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Abstract

Type Ia supernovae have been successfully used as standardized candles to study
the expansion history of the Universe. In the past few years, these studies led
to the exciting result of an accelerated expansion caused by the repelling action
of some sort of dark energy. This result has been confirmed by measurements
of cosmic microwave background radiation, the large-scale structure, and the
dynamics of galaxy clusters. The combination of all these experiments points
to a “concordance model” of the Universe with flat large-scale geometry and a
dominant component of dark energy.

However, there are several points related to supernova measurements which
need careful analysis in order to doubtlessly establish the validity of the concor-
dance model. As the amount and quality of data increases, the need of control-
ling possible systematic effects which may bias the results becomes crucial. Also
important is the improvement of our knowledge of the physics of supernovae
events to assure and possibly refine their calibration as standardized candle.

This thesis addresses some of those issues through the quantitative analysis
of supernova spectra. The stress is put on a careful treatment of the data
and on the definition of spectral measurement methods. The comparison of
measurements for a large set of spectra from nearby supernovae is used to study
the homogeneity and to search for spectral parameters which may further refine
the calibration of the standardized candle. One such parameter is found to
reduce the dispersion in the distance estimation of a sample of supernovae to
below 6%, a precision which is comparable with the current lightcurve-based
calibration, and is obtained in an independent manner. Finally, the comparison
of spectral measurements from nearby and distant objects is used to test the
possibility of evolution with cosmic time of the intrinsic brightness of type Ia
supernovae.
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Chapter 1

Introduction

1.1 Cosmology

Cosmology is the branch of science that studies the structure and evolution of
the Universe as a whole. Since the beginning of history, this has been a topic of
special interest for the different cultures. Our view of the Universe has changed
through the centuries as science developed. In the present, we know the Earth
is a planet that orbits a star, the Sun, which in turn travels its orbit in a system
formed by about 100 billion stars, our galaxy, the Milky Way. The Milky Way
is one in billions of galaxies that form the large-scale structure of the observable
Universe. Studying the gravitational effects on the observable matter, we have
gathered evidence that there is a large fraction of matter in the Universe which
we cannot directly observe, the so-called dark matter. Assessing the nature of
these components is a main goal of cosmology.

In the present time, cosmology is based on Einstein’s theory of general rela-
tivity. This theory provides the basic mathematical tools to state the dynamics
of physical systems in a relativistic frame, where the classical Newtonian for-
mulation fails. Einstein brilliantly accomplished the generalization of Newton’s
laws of gravitation, and at the same time provided the interpretation of matter
as the source of space-time curvature.

The Universe viewed on large scales —the physical system to which the laws
of general relativity are applied in cosmology— is modeled as a homogeneous
and isotropically distributed perfect fluid. In the 1920s, Friedmann and Lemaitre
independently found that Einstein’s equations, when applied to a cosmic fluid
composed of ordinary matter, would only yield non-static solutions. This was
contrary to the paradigm of the time by which the Universe was believed to
be static. Einstein therefore introduced an additional term in his equations, a
constant term, defined by the cosmological constant A, which had to be fine-
tuned to compensate the effect of gravity and thus yield a static solution. It was
a few years later that Hubble surveyed the distances and recession velocities of
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galaxies and arrived at a surprising result: the further the galaxy, the faster it
receded from the Earth. The Universe appeared to be indeed expanding and
thus non-static! The need for a cosmological constant seemed to be ruled out,
and Einstein is said to have regretted having ever introduced it. However, this
ad hoc term was not forbidden by any physical principle and the “ghost” of the
cosmological constant survived the decades.

The discovery of the expansion of the Universe by Hubble set the foundations
of what currently is the standard model of cosmology, that is the Hot Big Bang
model. According to this model, the Universe is not infinitely old but came
to existence about 10 billion years ago, in a state which after a small fraction
of a second was extremely compressed and hot, and has been expanding and
cooling since then. Further evidence supporting this model has been gathered
from different observations. For instance, the detection in all directions of the
sky of the cosmic microwave background radiation (CMBR), which is predicted
as the relic from the first, very hot stages. Also, the relative abundances of
light elements observed in the local Universe, which agree with what would be
synthesized in an expanding and cooling model.

The most recent break-through in our understanding of the expansion history
of the Universe happened in 1998 when two teams independently found strong
evidence for a non-vanishing cosmological constant. These teams used type Ia
supernovae to reproduce Hubble’s experiment with much higher accuracy and
to larger distances. The relative dimness of distant supernovae, compared to
the case of a Universe composed of only ordinary matter, implies the existence
of a non-zero A. Moreover, the cosmological constant term was found to dom-
inate over ordinary matter, which, given the repulsive effect of A, means that
the Universe is undergoing a phase of accelerated expansion. These results are
supported by other recent experiments. Firstly, measurements of the fluctua-
tions in the CMBR indicate that the geometry of the Universe is flat; secondly,
studies of the large-scale distribution of galaxies and dynamics of galaxy clusters
show that the amount of ordinary matter is about 30% of what is needed for
the Universe to be flat. The cosmological constant would therefore provide the
additional energy to produce the observed flatness.

Understanding the physical origin of the cosmological constant is one the
greatest challenges of modern cosmology. From the point of view of particle
physics, A can be related to a form of vacuum energy with equation-of-state
parameter Wyac = Pvac/Pvac = —1. However, nothing prevents the equation-
of-state parameter of this mysterious form of matter to be # —1 or to be a
function of time. This gives rise to more general forms of dark energy, which
can be tested with experiments such as the one of type Ia supernovae (e.g., in
the future, using extremely accurate distance measurements obtained with the
Supernova / Acceleration Probe satellite, SNAP). A full theoretical description
of this form of matter probably has to wait for the development of a theory of
quantum gravity.
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1.2 This Thesis

The excitement produced by the result of an accelerated expansion of the Uni-
verse led to intensive research in the field of supernovae as astrophysical systems
and as tools for cosmology. Because of this, our knowledge of the physical prop-
erties of supernovae has greatly developed during the last decade, although many
aspects are still under active research. Additionally, as the amount and quality
of the supernova data increases, the study of possible systematic effects becomes
more and more important. Also crucial is the investigation of other processes
than acceleration which have been suggested to explain the observed dimness of
distant supernovae.

This thesis focuses on the observational aspects of supernovae, in particular
on the quantitative analysis of their spectra, with the dual aim of shedding light
on the physics of these objects and testing some of the possible systematic effects
and proposed alternatives to acceleration.

Chapter 2 gives a brief introduction of the principles and mathematical for-
mulation of the standard model of cosmology and the ways in which the param-
eters of the model can be obtained. Chapter 3 focuses on the use of type Ia
supernovae to solve for the cosmological parameters. Chapter 4 describes the
observational aspects and the spectroscopic data treatment in relation with low-
and high-redshift supernovae discovered in campaigns in which I participated as
a member of the Supernova Cosmology Project (SCP). Chapter 5 presents the
power of spectroscopic data for investigating the properties of type Ia supernovae
and testing possible systematic effects in their use as distance indicators. Special
attention is given to the results of newly defined spectral measurements (named
“eEW”) applied to the spectra of low- and high-redshift supernovae introduced
Chapter 4. Finally, Chapter 6 provides a summary of the problems addressed
and results found.

Four papers are included in this thesis, labeled as I — IV. Paper I presents
the data treatment method described in Chapter 4. Apart from the reduction
of the spectra, my main contribution to this work is in the development of the
methods to carefully estimate uncertainties and host-galaxy flux contamination
levels. I took charge of writing most of the text and coordinating the whole
work. Paper II presents the analysis of the newly defined EwW measurements
applied to a large set of nearby supernovae, as described in Chapter 5. The
measurement definition, application and subsequent analysis is my contribution
to this paper, as well as the writing of the text. Paper III shows the detailed
spectral analysis of the peculiar type Ia supernova SN 1999aa, observed by the
scp. I took part in the reduction of the spectra and in the discussions leading
to the analysis presented in the paper. Paper IV presents the study of 14
high-quality spectra from 12 high-redshift type Ia supernovae observed with the
Very Large Telescope. 1 participated in the observation and reduction of the
spectra, and in the analysis of the results, in particular, the comparison of EW
measurements with those of nearby supernovae, and the writing of the related
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section.

Other papers in which I was involved are given as reference (see Other
Related Papers). For some of them, I contributed to the discussions held by
the authors during the preparation process (Papers A, B and F). In other
cases, I also took part in the observations and data reduction (Papers C, D,
G and H). Paper E is a contribution to the proceedings of the Workshop on
Supernovae and Dust held in Paris, in May 2003, and can be considered as a
preliminary version of Paper II.



Chapter 2

The Standard Model of
Cosmology

2.1 A Homogeneous and Isotropic Universe

Modern cosmology is based on Einstein’s general theory of relativity. In order
to solve the fundamental equations of general relativity (Einstein’s equations), a
model has to be given for the matter distribution in the Universe. The simplest
of such models was introduced by Friedmann and Lemaitre and is that of a
homogeneous and isotropic fluid. This means that, viewed on scales larger than
the local concentrations of matter, the Universe presents an even density and
looks the same in all directions. Recent observations have confirmed that the
large-scale distribution of matter in the Universe is highly isotropic. Now, if we
base ourselves on the Copernican principle, the fact the we observe an isotropic
Universe should not be a peculiarity of our observing location (this is usually
called the cosmological principle). This implies that the Universe should be
isotropic about any point we would choose to observe from. Homogeneity is thus
a consequence of this reasoning: isotropy about more than one point implies that
the density should be even in the entire Universe.

The geometry of an isotropic and homogeneous Universe is greatly simplified
due to the symmetries introduced. Its mathematical formulation in terms of
comoving spherical coordinates r, 8 and ¢, and cosmological time ¢ leads to the
following metric:

dr?

d32 = dtz — az(t) (m

+ r2df? + r? sin® 0d¢2) , (2.1)
where we set the speed of light ¢ = 1 and a(#) is the time-dependent scale factor
which converts comoving distances into physical distances. The constant curva-

ture is given by the parameter £ which takes the values +1, 0, or —1 depending

5
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on whether the Universe is closed, flat, or open, respectively. This is called
the Robertson—Walker metric (or RW metric, for short). The solution of Ein-
stein’s equations for a perfect cosmological fluid described by the RW metric gives
rise to the Standard Model of cosmology, also called the Friedmann—Lemaitre—
Robertson-Walker model (FLRW).

Einstein’s equations can be viewed as a representation of matter and energy
as the sources of space-time curvature. By introducing the RW metric and con-
sidering the Universe to be a perfect, homogeneous fluid of energy density p, one
obtains the equations that determine the dynamics of the cosmic fluid, i.e. the
evolution of the scale parameter a(t). One of these equations is the Friedmann
equation,

L\ 2
H? = (9) _8mGy K (2.2)

a 3 a?’

where G is Newton’s constant of gravitation. We have introduced the definition
of the Hubble parameter, H, which governs the expansion rate of the FLRW
Universe. H(t) is in turn determined by p(t) and the value of the curvature k.

The Hubble Law

Let us consider the local Universe, where Euclidean geometry is valid. We define
the Hubble constant by evaluating H (t) at the present cosmic time #g:

Hy = H(to). (23)

In such a geometry the physical distance between two objects with comoving
distance r would be d = ar. It is easy to see that the change in the scale factor a
would introduce a relative velocity between the objects of v = ar. We therefore
obtain the so-called Hubble law for the local Universe:

V= H(]d (24)

This is what Edwin Hubble set to measure in 1929. His result of a non-vanishing
Hubble constant [31] modified dramatically the view of the Universe which until
then was believed to be static.

2.2 The Cosmological Parameters

Our aim is to extend Hubble’s result to larger distances, where the Euclidean
approximation is no longer valid. We will therefore transform the Friedmann
equation (2.2) by explicitly introducing a set of cosmological parameters related
to the energy density p in the FLRW model (see a more thorough derivation
in [7]). Specifying the values of those parameters would thus determine the
expansion history of the Universe.
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Let us start by defining the critical density p. of the cosmic fluid as

3H?

e = : 2.5
Pe = gan (2.5)

and the density parameter ) as the ratio of density to critical density:

p
Q= 2.6
Pe (2.6)
Then Eqn. 2.2 can be rewritten as
k

This means that the curvature of the Universe is solely determined by the value
of Q. If Q > 1, the Universe is closed. If 2 < 1, the Universe is open. An exact
value of 2 = 1 would mean that the Universe is flat.

It is customary to simplify the physical interpretation of the Friedmann equa-
tion by specifying different components of the cosmic fluid. For instance, by
writing

p = pM + PR+ pa, (2.8)

where pyr and pg are the contributions from non-relativistic matter and radia-
tion, respectively, and pp is the energy density of vacuum. The latter contribu-
tion emerges when a constant term, proportional to the cosmological constant
A, is introduced in Eisntein’s equations. Such a term can be viewed in terms of
an energy density defined as

A
87TGN )

Each of the components in the cosmic fluid is described by an equation of state
which relates the energy density p with the pressure p. For a perfect fluid, this
equation of state has the form p = wp, with some constant w. For the three
components introduced, it is found that

pA = (2.9)

Wy = 0
wrp = 1/3 . (2.10)
wpy = -1

The problem is further simplified if we consider the FLRW model at the present
era in the history of the Universe, when the contribution from radiation to the
energy density is negligible in comparison with the contribution from matter. In
such scenario, the total density can be written as

P =pm+ pA- (2.11)



8 CHAPTER 2. THE STANDARD MODEL OF COSMOLOGY

For each of these components there is a simple dependence of p on the scale
factor a. In the case of stable matter, there is no creation or destruction of
particles and therefore the amount of matter inside a given comoving volume
will be constant. This means that as the Universe expands, matter dilutes as

par < a3 (2.12)

For a cosmological constant, by definition the energy density does not change,
thus

A X const. 2.13
P (

It is also useful to separate the same two components in the density param-
eter, evaluated at the present time tg

Qo = Qto) = Qs + Qi (2.14)

where the cosmological parameters at present 25, and 5 are defined as

— 87GN
{ Q= (3H§ )po , (2.15)
Qp = A,
3H2

with po = pm(to), the matter density today. Using these definitions and the
dependence of p on a (Eqns. 2.12 and 2.13), Eqn. 2.2 can be rewritten as

Qp + O (%) s (Q — 1) (%) _21 , (2.16)

where ag = a(to) is the value of the scale factor today.

H? = H?

2.3 The Distance—Redshift Relation

We have found an expression (Eqn. 2.16) for the dependence of the Hubble
parameter on time — through a(t) — in terms of the cosmological parameters
that define the FLRW model (Hy, Q,7, and Q4). One way to solve for the
cosmological parameters is to connect H(t) with observable quantities, in the
same manner that Hubble did for the local Universe using recession velocities
and distances. In the case of the distant Universe, we need to introduce two
important observables, namely the redshift and the luminosity distance.

Redshift

When observing an event occurring at cosmological distances it is not possible to
directly measure the time ¢ of its occurrance or the amount by which the Universe
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expanded since that time (a(t)/ao). The quantity to be observed instead is the
redshift z, defined by

1+2= 2, (2.17)

VO

where v, is the frequency emited by the object and v, is the one observed. In
modern observational astrophysics, it is straight-forward to measure the redshift
for example, in terms of spectral lines. All we need to do is to identify a certain
line in the spectrum of the observed object and compare the frequency we observe
it at with its actual frequency, measured in the laboratory.

Let us now find the relation between redshift z and the scale factor a for
the FLRW Universe. Consider a source at a comoving distance r. from Earth
that emits a photon at a time ¢, which reaches the observer at a time ¢,. Since
photons follow light-like geodesics (ds? = 0), and we can choose coordinates such
that df = d¢ = 0, we find from the RW metric in Eqn. 2.1 that

Te to
/ L / A (2.18)
o VI—kr2 J; a(t)

The left-hand side is a comoving quantity for a given source and is thus constant.
If we now think of photons being emited at intervals §t. and recieved at inter-
vals dt,, the condition that integral on the right-hand-side of Eqn. 2.18 should
also be constant implies that dt./dt, = a(t.)/a(t,). In terms of the frequency
(the number of wave crests per unit time) this means v, /v, = a(t,)/a(te) and
therefore, using the definition of redshift we find,

14z = W) (2.19)

We can now rewrite Eqn. 2.16 in terms of the redshift:

H? = H§ [Qa + Qu(1+2)° = (Q0 — 1)(1 4 2)*] . (2.20)
Using Q¢ = Qs + Q4, this becomes

H? = H§ [(1+2)°(1 + Qu2) — 2(2+ 2)Q4] - (2.21)
Let us now derive the relation between cosmic time ¢ and redshift z. From
the definition of the Hubble parameter

a d a(t) d 1 -1 dz
H={(-)|=-=1 —= ) =1 = —. 2.22
(a) dt Og<a0) dt 0g(1+z) 1+ zdt ( )

Introducing this result in Eqn. 2.21, we obtain

di _ —Hy (1 +2) 1 [(142)%(1 4 Quz) — 2(2+ 2) Q4] 5 , (2.23)

o=
which provides the means to transform times into redshifts in the FLRW model.
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Luminosity Distance

As the final step in solving for the cosmological parameters, we introduce the
relation between distance measures and the Hubble parameter. In general, mea-
suring accurate distances is one the most troublesome tasks of the astronomer.
The ideal case is that of a standard candle, an object of known intrinsic bright-
ness, whose distance is easily determined by the measured brightness through an
inverse-square law. In Chapter 3 we will study in detail the properties of type
Ia supernovae as the best standard candle found to the date.

