wide wavelength regions (Karp et al.

1977). The spectra of SNe Ia are therefore dominated by bound-bound transitions, forming

characteristic feature shapes from a blend of P Cygni profiles.
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The expansion of SN Ia ejecta is homologous, since the kinetic energy for the expansion

(1051 erg) is orders of magnitude larger than the energy depositedby the radioactive decay

(1049 erg). As the thermonuclear process lasts for 101 s and the expansion velocity is ob-

served at 109 cm s−1, the radius of the exploding WD (108 cm) is then negligible compared

to the size of the supernova. Maximum light is on the order of 106 s past the explosion,

which makes the observed properties of a SN Ia even less sensitive to the details of the

explosion. Under these conditions, the velocity and radialcoordinates are equivalent. The

measurement of the expansion velocity of a spectral featurethus yields the layer in which

it is formed. As time progresses, the “photosphere” recedestoward the center with respect

to the comoving frame of the ejecta. Time series spectroscopic observations thus probe

progressively deeper layers of the ejecta in time.

Around peak luminosity and during what is called the “photospheric phase,” the ob-

served spectra of normal SNe Ia are dominated by the P Cygni profiles of singly-ionized

intermediate-mass elements, such as Mg II, Si II, S II and Ca II. These partially-processed

elements are formed in the outer layer, where nuclear statistical equilibrium has no time

to set in. At a later time, when the envelope becomes sufficiently transparent, the spectra

enter the “nebular phase,” where they are dominated by the emission lines of iron-group

elements, such as Fe III, Fe II and Co II. Some of these are the decay products of56Ni. The

rest are produced during the explosion in the inner layers where the density and temperature

stay sufficiently high to establish a nuclear statistical equilibrium. A very thin outermost

layer of unprocessed carbon is sometimes observed, but is not the norm (Section 2.3).

2.6 Width-luminosity relation

SNe Ia show a range of peak intrinsic luminosity in the optical. The light-curve width is

found to vary systematically with intrinsic luminosity; fainter SNe Ia have narrower optical

light curves, while brighter SNe Ia have wider ones. The relation is called WLR and is the

basis of modern SN Ia cosmological studies. Because the WLR is used to make extraor-

dinary claims in cosmology, it is ever more pressing to find its physical origin. The light

curves of SNe Ia are powered entirely by radioactive decay. They are therefore fully deter-

mined by the composition and density structure of the explosion product. The uncertainties

in the progenitor systems (Section 2.3) and in the explosionmechanism (Section 2.4) are

of little consequence. The search for the origin of the WLR is aradiative transfer study. As

seen in Arnett’s Rule, the primary variable controlling the SN Ia luminosity is the amount

of 56Ni synthesized in the explosion. The question is: how does the variation of56Ni mass
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lead to the observed WLR?

Most attempts at explaining the WLR involve relating the increase in the56Ni mass

to the increase in the mean opacity. The increase in the mean opacity in turn leads to a

longer diffusion time and broader bolometric light curves. The effect of temperature has

been considered (Ḧoflich et al. 1996, 2002). SNe Ia with higher amounts of56Ni have

higher temperatures, shifting the photons toward the blue.As line opacity is also higher

in the blue, the higher temperature leads to a higher mean opacity and longer diffusion

time. The ionization state of the ejecta also affects the diffusion time (Pinto & Eastman

2000a,b, 2001). SNe Ia with higher amounts of56Ni have higher temperatures and are more

ionized. Because fluorescence of blue photons toward longer wavelengths is less efficient

in doubly ionized compared to singly ionized species of iron-group elements, more ionized

material also leads to a longer diffusion time. The effect of ejecta composition has also been

explored (Mazzali et al. 2001). SNe Ia with higher amounts of56Ni have higher abundances

of iron-group elements. Because of the complex atomic structures of iron-group elements,

the higher abundances also help to increase the mean opacity.

While all of the above explanations must operate at some level, Kasen & Woosley

(2007) argued that the WLR is primarily a spectroscopic phenomenon, rather than a bolo-

metric one. Past peak luminosity, spectra of SNe Ia are dominated by line blanketing from

iron-group elements such as Fe II and Co II. The line blanketing effectively shifts the emis-

sivity to the red, making the SN Ia redder. A SN Ia with lower56Ni mass has a lower

temperature and experience an earlier onset of Fe III to Fe IIrecombination. This results

in a more rapid ionization evolution and narrower optical light curves. Thus far, there is no

strong evidence of correlation between bolometric light-curve width and luminosity (Con-

tardo et al. 2000; Stritzinger et al. 2006b; Phillips et al. 2006), favoring a spectroscopic

mechanism. In Chapter 6, we will also provide direct evidencefrom the temporal evolution

of observed spectra to support this claim.

2.7 Host environment

The amount of56Ni synthesized in the explosion is the primary driver of the intrinsic lumi-

nosity of SNe Ia. In the previous section, some possibilities of how a range of56Ni mass

can lead to the observed WLR are presented. Here, the possiblevariables controlling the

yield of 56Ni are outlined. For SNe Ia in external galaxies, it is not feasible to make direct

measurements of the properties of the progenitor systems. The observations of SN Ia host

galaxies have therefore been used as indicators of the progenitor environment. Early and
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late-type galaxies have systematic differences in stellar age, metallicity and star formation

rate, with significant overlaps across the types. These properties of the host galaxies have

been considered in the search for the origin of the observed variation in the SN Ia intrinsic

luminosity.

Hamuy et al. (1995, 1996b,c) first noted a correlation between SN Ia luminosity and

host galaxy morphology. Intrinsically faint SNe Ia are preferentially located in early-type

galaxies, while intrinsically bright objects are preferentially located in late-type galaxies.

This result gives rise to the idea that the age of the progenitor is a key variable affecting

the56Ni yield of SNe Ia (e.g., Howell 2001). Subsequent delay-time studies offer evidence

that brighter SNe Ia come from a shorted-lived population with a delay time of at most a

few hundred million years old, and fainter ones come from an old population with a delay

time of at least several billion years (Mannucci et al. 2005;Scannapieco & Bildsten 2005;

Sullivan et al. 2006).

The metallicity of the progenitors of SNe Ia has also been considered. In a SN Ia ex-

plosion, iron-peak elements are produced in the central regions. In a neutron-rich WD,

more neutron rich and stable iron-peak elements, such as58Ni and54Fe, are produced com-

pared to56Ni. Because a higher metallicity environment is expected to produce a more

neutron-rich WD, it has been theorized that high-metallicity progenitors produce less56Ni

and intrinsically faint SNe Ia (Timmes et al. 2003).

The determination of the metallicity of host galaxies is difficult. Many methods have

been employed, such as using spectroscopic indicators (Hamuy et al. 2000; Gallagher et

al. 2005, 2008), using galactocentric offsets and metallicity gradients (Wang et al. 1997;

Ivanov et al. 2000; Gallagher et al. 2005), and using spectral energy distribution fits to

the host galaxy photometry (Howell et al. 2009). Recent studies have shown that high-

metallicity galaxies indeed host less luminous SNe Ia (Gallagher et al. 2008; Howell et al.

2009), but the variation can only account for a small fraction of the observed range of56Ni.

Age appears to have a greater effect.

Using high-redshift SNe Ia, Sullivan et al. (2006) also found correlations between SN

Ia properties and the star formation rate of the host. SNe Ia with wider light-curve widths

preferentially exist in galaxies with recent star formation, while SNe Ia with narrower light-

curve widths preferentially exist in galaxies with no ongoing star formation. As the cosmic

star formation increases sharply with redshift, the mean SNIa light-curve width is also

expected to increase with redshift, as confirmed in high-redshift data (Howell et al. 2007).

A systematic difference between low-redshift and high-redshift SNe Ia is of great con-

cern for SN Ia cosmology. As redshift increases, the demographic shift toward galaxies



16

with higher star formation causes the shift toward brighterSNe Ia at high redshifts. The

demographic shift should not introduce a bias, if luminosities at high redshifts can be cal-

ibrated using the same WLR derived from nearby SNe Ia. The nearby sample of SNe Ia

resides in host galaxies with a wide range of properties, which cover the range of properties

of high-redshift hosts. It is therefore reasonable to believe in the validity of WLR over the

redshift range currently probed by SNe Ia (z∼ 0− 1.5).

Hubble diagrams for subsets of SNe Ia, which are based on hostgalaxy types, separately

yield the same cosmology (Sullivan et al. 2003) and confirm the validity of the WLR across

host types. The same result is found when comparing the cosmological fits using faint,

low-redshift SNe Ia and bright, high-redshift SNe Ia (Howell et al. 2007). Any correlations

between the Hubble diagram residuals and host properties could indicate true evolution in

the intrinsic properties of SNe Ia. Gallagher et al. (2008) observed a correlation between

the Hubble diagram residual and host metallicity, suggesting the influence of metallicity on

luminosity is not fully corrected by the WLR. In an independentstudy, Howell et al. (2009)

did not observe this effect and suggested that the difference may be caused by the different

light-curve fitters used in the two studies.

Spectroscopic studies have also been conducted to test for evolution (Section 3.9). Re-

cent studies have detected some systematic spectroscopic differences between low-redshift

and high-redshift samples (Foley et al. 2008a; Sullivan et al. 2009). It is thus far unclear

whether the differences are attributable to demographic shift, true evolution, or both.

2.8 Conclusion

While there is a general consensus that the exploding progenitors of SNe Ia are carbon-

oxygen WDs in binary systems, the identities of the donor stars are less certain. Many

approaches to identify the properties of the donor stars have been pursued. They sometimes

lead to contradictory results, but mostly point to a combination of degenerate and non-

degenerate donor stars. The explosion models depend on the total mass of the progenitor

system and are thus also uncertain. The models that best match the observed properties of

SNe Ia are the delayed-detonation models. They are characterized by the transition from

subsonic to supersonic thermonuclear flame propagation. Despite their success, it is still

unclear how the transition occurs in the unconfined ejecta.

Because of the cosmological utility of the empirical WLR, thereis pressing need to

understand its physical origins. Fortunately, the uncertainties in the progenitor systems

and explosion models are of little consequence, as the observed light curves and spectra of
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SNe Ia are fully determined by the density structure of the material synthesized during the

explosion. The primary driver of the intrinsic luminosity of SNe Ia is the amount of56Ni

synthesized in the explosion. Most studies explain the WLR byrelating the increase in the
56Ni mass to the increase in the mean opacity. The increase in the mean opacity in turn

leads to longer diffusion time and broader bolometric light curves. However, recent work

suggests that WLR is primarily a spectroscopic effect, associating a lower56Ni mass with

a more rapid ionization evolution. The study of spectroscopic diversity presented in this

thesis will offer evidence supporting this view.

SN Ia properties are found to correlate with their host environment. Evidence has been

shown for the correlation between SN Ia luminosity and host stellar age, metallicity and star

formation rate. The results give important clues about the origin of the variation in the56Ni

yield. The existence of these correlations means that as host galaxy properties shift with

redshifts, there would be systematically brighter SNe Ia athigh redshifts compared to the

low-redshift sample. As the evolution of SN Ia properties with redshift is of grave concern

in cosmology, it is important to distinguish between the effects of demographic shift and

true evolution. The work in this thesis will also help make this possible by identifying

the variations in the spectral features of SNe Ia instigatedby the change in the intrinsic

luminosity.

Some of the still unanswered questions of SNe Ia have been outlined. The path to

answering these questions and improving the use of SNe Ia in cosmology is one and the

same. From the approach of examining the spectroscopic diversity of SNe Ia, we will

attempt to do both in this thesis.
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Chapter 3

Cosmology with Type Ia supernovae

Abstract From the foundation of the general theory, cosmological parameters are shown

to have direct links to observables, such as the apparent luminosities and redshifts of a set

of standard candles. Type Ia supernovae (SNe Ia) are powerful stellar explosions with lumi-

nosities which can be observed at cosmological distances. Their optical peak luminosities

are found to correlate with their light-curve widths. This empirical relation can then be

used to calibrate SNe Ia to be standard candles. The cosmological studies using SNe Ia

led to one of the most important discoveries in modern science. The universe is shown to

be undergoing an accelerated rate of expansion. The repulsive energy driving the expan-

sion constitutes over half of the matter-energy content of the universe and presents great

challenges to fundamental physics. With meticulous control of systematic errors, SNe Ia

can be further used to constrain the nature of this mysterious component of the universe.

This thesis, in particular, is motivated by the potential for substantial improvement in SN

Ia cosmology by studying the spectroscopic properties of SNe Ia.

3.1 Introduction

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

relativity. The general theory is based on Einstein’s insight that gravity is the manifestation

of curvature in space-time created by matter and energy. Thetheory has been remarkably

successful experimentally, explaining the precession of the perihelion of Mercury (Einstein

1916) and predicting gravitational redshift (Pound & Rebka 1959, 1960; Pound & Snider

1964), the deflection starlight by the sun (Dyson et al. 1920)and the Shapiro delay (Shapiro

1964).
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When the assumption of an isotropic and homogeneous universeis made, Einstein’s

field equations from the general theory can be solved analytically. The solutions directly

connect the matter-energy content of the universe, which governs the geometry of the uni-

verse, to observable quantities, such as redshifts and luminosities of astronomical objects.

The solutions also show that, in general, the universe is dynamic. Einstein’s preference

for a static universe required that he add a cosmological constant of integration to the field

equations to counter gravitating matter. This preference for a static universe was perhaps

motivated more by aesthetics rather than by observational evidence. The Copernican prin-

ciple states that we do not occupy a special position in space; by the same logic, we should

not occupy a special position in time. The simplest way to establish both conditions is

through a static universe infinite in both space and time. After Hubble (1929) demon-

strated the expansion of the universe, the introduction of the cosmological constant was

dubbed Einstein’s “biggest blunder” (Gamow 1970).

Decades later, the potential to use SNe Ia as standard candles was being explored. SNe

Ia have large luminosities which can be observed over cosmological distances. Their char-

acteristic variability in both photometric and spectroscopic properties allows them to be

securely identified. Their peak luminosities are found to correlate with light-curve widths,

allowing them to be calibrated into very good standard candles. Fully expecting to find a

decelerating rate of expansion in a universe full of gravitating matter, experiments using

SNe Ia as cosmological probes found the surprising result that the current rate of expansion

is accelerating. Einstein’s cosmological constant is onceagain invoked to explain the ac-

celeration. Even if the acceleration is indeed due to the cosmological constant, the physical

origin is still unknown and presents great challenges to fundamental physics.

In this section, the steps from astronomical observables tothe cosmological parameters

are outlined, based on the general theory. The steps for calibrating the SN Ia peak luminosi-

ties are also discussed. Through careful identification andcontrol of systematic errors, SNe

Ia can be further used to falsify theories on what is causing the acceleration. The sources

of these systematics and possible improvements are also described.

3.2 General theory

Einstein’s general theory describes gravity as the manifestation of the curvature of space-

time instigated by matter and energy. The geometry itself isdescribed by the Einstein

tensorGik. The distribution of matter and energy is specified by the energy-momentum

tensorT ik. The Einstein field equations equate the two tensors and establish a relation
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between a specified matter energy distribution and the geometry of space-time.

The laws of physics must not depend on the frame of reference.This became Einstein’s

main motivation for using tensor calculus as the tool for thedevelopment of the general

theory. In this framework, relations remain valid under thetransformations of coordinate

systems. In the absence of any matter or energy, the space-time intervalds is described

by an analog to the familiar Pythagoras’ theorem (in naturalunits, with c = 1): ds2 =

dt2− dx2− dy2− dz2. More generally, the fundamental tensorgi j describes the geometry of

space-time with or without curvature as:

ds2 = gi j dxidxj . (3.1)

The Christoffel symbol is defined as a combination of fundamental tensors,where the

partial derivatives are expressed in the shorthand form,k ≡ ∂
∂xk :

Γl
.i j ≡

1
2

glk(gik, j + gjk,i − gi j,k). (3.2)

The Riemann tensorRi
· jkl arises when finding the change of a vector under parallel transport

around a closed and infinitesimal path. In a curved space-time, the Riemann tensor yields

non-zero components. It consists entirely of fundamental tensors:

Ri
. jkl ≡ Γi

. jl ,k − Γi
. jk,l + Γ

i
.rkΓ

r
. jl − Γi

.rlΓ
r
. jk. (3.3)

The differentiation of a tensor is done by a covariant derivative andis expressed in the

shorthand form as;k. The law of conservation of energy and momentum requires a null

covariant derivative for the energy-momentum tensor:

T ik
;k = Gik

;k = 0. (3.4)

The Einstein tensor is constructed by contracted Riemann tensors and the fundamental

tensor in the fashion that produces a vanishing covariant derivative:

Gik ≡ Rik − 1
2

gikR. (3.5)

The Einstein field equations (Einstein 1915) arise by recognizing that the matter and

energy distribution specified by the energy-momentum tensor is the source of the space-

time curvature described by the Einstein tensor:

Gik + Λgik = 8πGTik. (3.6)
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Note that the infamous cosmological constantΛ naturally arises here as a constant of in-

tegration. The covariant derivative of the termΛgik yields zero and does not disturb the

conservation of energy and momentum.

3.3 Friedmann-Robertson-Walker Model

Observations have provided evidence that our universe is isotropic on scales larger than

∼ 150 Mpc from our vantage point. We are then justified to make the assumption of an

isotropic universe. If the Copernican principle, sometimesreferred to as the cosmological

principle, is adopted, the assumption is made that we do not occupy a special place in the

universe. The apparent isotropy observed from our vantage point should then be observed

at any other place in the universe. The two assumptions thus imply homogeneity.

The most general homogeneous and isotropic fundamental tensor is in the form of the

Robertson-Walker metric (Robertson 1935):

ds2 = dt2 − a2(t)

[

dr2

1− kr2
+ r2(dθ2 + sin2θdφ2).

]

(3.7)

The coordinatesdr, dθ anddφ are comoving coordinates. A point which is at rest in the

preferred frame of the universe hasdr = dθ = dφ = 0. The scale factora(t) describes the

relative sizes of the spatial surfaces. The scale factor canbe re-normalized to obtain the

values of+1, 0 or -1 for the constantk, representing cases of closed, flat and open spatial

geometry of the universe, respectively.

If we choose to represent the universe on large scales with a perfect fluid, the energy-

momentum tensor can be specified by energy densityρ and pressurep as follows:

T ik = diag[ρ(t),−p(t),−p(t),−p(t)]. (3.8)

Placing the fundamental tensors from the Robertson-Walker line element (Equation 3.7)

and the energy-momentum tensor of a perfect fluid (Equation 3.8) in the Einstein field

equations (Equation 3.6), the solutions for the scale factor a(t) are known as the Fried-

mann equations (Friedman 1922). The first Friedmann equation characterizes the geodesic

velocity:

ȧ2 + k
a2

=
8πG

3
ρ +
Λ

3
, (3.9)

whereG is the gravitational constant. The second Friedmann equation characterizes the
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geodesic acceleration:

ä
a
= −4πG

3
(ρ + 3p) +

Λ

3
. (3.10)

The knowledge of the relation betweenp andρ, called the equation of state, is essential

for the progress of cosmology, as the form of the energy-momentum tensorT ik depends

directly on it. In its simplest form, the equation of state relatesp andρ by a time-dependent

scale factorw:

p = p(ρ) ≡ wρ. (3.11)

The energy density conservation law can be derived from Equation 3.9 and Equa-

tion 3.10:

ρ̇ = −3
ȧ
a

(ρ + p). (3.12)

By integrating Equation 3.12, we obtain a power-law dependence of densityρ on the

equation-of-state parameterw:

ρ ∝ a−3(1+w). (3.13)

3.4 Cosmological Parameters

The Hubble parameter is defined asH(t) ≡ ȧ/a. This convention is, of course, inspired

by the linear Hubble law shown by Hubble (1929) for the local universe. The Hubble

constant is expressed as the Hubble parameter at the presentepocht0: H0 ≡ H(t0). For the

Euclidean geometry valid for the local universe, the relative distance and velocity between

two objects can be expressed asd = ar andv = ȧr, wherer is the comoving distance. The

linear Hubble law then follows from these definitions:

v = H0d. (3.14)

The non-zero and positive Hubble constant as a result of the observations of Hubble (1929)

demonstrated that the universe is expanding and refuted Einstein’s preference for a static

universe. At large distances, the linear law is no longer valid.

The matter-energy content of the universe can be organized into four components: ra-

diation, matter, curvature of space and the cosmological constant. The components are
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characterized by their equation-of-state parametersw which take on the values 1/3, 0, -1/3

and -1 for the radiation, matter, curvature of space and the cosmological constant com-

ponents, respectively. From Equation 3.13, each equation-of-state parameter then yields

the characteristic dependence of the density on the scale factor. For example, the density

of the matter and the cosmological constant components can be written asρM ∝ a−3 and

ρΛ ∝ constant, respectively. This demonstrates that, as the universe expands, matter dilutes

rapidly while the energy density from the cosmological constant stays the same.

AssumingΛ = 0, the critical energy density required for a spatially flat geometry

(k = 0) at a given epoch can be defined from Equation 3.9:

ρc =
3H2

8πG
. (3.15)

We can then write the first Friedmann equation in terms of the dimensionless density pa-

rametersΩi ≡ ρi/ρc, where each parameter specifies the contribution of theith component

to the critical density:

H2 ≡
( ȧ
a

)2

= H2
0

[

Ωra
−4 + ΩMa−3 + Ωka

−2 + ΩΛ

]

. (3.16)

The parametersΩr , ΩM, Ωk andΩΛ are measures of the present mean energy density con-

tributions from radiation, matter, the curvature of space and the cosmological constant,

respectively.

The redshiftzof an object is an observational quantity. It is the fractional Doppler shift

of its emitted light from radial motion,z = λo/λe − 1, whereλe andλo are emitted and

observed wavelength, respectively. The redshift of an object can be measured directly by

identifying the source of a line in the spectrum and comparing the observed wavelength to

that measured in the laboratory. The observed redshift is a combination of astrophysical

effects, such as the cosmic expansion, peculiar velocities andgravitational redshift. If the

observed redshift of an object is dominated by the effect of cosmic expansion, the object

is said to be in the “Hubble flow.” For an object in the Hubble flow, its redshift is directly

related to the scale factor:

1+ z=
a(t0)
a(t)

=
λo

λe
, (3.17)

wheret and t0 specify the time of emission and observation, respectively. Equation 3.16

can then be expressed in terms of redshift:
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H(z)2

H2
0

= Ωr(1+ z)4 + ΩM(1+ z)3 + Ωk(1+ z)2 + ΩΛ. (3.18)

The sum of the density parameters is defined to be unity. From observations, the matter

density parameterΩM consists of baryon densityΩb and dark matter densityΩDM (e.g.,

Kirkman et al. 2003; Allen et al. 2008). The total density parameter is a measure of the

flatness of space-time and is defined as:

Ωtotal ≡ Ωr + ΩM + ΩΛ. (3.19)

A flat universe would haveΩtotal = 1.

A strictly isotropic and homogeneous universe will remain isotropic and homogeneous.

To produce the structure observed in the universe, small deviations from homogeneity in

the energy density are required. The density contrast is defined as:

δ(t, x) ≡ (ρ − ρ̄)/ρ̄. (3.20)

The Fourier transform of the density contrast ink-space is written as:

δk(t) =
∫

d3xδ(t, x) exp(ix · k). (3.21)

The power spectrum of the perturbations, averaged over a large volume, is then defined as:

P(k, t) ≡ 〈|δk(t)|2〉. (3.22)

The favored model for the origin of these fluctuations is based on the idea that if the very

early universe went through an inflationary phase (Guth 1981), the quantum fluctuations of

the field driving the inflation would then lead to energy density fluctuations (e.g., Hawking

1982). It is then possible to construct inflationary models described by a Gaussian random

field, which is characterized by a power law spectrum (Harrison 1970; Zeldovich 1972):

P(k) = Akn. (3.23)

The parametersA andn specify the amplitude and the power law index of the initial fluc-

tuation, respectively.

The modern standard cosmology is then fully specified by the five background param-

etersH0,Ωb,ΩDM,ΩΛ andΩr , and the two parametersA andn 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 astronomical objects with the same absolute

luminosity L, located at different redshifts. The observed fluxesf would then yield di-

rect measurements of the cosmological density parameters.In this section, we outline the

derivation relating the density parameters to the observables, redshiftz and flux f .

The fundamental equation relating the bolometric fluxfbol received by the observer and

the bolometric luminosity emittedLbol is:

fbol =
Lbol

4π(a0r)2(1+ z)2
, (3.24)

wherea0 ≡ a(t0) denotes the present day scale factor. The term 1/4π(a0r)2 is the inverse

square law, accounting for the surface area over which the photons are diluted when they

reach the observer. There are two factors of (1+ z). One factor accounts for the fact that

every photon is degraded in energy by (1+ z) due to the redshift. The other deals with the

dilution in the rate of photon arrival by (1+ z) due to the stretching of the path length by

the expansion.

