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A Quantitative Spectroscopic Comparison of Distant and Nearby Type Ia
Supernovae:

Tests for Homogeneity and Implications for Cosmology
T. Justin Bronder, Exeter College
Submitted for the Degree of Doctor of Philosophy, Michaelmas Term 2006
Abstract

This thesis presents quantitative analysis of spectra from 130 high-redshift (zyedian = 0.63)
Type Ia supernovae. This extensive set of distant SNe is comprised of a primary set of ob-
jects observed at the Gemini telescopes for the ongoing Supernova Legacy Survey (SNLS), a
secondary set observed at the Very Large Telescope for the SNLS, and a tertiary set of high-z
spectra from the literature. All work on the reduction and identification of the spectra in the
primary data set (including spectra from a total of 124 SNe candidates observed between Au-
gust 2003 and May 2006) was completed by the author. Rest-frame equivalent width and Call
H&K ejection velocity measurements are made on these distant SNe Ia spectra, with methods
tailored to the specific considerations of high-z data.

The results from this analysis were compared to corresponding measurements from a set of
167 SNe Ia spectra from 24 nearby objects from the literature to investigate the homogeneity
of SNe Ia across a wide range of redshifts (0.001 < z < 1.0). This comparison provides a
quantitative indicator for possible evolutionary effects in the population of high-z SNe surveyed
for cosmology. A statistical comparison of the spectroscopic features of the high-z SNe and the
trends exhibited in the nearby objects finds a less than 2¢ difference for all of the measurements
considered here. These results also indicate that there are no systematic changes due to redshift
in this SNe sample. The dependence of SNe Ia spectroscopic properties on host galaxy type
is also investigated and found to be similar for nearby and distant objects. These results are
discussed briefly in the context of the physical understanding and cosmological implications of
SNe Ia.

A new correlation between SNe la peak magnitudes and the strength of a specific Sill
absorption feature (near 4000 A, measured within 7 days of maximum light) is also presented.
The application of this correlation to high-z SNe reduces the dispersion in estimated distance
modulus values by nearly 30%. This improvement is of the order of the photometric-based

corrections that are used currently to standardise SNe Ia magnitudes for cosmology.
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Chapter 1

Introduction

1.1 Type Ia Supernovae — Definition and Classification

The cataclysmic events that are now known as supernovae (SNe) have been at the center of
many revolutions in astronomical theory. The well-recorded supernovae of 1006 and 1054 ani-
mated astronomical interest worldwide and were regarded by many as terrible omens heralding
royal deaths and famine. The similarly spectacular events of 1572 and 1604 captured the in-
terest of such famous astronomers as Tycho Brahe — who coined the term still in use today
by referring to the 1572 event as a ‘stella nova’ — and Johannes Kepler. The 1604 event
was also seen as a sign of sorts by a certain middle-aged professor in Padua, Italy. For this
astronomer, none other than Galileo Galilei, the nova was not an astrological harbinger, but
rather it was an empirical clue that would help him overthrow the Aristotelian cosmology that
had captivated the western scientific world for nearly two millennia (North, 1994). The light
from this particular supernova can thus be considered as one of the sparks that ignited the
modern scientific era.

In present times, observations of supernovae continue to improve our understanding of the
Universe. In the first half of the 20" century, Edwin Hubble established that our Universe is
expanding; coupled with solutions to Einstein’s field equations of general relativity and the later
discovery of the Cosmic Microwave Background (CMB) radiation, this discovery would establish
the Big Bang theory of the creation and evolution of the Universe. At one point, this theory
seemed to fail to predict the amount of heavy elements in the Universe. This was rectified by

the prediction and observation of the creation of these elements in the explosive stellar deaths
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that cause supernovae [e.g. Burbidge, Burbidge, Fowler & Hoyle (1957)]. Recently, surveys
of distant ‘Type Ia’ supernovae (SNe Ia) have indicated that the rate of the expansion of the
Universe is increasing due to the dominating presence of a repulsive ‘dark energy’ such as
Einstein’s cosmological constant (A).

When the characteristics of SNe were first studied spectroscopically, these objects were
initially separated into two groups. These groups were based on observation and not on any
physical mechanism. Supernovae that did not display any features attributed to hydrogen (Ha
or HB) were designated as ‘Type I’, while those that did display H lines were classified as
‘Type II' (Minkowski, 1941). As technology and the corresponding signal-to-noise ratios (S/N)
of observations improved, the Type I designation was sub-divided to accommodate different
classes of these hydrogen-deficient objects. Supernovae displaying intermediate mass elements
(IME) — specifically silicon (SilIA6347, A6371) — were designated as ‘Type Ia’ while the other
Type I objects were classified as ‘Type Ib’/‘Type Ic’ according to the presence/absence of
helium (Harkness & Wheeler, 1990).

Our understanding of these objects has improved since these initial efforts at categorising
supernovae. It is now known that Type II, Type Ib, and Type Ic SNe are caused by the
core-collapse and explosion of massive stars. Type Ia SNe, on the other hand, are the result
of a very different physical system — the thermonuclear runaway under degenerate conditions
of carbon-oxygen (C+0) white dwarfs (WD) (Nomoto, Thielemann, & Yokoi, 1984). Despite
the lack of a physical basis for SN nomenclature, this classification scheme has remained the
standard, evolving along with advancements in observational capabilities and with larger data
sets.

This adaptive trend continues through the present day, as specific sub-classes of SNe Ia
have been revealed and continue to be refined. Type Ia supernovae do appear to be the
most homogenous class of SNe [see Filippenko (1997) for a review], but the (observationally)
identified sub-classes within this population can be broadly defined as ‘overluminous’ and
‘underluminous’ SNe Ia in addition to the ‘normal’ events. The former are brighter (~ 0.5
B’ magnitudes) than the typical SNe and exhibit less absorption from IME at pre-maximum
epochs. The latter are substantially dimmer (~ 2.0 — 3.0 B’ magnitudes) than all other SNe Ia

and display excess absorption in their spectra than their ‘normal’ counterparts. The archetypes
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for these SNe Ia sub-classes are generally considered to be SN 1991T (Filippenko et al., 1992a)
and SN 1991bg (Filippenko et al., 1992b) for the over- and underluminous SNe, respectively.
These SNe Ia sub-types will be discussed in more detail in the next section and throughout

this thesis.

1.2 Type Ia Supernovae — Spectra and Light Curves

The physical causes for the observed characteristics of Type Ia SNe are fairly well understood
[see reviews by Branch & Tammann (1992); Filippenko (1997); Hillebrandt & Niemeyer (2000)
and references therein]. The most accepted explanation is that a C+O WD gains matter
(through accretion or via a merger with another WD) and exceeds the Chandrasekhar mass'
(Mcu ~ 1.39M); this increases pressure and temperature to ignite carbon and oxygen near
its core and result in a thermonuclear runaway. This burning propagates through the WD and
releases enough energy to disrupt the star (total kinetic energy is & 10%! ergs) in a brilliant
display which radiates more than 10'° times more brightly than our sun.

Before the star is destroyed, varying stages of nuclear statistical equilibrium (NSE) are
reached at different radii as the burning front engulfs the star from the inside out; the energy
and heat generated by this burning causes the star to expand as this happens. In regions
where the nuclear burning time-scales are shorter than the convective time-scale for expansion,
nucleosynthesis can continue to the formation of iron-peak elements such as 5°Ni. In the
most dense (p > 3.0 - 103g/cm?®) of these regions, electron captures drive these processes to
the formation of stable 8Ni and %*Fe. Large amounts of material (particularly in the layers
outside of the core C+O region) do not reach this end point, and the burning instead results
in the formation of large amounts of IME such as calcium, silicon, and magnesium [see Arnett
(1996) for detailed specifics]. The amount of *Ni produced is particularly important, as the
radioactive decay of this element subsuquently powers the lightcurve and photometric evolution
of each SN Ia. Note that most of the energy generated in this explosive nucleosynthesis is gained
by burning up to the IME; thus the total amount of burning, regardless of the final product,

is what determines just how much energy is ultimately released to unbind the progenitor star.