Consider a source of which we know the luminosity L, located at a comoving
distance r from Earth. Suppose that at a time ., the source emits isotropically a
certain amount of photons. A telescope of area A located on Earth would detect
a fraction A/4m(agr)? of those photons. If each photon was emited with energy
hv,, it would arrive at the observer with energy hvy = hv. /(1 + z). Also, if the
photons were emited during a time interval dt., they would be recieved during
an interval dtg = (1 + 2)dt.. Therefore, the measured flux F' of the source, given
by the number of photons detected per unit time and unit area multiplied by
the energy of each photon, would be

L

We can assimilate this expression to an inverse-square law by defining the lumi-
nosity distance to the source as

dr = aer(1 + 2). (2.25)

The connection between the luminosity distance and the FLRW model is em-
bedded in the comoving distance r. We have seen that Eqn. 2.18 is valid for
photons traveling from the source to the observer (now r, = r, t. = t, and
to = to). Multiplying that equation by aop and using Eqn. 2.19, we obtain

T dr' to ,
- = 14 2)dt. 2.26
w [ == [ (2.26)
Using Eqn. 2.23 to change variables from ¢ to z, we find
a /TL—H_I/ZG(z)dz (2.27)
°Jo VickE 0 s ’ ‘

where we have defined the function

G(2) = [(1+2)2(1+ Qyz) — 2(2+ 2)Q] 2. (2.28)

The integral on the left-hand side of Eqn. 2.27 has different solutions depending
on the value of k:
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arcsin(rvk) fork =1
k

/3
r fork=0 . (2.29)
arcsinhgrk\/fk) fork = —1

By inverting the solutions above, we can obtain an expression for r as a function
of z, as required by Eqn. 2.25.

Finally, introducing the definition of the total density parameter at to (Eqn.
2.7) k/Hgad = Qo — 1, we arrive at the desired luminosity distance-redshift
relation in terms of the cosmological parameters:

e o S 00) = s (Vi1 [ Giz), - 230)

where we have introduced the function

sin(z) fork=1
Sk(z) = x fork=0 . (2.31)
sinh(z) for k= -1

The factors /|2 — 1| cancel each other in the case of a flat Universe (k = 0
and QO = 1)

Going back to the question of observing a standard candle of luminosity L,
we would like to explicitly introduce this quantity and its related observable F’
in our formulae. In optical astronomy, it is customary to express luminosities in
logarithmic scale by defining a magnitude system. If the observations are carried
out through a filter f with transmition function T (v), the apparent magnitude
is defined as

my = —2.5log (/000 Tf(V)F(l/)dV> + CYy, (2.32)

where C} is a constant that sets the scale of the magnitude system for that
filter. The minus sign in the definition implies that magnitudes are lower for
brighter objects. Luminosities are given in this system as absolute magnitudes
My, defined as the apparent magnitude that the object would have if it were
located at a distance of 10 pc from the observer. For an object at a distance d,
expressed in Mpc, my = My + 5logd+ 25. Using the luminosity distance (given
in Mpc), we obtain the relation between the apparent magnitudes of a standard
candle and its redshift (for simplicity, we drop the filter subscript)

m(z) = M + 5logdy (z; Ho, Qar, Q) + 25. (2.33)

Since m and z are directly measurable from astronomical data, this expression is
useful in solving for the cosmological parameters. The problem reduces then to



12 CHAPTER 2. THE STANDARD MODEL OF COSMOLOGY

measuring the apparent magnitudes of standard candles as a function of redshift,
which yields the Hubble diagram, and then fitting the cosmological parameters
to the data.

Figure 2.1 shows the predicted apparent magnitude of a standard candle
in different cosmological scenarios, compared to the case of an empty Universe
(Qar,24) = (0,0). In models with non-zero matter densities and no cosmological
constant the standard candles appear brighter than in an empty Universe due to
the decelerated expansion caused by gravity. On the other hand, if a cosmological
constant term dominates, the standard candles appear dimmer because of the
accelerated expansion. A mixture of matter and cosmological constant produces
a family of solutions in between. In particular, in the case of (Qur, Q) =
(0.3,0.7) (the concordance model, see Chapter 3), the objects look dimmer in
the local Universe up to z ~ 1.3. Further back in cosmic time (greater z) matter
begins to dominate, as is clear from Eqns. 2.12 and 2.13, and the objects appear
brighter than in an empty Universe. Figure 2.1, produced using the simulation
package SNOC [19], provides an idea of the accuracy at which the standard candles
need be observed in order to distinguish between the different models.

In Chapter 3 we will discuss the use of type Ia supernovae as standard candles
and the implications of the resulting cosmological parameters.

2.4 Cosmological Constant and Accelerated Ex-
pansion

We now study the role of matter and vacuum energy in the determination of
the acceleration of the scale factor (&). An additional component of Einstein’s
equations, in the case of the FLRW Universe, becomes

2 [(a\? &k
—+ (—) + — = —8nGnp. (2.34)
a a

Subtracting this equation to the Friedmann equation (Eqn. 2.2), gives

a 47GN
- + . 2.
p 3 (p+ 3p) (2.35)

Introducing the two components of p from Eqn. 2.11, and their equations of
state, we obtain

a 3
We can see that, while matter tends to decelerate the expansion (as expected
from the attractive nature of gravity), a positive vacuum energy accelerates the
expansion. In terms of the cosmological density parameters, the condition for
an accelerated expansion of the Universe at the present time is

a _47FGN

(prm — 2pa). (2.36)
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Figure 2.1: The residual Hubble diagrams for a series of cosmological models
compared to the case of an empty Universe (Qr,Q21) = (0,0). The cases
shown correspond to some standard solutions for the cosmological parame-
ters: a flat, matter-only Universe (Qar,24) = (1,0); an open Universe with
no cosmological constant (Qar,Q4) = (0.3,0); a flat, A-dominated Universe
(Qar,24) = (0.3,0.7); and a flat Universe with only cosmological constant
(QMaﬂA) = (07 1)
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Q> 2. (2.37)

Dark Energy

Nothing prevents us from modifying the cosmological constant term in Einstein’s
equations by changing the form of its equation of state. This unknown form of
energy, called dark energy, can be given a general equation of state

pPX = WXPX, (2.38)

with wx not necessarily equal to —1. In the most general case, wx can depend
on the cosmological time ¢. Reproducing the analysis that leads to Eqn. 2.35,
we can see that the condition for an accelerated expansion is (at any time ¢)

pu + px (1 + 3wx) < 0. (2.39)

In the case of a Universe without matter, this condition reduces to

1

For any species with equation of state p = wp, Einstein’s equations yield a
general dependence of the density p on the scale factor which is

p o a 30Fw) (2.41)
Using Eqn. 2.41 and defining the density parameter for dark energy as

Sﬂ'GN
Ax = | — 2.42
X ( SH? )Px(to)a (2.42)
the luminosity distance for the FLRW Universe can be rewritten from Eqn. 2.30,
by modifying the expression of G(z) to
_1

G(2) = [9(z)x + (1 +2)*Qn — (1 + 2)%(Q —1)] 2, (2.43)
where Qo = Qar + Qx is the total density parameter at the present time, as in
Eqn. 2.14, and g(=) is given by

g(z) = exp (3 /OZ Mdz,) . (2.44)

1+ 2

Assuming that wx has a simple dependence on z, the luminosity distance can
be expressed in terms of the Hubble parameter Hy, the density parameters {2y,
and Qx, and the parameters defining wx (z). In practice, wx is usually consid-
ered to be constant or to have a linear dependence on 2. The modified expression
of the luminosity distance can be introduced in the magnitude-redshift relation
(Eqn 2.33), and values of the parameters can be solved from the measurement
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of the Hubble diagram for some standard candle. Figure 2.2 shows the theoret-
ical Hubble diagrams for different forms of the equation-of-state parameter in
the case of a flat Universe with Qx = 0.7, compared with an empty Universe
(Qr,wx) = (0,0). It can be seen from the graph that solving for wx requires
higher precision in the measurements, especially if the possible dependence of
wx on z is to be established. Solving for wx would lead to a better understand-
ing of the nature of dark energy. The most recent attempts to measure wx,
assumed constant, using type Ia supernovae as standard candles are described
in Chapter 3.

04 - — w=—1.0
F o w=-07
03 L w=-1.3
w=-1.3+0.2+z
0.2 e

0.1

(o B B B

0.25 05 0.75 1 1.25 1.5 1.75 2 225 25

Redshift

Q

Figure 2.2: The theoretical Hubble diagram for a flat Universe with (Qr, Qx) =
(0.3,0.7) and different values of the equation-of-state parameter wx, compared
to the empty Universe model (Q7,2x) = (0,0).
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Chapter 3

Cosmological Parameters
from Type Ia Supernovae

3.1 Type Ia Supernovae as Standardized Can-
dles

The search for a suitable standard candle to use in the measurement of the
expansion history of the Universe has motivated a large amount of effort in the
scientific community since the pioneering work by Hubble [31] was published.
The characteristics sought for the ideal standard candle to be used in cosmology
are the following;:

1. Homogeneity. To allow a precise calibration of the luminosity and thus, of
the distance measurements.

2. High luminosity. To be observable in the distant Universe.
3. Ubiquity. To be detectable both in the local and distant Universe.

Among the many classes of objects proposed as standard candles, only a few
were proven to fulfill the three requirements given above.

The first attempts used the brightest objects known at the time, namely
bright galaxies (called “extragalactic nebulae” in the vocabulary of the epoch).
The technique was refined with the use of the brightest cluster galaxies (BCG),
which could be calibrated to show a dispersion of 0.25 mag in luminosity [69)].
However, it was later realized that the evolution in the properties of these ob-
jects as a function of redshift posed serious limitations to their use as distance
indicators for cosmology (See, e.g., [70]).

During the last decades, supernovae (SNe) have been successfully used as
extragalactic distance indicators. Several approaches at the measurement of

17
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distances with SNe of different types have been developed (e.g., see [36]). In the
following, the use of type Ia supernovae (SNe Ia) in particular will be treated.
A short description of the classification of SNe in different types is therefore
needed.

Classification of Supernovae

The classification of SNe has evolved parallel to our knowledge about these ob-
jects. The first stages in the development of the classification were based on ob-
servational characteristics. An understanding of the physical processes involved
in SN events came much later. As a consequence, the classification currently
used suffers from a certain degree of incompleteness, and, from a physical point
of view, the nomenclature is confusing. The definition of SN types is mainly
based on the properties of optical spectra at early stages in the evolution and,
to some extent, on lightcurve characteristics.

It was Minkowski in 1941 [46] who first identified two distinct SN families,
based on the presence or absence of hydrogen features in the spectra. He defined
SNe of type I (SN I) as those which show no H lines, as opposed to SNe of type IT
(SN II), which clearly show H lines (in particular, H, and Hg are very noticeable
in optical spectra of SNe IT). SNe I were recognized instead by a strong absorption
at ~6150 A, later identified as Si 11 A6355, at a velocity of ~10000 km/s.

Through the years, a growing amount of “peculiar” SNe I, which did not show
Si 11 A6355, was discovered. In the mid-1980s it was realized that those SNe I
formed a distinct family. Then, “normal” SNe I were renamed as type Ia, and
the “peculiar” SNe I were divided into type Ib, which show He I lines, and type
Ic, which lack He 1. These two subtypes are less clearly distinguishable and are
also referred to as SNe Ib/c. At the same time, a physical interpretation of the
differences among the SN types began to appear. Both SNe Ib/c and SNe II are
massive stars that undergo core collapse [81] (for SNe Ib/c, this happens after
the H-rich envelopes are lost), whereas SNe Ta are the result of a thermonuclear
explosion of a white dwarf star in a binary system [80, 47, 32, 54]. Figure 3.1
shows the typical spectra of SNe of types Ia, Ib, Ic and II, observed around
maximum light, three weeks after, and one year after. The most prominent
spectral features are marked. The following is a diagram of the spectroscopy-
based classification of the four main SN types:

Thermonuclear Element Core collapse
UNo
E  Sin
UNo

He1 = Ib

o, Ic
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The classification of SNe IT was also refined, according to the lightcurve
properties, giving rise to type IIP and type IIL SNe. Other spectroscopically
peculiar SNe II were also grouped in type IIn and type IIb.

Based on spectral characteristics, two subtypes of peculiar SNe Ia were identi-
fied. These are grouped according to their prototypes SN 1991T and SN 1991bg.
Before maximum light, the spectra of 1991T-like SNe show weak Si 11 A6355 and
other intermediate-mass element lines. After maximum light, these peculiarities
become progressively less noticeable. The group of 1991bg-like SNe show strong
Ti 11 lines which persist long after maximum light. The latter SNe are found to
be ~2 to 3 magnitudes fainter and significantly redder than the average SNe Ia.
Spectroscopically normal SNe Ia are also called “Branch normal”, in reference to
the work of Branch et al. [12]. Figure 3.2 shows the near-maximum light spectra
of the normal SN 1989B and the peculiar prototypes SN 1991T and SN 1991bg,
with the ions responsible for the most prominent features marked. Chapter 5 is
dedicated to the detailed study of SN Ia spectroscopic properties.

maximum 3 weeks one year

T T T T T T

[Felll]

Call ST

4000 6000 8000 4000 6000 8000 4000 6000 8000
wavelength (&)

Figure 3.1: Spectra of supernovae of the four main types. On the left-hand side,
the spectra at maximum light are most commonly used for classification. Also
shown are examples of spectra obtained three weeks (middle), and around one
year after maximum light (right-hand side). The ions responsible for the most
prominent features are marked. Credit [77].
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Figure 3.2: Spectra at maximum light of a normal SN Ia (SN 1989B, middle)
and two SNe that define the main peculiar subtypes (SN 1991T, top, and SN
1991bg, bottom). The ions responsible for the most prominent features in each
subtype are marked.
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The Lightcurve Shape — Luminosity Relation

Among all the types, SNe Ia were found to show remarkably similar lightcurve
and spectral properties, and small dispersion in absolute magnitude at maxi-
mum light (o < 0.4 mag) [45, 37]. A further step forward in the use of SNe Ia
as distance indicators was possible from the analysis of a large set of SNe in
the Hubble flow [23, 65], i.e., in the range 0.01 < z < 0.1, where the Hubble
diagram is well approximated by a linear law through the Hubble parameter
(dr, = Hy'2), and the peculiar velocities of galaxies are negligible when com-
pared to the recession velocities. Through this analysis, it was found that the
dispersion in peak magnitudes could be reduced by a correction based on the
shape of the lightcurves, as described below. This finding added support to the
case of using SNe Ia as standardized candles (i.e. after the correction is applied)
for cosmology. Apart from the standardization of the peak magnitudes, the use
of SNe Ia as distance indicators requires the adequate treatment of extinction
corrections (in particular, the contribution from extragalactic extinction). This
latter point was also addressed through the study of lightcurves from SNe Ia in
the Hubble flow.

The standardization of SNe Ia luminosities is based on the observation that
brighter SNe show slower time-evolution (i.e., broader lightcurves) and vice-
versa. Several methods for parameterizing this relation have been developed.
Phillips [61] defined the parameter Am;5(B) as the amount in magnitudes of
the decrease of the B-band lightcurve between maximum light and 15 days after.
A tight correlation was found between Am;s(B) and peak luminosity (o ~ 0.1
mag) [62], after a correction for extinction based on the evolution of colors [41]
is performed. The strength of this parameterization lies on the simplicity with
which Amy5(B) can be obtained.

The success of the Amy5(B) parameter motivated the search for other pa-
rameterizations. Riess et al. [66] introduced the multi-color lightcurve shape
method (MLCS), a sophisticated method to fit the relation between lightcurve
shapes and peak absolute magnitudes for several colors simultaneously, allow-
ing to include the extinction correction in the process. An alternative simpler
method is based on the capability of reproducing the range of observed lightcurve
shapes by stretching or contracting the time axis of a template lightcurve by a
stretch factor s [59]. Figure 3.3 shows the power of this parameterization in
standardizing SN Ia lightcurves.