The luminosity distance is defined as:

dL ≡

√

Lbol

4π fbol
. (3.25)

From Equation 3.24 and Equation 3.25, we can then rewrite theluminosity distance in

terms of the present day scale factora0, the comoving distancer and redshiftz:

dL = a0r(1+ z). (3.26)

To find the relation between the luminosity distancedL and the cosmological density

parameters, we go back to the Robertson-Walker metric with the photon path ofds2 = 0

and the choice a radial coordinate system, wheredθ = dφ = 0:

∫ r

0

dr′
√

1− kr′2
=

∫ t0

t

dt′

a(t′)
. (3.27)

Using the relation between redshift and the scale factor in Equation 3.17, the above equation

can be rewritten as:

∫ r

0

dr′
√

1− kr′2
=

1
a0

∫ t0

t
(1+ z)dt′. (3.28)
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Obtaining the conversion between a time and a redshift integral dt/dzusing Equation 3.17

and Equation 3.18, we can again rewrite the above equation as:

∫ r

0

dr′
√

1− kr′2
=

1
a0

∫ z

0

dz′

H(z′)
, (3.29)

whereH(z) is defined in Equation 3.18. The integral on the left-hand side has the following

solutions depending on the sign ofk:

∫ r

0

dr′
√

1− kr′2
=































sin−1(r
√

k)√
k

for k = +1

r for k = 0
sinh−1(r

√
|k|)√

|k| for k = −1

. (3.30)

By solving the integral and using the definitions of the curvature density parameter

Ωk = −k/H2
0a2

0 and luminosity distancedL = a0r(1+ z), the luminosity distance can finally

be expressed as a function of redshift and the cosmological density parameters:

dL = (1+ z) ×



























1
H0
√
|Ωk|

sin
[

H0
√
|Ωk|

∫ z

0
dz′

H(z′)

]

for Ωk < 0
∫ z

0
dz′

H(z′) for Ωk = 0
1

H0
√
Ωk

sinh
[

H0
√
Ωk

∫ z

0
dz′

H(z′)

]

for Ωk > 0

. (3.31)

For a summary of the various distance measures in cosmology,see Hogg (1999).

3.6 K-corrections

In astronomical observations, photons from an object are usually observed through a filter

of fixed bandwidth. The expansion of the universe causes the spectral density distribution

(SED) of the object to be redshifted and results in a change inthe received flux through

a fixed-bandwidth filter. To compare the magnitudes of objects at different redshifts,K-

corrections are then required to convert the observed magnitude through a filter to that

which would have been observed in the rest frame of that filter(Humason et al. 1956; Oke

& Sandage 1968). The observed and rest-frame filters need notbe the same. In fact, at high

redshifts, one should take advantage of the overlapping of aredshifted rest-frame filter and

a redder observed filter (Kim et al. 1996).

TheK-correctionKxy converting the apparent magnitudemy through the observed filter

y to the absolute magnitudeMx through rest-frame filterx is defined as:

my = Mx + µ + Kxy, (3.32)
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assuming that the apparent magnitude is not affected by dust extinction along the line of

sight. The distance modulusµ is defined by:

µ ≡ 5 log

(

dL

10 pc

)

. (3.33)

The apparent magnitudemy comes from the SEDfλ(λ) of the object observed through

filter y in a particular magnitude system:

my = −2.5 log















∫

λo fλ(λo)Ty(λo)dλo
∫

λoZ
y
λ(λo)Ty(λo)dλo















. (3.34)

The subscriptλ for the SEDs denotes that they have the units of energy per unit time per

unit area per unit wavelength. The termTy(λ) denotes the effective transmission function

of the observed filter, and the termZy
λ(λ) defines the idealized zero-magnitude SED for

the magnitude system of the observed filtery. For a photon-based photometric system,

such as the prevalent Johnson-Cousins system (Johnson & Morgan 1953), the extraλ terms

are included in the integrals in Equation 3.34 to account forthe λ/hc energy-to-photon

conversion (see appendix of Nugent et al. 2002).

The absolute magnitudeMx is defined to be the apparent magnitude of the object if it is

10 pc away and not redshifted:

Mx = −2.5 log















∫

λe
Lλ(λe)
4π102 Tx(λe)dλe

∫

λeZx
λ(λe)Tx(λe)dλe















. (3.35)

The termTx(λ) denotes the effective transmission function of the rest-frame filter, and the

termZx
λ(λ) defines the idealized zero-magnitude SED for the magnitudesystem of the rest-

frame filterx.

As opposed to bolometric flux, the flux considered here is per unit wavelength. The

relation between the observed flux and the emitted luminosity thus includes an extra term

of (1+ z) from Equation 3.17:

fλ(λ0) =
1

(1+ z)
Lλ(λe)
4πdL

. (3.36)

Placing the above definitions ofµ, my, Mx and fλ in Equation 3.32, theK-correction

term is then expressed as:
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Kxy = −2.5 log















1
(1+ z)

∫

λo fλ(λo)Ty(λo)dλo
∫

λoZ
y
λ(λo)Ty(λo)dλo

∫

λeZx
λ(λe)Tx(λe)dλe

∫

λe fλ((1+ z)λe)Tx(λe)dλe















. (3.37)

The above equation is written in terms of flux. Alternatively, it can also be written in terms

of luminosity as:

Kxy = −2.5 log















1
(1+ z)

∫

λoLλ(λo/(1+ z))Ty(λo)dλo
∫

λoZ
y
λ(λo)Ty(λo)dλo

∫

λeZx
λ(λe)Tx(λe)dλe

∫

λeLλ(λe)Tx(λe)dλe















. (3.38)

For the detailed derivations of these definitions forK-correction, see Hogg et al. (2002).

Note that theK-correction term includes a (1+ z) term from Equation 3.36. This extra

(1 + z) term accounts for the effective bandwidth shrinkage of the observed filter, as the

SED of the distant object is redshifted and stretched. Therewas some controversy whether

to include two or three terms of (1+ z) in Equation 3.24, until it was settled by the rigorous

derivation of Robertson (1938). The bandwidth term may have been the source of the

controversy (Sandage et al. 1995). It is also interesting tonote that Hubble’s definition of

theK term used in his galaxy count program (Hubble 1936) includedthe term accounting

for the change in the region of the SED sampled by the observedfilter, the (1+ z) terms

from Equation 3.24, but neglected the bandwidth term. The error was finally discovered by

Humason et al. (1956). For the full account on this subject, see Sandage et al. (1995).

So far, the steps from observables of astronomical objects to the cosmological param-

eters have been outlined. For a set of perfect standard candles, their observed apparent

magnitudes yield their luminosity distances. For objects in the Hubble flow, their luminos-

ity distances and redshifts give direct measurements of thecosmological parameters. In the

next section, the use of SNe Ia as standard candles is discussed.

3.7 Type Ia supernovae as cosmological probes

SNe Ia are powerful stellar explosions with luminosities which can be observed over cos-

mological distances. Their characteristic light curves and spectral features make them sep-

arable from other classes of variable objects. Their apparent uniformity in the peak bright-

ness along with their large intrinsic luminosities make them an 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 supernovaeare more uniform than

novae with a dispersion in peak magnitude of 1.1 mag. We now know that Baade’s low

dispersion sample only contained Type I supernovae, which are classified by the absence of

hydrogen in their spectra (Section 2.2). The Hubble diagramof Kowal (1968) constructed

using this class of supernovae showed a dispersion of 0.6 mag. Type Ia supernovae (SNe

Ia) belong to a subclass of the type I supernovae and are classified by the presence of

silicon features in their spectra. Subsequent studies using these objects yielded even smaller

dispersion in the peak magnitude of 0.3−0.5 and gave rise to the idea that they may be true

standard candles (e.g., Branch & Bettis 1978; Sandage & Tammann 1982; Capaccioli et al.

1990; Tammann & Leibundgut 1990; Branch & Miller 1993; Sandage & Tammann 1993).

In the mean time, Pskovskii (1968, 1977, 1984) argued that the peak magnitudes of

SNe Ia are not identical, but correlate with the decline rateof the optical light curves. The

idea was generally not embraced by the community, as most of the light curves used by

Pskovskii were derived from photographic photometry (Boisseau & Wheeler 1991). The

first CCD light curves of a SN Ia were of SN 1986G (Phillips et al. 1987). The light

curves were shown to declined significantly faster than the light curves of SN 1989B from

photoelectric photometry (Buta & Turner 1983). Phillips (1993) confirmed the correlation

between decline rate and peak magnitude, using a sample of nine well-observed SNe Ia

with distance estimates from surface brightness fluctuations and Tully-Fisher methods.

Phillips (1993) introduced the parameter∆m15, defined as the decline inB-band magni-

tude during the first 15 days past maximum. The correlation between the∆m15 parameter

and peak absolute magnitude offers an empirical calibration of the peak luminosities of

SNe Ia (Figure 3.1). As more SNe Ia were discovered and observed before maximum light,

the peak absolute magnitude was shown to not only correlate with decline rate, but also

with the overall width of the light curve. Perlmutter & et al.(1997) utilized this property

to development a stretch parameter which linearly scales the time axis of a standard light-

curve template to fit an observed light curve. This one-parameter parametrization of the

peak absolute magnitude of SNe Ia is called the “width-luminosity relation” (WLR). For a

review on the history and the techniques developed for usingSNe Ia as distance indicators,

see Phillips (2005).

A relation between the peak absolute magnitude and colors has also been reported (e.g.,

Riess et al. 1996; Tripp 1998; Tripp & Branch 1999; Parodi et al.2000). Brighter SNe Ia

are found to be systematically bluer; it is, however, unclear whether the relation is primarily

driven by intrinsic colors of SNe Ia or by dust properties. Modern methods for calibrating

SN Ia luminosities make use of both light-curve width and color information. Among the
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Figure 3.1: The decline rate relation inBVIJHK. The solid circles represent nearby SNe Ia
with distances determined from Cepheids, surface brightness fluctuations or the planetary
nebula luminosity function method. The open triangles represent SNe Ia in the Hubble flow
with distances derived from the host redshifts. (source: Phillips (2005))



31

examples of these methods are multicolor light-curve shapes (MLCS; Riess et al. 1996,

1998; Jha et al. 2007), PRES (Prieto et al. 2006), spectral adaptive light-curve template

(SALT; Guy et al. 2005, 2007) and SiFTO (Conley et al. 2008). These light-curve fitters

are able to further reduce the intrinsic dispersion to∼ 0.15 mag, making SNe Ia the best

known standard candles to date.

Even though WLR comes from the combination of several physical effects and the

theory is not well understood (Section 2.6), a crude explanation can be formed from the

effect of varying56Ni mass. The light emitted by a SN Ia is powered by the stored energy

in the radioactive decay of56Ni through56Co to56Fe (Colgate & McKee 1969). From the

estimates of the bolometric luminosities, SNe Ia are shown to produce different amounts of
56Ni in the explosion (e.g., Stritzinger et al. 2006a). More nickel produced in the explosion

means extra energy from radioactive decay and a brighter supernova. More nickel also

keeps the expanding matter opaque for longer and the radiation takes longer to leak out,

making a slower decay. The result is the observed WLR.

Figure 3.1 also demonstrates the difference between the photometric properties of SNe

Ia in the optical and in the near-infrared (NIR). In the NIRJ, H andK bands, the peak

brightness is shown to be quite uniform and exhibits little or no correlation with light-

curve width. While SNe Ia can be calibrated to make standard candles in the optical, they

appear to be true standard candles in the NIR. Elias et al. (1981, 1985) first noted the uni-

form photometric properties of SNe Ia in the NIR and the potential for them to be used as

distance indicators. Recent observations have demonstrated the efficacy of this proposal

and reported a dispersion of only 0.16 mag in theH band without the aid of light-curve

corrections (Krisciunas et al. 2004a; Wood-Vasey et al. 2008). Matching the photometric

properties, the spectroscopic properties of SNe Ia in the NIR also show remarkable unifor-

mity at maximum light (Chapter 7).

In the 1990’s, two SN Ia surveys, the High-Z SN Search Team andthe Supernova

Cosmology Project, set out to search for high redshift SNe Ia and use them as calibrated

candles to measure the state of the cosmic expansion (Perlmutter et al. 1998; Garnavich

et al. 1998; Schmidt et al. 1998; Riess et al. 1998; Perlmutteret al. 1999; Knop et al.

2003; Tonry et al. 2003; Barris et al. 2004; Riess et al. 2004; Knop et al. 2003). It was fully

expected that the expansion would slow down, because the universe appears to be filled with

gravitating matter. Both teams, with independent sets of samples (Figure 3.2), found the

surprising result that the SNe Ia were∼ 20% fainter than expected for a slowing expansion,

implying that they are∼ 10% more distant. The results indicated that the expansion of the

universe is accelerating, not decelerating. This was the first evidence that the expansion of
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the universe is currently accelerating.

A repulsive gravity can manifest itself in the standard model of cosmology through

a positive cosmological constant (Equation 3.10). For a large enough cosmological con-

stant, the gravitating matter is overcome and the expansionbegins to accelerate. Einstein’s

cosmological constant, originally introduced to maintaina static universe, is invoked here

again as the possible explanation of the observed accelerated rate of expansion. The repul-

sive component is shown by the SN Ia data to comprise over halfof the total matter-energy

content of the universe. Whether or not the repulsive component is truly from a cosmolog-

ical constant, it remains a challenge for current physics toexplain its physical origin. This

mysterious component of the universe became known as “dark energy” to reflect our lack

of understanding as to its nature.

3.8 Dark energy

The determination of cosmological parameters using SNe Ia as calibrated candles is com-

plemented by the results from other independent probes. These methods include cosmic

microwave background anisotropies (e.g., Spergel et al. 2007), baryon acoustic oscillation

(e.g., Percival et al. 2007), X-ray gas mass fraction of clusters (e.g., Allen et al. 2008)

and primordial deuterium abundance (e.g., Kirkman et al. 2003). In particular, the cosmic

microwave background method is sensitive to the sum ofΩΛ andΩM, while the apparent

magnitudes of SNe Ia are sensitive to the difference. The two methods combine to yield

strict constraints on the values ofΩΛ andΩM.

The results from the various methods show exquisite agreement and are consistent

with a single picture of the universe characterized by a concordance model describing the

present-day matter-energy contributions from the variouscomponents (Table 3.1). The uni-

verse is shown to be exquisitely flat (Ωtotal ∼ 1). This can be shown to be a consequence of

the exponential expansion, 10−36 seconds after the big bang, proposed by the inflationary

theory. More than 90% of the matter-energy content of the universe consists of “material”

unknown to current physics. While many feel that the identityof dark matter is within

reach with the completion of the Large Hadron Collider, the same cannot be said about

dark energy.

From observations, the contributions of the energy densityfrom the curvature of space

and radiation can be assumed to be zero. To test whether dark energy results from a pure

cosmological constant, the luminosity distance from Equation 3.31 can be simplified and

parametrized by the equation-of-state parameter of dark energyw:
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Figure 3.2: The Hubble diagram using independent samples from the High-Z SN Search
Team (blue circles; Riess et al. 1998) and the Supernova Cosmology Project (red circles;
Perlmutter et al. 1999) (source: Riess et al. (1998))
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Table 3.1: The density parameters of the concordance model

density parameter contribution
ΩΛ 0.7
ΩDM 0.26
Ωb 0.04
Ωr 5× 10−5

Ωtotal 1

dL =
(1+ z)

H0

∫ z

0

dz′
√

ΩM(1+ z′)3 + (1−ΩM)(1+ z′)3(1+w)
. (3.39)

For the case of a cosmological constant, the equation-of-state parameterw = −1, and

pressurep and densityρ are all independent of time.

The measurement of the equation-of-state parameterw can help to exclude certain theo-

retical models of dark energy (Huterer & Turner 2001). Two surveys, the Supernova Legacy

Survey (SNLS; Astier et al. 2006) and Equation of State: Supernovae Trace Cosmic Ex-

pansion (ESSENCE; Wood-Vasey et al. 2007) aim to constrain the nature of dark energy

with observations of hundreds of high-redshift SNe Ia. The key difference between this

new generation of supernova surveys and previous surveys isthe meticulous control of the

systematic errors. This is accomplished through consistent instrumentation and reduction

techniques.

Both teams have presented the equation-of-state parameter values close tow = −1 with

ever decreasing uncertainties. The results are fully consistent with the idea that dark en-

ergy is the manifestation of the cosmological constant. Thecosmological constant through

the formulation of the general theory is the property of space itself. As seen previously in

Equation 3.13, its density in empty space remains the same asthe universe expands. Gravi-

tating matter, on the other hand, is rapidly diluted by the expansion. Further observations of

SNe Ia above redshift of 1 showed the apparent brightening ofthese high-redshift objects

compared to an Einstein-de Sitter universe (Riess et al. 2004, 2007). This is interpreted

to be evidence of past deceleration. The transition to a dark-energy-dominated universe is

observed to take place at approximately 2/3 of the present age of the universe.

What is the physical origin of the cosmological constant? Theinflationary nature of

dark energy, and the fact that it infuses space, gives rise tothe idea that dark energy is

associated with vacuum energy introduced by quantum mechanical fluctuation. The energy
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density expected from Planck units is on the order ofρp ∼ 1093 g cm−3. From the observa-

tional value ofΩΛ, the energy density of dark energy is on the order ofρΛ ∼ 10−30 g cm−3.

The discrepancy is on the order of 10123 requiring enormous fine tuning. This “fine-tuning

problem” was dubbed “the biggest mistake ever made by physicists” by Steven Weinberg.

Furthermore, there is also a lack of natural explanation forthe observation thatρΛ/ρM is on

the order of unity. This is called the “coincidence problem.” The mysterious nature of dark

energy has thus far generated an enormous number of theoriesin an attempt to address the

above issues. A small fraction of them is outlined here.

Scalar fields These theories utilize scalar fields coupled to gravity, such thatρΛ is nearly

cancelled when the scalar field reaches equilibrium. An evolving scalar field with a chosen

potential function can yield vacuum energy that varies withtime. The free potential func-

tion can be chosen to produce any specifiedH(z). Even ifw(z) is perfectly determined from

observations, it is still difficult to falsify specific models. This class of models thus lacks

predictive power. Furthermore, the scalar field potentialsstill require fine tuning in order

to produce viable parameters (Weinberg 1989). This approach has thus been criticized of

merely pushing the cosmological problems to another level (Padmanabhan 2006).

Inhomogeneity Another class of theories examines whether the simplifyingassumption

of the Copernican principle is valid (Mustapha et al. 1997). The energy-momentum tensor

of the real universe is inhomogeneous and anisotropic. The fundamental tensor describing

the geometry of the universe at large scales should be obtained by averaging the exact

solutions of the Einstein field equations over a suitably large range. Practically, the energy-

momentum tensor is averaged first to obtain the solution for the Einstein field equations. In

reality, the Einstein tensor is a nonlinear function of the fundamental tensor:

〈Gik(g)〉 , Gik(〈g〉). (3.40)

The Einstein field equations in Equation 3.6 can then be rewritten as:

Gik(〈g〉) = 8πG〈T ik〉 +Gik(〈g〉) − 〈Gik(g)〉
≡ 8πG[〈T ik〉 + T ik

corr].
(3.41)

If the correction term can mimic the cosmological constant at large scales, there will be no

need for dark energy. In particular, an inhomogeneity in theform of a large void may also

accomplish this effect (e.g., Leith et al. 2008). The probability of us living insuch a special
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place in the universe is unlikely but not impossible. SNe Ia in the redshift range 0.1− 0.4

may offer a way to test the validity of the Copernican principle (Clifton et al. 2008).

Anthropic principle There is also the distinct possibility that there is no natural way

to explain the fine-tuning and coincidence problems from fundamental principles. The

anthropic principle (Weinberg 1987) argues that we are hereto observe the problems of

dark energy precisely because we are in a universe with just the right conditions for in-

telligent life. This approach infers the existence of many universes or many disconnected

sub-universes, with a range of different vacuum energy. The probability distribution of

the observed values of vacuum energy is based on the likelihood of observers existing in

these universes. Much like Darwin’s theory of evolution by natural selection, our universe

is selected because it has the right condition for galaxies to form. Universes with larger

vacuum energy would produce the repulsive force before galaxies could form. Conversely,

universes with negative vacuum energy would re-collapse before galaxies could form. Al-

though not based on fundamental principles, the anthropic principle has the potential to

provide a viable resolution for both the fine-tuning and coincidence problems.

3.9 Systematic errors

With the advent of large surveys producing data for hundredsof SNe Ia, the statistical

uncertainties are lowered to the point where they are comparable to, or even surpassed by,

the systematic uncertainties. Systematic errors are thus the current limiting factor in SN

Ia cosmology. Systematic errors describe uncertainties which affect multiple SNe Ia in a

correlated manner. To reduce the effects requires a deeper understanding of the sources of

the errors, rather than a larger sample. A tremendous amountof work has been done to

identify, model and reduce these effects and has helped the design of current and future

surveys. A sample of the systematic errors which affect the SN Ia cosmology is outlined

here.

Evolution The systematic uncertainties from evolution follow from our lack of under-

standing of SN Ia progenitors (Section 2.3). The effect is difficult to model with no quanti-

tative predictions from current theories. Another effect to consider here is the demographic

shift to brighter and bluer SNe Ia with increasing redshift.This is due to the demographic

shift of the host galaxies (Section 2.7). This shift does notpose a problem to cosmology, as
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long as the WLR, formed by low-redshift SNe Ia, can correct the shift in average luminos-

ity at high redshifts. There is reason to believe this is the case, since the demographic shift

of host galaxies over the redshift range considered is smaller than the variation of nearby

host galaxies. Studies have used spectroscopic data in attempts to search for systematic

differences between low-redshift and high-redshift SNe Ia. They use various indicators

of spectroscopic properties, such as feature velocity, strength and flux ratios (Hook et al.

2005; Blondin et al. 2006; Garavini et al. 2007; Foley et al. 2008a; Bronder et al. 2008; Al-

tavilla et al. 2009), ultraviolet spectra (Ellis et al. 2008; Sullivan et al. 2009) and temporal

evolution (Foley et al. 2005; Blondin et al. 2008). The vast majority of the studies found no

evidence of evolution. Foley et al. (2008a) found differences in the ultraviolet and optical

Fe II features between low-redshift and high-redshift samples. Sullivan et al. (2009) found

differences indicating lower abundances for intermediate-mass elements in the high red-

shift SNe. In both cases, they cannot rule out the possibility that the differences are driven

by demographic shifts of host galaxies, rather than true evolution of SN Ia properties. Foley

et al. (2008a) constrained the systematic error to be< 0.02 mag.

Malmquist bias Flux-limited surveys suffer from Malmquist bias (Malmquist 1920). If

after luminosity corrections based on WLR, SNe Ia are perfect standard candles, Malmquist

bias would have no effect. Because there are additional dispersions after the corrections,

Malmquist bias results in systematic errors. The effect should be negligible below inter-

mediate redshifts where the sampling is complete. The effects at high redshifts can be

modeled and accounted for. There is a related bias on the amount of time a SN Ia stays

above the detection threshold. Brighter and slower declining SNe Ia would stay above

the detection threshold longer, causing a change in the average brightness of SNe Ia in a

redshift-dependent manner. The amount of bias in the nearbysample can be estimated by

examining how early on in the light curve the SNe Ia are discovered. A data set with SNe

Ia discovered at earlier epochs suffers less bias than one with SNe Ia discovered at later

epochs.

Peculiar velocities Systematic errors can arise with the assumption that the nearby SNe

Ia are at rest in the cosmic microwave background frame, if there exists coherent large-

scale local peculiar velocities (Hui & Greene 2006; Cooray & Caldwell 2006). Neill et al.

(2007) presented corrections for this effect of the nearby sample using the density field of

galaxies and different flow models. The remaining statistical errors can be further reduced

with larger samples.
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Gravitational lensing Gravitational lensing can magnify or de-magnify the observed

flux. The expected probability distribution function is asymmetric about zero magnifica-

tion. Systematic errors can arise from this asymmetry. Holz& Linder (2005) demonstrated

that the effect decreases quickly with increasing sample size. The effect can then be treated

as a statistical dispersion.

Gray dust Aguirre (1999a,b) suggested that an increase in the dust grain size can mimic

the apparent dimming of SNe Ia brightness without producingobservable reddening. How-

ever, the observations of SNe Ia at redshiftsz> 1 by Riess et al. (2004, 2007) show the ef-

fect of the transition from a matter-dominated to a dark-energy-dominated universe. While

the luminosities of SNe Ia are first found to be too faint for a matter-dominated universe,

these higher redshift SNe Ia show an apparent brightening compared to a matter-dominated

universe. The effect is difficult to explain using gray dust. Furthermore, for SNe Ia to

become consistently dimmer, dust needs to be distributed throughout intergalactic space.

Current observations have placed significant constraints onthe amount of intergalactic dust

(e.g., Petric et al. 2006).

Dust extinction The large extinction correction necessary in the optical magnifies any

sources of systematic errors in the observed colors. The situation is further complicated by

our lack of understanding of dust properties in distant galaxies. Using photometry in the

NIR region, where the amount of dust extinction is much less compared to the optical, there

is evidence that the dust along the line of sight to SNe Ia doesnot have the same average

properties as dust in the Milky Way (Krisciunas et al. 2007; Wang et al. 2008; Elias-Rosa

et al. 2008). Furthermore, the observed colors of SNe Ia include contributions from dust

reddening and intrinsic colors, and the two effects cannot be separated easily. Modern

light-curve fitters treat reddening differently. SALT2 (Guy et al. 2007) and SiFTO (Conley

et al. 2008) fit for a color-luminosity relation with a slopeβ and do not distinguish between

intrinsic colors and dust, while MLCS2k2 (Jha et al. 2007) attempts to separate the two

effects using assumptions and redshift-dependent priors. Bothapproaches are susceptible

to the shift in host properties with respect to redshift. Future surveys can reduce these

errors by using complementary observations of NIR light curves (Krisciunas et al. 2000)

or optical spectra (Chapter 6) as indicators of intrinsic colors. More recently, Wang et al.

(2009b) demonstrated that the expansion velocities of the Si II 6355Å can be used to divide

SNe Ia into groups of different dust properties, and in turn improve extinction correction.
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Flux calibration Nearby SNe Ia provide important comparison reference for cosmolog-

ical studies. This requires the understanding of photometric calibrations of high-redshift

data relative to the low-redshift sample. The current sample of low-redshift data is inho-

mogeneous with a range of qualities in flux calibration and bandpass knowledge. The use

of this low-redshift data usually requires the calibrationof SNe Ia onto the Landolt system

(Landolt 1992) which is not well understood. Mismatch between actual instrumental pass-

bands and those of the standard system causes uncertainties. Since passbands are shared

across many observations, the errors are correlated between SNe Ia. Furthermore, Vega,

which is used to define the zero points, is much brighter than the standard stars. The esti-

mation of Vega’s actual magnitudes in a photometric system that it has never been observed

in introduces further systematic errors. Low-redshift data from ongoing surveys will allow

cosmological studies to move off the Landolt system.