!There is still some debate about this mass limit. Discussions by Livne & Arnett (1995) (for example) propose
sub-Chandrasekhar progenitors where thermonuclear runaway is induced by He detonation on the outer layers
of the star. The mass at ignition could also be well over M, due to rotation effects [e.g., Yoon & Langer (2004)]
or from WD mergers [e.g., Fisher et al. (1999)].
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The ejecta from this explosion expand homologously so vej ~ § (Where vg; is the velocity of
the ejecta, r is the radius away from the center of the SN, and ¢ is the time since explosion).
As the ejecta expands, the corresponding changes in opacity (i.e., toward being optically thin)
allow observers, over time, to observe elements that are moving at lower velocities and which
were synthesised deeper in the progenitor during thermonuclear runaway. A ‘cartoon’ summary
in Figure 1.1 illustrates how the observed spectrum is formed. Spectroscopic observations
essentially sample photons that have interacted with the line formation regions from different
ions in the expanding SN ejecta. In most approximations of SNe Ia spectra, these are small
regions defined in areas of the atmosphere where the photons have been Doppler shifted to
be in resonance with the line in question (Sobolev, 1960). These regions are wavelength-
dependent and thus occur at different respective optical depths (and different depths in real
space due to the homologous expasion) that are constantly moving down through the ejecta as
it expands. Theoretical models of the energetics and nucleosynthesis of these objects can be
constrained with comparisons to the spectra of SNe Ia because these observations illuminate
the composition of the SNe Ia (from the outside-in) over time. This combination of observation
and theory has substantiated the general outline of the progenitor (PG) scenario and explosion
mechanism summarised here. Many specifics (i.e., the WD mass at ignition, the location of the
ignition point(s), the velocity of the burning front, rotation and magnetic field effects) are still
a matter of much contention [e.g., Hillebrandt & Niemeyer (2000) and references therein] and
will continue to be refined as observational constraints and computing capabilities continue
to improve [see e.g., Roepke et al. (2006); Baron et al. (2006); Branch et al. (2006) for recent
developments in different aspects of SNe Ia modelling].

Even with these existing uncertainties, the observed characteristics of a majority of these
SNe Ia spectra are remarkably homogenous, as Fig. 1.2 illustrates. These spectra are rep-
resentative of most normal SNe Ia near peak luminosity (Lpeak); they show large absorption
features from different IME, including Call, Sill, SII, and Mgll. The Doppler-broadened, P
Cygni profiles of the individual lines blend together to create these large features. The objects
shown in Fig. 1.2 — SN 1981B (Branch et al., 1983), SN 1989B (Barbon et al., 1990; Wells et
al., 1994), SN 1992A (Kirshner et al., 1993) and SN 1994D (Patat et al., 1996) — exhibit the

spectroscopic features that are most consistently observed in SNe Ia. Spectroscopically similar
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Figure 1.1: A cartoon illustration of how the observed spectroscopic features in SNe Ia spectra originate.
The spectra on the right-hand side of this figure are from observations of SN 1981B (from 3500 - 6500
A) at (from top to bottom) t = 0, = 14, and ¢ = 28 days past maximum luminosity. The solid circles
on the left-hand side of this illustration represent where the effective photosphere is located at the
wavelength of the observed photons in the SNe explosion at these epochs. Over time, the density (and
subsequent opacity) changes move this layer to encompass deeper layers of the ejecta so that different
products of the thermonuclear reactions that destroyed the progenitor WD are visible.

objects are often referred to as ‘Branch normal’ or ‘core normal’ SNe? (Branch et al., 2006).
The overluminous Type Ia sub-type is defined by possessing spectra similar to SN 1991T
(see Figure 1.3); this object displayed very weak absorptions from IME at epochs before Lpeax
(Filippenko et al., 1992a; Phillips et al., 1992), but had strong contributions from FeIIl. At later
epochs the spectrum looked much more like a typical core normal SNe. A handful of these
objects have been observed to date, with some, such as SN 1999aa® (Garavini et al., 2004),
displaying a shift from a 1991T-like to a core normal spectrum even earlier. The fact that the
spectra of these objects evolve to look more like the normal SNe seems to imply that these
objects form part of a continuum of SNe Ia (Branch et al., 2006) rather than an entirely different
class [see discussion in Hatano et al. (2002)], although the presence of 5°Ni in the early time
spectra (Mazzali, Danziger, & Turatto, 1995) could mean that a completely different explosion

mechanism is at work in these objects. Regardless of which description is more valid, the

2Throughout this thesis, the term ‘core normal’ will be used to refer to this class of the most homogenous
SNe Ia.

3These particular SNe Ia sub-types are often referred to in the literature as ‘1991T/1999aa’-like objects. For
simplicity, the only the title ‘1991T’-like will be used in this thesis to refer to these particular SNe.
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Figure 1.2: A comparison of spectra from representative core normal Type Ia SNe near maximum
light. The two labelled Sill absorptions are the primary features that distinguish these objects from
core-collapse Type Ib or Type Ic SNe. The source publications for these spectra are listed in Table
2.14.

observed differences in their spectra appear to be an indication of higher temperatures and
more energetic thermonculear explosions (Mazzali, Danziger, & Turatto, 1995; Fisher et al.,
1999).

The underluminous, or 1991bg-like SNe show increased absorption at optical wavelengths
(see Figure 1.3) and are much redder than core normal SNe (Filippenko et al., 1992b; Turatto
et al., 1996). The spectroscopic differences in these objects are attributed to absorption from
(primarily) Till. The expansion velocities of the ejecta are also lower than typical Type Ia SNe
(Benetti et al., 2005). This evidence indicates that SNe of this sub-class are less energetic and
produce much less %Ni than the rest of the SNe Ia population (Mazzali et al., 1997).

From a photometric perspective, the primary quantity of importance is the amount of *°Ni
synthesised during thermonuclear runaway. As described by ‘Arnett’s Rule’ (Arnett, Branch,
& Wheeler, 1985), the luminosity of a Type Ia SN is governed by the instantaneous rate of
energy deposition from radioactive decays in the expanding ejecta. This is due to the effects of
the decay of ®Ni to %Co and, subequently, to 5°Fe [isotopes with a half-life of 6.1 and 77.1 days
(Arnett, 1996), respectively], which deposits gamma rays and positrons into the surrounding

ejecta. The energy of these photons is then reduced during interactions with electrons, which
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Figure 1.3: Representative spectra of the ‘overluminous’ and ‘underluminous’ Type Ia SNe sub-types.
The two spectra at the top of this plot (SNe 1991T & 1999aa) are from objects that are slightly brighter
than most normal Type Ia SNe. These spectra lack the dominant absorptions from IME that are
usually found in pre-maximum SNe Ia spectra (see Fig. 1.2). At later epochs these ‘1991T-like’ objects
display spectra that are much more similar to core normal SNe Ia. The two ‘1991bg-like’ spectra at the
bottom of this figure are from SNe that are substantially less luminous than normal SNe and have larger
absorption features due to contributions from elements such as Till (see Table 2.14 for the sources of
these spectra).

take place primarily (in the case of y-rays) via Klein-Nishina scattering (Arnett, 1996). After
these interactions have decreased the y-ray energies to optical wavelengths, these photons then
escape the photosphere to be observed as the opacity dictates. Positrons, produced mainly by
the decay of %Co in the second step of this process, scatter and then annihilate to give off
additional y-rays that deposit their energy in the ejecta.