These empirical correlations may be explained by a theoretical model param-
eterized by the mass of ®6Ni synthesized in the explosion. The radioactive decay
of this isotope to 6Co and then to stable *®Fe is the main source of energy that
powers the lightcurve around maximum light. The amount of 56Ni determines
the peak luminosity and the rate of change of the lightcurve [28].

The distances obtained from the three standardization methods are com-
parable in precision. A dispersion of o ~ 0.18 around an inverse square law is
found for current measurements of SNe Ia in the Hubble flow. Once photometric
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Figure 3.3: Top: Intrinsic spread in SN Ia B-band lightcurves. Note that SNe
with slowly evolving lightcurves are brighter than average, and vice-versa. Bot-
tom: The same lightcurves after a correction for stretch s is applied. The
dispersion in peak magnitude is significantly reduced. Credit: [56].
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uncertainties and errors in the redshift due to peculiar velocities (~300 km/s)
are removed, an intrinsic precision of ~0.12 (6% in the distance) is obtained for
SNe Ia.

Figure 3.4 shows an example of the use of Am;y5(B) to correct SNe Ia mea-
surements in the local Hubble diagram. In order to determine the value of Hy,
the absolute distance scale needs to be determined with an external luminos-
ity calibration. The uncertainty in this calibration poses a serious limitation
to the measurement of Hy with SNe Ia. The external calibration is based on
the distances to some SNe Ia host galaxies, measured using different methods.
For example, the period-luminosity correlation for Cepheid stars has been used
by two different teams to calibrate the luminosity of SNe Ia and determine the
value of Hy. The results from the two teams are divergent: Saha et al. [68] find
Hy = 59 £ 6, while Freedman et al. [16] find Hy = 71 £ 2(+£6 systematic).

It should be noted, on the other hand, that the determination of the cosmo-
logical parameters 25, and Q5 does not depend on the external calibration of
SN Ia luminosities. As will be explained in Section 3.3, Hy can be separated
from Qps and Qp in Eqn. 2.33 and fitted together with the absolute magnitude
M. In other words, Qs and 2, are determined from the relative brightness of
SNe Ia at different redshifts.

3.2 Supernova Searches

In the previous sections, it was explained how SNe Ia can be identified and
parameterized to become very precise distance indicators. Therefore, considered
as standardized candles, SNe Ia fulfill items 1 and 2 in the requirements for the
best distance indicators: they are extremely luminous, and very homogeneous,
after a correction from the lightcurve shape. The third point in the list needs
to be addressed: their ubiquity. Determining the values of the cosmological
parameters 3y and Q4 require the measurement of SNe Ia both in the local
and the distant Universe. The question of detecting SNe Ia thus arises.

SNe Ia are unpredictable events. Also, they are transient: it takes approxi-
mately 20 days to reach maximum light, and they fade by about 2 magnitudes
in the same interval of time after maximum light. This poses a problem since
the standardization of the peak magnitude measurement requires a good cover-
age of the lightcurve, including measurements before or around maximum light.
Furthermore, SNe Ia events are very rare on the time scales of a human life (one
event every several hundred years in a normal galaxy). Therefore, an effective
SN search should monitor a large amount of galaxies to improve the chances of
discovery.

With the use of modern CCD mosaics, which cover relatively large fields
of view (~1 square degree), the problem of SN detection can be solved. For
example, observing 1/3 of a square degree with a 4-meter class telescope using
the R filter, an exposure of 10 minutes reaches 24th magnitude, thus allowing
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Figure 3.4: The local Hubble diagram for SNe Ia before (upper panel) and after
middle panel) a correction to the magnitudes is done using Amq5(B). The lower
panel shows the effect of correcting for host-galaxy extinction. Credit: [62].
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to search around a million galaxies up to z = 0.5 in one night (~50 to 100
fields) [60]. The chances of discovery at high redshift are enhanced by the larger
volumes covered, though the SNe are fainter. An additional complication of
detecting SNe at high redshifts is that they are usually unresolved from their host
galaxies. As a consequence, a secure discovery requires a method for subtracting
the background from the newly found object. Finally, the success of the whole
experiment depends on the confirmation of the SN type (done with spectroscopy)
and on the follow-up photometric observation to build the lightcurves and correct
for extinction. These observations require much more time at larger telescopes
for high-redshift SNe than for nearby ones. How to obtain that precious telescope
time to observe objects that have not been discovered yet?

In the 1990s, the sCP answered that question by developing a search method
which proved to be successful in finding “batches” of high-redshift SNe Ia, all
around maximum light, on a predetermined date. This allowed to schedule the
confirmation and follow-up observations in advance. The method consists on
taking two sets of observations of a certain field with an interval of three weeks,
typically using one or two filters. The first observations are taken right after
new Moon, to reduce the sky background of the images from both sets. In
a process that requires great computing power, the images from the two sets
are aligned, convolved (to account for differences in seeing), and scaled. The
images from the first epoch are subtracted from those of the second epoch. The
results are scanned for possitive residuals which would indicate an object that
has brightened. The separation of three weeks between observations optimizes
the discovery of SNe on the rising phase (at z = 0.5, this interval corresponds
to two weeks in the SN rest frame).

The success of this search method, and the growing interest in SNe Ia ob-
servations, has opened the possibility for a new search strategy, called rolling
search. In this case, large blocks of observing time at a single telescope are used
to image the same fields repeatedly every few days, using multiple filters, for sev-
eral months. In this manner, the same block of observations serves to perform
the searches and automatically assures the follow up of the objects found. The
only additional observations required are those for spectroscopic confirmation.
Several projects have adopted the rolling search mode: the scp, the High-Z Su-
pernova Search (HZSNS), the Supernova Legacy Search (SNLS), the Equation of
State: SupErNovae trace Cosmic Expansion (ESSENCE), etc.

3.3 Results: The Accelerating Universe

Once SNe Ia at low and high redshift are found and their magnitudes com-
puted (normalized with a lightcurve shape — luminosity correlation), they can
be placed in the Hubble diagram and the values of the cosmological parame-
ters can be solved from Eqn. 2.33. In practice, this implies the measurement of
the standardized candles through a certain filter in order to compare suitably
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defined peak magnitudes. In the optical range, there is a series of passbands
defined by their associated filters (U BV RI). These passbands are shown in Fig-
ure 3.5, together with the spectrum of a SN Ia at maximum light. The choice of
the B-band as the most commonly used in cosmology with SNe Ia is based on
higher brightness of these objects on that wavelength region at maximum light,
and on the availability of better constrained standardization from the B-band
lightcurves.

Now, when observing SNe at ever higher redshifts, the light emited in the
range of the B filter arrives at Earth at longer wavelengths. Therefore, com-
paring the observed magnitudes in B (mp) of SNe at different redshifts would
produce an erroneous result, since the values would not correspond to the same
measure of the “standardized candle”. In order to correct the observed magni-
tudes with a certain filter as the emited flux is redshifted, a correction term has
been introduced: the K-correction.

K-Corrections

The effect of redshift on luminosity distances, the K-correction, was first studied
and measured for the observation of galaxies [52]. When observing through a
certain filter ¢, the magnitude of a object a redshift z in that filter would be

m;(z) = m;(z = 0) + K;(2), (3.1)

where K;(z) is the redshift-dependent K-correction that applies to that redshift.
For an object of flux F(\) observed through a filter of transmission function
T;(X), it can be seen that

(3.2)

K;(z) = 2.51log ((1 iy fF(/\)Ti()\)d)\ ) .

)fF()\/(l + 2))Ti(A)dA

An additional complication in the case of SN Ia observations, as opposed
to the case of galaxies, is that SN Ia spectra evolve with time. The evolution
is particularly rapid around maximum light, which produces rapid changes in
the values of K; as a function of time. Therefore, it is not possible to use a
single SN Ia spectrum to compute the K-corrections at all times. Spectral time
series are needed to compute the corrections. The observed homogeneity in the
spectra of SNe Ia allows the use of time series of template spectra to compute
K-corrections for any SN with small uncertainties.

In addition to the difficulties caused by the change of the spectra with time,
when reaching z ~ 0.5, a K-correction for the B filter requires information
of the U part of the spectrum. This information is observationally difficult to
obtain with the majority of the instruments available. Moreover, beacuse of
line blanketing, the evolution of the SN Ta spectrum blueward of 4000 A is
particularly rapid. Kim et al. [35] introduced a different observational approach
for the case of SNe Ia. They demonstrated that, by observing high-redshift SNe
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in the R-band and defining a cross-filter K-correction, the uncertainties could
be substantially reduced, because at z ~ 0.5 the R filter is very similar to a rest
frame B filter. In general, the modified K-correction that translates from the
observed filter 7 to a filter j at z =0 is

[ F(A)T;(\)dA
JEQ/(1+2))T;(N)dX

Kiy(2) = 235108 ((1+2) Jre-a 6y

where C; and C} are constants that define the zero point of the magnitude system
for each filter. The observed magnitudes in filter j are therefore corrected by

mj(z) = m,-(z = 0) + K,] (34)

A further effort in reducing the uncertainties of the K-corrections was at-
tempted by the HZSNS team. They defined a set of filters designed so that
they would match the B and V filters at z = 0.35 and z = 0.45 [72]. With
this strategy, the systematic uncertainties in the calculation of K-corrections for
0.25 < z < 0.55 were reduced, at the expense of having to define a calibration
system for the new filters. This practice has the additional difficulty of deter-
mining the optimal filter to use when the redshift of the SN is still unknown.

The Q;,—2, Plane

The treatment of SNe Ia measurements described above leads to the use of
an effective magnitude as the measure of the standardized candle which allows
to solve for the cosmological parameters by comparing low- and high-redshift
measurements. This effective magnitude is given by the choice of a filter ¢ in
which the measurements at low-redshift are done. For the high-redshift SNe, the
effective magnitude is

mfff =m; + Acorr — Kz'j —A; — Aj, (35)

where A, is a correction term given by the lightcurve shape-luminosity rela-
tion (Sec. 3.1), K;; is the cross-filter K-correction from Eqn. 3.3, A; is a correc-
tion for extinction in the host galaxy (assuming all the extragalactic extinction
is produced in the host galaxy), and A; is the corresponding Galactic extinction
in the observed filter. The way each term on the right-hand side of Eqn. 3.5
is treated, in particular A.,.. and A;, varies among the different teams. The
difficulties in the determination of A; have given rise to a variety of approaches
which will be discussed below.

As seen above, the B filter is usually chosen because of the higher brightness
of SNe Ia in that band at maximum light, and because of the better standard-
ization of peak magnitudes. The B filter has the additional advantage of being
reproducible with optical filters up to z ~ 1.
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Figure 3.5: A SN Ia spectrum at maximum light with the optical photometric
passbands UBV RI superimposed. The wavelength A is given in the rest frame.
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These definitions, introduced in Eqn. 2.33, would allow to perform a fit of
the cosmological parameters Hy, Qs and Qa by solving

m¢! = Mp + 5logdr(z; Ho, Qar, Qn) + 25, (3.6)

given a value of the absolute peak magnitude in the B-band. However, as we
have seen, the calibration of Mp is not certain. Instead, the measurements of
SNe Ia are used to determine only 23, and Q2 from the relative brightnesses.
The Hubble constant is therefore factorized out from dj, and fitted together with
Mp as a nuisance parameter.

An important feature of Eqn. 3.6 is the manner that measurement uncertain-
ties are propagated into the Q3,—Qj plane. Assuming Mp and Hy are known,
the measurement of m%/’ for SNe at a fixed z would yield a relation between
Qpr and Qp. Measurement uncertainties would thus produce a band-shaped
confidence region in the Q- plane. By repeating this exercise at different
values of z, different relations between 2,; and 25 are obtained, with associated
confidence bands of varying shape, as pointed out by Goobar and Perlmutter
[20]. Figure 3.6 from [18] shows a realization of this exercise with simulated
measurements of SNe Ia (o4, = 0.02 mag). The left-hand panel shows the series
of 1o bands at different redshifts (between z = 0.2 and z = 1.8, at intervals
of 0.2). The experiment of building the Hubble diagram with measurements of
SNe Ia at different redshifts can be represented by the combination of the confi-
dence bands for each redshift, as shown on the right-hand panel of Fig. 3.6. The
advantage of increasing the range of z is that the combined confidence contours
in the Q,,—Q plane are dramatically reduced because of the geometry implied
by Eqn. 3.6.

Measurements of SNe Ia not only involve uncertainties in the magnitudes,
but also in the redshift. The latter uncertainties are usually neglected when per-
forming cosmology fits. For completeness, we study their effect on the precision
of Qpr and Qp. A cosmology fit that considers the uncertainties in both coordi-
nates (mp and z) can be done using the effective variance method (EvM) [53],
which is a modification of the least-squares or maximum likelihood methods by
introducing an additional term in the uncertainties.

Suppose the measurements of N SNe (i = 1,...,N) are m; and z;, with
uncertainties o,,, and o,,, and the cosmological model to be fitted (the right-
hand side of Eqn. 3.6) is written as f(z;; Qar,Qa). The negative logarithmic
likelihood function, L(Qar, ), considering only errors in m; is

N ) 2
L(Qr, ) = —% 3 (m" - f(j"’QM’QA)) . (3.7)
i=1 mi

Under the assumption that (%) ‘ is approximately constant over the interval
-

; < 2 < z+ 0, it can be shown that Eqn. 3.7 holds in the case with
uncertainties in m; and z;, if afm in the denominator is replaced by

Ri — Oz;
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Figure 3.6: Left-hand panel: Simulations of the confidence bands in the Q3,2
plane obtained with SN measurements of precision o, = 0.02 mag at differ-
ent fixed redshifts, between z = 0.2 and z = 1.8. Note that the slope of the
bands changes with z. Right-hand panel: The combination of measurements at
different redshifts reduces dramatically the size of the confidence regions in the
Qu—Qa plane. Credit: [18].
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This replacement of the uncertainties is the basis of the EVM.

The importance of the new source of uncertainties introduced depends on the
relative weight of the two terms on the right-hand side of Eqn. 3.8. For given

and o,,, this depends on the value of (%)

Om; , which is a function of z;.

i

Zi

This function is shown in Figure 3.7 for two different cosmologies. It can be seen
that the relative effect of redshift uncertainties is enhanced at low redshifts.

There are three main ways to obtain the value of z, with differing precision.
First, the position of narrow lines in the host-galaxy spectrum, if they can be
detected, yields redshifts with precision of o, ~ 0.001. Second, the position
of SN features, which are largely broadened by the expansion of the ejecta,
determine z with uncertainties o, ~ 0.01. Third, when no spectrum is available,
a photometric redshift based on the color of the host galaxy can be used, with
typical precision of o, ~ 0.1. The latter case is not suitable for cosmology, due
to the large uncertainty and because a spectroscopic observation is needed to
determine the SN type, as seen above.

Given a value of intrinsic dispersion in m of ~0.1, for uncertainties in z of
~0.01, the contribution of the latter to the total error 6 would be significant
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at z < 0.2. This would enlarge the confidence contours in the Q;,—, plane.

Uncertainties of o, ~ 0.001 are not expected to significantly affect the precision
of Qpr and Q4.

0, = 0.28, 0, = 0.72
\

N e 0, = 1.0, 0, = 0.0

dt/dz
[9)]

Figure 3.7: The derivative <%) of the model for merf (Eqn. 3.6) with respect

to z. Note that for low values of z, the uncertainties in z would have a greater
impact on the precision of cosmological parameters.

Cosmology Fits

In the following, we focus on the latest results by the scp, presented in Paper
A. The paper presents the cosmology fit done using data from 11 newly analyzed
high-redshift SNe (0.36 < z < 0.86) observed with the Hubble Space Telescope
(HST), in addition to other 27 high-redshift SNe (0.17 < z < 0.83) from Perl-
mutter et al. [57], and 26 low-redshift SNe (0.01 < z < 0.13) from Hamuy et al.
[21], Riess et al. [65] . In this case, the standardization of the peak magnitudes is
based on the stretch parameter s. The mild dependence of the peak magnitude
on s is represented by a slope parameter «, such that

Acorr = a(s - 1) (39)

Instead of fitting the value of a from the measurements of SNe in te Hub-
ble flow, this parameter is included in the overall cosmology fit. In sum, the
expression of Eqn. 3.6 is rewritten as
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mB:MB+510gDL(z;QM,QA)—a(s—l). (3.10)

Here, mp is the Galactic extinction and K-corrected peak magnitude in rest-
frame B-band. The correction for host-galaxy extinction is addressed separately,
as described below. Dy = Hydy is the “Hubble constant-free” luminosity dis-
tance, and Mp = Mp—5log Hyp+25 is the “Hubble constant-free” B-band peak
absolute magnitude of a SN Ia with s = 1 and true peak absolute magnitude
Mpg. The measurements of mp, z and s from the SN Ia sample mentioned above
are used to fit Qs and Qp, together with the two nuisance parameters M p and
Q.