K-correction TheK-correction yields one of the largest sources of systematicerrors as it

directly affects the peak magnitude of a SN Ia (Section 3.6).K-correction errors have con-

tributions from the uncertainties in the zero points and thepassbands of the photometric

system, the instrumental passbands, and the assumed SED forthe object (Equation 3.37).

The uncertainty in the zero points is related to the flux calibration. The indirect determina-

tion of the zero points from Vega can lead to systematic errors of a few percent (Fukugita et

al. 1996). An instrumental passband is the wavelength-dependent throughput of the entire

light path and includes transmission of the optics, mirror reflectivity, filter transmission,

CCD quantum efficiency and atmospheric absorption. Examining the effects of bandpass

shape on SN Ia cosmology, Davis et al. (2006) showed that for atypical deviation from

the nominal filter shape, theK-correction error introduced is below 0.004 mag. Studying

the effect of spectroscopic diversity on SN Ia cosmology, Hsiao et al. (2007a) demonstrated

that the systematic errors from assuming an SED can be largely eliminated by using a mean

spectral template time series. The remaining statistical errors are redshift dependent and

are on average 0.02 mag (Chapter 5; Hsiao et al. 2007a; Foley etal. 2008a). The errors

can be further reduced if the detailed shapes of the spectralfeatures can be predicted using

photometric information (Chapter 6).

3.10 Conclusion

SNe Ia can be used as standard candles to make direct measurements of the cosmological

parameters. The apparent faintness of distant SNe Ia revealed a previously unaccounted
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for dark energy. The discovery is significant as the existence of dark energy presents great

challenges to fundamental physics. The current generationof supernova surveys produces

observations for hundreds of SNe Ia. The statistical errorsare reduced, while systematic

errors become the limiting factor for SN Ia cosmology. With meticulous identification and

control of systematic errors, SNe Ia can be further used to constrain the nature of dark

energy.

This thesis is motivated by the potential for substantial improvement in cosmological

studies by exploring methods to reduce systematic errors. In particular, the spectroscopic

diversity of SNe Ia and its effect on SN Ia cosmology have not been studied in detail

before this work. In the following sections, methods for quantifying spectral features of

supernovae are developed. They are then used to identify themean spectroscopic properties

of SNe Ia; this eliminates the systematic errors associatedwith assuming a particular SED.

Methods are also developed to search for correlations between spectral features and light-

curve width. Established relations can further reduce the remaining statistical errors and

even provide independent distance estimates.



41

Chapter 4

Quantifying spectral features

Abstract The tools and the sample of observed spectra used to study thespectroscopic

diversity of Type Ia supernovae (SNe Ia) are detailed here. Alibrary of a statistically sig-

nificant sample of observed spectra is presented. The spectra are from a wide variety of

sources to cover a wide range of parameter space. Methods arethus developed to con-

sistently quantify the spectral features from heterogeneous sources. A spectral template

time series is constructed using the mean spectral properties of the library spectra. Using

the mean spectral templates forK-correction calculations largely eliminates the systematic

errors from assuming a particular SED. The procedures and formulation of principal com-

ponent analysis (PCA) are also outlined. A set of spectroscopic data can be reduced into

orthogonal principal components (PCs). Only the first few PCs are necessary to describe

the bulk of the variations. They can then be used to correlatewith other SN Ia properties to

search for the origin of the observed variations.

4.1 Introduction

With the advent of modern surveys which yield observations for hundreds of SNe Ia, the

precision and accuracy requirements for theK-corrections are only increasing. The diver-

sities in the spectral features of SNe Ia become a major contributor of errors.

To study the spectroscopic diversity of SNe Ia, a statistically significant sample of ob-

served spectra is needed. Our current library of spectra contains 1100 spectra of 183 SNe

Ia. In order to obtain spectra which cover wide ranges of epoch, wavelength and light-

curve width, the library is constructed using spectra from avariety of sources. Methods

are thus developed specifically to quantify the spectral features of a heterogeneous data set
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consistently.

SN Ia spectral features are formed by a blend of multiple lines enhanced by large

Doppler broadening. The shapes of the spectral features arethus complex with no clear

continuum. Methods are developed to standardize the broadband colors of the library spec-

tra and to quantify their spectral features using artificialnarrowband filters. The result is a

consistent treatment of SN Ia spectra, without resorting toby-eye estimation of a “pseudo-

continuum.” A mean spectral template time series is built using the mean spectral properties

of the large SN Ia sample. When used forK-correction calculations, the spectral template

time series obviates the systematic errors resulting from assuming a particular SED.

PCA is a powerful statistical tool used to search for patternsand to reduce the dimen-

sionality of a multidimensional data set. It is ideal for treating spectroscopic data. Instead

of examining individual spectral features, PCA can pick out the dominant variations within

a wavelength region and reduce the spectra into PCs. Once the largest variation is iden-

tified, the first few PCs describing the bulk of the observed variation can then be used to

search for correlations between spectral features and other parameters, such as epoch and

light-curve width. PCA will be adopted in Chapters 6 and 7 to identify the largest variations

in the spectral features and to search for the origins of these variations.

In this thesis, particular sets of passbands are used for continuum adjustment and

K-correction calculations. In the optical, the Bessell (1990) realization of the Johnson-

CousinsUBVRI passbands is adopted as rest-frame passbands. The MegaCam passbands,

gMrM iMzM, are adopted as examples of observed passbands. MegaCam is a wide-field im-

ager on the Canada-France-Hawaii Telescope (CFHT) on Mauna Kea. The MegaCam fil-

ters are closest to the US Naval Observatory (USNO) filters (Smith et al. 2002) and similar

to the Sloan Digital Sky Survey (SDSS) filters (Fukugita et al. 1996). In the near-infrared

(NIR), theYJHK passbands of the Wide Field Infrared Camera (WIRC) on the 2.5 m du

Pont telescope (Persson et al. 2002) are adopted. The methods developed 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 uniform class of objects, it is impor-

tant to use a statistically significant sample of observed spectra which spans a wide range

of properties. We have constructed, and are continuing to update, a library of observed

SN Ia spectra. The library currently includes 1100 spectra of 183 SNe Ia, including 117

nearby SNe Ia with complementary photometric information.The properties of the library
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are illustrated in Figure 4.1, and the full list of library spectra is placed in Appendix A.

Currently, the photometric data of approximately 300 low-redshift SNe Ia are cosmologi-

cally useful (Hamuy et al. 1996a; Riess et al. 1999; Jha et al. 2006; Hicken et al. 2009). The

statistical significance of the spectroscopic data is rapidly approaching that of photometric

data.

The observed spectra were gathered from heterogeneous sources with varying quality.

A large fraction of the spectra was obtained from public resources, such as the SUSPECT1

database and publications. Other spectra were supplied by past and ongoing supernova

surveys, such as the Calán/Tololo Supernova Survey (Hamuy et al. 1996a), CfA Supernova

Group (Matheson et al. 2008), Supernova Cosmology Project (Garavini et al. 2004, 2005;

Lidman et al. 2005), Carnegie Supernova Project (Hamuy et al.2006), Supernova Legacy

Survey (Howell et al. 2005; Bronder et al. 2008) and Equation of State: Supernovae Trace

Cosmic Expansion (Matheson et al. 2005).

Each observed spectrum is inspected by eye for quality. Spectra which have their spec-

tral features dominated by noise are discarded. The edges ofeach spectrum are inspected

and trimmed where the flux calibrations appear unreliable. The atmospheric telluric lines

in the I band are removed using procedures described in Section 4.3.

The library spectra are overwhelmingly of low-redshift SNeIa (top left panel of Fig-

ure 4.1). Spectroscopic observations of high-redshift supernovae are much more suscepti-

ble to host galaxy contamination, because the smaller supernova-host angular separations

are observed through a fixed slit width. Observations of low-redshift SNe Ia generally

yield higher signal-to-noise ratio than high-redshift ones, because of the larger apparent

luminosities. On the other hand, high-redshift surveys produce spectra with better obser-

vations of the difficult ultraviolet (UV) region, which is crucial forK-corrections toB at

high redshifts. Spectra from SNe Ia with redshifts up to 0.8 are included. For the making

of the mean spectral template, the assumption is made that there is no significant evolution

of spectral features between low-redshift and high-redshift supernovae (Section 3.9). Note

that none of the high-redshift spectra have time series observations. The histograms in Fig-

ure 4.1 are separated by redshift atz = 0.1 to demonstrate the difference in characteristics

between the two samples.

The library spectra mostly cover rest-frameB andV filter bands (bottom right panel

of Figure 4.1). TheK-correction analysis will be focused on corrections to the rest-frame

B band, since it is the most important and commonly used band incurrent cosmological

analysis. When the observed and the rest-frameB filter bands are misaligned, the spectral

1See http://bruford.nhn.ou.edu/˜suspect/index.html.
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Figure 4.1: Characteristics of our current spectral library. The histograms are separated by
redshift atz= 0.1 to demonstrate the difference in characteristics between the two samples
(gray for z < 0.1 and black forz > 0.1). The top left panel plots the histogram of the
redshifts of the library supernovae. The top right panel plots the histogram of the stretch
factors of the library supernovae. Only supernovae with reliable photometry are included
in this plot. The median stretch value for the combined sample is marked with a dotted
vertical line. The bottom left and right panels plot the histograms of the rest-frame epoch
relative toB-band maximum light and the rest-frame wavelength coverageof the library
spectra, respectively.
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features in the neighboringU and V filter bands are especially important. The relative

shortage of UV spectra is slightly improved by the inclusionof high-redshift SNe Ia.

The rest-frame epochs of the spectra are relative toB-band maximum light and are

obtained mainly from the light curves of the supernovae. Whenthe photometry of a SN

Ia is unavailable or unreliable, an estimate of the epoch is made by fitting the spectrum

to other spectra of known ages. The distribution of the epochs peaks at maximum light

(bottom left panel of Figure 4.1). The epochs are corrected for time-dilation with a factor

(1+ z)−1. They are also stretch-corrected by a factors−1. (This stretch correction procedure

will be justified in Section 6.6.)

The light-curve shape is a useful parameter to characterizethe diversity of the library

SNe Ia. For each SN Ia with well sampled light curves, a stretch factor is measured using

the SiFTO light-curve fitter (Conley et al. 2008). The stretchfactor, s, linearly stretches

or contracts the time axis of a template light curve around the epoch relative to maximum

B-band light to best fit the observed light curve (Perlmutter et al. 1997, 1999; Goldhaber

et al. 2001). The stretch factors of the library SNe Ia span a wide range of values with

most of the supernovae around a stretch of unity (top right panel of Figure 4.1). The

high-redshift sample has a slightly higher median stretch (s= 1.039) than the low redshift

sample (s= 0.964). This is caused by the preferential selection of brighter (higher stretch)

SNe Ia, which in general yield higher signal-to-noise ratios, at high redshifts. The median

stretch factor for the combined sample is 0.978.

4.3 Telluric absorption correction

The atmospheric telluric absorption features are mainly caused by water vapor (Figure 4.2).

The strengths, widths and central wavelengths of the telluric features depends on specific

observing conditions, such as wind speed, pressure, temperature, humidity, air mass and

the observer’s elevation. Careful removal of telluric features requires the observation of

a telluric reference star at a similar time and location in the sky as the observed object.

The telluric features are then removed using templates of molecular absorption to match

the features of the observed reference (Stevenson 1994) or by using the spectrum of the

relative featureless A-type star directly as the telluric template (Vacca et al. 2003). Since the

telluric absorptions only affect spectra at long wavelengths, telluric corrections are usually

not applied for optical spectra of SNe Ia.

For SNe Ia at different redshifts, the telluric features are superimposed atdifferent wave-

length locations in the rest-frame of the SNe Ia. This is not desirable from the view point
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Figure 4.2: The atmospheric telluric absorption features.The locations of theIYJHK
bands are noted. The dotted vertical lines mark the region where the telluric features are
removed from the library spectra.

of K-correction, as the telluric absorptions should be included in the observed instrumen-

tal bandpasses. Steps are thus taken to remove the narrow telluric features in theI band

(Figure 4.2). This will yield improvement to the spectral template in theI band for high-

redshift NIR studies (Nobili et al. 2005; Freedman 2005) andfor studying the spectroscopic

diversity in theI band (Chapter 6).

It is obviously not possible to do the careful corrections described above for our hetero-

geneous data set. Instead, known host redshifts and the relative broadness of the supernova

features compared to the telluric features are used to make the correction. The host red-

shifts are used to locate the telluric features. With low weights placed at the locations of the

telluric features, Gaussian smoothing is used to extrapolate from regions without telluric

contamination to determine what the flux level should be at the locations of the telluric

features. Non-linear least-squares fitting (Markwardt 2009) is then used to determined the

depths, widths and the central wavelengths of the telluric template which give the best fits

to the observed telluric lines. Examples of these procedures on two SNe Ia at two different

epochs are shown in Figure 4.3.

During the building of a set of mean spectral templates, wavelength regions of the
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Figure 4.3: Two examples of telluric feature removal from supernova spectra. The left
and right panels show spectra of SN 1999ee at maximum light (Hamuy et al. 2002) and
SN 1991bg at 23 days past maximum light (Turatto et al. 1996).The normalized telluric
template is plotted as red curve. The library spectra beforeand after telluric correction are
plotted as gray and black curves, respectively.

spectra which had the telluric correction are again assigned lower weights to minimize the

impact from the uncertainties in the above procedures (Section 4.7). By using SNe Ia from

a range of different redshifts, it is possible to obtain a good representation of the true SN Ia

flux at every wavelength.

Note that for the 52 NIR library spectra, the prominent telluric absorptions were cor-

rected using the observations of flux standards. These library spectra are discussed in

Section 7.3. The procedures for their telluric correctionsare detailed by Maiolino et al.

(1996) and Vacca et al. (2003). The spectral features which are heavily affected by the

prominent telluric lines between the NIRYJHK bands are not included in the analysis of

spectroscopic diversity in Chapter 7.
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4.4 K-corrections and broadband colors

K-corrections of SNe Ia rely on the SED of the supernova. Sincehigh signal-to-noise

spectrophotometry of high-redshift SNe Ia at multiple epochs is currently not feasible, it is

necessary to assume a set of spectral template time series.

K-correction calculations also depend on the supernova redshift through the alignment

of the rest-frame and the observed filter bands. The observedfilter band progressively

shifts towards bluer parts of the spectrum as a supernova is redshifted to progressively

longer wavelengths (from top to bottom panel of Figure 4.4).When the observed and rest-

frame filter bands are misaligned, as in the top and the bottompanels of Figure 4.4, the

K-corrections are more reliant on the assumed spectral template.

K-corrections are largely driven by the broadband colors of aSN Ia and are thus sen-

sitive to anything that affects the continuum of the SED, such as the Milky Way and host

galaxy extinction, and the intrinsic colors of the supernova. When a spectral template is

used as an assumed SED for the supernova, its continuum must be adjusted to have the

same colors as the supernova before theK-corrections can be determined. Nugent et al.

(2002) demonstrated that two SNe Ia with very different spectral features can yield similar

K-corrections when the spectra of the SNe Ia are adjusted to the same broadband colors.

Adjusting the colors of the spectral template to match thoseof the particular SN Ia sig-

nificantly improves the accuracy of theK-correction (Nugent et al. 2002). However, it is

not generally true that two SNe Ia with identical broadband colors share identical SEDs.

The diversity in individual spectral features between SNe Ia must also affectK-correction

calculations.

These effects are illustrated in Figure 4.5. TheK-corrections are calculated using in-

dividual library spectra. The spectrum colors are determined from synthetic photometry

on the actual observed spectrum. Colors from the spectra themselves are used instead of

photometric colors for the following reasons. Most of the library spectra are not spec-

trophotometric; therefore, using colors from photometry introduces errors which do not

originate from supernova feature inhomogeneity. This choice was also made for practical

reasons as the photometry of the library supernovae is sometimes unavailable or unreliable.

In Figure 4.5, the relation between theK-correction and broadband color is shown at

two redshifts. At a redshift of 0.75 where theB and iM bands are aligned (middle panel

of Figure 4.4),K-corrections are largely independent of the colors of the supernovae (top

panels of Figure 4.5). Atz = 0.9, the filter bands are misaligned (bottom panel of Fig-

ure 4.4), and theK-corrections show a strong dependence on broadband colors with a
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panel), 0.75 (middle panel) and 0.9 (bottom panel). The solid curves are the transmission
of B band, and the dotted curves are the transmission of the de-redshiftediM band. The
filter bands are misaligned atz = 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 observediM band to rest-frameB band as a function of
broadband colors,U − B (left panels) andB − V (right panels). TheK-correction-color
relations are plotted at the redshiftsz= 0.75 (top panels) andz= 0.9 (bottom panels). The
iM and B filter bands are aligned atz = 0.75 and misaligned atz = 0.9. All the library
spectra with adequate wavelength coverage are included. Each point represents one library
spectrum. Filled and open circles represent normal and spectroscopically peculiar SNe Ia,
respectively. The diversity in colors mostly reflects the time evolution of supernova colors.
The scatter reflects the differences in the spectral features.

larger scatter around the trend (bottom panels of Figure 4.5). At these misaligned redshifts,

the K-correction involves larger extrapolations and hence is more reliant on the details of

the SED. The colors of the SED describe the bulk of the relation. The remaining scatter

can be attributed to the inhomogeneity in spectral features, which will be the focus of this

thesis.

How should one allow for color variations when calculatingK-corrections? Previous

studies have utilized the reddening law of Cardelli et al. (1989) to perform the color cor-

rection on the spectral template (e.g., Riess et al. 1998; Nugent et al. 2002; Tonry et al.

2003). This choice is based on the observation that SN Ia color relations roughly follow the

reddening law. The correction applies a slope as a function of wavelength to the spectral

template in order to obtain the desiredB− V color.

Modern surveys, such as the Supernova Legacy Survey, produce well sampled multi-
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Figure 4.6: An example of color correction which contrasts the two color-correction meth-
ods: reddening law slope correction and the mangling function. The spectral template is
color corrected to match the colors of an observed spectrum.The top panel shows three
spectra: the observed spectrum (gray curve), the spectral template corrected by the man-
gling function (black solid curve) and the spectral template corrected by the reddening law
(black dotted curve). The bottom panel shows the color-correction scale for the mangling
function (black solid curve) and for the reddening law (black dotted curve). The black filled
circles locate the spline knots for the mangling function. The mangling function adjusts the
continuum using all the color information supplied,B− V andV − R.

filter light curves and in turn produce multi-color information for most SNe Ia. To utilize

fully the multi-color information, a “mangling function” is developed in lieu of the red-

dening law slope correction. It defines a spline as a functionof wavelength, with knots

located at the effective wavelengths of the filters. Non-linear least-squares fitting (Mark-

wardt 2009) is used to determine the spline which smoothly scales the spectral template to

the correct colors.

Figure 4.6 shows an example of color correction which contrasts the mangling function

and the slope correction of the reddening law. The two methods exhibit similar behavior

between theB andV filter bands. When theV − R color information is included, the scale

in the R band determined by the mangling function diverges from a slope correction to

incorporate the extra color information. The mangling function anticipates the possibility
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that the reddening law does not completely characterize allthe colors of a SN Ia; it ef-

fectively pieces together segments of slope corrections smoothly to satisfy the multi-color

information.

The variations in large features, such as the Ca H&K feature inthe UV, can significantly

alter the colors of the supernovae. It is difficult to disentangle color and feature variations

in these cases; however, the results of the analysis here areunaffected as long as the distinc-

tions between the effects of colors and features are consistently defined. Before spectra are

compared with one another, they are color-corrected to the same broadband colors using

the mangling function. This procedure consistently definesan effective “continuum” for

all spectra and enables the study of the effect of spectral features onK-corrections inde-

pendent of colors, whether the color differences are caused by extinction, intrinsic colors

or observational effects.

Returning to Figure 4.5, this figure illustrates not only the general trend ofK-correction

in terms of supernova colors, but also the scatter around thetrend which is caused by

the diversity of spectral feature shapes. The scatter becomes more significant as the rest-

frame filter band is redshifted away from the observed filter band (from top to bottom

panels of Figure 4.5) showing the heavier reliance on the spectra and the inhomogeneity

of the spectral features. The goal now is to construct a mean spectral template time series

that is representative of the observed SN Ia spectral features and to characterize the errors

associated with the spectral inhomogeneity shown in the scatter.

4.5 Measurements of feature strengths

A set of artificial non-overlapping narrowband filters are defined for measuring the spectral

feature strengths (Figure 4.7). A trade-off needs to be considered when setting the band-

widths of the narrowband filters. A smaller bandwidth captures more details of the spectral

feature shapes, but the signal-to-noise ratio is reduced. Here, we take advantage of the large

expansion velocities of SNe Ia. The bandwidths of the narrowband filters are set to be on

the order of the sizes of supernova features to maximize the signal-to-noise ratio without

sacrificing the details of the spectral features.

The bandwidths of the narrowband filters are logarithmic in wavelength, and the ratio

of ∆λ/λ = 0.03 is adopted. This ratio corresponds to an expansion velocity of ∼ 9000

km s−1, which is on the low end of the observed expansion velocitiesin SN Ia features.

The large expansion velocities of SNe Ia mean that the bandwidth of the narrowband filters

can be set large enough that modest noise in observed spectrahas minimal effect on the
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Figure 4.7: The defined narrowband filters for the measurement of spectral feature
strengths. The narrowband filters are defined to have logarithmic bandwidths with a ra-
tio of ∆λ/λ = 0.03 and are plotted as gray lines. Broadband filtersUBVRIYJHKare
plotted as red curves. The spectral template at maximum light is plotted as a black curve to
show the widths of the spectral features.
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measurements of feature strengths.

The narrowband measurement approach also effectively lowers the resolutions of all

spectra to a standard one. This is especially important for our heterogeneous data set which

is obtained from a wide range of instruments and reduced withdifferent techniques. A

lowered resolution will help keep the heterogeneous natureof the data set from entering

the signals which are intrinsic to the SNe Ia.

Before the feature strengths are measured, each library spectrum is color-corrected us-

ing the mangling function (Section 4.4) to a set of light-curve templates with a set stretch

value (conventionallys = 1). It is worth noting that the procedure presented here for cal-

culatingK-corrections is independent of any established photometric relation, such as the

stretch-color relation. Even though the stretch-color relation for a particular stretch value

is used here to yield the standard colors for the library spectra, the spectral template later

has to be color-corrected to match the colors of the particular SN Ia in question. The color-

correction procedure removes any dependence on color varying factors, such as stretch,

extinction and flux calibration. The spectral diversity of the library SNe Ia can then be

adequately quantified independent of broadband colors.

4.6 Mean spectral template time series

The spectra of normal SNe Ia are remarkably uniform in the time evolution of their spectral

features (Branch et al. 1993), but some differences do exist. Some of these differences are

associated with the variation in light-curve shapes (e.g.,Nugent et al. 1995, Chapter 6),

while the origins of others remain unknown (e.g., Hatano et al. 2000; Benetti et al. 2005).

Nugent et al. (2002) introduced a spectral template time series that is based on one

well-observed supernova spectrum for each epoch and wavelength interval. The template

is constructed by assembling well-observed spectra in a two-dimensional grid of flux as a

function of epoch and wavelength. The temporal gaps are thenfilled with a simple interpo-

lation.

The spectral features of the templates used forK-correction calculations of a particular

set of SNe Ia should be representative of that population. The templates constructed by

the method outlined in Nugent et al. (2002) can cause systematic errors if the spectra used

represent the extremes in spectral features. In this section, a prescription for constructing a

mean spectral template time series with representative spectral features is described.

Simply averaging a large number of spectra tends to broaden and weaken the spectral

features, when there exists a range of feature velocities. Instead, we adjust the features
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of a base template to the weighted mean of the measured feature strengths from a large

sample of observed spectra. The procedures of building the spectral template time series

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

additions to the library, adjust the grid size accordingly and create a new spectral template.

The procedures are summarized as follows:

1. Assign a two-dimensional grid of epoch and wavelength bins.

2. Color-correct each library spectrum to the same broadbandcolors in each epoch bin.

3. Measure the feature strength in each wavelength bin of each library spectrum.

4. Assign weights to each feature strength of each library spectrum.

5. Determine an effective epoch for each epoch bin.

6. Determine a weighted mean feature strength for each grid element.

7. Build a base template time series from a subset of library spectra at the effective

epochs.

8. Adjust the base template time series to the weighted mean feature strengths using the

mangling function.

The library spectra are first divided into epoch bins. When assigning an epoch bin, two

competing factors affecting the bin sizes must be considered. First, a statistically signifi-

cant sample size of spectra in each epoch bin is required to obtain representative charac-

terizations of the spectral features; larger bin sizes yield more spectra per bin. Second,

the temporal evolution of the spectral features within eachbin should be kept as small as

possible; small epoch bin sizes are preferred in this case. The most direct way to improve

the situation is to increase the number of library spectra such that the epoch bin sizes can

be narrowed without sacrificing the generality of the samplein each bin. For the current

sample size, it is not sensible set a bin size of one day for allepochs. Instead, variable bin

sizes are adopted.