Within the context of this description of SNe Ia physics, thermonuclear explosions which
produce more **Ni should result in brighter SNe Ia. These brighter SNe have also been observed
to have broader, or more slowly decreasing, lightcurves [e.g., Fig. 1.4, reprinted from Hamuy
et al. (1996¢)]. At first this seems counterintuitive, as a more energetic explosion should cause
the ejecta to expand faster, to dissipate the deposited energy from 5Ni more quickly, and
thus to exhibit a lightcurve declining more rapidly than a less energetic event. This apparent
contradiction is an opacity effect. The iron-peak elements synthesised in the explosion result in

excess line blanketing which allows the ejecta to stay optically thick for longer (Hoeflich et al.,
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Figure 1.4: Type Ia SNe lightcurves from a sample of nearby objects. These lightcurves clearly show
an intrinsic scatter in the peak magnitudes of SNe Ia. The trend for brighter SNe (such as SN 1991T)
to have broader lightcurves is also clear in the B’ and V’ bands. This trend has been well-studied and is
considered to be primarily an effect from the different amount of °Ni in each SN. The brighter-broader
relation is also the basis for the methods that ‘standardise’ SNe Ia luminosties for cosmological distance
estimates [Figure re-printed from Hamuy et al. (1996c¢)].

1996; Mazzali et al., 2001). Thus the amount **Ni — as well as stable Fe and Ni — determines
the width of the lightcurve. This brighter-broader relation has been firmly established with
numerous SNe Ia lightcurves, as Figure 1.4 illustrates, and has important implications for the
use of these luminous objects as ‘standardisable’ distance indicators for cosmology. This is

discussed further in § 1.3.2.1 and § 1.3.3.
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1.3 Type Ia Supernovae — Surveys & Cosmology

1.3.1 Cosmology — A Brief Review

The science of modern cosmology can essentially be defined as the application of the theory
of general relativity to describe the large scale structure and evolution of the Universe. The
starting point for this study is the cosmological principle, which states that (on sufficiently large
scales) the Universe is both homogeneous and isotropic. That is, there are neither preferred
locations nor preferred directions in space. The most general space-time metric that describes
a path length in a Universe obeying this principle is the Robertson-Walker metric:

dr?

ds® = dt® — a(t)? T2

> + r%(d6? + sin? 0d¢?) | . (1.1)

The variables r, 8, and ¢ are comoving (spherical polar) coordinates, ¢ is the proper time, a(t)
is the scale factor that describes the relative expansion of the Universe at time ¢ and has units
of length. « is the curvature parameter that describes whether the geometry of the Universe is
‘closed’ (k = +1), ‘open’ (k = —1), or ‘flat’ (x = 0). Incorporating this metric into Einstein’s
field equations - with the additional assumption that the content of the Universe behaves as a

perfect fluid - results in the Friedmann equations which describe the dynamics of the Universe:

i 4G A
4 _ _Tu o 1.2
E 3 (p+3p) + 3" (1.2)
a\?2 8rGp Kk A
o) =5 =g@*p (18)

Here, p and p represent the density and pressure of this ‘perfect fluid’, G is the gravitational
constant, and A is the ‘cosmological constant’. This last parameter was introduced by Ein-
stein specifically to address the apparent contradiction between the dynamical nature of these
solutions and static Universe that was preferred at that time. This parameter acts to counter-
act gravity and is also referred to as dark energy. The observational evidence that was later
provided by Edwin Hubble (using redshift data from Vesto Slipher) and Penzias and Wilson
effectively overturned this assumption of a static Universe, leading Einstein to comment to

George Gamow that A was his ‘biggest blunder’ (Gamow, 1970).
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The expansion rate of the dynamic Universe is defined by the ‘Hubble parameter’, H, which

is just the left-hand side of Equation 1.3,

H? = (—)2. (1.4)

Another useful parameter is the ‘critical density’ (perit), which is defined as the density required

for the geometry of a matter-only universe to be flat.

3>

Perit = % (1.5)

The curvature of the Universe will thus be closed, open, or flat if p..;; is greater than, equal
to, or less than 1 (respectively). The matter and dark energy contributions to the dynamics of

the Universe from Eq. 1.3 can thus be described as fractions of this critical density, 2, so that

P 81G
Q. = = —=pj, 1.6
' Pcrit 3H? - ( )
for each component, i, of the total density. This parameterisation of these components enables

a direct connection between the total energy density and the spatial geometry to be simply

expressed as

Qe =1=Qot =1 = (0 + Q) (1.7)

for a Universe with matter and dark energy contributions only.

Within the framework of this Friedmann-Robertson-Walker (FRW) description of the Uni-
verse, the values of the energy density and curvature parameter govern the geometry and
expansion of the Universe. These parameters can also be estimated observationally. For this
analysis, distance estimates to observed astronomical objects are needed. These distances are
not measured directly; rather, some fraction of emitted flux from these sources is observed here
on Earth. This flux (F) is related to the luminosity (L) and distance (d) to a source (ignoring

the expansion of space momentarily) as
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If this relation is applied to a comoving grid (which more accurately describes the expanding
distances in the Universe), then Eq. 1.8 changes to accommodate the ‘luminosity distance’, dp,,

to these sources:

L
= —7. (1.9)
4wd%

This dy, is dependent on the expansion history of the Universe. The Robertson-Walker
metric and Friedmann equations can describe this dependence, as a function of redshift, H, «,
Qur, and Q4 (working backward from the present day, z = 0):

(1+2)c

¥4
L= Wsﬂnl”z/ [£(1+2)2 + Qu(1+2)% + Qa]7/2d2) (1.10)
olk| 0

where the ‘0’ subscript refers to the parameter at the present time, to. The value of the function

S(x) takes various forms based on the curvature x:

sin(x) k<0
S(x) = X k=0

sinh(x) >0

In observing distant luminous sources, astronomers do not usually work with observed
flux or intrinsic luminosity, so d;, cannot be directly measured as well. Rather, the apparent
magnitude, m, and the absolute magnitude, M (the apparent magnitude an object would
have if placed at a standard distance of 10 parsecs), are the parameters that are utilised in
astronomical observations. The value of the difference between these parameters, m — M, is
referred to as the ‘distance modulus’, u. At cosmological distances, the correlation between

the distance modulus, magnitudes, and luminosity distance is

u(z) = m(z) — M = 5logdr(2; QUm, Q, Ho) + 25 (1.11)

Here, the complete equation for dr(z; Qar, Qa, Ho) was defined in Eq. 1.10. In light of these
relations, the utility of bright objects with absolute magnitudes that are known intrinsically
— so-called ‘standard candles’ — to determining cosmological parameters is apparent. Ob-

servations of these standard candles (combined with estimations of their redshifts) can chart
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u values at increasing z in a plot called a ‘Hubble diagram’; the relation in Eq. 1.11 is then
exploited to estimate the best fit 2, and {25 values to this z-u correlation and constrain these

important cosmological parameters.

1.3.2 Type la Supernovae Surveys — A Brief Review
1.3.2.1 ‘Standardisable Candles’

Unfortunately, centuries of astronomical observations have yet to yield a perfect ‘standard
candle’ that is observable to cosmological distances. Type Ia supernovae are bright enough to
be observed at large redshifts, with peak M values (in B’) near —19.3, but the intrinsic scatter
in their properties (which has been noted previously in this introduction) means that they
are not quite the standard class of objects required for this purpose. However, as Figure 1.4
illustrates, there is an apparent relation between the width of their lightcurves and their peak
magnitudes. Such a relation was initially proposed by Pskovskii (1977), who posited that the
slope of the lightcurve just after maximum light corresponded to the peak luminosity for SNe
Ia. This correlation was refined by Phillips (1993), who noted that the peak magnitudes of SNe
Ia have a linear relation to the total decrease in magnitudes 15 days after maximum light, a
quantity dubbed ‘A, ;. This relation empirically summarises the observation that intrinsically
brighter SNe Ia have ‘wider’ or slower-declining lightcurves. The application of this A,
relation to different SNe Ia lightcurves ‘normalises’ the maximum luminosities of these events
and significantly reduces the observed dispersion in their peak magnitudes. This adjustment
essentially accounts for the difference in 5Ni synthesised between SNe Ia and thus treats these
objects as ‘standardisable candles’, where this primary parameter accounts for a majority of the
dispersion in their peak magnitudes. Currently, a range of parameters, which were all derived
empirically on large sets of nearby Type Ia SNe [such as the Caldn/Tololo Survey (Hamuy
et al., 1996b)] have been established that can be used to normalise the lightcurve shape and
luminosity of a given SN Ia.