Host-Galaxy Extinction. Host-galaxy extinction corrections are determined
from color index measurements. A color excess is defined as the difference
between a measured color index and the intrinsic color index of the object.
For example, a measured (B — V) color of an object with intrinsic (B — V)
corresponds to a color excess of

E(B-V)=(B-V)-(B~-V). (3.11)

The extinction A in a certain band is proportional to the color excess. For
example,

AB ERBE(B—V), (312)

which introduces the definition of the total-to-selective absorption coefficient in
the B-band, Rp, (a typical value for a SN spectrum is Rp = 4.1, from the
extinction law of O’Donnell [50]).

Obtaining color excesses for high-redshift SNe Ia is a difficult task which
involves large measurement uncertainties and the dispersion in intrinsic SN Ia
color, which is determined from the measurement of nearby SNe. These uncer-
tainties are even greater when (U — B) colors have to be considered (this is the
best match rest-frame color for observed (R — I) at 0.7 < z < 1).

In Paper A, two strategies to cope with the problem of host galaxy extinc-
tion are taken. First, following Perlmutter et al. [57], the most reddened SNe are
rejected from the sample and the rest are not corrected. Second, the measured
color excesses are used to correct for extinction. In both cases, the intrinsic col-
ors in rest-frame (B —V)g, (V — R)o and (R — I)¢ were computed at each epoch
using the low-z data. A smooth curve was fitted to the measured colors versus
date relative to maximum light. The host-galaxy extinction for these nearby
SN color measurements was handled by applying a blue-sided ridgeline fit, by
which all points lying more than 1o to the red of the fit were considered as being
exactly 1o away.

Through the first approach, objects with E(B — V) > 0.1 and more than 20
above zero are discarded from the sample. The distribution of color excesses for
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the remaining SNe is compared with that of the low-z sample, taking into account
the measurement uncertainties. The only requirement for obtaining an unbiased
fit is that the distributions are statistically identical —it is not necessary that
both distributions are consistent with zero extinction. Figure 3.8 shows that the
distributions at low- and high-redshifts are compatible. The use of magnitudes
uncorrected for extinction requires the addition of the intrinsic dispersion in the
magnitudes (taken from the low-z sample, as 0.17 mag [23]).

The Hubble diagram built through this approach is shown in Figure 3.9
where, for clarity, points corresponding to SNe within Az < 0.01 from each
other have been combined using a weighed average. The fit resulting from the
measurements (using individual measurements and not the averages shown in the
plot) yields (Qar, Q) = (02570 9%,0.7510:0%), assuming a flat Universe. This fit
is shown with a solid curve in Figure 3.9. The lower panel shows the residuals
from an empty Universe (as plotted in Fig. 2.1) to emphasize the differences
among the models. The confidence contours of the fit are shown in Figure 3.10. A
non-zero cosmological constant is required with a probability >99%. Moreover,
from Eqn. 2.37, the result obtained means that the expansion of the Universe
is presently accelerated. This result is also supported with a probability >99%
(see Fig. 3.10).

The second approach to correct for host-galaxy extinction in Paper A is
to directly use the measurements of E(B — V). The high-precision color-index
measurements available for the 11 HST SNe (o < 0.08) allows a direct esti-
mation of the host-galaxy extinction using Eqn. 3.11, without the need of any
assumption about the intrinsic extinction distribution (see the HZSNS approach
below). A less stringent cut on the color excess is used (rejecting objects with
E(B —V) > 0.25 and more than 30 above zero) because it has been found in
studies of low-redshift SNe, that these very reddened SNe appear to be over-
corrected for extinction when using a standard reddening law [62]. Figure 3.11
shows the effect of this correction for the 11 HST SNe of Paper A. The un-
certainties of ground-based color measurements from Perlmutter et al. [57] are
larger (compare the last two panels in Figure 3.8), which would introduce larger
uncertainties in the results of the fit. The top and bottom panels of Figure 3.12
shows this difference. The fits to the extinction-corrected data are done adding
an intrinsic uncertainty in mp of 0.11 mag [62]. The results of the cosmology
fits using direct extinction corrections on the whole data set of Paper A are
(Qar,24) = (0.287014,0.727019), assuming a flat Universe. The case of Q5 > 0
is still favored with probability >99%.

A different approach to treat host-galaxy extinction from the two used in
Paper A is to assume an asymmetric prior on the color excesses, as done by
the HZSNS. By this assumption, negative values of E(B — V) are given zero
probability, and possitive values would have a sharp peak at E(B—V') ~ 0, with
an exponential decline. It should be noted that, if colors are measured with
different precision at low- and high-redshift, such a prior would introduce a bias
on the result of the fit, depending on the exact shape of the prior distribution.
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Figure 3.8: Histograms of measured E(B — V) for the four SN samples analysed
in Paper A. The shaded histograms represent the SNe used in the first approach
to treat host-galaxy extinction (see text). The open boxes represent SNe in the
complete sample sample used in the second approach of extinction correction,
and the dotted boxes correspond to rejected SNe (see Paper A for details). The
solid lines in the two bottom panels represent the distribution of color excesses
observed at low redshifts, considering the different measurement precisions. The
distribution for high-z SNe is consistent with that of low-z SNe.
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Figure 3.9: Upper panel: Averaged Hubble diagram from Paper A (treating the
exticntion corrections through the first approach, see text). For clarity, points
within Az < 0.01 from each other have been averaged. The best-fit cosmology
(Qar,Q24) = (0.25,0.75) is represented by a solid curve. For comparison, other
two cosmologies are shown: (Qar,Q24) = (0.25,0) and (a7, Q) = (1,0). Lower
panel: Residual Hubble diagrams, compared to the case of an empty Universe
(Qar,Q4) = (0,0). The significance of the detection of dark energy is stressed
in this panel.
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Figure 3.10: Confidence regions in the 3,4 plane from Paper A (treating
the exticntion corrections through the first approach, see text).
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Figure 3.11: Hubble diagram of effective K- and stretch corrected mp versus z
for the 11 SNe observed with the HST in Paper A . Open circles represent the
SNe rejected in the first approach for treating host-galaxy extinction. The cross
corresponds to a SN which was rejected from all fits for being too reddened. The
lines correspond to three example cosmologies indicated in the graph. The solid
line is the best-fit cosmology when full extinction corrections are applied. Upper
panel: No host-galaxy correction applied. Inner error-bars show measurement
uncertainties. Outer error-bars include 0.17 mag of intrinsic dispersion. Lower
panel: Additional host-galaxy correction was applied using the measured E(B —
V) values. The inner error-bars (measurement uncertainties) are now larger.
Outer error-bars add 0.11 of intrinsic dispersion.
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While the use of a sharp enough peak at low extinctions introduces little bias,
its effect is to almost completely eliminate the contribution of errors on E(B —
V) to the Qp—Qa confidence contours. This is shown in the middle panels of
Figure 3.12 for different SN samples, including the results of the HZSNS team [63].
The choice of a sharply peaked prior is similar to rejecting the most extincted
SNe and assuming no extinction for the rest (the first approach in Paper A),
but without testing this assumption.

Knop et. al. (2003)

Perlmutter et al. (1999) SNe HST SNe All current SCP SNe
Qp (This Paper)
] rrrryrTrTrT T T T

Without E(B-V)
correction,
significantly
reddened
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| Riessetal. (1998)
] as Published
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Figure 3.12: Confidence regions in the Q,—Q, plane for different data subsets
and methods to treat host-galaxy extinction used in Paper A. Upper panels:
First approach described in the text, omitting significantly reddened SNe. Mid-
dle panels: Third approach described in the text, using a one-sided extinction
prior. Upper panels: Second approach presented in the text, where extinction
corrections are applied without any prior. Note that the fits in the middle row
can either yield results similar to those in the upper row, or biased results. Also
note the precision obtained when correcting for extinction with the HST color
measurements (lower-right panel).

Finally, Figure 3.13 shows the results of 2y, and Q4 for a combination of
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the sCP measurements from Paper A and a subsample of well-measured high-
redshift SNe Ia from the HzSNS team [63]. Under the assumption of a flat
Universe, the combination yields (Qar, Q1) = (0.26799%,0.7473:99). Recently
published data from ground-based observations of 8 new high-redshift SNe Ia
yield consistent results [76].

3.4 Measurements of Dark Energy

The Cosmological Constant Problem

The results of a Universe with non-vanishing cosmological constant and in a
current phase of accelerated expansion are of enormous importance for our un-
derstanding of the dynamics of the cosmic fluid. Even more exciting are the
fundamental questions raised by these results. The measurement of 2y ~ 1 at
present time is one of the most puzzling results in modern theoretical physics.
If vacuum energy is to be explained by a quantum theory of gravitation, its
fundamental mass scale would be set by the Planck mass, mp; = 1.2 x 10'? GeV
(in natural units). The energy density would be of the order of p ~ m%, ~ 107
GeV“. However, the measured value of Q ~ 1 corresponds to pp ~ 10746 GeV,
i.e. 122 orders of magnitude smaller. Certainly, this severe discrepancy requires
a correct theoretical explanation of the nature of vacuum energy, conceivably in
relation with the development of a theory of quantum gravity.

The Equation-of-State Parameter

We consider now the non-matter component of the total energy density to have
a general equation of state p = wp, instead of a constant density, as discussed
in Section 2.4. This component, called dark energy, would have an associated
density parameter Qx (Eqn. 2.42).

In Paper A, the Hubble diagram for SNe Ia was used to obtain the equation-
of-state parameter for dark energy, w, assumed to be constant with z, together
with Qp; and Qx. Given the limitations of the data available to fit those param-
eters (and the nuisance parameters M and «), the additional assumption of a
flat Universe (Qp +Qx = 1) was taken. The results of the fit, represented in the
w—Q s plane are shown in Figure 3.14. The treatment of host-galaxy extinction
corrections was done, as above, by selecting the least extinguished SNe (left-hand
panels), and by correcting with the measured E(B — V') values (right-hand pan-
els). The SN Ia data alone (top panels) set a limit of w < —0.64 with probability
of 99%. The middle panels of Figure 3.14 show the results from SNe Ia overlayed
on the results of two independent experiments: the Two-Degree Field Galaxy
Redshift Survey (2dFGRS, [27, 79], and the Wilkinson Microwave Anisotropy
Probe (WMAP) and other CMBR measurements [6, 73]. Since these other ex-
periments yield confidence contours with different orientations as those of SNe,
the combined measurements (bottom panels) provide much stronger constraints
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Figure 3.13: Confidence regions in the Q4 plane (68%, 90%, 95% and 99%)
combining the data from the scp (Paper A and [57]) and the HZSNS team [63].
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on both Qj; and w. When marginalizing the results over s, the measurement

of the equation-of-state parameter is w = —1.057335 (using the subsample of
SNe with low extinctions), or w = —1.02+93% (using the SN data corrected for

host-galaxy extinction). These results are consistent with a low-density Universe
dominated by vacuum energy (with w = —1), although the nature of the dark
energy is not well constrained.

3.5 Systematic Uncertainties

The results of the cosmological parameters presented above are based on the
comparison of luminosity distances for low- and high-redshift SNe Ia, under the
assumption that the brightness measurements correspond to the same measure
of the standardized candle. A number of systematic effects can introduce a bias
in the brightness as a function of redshift. These effects may arise from differ-
ences in the measurement techniques, from differing SN sample selections, or
from more fundamental variations in the properties of the standardized candles
or their environment. If the effects are large and not well constrained or cor-
rected, they would hamper the accuracy on the determination of the cosmological
parameters.

The following presents a brief description of the main possible sources of
systematic error and their estimated effects on the current SN Ta measurements.

SN Samples

It is important that, after a lightcurve-shape correction, the peak magnitudes
of SNe Ia at different redshifts provide an unbiased measure of the luminosity
distances. This requires the correct identification of SN types, the control of
selection effects, and the understanding of how physical properties of SNe Ia
may depend on z (in particular, whether such dependence can be accounted for
by the lightcurve-shape correction which is defined at low-z).

Type Contamination. The measurements should be done on type Ia super-
novae, which are standardized candles. The lightcurve data is not sufficient to
distinguish the different types of SNe, especially between SNe Ia and Ib/c. Spec-
troscopic data is needed to secure the classification. Paper A uses only SNe
for which these data are available. However, the classification of high-redshift
SNe can be less secure due to higher noise or host-galaxy contamination in the
spectra, and because the most prominent spectral feature defining SNe Ia (Si 11
A6355) is redshifted out of the optical range for z > 0.5. The identification of
higher-redshift SNe Ia relies on other, weaker spectral features on the blue part
of the rest-frame spectrum.

In Paper A, the cosmology fit was repeated using only the securely classified
SNe Ia. Its comparison with the fit using the complete sample produces an
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Figure 3.14: Confidence regions in the Qp—w plane for Qp + Qx = 1 and
non-varying w. The regions correspond to 68%, 90%, 95% and 99% confidence
levels. The left-hand panels show the results of the first approach of host-galaxy
extinction treatment (see text) presented in Paper A. The right-hand panels
show the results of the second approach in which extinction is directly corrected.
The upper panels show the results from SNe alone. The middle panels have these
contours (dotted lines) with the results of 2dFGRS (filled contours; [27]) and
CMBR measurements (solid lines; [73]). The lower panels show the combination
of the three experiments.
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estimate of the systematic uncertainty on Qs for a flat Universe of 0.03.

Malmgquist Bias. There are several selection effects that might be introduced
from the way SNe are discovered and chosen for further follow-up. The most
important of such effects is the Malmquist bias [42, 43]. This effect leads to
a bias toward brighter objects among the SNe discovered through magnitude
limited searches (such as the ones described in Section 3.2), near the redshift
limit of the searches. The effect is not present in the case of SNe discovered
through galaxy surveys. The size of the effect is proportional to the square
of the intrinsic dispersion of the distance indicator and further depends on the
phase of the lightcurve when the SNe are discovered (since a discovery near
maximum light at a certain magnitude would put the SN closer to the distance
limit).

As noted for the extinction corrections, the overall effect of the Malmquist
bias on the cosmology fit arises from the difference of its effect at low and high
redshift. In Paper A, the origin of all the SN samples used is studied in detail
and a difference of 0.01 mag is found between low- and high-redshift SNe. A
propagation of the estimated biases to the cosmology fit results in an estimate
of the systematic effect on s in a flat Universe of only 0.01.

Evolution. Any possible change of the physical properties as a function of
redshift may introduce systematic effects in the relative luminosity distances of
low- and high-redshift SNe. We have seen that observational differences among
low-z SNe can be used to correct differences in absolute magnitude, in particular
through lightcurve shape-luminosity relations, which are explained by variations
in some physical propertie of the SN (e.g., the amount of 56Ni synthesized in
the explosion). A dependence of such property on redshift would not introduce
any bias in the measurements if the lightcurve shape—luminosity relation used
to correct the magnitudes accounts for the whole range of the physical property
at high redshift also. A first test for this effect is to compare the distribution
of lightcurve-shape parameters for SNe at low and high redshifts. In Paper A,
the values of the stretch parameter s are compared. All the values of s found at
high redshift have their counterparts at low redshift. Also, Goldhaber et al. [17]
find no dependence of the strectch parameter on z.

Additional tests based on comparisons of observational properties can be
done. For instance, the lightcurve rise time, which is believed to be an indica-
tor of the energetics of the explosion [49, 29], were first suggested to vary with
redshift [64], although a more recent work finds good agreement for low- and
high-redshift SNe [2]. Of ultimate importance are spectral studies, due to the
amount and variety of information about SN physics that can be obtained from
spectral properties. Also, the spectra can be used to define alternative ways
of calibrating SN Ia luminosities, independently from lightcurve shapes, as pre-
sented in Paper II (see Section 5.2). The resemblance between spectra of low-
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and high-redshift SNe [55, 14, 5, 67, 8] support the similarity of the physical
processes in the two cases. A quantitative analysis of spectroscopic parame-
ters comparing low- and high-redshift SNe, presented in Paper IV, shows no
discrepancies between the samples (see Section 5.3).

The effects of population age and metallicity drifts with redshift may also
cause changes in the luminosities. These effects can be tested in the local Uni-
verse by studying the possible dependence of SN Ia properties on host-galaxy
type. Such dependence was indeed found [22] although it is fully accounted for
by the lightcurve shape-luminosity relation. Paper B presents a direct test
for a possible bias in the cosmology fit depending on the host-galaxy type, as
a surrogate for progenitor age and metallicity. The results of that test show no
significant difference in the cosmology fits based on SNe residing in early-type
and late-type galaxies. This provides strong evidence that, even if the intrinsic
brightness of SNe Ia may depend on metallicity or age, the lightcurve shape
correction can account for such dependence.