The temporal evolution of spectral features is illustratedin Figure 4.8. The SEDs at

different epochs are normalized to the sameB-band flux to emphasize the evolution of the

spectral features. The spectrum of a SN Ia evolves rapidly from the time of explosion to

around 20 days past maximum light. These epochs are also the most important when fitting

light curves. The epoch bin sizes for these epochs are kept small such that the effects of



56

3000 4000 5000 6000 7000 8000 9000
rest wavelength (Å)

0.0

0.2

0.4

0.6

0.8

1.0

re
la

tiv
e 

flu
x

−15
−12
−9
−6
−3
0
3
6
9

12
15
18
21
24
27
30
33
36
39
42
45

epoch

3000 4000 5000 6000 7000 8000 9000

Figure 4.8: An illustration of the time evolution of spectral features of SNe Ia. A spectral
template time series is plotted fromt = −15 to t = 48 relative toB-band maximum.
Template spectra at different epochs are normalized to the sameB-band flux to emphasize
the evolution of the spectral features. Spectral features of SNe Ia evolve rapidly around
maximum light and slow down pastt = 30. This emphasizes the importance of small
epoch bins near maximum light.

temporal evolution on spectral features are minimized. Thetemporal evolution of feature

shapes in theB and V bands slows down considerably beyond the age of 30 days. At

these epochs, larger bin sizes are adopted to compensate forthe small number of spectra.

Table 4.1 lists the epoch bins adopted for the current library.

The relative spectral feature strengths of a library spectrum are measured as narrowband

colors, as described in Section 4.5. Note that measuring relative feature strengths eliminates

the need for the absolute fluxes of the spectra. The narrowband colors are organized in a

two-dimensional grid of wavelength and epoch. The sizes of the grid elements are defined

by narrowband filter bandwidths and epoch bins. Figure 4.9 illustrates a schematic of the

grid and specifies the number of narrowband measurements foreach grid 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 element, they are weighted to
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Table 4.1: The assignment of epoch bins for the mean spectraltemplate time series

Lower Upper Bin Effective 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 47
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
68 81 13 74.8 18
81 91 10 85.6 16
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Figure 4.9: A schematic of the two-dimensional grid defined by the epoch bins and the
narrowband filters. The number of narrowband color measurements in each grid element is
plotted in the third dimension.
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account for the heterogeneous nature of the data set. The weights are designed to yield

feature measurements which are truly representative of themean of SNe Ia. They ensure

that the final mean spectral template time series is not dominated by peculiar spectra, super-

novae with multiple observations or supernovae with extreme stretch values. The details of

the weighting schemes are described in Section 4.7. The weighting schemes yield an effec-

tive epoch for each epoch bin. The base template time series is then built at these effective

epochs.

As the narrowband filters degrade the resolutions of the library spectra, it is important

to start with a set of base template spectra with the correct feature shapes. The steps for

building the base templates are similar to those for building the spectral templates of Nugent

et al. (2002). A subset of library spectra with high signal-to-noise ratios is selected. The

coverage in epoch and wavelength is kept below three spectraper day per wavelength to

avoid broadening the spectral features with a range of expansion velocities. Each library

spectrum is given a Gaussian spread in epoch, centered on itsrest-frame stretch-corrected

epoch, with a standard deviation the size of the associated epoch bin. The base template

time series is then produced by averaging the Gaussian weighted fluxes at each effective

epoch. The Gaussian spread allows the smooth time evolutionof the spectral features and

also helps to fill the gaps in epoch and wavelength space whereobservations are rare.

The grid of weighted mean narrowband colors as a function of wavelength and epoch is

now used as the input color information for the mangling function described in Section 4.4.

Each spectral feature of the base spectrum is adjusted by themangling function to have

the weighted mean strength of the library spectra. The adjusted template at the effective

epochs is then smoothly interpolated to an integer epoch grid from t = −19 to t = 85 at

each wavelength.

Finally, the spectral template is color-adjusted to a light-curve template. Note that

adjusting the flux and the colors of the spectral templates toa particular set of template

light curves is optional for the following reasons. The constant of normalization for the

template SED is cancelled when performing aK-correction calculation. Furthermore, the

broadband colors of the spectral template would later have to be adjusted to match the

colors of the SN Ia in question. Here, the mean spectral templates are adjusted to a set of

template light curves to allow for a more natural interpolation of flux between epochs.

The resulting spectral template at maximum light is shown inFigure 4.10. To illustrate

that the spectral template is indeed the mean of the library spectra, spectral templates are

also built using 100 bootstrapped samples of library spectra. The bootstrapped templates

also show the size of the dispersion at each wavelength. The spectral features in theU



60

3000 4000 5000 6000 7000
wavelength (Å)

0.0

0.2

0.4

0.6

0.8

1.0

no
rm

al
iz

ed
 fl

ux

new template
bootstrapped

nugent05
nugent06

Figure 4.10: The comparison of spectral templates at maximum light. The mean spectral
template is plotted as a black curve, while the templates from bootstrapped samples are
plotted as gray curves. The revised templates of Nugent et al. (2002) from 2005 and 2006
are plotted as red and blue curves, respectively.

band exhibit much larger dispersion around the mean than those in theV band. The mean

spectral template is also compared with the revised templates of Nugent et al. (2002). Fig-

ure 4.10 shows that the Nugent templates are not representative of the library spectra and

can cause significant systematic errors. The resulting systematic errors will be quantified

in Chapter 5.

The mean spectral template time series provides an excellent reference for the spec-

tral features of a typical SN Ia and has a wide range of applications. The current spectral

template time series covers epochs from -19 to 85 days pastB-band maximum and wave-

lengths from 0.1µm to 2.5µm. It has been adopted as the spectral model for the SiFTO

light-curve fitter (Conley et al. 2008). Because of the wide wavelength baseline, it has also

been adopted to estimate the bolometric luminosities, and in turn the56Ni masses, of SNe

Ia (Howell et al. 2009).
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4.7 Weighting of narrowband measurements

The heterogeneous nature of our library means that the differences between the spectra need

to be considered carefully. Before the narrowband colors areaveraged in each grid element,

some simple weighting schemes are applied to each spectrum to ensure that the resulting

template is not dominated by peculiar spectra, supernovae with multiple observations or

supernovae with extreme stretch values. Weights as a function of wavelength are also

assigned to deal with the differences in the spectral coverage and in the locations of the

telluric lines.

We chose to include spectroscopically peculiar SNe Ia for the following reasons. In-

cluding peculiar spectra in the template and the analysis gives a more complete description

of the population of the SNe Ia. Moreover, peculiar SNe Ia tend to receive more attention

and yield more detailed observations. Including these spectra helps to increase the num-

ber of spectra in wavelength and epoch intervals which are rarely covered. To adequately

include these peculiar spectra in the spectral template, weadopt the weight,wtype. For the

peculiar spectra, we chose a relative weight of one fifth thatreasonably characterizes the

intrinsic fraction of peculiar supernovae in the SN Ia population (Branch 2001; Li et al.

2001b). For a grid element withNnormal normal spectra andNpeculiar peculiar spectra, the

weight for the type of spectra is:

wtype=















1/Nnormal for normal SNe Ia

1/5Npeculiar for peculiar SNe Ia
. (4.1)

For a SN Ia withN narrowband color measurements in a grid element, the measurements

are averaged and weighted as one measurement:

wmultiplicity = 1/N. (4.2)

Narrowband color measurements at the edges of a library spectrum are assigned less

weight than the measurements at the center. This step goes beyond the edge trimming, de-

scribed in Section 4.2, in minimizing the effects of miscalibration at the edges of observed

spectra. It also gives higher weights to library spectra which have wider wavelength cov-

erage and thus have their continua better adjusted by the mangling function. The weight

for the filter coverage,wcoverage, is a triangular or trapezoidal function in wavelength space

with a value of unity at the effective wavelengths of the available bands and one fifth at the

ends of the spectrum.

Even though the telluric features for each spectrum taken atground-based telescopes
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are removed, lower weights at the location of the telluric features are applied to account for

the errors associated with this procedure. The diversity ofredshifts in our library means

that most of the grid elements would have at least a few feature strength measurements

uncontaminated by telluric features. The weight assigned for telluric line contamination,

wtelluric, is inversely proportional to the equivalent width of a telluric feature template inside

the two adjacent narrowband filters in question.

To ensure that a grid element is not dominated by supernovae of extreme stretch val-

ues, the narrowband color measurements are weighted such that the weighted mean of the

stretch values in each grid element is close to a representative stretch valueseffective (con-

ventionally unity). A normal distribution centered on the effective stretchseffective, with a

standard deviation ofσs = 0.2, is used to define the weight for stretch:

wstretch= exp

[

(sSN− seffective)2

2σs

]

. (4.3)

For SNe Ia without stretch factors, the mean weight for stretch is adopted for each grid

element.

An effective epoch,teffective is determined for each epoch bin using the rest-frame,

stretch-corrected epochs of the library spectra,ti, and their weights,w′i :

teffective=

∑

i w′i ti
∑

i w′i
. (4.4)

The letteri denotes theith spectrum of the epoch bin in question. The weight,w′i is the prod-

uct of the weights for supernova type, multiplicity, wavelength coverage, telluric features

and stretch. The resulting effective epochs for our current library are listed in Table 4.1.

Within an epoch bin, library spectra with epochstS N closer to the effective epoch are then

assigned higher weights. A normal distribution is again used to define the weights. It is

centered on the effective epoch,teffective, with a sigma,σt, corresponding to the size of the

epoch bin:

wepoch= exp

[

(tSN− teffective)2

2σt

]

. (4.5)

The total weight for theith library spectrum can then be written as:

wi = wtype,i × wmultiplicity,i × wcoverage,i × wtelluric,i × wstretch,i × wepoch,i (4.6)

Assuming that the spectral features of SNe Ia depend on the stretch parameter (Chap-

ter 6), weighting the feature strength measurements in terms of epoch and stretch helps us
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to disentangle the two effects on spectral features in an epoch bin of finite size.

The weighted mean of the narrowband measurements,f , is determined for each grid

element (in epoch and in wavelength) using the total weight,wi, and the narrowband color

measurementsfi for the ith spectrum:

f =
∑

i wi fi
∑

i wi
(4.7)

The grid of weighted mean narrowband colors in epoch and wavelength now character-

izes the mean spectral features of the desired SN Ia spectraltemplate time series.

4.8 Principal component analysis

PCA is a statistical technique useful for reducing the dimensionality and identifying pat-

terns in a set of multi-dimensional data. PCA has been employed for analyzing astronomi-

cal spectra in a wide variety of applications (e.g., Ronen et al. 1999; Kong & Cheng 2001;

Madgwick et al. 2003; Ferreras et al. 2006; Suzuki 2006). In Chapter 6 and Chapter 7, the

method will be used to search for correlations between spectral features and factors which

drive the variations in spectral features, such as time evolution and photometric properties.

The simplifying “bra ket” notation of Suzuki (2006) is adopted here for the formulation

of PCA. PCA in this case is applied to the narrowband measurements of a set of supernova

spectra. Each spectrum is denoted here by| fi〉 and is characterized byn narrowband color

measurements. First, the mean spectrum (mean narrowband measurements)|µ〉 is computed

and removed from the data set. The covariance matrix is then computed to determine how

strongly a spectral feature is correlated with the others. For thisn-dimensional data set, the

covariance matrix is ann× n symmetric matrix.

The eigenvectors and eigenvalues of the covariance matrix are obtained using internal

IDL routines which utilize Householder reductions and the QL method (Press et al. 1992).

The resulting eigenvectors form ann × n matrix. Each of then PCs, denoted here by

|ξ j〉, are simply each of then n-dimensional column vectors of the eigenvectors. In this

formulation, the PCs are renormalized to be unit vectors. They are further ranked by the

eigenvalues which provide a measure of the amount of variation in the spectra that the PCs

describe. The fractional variance for a PC is the ratio of theeigenvalue of the PC over the

sum of all the eigenvalues. The first PC points in the direction of maximum variance in the

n-dimensional data space, and the rest of the PCs are orthogonal vectors:
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〈ξi |ξ j〉 = δi j . (4.8)

The projection of a spectrum| fi〉 on a PC|ξ j〉 can then be computed as:

pi j = 〈 fi − µ|ξ j〉. (4.9)

This projection for theith spectrum and thejth PC, denoted here bypi j , gives a measure

of how much the spectral features of the spectrum| fi〉 vary in the direction of the PC|ξ j〉
in the n-dimensional data space. Because the PCs are unit vectors, theprojections have

the units of narrowband magnitude. PCA searches for patternsin the spectroscopic data

independent of any information about the spectrum or the supernova. The projectionspi j

can thus be used to search for correlations between the spectral features and any factors

which may cause the observed variation.

The set of spectra used in PCA can be represented as the sum of all of its PCs and the

mean spectrum:

| fi〉 = |µ〉 +
n

∑

j=1

pi j |ξ j〉. (4.10)

The set of spectra can also be reconstructed using only the first few PCs. If these PCs

constitute a large fraction of the overall variations, the reconstructed spectra will be repre-

sentative of the actual data.

4.9 Conclusion

A library of a statistically significant sample of observed spectra is presented. The spec-

tra are from heterogeneous sources to cover a wide range of parameter space in epoch,

wavelength and photometric properties. New methods for continuum adjustment and flux

measurement are developed, such that the spectral featuresfrom the heterogeneous data set

can be consistently quantified.

A mean spectral template time series is constructed by consistently quantifying the

spectral features of the large sample of library spectra andcarefully incorporating the mea-

surements with weighting schemes which account for the widevariations in properties of

the library spectra. The resulting templates are shown to have the mean properties of SNe

Ia. The revised spectral templates of Nugent et al. (2002) are shown to have unrepresenta-

tive spectral features which will result in systematic errors in cosmological studies. These
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errors will be quantified in Chapter 5.

The procedures and formulation of PCA have been outlined. A set of spectroscopic data

can be reduced into orthogonal PCs. Only the first few PCs are necessary to describe the

bulk of the variations. These PCs are then used to search for correlations between spectral

features and factors which drive the variations of spectralfeatures, such as light-curve width

and time evolution. PCA will be adopted in Chapter 6 and Chapter 7to identify the origins

of observed variations and to construct template spectroscopic sequences 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 eliminatethe systematic

errors inK-corrections which arise from assuming the spectral energydistribution (SED)

of a particular Type Ia supernova (SN Ia). The remaining statistical errors are redshift

dependent, with minima at redshifts where the rest-frame filter band and the observed filter

band are aligned. Because the broadband colors of the spectral templates are adjusted to

match those of the SNe Ia, the errors are attributed to the inhomogeneity in the spectral

features. As these errors directly affect the magnitudes of the SNe Ia, it is important to

incorporate the redshift-dependent effect in cosmology. The effect of filter coverage on

the K-correction errors is also examined. Spectral templates which are not adequately

constrained by the color information of the SN Ia are shown tocause significant errors in the

K-correction, emphasizing the importance of the choice of filter bands in survey designs.

A first attempt is made at measuring the correlation ofK-correction errors between epochs.

The effect of partial correlation of spectral features between epochs is approximately a

factor of two increase in the errors of the peak magnitudes from those estimated assuming

uncorrelated errors.

5.1 Introduction

K-correction calculations require the SED of the SN Ia. As high signal-to-noise, time series

spectroscopic observations of high-redshift SNe Ia are currently not feasible, a spectral

template time series is usually assumed. This is justified bythe existence of remarkable
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homogeneity in the observed optical spectra of “normal” SNeIa (Branch et al. 1993).

The dependence ofK-corrections on the spectral template is large at redshiftswhere

the observed and the rest-frame filter bands are misaligned.While the observed spectra

of “normal” SNe Ia are apparently uniform, subtle differences in feature strengths and

velocities do exist (e.g., Nugent et al. 1995; Hatano et al. 2000). How well the spectral

template represents the SED of the SNe Ia becomes especiallyimportant at the misaligned

redshifts.

Previous papers onK-corrections of SNe Ia presented methods which made it possi-

ble to use SNe Ia for the determination of cosmological parameters. Hamuy et al. (1993)

explored the possibility of using SNe Ia as distance indicators and presented single-filter

K-corrections for supernovae out to redshiftz= 0.5 using spectroscopic observations of SN

1990N, SN 1991T and SN 1992A. At high redshifts, considerable extrapolation is required

for single-filter K-corrections. Kim et al. (1996) developed the cross-filterK-correction

to take advantage of the overlap at high redshifts of a rest-frame filter band and a redder

observed filter band. Nugent et al. (2002) presented a SN Ia spectral template time se-

ries and a recipe for determiningK-corrections. The importance of broadband colors was

particularly emphasized.

While K-corrections are largely driven by SN Ia colors, it is shown here that the di-

versity in spectral features of SNe Ia can also be important.In this section, we investigate

the effects of SN Ia inhomogeneity on the determination ofK-corrections and cosmology,

paying close attention to the effects of the diversity in the spectral features.

5.2 Quantifying K-correction errors

For a high-redshift supernova, the light through a rest-frame filter band is redshifted to

longer wavelengths and is observed through an observed filter band that overlaps, but is not

identical to, the redshifted rest-frame filter band. The cross-filterK-correction (Kim et al.

1996),Kxy, allows one to transform the magnitude in the observed filter, y, to the magnitude

in the rest-frame filter,x:

Kxy(t, z, ~c) = −2.5 log















∫

λTx(λ)Z(λ)dλ
∫

λTy(λ)Z(λ)dλ















+ 2.5 log

























∫

λTx(λ)S(λ, t, ~c)dλ
∫

λTy(λ)
[

S(λ/(1+z),t,~c)
(1+z)

]

dλ

























. (5.1)

The K-correction,Kxy, is a function of the epocht, the redshiftz, and a vector of pa-
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rameters~c, which affect the broadband colors of the SN Ia, such as light-curve width and

dust reddening.S(λ) designates the SED of the supernova.Tx(λ) andTy(λ) denote the

effective transmission of thex andy filter bands, respectively.Z(λ) denotes the SED for

which the referencex− y color is precisely known. Note that the normalization of theSED

is arbitrary.

K-correction dispersions are quantified here as the differences between theK-correction

calculated using a particular observed spectrumSS(λ) and that calculated using an assumed

template spectrumST(λ), where the continuum ofST(λ) is adjusted with the mangling

function to have the same broadband colors asSS(λ) (Section 4.4). From Equation 5.1, the

K-correction dispersions can be expressed as:

∆Kxy ≡ 2.5 log















∫

λSS(λ)Tx(λ)dλ
∫

λST(λ)Tx(λ)dλ















− 2.5 log















∫

λSS(λ/(1+ z))Ty(λ)dλ
∫

λST(λ/(1+ z))Ty(λ)dλ















. (5.2)

This definition ofK-correction dispersions removes the dependence on the zeropoints

and focuses on the effects of an assumed spectral template and the alignment of therest-

frame and observed filters. The first term in Equation 5.2 provides the normalization such

that the two spectra have the same flux under the rest-frame filter band. The second term

then yields the magnitude difference caused by the spectroscopic differences between the

supernova spectrum and the template.

The library spectra are used here to quantify theK-correction errors. The library spectra

are artificially redshifted fromz= 0 to z= 1.2 to determine theK-correction as a function

of redshift. TheK-correction difference between each library spectrum and the appropriate

template is then determined for all redshifts with various combinations of rest-frame and

observed filter bands. The statistical error is then defined as theK-correction dispersions

added in quadrature at each redshift, and the systematic error is defined as the average of

theK-correction dispersions at each redshift.

When a relation between light-curve shape and color (e.g., Riess et al. 1996) is used,

one has available the predictions of multiple rest-frame color information from the fit to

the observed light curve. The spectral template can be color-corrected using the predicted

rest-frame colors in this case. On the other hand, when multi-color observations of a SN Ia

are available, one may choose to use the more empirical approach of correcting the spectral

template directly to the observed colors. TheK-correction errors calculated from both

color-correction options are examined in the following subsections.
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5.3 Color correction using model rest-frame colors

First, the case where the colors of the spectral templates are corrected by the rest-frame

colors is examined. When determining theK-correction to a rest-frame filter, the neighbor-

ing spectral regions become important when the rest-frame and observed filter bands are

misaligned. Library spectra which haveU, B andV rest-frame filter band coverage (ap-

proximately 9% of the library spectra) are selected to characterize the errors inK-correction

from the observed filters to the rest-frameB filter band. The selected library spectra range

in epoch fromt = −15 to t = 65. The rest-frame colors of the library spectra are measured

by synthetic photometry. Before calculating theK-correction difference between a library

spectrum and the corresponding template, the template spectrum is color corrected to have

the sameU − B andB− V colors as the library spectrum.

To ensure that the sample of library spectra used to build thespectral templates and

the one used to measure theK-correction errors are independent of each other, the selected

library spectra are randomly split in half. One half of the selected spectra and the library

spectra which did not meet the wavelength coverage criterion are used to build a set of

spectral templates. The other half is then used to compute the K-correction dispersions.

The random selection process was repeated 100 times. TheK-correction errors are also

calculated using the revised templates of Nugent et al. (2002). The Nugent templates are

assumed to be independent of the selected library spectra. The resulting statistical and

systematic errors forK-corrections going from observedgMrM iMzM bands to the rest-frame

B band are plotted in Figure 5.1.

Note that the errors presented here are for individual observations. Combining multiple

data points on a light curve to derive overall light-curve parameters should reduce these

errors. This will be examined in Section 5.6. The statistical errors follow the pattern of a

minimum at the redshift where the observed and the rest-frame filter bands are aligned and

two maxima where the two filter bands are misaligned. The pattern repeats as a function

of redshift and as one observed filter is switched to another.At a redshift where the filter

bands are misaligned, theK-correction error for a single observation is important at the

0.04 mag level. Because the spectra are compared with consistent broadband colors, we

argue that the 0.04 mag error is primarily due to the inhomogeneity in spectral features of

SNe Ia.

The right panel of Figure 5.1 shows that the new mean templates cause lower sys-

tematic errors than the Nugent templates. This is because the mean templates have more

representative spectral features for the selected spectraconsidered here. This implies that
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Figure 5.1:K-correction errors to the rest-frameB band, for the case where the template
spectra are color corrected with rest-frame colors. The errors of the new template and the
revised template of Nugent et al. (2002) are represented with solid black and dotted curves,
respectively. The statistical errors are plotted in the left panel, and the systematic errors
in the right panel. The thickness of the black solid curve shows the dispersion from the
random selection process and the thin white curve is the mean. The errors presented here
are for individual observations of a light curve.

the Nugent templates are only representative for the handful of spectra used to make it. The

method presented in Section 4.6 allows for the inclusion of alarge sample of spectra for

building the mean templates. Assuming that our current library is a more representative

sample than the sample used by Nugent et al. (2002), the mean template will largely elim-

inate the systematic errors caused by spectral features. Anideal spectral template for this

particular population of spectra would yield distributions centered on zero at all redshifts

and epochs. The deviation from zero for the mean templates reflects the particularity of the

smaller sample used for theK-correction estimate.

When a SN Ia lies at a redshift where the observed and rest-frame filter bands are

misaligned, all the observations on the light curve would have largerK-correction errors.

The larger errors are attributed to the larger extrapolation and the heavier reliance on the

spectral templates. Multiple epochs may reduce the errors,but the redshift dependent na-

ture remains. SNe Ia at different redshifts would have differentK-correction errors. This

redshift-dependent feature of theK-correction error must be considered in the determina-

tion of cosmological parameters.
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Figure 5.2: Statistical errors ofK-corrections from the observediM band to rest-frameB
band, for the case where the template spectrum is color-corrected with “observed” colors.
The observed colors are from synthetic photometry using theobservedgMrM iM filter bands.
The left panel compares the errors of the revised Nugent templates and the mean spectral
templates. Both sets of templates are color corrected by observedgM−rM andiM−rM colors
before the calculation. The right panel shows the effect of the availability of observed
colors on the errors. The solid, dotted and dashed curves represent the errors of the mean
templates corrected by bothgM − rM andrM − iM colors,gM − rM color alone, andrM − iM

color alone, respectively.

5.4 Color correction using observed colors

Here, the same error analysis as above is performed, but the template spectra are color-

corrected using “observed” colors. The observed colors areobtained from synthetic pho-

tometry using de-redshiftedgM, rM andiM observed filter bands. As the redshift of a super-

nova spectrum increases, the observed filter bands cover progressively bluer regions of the

spectrum. The locations of the spline knots for the manglingfunction are thus not fixed as

in the previous subsection, but instead depend on the redshift of the supernova.

Because the observed filter bands are shifted as a function of redshift, spectra with

wide wavelength coverage are required for the analysis. There are 12 spectra with ade-

quate wavelength coverage from seven SNe Ia: SNe 1981B, 1989B,1990N, 1990T, 1991T,

1991bg, and 1992A, covering ages from−14 to 37 days relative toB-band maximum light.

The spectral templates built for this analysis exclude these 12 spectra, such that the spec-

tral template is independent of the library spectra used forthe analysis. An example of

K-correction from the observedrM band to rest-frameB band is plotted in Figure 5.2.

The left panel plots the comparison of statisticalK-correction errors calculated using
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the revised Nugent templates and the mean spectral templates. The result is similar to that

of Figure 5.1. Since the spline knots are placed at different locations for the two methods of

color correction, the similarity between the results givesus confidence that the method of

constructing spectral templates presented in Section 4.6 is largely independent of the way

in which the spectra are color corrected.

Color correction using observed colors has the advantage of being independent of an

assumed stretch-color relation, but theK-correction errors depend on the availability of

observed colors. The effects of the availability of observed colors are shown in the right

panel of Figure 5.2. We consider three cases where the mean spectral templates are color-

corrected by 1) both observedgM − rM andrM − iM colors, 2) by observedgM − rM color,

and 3) by observedrM − iM color. They illustrate the point that in the treatment ofK-

correction, the errors should also reflect the availabilityof observed colors. For example,

theK-correction error is increased considerably for a SN Ia missing gM−rM observed color

atz= 0.36 (dashed curve of the right panel of Figure 5.2). A similar effect is also observed

for a SN Ia atz= 0.54 missingrM − iM (dotted curve of the right panel of Figure 5.2).

At redshifts where the observed and rest-frame filter bands are misaligned, the observed

color which straddles the rest-frame filter band is the most important. This is illustrated in

Figure 5.3. For a SN Ia that is at a misaligned redshift, and missing this observed color

information, the associatedK-correction error arises not only from inhomogeneity of SNe

Ia spectral features, but also from the missing color information.