The methods that are used most frequently include an updated version of the A,,,, mea-
surement (Phillips et al., 1999), the timescale-stretch, s, parameterisation defined by Goldhaber
et al. (2001), and the Multi-Lightcurve Shape (MLCS) method discussed by Riess, Press, &

Kirshner (1996). The A,,,, lightcurve measurement is linearly related to the peak magni-
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tude of SNe Ia (Phillips et al., 1999), while methods using s stretch an empirically derived
standard lightcurve along the time axis to map onto an observed lightcurve. The size of this
stretch is proportional to the peak magnitude of the event. The MLCS techniques combine the
brighter SNe-slower declining lightcurve relation with the similar colour relations (i.e., intrin-
sically brighter SNe are more blue) to determine the luminosity and line-of-sight extinction for
these events.

These methods all utilise a parallel approach — the empirically-derived A, , s, or MLCS
relation is employed as a means to adjust (i.e., standardise) the measured SNe Ia magnitudes
and thus reduce the scatter (os,,,,) in the peak magnitudes of these objects. This standardi-

sation reduces the measured oy, by a factor of ~ 2 [from a value of ~ 0.25 to ~ 0.12, e.g.,

eak
(Phillips et al., 1999)]. This increases the precision in the luminosity-distance (d) estimates
of SNe Ia enough that surveys out to high redshifts (high-z; i.e., z 2 0.5) can discriminate
between different cosmological models more effectively. However, the discovery and follow up

of the large numbers of distant SNe that are required for this analysis does not provide an easy

goal to accomplish.

1.3.2.2 High-z Surveys — Setup and Results

Observing high redshift transient objects within the bounds of telescope schedules set months
in advance proved to be a major hurdle in capturing appreciable numbers of Type Ia SNe* at
high-2 when such surveys began in the 1990’s. A more systematic method of working within
set telescope schedules was demonstrated successfully by 1994 [e.g., Perlmutter et al. (1997)].
This method used scheduled observations of specific fields near the end of one dark run to
generate reference images that were subsequently compared to search images taken in the same
field during the next dark run. Transient objects that displayed photometric behaviour similar
to distant SNe Ia were identified in these search images and observed spectroscopically by
larger telescopes (this spectroscopic time was pre-scheduled to coordinate with the photometric
observations) to firmly identify these SNe candidates. This type of search cadence helped two
survey teams — the Supernova Cosmology Project (SCP) and the High-z Supernova Search

Team (HzSST) — build the first large sets of distant SNe. The results presented from these

4For example, the pioneering work by Ngrgaard-Nielsen et al. (1989) discovered one confirmed Type Ia SNe
at z = 0.31 after two years of observing efforts.
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high-z Type Ia SNe surveys (Riess et al., 1998a; Perlmutter et al., 1999) provided the first
evidence for dark energy. In Riess et al. (1998a), a set of 16 high-z SNe in the redshift range
0.16 < z < 0.62 (combined with 34 nearby SNe Ia) estimated s = 0.28+0.10 [for an assumed
flat (Qtot = 1) Universe|. Perlmutter et al. (1999) presented results with a larger set of 42 SNe
at 0.18 < z < 0.83 that had a similar conclusion, Qs = 0.2870:09 (stat) 7505 (sys). More details
on the methods used to reach these results are presented in the next section, § 1.3.3.

These cosmological results have been supported by the expanded SNe Ia surveys from
these teams. Tonry et al. (2003) (HzSST) and Knop et al. (2003) (SCP) used search setups
similar to the initial (successful) high-z surveys and observed additional SNe Ia in the redshift
ranges 0.3 < z < 1.3 (8 objects) and 0.36 < z < 0.86 (11), respectively. These data sets
narrowed the matter energy density down to Qs = 0.28 £ 0.05 (Tonry et al., 2003) and
Qy = 0.251'8:82 (stat) £ 0.04(sys) (Knop et al., 2003). More focused surveys, with the ability
to identify and observe larger numbers of distant supernovae, were necessary for the next
advancements in SNe Ia cosmology. Efforts such as the Institute for Astronomy (IfA, at the
University of Hawaii-Manoa) Deep Survey both found and followed SNe Ia with survey images
taken in multiple filters of a 2.5 deg? field every 2-3 weeks for nearly 5 months. Barris et al.
(2004) spectroscopically identified 23 SNe candidates at 0.34 < z < 1.03 that were initially
noted in the IfA Deep images; this doubled the amount of SNe at z > 0.7 that had been
published up to that point.

This enhanced survey method, where large CCD’s are used to repeatedly image small
fields (and thus generate deep images) in multiple bands, is the foundation for two of the
most ambitious surveys to date — the Supernova Legacy Survey [SNLS, (Pritchet, 2005)]> and
ESSENCE [Equation of State SupErNovae trace Cosmic Expansion, (Matheson et al., 2005)].
The details of these two surveys are discussed in Chapter 2. These latest surveys are designed
not only to measure the contributions of dark energy density in our Universe, but primarily to
clarify its physical nature with estimates of its ‘equation of state’. This parameter — which
was also estimated in the other surveys that were briefly mentioned here — will be discussed

in more detail in § 1.3.4.

Ssee http://www.cfht .hawaii.edu/Science/CFHLS/
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1.3.3 Estimating Cosmological Parameters with Type Ia Supernovae

As a more specific example of how ‘standardisable candles’ are used, consider the first year
results from the SNLS (Astier et al., 2006), where the SNe Ia magnitudes were normalised with
the s parameter. This stretches the observed lightcurve to fit onto an empirical SN Ia template

and adjusts M accordingly, so that the left-hand side of Equation 1.11 becomes

p=m(2)-M+a(s—1)+8-c. (1.12)

Here, a and (3 are coefficients that are adjusted to give the best fits when solving for cosmological
parameters and c is another term derived from fits to the lightcurve of each individual SN and
accounts for colour differences among the objects. This adjustment, like the A, ; or MLCS-
based methods, reduces the observed scatter in SNe Ia magnitudes by a factor of ~ 2 and
facilitates the estimation of cosmological parameters with SNe Ia observations.