K-Corrections and Colors

In Section 3.3, we have seen that the computation of the K-correction term in
Eqn 3.5 presents some difficulties. Its calculation requires accurate SN spec-
trophotometry and calibration of the filter system used (which determines the
zero points C; and C; in Eqn. 3.3). More importantly, it requires the use of an
adequate SN spectrum template for the corresponding epoch of the observation
to be corrected. Although the spectra of SNe Ia are relatively homogeneous,
the study of possible peculiarities that might introduce differences in the K-
corrections is important. Analyses such as the one presented in Paper III for
SN 1999aa, in Paper H for SN 1999ac, or in Paper D for SN 2002bo, allow a
more detailed knowledge of spectral differences and the choice of the appropriate
subset of template SN spectra.

The uncertainties are enhanced when the observations involve the rest-frame
U-band, where the amount of data from nearby SNe is significantly lower than
in other bands. In Paper A, a test is done to determine the effect on the K-
corrections, and therefore on the cosmology fit, of varying the (U — B) color of
the templates. The effect is found to be very mild, with negligible variations on
Qs for a flat Universe.

However, differences in the adopted intrinsic (U — B) color have a much
greater effect on the computed color excesses. This affects the cosmology fits
done with direct host-galaxy extinction corrections. The effect is estimated in
Paper A to produce an uncertainty of 0.07 in 2, for a flat Universe.

Light Propagation

Even if SNe Ia are proven to be accurate distance indicators (as standardized
candles), the possibility remains that, in its way to the Earth, the radiation they
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emit suffers the effect of some intervening agent not considered in the correction
of the observed magnitudes. Again it should be noted that a bias would be
introduced in the cosmology fit only if the effect were redshift-dependent. The
following considers two possible sources of systematic errors originated in the
host-galaxy medium and in the intergalactic medium (1Gm). These are the pos-
sible evolution of dust properties and the effect of gravitational lensing. Other
possible agents suggested to mimic the the effect of an accelerated expansion
on the measured magnitudes are “gray” dust (i.e., a homogeneously distributed
absorbing component in the 1IGM with weak dependence on wavelength), and ax-
ions (through axion-photon oscillations in the 1GM), although they are believed
to introduce an insignificant bias.

Dust Properties. The possibility that the dust properties evolve with red-
shift may introduce systematic changes in the extinction law (in particular, in
the value of the total-to-selective extinction coefficient, e.g., Rg). This effect
would produce a variation in the cosmology fit only when extinction corrections
are applied. The effect of varying Rp with z is simulated in Paper A and
an uncertainty of 0.04 is found for Qj; in a flat Universe. The use of I-band
lightcurves to build the Hubble diagram may prove more convenient since ex-
tinction is less significant at those wavelengths. Such an attempt is presented in
Paper F.

Gravitational Lensing. As light travels from the SN to the Earth, it is sub-
ject to be gravitationally lensed due to fluctuations in the distribution of mat-
ter. Most commonly, the light path traverses under-dense regions and the SN
is therefore de-magnified. Occasionally, an over-dense region is encountered and
the object appears magnified. The distribution of observed brightnesses is thus
skewed, with a vast majority of objects appearing fainter than than in the case of
homogeneous gravitational potential, and a few objects being highly magnified.
In sum, the modal brightness is decreased, the dispersion is increased, and the
mean is unchanged. For a limited sample of SNe, the distribution may not be
well reproduced, and a bias may occur. The size of the effect depends on the
fraction of compact objects acting as lenses, as modeled by Amanullah et al. [4].
The potential bias introduced in the cosmology fit increases with the redshift of
the SNe in the sample. For the data set presented in Paper A, this effect was
simulated using the SNOC package [19], and found to introduce an uncertainty of
0.01 in the value of Qs for a flat Universe.
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Chapter 4

Observation of Type Ia
Supernova Spectra

4.1 The Spring 1999 Nearby Supernova Cam-
paign
Why Going Back for Nearby SNe

Chapter 3 presents the exciting result of an accelerated expansion of the Uni-
verse, supported by type Ia supernova (SN Ia) measurements. The observation
of distant SNe Ia (z > 0.3) is essential to distinguish among the different cosmo-
logical models (See Figure 3.6 and its discussion in Section 3.3). However, the
whole technique relies on our knowledge of nearby SNe. As seen in Section 3.1,
the use of SNe Ia as standardized candles is based on the correlation between
lightcurve shape properties and peak luminosity, which was found using data
of SNe in the Hubble flow (0.01 < z < 0.1). The precision with which Qs
and Q4 can be determined depends in part on the calibration of the low-z SNe
through the precision in the fitted nuisance parameter M. Furthermore, as de-
scribed in Section 3.5, a number of systematic effects may play an important
role in the uncertainties of Q3 and Qy, especially as SN Ia data begin to accu-
mulate and statistical uncertainties are reduced. Our knowledge of the nature
of SN Ia progenitors and explosion mechanism is still limited. Therefore, the
study of systematic effects is to a great extent dependent on observational data.
Nearby SNe are easier to observe and explore in detail as they brighten and fade.
Both the empirical calibration of SN Ia luminosity and the understanding of the
physics involved in SN explosions require the best possible and most complete
set of data. Finally, these studies need to be carried out on the sample of high-z
SNe Ia in order to fully assess the importance of possible systematic effects in
the estimation of the cosmological parameters.

47
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With the purpose of addressing these issues, during the Spring of 1999,
the Supernova Cosmology Project (SCP) coordinated an observing campaign in
which 19 low-z SNe Ia were discovered and followed up [1, 48]. Both photometry
and spectroscopy observations were carried out to obtain UBV RI lightcurves
and spectral time series. The importance of this new data-set lies on the large
amount of SN Ia spectra, obtained with a systematic and quite homogeneous
observational technique. A large fraction of the work for this thesis is related
to the observation, reduction and analysis of these spectra. The study of the
spectroscopic data was done with the twofold aim of addressing the homogeneity
of SN TIa properties in detail, and exploring new means of standardizing SN Ia
distance measurements through the correlation of spectral parameters with peak
luminosity. Also of interest is the use of these low-z SN Ia data to improve the
accuracy with which K-corrections can be computed. The photometry data col-
lected would also serve to study certain SN Ia properties which may be related
to environmental or evolutionary effects, such as lightcurve rise times, U-band
lightcurve properties, color indices and their relation to extinction estimation,
dependence on host-galaxy type, etc. Part of this data-set was used to deter-
mine the rate of SN Ia explosions in the local Universe (z ~ 0.1), as presented
in Paper C.

Observations

The observations of the Spring 1999 Nearby Supernova Campaign (for short, the
“Spring ’99” campaign) can be divided in three parts: the search, the follow-up
and the reference observations.

The search for SNe involved the collaboration of several observing teams,
with the coordination of the scp: the EROS, the MOSAIC/CTIO Team, the
SpaceWatch, the NEAT, the QUEST and the El Roble Supernova Search. Each
of these search teams worked with different scientific goals, including SN dis-
covery and asteroid tracking, but used similar search techniques. In short, the
search consisted of repeated observations of certain fields of the sky and subtrac-
tion of subsequent images to find residuals due to variable objects. The size and
location of the search fields, the instrumentation used and the frequency of the
observations varied among the teams. Typically, the size of the fields covered by
each team ranged from a few to several hundred square degrees. A total of more
than 1300 square degrees of the sky were monitored during three months. The
search was done on fields lying outside the Galactic plane in order to reduce the
contamination from nearby objects and avoid regions of high Galactic extinction.
The SN candidates were chosen among the brightening objects in order to pre-
select those discovered at early phases. Figure 4.1 shows an image of one of the
discovered SNe; the SN is clearly seen on one side of its host galaxy, located at
a redshift of 0.05. The proper motion of the objects found was checked in order
to discard possible asteroid detections. The amount of the brightening and the
position of the object with respect to its possible host galaxy were considered in
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order to discard active galaxy nuclei and other undesired variable objects. Fi-
nally, the preselected discoveries were screened with spectroscopic observations
in order to secure their identification. The spectra allowed the classification of
the SNe found and thus were crucial for the planning of follow-up observations.
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Figure 4.1: Image of the discovery of SN 1999av at z = 0.05. North is up and
East is to the left. The SN, marked with a cross, is clearly seen on one side of
its host galaxy.

The search delivered 19 SNe Ia at z < 0.2 discovered before or around max-
imum light, which were finally followed, and a similar amount of all types, in-
cluding SNe Ia that were already in the fading phase and were therefore not
useful for the purposes of the campaign. The discoveries were made public to
the astronomical community through a number of circulars to the TAU: 7109,
7117, 7122, 7125, 7128, 7130, 7131, 7133, 7134, 7136, and 7138.

The selected SNe Ia were extensively followed with optical direct imaging and
spectroscopy. The direct imaging observations consisted of UBV RI photome-
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try obtained at 12 different telescopes in a three month period. The resulting
sampling of the lightcurves ranged from ~3 days to ~1 week, depending on the
brightness of the SNe. During the same period, the spectroscopy observations
were obtained in more than 30 observing nights at 9 different telescopes. This
added to the classification spectra a time series of varying coverage, depending
on the brightness of the SNe.

The final stage of the campaign, the reference part, was accomplished ap-
proximately one year after the search was done. At this stage, new images and
spectra were taken at the locations where the SNe had been discovered. By that
time, the SNe had faded enough for the new observations to show only the back-
ground host galaxy signal. Both direct images and spectra were used to subtract
the contribution of the host-galaxy flux from the follow-up observations. This
procedure is of outmost importance for achieving accurate lightcurves and spec-
tra, especially in the cases of the most distant SNe in the sample which could
not be spatially resolved from their host galaxies. Furthermore, the reference
observations provided information about the environment in which each SN went
off. This information can be used in the study of possible progenitor age, mass
or metallicity effects on SN properties. This part of the campaign required less
observational effort because only one data point per SN (both in photometry
and spectroscopy) was sufficient. Also, the objects observed at this stage were
no longer variable, which made the scheduling of observing time easier and the
chances of success less subject to technical or weather conditions.

The following sections refer to the spectroscopy part of the campaign, to
which I dedicated great part of my work as a graduate student. The set of
spectra obtained was used to carry out a series of studies which are presented
in Chapter 5.

Spectra Reduction

The vast amount of spectra obtained during the Spring '99 campaign, involving
several telescopes and different observers, made their reduction a long-term task
which justified the development of a thorough data treatment method which
is described in Paper I. This method aims at the preparation of SN spectra
in particular but also addresses some general issues of spectroscopy observation
and reduction. The final results are fully calibrated spectra with associated
statistical and systematic uncertainties. The method was developed after the
Spring ’99 data had been taken and thus encountered some limitations in its
applicability. Even though the observations were coordinated and planned to
follow certain common prescriptions, there was some degree of heterogeneity
arising from instrumentation and weather limitations, and from the different
level of experience among the observers.

With the purpose of collecting thorough information about the observations
and reduction steps, a database was created using MySQL. The database also
contains a description of every SN observed and instrument used. For each ob-
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serving night, a reduction log is available with information about intermediate
product images and calibration images. Information about the way each reduc-
tion step was done (parameters of fits, their precision, explanatory graphs, etc)
is also kept. Figures 4.2 and 4.3 show an example of a reduction log as it appears
on an Internet browser. The availability of the database is very helpful in the
analysis of the spectra since it allows to track the source of possible problems
through the whole reduction process.
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Figure 4.2: A reduction log (first part) containing summary tables of the SN
and standard star observations. Courtesy: Rahman Amanullah

Table 1 in Paper I provides basic information about the instrumental set-
tings used to obtain the follow-up Spring '99 spectra. The following description
presents some additional facts of the reduction process. A summary of the main
reduction steps is given in Table 4.1. Most of these steps were done using stan-
dard routines provided by the image reduction package IRAF!. The rest of the

LIRAF is distributed by the National Optical Astronomy Observatories, which are oper-
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Figure 4.3: A reduction log (second part) containing the lists of science and
calibrations images, useful reduction information and links to the archived data.
Courtesy: Rahman Amanullah
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steps were done by self-made routines in the form of IRAF or IDL scripts, or
FORTRAN programs.

Background subtraction and spectrum extraction. A series of tests were
performed in search for an optimal method of background subtraction and sig-
nal extraction from the SN spectra. Several interplaying factors were considered
when defining the background level and extraction aperture: the minimization
of the host-galaxy contamination, the accuracy of the background fit, the op-
timization of the signal-to-noise ratio, and the simplicity of the method. Two
background subtraction methods, differing in the selection of the fitting range,
were compared. The first method (1) based the fit of a low order cubic spline
function on the whole spatial range, whereas the second method (11) used the
region in the vicinity of the object to fit a low-order polynomial. The accuracy of
both subtractions was tested by comparing the background spectrum fit on the
location of the SN with a reference background taken from the original image,
off the location of the SN2. Special attention was put on the removal of fringing
patterns and sky lines. In addition, extraction apertures of different size were
tested. The results of the tests depended on the relative brightness and appar-
ent location of the SN with respect to the host galaxy. In general, the residual
fringes and sky lines were not significant, with the exception of some spectra
from the NOT and the Lick 3m telescope.

Figure 4.4 shows three distinct cases which were considered separately. In
case (a), the SN is well separated from the core of the host galaxy. Both back-
ground subtraction methods produced comparable results. Method 1 was finally
used due to its more straightforward applicability, without the need to select the
fitting region in each case. The extraction aperture limits were chosen where
the SN signal blended into the background noise to optimize the signal-to-noise
ratio. In case (b), the SN is located on the core of the host galaxy though it
can be resolved on the extended host-galaxy background. In general, method
11 produced unreliable galaxy background subtractions due to the variation of
the relative brightness between SN and host galaxy as a function of wavelength.
Method 1 was therefore used, which did not subtract the core of the host galaxy.
Because of that, the aperture size was reduced to avoid the more contaminated
wings of the SN profile. Care was taken so that the trace of the aperture along
the dispersion direction, which follows the position of the profile peak, did not
“Sump” from the SN to the host galaxy, especially on the red part of the spec-
trum, where the host galaxy usually becomes brighter. The spectra extracted
in this way were affected by a certain degree of host-galaxy contamination. The
correction of this contamination proved to be reliable at a final stage, with the
use of the reference spectra, as described below. A first estimate of the con-
tamination level could be drawn from the relative fluxes of SN and host galaxy

ated by the Association of Universities for Research in Astronomy, Inc., under cooperative
agreement with the National Science Foundation. http://iraf .noao.edu.
2 An offset of 4xFWHM was typically used.
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Table 4.1: Main spectra reduction steps.

Two-dimensional images

Reduction Step?® Details/ routine used®

Average of bias images zerocombine

Overscan subtraction ccdproc

(Dark current correction) ccdproc

Trimming ccdproc

Bias subtraction ccdproc

Flat-field combination flatcombine

Flat-field normalization response

Flat-field division ccdproc

Check of illumination implot on the twilight spectra

(Ilumination correction) illumination

Sky background subtraction background

Exrtraction of 1-D spectra apall
One-dimensional images

Reduction Step? Details/ routine used®

Dispersion function fit identify, reidentify

Wavelength calibration dispcor

Check of wavelength calibration splot to measure the sky lines

Effective airmass calculation setairmass

Sensitivity function fit standard, sensfunc

Atmospheric extinction correction sensfunc, calibrate

Flux calibration calibrate

Addition of the background con- IRAF script

tribution to the sigma spectrum

Spectra combination IDL script (See Paper I)

Milky Way extinction correction = FORTRAN program (See Paper I)

2 The main reduction steps are listed. Entries in parentheses correspond
to to procedures that were carried out only when needed and when the
suitable calibration data were available.

b Routine names correspond to standard IRAF routines.
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inside the selected aperture. In case (c), corresponding to a more distant SN
than in the previous cases, the SN and host-galaxy signals are barely resolved.
The background subtraction was done using method I for the same reasons as in
case (a). A narrow aperture was used for the extraction in order to reduce the
contamination from the host galaxy. A priori, the level of contamination was
uncertain in these cases and had to be determined from the subtraction of the
reference spectra. The situation worsened as the SN faded with time causing
that some of the extracted spectra were dominated by the host galaxy.

In all cases the extractions were done using a variance-weighed algorithm
[30] implemented in the routine apall of IRAF. The weighed extractions allows
to reduce the noise by setting lower weights on the wings, and reject bad pixels
and cosmic rays. The procedure also produced an estimate of the measurement
uncertainties considering Poisson-distributed errors on the signal and instru-
mental read-out noise. Since the background signal was subtracted before the
extraction, its contribution to the uncertainties had to be added at this stage.