The filter coverage of modern SN Ia surveys is simulated to geta more realistic de-

scription of the statistical errors. The observed filter bands and the surveys considered

here areRI bands for Equation of State: Supernovae Trace Cosmic Expansion (ESSENCE;

Miknaitis et al. 2007; Wood-Vasey et al. 2007),gri bands for the Sloan Digital Sky Survey-

II Supernova Survey (SDSS II; Sako et al. 2008; Frieman et al.2008),griz bands for the

Supernova Legacy Survey (SNLS; Astier et al. 2006), andYJbands for the Carnegie Super-

nova Project (CSP; Freedman 2005). CSP uses near-infrared photometry, as well as optical

photometry from other surveys, to computeK-corrections to rest-frameI band. Here we

computeK-corrections to the rest-frameB, V andI bands. At each redshift, all the library

spectra with adequate wavelength coverage to perform colorcorrections are included. The

results are plotted in Figure 5.4.

The redshift-dependent nature of theK-correction errors should be incorporated into

cosmological analysis to fully account for the effects of feature inhomogeneity and filter

coverage. Figure 5.4 also illustrates the importance of thechoice of filter bands in survey

design. For the case of ESSENCE, there is reasonable overlap between the observedR
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Figure 5.3: The locations of the observed filters at redshifts z = 0.36 (top panel) and
z= 0.54 (bottom panel). The same example ofK-correction as in Figure 5.2 is considered.
The solid curves represent the rest-frameB band, while the dotted curves represent the
observedgMrM iM bands. At redshifts where the observed and rest-frame filterbands are
misaligned, the observed color which straddles the rest-frame filter band (highlighted for
each plot) is the most important.

band and the rest-frameB band in the redshift rangez = 0.2 − 0.4. However, there is no

filter band on the blue side of theR filter to constrain the color of the spectral template in

the rest-frameB-band region. As a result,B-band based cosmology is expected to have

larger scatter in this redshift range (top-left panel of Figure 5.4).

5.5 Spectral templates from the minimization of errors

In Section 4.7, two constants are chosen for the weighting schemes, constants forwtype and

wcoverage, in order to ensure that the spectral templates produced arenot dominated by an

extreme of the SN Ia population. A constant of 0.2 was chosen forwtype to simulate the

fraction of peculiar supernovae in the SN Ia population. A constant of 0.2 was chosen for

wcoverageto deweight the edges of the spectra. Alternatively, these constants can be quan-
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Figure 5.4: Realistic models ofK-correction statistical errors for ESSENCE, SDSS II,
SNLS and CSP.K-corrections to rest-frameB (top panels),V (middle panels) andI bands
(bottom panels) are considered. TheK-correction errors are computed using spectral tem-
plates color corrected with the observed filter bands of ESSENCE (left panels), SDSS II
(center panels) and SNLS (right panels). CSP uses near-infrared photometry, as well as op-
tical photometry from other surveys to computeK-corrections to rest-frameI band (bottom
panels).
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Figure 5.5: Comparison between the spectral templates builtusing weights determined by
minimizing theK-correction errors, and templates built using preselectedweights. The
templates at maximum light are shown. The template buildingprocess is largely insensi-
tive to the way these constants are determined. The largestK-correction (toB) difference
between the two templates is 0.004.

titatively determined by minimizing the systematicK-correction errors of a set of library

spectra.

The constants forwtype andwcoverageare now set as parameters free to vary between 0 and

1. All of the library spectra which have enough wavelength coverage to allow for accurate

mangling are used to determine the systematic errors in redshift, as discussed in Section 5.3.

The parameters are determined by minimizing these errors using non-linear least-squares

fitting (Markwardt 2009). At each iteration, a spectral template is produced from the entire

spectral library with the specified parameters, and the averages of theK-correction differ-

ences between this template and the library spectra are taken as the systematic errors in

redshift to be minimized.

By minimizing the systematic errors, the optimal constants for wtype andwcoveragewere

determined to be 0.244 and 0.498, respectively. The constant forwtype roughly reflects the

fraction of peculiar spectra in the sample. The larger constant forwcoveragereflects the fact

that the edges of the library spectra are also used to determine the errors at redshifts where
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the filters are misaligned.

The spectral templates produced by using the quantitatively determined parameters

show very little difference from the mean spectral template presented in Section4.6. The

templates at maximum light are compared in Figure 5.5. The largestK-correction (toB)

difference between the two templates is 0.004. Even when the two constants are set as their

maximum value of unity, the maximumK-correction difference is still less than 0.01. The

spectral template building process is therefore largely insensitive to the way these constants

are determined.

The statistical error estimates remain on the order of 0.01 at the redshifts where the fil-

ters are aligned and 0.04 at the redshifts where the filters are misaligned. The minimization

of the systematic error represents an improvement of∼ 0.0005 at the misaligned redshifts

and has no effects on the shape of the systematic errors in redshift. The insensitivity to

these parameters is mostly due to the fact that our spectral library is large and encompasses

SNe Ia which span a wide range of properties.

Despite the fact that the template building process is largely unaffected by the choice

of these parameters, the weights determined from the minimization of errors depend on

the characteristics of the sample used for the error estimates. To use the method presented

in this section, one should ensure that the sample of spectrahas good spectral and epoch

coverage and is reasonably representative in properties such as the stretch and the fraction

of peculiar spectra. Using an unrepresentative sample of spectra has the potential to skew

the template toward a particular extreme of the SN Ia population.

5.6 Impact of K-correction errors on cosmology

In the preceding sections, theK-correction errors for individual observations are quantified.

Since one generally observes a supernova at multiple epochs, it is natural to ask what the

final effect of these errors will be on the derived light-curve parameters, such as the peak

magnitude inB.

This question is currently difficult to answer. The critical issue is how correlated the

K-correction error is at different epochs. If the errors were completely uncorrelated, as

is often assumed in the literature, then the final error wouldbe approximately reduced by

1/
√

N, whereN is the number of observations. Alternatively, if theK-correction errors

were perfectly correlated, then there would be no reductionin the final error from multiple

observations.

In reality, we are somewhere between these extremes. It is easy to understand why
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Figure 5.6: Estimated correlation coefficients for the∼ 10% of the off-diagonal elements
of the K-correction covariance matrix that we can currently measure plotted against the
difference between the two epochs. Here thez = 0.8 iM to B is shown. At this redshift
the filters line up fairly well. Note that some of the correlation coefficients are greater than
one, which is unphysical, and results from the fact that manyof these bins have only one
SN Ia in them.

observations at different epochs could be correlated. For example, imagine a supernova at

a redshift where a particular feature is barely outside a given observed filter for a normal

SN Ia. If this supernova has unusually high expansion velocities, then the feature might be

shifted just inside the observed filter and affect theK-correction. Since a supernova with a

high expansion velocity is likely to also have a high expansion velocity at a later date, the

same effect will occur when the supernova is observed several days later. Thus, the errors

in theK-correction will be correlated between different observations.

What is needed to determine the level of correlation is SNe Ia with spectra obtained

at many epochs. One can then calculate theK-correction errors for the same supernova

at different epochs and form the covariance matrix. Unfortunately, at the current time,

there are not nearly enough SNe Ia with multiple published spectra. New data samples

such as those which should be provided by the Carnegie Supernova Project (Hamuy et al.

2006), Katzman Automatic Imaging Telescope (Li et al. 2000)and 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 importance of this effect with the

current data, although this will necessarily be highly speculative. All of the SNe Ia with

multiple spectra which have wide enough wavelength coverage to allow for accurate man-

gling are included in the analysis. TheirK-correction errors are computed as discussed in

Section 5.3. A covariance matrix in epoch is then formed by taking the appropriate prod-

ucts. This covariance matrix has 275 unique off-diagonal elements (from 25 epoch bins

defined in Table 4.1). The current data set provides information for only 10% of these,

many of which have entries from only one SN Ia.

Clearly, with only 10% of the elements specified, some assumptions on the empty ele-

ments are required to compute the final errors. The distribution of correlation coefficients

for the K-correction fromiM to B at z = 0.6 is shown in Figure 5.6, plotted against the

epoch difference between the two bins. Note that some of the correlation coefficients are

larger than 1, which is non-physical and is related to the fact that there is only one super-

nova in that bin from which to estimate the covariances. There are no clear trends visible,

which is not surprising given the paucity of data.

For the lack of a better model, the mean correlation coefficient is computed (∼ 0.5)

and used for all of the unknown off-diagonal elements. The calculations are carried out

at three redshifts, 0.6, 0.7 and 0.8, in all cases calculating the error in theK-correction

from iM to B. The alignment betweenB and iM is the best atz = 0.8. To get the typical

cadence, the Supernova Legacy Survey (SNLS)iM observations of three SNe Ia at three

different redshifts are adopted: SNLS-03D4dy atz = 0.604, SNLS-04D1si atz = 0.701,

and SNLS-04D1ks atz = 0.798. SNe Ia at higher redshifts tend to have slightly more

frequent measurements due to time dilation.

The expected error in the peakB magnitude is then computed in three different ways:

1) assuming that the errors are completely uncorrelated, 2)using only the covariance ma-

trix elements with actual measurements (i.e., with 10% of them non-zero), and 3) using

the above model for the unknown coefficients. The results are summarized in Table 5.1.

Roughly speaking, the errors in the final magnitudes are a factor of 2 or so larger than one

would expect in the absence of correlations. It must be emphasized that these numbers

are tentative, but they should be a considerable improvement over the assumption that the

K-correction errors at different epochs are uncorrelated.

The differences between local and high-redshift SNe Ia are also of interest in cosmol-

ogy. The possible systematic differences between spectra of nearby and distant SNe Ia

have been studied extensively (Section 3.9). For the building of the spectral template time

series, it has been assumed that the effect of the evolution in redshift is negligible compared
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Table 5.1: The approximate effects of including correlations betweenK-corrections at dif-
ferent epochs on the peak magnitude inB

z=0.6 z=0.7 z=0.8
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 between SNe Ia at the same redshift. A basic

test is performed on the impact of including both low-redshift (z < 0.2) and high-redshift

samples in the template building process. A spectral template time series is built using only

low-redshift spectra to compare with the mean spectral template time series built using the

full sample of library spectra (Figure 5.7). The largest difference is seen inU, where most

of the high-redshift spectra are observed. The difference between the two templates pri-

marily reflects the higher average stretch of the high-redshift sample and the differences in

wavelength coverage. The difference inK-corrections between the two spectral templates

is small (typically 0.01 to rest-frameB band).

5.7 Conclusion

A method for quantifying theK-correction errors is developed to examine the impact of

the observed spectroscopic diversity on SN Ia cosmology. The mean spectral template time

series described in Chapter 4 is built to have the mean spectroscopic properties of SNe

Ia. The mean spectral template time series is shown to eliminate the systematic errors in

K-correction, which arise from assuming the SED of a particular supernova.

The remaining statistical errors are redshift dependent, with minima at redshifts where

the rest-frame filter band and the observed filter bands are aligned. At redshifts where the

filters are misaligned, the statistical errors are measuredto be 0.04 mag for one observation

on the light curve. Because the broadband colors of the spectral templates are adjusted to

match those of the SNe Ia, the errors are attributed to the diversity in the spectral features.

As these errors directly affect the magnitudes of the SNe Ia, it is important to incorporate

the redshift-dependent effect in cosmology.

The effect of filter coverage on theK-correction errors is also examined. Spectral tem-

plates which are not adequately constrained by the color information of the SN Ia are shown

to cause significant errors inK-correction. The effect is also illustrated with the simulation
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Figure 5.7: Comparison between the spectral template built with the full sample of library
spectra (solid curve) and the spectral template built with only low-redshift spectra (dot-
ted curve). The templates at maximum light are shown. The difference inK-corrections
between the two spectral templates is small and mostly reflects the difference in the wave-
length coverage of the two samples rather than true evolution.

of K-correction statistical errors using the observed bands ofcurrent high-redshift SN Ia

surveys.

There is not enough time series spectroscopic data to perform a full analysis, but a

first attempt is made at measuring the correlation ofK-correction errors between epochs.

This represents a significant improvement from the assumption of completely uncorrelated

errors, where the errors are reduced by approximately 1/
√

N with N observations. The

effect of the partial correlation is approximately a factor of two increase in the errors in the

peak magnitudes from those estimated assuming uncorrelated errors.
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Chapter 6

Spectroscopic sequence

Abstract The relations between the spectral features of Type Ia supernovae (SNe Ia) and

the light-curve width are investigated. Principal component analysis (PCA) is performed

on the narrowband measurements of the spectral features of alarge number of spectra.

The methods are specifically designed to quantify the spectral features consistently, while

retaining the detailed information on the diversity of the spectral shapes. At maximum

light, light-curve width is shown to be the main driver of theobserved diversity for every

spectral feature fromU band to I band, even for features which have been previously

reported to show little or no correlation. There is also evidence of the persistence of the

spectroscopic sequences throughout other epochs. This is shown to originate from the more

rapid temporal evolution of fainter objects than that of their brighter counterparts.

6.1 Introduction

SNe Ia have provided the most direct measurements of the expansion history of the universe

and, in turn, the most direct evidence for the existence of a cosmic acceleration. SNe Ia are

found to have a spread ofB-band peak luminosities. After the correction for extinction, the

spread is thought to be instigated by the range of56Ni mass synthesized in the explosions.

Standardizing the luminosities of SNe Ia is made possible through the width-luminosity

relation (WLR; Phillips 1993) which describes SNe Ia as a one parameter family. Brighter

objects have wider light-curve widths and thus have slower temporal evolution than the

dimmer ones.

Matching the photometric behavior, corresponding spectroscopic sequences have also

been found near maximum light. The ratio of the depth of two SiII absorption features near
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0.58µm and 0.615µm were found to correlate with the width of the light curve (Nugent

et al. 1995). Subsequent studies also detected correlations between spectral features and

light-curve width using a variety of indicators, such as theslopes of the UV continuum

(Foley et al. 2008b), the flux ratio of the regions which form the boundaries of the Ca II

H&K feature (Bongard et al. 2006), the pseudo equivalent width measurements of the Si II

feature at 0.40µm (Arsenijevic et al. 2008), the Fe II feature at 0.48µm, the S II feature at

0.54µmand the O I feature at 0.75µm (Hachinger et al. 2006).

While many of the optical spectral features at maximum light have been found to vary

systematically with light-curve widths, other spectroscopic properties were reported to have

weak dependence on light-curve widths or no dependence at all. Hachinger et al. (2006)

noted large scatters in the relations between the light-curve decline rates and the pseudo

equivalent widths of the Fe II feature centered at 0.48µm and the Si II feature centered

at 0.615µm. Benetti et al. (2005) found that for the Si II feature at 0.615µm, the time

rates of change of the velocities divide the SNe Ia into threedistinct groups. There also has

been little attention paid in the literature to spectroscopic sequences at epochs other than at

maximum light. All this seems to suggest that the one-parameter description of the spectral

features of SNe Ia is inadequate and other unknown drivers have significant contributions

to the observed diversity in the spectral features.

Spectroscopic data of SNe Ia provides a wealth of information, such as ionization evo-

lution and chemical composition and structure. However, because the nature of the ex-

panding medium, it is difficult to organize. SN Ia spectral features are formed by a blend of

multiple lines enhanced by large Doppler broadening. The shapes of the spectral features

are thus complex with no clear continuum. This makes the spectral features difficult to

quantify. Previous studies have often relied upon by-eye estimations of the boundaries of

a spectral feature and methods which do not retain information on the complexity of the

spectral shapes. The methods developed here are specifically designed to quantify spectral

features consistently and to study the diversity without sacrificing the details of the spectral

features. These methods are then used to investigate the relations between spectral features

and light-curve widths.

PCA is a statistical technique useful for reducing the dimensionality and identifying

patterns in a set of multi-dimensional data. PCA has been employed for analyzing astro-

nomical spectra in a wide variety of applications (e.g., Ronen et al. 1999; Kong & Cheng

2001; Madgwick et al. 2003; Ferreras et al. 2006; Suzuki 2006). We also adopt the method

described by Hsiao et al. (2007a) to systematically quantify the spectral features of ob-

served spectra using artificial narrowband filters. The broadband colors of the spectra are
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first standardized to a single set of light curve templates. The flux ratios of neighboring

spectral features are then measured as narrowband colors. PCA is then performed on these

measurements to detect the largest variations of spectral features among the observed spec-

tra.

The spectra of low-redshift (z < 0.1) SNe Ia from the library of observed spectra de-

scribed in Section 4.2 are used for the analysis. TheB-band stretch parameters (Goldhaber

et al. 2001) are also adopted as a measure of the width of the light curve. The technique is

based on the linear scaling of the time axis of a light curve tofit a fiducial template. The

scale is then taken as the stretch parameter. Most of the stretch values of the low-redshift

SNe Ia are derived using the SiFTO light-curve fitter (Conley et al. 2008). For supernovae

which only have∆m15 values available, they are converted to stretch values using a relation

similar to that described by Garnavich et al. (2004).

At maximum light, the results of the PCA are used to detect a spectroscopic sequence

for every spectral feature across the optical wavelengths and to construct template spec-

troscopic sequences. The template spectroscopic sequences will allow us to visualize in

unprecedented detail how the spectral features vary with the light-curve width. Light-curve

width will indeed be shown to be the main driver of the spectroscopic diversity observed in

SNe Ia, even for features which have been previously reported to have little or no depen-

dence. Evidence of the persistence of the spectroscopic sequences throughout other epochs

will also be presented. Similar to the photometric WLR, the spectroscopic properties of

fainter objects will be shown to have more rapid temporal evolution than those of brighter

ones.

The WLR provides the basis for the modern empirical calibration techniques for SNe

Ia in cosmological studies. The physical origin of the relation is, for this reason, of great

interest. Kasen & Woosley (2007) argued that WLR reflects the faster spectroscopic evo-

lution for fainter SNe Ia, rather than a bolometric effect due to the overall diffusion time.

The methods developed here allow the quantitative examination of spectroscopic temporal

evolution throughout wavelength and time. We will provide evidence that the spectroscopic

properties of fainter SNe Ia, independent of the established photometric relations, indeed

have faster temporal evolution than their brighter counterparts.

6.2 Systematic measurement of spectral feature strengths

The methods described by Hsiao et al. (2007a), and in Section4, are adopted to quantify the

spectral features across a spectrum. These methods are specifically designed to incorporate
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Figure 6.1: Narrowband filters for the measurements of spectral feature strengths. The
spectral template of SN Ia atB-band maximum light is also plotted to compare spectral
feature sizes with the chosen bandwidths. The most dominantspecies responsible for each
spectral feature is also noted.

a large number of spectra from a wide variety of sources. First, the broadband colors of

each spectrum are adjusted to a set of light-curve templates. A set of artificial narrowband

filters is defined to have bandwidths on the order of the widthsof the supernova spectral

features. The relative feature strengths of neighboring spectral features are then measured

as narrowband colors.

The broadband colors of the spectra are adjusted using the mangling function described

in Section 4.4. It defines splines as a function of wavelength, with knots located at the ef-

fective wavelengths of the filters. Non-linear least-squares fitting (Markwardt 2009) is used

to determine the spline which smoothly scales the spectral template to the correct colors.

This step consistently defines and removes an effective “continuum” for each spectrum.

The vast majority of the spectra in our library are not spectrophotometric. To ade-

quately study the patterns in the spectra, their broadband colors need to be adjusted. (It

should however be noted that recent spectrophotometric data from the Nearby Supernova

Factory allows the study of spectral features with accuratebroadband properties (Bailey

et al. 2009).) We chose to correct their broadband colors to aset of template light curves
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instead of correcting them to the observed colors. This choice was made so that the most

dominant patterns detected by the PCA will be from the variations of the spectral fea-

tures instead of established photometric relations, for example, the stretch-color relation.

Because each spectrum is color adjusted to a single set of light curves, the focus of our

analysis is placed on the spectral features of the spectra.

There is a trade-off to consider when setting the bandwidths of the narrowband filters.

A smaller bandwidth captures more details of the spectral feature shapes, but the signal-

to-noise ratio is reduced, making it more difficult to identify the patterns in the data. To

maximize the signal-to-noise ratio without sacrificing thedetails, we set the bandwidth

of the narrowband filters to be logarithmic in wavelength andon the order of the width

of supernova spectral features. The value adopted for this exercise is∆λ/λ = 0.03. It

corresponds to an expansion velocity of∼ 9000 km s−1, on the same order of magnitude

as the expansion velocities of SNe Ia. The narrowband filtersare plotted in Figure 6.1 and

compared with the spectral features of a SN Ia atB-band maximum light.

The narrowband measurement approach also effectively lowers the resolutions of all

spectra to a standard resolution. This is especially important for our heterogeneous data set

which is obtained from a wide range of instruments and reduced with different techniques.

A lowered resolution will help keep the heterogeneous nature of the data set from entering

the signals which are intrinsic to the SNe Ia.

The method used here for characterizing the spectral features has several advantages

over the “pseudo equivalent width” method (Folatelli 2004)widely adopted for measuring

feature strengths of SNe Ia (e.g., Hachinger et al. 2006; Garavini et al. 2007; Bronder et

al. 2008; Foley et al. 2008a; Arsenijevic et al. 2008). The spectral features of a SN Ia are

formed from a blend of multiple P-Cygni features with large Doppler broadening. At later

epochs, the emission features of iron group elements from forbidden transitions dominate

the spectrum and further complicate any attempts at quantifying the spectral feature. It is

thus not possible to identify the true continuum of a SN spectrum. The pseudo equivalent

width method relies on locating the edges of the spectral features by eye. It is thus in-

consistent and prone to errors. Our approach, on the other hand, consistently removes the

broadband tilt in the spectra and consistently quantifies the spectral features. The method

can also be easily extended to measure spectral features in all wavelengths and epochs.
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Figure 6.2: Wavelength dependent relations at maximum light between narrowband and
broadband color errors. The relations are linear with the slopes noted. The broadband tilt
of a spectrum generally has a small effect on the narrowband measurements.

6.3 Determination of errors in the projections

In order to establish relations between the spectral features and the stretch parameter or

epoch, appropriate errors need to be assigned to the projections on the PCs. The formula-

tion of the PCA performed here is outlined in Section 4.8.

First, the errors in the narrowband measurements are considered. The dominating er-

rors for the narrowband measurements come from the uncertainties in the broadband color

adjustment. Even though all the spectra at the same epoch arecorrected to the same broad-

band colors, many factors may cause the spectra to tilt in different ways. These factors

include, for example, the intrinsic colors of SNe Ia, dust reddening, host contamination

and atmospheric differential refraction.

The dependence of narrowband color errors on errors in broadband colors is simulated

using the spectral template of Hsiao et al. (2007a). The wavelength dependent relations at

maximum light between narrowband and broadband color errors are plotted in Figure 6.2.

The narrowband color errors increase linearly with broadband color errors. The narrow-

band errors vary between 1/8 and 1/4 of the associated broadband color errors, depending

on the wave bands. This suggests that the broadband tilt of a spectrum generally has a small

effect on the narrowband measurements.
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Figure 6.3: The relation between narrowband color error andepoch. Epochs and spectral
features have small effects on the narrowband error estimates.

The simulation is also done across epochs, forming a grid of scaling factors between

narrowband and broadband errors across wave bands and epochs. The result is shown in

Figure 6.3. The epoch has mild effects on the narrowband color errors. The small variations

across the wide variations of spectral features in epoch suggest that these error estimates

are largely independent of the spectral features.

The narrowband color errors of a particular spectrum are then determined by two fac-

tors: 1) the amount of broadband color adjustment (difference between the spectrum colors

and the light-curve template), and 2) the wavelength coverage of the spectrum. The broad-

band color error is set to be equal to the amount of broadband color adjustment. In cases

where there is inadequate wavelength coverage for broadband color adjustment, three times

the error is assigned. The factor of three is a liberal estimate, and is based on the study of

the effects of the availability of photometry onK-correction errors (Hsiao et al. 2007a,

Figure 5.2 in Section 5.4).

Once the narrowband color errors of a particular spectrum are determined, a normally-

distributed random population of displacements is generated with standard deviations equal

to the narrowband color errors. The random displacements are added to the mean subtracted

narrowband color measurements,| fi −µ〉, and the projectionpi j of this data on each PC|ξ j〉
is computed. This step is repeated until a reliable standarddeviation can be determined

from the distribution of the projections for each PC. The standard deviation is then taken
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Figure 6.4: An example of temporal evolution of projectionson a PC. This plot shows
in particular the projections ofV band spectral features on the first PC of a set of spectra
aroundB-band maximum light. Lines connect projections from the same SNe Ia. The plot
is color coded using the stretch parameters of the SNe Ia.

as the error in the determination of the projectionpi j for the ith spectrum and thejth PC.

For cases where the projections on a spectrum at a particularepoch (for example, at

B-band maximum light) are desired, epoch corrections to the projections are applied. The

corrections are determined using SNe Ia in the library with spectra at multiple epochs

around the desired epoch. These spectra are projected on thePC in question, yielding the

evolution of projections in epoch. The assumption is made that even though the projec-

tions from different SNe Ia would vary widely in magnitude, the instantaneous changes of

projections around the desired single epoch are similar between SNe Ia and that the slopes

do not correlate with stretch. An example of this claim is shown in Figure 6.4. This as-

sumption will be shown to be false in Section 6.6. However, for a small correction within

a timescale of a few days, the assumption is reasonable. For aparticular PC, the median of

the slopes is adopted for epoch correction. The standard deviation of the slopes is used to

generate the errors associated with the correction, such that spectra at epochs further from

the desired epoch are assessed higher correction errors. Finally, the correction errors are

added in quadrature with the projection errors to form the final errors on the projections.
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6.4 Detection of spectroscopic sequences at maximum light

In this section, the subtle relations between the spectral features and the stretch parameter

at B-band maximum light are examined using the technique of PCA onthe narrowband

measurements, outlined in Chapter 4.