The SNLS and other SNe Ia survey teams assemble a large amount of photometric and
spectroscopic data in order to identify these objects and to measure their redshifts (z) and
magnitudes (which are measured over many epochs and then interpolated to give an observed
peak magnitude). These observations also provide the selected A,,,,, s, or MLCS lightcurve
shape parameter of choice. For simplicity in this illustration, the standardisation parameter
will be referred to as d; ¢ as a generic term that represents the lightcurve shape-luminosity
correction used by these surveys. The cosmological parameters 2ys and 25 are then estimated
by minimising the x? fit of the distance modulus (adjusted with the lightcurve shape parameter
so that = m — M + d¢) to the cosmological model. Mathematically, this x> minimisation

takes the following formS®:

_— = 5] -0 2
X2=Z(m M + ¢ — 5logdr(z; 2, Qa, Ho)) . (1.13)

=
This equation is minimised with respect to M, Qar, Q4, and any coefficients in érc (ie., a

and (3 in the SNLS case from Equation 1.12). For these high-z fits, the value of Hj is assumed

(for the SNLS fits, Hy = 70.0 km/s Mpc~! was used); only M is dependent on this value so

6 Again, this is a general equation that illustrates how the results of ‘Type Ia SNe’ cosmology are calculated.
The actual components of the terms in §.c and o2 will vary specific to the methods and assumptions of each
SNe survey.
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Figure 1.5: First year cosmology results from a survey of distant high-z SNe by the SuperNova Legacy
Survey (Astier et al., 2006). The plot on the left (top) is a ‘Hubble diagram’ that shows how the
distance moduli measured for these SNe compares to different cosmologies. Below this plot is a close-up
image of the residuals from these cosmological fits; the results from this set of SNe, combined with
constraints from BAO estimates (see the figure to the right), indicate that our Universe is spatially flat
and dominated by dark energy. The image on the right shows the 1o, 20, and 30 probability contours of
different Qs and Q4 values from BAO measurements (Eisenstein et al., 2005) and SNLS results (with
dotted and solid lines, respectively). The dashed lines represent the joint confidence contours from these
two sources.

any variance in this particular parameter is absorbed in M. The ¢? in the denominator of
this equation represents the errors in the observed and derived SNe parameters as well as the
intrinsic dispersion in Type Ia magnitudes [e.g., Astier et al. (2006)]. Note that this requires
the consideration of the covariance of the errors of the parameters from the lightcurve fits (m,
s, and ¢ in this example) and any biases induced in minimising p with respect to the d.¢
coefficients; this is a complex part of this analysis and must be dealt with very carefully. The

results of this exercise are usually presented in a Hubble diagram (see Figure 1.5) that displays

the u-z relationship from the observed SNe and different cosmologies.
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The final fits from this process give a range of values for Q); and Q, for a given set of
SNe. The best-fit cosmology from the SNe Ia data can be constrained further by considering
the results from other sources. These include large scale structure (LSS) constraints on the
baryon acoustic oscillation (BAO) peak (Eisenstein et al, 2005), which estimates {2y, and
cosmic microwave background (CMB) observations (Spergel et al, 2003, 2006), which give
precise estimates of Q. Note that these constraints are all made within the context of Cold
Dark Matter (CDM) cosmologies, which appear to supported by all observations to date. By
matching the probability contours of the cosmological parameters estimated from these different
sources, a holistic or ‘concordance model’ of the Universe has been determined. The results of
the recent estimation of these parameters with distant SNe observed by the SuperNova Legacy
Survey are displayed in Figure 1.5. This concordance model indicates that our Universe is
spatially flat and accelerating; the direct evidence for the latter is that the distant SNe Ia are
dimmer than what is expected in a matter-only Universe. The estimated values of the matter
and dark energy content (under the assumption Qo = 1) are Qp = 0.263 £ 0.042(stat) =
0.032(sys) and Qp = 0.737 + 0.042(stat) & 0.032(sys) (Astier et al., 2006), implying that the
Universe is dominated by the dark energy behind this acceleration. This particular conclusion
from SNe Ia cosmology has generated one of the most heated discussions in astrophysics in
recent years and could have profound implications for our understanding of the fundamental

physics at work in the Universe (Carroll, Press, & Turner, 1992; Leibundgut, 2001).

1.3.4 Type Ia Supernovae and the Dark Energy Equation of State

This brief overview of SNe Ia and cosmology illustrated how Qs and 25 have been estimated
with high-z SNe Ia surveys. The question remains, however, as to what is the physical nature
of the dark energy that appears to be driving the accelerated expansion of the Universe. If
the Universe is assumed to behave like a perfect isotropic fluid undergoing adiabatic expansion
(i.e., maintaining the assumptions for the Robertson-Walker and Friedmann equations listed
in Equations 1.1 - 1.3), then the following description of the relationship between the pressure

and density of the various energy components in the Universe can be derived:

p+ g[3p+3p] =ik (1.14)
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where a is the scale factor as before. The equation of state parameter, w, for these components

can be defined (taking c as 1) as:

(1.15)

£
Il
YRS

If dark energy plays the same role as the cosmological constant proposed (and later retracted)
by Einstein, then it will not evolve with time and the corresponding equation of state will be
w = —1. From a particle physics or quantum mechanical standpoint, such a true cosmological
constant could be due to the latent energy of the vacuum. However, there are some significant
discrepancies between the energy density from the vacuum energy calculated from the standard
model of particle physics and the measured dark energy density; the two differ by roughly
120 orders of magnitude’. Other descriptions of dark energy have thus been proposed [such
as ‘quintessence, e.g., Caldwell, Rahul, & Steinhardt (1988)] that correspond to a range of
negative w values [see Leibundgut (2001); Carroll (2004); Evans et al. (2005), and references
therein] which all result in accelerated expansion as long as w < —1/3.

The value of w can be estimated from the observationally-constrained cosmological energy
densities by again considering how these parameters correlate with luminosity distance; in a
FRW Universe with the assumption that 2y, = 1 and w = 0, this estimation (i.e., Eq. 1.10)
can be expressed as

(14 2)c

e ( / w1+ 2 + (- Q)1+ z’>3“+"’>1—1/2dz’) : (1.16)
Hy 0

Garnavich et al. (1998) completed this exercise with the initial HzSST results and estimated
at 95% confidence that w < —0.60; the initial estimates from the SCP — w < —0.80 — were in
agreement with this conclusion. This value has continued to drift toward more negative values
with the SNe observations that followed these initial surveys (Knop et al., 2003; Riess et al.,
2004); the most recent updates by the SNLS placed w at w = —1.023 £0.090(sys) £ 0.054(stat)
when the SNe Ia constraints were combined with SDSS baryon acoustic observation results
and an assumed flat universe and time-invariant w. The latest CMB observations support this

result (Spergel et al., 2006), but further analysis and constraints are needed for this parameter

"This is the famous ‘cosmological constant problem’; see Carroll (2004) (and references therein) for a recent
discussion on this topic.
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if the physics behind dark energy are to be fully explored®.

1.3.5 Systematics and Uncertainties

These methods of constraining cosmological parameters with SNe Ia observations rely on several
assumptions. The most important of these is that, within the locally observed dispersion, all
SNe have similar peak absolute magnitudes. With this assumption alone (i.e., no corrections
for the lightcurve width-brightness relations) high-z SNe Ia surveys indicate that our Universe
is dominated by a repulsive dark energy. If M is systematically different or (more generally)
subject to any evolution in the high redshift environment, then all of the conclusions from SNe
Ia-based surveys are immediately spurious. The distant SNe Ia would need to be systematically
less luminous than their low-z counterparts by only ~ 0.25 magnitudes to undermine the
current, accepted conclusions from SNe Ia surveys.

The exact value of the SNe Ia peak magnitude is less important, as any errors from cali-
brating M in the local sample are degenerate with the variance in the assumed value of Hp.
This is clear from the SNLS cosmology summary in § 1.3.3, where M was treated as a free
parameter. This technique will completely break down if there is a significant difference in M
between the local and distant SNe.