A limitation of the extraction procedure arises from the use of an aperture of
fixed size along the dispersion direction. The dependence of seeing as a function
of wavelength, may introduce differential light losses which would affect the
overall shape of the extracted spectrum both in the cases of standard star and
supernova spectra. This effect has implications on the estimation of systematic
uncertainties which is addressed below.

250 60 N 60
SN (@ (b) (©
200 H 50 H 50 SN + Host
40 Host 40 H
o 150 ] 2
= Host |530 530
g Q s}
8 100 ©20 S 20
50 10 10
0 0
0 -10 -10
50 100 150 50 100 150 50 100 150
pixel pixel pixel

Figure 4.4: Three different cases of background subtraction and extraction. The
three panels show the average of 20 lines along the dispersion direction from two
dimensional spectra where an overall subtraction of the background level was
applied. Case (a): The SN is well separated from the core of the host galaxy.
A wide aperture can be used. This image corresponds to a 500 s exposure of
SN 1999aa (z = 0.0014) taken at the CTIO 4m telescope on March 24th 1999
(epoch = 28 d). Case (b): The SN is resolved on its host galaxy. A subtraction
of the galaxy background is not reliable. A narrow aperture is used. This image
corresponds to a 1800 s exposure of SN 1999bk (z = 0.096), on the same night
as above (epoch = 10 d). Case (c): SN and host are barely resolved. A narrow
aperture is used. The image corresponds to a 1800 s exposure of SN 1999af
(z = 0.097), on the same night as above (epoch = 27 d).
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Wavelength calibration. The wavelength calibration of the extracted spec-
tra was performed with the use of arc-lamp exposures. An example of a He-Ne-
Ar arc-lamp spectrum with the identified lines marked is shown in Figure 4.5.
The lines were used to fit a dispersion function that converts from pixel coor-
dinates to wavelength. The results were tested using the position of sky lines
on background sky spectra prepared for the purpose. Table 4.2 summarizes the
information on the wavelength calibration and their tests for each night and
instrumental setting (see the caption of the table for an explanation of the col-
umn contents). In the cases where significant systematic deviations were found,
a correction to the dispersion solution was applied, in the form of a constant
wavelength shift.

NOAO/IRAF V2.11.2EXPORT aston@bubl;hysto.se Tue 15:31:29 03-Jul-200

identify arcldb.ms — Ap 1
HeNeAr
3.00E5 [ T T T T T T ]
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| :
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- . A
O I i I I I
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Figure 4.5: An example of a He-Ne-Ar arc-lamp spectrum taken using the CTIO
4m telescope and the R-C spectrograph. The exposure time is 20 s. The wave-
length values (in A) for the identified lines are marked.

Flux calibration. The flux calibration was performed using standard star
observations obtained on each night. Table 4.3 shows some details about those
observations. The standard stars used were calibrated in [9, 10, 25, 24, 44,
51, 74, 78]. For each telescope and night, the name and spectral type of the
standard star is given along with the exposure time, effective airmass (X), and
instrumental setup (divided in “blue” and “red” channels). The effective airmass
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Table 4.2: Wavelength calibration uncertainties

Observing Dispersion  Number Fit Deviation of
Telescope date Setup (Apix) of lines rms (A) sky lines (A)

(1) (2) (3) (4) (5) (6) (7)
APO 3.5m 1999-02-17 blue 6.25 10 0.53, 0.49 <2
red 7.0 23 0.33, 0.34 <2
1999-02-26 blue 6.25 3,9 0.15 <2
red 7.0 19, 17 0.24, 0.34 <2
1999-03-10 blue 6.25 12 0.69 <2
red 7.0 15 0.30 <2
1999-04-06 blue 6.25 12, 11 0.42, 0.36 <2
red 7.0 18, 14 0.18, 0.20 <2
1999-04-17 blue 6.25 7 0.31 <2
red 7.0 13 0.20 <2
CTIO 4m 1999-03-15 blue 1.99 33, 17 0.07, 0.09 <1
16 0.08 <1
1999-03-17 blue 1.99 36, 39 0.06, 0.07 <1
1999-03-21 blue 1.99 45 0.087 <1

1999-03-24 blue 1.98 34, 33 0.123, 0.126 up to 13

red 2.00 13, 26 0.094, 0.012 up to 15

1999-03-29 blue 1.99 34 0.112 up to 11

red 2.00 29 0.086 up to 13
ESO 3.6m 1999-03-13 blue 4.09 7 0.50 <2
1999-04-10 blue 4.1 13, 13 0.59, 0.56 <2
red 4.2 14, 14 0.13, 0.14 <2
1999-04-15 blue 4.09 7 0.45 <2
red 4.24 14 0.14 <2
1999-04-18 blue 4.1 13 0.63 <2
1999-04-21 blue 4.1 13 0.61 <2
red 4.2 14 0.12 <2
KPNO 4m 1999-04-06 blue 5.5 34, 32 0.26, 0.39 <2
Lick 3m 1999-02-23 blue 1.8 15 0.12 <1
red 4.6 17 0.26 <1
1999-04-13 blue 1.85 13, 16 0.09, 0.18 <1
red 4.6 12, 17 0.16, 0.13 <1
1999-04-24 blue 1.8 14 0.23 <1
red 2.3 8,15 0.13, 0.05 <1
MDM 2.4m 1999-03-01 blue 5.4 0.14 16 <2
1999-03-02 blue 5.4 0.13 16 <2
1999-03-04 blue 5.4 16, 7 0.128, 0.211 <2
NOT 1999-02-13 blue 6.0 10 0.69 <2
red 6.2 15 0.80 <2

1999-02-21 blue 5.9 9 0.56 up to 15

red 6.2 13 1.33 up to 10
1999-03-14 blue 5.95 9 0.2 <2
1999-03-15 blue 5.93 17 1.2 <2
red 6.15 16 1.3 <2
1999-03-23 blue 5.93 17 1.0 <2
red 6.18 10 1.3 <2

Columns: (1) Telescope name; (2) Observing night; (3) Instrumental setup, divided in “blue” and
“red” according to the wavelength range covered; (4) Approximate dispersion on the detec-
tor (the typical resolution was <2 to 3 pixels); (5) Number of arc-lamp lines used in the
dispersion fit (values for different arc-lamps are separated with commas); (6) Estimated rms
of the dispersion fit (values for different arc-lamps are separated with commas); (7) Range of
deviations measured on the position of sky lines.
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X is computed as the mean over the exposure time of the instantaneous airmass
values which are in turn determined by the zenith distance Z (X (Z) ~ sec(Z)
+ terms of higher order in sec(Z)). The standard star observations were also
used to estimate a systematic uncertainty in the final calibration, as described
in Paper I. The standard star spectra selected to obtain these estimates are
marked in the table.

The flux calibration was applied together with an atmospheric extinction
correction. The values of airmass for both standard star and SN spectra, as well
as mean extinction coefficients for each observing site were used to perform the
correction. Figure 4.6 shows the distribution of effective airmass X for both SN
and standard star spectra. These values are to be considered when studying the
possible effect of differential atmospheric refraction (DAR) which may introduce
wavelength-dependent light losses in long-slit spectra, as discussed in Paper I
and in greater detail in [15]. For large airmasses (beyond X ~ 1.5), the effect of
DAR can be sizable if care is not taken while performing the observations. The
basic prescriptions for avoiding this effect are to align the slit at the parallactic
angle (i.e., in the direction to the zenith), which depends on the position of the
object in the sky, and to use a wider slit, at the expense of spectral resolution.
About 15% of both SN and standard star spectra were taken at X > 1.5. In the
case of the standard stars, the two prescriptions above were usually followed and
thus the effect of DAR is under control. In the case of the SNe, the risk for the
spectra with X > 1.5 to be affected by DAR are greater since the slit was usually
aligned through the SN and the core of its host galaxy or some reference field star.
The effect of DAR not only depends on the slit orientation and airmass, but also
on the seeing conditions, the atmospheric conditions (pressure and temperature),
the width of the slit used, and other technical details such as the pointing and
tracking accuracy of the telescope, etc. A full modeling and correction of the
effect is beyond the possibilities of this work. Furthermore, other systematic
effects introduced, for example, by extracting the spectra with a fixed aperture
size might also be present. It is difficult to disentangle the contribution from
each of the possible systematic effects with the aim of correcting them separately.
Instead, for the present data set, the correction of any inaccuracy in the spectral
distribution was done with the use of photometry observations, as described in
Paper 1.

Table 4.3: Standard star observations of the Spring '99 follow-up campaign.

Observing  Standard Spectral ~ Exposure

Telescope date star® type time (s) xP Setup®

APO 3.5m 1999-02-17 Feige 34 DO 10 1.018 b
Feige 34 DO 10 1.018 r
Feige 34x DO 30 1.018 b
Feige 34 DO 30 1.018 r
HZ 43t DA1 120 1.086 b
HZ 43t DA1 120 1.086 r
BD+33d2642 B2IV 20 1.012 b
BD+433d2642% B2V 20 1.012 r
BD+4-33d2642 B2V 40 1.011 b
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Table 4.3: Standard star observations (continued)

Observing Standard Spectral  Exposure
Telescope date star® type time (s) b & Setup®
BD+33d2642 B2IV 40 1.011 T
APO 3.5m 1999-02-26 HZ 43 DA1 120 1.17 b
HZ 43 DA1 120 1.17 T
HZ 43% DA1 120 1.18 b
HZ 43% DA1 120 1.18 T
APO 3.5m 1999-03-10 G191-B2B DA1 90 1.11 b
G191-B2B DA1 90 1.11 T
G191-B2Bx*t DA1 90 1.12 b
G191-B2B*t DA1 90 1.12 T
APO 3.5m 1999-04-06 GD 71x DA1 180 1.22 b
GD 71% DA1 180 1.22 T
GD 71 DA1 180 1.24 b
GD 71 DA1 180 1.24 T
Hiltner 600 B1V 60 1.26 b
Hiltner 600 B1V 60 1.26 T
Hiltner 600 B1V 30 1.27 b
Hiltner 600 B1V 30 1.27 T
APO 3.5m 1999-04-17 G191-B2B DA1 60 1.45 b
G191-B2B DA1 60 1.45 T
G191-B2B DA1 120 1.47 b
G191-B2B DA1 120 1.47 r
GD 71 DA1 210 1.65 b
GD 71 DA1 210 1.65 T
Hiltner 600 B1V 30 1.46 b
Hiltner 600 B1V 30 1.46 r
Hiltner 600 B1V 90 1.47 b
Hiltner 600 B1V 90 1.47 T
CTIO 4m 1999-03-15 GD 71 DA1 100 1.54 b
GD 71 DA1 300 1.55 b
GD 71 DA1 300 1.58 b
LTT 2415 — 100 1.07 b
Hiltner 600 B1V 100 1.18 b
Hiltner 600 B1V 100 1.19 b
LTT 6248 A 100 1.04 b
G138-31 DC 500 1.30 b
LTT 7379% GO 100 1.09 b
CTIO 4m 1999-03-17 LTT 3218 DA 60 1.06 b
LTT 3218 DA 300 1.05 b
LTT 3218 DA 120 1.05 b
LTT 4364 C2 300 1.65 b
LTT 4364x C2 60 1.67 b
LTT 6248 A 120 1.03 b
LTT 6248 A 120 1.04 b
LTT 7379 GO 120 1.09 b
LTT 7379 GO 120 1.09 b
CTIO 4m 1999-03-21 GD 71 DA1 300 1.55 b
LTT 2415 — 120 1.03 b
LTT 2415 - 120 1.03 b
Hiltner 600 B1V 120 1.18 b
Hiltner 600 B1V 60 1.18 b
CD-32d9927xt A0 40 1.38 b
BD+33d2642 B2IV 100 2.32 b
BD+-33d2642 B2IV 100 2.33 b
BD+33d2642 B2IV 100 2.34 b
EG 274 DA 120 1.04 b
EG 274 DA 60 1.04 b
(G138-31 DC 500 1.32 b
LTT 7379 GO 60 1.06 b
CTIO 4m 1999-03-24 GD 71 DA1 300 1.57 T
GD 71% DA1 300 1.59 b
LTT 2415 — 120 1.04 b
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Table 4.3: Standard star observations (continued)

Observing Standard Spectral  Exposure
Telescope date star® type time (s) xP Setup®
LTT 2415 — 120 1.04 r
Hiltner 600 B1V 60 1.18 r
Hiltner 600 B1V 60 1.19 b
BD+33d2642% B21V 100 2.42 r
BD+4-33d2642 B2IV 100 2.44 b
EG 274 DA 60 1.04 b
EG 274 DA 60 1.04 r
LTT 7379 GO 60 1.06 r
LTT 7379 GO 60 1.06 b
CTIO 4m 1999-03-29 CD-32d9927 A0 40 1.46 b
CD-32d9927 A0 40 1.47 b
BD+433d2642% B2V 100 2.43 r
BD+4-33d2642 B21V 100 2.45 r
BD+33d2642% B2IV 75 2.48 b
BD+33d2642 B2IV 75 2.50 b
EG 274 DA 60 1.04 b
EG 274 DA 60 1.04 b
EG 274 DA 60 1.04 r
EG 274 DA 60 1.05 r
LTT 7379 GO 60 1.05 r
LTT 7379 GO 60 1.05 r
LTT 7379 GO 60 1.05 b
LTT 7379 GO 60 1.05 b
ESO 3.6m 1999-03-13 LTT 4816 DA 120 1.28 b
LTT 4816 DA 120 1.28 b
EG 274 DA 30 1.03 b
EG 274 DA 30 1.02 b
LTT 7379% GO 10 1.12 b
LTT 7379 GO 10 1.12 b
ESO 3.6m 1999-04-10 LTT 3218% DA 60 1.01 b
LTT 3218 DA 60 1.01 r
EG 274 DA 30 1.12 b
EG 274% DA 30 1.12 r
LTT 7379 GO 60 1.04 b
LTT 7379 GO 60 1.04 r
LDS 749B DB4 120 1.56 r
LDS 749B DB4 120 1.54 b
LDS 749B DB4 180 1.47 r
LDS 749B DB4 120 1.45 b
ESO 3.6m 1999-04-15 LTT 3218 DA 60 1.01 b
LTT 3218% DA 60 1.01 r
CD-32d9927 A0 15 1.65 b
CD-32d9927 A0 15 1.66 r
LTT 6248 A 45 1.24 b
LTT 6248 A 45 1.25 r
EG 274 DA 60 1.08 b
EG 274 DA 60 1.09 r
G138-31x DC 300 1.37 b
G138-31 DC 300 1.38 r
NGC 7293 V.Hot 180 1.62 b
NGC 7293 V.Hot 300 1.58 r
ESO 3.6m 1999-04-18 LTT 3218% DA 60 1.00 b
LTT 4364 C2 60 1.35 b
ESO 3.6m 1999-04-21 LTT 3218 DA 60 1.00 r
LTT 3218 DA 60 1.00 b
LTT 4816 DA 120 1.09 b
LTT 4816 DA 120 1.10 r
CD-32d9927 A0 15 1.83 b
CD-32d9927% A0 15 1.84 r
LTT 6248 A 45 1.35 b
LTT 6248 A 60 1.36 r
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Table 4.3: Standard star observations (continued)

Observing Standard Spectral  Exposure
Telescope date star® type time (s) b & Setup®
EG 274 DA 60 1.13 b
EG 274 DA 30 1.14 b
EG 274 DA 60 1.14 T
G138-31% DC 300 1.43 b
G138-31 DC 300 1.46 T
NGC 7293 V.Hot 180 1.44 b
NGC 7293 V.Hot 300 1.41 T
KPNO 4m 1999-04-06 GD 71 DA1 180 1.29 b
Hiltner 600% B1V 60 1.25 b
BD+-33d2642 B2IV 20 1.08 b
BD+4-33d2642t B2IV 20 1.08 T
G138-31 DC 300 1.15 b
BD+28d4211 Op 120 1.51 b
BD+-25d4655 O 60 1.57 b
Lick 3m 1999-02-23 GD 71 DA1 120 1.08 b
GD 71 DA1 120 1.08 T
Lick 3m 1999-04-13 Hiltner 600 B1V 120 1.48 b
Hiltner 600 B1V 120 1.48 T
Hiltner 600 B1V 120 1.50 b
Hiltner 600 B1V 120 1.50 r
GD 108x sdB 300 1.44 b
GD 108 sdB 300 1.44 T
BD+33d2642 B2IV 200 1.04 b
BD+33d2642 B2IV 200 1.04 r
G138-31 DC 900 1.16 b
G138-31 DC 900 1.16 T
Lick 3m 1999-04-24 Hiltner 600 B1V 200 1.67 b
Hiltner 600 B1V 200 1.67 T
GD 108 sdB 500 1.41 b
GD 108 sdB 500 1.41 T
BD+33d2642 B2IvV 200 1.13 b
BD+33d2642 B2IV 200 1.13 r
BD+28d4211 Op 200 1.41 b
BD+28d4211 Op 200 1.41 T
MDM 2.4m 1999-03-01 GD 71x% DA1 300 1.10 b
Hiltner 600 B1V 120 1.15 b
MDM 2.4m 1999-03-02 G191-B2Bx DA1 300 1.11 b
GD 71 DA1 300 1.04 b
Hiltner 600 B1V 120 1.17 b
GD 153 DA1 300 1.02 b
MDM 2.4m 1999-03-04 GD 71t DA1 200 1.00 b
BD+33d2642x B2IV 120 1.02 b
NOT 1999-02-13 GD 71x DA1 60 1.06 b
GD 71 DA1 120 1.06 b
GD 71x DA1 120 1.06 T
HZ 44 sdO 30 1.01 b
HZ 44 sdO 60 1.01 b
HZ 44 sdO 60 1.02 r
NOT 1999-02-14 HZ 44% sdO 30 1.10 b
NOT 1999-02-21 HR 4468 B9.5V 1 1.29 b
HR 4468 B9.5V 1 1.29 b
NOT 1999-03-15 GD 71 DA1 60 1.07 b
GD 71% DA1 120 1.07 b
GD 71 DA1 120 1.08 T
HZ 43 DA1 120 1.39 b
HZ 43 DA1 120 1.43 b
HZ 43 DA1 120 1.40 T
HZ 43 DA1 120 1.42 T
NOT 1999-03-23 Feige 34x% DO 120 1.04 b
Feige 34x% DO 120 1.04 r
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Table 4.3: Standard star observations (continued)

Observing Standard Spectral  Exposure
Telescope date star® type time (s) xP Setup®
® Standard stars from [51, 44, 78, 25, 24, 9, 74, 10].
‘When marked with a “x”, the spectrum was used to compute the systematic
uncertainty of the corresponding night and instrumental setup.
A “” means that the spectrum was rejected because of some failure (saturation,
missed target, etc.).
b Effective airmass.
¢ Instrumental setup: “b” covering the blue part of the spectrum; “r” covering the red part.