For this analysis, the narrowband measurements are dividedinto four wavelength re-

gions. They approximately cover the regions ofU, B, V andI bands, and are summarized

in Table 6.1. There are two main reasons for such divisions. First, PCA on only a handful

of spectral features would yield larger signals than it would on a large segment of the ob-

served spectra. Second, observed spectra have limited wavelength coverage. It is rare for

an observed spectrum to cover all four bands considered here. By dividing the analysis into

smaller segments in wavelength, more spectra can be included in the analysis. The number

of narrowband measurements and the number of spectra for each region are tabulated in

Table 6.1.

Table 6.1: Wavelength regions for the PCA at maximum light

Lower Upper Lower Upper Number of Number of
Band wavelength wavelength epoch epoch measurements spectra

U 0.348µm 0.405µm -3 3 5 34
B 0.381µm 0.546µm -2 2 12 71
V 0.499µm 0.654µm -2 2 9 74
I 0.694µm 0.937µm -3 3 10 22

All the epochs are corrected for time dilation with a factor of 1/(1+z) (Riess et al. 1997;

Foley et al. 2005; Blondin et al. 2008), wherez is the supernova redshift. The corrections

for the low-redshift objects in our sample around maximum light are quite small. All the

epochs are also stretch corrected with a factor of 1/s, wheres is the stretch factor. This

correction is also small around maximum. At later epochs, the stretch 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 the library spectra are also

specified. The epoch intervals are set large enough that a statistically significant number

of spectra can be included and small enough that the epoch corrections are insignificant

compared to the magnitudes of the variations in the data.

PCA is performed on the narrowband measurements in each wavelength region to yield

the PCs. Each library spectrum is then projected on the PCs (Equation 4.9). The projec-
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Figure 6.5: Projections ofU band spectra on the PCs. The fractional variance is noted for
each PC and is a measure of how much the spectral features varyin the direction of the PC.
Polynomial fits are done on a subset of the data which containsone data point per SN Ia.
These data points are marked as red dots. Spectroscopicallypeculiar SNe Ia are denoted
with blue dots.

tions are then used to search for correlations between the spectral features and the stretch

parameters. The results for the first few PCs in the bandsU, B, V and I are plotted in

Figure 6.5, Figure 6.6, Figure 6.7 and Figure 6.8, respectively.

It is immediately apparent that the projections of the spectral features on the PCs cor-

relate strongly with the stretch parameter, with significant dispersions only observed in the

U band. The individual spectral features will be discussed indetail in Section 6.5.

Spectroscopically peculiar, 1991bg-like and 1991T-like SNe, are marked as blue dots

in Figure 6.5, Figure 6.6, Figure 6.7 and Figure 6.8. Garnavich et al. (2004) noted that

while theB − V colors at maximum is continuous between 1991bg-like and normal SNe

Ia, a sharp change of slope is observed at the transition. In the analysis of spectroscopic

properties, such a sharp transition is not observed. While itis true that spectroscopically

peculiar SNe Ia anchor the extreme ends of the stretch range in these observed trends, the
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Figure 6.6: Same as Figure 6.5 in theB band.
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Figure 6.7: Same as Figure 6.5 in theV band.
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Figure 6.8: Same as Figure 6.5 in theI band.
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spectra of normal SNe Ia also show strong trends with respectto stretch. Furthermore,

spectroscopically peculiar and normal SNe Ia appear to be following the same relations,

suggesting a continuous shift in the shapes of the spectral features from peculiar to normal

objects. Although, the dearth of spectroscopic data in the stretch range where the transi-

tion between peculiar 1991bg-like to normal SNe Ia occur mayconceal a sharp boundary

between the two populations.

We comment here on a truly peculiar SN 2000cx in our data. SN 2000cx has asymmet-

ric light curves, which rise faster and decline slower than atypical SN Ia. Li et al. (2001a)

found that when the full range of theB-band light curve was used to obtain a stretch value,

the fit was poor. The fits are better when only premaximum or only post-maximum data is

included. From our analysis, it is clear that SN 2000cx has spectral features associated with

high-stretch objects in all four wavelength regions. When the stretch value ofs= 1.09, us-

ing only post-maximum data (Li et al. 2001a), was adopted, the spectra of SN 2000cx agree

with the relations formed by other SNe Ia. If the stretch ofs= 0.89 derived from the whole

light curve is used, SN 2000cx would be a clear outlier in these trends.

A simple approach of polynomial fits was taken to establish one-to-one relations be-

tween the projections and stretch. This is done for the first few PCs which describe the

bulk of the variations in the spectra and show strong correlations with stretch. For each

of the SN Ia with multiple spectra in the epoch interval, one spectrum closest to maxi-

mum light is selected so that these SNe Ia are not weighted more than other SNe Ia. The

data points used for the polynomial fits are marked as red dotsin Figure 6.5, Figure 6.6,

Figure 6.7 and Figure 6.8.

With these projection-stretch relations, template spectroscopic sequences can be con-

structed. These sequences will reveal the details of how thespectral features vary with

stretch which may have been missed by using pseudo equivalent width measurements.

They will also provide a set of stretch-dependent spectral templates 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 theith library spectrum and thejth PC.

The polynomial fits in Section 6.4 then yield projections as acontinuous function of the

stretch parameter,s:
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pj = pj(s). (6.1)

With these projection-stretch relations, a continuous sequence of spectral templates can be

constructed with respect to stretch:

| f (s)〉 = |µ〉 +
m

∑

j=1

pj(s)|ξ j〉, (6.2)

wherem is the number of PCs used for the reconstruction and is smallerthan, or equal to,

the number of narrowband measurementn. The value chosen formand the total fractional

variance accounted for in the selected PCs are tabulated in Table 6.2.

Table 6.2: Number of PCs used for sequence reconstruction andtheir total 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 sequences| f (s)〉 are a continuous set of narrowband colors as a function

of stretch. The narrowband colors are converted into template sequences using the same

method as the one used to build a mean spectral template described by Hsiao et al. (2007a),

and in Section 4.6. We start with the mean spectral template of Hsiao et al. (2007a) and

use the mangling functions to scale the spectral features ofthe template to the desired

narrowband colors as prescribed by| f (s)〉.
The template sequences are compared to the actual library spectra used to create them.

The library spectra are first placed in stretch bins to accentthe differences in spectral fea-

tures between SNe Ia with different stretch values. For each stretch bin, the mean of the

bootstrapped sample of spectra is then determined. The process is repeated to get a fair

representation of the spectral features in each stretch bin. We now discuss the results in

each wavelength region as follows:

U band TheU-band region focuses on the deep spectral feature attributed to Ca II H&K.

From Figure 6.5, the projections to the first PC exhibited large dispersions with respect to

stretch, although a trend is still clearly visible. It is likely that stretch is not the only driver



96

0.34 0.35 0.36 0.37 0.38 0.39
rest wavelength (µm)

0.2

0.4

0.6

0.8

1.0

re
la

tiv
e 

flu
x

0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15

stretch Ca II

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

 

 

 

 

 0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.05
1.10
1.15

stretch Ca II

Figure 6.9: The template spectroscopic sequence in theU band at maximum light from
the first PC. The template spectroscopic sequence (left panel) is compared to the means of
bootstrapped samples of library spectra (right panel). Thebootstrapped samples are binned
in stretch intervals to emphasize the differences between SNe Ia of different stretch. The
mean spectra are color coded using the mean stretch values ofthe bootstrapped samples.
The narrowband filters used to quantify the features are plotted as gray lines. The dominant
species responsible for each spectral feature in the regionis also noted.

of the variations described by the first PC, and that other factors, such as the progenitor

metallicity (Höflich et al. 1998; Lentz et al. 2000), may play a role.

The first PC describes the range of expansion velocities of the Ca II feature, especially

on the blue edge (Figure 6.9). This correlation with the expansion velocity of the Ca II was

first noted by Wells et al. (1994). The large dispersion for the projections on this PC, and

the fact that this PC accounts for the largest variation, suggests that there exists significant

variation in the velocities of the Ca II feature in SNe Ia and that the velocities correlate

with stretch, but with large dispersion.

The second PC detects the flux variation on the red edge of the CaII feature, while

the third PC detects that on the blue edge (Figure 6.10 and Figure 6.11). These two PCs

describe the flux difference across the Ca II feature described by Nugent et al. (1995) and

the Ca II luminosity indicator examined by Bongard et al. (2006).
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Figure 6.10: Same as Figure 6.9 in theU band from the second PC.

The final template sequence, with contributions from all three PCs, is plotted in Fig-

ure 6.12. The template sequence is shown to match the observed spectra fairly well. From

Figure 6.12, it is clear that a consistent definition of the blue edge of the Ca II H&K feature

is difficult. Bongard et al. (2006) used flux integrals of fixed wavelength regions to define

the boundaries of the feature This method may soften the impact of the large dispersion

on the large velocity shifts, but is arbitrary and may miss the blue edges of high-stretch

objects.

B band The spectral features examined in theB-band region are the Si II feature centered

at 0.40µm, the Mg II triplet and Fe II/Fe III blend centered at 0.43µm and the Fe II/Fe III

blend centered at 0.48µm. The first two PCs detect variations over the entireB- band

region (Figure 6.13 and Figure 6.14). The most prominent variations originate from the

contributions of the low-stretch objects, such as, SN 1991bg (Filippenko et al. 1992a) and

SN 1999by (Garnavich et al. 2004). For these objects, strongTi II lines dominate the Si II

lines at 0.40µm and the Mg II lines at 0.43µm and dramatically alter the shapes of these

spectral features.

In the first PC plot of Figure 6.6, a cluster of data points in a tight stretch range of
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Figure 6.11: Same as Figure 6.9 in theU band from the third PC.
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Figure 6.12: Same as Figure 6.9 in theU band from the first three PCs.
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s = 0.79− 0.82 is observed to lie∼ 1σ off the polynomial fit. The same is also observed

in the first PC in theV band. The cluster contains SNe 1992A, 1992bl, 1999cc, 1999ej,

2004ef. The spectra of the five SNe Ia all appear to be unremarkable. The spectroscopic

properties of the five SNe Ia are also quite uniform, forming tight clusters in most PCs. The

tight cluster may be just an aberration caused by the dearth of spectra in the stretch range.

However, it creates a noticeable kink in an otherwise smoothrelation in the current data

set. As these SNe Ia lie close to the stretch where the transition between 1991bg-like and

normal SNe Ia occurs, they may hold the clues as to whether thetransition is abrupt.

The third and fourth PCs describe diminishing variations among the spectra (Figure 6.15

and Figure 6.16). In particular, the third PC probes the variation of the flux between the

Mg II and Fe II features. An outlier in the third PC plot of Figure 6.6 is SN 1999cl (Math-

eson et al. 2008) with a normal stretch ofs = 0.964. The spectrum was reported to have

unusually broad absorption features and evidence of heavy extinction (Garnavich et al.

1999). The spectra of SN 1999cl around maximum light exhibitexaggerated flux between

the Mg II and Fe II. As described by the first PC (Figure 6.13), this enhanced flux is most

often accompanied by the characteristic Ti II features associated with low-stretch objects.

This is not the case for SN 1999cl, causing it to show up as an outlier in the third PC. The

PCA method can perhaps be used to identify heavily extincted objects like SN 1999cl and

SN 2006X (Patat et al. 2007; Wang et al. 2008; Blondin et al. 2009).

The final template sequence, with contributions from all four PCs, is plotted in Fig-

ure 6.17. Hachinger et al. (2006) found no significant trend using the equivalent width

measurements of the Fe II feature at 0.48µm with respect to∆m15. From Figure 6.17, it

is obvious that this result is not due to the lack of correlation between the spectral features

and the light-curve parameters. The equivalent width measurements in this case removed

the details of the spectral feature shapes. A dependence of the shapes on the light-curve

was thus not detected with this method.

The variations described by this sequence appear drastic, but it is mostly accounting for

the low-stretch objects. As is evident in Figure 6.6, the variation in the spectral features for

the stretch range of “normal” SNe Ia (s∼ 0.8− 1.1) is actually quite small. This is not the

case in for the spectral features in theV band.

V band TheV-band region includes the S II features centered at 0.54µm. It also includes

the Si II features centered at 0.58µmand 0.615µm, the ratio of which form the well known

spectroscopic sequence noted by Nugent et al. (1995). The first PC, which describes more

than half of the variations in this region, indeed pick up theSi II spectroscopic sequence
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Figure 6.13: Same as Figure 6.9 in theB band from the first PC.
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Figure 6.14: Same as Figure 6.9 in theB band from the second PC.
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Figure 6.15: Same as Figure 6.9 in theB band from the third PC.
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Figure 6.16: Same as Figure 6.9 in theB band from the fourth PC.
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Figure 6.17: Same as Figure 6.9 in theB band from the first four PCs.

(Figure 6.18). The second and third PCs also detect variations in the S II features along

with those in the Si II features (Figure 6.19 and Figure 6.20).

The final template sequence, with contributions from all three PCs, is plotted in Fig-

ure 6.21. The Si II feature at 0.58µmexhibits the most prominent spectroscopic sequence,

perhaps of all the sequences, deepening as the stretch valuedecreases. Garnavich et al.

(2004) suggested that the variation is due to contribution of Ti II lines in fainter objects,

while Hachinger et al. (2008) claimed that the variation is due to the higher Si II/Si III

ratio in the fainter objects. The depth of the Si II feature at0.615µm appears to reach its

maximum at a stretch value ofs ∼ 0.8, and decreases slightly in strength for objects with

lower stretch values. Hachinger et al. (2008) explains thisbehavior as Si II line saturation

for the fainter objects.

Hachinger et al. (2006) shows large dispersion for the equivalent width measurements

of the Si II feature at 0.615µm at a decline rate of∆m15 ∼ 1.2, which correspond to a

stretch value ofs ∼ 0.9. Figure 6.7 does not show especially large dispersions around this

stretch value. This may reflect the differences in the samples or in the methods used to

quantify the features.

Hachinger et al. (2006) also reported parabolic trends for equivalent measurements of
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Figure 6.18: Same as Figure 6.9 in theV band from the first PC.

both the S II features and the Si II at 0.615µm, indicating that low-stretch and high-stretch

objects have similar equivalent widths. From Figure 6.21, it is apparent that although the

equivalent widths of low-stretch and high-stretch objectsmay be similar, the shapes of the

spectral features are quite different.

Also note that the library spectra from Figure 6.21 show subtle differences in the expan-

sion velocities between SNe Ia of different stretch parameters in nearly all of the spectral

features in theV band. While the PCA can detect expansion velocity shifts on theorder of

the widths of the narrowband filters, such as the range observed in the Ca II H&K feature

(Figure 6.12), the subtle differences in theV band are not detected. The expansion velocity

of the Si II have been used by previous studies to show evidence of substantial diversity

between SNe Ia (e.g., Hatano et al. 2000; Benetti et al. 2005; Hachinger et al. 2006) and

remains an important diagnostic. Here, the focus is placed on flux ratios.

I band In the I band, the spectral features examined are the O I feature centered at 0.75

µm and the large Ca II triplet feature centered at 0.83µm. In this region, only the first PC

was used to construct the template sequence, as the projections on the other PCs show little

trend with respect to stretch (Figure 6.8).
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Figure 6.19: Same as Figure 6.9 in theV band from the second PC.
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Figure 6.20: Same as Figure 6.9 in theV band from the third PC.
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Figure 6.21: Same as Figure 6.9 in theV band from the first three PCs.
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Figure 6.22: Same as Figure 6.9 in theI band from the first PC.
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The first PC accounts for over half of the variations and showsa clear trend with a

relatively small number of data points. The first PC describes the variations in both of

the spectral features (Figure 6.22). It detects the deepening of the O I and Ca II triplet

features as stretch decreases. It also picks up the detachedhigh-velocity component of

the Ca II feature which has been previously reported (e.g., Liet al. 2001a; Kasen et al.

2003; Mazzali et al. 2005a,b; Marion et al. 2006). In our template sequence, the detached

high-velocity feature is associated with high-stretch SNeIa.

Note that because only the first PC was used to construct the template sequence, the

sequence does not match the observation as well as in theB andV regions. For majority

of the SNe Ia in this low-redshift sample set, a strong and narrow telluric feature coincides

with the O I feature. Our attempts to remove this feature described in Section 4.2 may

be a significant cause of the scatter observed beyond the firstPC (Figure 6.8). It may

also be driven by another yet unidentified factor. A homogeneous spectroscopic data set

with careful and consistent telluric removal may be necessary to identify the source of the

remaining 46% of the variation.

At maximum light, every spectral feature examined exhibitsa strong correlation with

stretch, even ones which have been previously reported to show little or no correlation.

The lack of trend found using the equivalent width method is not caused by the lack of a

spectroscopic sequence. Rather, it is caused by the fact thatthe equivalent width method

does not retain information on the shapes of the spectral features. 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 spectra considered in the previous sec-

tions are corrected for time dilation with a factor of 1/(1 + z), wherez is the supernova

redshift, and stretch corrected with a factor of 1/s, wheres is the stretch factor of the

supernova. In this section, we present the justification forthe step of stretch correction

and show that it originates from the persistence of a spectroscopic sequence not only at

maximum light, but throughout a supernova’s evolution in epoch.

For photometric observations of SNe Ia, the stretch parameter gives a measure of the

width of a light curve. Fainter SNe Ia have a faster rise and decline in their optical light

curves and hence narrower light curves and a smaller stretchparameter. Taking advan-

tage of the ability of PCA to reduce the dimensionality of spectroscopic data, we can
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show whether or not the spectral features of fainter SNe Ia also evolve faster than brighter

ones. To accomplish this, the temporal evolutions of spectral features using timescales with

stretch correction (tsBmax) and without stretch correction (tBmax) are compared.

The time ofB-band maximum light has some physical relevance, as it is close to the

time when the luminosity is equal to the rate of energy deposition by radioactive decay

(Arnett 1979, 1982). Labeling epochs relative to the time ofB-band maximum light (tBmax)

is also convenient observationally, but there is no prior evidence to suggest that this choice

of reference point is superior over the others. For this reason, the epochs are also labeled

using the time of explosion as the reference point (texplosion). The rise time from Conley

et al. (2006) oftrise = 19.58 is adopted. The time of explosion is then estimated to be

strise prior to time ofB-band maximum. The effects of performing stretch correction on the

temporal evolution of spectral features are then examined in both cases.

Note that there is evidence which suggests that there may be arange of SN Ia rise

time (Strovink 2007). We do not explore this possibility here, but focus mostly on the

time evolution past maximum light. In future studies, the method of PCA on relative flux

measurements adopted here may be used to determine whether the spectroscopic temporal

evolution on both the rising and declining parts of the lightcurve is well described by a

single stretch parameter.

The epochs with various options of corrections and reference points are summarized as

follows:

tBmax =
t(observation)− t(Bmax)

1+ z
(6.3)

tsBmax =
t(observation)− t(Bmax)

s(1+ z)
(6.4)

texplosion=
t(observation)− t(Bmax)− strise

1+ z
(6.5)

tsexplosion=
t(observation)− t(Bmax)− strise

s(1+ z)
(6.6)

The same wavelength regions are used to divide the spectra into four segments. PCA

is again performed on the observed spectra to reduce the dimensionality in the wavelength

direction and to examine the relation between spectral features and epochs. We select an

epoch interval for each wavelength region where the largesttemporal evolution of spectral

features is observed in the direction of the first PC. This is done to amplify the effect of
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stretch correction on the relation between spectral features and epoch. The epoch intervals

are tabulated in Table 6.3.

Table 6.3: Epoch intervals for the temporal evolution analysis and the dispersions from the
linear fit of timescales with various options of reference points and stretch corrections

Lower Upper Number of Dispersions from linear fit
Band epoch epoch spectra tBmax texplosion tsBmax tsexplosion

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 temporal evolution of the spectral

feature projections on the first PC with respect to the stretch-corrected epochs. The data

points are weighted by the errors in the epochs and in the projections. The data points are

also weighted by the stretch values, such that SNe Ia with stretch values further from the

mean value are weighted less. This step ensures that the linear fits through points which

require the smallest stretch corrections. The resulting projections of the spectral features

on the first PC are plotted in Figure 6.23, Figure 6.24, Figure6.25 and Figure 6.26 for the

U, B, V andI wavelength regions, respectively.

In all four wavelength regions considered, there is evidence that high-stretch objects

tend to lie on one side of the linear fit, while low-stretch objects tend to lie on the opposite

side. The trends also support the idea that low-stretch objects have a more rapid evolution

in their spectral features than high-stretch ones. After the timescale is stretch corrected, the

dispersions of the projections around the linear fit seem to decrease. The effects are most

dramatic when the timescales are taken with respect to the time of explosion, because of the

larger magnitudes of stretch corrections. To confirm the dependence of the directions and

the magnitudes of the dispersions on the stretch parameter,the dispersions of the projec-

tions from the linear fits are plotted in Figure 6.27, Figure 6.28, Figure 6.29 and Figure 6.30

for theU, B, V andI wavelength regions, respectively.

In each of the four bands, there is evidence of a trend betweenthe dispersions from

the linear fit and the stretch parameters, when the timescaleis not stretch corrected. After

the stretch corrections, the trend mostly disappears. Although there is not enough spectro-

scopic data to confirm a spectroscopic sequence at each epoch, our method here has shown

evidence that spectral features correlate with stretch throughout these epochs and that spec-
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Figure 6.23: The time evolution of the projections ofU-band spectral features on the first
PC. The left panel shows epochs with respect toB-band maximum, and the right panel
shows epochs with respect to time of explosion. The epochs with stretch corrections are
represented by solid dots, and epochs without stretch corrections are represented by open
dots. For each spectrum, epochs with and without stretch corrections are connected with a
horizontal line. The quadrature sums of the dispersions of the linear fit are also noted from
before to after stretch corrections to the timescales. The error bars are omitted for clarity.

tral features evolve faster for low-stretch objects than for high-stretch ones. After stretch

correcting the timescale, the sequences largely disappear.

The dispersions from the linear fits are summed in quadratureover all the spectra at

the epoch intervals considered and are tabulated in Table 6.3. The scatters indeed decrease

when stretch corrections are applied to the timescale. Table 6.3 also shows that the total

dispersions show very small differences between adopting timescales with respect to time

of B maximum and time of explosion. For our data set, there is not apreferred choice of

reference point between the two options.

When a spectral template time series is used for cosmologicalanalysis, it is common

practice to use the stretch corrected timescale of the observed SN to select the epoch of

the spectral template. Before this study, there was no evidence to suggest that this step was

necessary, except for parallels drawn from the photometricbehavior of SNe Ia. Because the
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Figure 6.24: Same as Figure 6.23 in theB band.
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Figure 6.25: Same as Figure 6.23 in theI band.
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Figure 6.26: Same as Figure 6.23 in theI band.

spectral template usually has features which are representative of a SN Ia with stretch close

to unity (e.g., Hsiao et al. 2007a), it is shown here that using stretch-corrected timescale

indeed reduces the dependence of spectral features on stretch and the scatters caused by this

effect. It is also true that even after stretch corrections, thespectroscopic sequences around

maximum light still exist, regardless of which reference point is used for the timescale. The

construction of template sequences described in Section 6.5 provides an improvement to

the use of spectral templates near maximum light.

In the above analysis, the resemblance between the spectralfeatures of a stretchs SN

Ia at timet and those of a typicals∼ 1 SN Ia at times× t is used to infer the existence of

spectroscopic sequences throughout the epochs. This is also used to show that the spectral

features of low-stretch SNe Ia evolve faster than those of high-stretch ones. The claims can

be further tested by directly measuring the time rate of change of the projections using SNe

Ia with time series observations.

The time rates of change of theV-band projections are examined, using the timescales

before stretch corrections to see if the spectral evolutionof low-stretch objects is indeed

faster. The analysis is limited to SNe Ia in the library with four or more time series obser-

vations covering epoch intervals of five or more days in orderto obtain secure estimates of
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Figure 6.27: Dispersions ofU-band projections from the linear fit against stretch. The left
panel shows the case of epochs with respect toB-band maximum, and the right panel shows
the case of epochs with respect to time of explosion. The epochs with stretch corrections
are represented by solid dots, and epochs without stretch corrections are represented by
open dots. For each spectrum, epochs with and without stretch corrections are connected
with a vertical line.

the speed of the evolution. The results are plotted in the upper panel of Figure 6.31. Except

for one outlier, there is a clear trend of decreasing time rate of change of the projections

with respect to stretch. For the epoch intervals specified, the linear fit in Figure 6.25 is

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

Ia with stretch value equal to the mean of the sample. In the scheme of WLR and linear

projection evolution, the time rate of change can be writtenas:

ṗ1(s) =
ṗ1(s= 1)

s
, (6.7)

wherep1 denotes the projections of the library spectra on the first PC.The fainter objects

are expected to evolve faster than the brighter ones in this fashion. This derived time rate

of change with respect to stretch is plotted as a gray curve inthe upper panel of Figure 6.31

for comparison. The WLR scheme and the linear approximation are shown to provide a
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Figure 6.28: Same as Figure 6.27 in theB band.
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Figure 6.29: Same as Figure 6.27 in theV band.
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Figure 6.30: Same as Figure 6.27 in theI band.

decent description for the speed of the spectral evolution.