There is certainly some cause for concern with regards to this issue of SN evolution. The
intrinsic scatter in peak magnitudes, the different SNe Ia sub-types, the environmental depen-
dence of SN characteristics (see § 3.2.6), and the lack of complete physical understanding of
these objects imply that SNe from different environments may lack the assumed homogeneity
that makes them standardisable candles. In defense of this assumption, a very wide range
of factors that could affect SNe Ia physics — such as progenitor ages and host environment
metallicities — have already been probed with the extensive observations made of SNe locally.
Nearby Type Ia SNe surveys have a vast array of information at their disposal to investigate any
significant changes in SNe Ia properties. Between photometric observations in multiple bands,
spectroscopy, comparisons of rise-times and peak-to-tail ratios, and other measurements, there
are many avenues available to test the ‘standardisable’ homogeneity of these objects; none of
which have turned up strong evidence to reject this important assumption about their peak

magnitudes. This observational evidence has also been supported in many respects by the

8In Chapter 2, an outline of the SNLS and ESSENCE plans to increase the precision on w are detailed.
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various models that have been built to investigate SNe Ia physics [see Hillebrandt & Niemeyer
(2000) for a review|. These theoretical exercises have yet to fully and self consistently de-
scribe the physics behind the observed SNe Ia diversity, but neither have they provided sound
evidence for a systematic dimming of high-z SNe.

There are additional sources of systematic effects that could be at the root of the observed
diminution in SNe magnitudes and which are not intrinsic to the SNe themselves. The most
probable of these is extinction from dust, either within or between SN host galaxies. The issue
of galactic reddening has been addressed on numerous occasions by the SNe survey teams [e.g.,
Riess, Press, & Kirshner (1996); Perlmutter et al. (1999); Phillips et al. (1999) and others] with
different methods, and their results have indicated that distant SNe may be more blue than
the local sample; this hints at a selection effect (since bluer SNe Ia are brighter) and is the
opposite trend from what could cause dimming of high-z objects. The idea of an intergalactic
‘grey’ dust has also been proposed to account for the distant SNe Ia results (Aguirre, 1999;
Aguirre & Haimann, 2000), but specific fits for these grey dust scenarios with high-z SNe in
Riess et al. (2004) illustrated that this hypothesis fits the observed data poorly. The light from
these objects could also be perturbed via gravitational lensing, but this has been shown to be
a negligible effect [on the order of 3% (Perlmutter et al., 1999)].

Another important expectation is that the empirical lightcurve shape-luminosity relation is
an accurate parameterisation of the primary factor that affects SNe Ia peak luminosity. Cer-
tainly there are other parameters at work that contribute to the photometric and spectroscopic
behaviour of SNe Ia. The applicability of the empirical lightcurve shape-luminosity relations
to cosmology requires that these factors are both minimal compared to the main luminosity-
lightcurve shape relation and are not systematically different at the wide range of redshifts
probed by these surveys. It is also possible that any slight evolutionary changes in the scatter
of SNe Ia luminosities could be well within the range of diversity that is already accounted for
in the SNe Ia lightcurve shape-luminosity correlations.

Despite the large amount of references to these issues in the literature, these alternative
explanations still need to be tested as thoroughly as possible. The currently accepted impli-
cation of the apparent dimming of SNe Ia at high-z is that Einstein’s ‘biggest blunder’ must

be re-introduced to quantify our current understanding of the Universe. This is supported by
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other, independent observations that do not utilise SNe, (Spergel et al., 2003, 2006; Eisenstein
et al., 2005), and is an important development that demands the utmost scrutiny of every
facet of SNe Ia physics and cosmology. This thesis will present new methods and results that
attempt to address these issues with quantitative comparisons of low-z and high-z spectra from

Type Ia supernovae.

1.4 Spectroscopic Studies of Type Ia Supernovae

The spectra of SNe Ia have already been very well studied. Although their ‘standardisable’
photometric properties have been of the most utility for cosmological studies, it is the spectra
that reveal more details about the chemical composition of these objects and more subtle
characteristics of the SNe. Furthermore, spectroscopy provides another parameter space to
study and to improve the understanding of the physics of Type Ia SNe. A few properties
in particular have been the subject of the majority of the discussion with regards to SNe Ia
spectroscopy.

The first spectroscopic measurements to provide evidence of an intrinsic difference between
Type Ia SNe were the ejection velocities (vej) inferred from the blueshift of various SNe ab-
sorption features (Branch et al., 1988). These measurements, which explore the kinetic energy
and distribution of elements in the expanding SN ejecta, have also been shown to correlate to
the luminosity of these objects (Wells et al., 1994; Fisher et al., 1995). More recently, Benetti
et al. (2005) used cluster analysis of measurements of the decline rate of SNe Ia vej to yield a
new way of grouping low-z SNe. This empirical classification scheme provides evidence of the
role of different explosion mechanisms in SNe Ia diversity. Hook et al. (2005), Blondin et al.
(2006), and Balland et al. (2006) addressed the important issue of evolution with a comparison
of SNe Ia velocities from objects at different redshifts and found that the measured velocities
were comparable in all of the SNe, regardless of z.

Spectra with sufficiently high S/N can also be used in comparisons with synthetic spectra
to provide information about the physics of SNe Ia explosions — such as the distribution of
IME and temperature structure in these events [e.g., Branch et al. (1983); Jeffery et al. (1992);
Turatto et al. (1996); Garavini et al. (2004); Mazzali & Lucy (1993)]. These models have

been invaluable in identifying the various elements expressed in the absorption and emission
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Figure 1.6: Figures from Branch et al. (2006) (left) and Benetti et al. (2005) (right). The figure on

the left compares nearby SNe Ia according to the equivalent width of the two Sill features near 5800
A and 6100A. This comparison reveals a temperature/luminosity sequence in SNe Ia as these objects

are progressively cooler and dimmer along the y-axis in this plot. On the right is a figure comparing
the velocity gradient and R{Sill} spectroscopic measurements to the photometric A,,,, parameter for a
similar set of local SNe. The different coloured groups were determined with statistical analysis of these
measurements and may also reveal a possible continuum of SNe Ia properties based on the explosion
mechanism of each SN.

features in SNe spectra, which is necessary to narrow down the possible explosion mechanisms
and progenitor scenarios of these objects. Nugent et al. (1995b) discovered evidence for a
spectroscopic based sequence in SNe Ia peak luminosities with a comparison of the line depths
of the Sill features observed near 5800 A and 6100 A — this is known as the ‘R{SiIl}’ parameter.
Spectral synthesis models (Nugent et al., 1995a) demonstrated that this sequence may be based
on temperature differences as the burning front propagates through the SNe Ia after C+O
ignition.

Other publications have expanded on the Nugent R{SilI} sequence and found other empir-
ical parameters that connect the photometric and spectroscopic behaviour of SNe Ia. Folatelli
(2004) (F04 hereafter) defined SNe la-specific equivalent width (EW) measurements (see §
3.1.1) and illustrated how they differentiate between Type Ia subtypes and correlate to A,

values. Garavini et al. (2006) also used the Folatelli EW measurements to study a small sam-



1.4 Spectroscopic Studies of Type Ia Supernovae 23

ple high-z objects for the Supernova Cosmology Project (SCP). Hachinger, Mazzali, & Benetti
(2006) illustrated additional empirical EW-A,,; correlations and explored connections between
these EW measurements and the velocity-gradient SNe classification scheme from Benetti et
al. (2005). Branch et al. (2006) presents additional evidence for a temperature or explosion
mechanism sequence in SNe Ia with comparisons of different low-z objects in EW-space.

An example of the quantitative comparisons of low-z SNe that have been made with these
spectroscopic measurements [specifically from (Benetti et al, 2005; Branch et al., 2006)] is
shown in Fig. 1.6. The left panel in this figure compares SNe Ia according to the equivalent
width of the two Sill features near 5800 A and 6100A (the same features used in the R{SilI}
parameter). With just these two measurements, this parameter space would not be particularly
enlightening. However, the established temperatures and luminosities in these objects (which
were determined independently from the EW measurements in this plot) have been used to
label the range of hot/bright to cool/dim SNe; the combination of these identifications with
the apparent groups in this parameter space indicates how the different temperatures and
luminosities of these SNe Ia are manifested in the absorption features of their specra. This
study also addresses the question of whether the dispersion in SNe Ia characteristics is reflected
in the existence of discrete sub-groups of SNe or if it corresponds to a continuum of SNe Ia
properties. Branch et al. (2006) suggested that Fig. 1.6 supports the latter.