The Observed Spectra

The information about the 19 SNe Ia of the Spring ’99 campaign is summarized
in Table 4.4. Figure 4.7 shows the redshift and epoch distribution of the sample.
The values of z were obtained, when possible, from narrow host-galaxy features.
In those cases, the precision in z can be considered to be of Az = 0.001. Other-
wise, the SN features were used to determine the redshift. Since the SN features
are broadened by the expansion, the uncertainties were generally of Az = 0.01.
The epochs are expressed in days since the time of maximum B light. Prelimi-
nary lightcurves, when available, were used to determine the time of maximum
light with an accuracy better than 1 day. When the lightcurves were not well
constrained, the dating was based on spectral shape comparisons with well dated
SNe. The epochs based on spectral dating are accurate within ~2 to 3 days.

For each observing night, individual exposures of the same SN obtained with
a given instrumental setting were combined after reduction. The combination
procedure is described in Paper I. The combined spectra were corrected for
Milky Way extinction, following the extinction law in [13]. A standard value
of the total-to-selective absorption coefficient Ry = 3.1 was used, and values
of Ay in the direction to each SN from [71]. The corresponding color excesses
E(B —YV) are listed in Table 4.4.

The resulting spectra for the followed-up SNe Ia of the Spring 99 campaign
are listed in Table 2 of Paper I, with the exception of SN 1999by which was ob-
served exclusively at the Lick 1m telescope and the data reduced by the Berkeley
group of the SCP. As seen in Table 1 of Paper I, in many cases, on a given
night, spectra of the same SN were obtained with two different instrumental
settings in order to cover the blue and the red ends of the spectrum. At the
ESO 3.6m telescope and the NOT, this was done by using different grisms or
gratings or by changing their orientation with respect to the detector. At the
CTIO 4m telescope, order-blocking filters were used to avoid the effect of second
order contamination, yielding spectra with different wavelength coverage. At
the APO 3.5m and Lick 3m telescopes, the use of channel splitters allowed to
observe the blue and red parts of the spectrum simultaneously. These “blue” and
“red” spectra were compared to test the accuracy of the reduction in the over-
lapping wavelength regions. The size of the overlapping regions varied among
the different telescopes, as can be seen in column 12 of Table 2 in Paper I. In
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Figure 4.6: The effective airmass (X) distribution for the follow-up Spring ’99
spectroscopy campaign. Left-hand panel: SN spectra. From a total of 300
exposures, 15% were taken at X > 1.5; the median of the distribution is 1.28.
Right-hand panel: Standard stars. From a total of 203 exposures, 16% were
taken at X > 1.5; the median of the distribution is 1.17.
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Figure 4.7: Left-hand panel: Redshift distribution of the 19 SNe Ia discovered
and followed during the Spring ’99 campaign. Right-hand panel: Epoch distri-
bution of the follow-up spectra corresponding to those SNe Ia.
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Table 4.4: The 19 followed-up Spring 99 SNe Ia.

SN E(B-V) Date of Host Host
Name 2 (MW) max.? Galaxy TypeP
1999aa  0.0144 0.040 1999-02-24 NGC 2595 SAB(rs)c
1999ac  0.0095 0.046 1999-03-13 NGC 6063 Scd
1999af 0.097 0.029 1999-02-22 Anon. Sa/I0pec:
1999a0 0.054 0.065 1999-03-10: Anon. Sa:
1999ar 0.15 0.031 1999-03-08 Anon. Sab:
1999at 0.027 0.029 .- Anon. E/SO
1999au  0.124 0.032 1999-03-02 Anon. Sh:
1999av 0.05 0.031 1999-03-08 Anon. E/SO
1999aw  0.038 0.032 1999-03-12 Anon. .
1999be 0.019 0.047 1999-03-10: Anon.

1999bf 0.2 0.022 e Anon. .-
1999bh  0.0172 0.015 e NGC 3435 Sb
1999bi 0.123 0.027 1999-03-08 Anon. Sb:
1999bk  0.096 0.027 1999-03-13 Anon. E/SO
1999bm  0.143 0.024 1999-03-18: Anon. Sh:
1999bn  0.129 0.059 1999-03-21 Anon. Sh:
1999bp  0.077 0.034 1999-03-23 Anon. Sh:
1999bq  0.149 0.043 1999-03-20 Anon. E/SO
1999by  0.0021 0.016 1999-05-09 NGC 2841 SA(r)b

& Dates followed by a colon are based on spectral dating (uncertainties ~ 2

days).

b Hubble type of the host galaxy. Types followed by a colon are based on
spectral classification, following [34]. The rest are taken from NED (The
NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Labora-
tory, California Institute of Technology, under contract with the National Aeronautics
and Space Administration).
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general, blue and red spectra agreed well, considering the systematic uncertain-
ties determined from the study of the standard star observations (see columns 9
and 11 in the same table).

Host-galaxy subtraction. Some of the spectra showed a certain level of con-
tamination from host-galaxy flux, as expected from the background subtraction
and extraction procedures described above. The contamination was noticeable
from the overall shape of the continuum and from the presence of narrow features
originated in the host galaxy. In order to obtain “clean” SN spectra, the contri-
bution from the host galaxy was subtracted using the set of reference spectra,
as described below. The reference spectra used are shown in Figures 4.8 to 4.10.
The availability of these spectra of the actual host galaxies made the subtraction
process more reliable than the use of template galaxy spectra of different types.
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Figure 4.8: Reference spectra of the host galaxies corresponding to the indicated
SNe.

As described in Section 4 of Paper I, a fitting procedure was used to find
the amount of host-galaxy flux to subtract. The subtractions were fitted to
high-quality template spectra of non-contaminated SNe at a similar epoch as
the spectrum to be corrected. Nearly ninety published spectra of 8 very nearby
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Figure 4.9: Reference spectra of the host galaxies corresponding to the indicated
SNe.
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Figure 4.10: Reference spectra of the host galaxies corresponding to the indicated
SNe.



68 CHAPTER 4. OBSERVATION OF TYPE IA SUPERNOVA SPECTRA

SNe Ia, including peculiar objects, were used as templates. These spectra are
listed in Table 2 of Paper II and correspond to SN 1981B, SN 1986G, SN 1989B,
SN 1990N, SN 1991T, SN1991bg, SN 1992A and SN 1994D (see references in Pa-
per ITI). The spectra of SN 1999aa, SN 1999ac, SN 1999aw, SN 1999be, and SN
1999bp from the Spring ’99 sample were also used. The spectra used as tem-
plates for a given fit were those with epochs within 2 to 5 days from the epoch
of the spectrum to be subtracted. At early epochs, given the rapid spectral
evolution, the limit of 2 days was used. Beyond 20 days after maximum light,
the evolution is slower, allowing to use templates with greater epoch differences.
Typically, between 5 and 15 template spectra were used. The fit of the amount
of host-galaxy contamination was performed for each template by minimizing
the following x? through a Levenberg-Marquardt method:

X2 (a, ) = > 072 {SF(Ar) — a [SP(Ar) — bSF (AR)] } (4.1)

i=1

where, in each wavelength bin i = 1,..., N, SI is the template SN flux, SZ-O
is the observed flux, S¢ is the host galaxy flux from the reference spectrum,
and o; is the uncertainty in the observed flux. The three spectra are first put
in the rest frame (Agr = Aops/(1 + 2)). The parameters a and b were fitted
for each template spectrum used. The scaling factor a was taken as a nuisance
parameter of the fit. The values of b found for the different template spectra
were combined through a weighed average in which values deviating by more than
30 were rejected. The use of the average (b) was preferred to taking the value
corresponding to the template that yielded the lowest reduced x? (x2 = x?/(N —
2)), since it produced more robust results and estimates of the uncertainty in b.
The final value obtained for (b) was used to subtract the host-galaxy flux and
compute the percentage of contamination on the photometric passbands. These
contamination levels are given in Table 3 of Paper I, and their uncertainties,
related to the uncertainty in (b), were generally within 1/10th of the level of
contamination. The subtraction method was tested on a series of simulated
cases and the contamination levels found proved to be accurate within ~5%.
Figure 4.11 shows an example of such a test, where a SN spectrum is artificially
added a fraction of galaxy flux and the subtraction is compared with the original
spectrum.

The final spectra from the Spring ’99 campaign are shown in Figures 4.12
through 4.25, sorted by epoch. An additional Figure 4.26 presents the cases of
spectra with very low SN signal or large uncorrected contamination from the
host galaxy. The graphs show the combination of “blue” and “red” spectra,
when two instrumental settings were used. The spectra with high noise levels
were smoothed for clarity of the plots. The remarkable coverage of SN Ia spectra
from 15 days before maximum to nearly 60 days after maximum can be noticed
from those figures. The two brightest SNe, SN 1999aa and SN 1999ac, present
15 high-quality combined spectra each, covering the mentioned epoch range.
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Figure 4.11: An example of a test for host-galaxy subtraction. Upper panel:
The spectrum on top (dashed line) corresponds to NGC 2595, the host galaxy
of SN 1999aa. In the middle, a spectrum of SN 1999aa at day +5 with its host-
galaxy spectrum added (using a scale for the galaxy b = 1). The result of the
subtraction (dashed line) and the original SN spectrum (solid line) are shown
in the bottom of this panel. The fit yielded a value of b = 0.98 &+ 0.05. Lower
panel: The relative residuals of the subtraction with respect to the original SN
spectrum, computed as (Subtraction — SN)/SN.
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Some peculiarities in the spectra of these SNe make them very interesting and
motivated the work presented in Paper III and Paper H. Other SNe with
detected peculiarities are SN 1999aw (see [75]) and SN 1999bp; eight combined
spectra of each of these SNe were obtained. Six spectra of the peculiar SN
1999by are shown in the figures. Over 50 additional spectra correspond to
the remaining 14 SNe Ia that were followed in the campaign. Every spectrum
includes estimates of the statistical and systematic uncertainties, which allows
quantitative analyses like those presented in Paper II and Section 5.2. Some
of these results are also given in Paper E.

4.2 High-Redshift Supernova Spectroscopy with
the VLT

A Longer Redshift Lever-Arm

As seen in Chapter 3, the current measurements of high-redshift SNe Ia in the
approximate range 0.3 < z < 0.9 exclude the cosmological models with Q) =0
at a confidence level >99%. However, the result of the fit is degenerate to a linear
combination of Qs and Q4 (see Paper Aand Section 3.3). It is only when SN Ia
results are combined with at least one measurement of Qur or Qur + QA from
the fluctuations in the cosmic microwave background [6, 73], the properties of
massive galaxy clusters [3, 11], or the large-scale structure of galaxies [27, 79]
that the cosmological parameters can be disentangled leading to the current
picture of a flat Universe dominated by dark energy. However, if the range of
redshifts where SNe Ia are measured is increased, especially at z > 1, the results
from SNe Ia alone can be sufficient to break the degeneracy between Qj; and
Qp (see [20]).

In order to pursue this aim, in the past few years, the scp dedicated great
effort to discover and follow up a number of SNe Ia at very high redshifts (up
to z ~ 1.2). Such an attempt poses a challenge for the current observational
capabilities. In addition to the increased difficulties of obtaining precise mea-
surements of such distant SNe, the study of possible systematic uncertainties is
more intricate.

A total of 8 supernova searches, divided in 4 observing campaigns, were
carried out during the Springs of 2000, 2001 and 2002, and the Fall of 2002
(see Paper G). The searches were done by repeated imaging of selected fields
(with some overlap among the fields of different searches), using 4-meter and
8-meter class telescopes (CTIO 4m, CFHT and Subaru). The imaging was done
in the R and I passbands, which approximately cover the rest-frame BV bands
at z ~ 0.5, and the rest-frame UB bands at z ~ 1. In general, the interval
between observations ranged between 3 and 4 weeks. The Spring 2002 search
at the CFHT was done in a “rolling” mode, in which images were taken once
every few days during a two week period and the whole process was repeated
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Figure 4.12: Follow-up spectra of the Spring 99 SNe Ia. Series 1: epochs —15
to —5 d. Spectra which have been smoothed are indicated with “(sm z)”, where
z is the size in pixels of the smoothing box.



72 CHAPTER 4. OBSERVATION OF TYPE IA SUPERNOVA SPECTRA

12

11

10

2.5 % Iog(f)\) + const.

! il ! ! !
3000 4000 5000 6000 7000 8000 9000 10000
A (A)

Figure 4.13: Follow-up spectra of the Spring ’99 SNe Ia. Series 2: epochs —3 to
2 d. The vertical dashed lines mark the positions of A = 3790A and A = 6150
A. Spectra which have been smoothed are indicated with “(sm z)”, where z is
the size in pixels of the smoothing box.
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Figure 4.14: Follow-up spectra of the Spring 99 SNe Ia. Series 3: epochs 2 to 3
d. Spectra which have been smoothed are indicated with “(sm z)”, where z is
the size in pixels of the smoothing box.



74 CHAPTER 4. OBSERVATION OF TYPE IA SUPERNOVA SPECTRA

12 T T T T T T
11 h
10 h
99bk 4
1= (sm 10) |
8 99aa 5
2
o T 99a0 5 7
© (sm 5)
+
=6 |
&)
S 5l 99%av 5 i
X
To)
~ 4k 9%aw 5 |
3 .
99aa 6
99bi 6
(sm 10) T

3000 4000 5000 6000 7000 8000 9000 10000
A (A)

Figure 4.15: Follow-up spectra of the Spring 99 SNe Ia. Series 4: epochs 4 to 6
d. Spectra which have been smoothed are indicated with “(sm z)”, where z is
the size in pixels of the smoothing box.
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Figure 4.16: Follow-up spectra of the Spring 99 SNe Ia. Series 5: epochs 6 to 9
d. Spectra which have been smoothed are indicated with “(sm z)”, where z is
the size in pixels of the smoothing box.
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Figure 4.17: Follow-up spectra of the Spring 99 SNe Ia. Series 6: epochs 9 to
12 d. Spectra which have been smoothed are indicated with “(sm z)”, where
is the size in pixels of the smoothing box.
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Figure 4.18: Follow-up spectra of the Spring ’99 SNe Ia. Series 7: epochs 13 to
16 d. Spectra which have been smoothed are indicated with “(sm z)”, where z
is the size in pixels of the smoothing box.
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Figure 4.19: Follow-up spectra of the Spring 99 SNe Ia. Series 8: epochs 16 to
19 d. Spectra which have been smoothed are indicated with “(sm z)”, where
is the size in pixels of the smoothing box.