In the upper panel of Figure 6.31, SN 1999by (Garnavich et al.2004) is an outlier

because of its exceptionally low rate of change in the projections. To examine the source

of this mismatch, the projections of SN 1999by and a normal SN1997do from Figure 6.25

are isolated and plotted in the lower panel of Figure 6.31. Itis clear that the data points of

SN 1999by are not well described by the linear fit and thus do not have a constant rate of

change. The projections of SN 1999by flatten and enter into a plateau phase much earlier

than a normal SN Ia like SN 1997do. This is expected in the scheme of WLR. What is not

expected is the low projections of SN 1999by compared to those of SN 1997do when they

enter the plateau phase. With the lack of time series spectroscopic data for 1991bg-like

objects, it is difficult to tell whether this peculiarity is a common feature among them. The

stretch corrections indeed reduce the scatter from the linear fit. There is therefore no doubt

that their spectroscopic temporal evolution is faster thannormal at earlier phases.
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Figure 6.31: The time rate of change ofV-band projections on the first PC with respect to
stretch (upper panel) and the projections of SN 1999by and SN1997do with respect to time
(lower panel). In the upper panel, the timescale used is withrespect toB maximum, cor-
rected for time dilation, and before stretch correction. The thick gray line corresponds to the
time rate of change expected from the WLR scheme and the linearfit from Figure 6.25. In
the lower panel, the timescale is with respect toB maximum and corrected for time dilation.
The open and filled symbols represent timescales before and after stretch corrections, re-
spectively. The red and blue dotted lines represent the expected temporal evolution, before
stretch correction, from the WLR scheme and the linear fit fromFigure 6.25 for SN 1999by
(s=0.61) and SN 1997do (s=0.98), respectively.
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6.7 Conclusion

At maximum light, the detection of a strong correlation between spectroscopic properties

and light-curve widths is reported for every spectral feature from U band toI band. The

detections are made even for spectral features which have been previously shown to have

little or no correlations using the equivalent width method. The lack of detections from

previous studies is attributed to the inability of the equivalent width method to retain infor-

mation on the detailed spectral shapes. In a Chandrasekhar-mass model, brighter SNe Ia

produce more56Ni and therefore have fewer intermediate-mass elements. Brighter SNe Ia

also have higher temperature ejecta in general. The snapshots of SN Ia spectral features at

maximum light reflect both the effect of different temperatures on ionization and the effect

of different compositions.

Steps have been taken to remove the broadband tilts of the spectra. Furthermore, the

narrowband measurements of the spectral features have beenshown to have a weak depen-

dence on the broadband tilt. Thus, the PC projections reflectsolely the diversity of spectral

features, independent of any established photometric behaviors. A large fraction of the in-

formation in the spectral data can be retained using only thefirst few PCs, even when large

gaps exist in the stretch parameter space of the data. The descriptions of the sequences

from PCA show in unprecedented detail how spectral features vary with stretch. They also

show great promise for improving the use of spectral template time series in cosmological

studies, by including an extra dimension of light-curve width along with wavelength and

time.

These methods provide a straight-forward application for using spectral features as dis-

tance indicators. They can also be extended to search for correlations between spectral

features and intrinsic colors. As there is evidence that intrinsic colors also correlate with

peak luminosity, the spectral features are expected to correlate with intrinsic colors. Es-

tablished relations between spectral features and intrinsic colors will help disentangle the

degeneracy between dust reddening and intrinsic colors in the observed colors of SNe Ia.

Evolution of SN Ia properties with respect to redshift is also of great concern in cosmol-

ogy. Recent spectroscopic studies detected systematic spectroscopic differences between

low-redshift and high-redshift SNe Ia (Foley et al. 2008a; Sullivan et al. 2009). However,

it was unclear whether the differences were caused by the effects of demographic shift or

true evolution. As the cosmic star formation density increases with redshift, the mean light-

curve width of SNe Ia, which depends on the star formation rate of the host galaxy, also

increases with redshift. With the relations between spectral features and light-curve width
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established here, the effect of demographic shift on the spectra of SNe Ia can be pinpointed.

If there are remaining variations in the spectral features of SNe Ia with the same light-curve

width at different redshifts, they may be signs of true evolution.

The time evolution of spectral features is also shown to correlate with stretch across

the optical wavelengths. In particular, low-stretch SNe Iashow a more rapid evolution in

their spectral features than high-stretch ones. The speed of the evolution is also shown

to be well characterized by the stretch parameter. These results lend support to the idea

that the origin of the WLR is predominantly a spectroscopic phenomenon, rather than a

bolometric one (Kasen & Woosley 2007). As fainter SNe Ia are cooler and have earlier

recombination of iron-group elements, the more rapid spectroscopic temporal evolution of

fainter SNe Ia reflects the faster ionization evolution of iron-group elements. Our study

of spectroscopic temporal evolution also offers, for the first time, empirical evidence that

using stretch-corrected epochs when selecting the epochs of the mean spectral template

time series reduces the scatter instigated by stretch.

There is evidence that the one-parameter description may not completely account for

the observational diversity in the spectral features, suchas the spectral features in theU

band and the feature velocities in theV band. Nevertheless, stretch, and in turn, the lumi-

nosity of a SN Ia, is shown here to be one of the dominant, if notthemost dominant, driver

of time-dependent spectroscopic diversity observed in SNeIa at optical wavelengths.
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Chapter 7

Spectroscopic diversity in the

near-infrared

Abstract While Type Ia supernovae (SNe Ia) can be calibrated into standard candles in

the optical, they appear to be true standard candles in the near infrared (NIR). Matching the

photometric behavior, the spectroscopic properties of NIRspectra around the NIR maxima

are shown here to be exceptionally uniform with very slow temporal evolution. The first

mean spectral template time series of SNe Ia in the NIR is presented. The spectral template

is shown to minimize theK-correction systematic errors caused by using individual spectra.

Principal component analysis (PCA) is performed the NIR spectra to search for relations

between the spectral features and light-curve widths. Around the NIR primary maximum,

a spectroscopic sequence is detected in each of theY, J, H andK bands. These systematic

variations are perhaps too small to enter into broadband photometric observations. The

rapidly evolving and prominentH-band feature also shows evidence of a spectroscopic

sequence. Because the sequences are formed by only 8− 9 spectra for each analysis, more

NIR spectra are required to confirm or refute these trends.

7.1 Introduction

NIR observations of SNe Ia are challenging both because of the strong absorption features

due to the Earth’s atmosphere, and the low intrinsic luminosities of SNe Ia in the NIR. The

benefits of observing in the NIR, however, outweigh the challenges. Light is less extincted

by dust along the line of sight, with the extinction originating from the host galaxy, the

intergalactic medium and the Milky Way. The standard Galactic dust law of Cardelli et al.
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(1989) shows that the extinction in the NIR is less than 30% ofthat in the optical. As we

move toward longer wavelengths, the extinction corrections become less dependent on our

assumptions on the properties of dust and the intrinsic colors of SNe Ia.

In recent years, extensive monitoring of nearby SNe Ia in theNIR has become more

common, producing statistically significant samples of well observed photometry (e.g., Jha

et al. 1999; Meikle 2000; Hernandez et al. 2000; Valentini etal. 2003; Candia et al. 2003;

Krisciunas et al. 2001, 2003, 2004b,c, 2006, 2007; Benetti etal. 2004; Elias-Rosa et al.

2006, 2008; Hamuy et al. 2006; Phillips et al. 2006; Pastorello et al. 2007a,b; Prieto et al.

2007; Stritzinger & Sollerman 2007; Wang et al. 2008, 2009a;Taubenberger et al. 2008;

Pignata et al. 2008; Wood-Vasey et al. 2008; Foley et al. 2009) and spectra (e.g., Meikle

et al. 1996; Bowers et al. 1997; Rudy et al. 2002; Hamuy et al. 2002; Höflich et al. 2002;

Marion et al. 2003, 2006; Krisciunas et al. 2007). Elias et al. (1981, 1985) first noted the

small dispersion in the peak absolute magnitudes of SNe Ia inthe NIR and the potential

for them to be used as distance indicators. Considering theoretical models with56Ni mass

range 0.4 − 0.9Modot, Kasen (2006) found similar small dispersions at the NIR primary

maximum.

Krisciunas et al. (2004a) demonstrated the efficacy of using NIR primary maxima of

SNe Ia as distance indicators. They found that the stretch technique provides good fits to

the observed light curves in the range−12−10 days with respect toB-band maximum. This

range includes the primary NIR maximum, but excludes the secondary peak. They also

found no obvious relation between light-curve shape and maximum brightness. Heavily

reddened or peculiar objects in the optical are also shown tobe good standard candles in

the NIR. While SNe Ia are standardizable candles in the optical, they appear to be true

standard candles in the NIR.

Crucial for the study of the NIR photometric properties of SNeIa is an accurate and

expansive set of spectral templates which covers the range of wavelengths and epochs of

observed SNe Ia. Previous studies of NIR photometry have relied on the time series spectra

of a single SN Ia for the determination ofK-corrections (e.g., Krisciunas et al. 2004b). This

method has been shown to cause significant systematic errorsin the optical (Hsiao et al.

2007a). The methods presented by Hsiao et al. (2007a), and inChapter 4, are adopted to

build the first mean spectral template time series of SNe Ia inthe NIR. TheK-correction

errors from the spectroscopic diversity of observed spectra are quantified and shown to be

reduced from the previous method of using the spectra of a single SN Ia.

In Chapter 6, the light-curve width as an indicator of the luminosity of a SN Ia is shown

to be the main driver of the diversity observed in optical spectra. Here, the spectroscopic
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properties of SNe Ia in the NIR are examined, using 52 NIR spectra gathered from the

literature and through private communications. PCA is performed on the spectral features

of the NIR spectra to identify the vectors pointing toward the largest variations in the data

space. The projections of the library spectra on the resulting vectors are correlated with

the light-curve widths. The relations are examined to see ifNIR spectral features vary

systematically with the light-curve widths, even when the photometric properties appear to

show no such correlations.

7.2 Color curves

To build a mean spectral template time series, a representative set of light-curve templates

which cover a wide range of epochs for the NIRIYJHK bands are required. Such a set

of light-curve templates is not yet available in the literature. In this section, a set of NIR

light-curve templates are built from available photometryand light-curve templates in the

literature. The purpose here is not to build accurate light-curve templates for the use of

cosmological analysis or the study of photometric properties, but to build representative

and expansive light curves to scale the colors of the spectral templates smoothly with time.

The primary purpose for a mean spectral template is forK-correction calculations. The

absolute flux of a SN Ia is normalized away forK-corrections, and the broadband colors of

a SN Ia play an important role forK-corrections. For these reasons, the focus is placed on

building template color curves in the NIR.

Our color curves include contributions from two light-curve templates presented by

Krisciunas et al. (2000) and Wood-Vasey et al. (2008). Also included are the photometry

of SNe 1980N, 1981B, 1981D (Elias et al. 1981, 1985), 1986G (Frogel et al. 1987), 1989

(Kidger et al. 1989; Wells et al. 1994), 1998bu (Mayya et al. 1998; Jha et al. 1999; Hernan-

dez et al. 2000), 2001el (Krisciunas et al. 2003) and 2004S (Krisciunas et al. 2007). Even

though the library spectra are not spectrophotometric, thecolors obtained by performing

artificial photometry on the spectra are also used for the determination of the color curves.

The different contributions are then combined by appropriate weighted mean at each epoch

to create the final template color curves.

The template color curves are plotted in Figure 7.1 and compared with other light-curve

templates, photometry from individual SNe Ia and colors from the library spectra. The tem-

poral evolutions of the broadband colors of SNe Ia are shown here to be quite uniform. The

colors of the library spectra also match the template color curves well. For this reason, the

library spectra require small color corrections when theirbroadband tilts are standardized
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Figure 7.2: The NIR light-curve templates with respect to time ofB-band maximum.

to this set of color curves. The narrowband measurements of their spectral features will

thus be less susceptible to uncertainties in the broadband colors and the process of color

corrections.

The final NIR light-curve templates are plotted in Figure 7.2. The double-peaked char-

acteristics of NIR light curves are present for the templates in all five bands. The primary

maximum occurs a few days beforeB-band maximum. The secondary peaks in theI band

are found to occur later in time and have higher intensities for the more luminous objects

(Hamuy et al. 1996a; Nobili et al. 2005). This photometric behavior is found to be con-

nected to the ionization evolution of iron group elements (Kasen 2006). Here, we do not

study the dependence of photometric properties of SNe Ia on their brightness, but focus

on the spectroscopic properties instead. Our template light curves should be similar to the

light curves of a typicals= 1 SN Ia.

7.3 Library spectra

Despite the recent surge in NIR observations of the SNe Ia, the number of NIR spectra

is still relatively low compared to the number of optical spectra. 52 NIR spectra of 30
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SNe Ia are gathered for this study. All of the spectra are of low-redshift nearby SNe Ia,

reflecting the challenging observing conditions in the NIR. Approximately half of the SNe

Ia have complementary optical photometric observations available to deriveB-band stretch

parameters (Goldhaber et al. 2001). These stretch values are used as measures of the widths

of the optical light curves and as indicators of the luminosity of the SNe Ia. The full list of

library NIR spectra and the available stretch values are listed in Table 7.1.

Most of the spectra are from Marion et al. (2003, 2009) and currently form the largest

set of NIR spectra of SNe Ia. The spectra were obtained using the 3-meter telescope at the

NASA Infrared Telescope Facility (IRTF) with the SpeX medium resolution spectrograph

(Rayner et al. 1998). The data was reduced using IDL routines developed by Cushing

et al. (2004). The prominent telluric absorption features in the NIR were removed using

techniques developed by Vacca et al. (2003).

Also included in the library are the NIR spectra of SN 1999ee published by Hamuy et

al. (2002). These 11 spectra constitute the largest sample of time series observations of a

SN Ia in the NIR. The telluric features are removed using the flux calibration technique

described by Maiolino et al. (1996). A single NIR spectrum from SN 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 ofB maximum. The stretch pa-

rameters are obtained fromB-band light curves.

Name Epochs Stretch References

1999ee -9, 0, 1, 4, 8, 15, 19, 22, 27, 31, 41 1.053 Hamuy et al. (2002)

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)

2001dl -1 1.140 Marion et al. (2003)

2001en -2, 20 0.935 Marion et al. (2009)

Continued on the next page. . .



124

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. Immediately apparent from

the plot is the uniformity in the temporal evolution of the spectral features. Even though

time series observations are lacking in our sample, the large scale temporal evolution of the

spectral features appear to be similar between different SNe Ia.

Early spectra are relatively featureless and appear to havevery slow temporal evolu-

tions. The deep absorption trough centered near 0.82µm is the Ca II triplet feature which

was examined in Chapter 6. The feature near 1.05µm can be attributed to Mg II triplet

(Wheeler et al. 1998; Marion et al. 2003). There is also evidence for an emission feature

due to Fe III near 1.25µm (Rudy et al. 2002). The P Cygni-like feature near 1.6µm is
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Figure 7.3: A sample of NIR library spectra. The spectra are plotted in log scale with
offsets. The library spectra are plotted in gray. The Gaussian smoothed spectra are plotted
on top to aid the comparison. The names of the SNe Ia are noted along with the epochs of
the spectra with respect to the time ofB-band maximum.

attributed to a blend of Si II and Mg II lines (Wheeler et al. 1998; Marion et al. 2003).

These feature become more apparent with time during the early phases.

At around five days pastB-band maximum, the NIR spectra rapidly form a wide and

prominent feature stretching from 1.50µm to 1.80µm. This feature is produced by line

blanketing from thousands of Co II, Fe II and Ni II lines (Wheeler et al. 1998; Marion et

al. 2003). The result is a pseudo-emission feature with flux about twice as large as the

adjoining continuum. After its quick development, this feature stays prominent for weeks.

The abrupt development of this feature marks the transitionfrom partial to complete silicon

burning in the expanding envelope (Marion et al. 2003).

From approximately two weeks pastB-band maximum, a group of emission features

begin to appear between 2.1µm and 2.4µm. The features appear to grow more prominent



126

with time and can be attributed to Fe II, Si II, Co II and Ni II.

7.4 Temporal evolution of spectral features

Here, the temporal evolution of the NIR spectral features isexamined using PCA. PCA is

a statistical tool which searches for patterns in a multidimensional data set, and in effect,

reduces the dimensionality of the data set. PCA is performed on the narrowband measure-

ments of library spectra, using the methods described in Section 6.2 and Section 4.8. The

analysis is done over a wide bandwidth, which spans from 1.0µm to 2.3µm and covers

rest-frame filtersY, J, H andK. It consists of 39 library spectra which have the specified

wavelength coverage and 28 narrowband spectral feature measurements. The resulting pro-

jections of the library spectra on each principal component(PC) are plotted in Figure 7.4.

A detailed comparison between the temporal evolutions of fainter and brighter objects,

like ones done in the optical bands (Section 6.6) is difficult. First, the number of spectra is

relatively small compared to the optical sample. Furthermore, half of the library SNe Ia do

not have complementary light curves available to yield the stretch parameters. When the

spectra with complementary stretch information are used toexam to temporal evolution,

it is not clear whether stretch correcting the timescale reduces or increases the scatter.

Therefore, the epochs specified here are all rest epochs, corrected for time dilation only.

The projections of our library spectra on the first 3 PCs, whichaccount for over 70%

of the spectral variance, show remarkable uniformity in their temporal evolution. The time

line has been divided into four evolutionary stages based onthe following observations.

The early spectra, before around three days pastB-band maximum, are remarkably

uniform for all PCs. This section of the time line includes theNIR primary maximum

which occurs a few days beforeB-band maximum. The third PC picks up the temporal

evolution for this stage and quantifies the magnitude of evolution to be relatively small

compared to the other evolutionary stages. This reflects theslight strengthening of the

broad features in the early and largely featureless libraryspectra.

The second evolutionary stage is dominated by the rapid development of the most

prominent spectral feature in the NIR, the pseudo-emission feature in theH band produced

by line blanketing from Fe II, Co II and Ni II lines. The featureis shown in the second

PC to reach its peak strength at approximately two weeks pastB-band maximum. This

evolutionary stage also shows the largest dispersion, suggesting that the temporal evolution

of the prominentH-band feature is less uniform.

The third evolutionary stage reflects a slight weakening of the prominentH-band fea-
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Figure 7.5: The NIR spectral template time series. The template spectra are plotted in log
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noted.

ture, while the fourth stage exhibits the strengthening of the emission features in theK

band, attributed to Fe II, Si II, Co II and Ni II. From the small number of spectra in these

epochs, the temporal evolution appears to be uniform, with smaller dispersion than ob-

served in the second stage.

7.5 Spectral template time series

In this section, a mean NIR spectral template time series, built from the 52 NIR library

spectra listed in Table 7.1, is presented. The spectral templates are built using the methods

presented by Hsiao et al. (2007a), and in Chapter 4. The library spectra are first color cor-

rected to the template color curves presented in Section 7.2. The spectral features of each

spectrum are then quantified using artificial narrowband filters. The narrowband measure-

ments are then placed in epoch bins and averaged with appropriate weights. The resulting
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spectral template is presented in Figure 7.5.

Even though the number of NIR spectra is quite small comparedto that of optical spec-

tra, the 52 library spectra provide excellent temporal coverage. The majority of the spectra

are taken around maximum light and during the development phases of the prominentH-

band feature. This provides good descriptions of the temporal evolution of the spectral

features during these epochs. At later epochs, even though the epoch bins are wider, the

construction of the templates often has to relies on one or two spectra per epoch bin. There

is clearly room for improvement at these phases.

The spectral template time series in Figure 7.5 nicely resembles the library spectra in

Figure 7.3. For a more detailed comparison, we separate the library spectra into the four

evolutionary stages described in Section 7.4 and compare them with spectral templates at

corresponding epochs. They are presented in Figure 7.6.

The first stage includes the largest number of spectra, but shows the least amount of

dispersion. This illustrates both the remarkable uniformity in the evolution of the spectral

features and the relative slow evolution at this stage. The second stage is dominated by the

abrupt formation of the prominentH-band feature. The strengthening of this feature is most

striking on the blue edge of the feature. The spectral templates are shown in Figure 7.6

to track this evolution closely. For the third and fourth evolutionary stages, because the

construction of the spectral templates rely on only one or two spectra per epoch bin, the

spectral templates are expected to be very similar to the library spectra.

At the second evolutionary stage, there is also a curious feature near 1.66µm at which

the library spectra show diversity. This spectral feature falls right in the center of the

prominentH-band feature. Because this feature from our low-redshift sample falls well

within theH band, the contamination from telluric features should be negligible, suggesting

that the diversity originates from differences in the SNe Ia. The feature does not follow the

temporal evolution of the spectral templates. The diversity of this feature therefore does

not appear to be driven by temporal evolution. The spectral feature will be examined in

detail in Section 7.8.

There is also evidence of diversity in the spectral featuresaround the blue and red edges

of K band. Since these features are either close to the telluric absorption features or close

to the edges of the observed spectra, they are not examined here.
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7.6 K-correction

The primary motivation for building a set of mean spectral templates is forK-correction

calculations. Even thoughK-corrections for nearby objects are small, there is the riskof

incurring significant systematic errors by calculatingK-corrections using individual spec-

tra.

To illustrate this effect, theK-corrections calculated using the mean spectral templates

are compared to those calculated using individual library spectra. A typical redshift of 0.02

for a nearby SN Ia is adopted for this analysis. As described in theK-correction calculation

procedures presented by Nugent et al. (2002), we make broadband color corrections such

that the colors of the spectral template match those of the SNIa. In practice, these color

corrections are done on the spectral templates such that thecolors of the templates match

the observed colors of the SN Ia. Here, library spectra are color corrected to match the

template color curves, such that theK-corrections can be presented in a single plot. As

shown in Section 7.2, NIR colors exhibit small dispersions.This color correction step

should have minimal effects on the determination ofK-correction.

The resultingK-corrections and the differences from theK-corrections of the spectral

template are plotted in Figure 7.7. Previous studies often derived K-corrections from a

single SN Ia. TheK-correction values published by (Krisciunas et al. 2004b),determined

using time series spectra of SN 1999ee, are also plotted for comparison.

First thing to notice from Figure 7.7 is the remarkably smallK-correction errors around

the NIR primary maximum. This corresponds to the first evolutionary stage described in

Section 7.4, where the temporal evolution of the NIR spectral features is slow and uni-

form. LargerK-correction errors begin to occur pastB-band maximum, where the use of a

representative spectral template becomes important.

From Figure 7.7, our NIR spectral templates yield essentially the mean of theK-

corrections at each epoch. The systematic errors from assuming a set of spectral templates

are therefore largely diminished. On the other hand, the useof individual spectra for the

determination ofK-corrections is shown to cause, in some cases, significant systematic

errors. TheK-correction values published by (Krisciunas et al. 2004b) exhibit especially

large differences from the mean spectral templates pastB-band maximum light. The dis-

persions may have contributions from both the differences in the broadband colors and truly

unrepresentative spectral features.

The dependence ofK-correction errors on redshift is also examined. TheK-correction

errors are taken as the difference inK-corrections between the spectral templates and the
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library spectra. They are then summed in quadrature. The results are plotted in Figure 7.8

for a large redshift range. The typical redshifts for nearbystudies are between 0.01 and

0.03. In this redshift range, theK-correction errors scale roughly linearly with redshift

and coincidentally have similar values as the redshifts. These error estimates include all

epochs. The errors around the NIR primary maximum are expected to be much smaller.

7.7 Spectroscopic sequence around NIR primary peaks

Krisciunas et al. (2004a) tested the efficacy of using the NIR primary maximum of SNe

Ia as a distance indicator. In the range between -12 and 10 days with respect toB-band

maximum, the light curve shapes in theJ, H andK bands can be standardized by stretch

correcting the time axis using stretch parameters derived from B-band light curves. The

resulting NIR peak absolute magnitudes were shown to have indeed small dispersions and

have little or no correlation with the light-curve widths.

In the optical bands, the peak absolute magnitudes vary systematically with the light-

curve widths. In Chapter 6, the optical spectroscopic features at peak brightness are also

shown to vary systematically with light-curve widths, matching the photometric behav-

ior. Here, we examine whether the same parallels can be drawnbetween photometric and

spectroscopic properties in the NIR.

The first evolutionary stage, described in Section 7.4, covers epochs ranging from -15

to 3 days pastB-band maximum and includes the primary NIR maximum. The spectral

features in this epoch range exhibit very small dispersion and relatively slow temporal

evolution (Figure 7.4). We will attempt to search for any correlations between spectral

features and light-curve widths within the small diversityshown in these early spectra.

The analysis is divided into four wavelength regions. The regions correspond to the NIR

bandsY, J, H andK. The NIR filters are strategically placed between the prominent telluric

features. Having the wavelength regions similar to the wavelengths covered by the NIR

filter bands prevents the telluric features from entering the signals intrinsic to the SNe Ia.

Each wavelength region covers six narrowband measurementsof spectral features. All the

library spectra with stretch values available are includedin the analysis. The information

for each wavelength region is listed in Table 7.2.

Because of the small number of spectra available, analysis ata single epoch, as done

in the optical band, is not possible. The sample size of time series spectroscopic data in

the NIR is also small. We therefore do not attempt to correct the projections of the library

spectra on the PCs to a single epoch. Because of the wide epoch range considered 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 0.937µm 1.122µm 6 8 43.5%
J 1.122µm 1.343µm 6 9 11.8%
H 1.426µm 1.708µm 6 9 17.8%
K 1.925µm 2.305µm 6 9 31.0%

mild temporal evolution observed in Figure 7.4, it is important to identify which PCs are

detecting spectral variations instigated by temporal evolution. The projections on the six

PCs are plotted against rest epoch in Figure 7.9, Figure 7.10,Figure 7.11 and Figure 7.12

for theY, J, H andK wavelength regions, respectively.

In theY band, there is no clear sign of temporal evolution within this epoch range for

the first PC. A mild trend in the projections on the second PC mayindicate some temporal

variation with large scatter. The projections on the first PCin the J, H andK bands all

exhibit trends which suggest that the variations are drivenby temporal evolution. The

projections on the second PC in these three bands appear to have no correlation with epoch.

The projections are then plotted against stretch to search for any spectroscopic sequence

in the NIR. The results are presented in Figure 7.13, Figure 7.14, Figure 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 evolution andconstitute significant frac-

tions of the overall variation.