To the right in Figure 1.6 is an illustration comparing the velocity gradient and R{SilI}
spectroscopic measurements to the photometric A, ,, parameter for a similar set of nearby
SNe. The velocity gradients were determined by the total decrease in the measured blueshifts
of the SiII absorption features over the entire range of available observations for the set of low-z
objects plotted here. The different, colour-coded groups were determined via cluster analysis
of these velocity measurements. As in the neighboring plot, these labels also correspond to the
physical characteristics of these SNe - the red squares indicate ‘faint’ SNe Ia (the same objects
found at the top of the neighboring plot) while the blue and green squares mark ‘high velocity
gradient’ (HVG) and ‘slow velocity gradient’ (SVG) SNe categories from Benetti et al. (2005),
respectively. These statistically-derived categories indicate that there is a possible continuum of
SNe Ia properties between overluminous [i.e., ‘shallow silicon’ in the terminology of the Branch

et al. (2006) figure] objects through the core normal SNe as both types of SNe are interspersed
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among the Benetti et al. (2005) HVG and SVG groups. The implications of these sequences for
the understanding of the nature of the explosion mechanisms in SNe Ia is still under discussion,
but all of these parameters illustrate how quantitative spectroscopic measurements can be used

to explore the factors that affect both the heterogeneity and homogeneity of SNe Ia.

1.5 Spectroscopy, Homogenity, and Cosmology

Type Ia supernovae are the most useful distance indicators for cosmology that are currently
available, but they are not perfect standard candles. The lightcurve shape-luminosity depen-
dencies that have been established empirically enable a one-parameter correction which appears
to account for most of the observed differences in SNe Ia. These corrections reduce the scatter
of their peak magnitudes enough for precise analysis of cosmological parameters. Spectroscopic
studies of these objects have revealed additional information on the extent of the physical dif-
ferences and similarities among SNe Ia. These studies have not presented conclusive evidence
to reject the homogeneity of SNe that is necessary to apply these lightcurve shape corrections.
Despite these advances, the continued use of these objects as cosmological probes hinges on a
more complete understanding and categorisation of the heterogeneity of SNe across the vast
range of environments and redshifts that are probed by high-z surveys. Thus it is important
to fully quantify any differences between the two SNe samples.

Another consideration for cosmology is that high-z surveys may sample SNe Ia from vastly
different environments than are observed locally. For example, high-z SNe could be drawn
from younger environments that have more active star formation and may have systematically
different metallicities than the SNe hosts observed locally. These environments have been
shown to host brighter and bluer SNe in nearby Type Ia surveys [e.g., Ivanov, Hamuy, & Pinto
(2000)]. To ensure that this possible difference is not causing any bias in high-z SNe surveys,
host-morphology correlations must be investigated in the distant SNe to ensure these objects
are consistent within the dispersion of SNe Ia properties established locally.

Type Ia evolution is a major concern for SNe Ia cosmology; this possibility cannot be
refuted until our understanding of SNe Ia physics and progenitors is complete, but the lack
of any significant differences between the nearby and distant populations would be another

positive step toward addressing this concern. A quantitative study of spectra will provide a
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way to compare SNe Ia from different redshifts for just this purpose. Unfortunately, nearly all
of the methods described in the literature (see § 1.4) are not feasible for investigating the SNe
Ia observed at high-z due to the observation and survey constraints imposed on this data.

By utilising SNe observed at the Gemini telescope for the SNLS as a primary data set,
the analysis in this thesis will show techniques that, unlike the other published methods, are
tailored to maximise the amount of information available from high-z SNe spectra. These
measurements will be used on the largest set of SNe Ia spectra studied to date to investigate,
quantitatively, the homogeneity of these objects across the entire redshift range sampled for
SNe cosmology. The correlations between SNe Ia properties and host morphology will also
be studied. The results of these various comparisons will be evaluated statistically to firmly
identify any significant or systematic differences in SNe observed at different redshifts. This
investigation of SNe Ia spectra will serve as an extensive appraisal of the assumptions behind
the cosmological use of these ‘standardisable’ distance indicators.

The complete details on the observation, data reduction, and object identification for the
SNe data sets used in this analysis is presented in Chapter 2. For the data discussed in § 2.1 to
§ 2.4, these reductions and identifications were completed by the author for the observational
cosmology goals of the SNLS. The high-z spectra summarised in § 2.5 were reduced by SNLS
collaborators and the spectra presented in § 2.7 are from the literature. In § 3.1 the motivation
for using EW and v, measurements is presented. The techniques for and results from applying
these measurements to the low-z SNe Ia are discussed throughout § 3.2. A parallel discussion,
with regards to the same analysis on the high-z SNe data, follows in § 3.3, with particular
attention to the systematic effects that are present in these spectra. The results of these
measurements are statistically investigated throughout Chapter 4 and the implications of this
investigation for SNe Ia physics and cosmology are discussed in § 4.3 - § 4.5. In Chapter 5

some recommendations for future quantitative spectroscopic analysis are presented.



Chapter 2

Supernova Legacy Survey High
Redshift Spectra and Additional

Data Sets

The Superova Legacy Survey is a multi-year project that will observe several hundred SNe Ia
in the redshift range 0.3 < z < 1.0 in order to determine the equation of state of dark energy.
As shown in Ch. 1, the value of this relation will help determine if this dark energy is indeed
the time-invariant vacuum energy of Einstein’s cosmological constant or an energy that varies
with time, such as the slowly varying scalar fields described by models such as quintessence.
Over the five-year tenure of the Legacy Survey, a sample of approximately 500 well-measured
SNe Ia at high-z, combined with published results from local SNe Ia surveys (another 400
objects), will provide a definitive sample of these objects in the redshift range where w is most
sensitive. This will allow this parameter to be determined to a precision of +0.04. Simulations
predict that achieving this precision on the dark energy equation of state will differentiate
between w > —0.8 (the value predicted by models such as quintessence) and w = —1.0 (the
time-invariant cosmological constant) at more than 3o.

The SNLS has two main components. First, potential SNe Ia candidates are identified and
followed up with extensive photometry as the Deep component of the ongoing Canada-France-
Hawaii Telescope Legacy Survey (CFHTLS). The most promising Type Ia candidates in the

desired redshift range are then observed spectroscopically at the Gemini (North and South)
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Telescopes, the VLT, or Keck. The consistency of this survey — with regards to methods,
observed fields, depth of observations, instruments used, and data reduction steps — means
that the SNLS data will be the most homogenous set of high-z SNe Ia to date. The first
year results from the survey [see Ch. 1 & Astier et al. (2006)] demonstrate the early success
the SNLS has had in achieving its scientific goals. The analysis presented in this thesis and
other SNLS publications (Conley et al., 2006; Howell et al., 2006; Neil et al., 2006; Sullivan et
al., 2006b; Bronder et al., 2006) makes use of the large amount of SNLS data for additional

investigations into the physics of Type Ia supernovae.