In the Y band, the projections on the first PC exhibit little sign of a correlation with

epoch (Figure 7.9), but a trend against stretch (Figure 7.13). The projections on the second

PC exhibit a hint of a trend against epoch, but no correlationwith stretch. Similar behaviors

are observed for theJ, H and K bands. For these three bands, the variations driven by

temporal evolution in the epoch range considered is larger than those driven by stretch. For

all four of the NIR bands and for the epoch range considered, epoch and stretch appear

to be the two most dominant drivers of the spectral variation. PCA is able to separate the

contributions from these two factors into the two orthogonal vectors.

Weak correlations with stretch are observed for all four NIRbands in PCs which show

little time dependence. For these cases, polynomial fits aredone to derive one-to-one and

continuous relations between projections and stretch. Therelations then yield a continu-

ous set of narrowband measurements. The narrowband measurements are converted into
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Figure 7.9: The projections of library spectra in theY band on the six PCs with respect to
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Figure 7.10: Same as Figure 7.9 in theJ band.



137

    

−0.4

−0.2

0.0

0.2

0.4 1st PC: 64.8%

    

 

 

 

 

 2nd PC: 17.8%

    

−0.4

−0.2

0.0

0.2

0.4

pr
oj

ec
tio

ns
 o

f H
 b

an
d 

sp
ec

tr
a 

on
 P

C

3rd PC: 9.1%

    

 

 

 

 

 4th PC: 4.7%

−15 −10 −5 0
rest epoch

−0.4

−0.2

0.0

0.2

0.4 5th PC: 3.4%

−15 −10 −5 0
rest epoch

 

 

 

 

 6th PC: 0.2%

Figure 7.11: Same as Figure 7.9 in theH band.
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Figure 7.12: Same as Figure 7.9 in theK band.
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Figure 7.14: Same as Figure 7.13 in theJ band.
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Figure 7.15: Same as Figure 7.13 in theH band.
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Figure 7.16: Same as Figure 7.13 in theK band.
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template sequences using the method used to build a mean spectral template described by

Hsiao et al. (2007a), and in Section 4.6. The resulting template sequences are plotted in

Figure 7.17, Figure 7.18, Figure 7.19 and Figure 7.20, for the Y, J, H andK wavelength

regions, respectively.

For each template sequence, the amount of spectral variation accounted for in this epoch

range is tabulated in Table 7.2. Note that these values depend on the epoch range. A larger

epoch interval can include more spectra, but stretch would have diminishing influence.

The template sequence in theY band shows a slight deepening of the Mg II feature as

stretch decreases. The sequence is detected by the first PC which constitutes over 40% of

the observed diversity, but scatter around this relation islarge. For both theJ andH bands,

the template sequences describe slight velocity shifts of the dominant features in the bands.

These sequences are described by the second PCs which only constitute∼ 10− 20% of the

overall variation. For these two bands, time is the main driver and is responsible for the

strengthening of the features (first PCs). For the specified epoch range, the time-dependent

variation accounts for over 60% of the diversity in the data set. TheK-band region is

probing the ends of the spectra, and can include larger uncertainties as a result. More data

points are needed in Figure 7.16 to see if they form scatter plots. Because the spectra in

this epoch range are already quite uniform, the variations described by these spectroscopic

sequences are indeed very small. We caution that these relations are formed by a small

number of data points. More NIR spectra with complementary light curves are required to

confirm or refute these correlations.

7.8 Spectroscopic sequence in the prominentH-band fea-

ture

At the second evolutionary stage described in Section 7.4, NIR spectra of SNe Ia are dom-

inated by the prominentH-band feature caused by Fe II/Co II/Ni II line blanketing. In

Section 7.5, we noted a spectral feature which lies at the center of this feature (∼ 1.66

µm) and displays significant diversity among our sample of SNe Ia. For some spectra, it

appears to be an emission-like feature, while absorption-like features are observed in oth-

ers at the same wavelengths. The variation cannot be described by the temporal evolution

of the mean spectral templates. We examine whether the diversity forms a spectroscopic

sequence.

PCA is performed on spectra within the epoch range between 3 to15 days pastB-band
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Figure 7.17: The template sequence in theY band from the first PC for the epoch range be-
tween -15 and 3 days pastB-band maximum. The left panel shows the template sequence,
and the right panel shows the Gaussian smoothed library spectra. Each spectrum is color
coded by stretch. The names and the epochs of the library spectra are noted. The narrow-
band filters used to quantify the features are plotted as graylines. The dominant species
responsible for each spectral feature in the region is also noted.

maximum, as assigned for the second evolutionary stage. Five narrowband measurements

are used covering the region of the entireH-band structure. The projections of the library

spectra on the resulting PCs are again plotted against both epoch and stretch to separate the

two effects. The projections with respect to epoch and stretch are plotted in Figure 7.21

and Figure 7.22, respectively.

The prominentH-band feature has been shown to strengthen rapidly during the epoch

range considered. The first PC detects the strengthening of this structure, but shows large

scatter in its temporal evolution (Figure 7.21). This is again the large scatter shown in the

second evolutionary stage in Figure 7.4, suggesting that the time evolution of this feature

can be quite different between SNe Ia. Because of the abrupt nature of the evolution, the

uncertainties in the epoch determinations may also play a role.

The second PC also shows little time dependence, but shows a significant trend with

stretch. A linear fit is performed through this apparent spectroscopic sequence. The tem-
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Figure 7.18: Same as Figure 7.17 in theJ band from the second PC.
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Figure 7.19: Same as Figure 7.17 in theH band from the second PC.
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Figure 7.20: Same as Figure 7.17 in theK band from the second PC.

plate sequence from the linear fit is presented in Figure 7.23. The second PC indeed

picks up the diversity of the spectral feature at 1.66µm. The sequence associates the

emission-like shapes to low-stretch objects and the absorption-like shapes to high-stretch

objects. The emission-like features are found in two low-stretch objects, SN 2000dk and

SN 2005am. Both SNe Ia have stretch values below 0.8, and the spectra are taken at 6− 7

days pastB-band maximum.

By visual inspection, this emission-like feature is also observed in the spectrum of

SN 2002fb at eight days pastB-band maximum. If this spectral feature is exclusively

associated with low-stretch objects, as suggested by our limited data set, SN 2002fb should

also be a low-stretch object. There is no complementary photometry available for this SN

Ia to derive a stretch parameter. The host galaxy, NGC 759, ofSN 2002fb is classified as an

elliptical galaxy by van den Bergh et al. (2003). The spectroscopic identification done by

the CfA Supernova Group classified the optical spectrum as 1991bg-like (Matheson et al.

2002). These two pieces of information are consistent with our inference that SN 2002fb

is a subluminous, low-stretch object. From the linear relation between the spectral features

and stretch dictated by the second PC, a stretch value ofs= 0.60 is deduced for SN 2002fb.

This value is consistent with the stretch values of subluminous objects, such as SN 1991bg

(s= 0.54) and SN 1999by (s= 0.61).
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The emission-like features at 1.66µm, associated with low-stretch objects, are all ob-

served in a narrow epoch range, 6− 8 days pastB-band maximum. It is uncertain from

our data whether this characteristic only exists during this narrow range or persists through

later epochs.

Höflich et al. (2002) noted a similar feature in their subluminous model. The emission

feature originates from the innermost Ni-rich region. Their synthetic spectrum at six days

pastV-band maximum does not show a clear emission-like feature, but shows the lack of

a local minimum, common in most other spectra and also in models of normal luminosity

SNe Ia (e.g., Wheeler et al. 1998). This lends support to our observation that the emission-

like feature at 1.66µm is associated exclusively with low-stretch objects. However, Höflich

et al. (2002) also reported that the peculiar and low-stretch SN 1999by does not exhibit

this feature in its unusually weak Fe II/Co II/Ni II structure. Thus, the one-parameter

description of this spectral feature is far from definitive.More spectroscopic data in the

NIR is required to confirm this trend and to determine whetheror not the peculiar NIR

spectral feature of SN 1999by is an isolated occurrence for subluminous objects.

7.9 Conclusion

The spectroscopic properties of NIR spectra before around 3days pastB-band maximum

are shown to be exceptionally uniform with very slow temporal evolution. This epoch range

centers approximately on the time of the NIR primary maximumwhich occurs a few days

beforeB-band maximum. The observation is consistent with the photometric observations

of the uniformity in the peak NIR absolute magnitudes (e.g.,Krisciunas et al. 2004a; Wood-

Vasey et al. 2008). From the standpoint ofK-corrections, this epoch range is excellent for

cosmology, as uncertainties associated with using an assumed spectral energy distribution

are very small.

The first mean spectral template time series of SNe Ia in the NIR is presented.K-

corrections calculated using individual spectra are shownto incur significant systematic

errors. The mean spectral template presented here is specifically designed to minimize

these systematic errors. TheK-correction errors around the NIR primary maximum have

also been shown to be exceptionally small.

Around the NIR primary maximum, a spectroscopic sequence isdetected in each of

the NIR Y, J, H andK bands. Because the spectra in this epoch range are already quite

uniform, the variations described by these spectroscopic sequences are very small. In the

Y band, there is evidence for the slight increase in strength of the Mg II feature as stretch
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Figure 7.21: The projections of the prominentH-band spectral feature on the PCs with
respect to epoch. The epochs are corrected for time dilationand are with respect toB-band
maximum. The projection of SN 2002fb is marked as red in the second PC. SN 2002fb has
no available stretch and is not included in the PCA.
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line. SN 2002fb has no available stretch and is not included in the PCA. A stretch value for
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PC.
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decreases. In theJ and H, the sequences describe small velocity shifts of the spectral

features. The correlations between the NIR spectral features and light-curve widths are

formed using only 8−9 data points in each band. More data is required to confirm or refute

these trends. The NIR absolute magnitudes of SNe Ia have beenshown to have little or

no dependence on light-curve widths (Krisciunas et al. 2004a). The variations described

by the spectroscopic sequences are perhaps too small to enter into broadband photometric

observations.

In the epoch range between 3 to 15 days pastB-band maximum, the NIR spectra are

dominated by the rapid formation of the wideH-band feature, attributed to the line blan-

keting by Fe II, Co II and Ni II. An emission-like feature is found at the center of the wide

H-band structure and is associated only with low-stretch objects in our data set. This fea-

ture yields evidence of another spectroscopic sequence in the NIR. However, Ḧoflich et al.

(2002) reported that the low-stretch SN 1999by does not exhibit this feature in its unusually

weak Fe II/Co II/Ni II structure, indicating that perhaps the one-parameterdescription of

spectroscopic variations is incomplete.
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Chapter 8

Conclusion

The path to improving the use of Type Ia supernovae (SNe Ia) asstandard candles in cos-

mological studies and the path to the understanding of the origins of the observed properties

of SNe Ia are one and the same. In this work, a large library of spectroscopic data is con-

structed to study the effect of the observed spectroscopic diversity on cosmological studies

and to search for the origins of the observed diversity.

Before this work, the inhomogeneity in the SN Ia spectra had not been dealt with ade-

quately, and theK-correction calculations were a major source of systematicerrors in SN

Ia cosmology. New methods have been developed here to consistently quantify observed

spectral features and theK-correction errors associated with the diversity. A mean spec-

tral template time series is built to have the mean spectroscopic properties of SNe Ia and

is shown to largely obviate systematic errors caused by assuming the SED of a particular

supernova.

The remaining statistical errors are shown to be redshift dependent, with minima at

redshifts where the rest-frame filter band and the observed filter bands are aligned. These

errors are attributed to the inhomogeneity in the observed spectral features. As these errors

directly affect the magnitudes of the SNe Ia, it is important to incorporate the redshift-

dependent effect in cosmology. The statistical errors can be reduced if the spectroscopic

differences from the mean of individual SNe Ia can be predicted from their photometric

properties.

Principal component analysis (PCA) has been adopted to search for the global trends

in the variations of spectral features in the sample of nearby SNe Ia. At maximum light,

significant correlations between the light-curve width andthe spectral features are found for

every spectral feature fromU band toI band, even for features which have been previously

reported to show little or no correlation. The result in turnsuggests that the SN Ia intrinsic
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luminosity is the main driver of the observed variation in the spectral features. Template

spectroscopic sequences are built to illustrate in detail how the features vary with light-

curve width. The methods presented here also provide ways touse the spectral features as

independent indicators of intrinsic luminosity and color.

Beyond maximum light, there is also evidence of the persistence of the spectroscopic

sequences throughout other epochs. The effect is attributed to the more rapid spectroscopic

temporal evolution of fainter objects than that of their brighter counterparts. This obser-

vation provides the first justification for selecting the stretch-adjusted epochs of a spectral

template time series for the use in cosmological studies. Italso supports the theory that the

width-luminosity relation (WLR) is primarily a spectroscopic phenomenon, rather than a

bolometric one, and points to the speed of the ionization evolution of iron-peak elements

as the origin of the WLR (Kasen & Woosley 2007).

In the near-infrared (NIR), the spectroscopic properties ofSNe Ia are found to be re-

markably uniform, especially around the NIR primary maximum. The spectroscopic homo-

geneity is consistent with the photometric observation that SNe Ia are true standard candles

in the NIR. Within the homogeneous spectral features, PCA detected correlations between

the small variations and light-curve width. The correlations at the NIR maximum are barely

discernable. Stronger evidence of a spectroscopic sequence is provided for the prominent

H-band feature which appears abruptly at approximately a week past maximum light and is

attributed to the line blanketing by iron-group elements. The center of the feature appears

as an emission feature for low-stretch objects and as an absorption feature for high-stretch

objects. However, more spectroscopic data in the NIR is required to confirm or refute this

finding.

Exquisitely detailed spectroscopic observations of high-redshift SNe Ia are beginning

to detect systematic differences between the spectroscopic properties of nearby anddistant

SNe Ia (Foley et al. 2008a; Sullivan et al. 2009). As the cosmic star formation density

increases with redshift, the mean light-curve width of SNe Ia, which depends on the star

formation rate of the host galaxy, also increases with redshift. It is thus unclear whether the

observed differences are due to the demographic shift of the host galaxiesor true evolution

in SN Ia properties, such as a different width-luminosity relation at high-redshift. The

relations between spectral features and light-curve widthestablished here will be able to

disentangle the variations driven by the shift in average light-curve width and by other

factors.

PCA and other methods developed here also have potential application in spectroscopic

typing of supernovae. Current tools for spectroscopic typing involve the comparison be-
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tween the spectrum in question and individual observed spectra covering a large range of

supernova types, epochs and wavelengths (Howell et al. 2005; Blondin & Tonry 2007).

Problems can arise for this approach when large gaps exist inthe parameter space. Un-

published spectroscopic data can also make the distribution of the tool difficult. PCA can

be used to search for patterns in the spectra instigated by type, epoch, redshift, galaxy

light. The established relations can then be used to determine the information without the

aid of any photometric information. This approach also provides a statistical indicator of

the database spectrum which most closely resembles an observed spectrum. The deviation

from the established relations can also be used to identify exotic objects.

In summary, the current measures of theK-correction error contributions caused by

the spectroscopic diversity of SNe Ia are tabulated in Table8.1. The broadband colors are

still the largest component. With adequate filter coverage and the careful treatment of the

broadband colors of the spectral templates, this componentcan be largely eliminated. The

intrinsic dispersion in the spectral features contributeserrors on the order of 10−2 mag. The

spectroscopic sequences established here have the potential to account for a large fraction

of the intrinsic dispersion at maximum light. With better spectroscopic observations of

high-redshift SNe Ia and the spectroscopic sequences established here by low-redshift SNe

Ia, there is real hope that a more certain constraint on the SNIa evolution can be determined

in the near future.

Table 8.1: Sources ofK-correction errors from spectroscopic diversity

Contributions ∆mag
broadband colors 10−1

spectral features 10−2

spectroscopic sequences 10−2

evolution ?
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Appendix A

List of library spectra

Table A.1: The full list of library spectra. The stretch pa-

rameters are obtained fromB-band 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 et al. (1983)

1986G 19 0.696 0.0026 Phillips et al. (1987)

1989B 25 0.902 0.0024 Barbon et al. (1990); Wells et al. (1994)

1990G 1 0.0358 Gomez et al. (1996)

1990M 1 0.0090 Gomez et al. (1996)

1990N 13 1.027 0.0034 Mazzali et al. (1993)

1990O 7 1.088 0.0303 Gomez et al. (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 Gomez et al. (1996)

1991M 3 0.971 0.0072 Gomez et al. (1996)

1991S 2 1.052 0.0546 Gomez et al. (1996); M. M. Phillips

1991T 19 1.080 0.0058 Mazzali et al. (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)

1991bj 1 0.0182 Gomez et al. (1996)

1992A 15 0.798 0.0063 Kirshner et al. (1993)

1992G 4 1.014 0.0053 Gomez et al. (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. . .



157

Table A.1 – Continued

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

1993O 2 0.908 0.0510 M. M. Phillips

1994D 42 0.798 0.0015 Patat et al. (1996)

1994M 1 0.854 0.0232 Gomez et al. (1996)

1994Q 2 1.126 0.0296 Gomez et al. (1996)

1994S 1 0.990 0.0152 Gomez et al. (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 et al. (2001)

1997br 9 1.057 0.0053 Li et al. (1999)

1997cn 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 Branch et al. (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 et al. (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 et al. (2002)

1999ej 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 Valentini et al. (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 Li et al. (2001a); Matheson et al. (2008)

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 et al. (2003)

2001bt 1 0.900 0.0144 M. M. Phillips

2001cn 2 0.978 0.0154 M. M. Phillips

2001dl 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 Benetti et al. (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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Table A.1 – Continued

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 Krisciunas 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

2004eo 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 CSP

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. . .
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Table A.1 – Continued

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

03D1au 1 1.119 0.5040 Ellis et al. (2008); SNLS

03D1aw 1 1.076 0.5820 Ellis et al. (2008); SNLS

03D1dj 1 1.123 0.4000 Ellis et al. (2008); SNLS

03D3ay 1 1.064 0.3710 Ellis et al. (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 et al. (2008); SNLS

03D3cd 1 1.099 0.4610 Ellis et al. (2008); SNLS

03D4ag 1 1.049 0.2850 Ellis et al. (2008); SNLS

03D4cj 1 1.039 0.2700 Ellis et al. (2008); SNLS

03D4dh 1 1.053 0.6270 Ellis et al. (2008); SNLS

03D4gl 1 0.931 0.5710 Ellis et al. (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 Ellis et al. (2008); SNLS

04D2gc 1 1.096 0.5220 Ellis et al. (2008); SNLS

04D2kr 1 1.069 0.7440 Ellis et al. (2008); SNLS

04D3ez 1 0.935 0.2630 Ellis et al. (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 et al. (2008); SNLS

05D1hk 1 1.060 0.2630 Ellis et al. (2008); SNLS

05D1hn 1 0.981 0.1490 Ellis et al. (2008); SNLS

05D1if 1 1.039 0.7630 Ellis et al. (2008); SNLS

05D1ix 1 0.950 0.4900 Ellis et al. (2008); SNLS

Continued on the next page. . .
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Number of
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05D1iy 1 0.814 0.2480 Ellis et al. (2008); SNLS

05D2le 1 1.144 0.7000 Ellis et al. (2008); SNLS

05D2mp 1 1.138 0.3540 Ellis et al. (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 (PSSS)1 is an ongoing observing program

initiated and led by the author. It uses the 1.82-m Plaskett Telescope of the Dominion

Astrophysical Observatory (DAO) in Victoria to obtain spectroscopic data of nearby su-

pernovae. The survey began in the latter half of 2007 and is now run by five graduate

students. A large fraction of nights on the Plaskett Telescope has been allocated to this

survey, on average between one to two nights a week. The main goals of the survey are to

spectroscopically confirm and classify newly discovered nearby supernovae and to expand

the current library of spectra.

Because the supernova spectral features are broad, the lowest dispersion setting for the

Cassegrain spectrograph is used to maximize the amount of light received at each wave-

length. The spectrograph at the Plaskett telescope is designed to observe objects down to

16th magnitude. With long exposure times, spectra for supernovae down to 17th magnitude

are consistently obtained. From the known telescope limitsof hour angle, declination and

magnitude, an IDL program is written to automatically generate a list of targets from the as-

tronomical circulars for each observing night. On average 2− 3 spectra can be obtained on

a clear night, with unclassified supernovae given priority.During the first six quarters, the

survey has produced 37 spectra and published 13 astronomical circulars for spectroscopic

classifications. The publications and their Central Bureau Electronic Telegrams (CBET)

numbers are listed in Table B.1. During this time the survey has observed spectra for some

very interesting objects. A sample of them is described as follows:

1http://www.astro.uvic.ca/˜hsiao/psss/
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SN 2007gk SN 2007gk has been classified as a Type Ia supernova by the PSSS(Hsiao et

al. 2007b). The two spectra of SN 2007gk observed by the PSSS resemble those of peculiar

SN 2002bo (Benetti et al. 2004), characterized by their unusually large expansion veloc-

ities of the Si II features. The expansion velocity for the SiII 6355Å line of SN 2007gk

is measured to be approximately 14 500 km s−1, much higher than those of normal Type

Ia supernovae (Figure B.1). The high velocity suggests that the burning to intermediate

mass elements has reached the outermost region. The Si II 5972Å line is one of the best

indicators of intrinsic luminosity (Chapter 6). The depth ofthe Si II 5972Å of SN 2007gk

is quite typical. A PCA projection analysis of this feature infers a stretch value ofs= 1.0.

The higher than usual expansion velocities are therefore not driven by an extreme amount

of 56Ni. Benetti et al. (2004) argued that the one-parameter description is inadequate for

the Si II expansion velocities, as there exists a wide range of velocities for supernovae with

similar light-curve widths.

SN 2008A The two spectra of SN 2008A obtained by the PSSS resemble those of pecu-

liar SN 2002cx (Li et al. 2003) and SN 2005hk (Phillips et al. 2007). SN 2002cx has been

called “the most peculiar known Type Ia supernova,” becauseit has premaximum spectra

resembling overluminous 1991T-like objects, yet its low peak luminosity resembles un-

derluminous 1991bg-like objects. The reported discovery magnitude of SN 2008A is 17.6

(Nakano et al. 2008) and corresponds to an absolute magnitude of -16.6, assuming that it is

in the Hubble flow and suffers from no dust extinction. This is consistent with an underlu-

minous object. Its premaximum spectrum is also reported to show high ionization features

characteristic of overluminous objects (Blondin & Berlind 2008). The PSSS spectra of

SN 2008A are taken approximately three weeks past maximum light and exhibit unusually

narrow features (Figure B.2), present in both SN 2002cx and SN2005hk. These narrow

features show evidence of well-mixed unprocessed carbon, supporting a pure deflagration

burning front. As more of these 2002cx-like objects are discovered, it is clear that they are

not isolated events.

SN 2008fz The PSSS obtained an early spectrum of SN 2008fz approximately one day

past discovery. The spectrum is quite featureless (Figure B.3) and is classified as a Type Ic

(Hsiao et al. 2008a). Hydrogen Balmer lines are reported to bepresent in a later spectrum

of SN 2008fz, and the supernova is re-classified as Type IIn (Benetti et al. 2008). The

redshift from the Balmer lines is measured to bez = 0.133 and suggests that this object

is quite distant and luminous. Benetti et al. (2008) derived an absolute magnitude of -
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22.1, which makes it one of the brightest supernovae observed. There is some controversy

over the explosion mechanism of some of the Type IIn supernovae, such as SN 2002ic

(Hamuy et al. 2003; Benetti et al. 2006). Our classification ofType Ic appears to favor

SN 2008fz being a core-collapse supernova. However, the early spectrum of SN 2008fz is

quite featureless, making the classification less secure.

SN 2008hp SN 2008hp is classified by the PSSS as a Type Ia supernova (Hsiao et al.

2008b), approximately four days past discovery. The spectrum matches that of a normal

Type Ia supernova at approximately 10 days past maximum light. The host galaxy is found

to have a very low luminosity, with an absolute magnitude of approximately -12.4 (Drake et

al. 2008). This luminosity is at the low end of the population, even among dwarf galaxies.

A supernova like SN 2008hp would probably have been missed ingalaxy-targeted searches,

creating a sampling bias towards brighter hosts.

There are plans to keep the survey going because of the interest in observing generated

among young graduate students. At the time of writing, the survey is ongoing and run

mostly by students who do not have previous experience in observing or supernova science.

Although the lack of complementary photometry and the survey’s inability to make time

series observations will probably continue to limit the scientific goals, the PSSS has been

shown to be a good facility for students to gain valuable hands-on observing experience.
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Table B.1: Astronomical circulars published by the PSSS

CBET Supernova Supernova Host Days past
number name type redshift discovery
1025 2007gk Ia 0.02663 1.4
1219 2008L Ia 0.01940 8.1
1224 2008P II 0.01214 1.0
1267 2008ak II 0.00793 7.9
1429 2008dx Ia 0.02303 3.6
1434 2008dw II 0.01244 5.5
1434 2008ea II 0.01426 1.8
1436 2008eb Ic 0.00761 1.5
1502 2008fn Ibc 0.02984 36.5
1524 2008fz II 0.5
1547 2008gl Ia 0.03402 1.8
1551 2008gm IIn 0.01173 6.6
1589 2008hp Ia 0.02700 3.5
1804 2009en Ia 0.04674 6.3
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Figure B.1: The spectra of Type Ia supernovae near peak brightness obtained by the PSSS.
The spectra have been de-redshifted to the rest frame using the redshifts of the host galaxies.
For the cases where the host redshifts are not available, theredshifts which yield best fits
to the spectral templates are used. The PSSS spectra and template spectra are plotted as
solid gray and dotted red curves, respectively. Smoothed PSSS spectra are plotted as black
curves to aid the comparison.
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Figure B.2: Same as Figure B.1 for Type Ia supernovae at postmaximum epochs.
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Figure B.3: Same as Figure B.1 for Type Ibc supernovae.
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Figure B.4: Same as Figure B.1 for Type II supernovae.
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Figure B.5: Same as Figure B.1 for Type II supernovae.
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