2.1 SNLS — Target Selection and Photometry

Full details of the methods used for SNLS candidate selection and observation can be found
in Sullivan et al. (2006a) and Howell et al. (2005) (HO5, hereafter) respectively. Additional
SNLS overviews are presented by Howell (2005) and Pritchet (2005). In summary, the SNLS
is a ‘rolling search’ survey; the Canada-France-Hawaii Telescope Legacy Survey (CFHTLS),
utilizing the Megacam wide field imager, acquires real time lightcurves of possible SNe by
repeatedly imaging four, one square-degree fields up to every four days (in the observers’ frame).
This imaging is completed in a combination of g’,r’,i’, and 2z’ filters to provide thorough color
coverage. The Elixir reduction pipeline (Magnier & Cuillandre, 2004) is used to reduce these
observations in real time. The magnitude and color information from these real-time lightcurves
is then used to determine photometric redshifts (‘photo-z’) for each transient object; these assist
in prioritizing the most likely SNe Ia candidates for spectroscopy [see Sullivan et al. (2006a)).
These initial photo-z fits are made after two or three epochs and can accurately predict a
candidate’s redshift, phase, and likelihood of being an SN Ia (Sulli.van et al., 2006a). The
photo-z predictions also allow the spectroscopic observations to be timed to coincide with the
epoch of maximum luminosity for likely Type Ia SNe. This is important as these objects are
more easily identified at epochs near maximum light (H05). All of the reduction steps for this
real-time imaging and analysis are completed by other SNLS collaboration members and at
CFHT.

The four fields observed by Megacam are summarised in Table 2.1. The imaging done

in these fields (the Deep portion of the CFHTLS) reaches down to an i’ magnitude of 24.5.
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Field RA (2000) Dec (2000)
DI 02:26:00.00 -04:30:00.0
D2 10:00:28.60 +02:12:21.0
D3 14:19:28.01 +52:40:41.0
D4 22:15:31.67 -17:44:05.07

Table 2.1: The four 1 square degree ‘Deep’ fields of the Canada France Hawaii Telescope Legacy survey.

Each field is observed over a 6 month window each year, resulting in complete light curves
of supernovae candidates and high survey efficiency. The large size of the Megacam field also
means that these supernovae light curves can be followed for newly discovered objects while
completing late-time coverage of previously discovered candidates. An example of the real-
time identification of an SNLS supernova candidate is shown in Figure 2.1. After complete
lightcurves are available, all of the photometric data is used to generate a re-calibrated and pa-
rameterised lightcurve for further analysis. An overview of the complete process that generates
these final lightcurves can be found in § 3 and § 4 of Astier et al. (2006). This final photometry
is paired with the redshift and object identification information from spectroscopic observations
to compute the lightcurve shape-magnitude correction (s, see § 1.3) and color values necessary

to use these ‘standardisable’ candles for cosmology (Astier et al., 2006).

2.2 SNLS — Spectroscopy

The SNLS spectroscopic observations are made at 8m-class telescopes with the intention of
firmly identifying SNe candidates and estimating their redshifts. The ‘rolling search’ method
locates over 40 potential Type Ia candidates monthly, and the generous time allocations at
the Gemini and the VLT telescopes enables the final confirmation of a large number of these
candidates. Spectroscopic time at Keck-I and Keck-II has also been used for the SNLS in each
year of the survey to compliment the principal observations done at Gemini and the VLT. To
date, the SNLS has been granted 60 hours per semester for six semesters at Gemini (Program
IDs: GN-2003B-Q-9, GN-2004A-Q-19, GS-2004A-Q-11, GN-2004B-Q-16, GS-2004B-Q-31, GN-
2005A-Q-11, GS-2005A-Q-11, GN-2005B-Q-7, GS-2005B-Q-6, GN-2006A-Q-7, GN-2006B-Q-7
— PI 1. Hook) along with similar time at the VLT (PI R. Pain).

The majority of the faintest candidates are observed at the Gemini Telescopes (see § 2.3);



2.3 Gemini Spectroscopic Data — Observations 29

Figure 2.1: Example Megacam images of a possible supernova. Each box is an image in the i’ filter
measuring 19” by 19”. The first two images (from left) are matching sections from Megacam observations
at different epochs. The reference image (far left) is psf-matched to the epoch image in the center and
then subtracted to produce the difference image on the far right. The difference image is searched
for transient objects that may be supernovae. The two small blurs on the bottom of the difference
image are subtraction errors due to saturation from foreground objects, while the remaining object in
the center is a viable SN candidate. The flux of this brightening object is compared to the flux at
the same location in the reference image to provide the percentage increase estimates that are used
to both identify possible SNe and constrain host galaxy contamination in objects that are observed
spectroscopically (see § 2.4.4.4).

all of these SNLS objects were reduced and classified by the author and are presented here.
This SNLS Gemini data thus makes up the primary high-z data set for this thesis. The VLT
data, as it was reduced by other SNLS collaborators at different institutions, is considered a
secondary set of high-z spectra for this analysis. This set is very useful as these spectra help
complete the redshift coverage of the SNe analysed here. The following sections detail the
observation, reduction, redshift identification, and object classification of the spectra in these

large data sets.

2.3 Gemini Spectroscopic Data — Observations

Longslit spectra of SNLS SN candidates were taken at the Gemini telescopes with the Gemini
Multi-Object Spectrograph [GMOS, Hook et al. (2004)]. The setup for these observations was
defined by the author and other collaboration members with the Gemini Phase-II software.
The observations were then carried out by Gemini staff in ‘queue mode’. A slit width of 0.75”
was used with a central wavelength of 680 nm or 720 nm were used for all observations. The

decision on which central wavelength to use was based on the estimated (photo-z) redshift of
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each candidate so as to optimise the instrument settings for observing the distinguishing SNe
Ia spectral features (see § 1.1). A central wavelength of 680 nm was used for candidates up
to z = 0.4 to acquire Sill — near 4000 and 6150 A — whilst the 720 nm setting was used for
higher-z candidates to observe Call H&K and Sill. The slit angle for each observation is chosen
to include the host galaxy wherever possible because the features of the host spectrum provide
primary indication of the redshift of each candidate (§ 2.4.3). These high-redshift candidates
were faint (typical i’ magnitudes ranged from 21.8 to 24.5), and required exposure times of
1 to 2 hours over two to four exposures. The GMOS R400 grating (400 lines/mm) and the
GG455.G0305 or OG515.G0306 Gemini order-sorting filters (for the 680 and 720 nm central
wavelengths, respectively) were used, resulting in a dispersion of 1.34 A per binned pixel and
a resolution of 6.9 A. This setup gives a spatial resolution of 0.1454” per binned pixel (for 2x2
detector binning). The effective wavelength coverage was 4650 A to 8900 A (for the 680 nm
setting) and 5100 A to 9300 A (for the 720 nm setting). The Gemini observations are made in
two modes — ‘Nod & Shuffle’ or ‘Classical’ — described in § 2.3.1 and § 2.3.2, respectively.
To handle the large amount of possible SNe tracked by the SNLS, the collaboration has
devised an internal SN naming convention. The SNLS nomenclature is necessary as the typical
International Astronomical Union (IAU) naming convention for supernovae does not work well
for projects on the scale of this survey. To avoid any confusing re-naming of the real-time
SNLS analysis, a unified naming scheme is used for all SNLS SNe candidates. Each object is
given one name which is retained regardless of its final classification. This convention uses six
characters for each object. The first two are numbers that correspond to the year (after 2000)
of a candidate’s discovery. The third and fourth characters signify the field that an object
is discovered in (see Table 2.1). The last two characters begin at ’aa’ for the first candidate
discovered (for any given year and field) and continue through ‘az’ for the 26 candidate;
the 27" candidate is then named ‘ba’. An example name is ‘03Dlas’. These names are used
throughout this thesis for the objects observed by the SNLS. The complete list of objects
observed at Gemini and reduced by the author during the first 3 years of the SNLS presented
in Tables 2.2, 2.3, 2.4, 2.5, 2.6, and 2.7. These observations are divided up into SNLS ‘years’
that were set by the timeline of SNLS publications. The data presented in HO5 and Astier et

al. (2006) is considered SNLS Year 1 data and covers objects observed from the beginning of



2.3 Gemini Spectroscopic Data — Observations 31

the survey in August 2003 through to October 2004. The Year 2 data spans November 2004

through November 2005, and the Year 3 data includes all other objects to date.
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