4.2. HIGH-REDSHIFT SUPERNOVA SPECTROSCOPY WITH THE VLT 79

14 T
13 99af 19 -
12| (CTIO) (sm 5)_
11r (NOT) -
10F 99be 19 |
% O '
[
8 st -
+
= Tr |
= 99au 20
2 6t (m5) -
0 Ll 99bm 21 |
N (sm 3)
4 - .
3r 99bn 22 R
2r 99bp 23
1 - .
(0]= | | | | | -
3000 4000 5000 6000 7000 8000 9000 10000

A ()

Figure 4.20: Follow-up spectra of the Spring ’99 SNe Ia. Series 9: epochs 19 to
23 d. Spectra which have been smoothed are indicated with “(sm z)”, where z
is the size in pixels of the smoothing box.
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Figure 4.21: Follow-up spectra of the Spring ’99 SNe Ia. Series 10: epochs 23 to
26 d. Spectra which have been smoothed are indicated with “(sm z)”, where
is the size in pixels of the smoothing box.
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Figure 4.22: Follow-up spectra of the Spring ’99 SNe Ia. Series 11: epochs 27 to
31 d. Spectra which have been smoothed are indicated with “(sm z)”, where z
is the size in pixels of the smoothing box.
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Figure 4.23: Follow-up spectra of the Spring ’99 SNe Ia. Series 12: epochs 31 to
34 d. Spectra which have been smoothed are indicated with “(sm z)”, where z
is the size in pixels of the smoothing box.
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Figure 4.24: Follow-up spectra of the Spring ’99 SNe Ia. Series 13: epochs 34 to
40 d. Spectra which have been smoothed are indicated with “(sm z)”, where z
is the size in pixels of the smoothing box.
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Figure 4.25: Follow-up spectra of the Spring ’99 SNe Ia. Series 14: epochs 42 to
58 d. Spectra which have been smoothed are indicated with “(sm z)”, where z
is the size in pixels of the smoothing box.
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Figure 4.26: Follow-up spectra of the Spring ’99 campaign showing too low SN
signal and uncorrected host-galaxy contamination.



86 CHAPTER 4. OBSERVATION OF TYPE IA SUPERNOVA SPECTRA

over three months. This type of search assures the photometric follow-up of the
candidates without the need to schedule further observations after confirmation.

The images from the search campaigns were processed in the usual manner
in order to find objects that had brightened [58, 59, 57]. These SN candidates
were assigned a level of priority according to the amount of brightening, the
apparent location on the possible host galaxy, and the apparent magnitude, to
optimize the discovery of SNe Ia in the desired redshift range. The candidates
were distributed to be confirmed by spectroscopic observations done at 8-meter
class telescopes from Keck, Paranal, Gemini and Subaru observatories. The
distribution took into account the priority assigned to each candidate, the capa-
bility of the instruments and the weather conditions at each observing site. The
confirmation spectra were also used to obtain a precise value of the redshift of
the SNe. The position of narrow galaxy features, when detected, yielded values
of z with a precision of 0.001. In other cases, the shape of the broad SN fea-
tures was compared with template spectra, and the redshift was obtained with
a precision of 0.01.

Since the main purpose of these observations was to obtain a secure classifi-
cation and a precise redshift for the candidates, the quality of the spectra was
usually limited (with signal-to-noise ratios between <1 and ~ 10 per wavelength
bin). Only a few of the brightest SNe were targeted more than once. However,
the set of SN Ia spectra finally obtained is of remarkable value and justifies its
detailed analysis. An important part of the work for this thesis involved the
observation, data reduction and analysis of the confirmation spectra obtained
for these campaigns at the ESO Very Large Telescope (VLT). The description
below focuses on the way these spectra were obtained and processed previous to
their analysis, which is presented in Chapter 5.

Spectroscopic Observations

A total of 40 candidates from the search campaigns mentioned above were
screened with spectroscopic observations done at the ESO VLT. As a result
of these observations, 14 candidates were securely classified as SN Ia with red-
shifts between 0.212 and 1.181. Other 6 candidates were classified as possible
SN Ia with redshifts between 0.44 and 1.086 (see IAU circulars, 7763, 7764, 7971,
7977, 7993, 8119, 8120, 8121).

The spectra from the VLT were obtained using the FORS1 and FORS2
instruments in long-slit spectroscopic mode. Before the Spring of 2002, only
FORS1 was used. Its CCD presented lower sensitivity at red wavelengths, when
compared with detectors available at other observatories involved in the cam-
paign. Therefore, the VLT was generally assigned the observation of the bright-
est candidates, which were expected to be at lower redshifts, and did not need
coverage on the red end of the spectrum in order to obtain a reliable classifi-
cation. The availability of a mosaic of red-optimized CCDs at FORS2 in the
Spring of 2002 made it possible to also use the VLT facilities to confirm also the
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faintest candidates discovered.

Three grisms (300V, 3001 and 600z) and two slit widths (0.7” and 1.0”) were
used in the observations. The grisms were chosen according to the expected
redshift of each candidate, given the discovery magnitudes. During the Spring
2000 and 2001 campaigns, only grism 300V was used. The slit width was varied
according to the seeing. The observing conditions at Paranal are generally very
good, with seeing seldom above 1”. The grisms were used together with order-
blocking filters: grism 300V with filter GC435, and grisms 300I and 600z with
filter OG590. The total exposure times varied between 10 minutes and 4 hours,
depending on the brightness of the candidates. The observations of each can-
didate were usually divided in three or more exposures with small offsets along
the slit. This facilitated the subtraction of the background and the rejection of
cosmic rays. In cases when the data were reduced while the observations were
being done (this was possible when observing in visitor mode), the total expo-
sure lengths were reviewed according to the results of the first spectra obtained.
When the data collected was considered sufficient to allow the classification of
the candidate, all further exposures planned were aborted. In cases when a faint
candidate was of special interest for the project (e.g., a probable SN Ia at very
high redshift), the decision of extending the observations was taken.

Because of the faintness of the candidates, the slit was aligned through a
bright reference star in order to assure a correct acquisition. The availability of
suitable finding charts for all candidates was essential at this stage. Figure 4.27
shows an example of a finding chart, corresponding to a SN Ia discovered at
z = 0.510; The very faint SN is marked in the center, as well as some reference
stars. In one occasion, two candidates found near to each other were placed
in the slit simultaneously to save observing time. The prescription of placing
the slit at parallactic angle was therefore not followed. As a consequence, the
spectra are subject to wavelength-dependent light loss due to DAR. However,
the observations were usually done near culmination, and therefore, with low
airmasses, which reduced the effect of DAR.

Spectra Reduction

The reduction of the data was done with the use of standard IRAF routines.
A quick reduction was done as soon as the spectra were obtained, in order to
plan the following observations. A pipeline procedure, including bias subtrac-
tion, flat-field correction, and wavelength calibration, was developed to speed
the process. The spectra were afterward background-subtracted, extracted and
calibrated in flux. When observing in wisitor mode, the reduction of a spec-
trum was usually done while the next spectrum was being exposed. Due to the
hastiness of the process, in some cases, the suitable calibration images were not
available for this first reduction. In those cases, calibration images from other
nights were used. The stability of the FORS1 and FORS2 instruments allowed
acceptable results for the purposes of classification and redshift determination.
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Figure 4.27: Finding chart for SN 2002g1 at z = 0.510. The faint SN is marked
with a cross. Several bright objects are marked for reference. The offsets to
those objects were used to locate the slit on the SN.
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Some of the spectra obtained during these campaigns showed enough quality
to merit further analysis. This motivated a second, more thorough reduction,
done with greater care in background subtraction, cosmic ray rejection, and
uncertainty estimation.

For observations done with grism 300V, the second reduction did not dif-
fer in methodology from the first one. The background signal was accurately
removed by fitting a smooth function along the spatial direction. This was pos-
sible because of the modest effect of fringing and the sparseness of sky lines. The
combination of individual spectra and the use of a variance-weighed extraction
procedure allowed a suitable rejection of cosmic rays.

In the case of spectra obtained with grisms 300I and 600z, the effect of
fringing and sky lines was more significant. The faintness of the SNe with respect
to the sky background required a careful treatment of the data in order to reduce
the systematic effect of subtraction residuals. A non-standard subtraction of the
background was done, following the lines of the usual procedure for near-infrared
data reduction. First, a fringe frame is created by averaging the spectra obtained
using the same instrumental settings (grism and slit width). In the averaging
process, the spectra are scaled by the median and the objects are rejected. The
rejection of the objects is possible due to the use of offsets between exposures. In
the present case, the stability of FORS1 and FORS2 allowed the use of spectra
from different nights to build some of the fringe frames. For each exposure of
a given object, the fringe frame is scaled by the median and subtracted. The
fringe-corrected spectra of each object are finally combined. Since the cosmic-
ray rejection algorithm used is based on the signal level, a suitable rejection is
accomplished after adding back an average background spectrum to the spectra.
This background spectrum is built by averaging the non-subtracted spectrum
along the spatial direction. After combination, the background spectrum is
removed.

The resulting two-dimensional background-subtracted spectrum is therefore
free of fringing and cosmic rays. In summary, this procedure uses the informa-
tion of the background from other spectra to produce a very clean subtraction
of the fringing pattern and sky lines, at the expense of obtaining a slightly lower
signal-to-noise ratio, when compared with the standard background subtraction
technique. Figure 4.28 shows a comparison of the results from the two tech-
niques.

The two-dimensional spectra obtained in this way were used to extract the
signal of the object inside an aperture along the dispersion axis. The extracted
one-dimensional spectra were then calibrated in flux with the use of suitable
standard star observations.

Beyond Classification

The additional effort of redoing the spectra reduction had the aim of using
those spectra for further quantitative analysis. Paper IV presents the analysis
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Figure 4.28: A comparison of the two background subtraction techniques applied
to the spectrum of SN 2002ks at z = 1.181 (Paper G). The spectrum was taken
with FORS2 and grism 3001, on a 3600 s exposure. Upper panel: The classical
technique fails to accurately remove the fringing pattern. The residuals are
noticeable on the red part od the spectrum (to the right of the image). The SN
is the fainter trace on the bottom of the image. The trace above it corresponds
to the offset star. Lower panel: The non-standard technique produces a better
subtraction, at the expense of signal-to-noise ratio.
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of a subset of 14 spectra corresponding to 12 of the SNe Ia spectroscopically
confirmed at the VLT. Figure 4.29 shows the distribution of redshift and epoch
(in days from maximum light) of those spectra. More details about the analysis
are given in Section 5.3. A final stage in the preparation of the spectra was the
subtraction of the contribution from the host galaxy flux.

af
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No. of SNe

07 08 -5 2 30

06 5 10 15 0
Redshift Epoch (days since B-Band maximum)

Figure 4.29: Left-hand panel: Redshift distribution of the 12 high-z SNe Ia
observed at the VLT. Right-hand panel: Epoch distribution of the 14 spectra
corresponding to those SNe Ia.

In general, the SNe observed in these campaigns could not be resolved from
their host galaxies. Therefore, the extracted spectra showed some amount of
host-galaxy flux. This contribution did not affect the classification of the SNe
discovered. Furthermore, the presence of galaxy features was useful to obtain
a precise value of the redshift. However, the use of the spectra for a quantita-
tive analysis of the spectral properties of SNe Ia at high redshifts required the
subtraction of the host-galaxy contribution from the observed flux. The method
used for this purpose is similar to the one applied to the Spring '99 spectra. An
important difference is that the reference spectrum of the particular host galaxy
was generally not available. Instead, template galaxy spectra were used, with the
additional uncertainty of the type of galaxy spectrum to subtract. The fitting
procedure therefore tried a grid of galaxy spectra of different types, along with
a grid of template SN spectra. In addition, the uncertainties in the dating of the
spectra were larger than in the Spring '99 sample. Thus, a wider range of dates
was used in the selection of the SN templates. From all the combinations of SN
and galaxy templates tried, the one yielding the lowest x? was used to perform
the subtraction. The results of these subtractions are given in Table 1 of Pa-
per IV. The table lists the percentage of galaxy flux integrated over the whole
wavelength range. The method was tested on simulations that reproduced the
quality and contamination levels of the data, and proved to be accurate within
10% of contamination. The final subtracted SN spectra are shown in Figures 1
to 3 of Paper IV.



92 CHAPTER 4. OBSERVATION OF TYPE IA SUPERNOVA SPECTRA




Chapter 5

Analysis of Type Ia
Supernova Spectra

5.1 Spectra: The Hidden Face of Supernovae

As was described in Chapter 3, it is the spectra that allow to distinguish among
the different SN types. Such distinction is required in cosmology measurements
to avoid contamination from misclassified non-type Ia SNe. Detailed spectral
studies of well observed SNe Ia as they evolve in time are necessary to improve
the classification system, and to detect possible peculiarities. This is of special
importance when classifying SNe at high-redshift, usually with data of lower
quality and covering a limited wavelength range due to redshift. High-quality
spectral time series covering all possible pass-bands are also required for obtain-
ing accurate K-corrections, as seen in Section 3.3.

Moreover, spectra provide detailed information about the physical processes
that take place in the expansion of the SN ejecta. With the help of computer
models, the composition, excitation temperatures and kinematics of the ejecta
can be assessed. These studies also provide hints about the explosion mech-
anisms. The large broadening of spectral lines (corresponding to expansion
velocities of ~10000 km/s or higher) and the rapid changes observed in SN Ia
spectra, especially at early times, suggests a very violent process involving a
large amount of material from the progenitor system. As the ejecta expands and
cools, the observations probe deeper regions. These translates into changes of
the observed profile and strength of spectral lines and an overall change of the
continuum shape. Figure 5.1 is an illustration of the spectrum formation pro-
cess at different times. The photosphere recedes into the ejecta and the spectral
features due to different ions evolve.
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The time series of spectra is a “CAT Scan” of the Supernova
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Figure 5.1: A schematic view of the SN spectrum formation process. As the
ejecta expands and cools, the continuum and line properties change. The photo-
sphere recedes in the ejecta and lines of different ions appear at different phases.
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Models. The use of computer models that solve or simulate the radiation
transport and kinematics in the ejecta has provided reliable identifications for
most of the features observed. An example of such analysis is given in Paper
III for the detailed study of SN 1999aa, observed during the scp Spring 1999
Nearby Supernova Campaign (see Sec. 4.1). A similar analysis for SN 1999ac
is presented in Paper H. The code used for these studies is called SYNOW [33].
The code does not solve the equations of radiative transport nor the rate equa-
tions. Instead, line scattering is taken into account to compute the transfer
in the Sobolev approximation, given an input list of ions with certain optical
depths and velocity ranges in the ejecta. The Sobolev approximation, i.e., that
the physical conditions except for the velocity are constant in the region where
the resonance absorption is produced, is a good approximation for SN ejecta.
The expansion velocities are much greater than the thermal velocities, which
assures that the photons are in resonance with a certain transition in a small
region. Spherical symmetry, homologous expansion, and a sharp photosphere
that emits a blackbody spectrum are also assumed. The results are not fits to
the data but comparisons where the user “tunes” the parameters by trial and
error. Figure 5.2 shows an example of a SYNOW model extracted from Paper ITI.
SYNOW provides a fast method to identify spectral lines and the regions of the
ejecta, in velocity space, where each ion is found. Due to the approximations
involved, the exact line profiles are generally not reproduced, nor is the overall
continuum shape. Furthermore, because line identifications are done with SYNOW
through trial and error, further confirmation is required. For instance, multiple
line matches for a given ion provides strong evidence for a reliable identification.
Alternatively, the use of other, more sophisticated computer models can provide
with a confirmation.

Spectral evolution. Before and around maximum light, the optical spectra
of SNe Ia generally show a blue continuum with a superposition of broad P
Cygni lines of neutral and singly ionized intermediate-mass elements (mainly O,
Mg, Si, S and Ca), and a smaller contribution from iron-peak elements (Fe, Co).
Three Si 11 lines are characteristic of SNe Ia: Si 11 AA4130, 5972, and 6355. The
latter is very prominent, as well as the blend of Ca 11 H&K A\ 3934 and 3968.

About one week after maximum light, iron-peak element lines begin to dom-
inate, although Si 11 A6355 and Ca 11 H&K are still strong, and the feature
due to the Ca 11 infrared triplet becomes stronger. Also, an absorption feature
attributed to Na I begins to develop. The P Cygni profiles start to show increas-
ing emission components. The SN gradually enters the nebular phase after one
month from maximum light. The continuum keeps decreasing while emission
lines (including some forbidden lines) dominate. The absorption components
of Ca 11 H&K and the IR triplet remain visible several months after maximum
light.

The prototypes of normal SNe Ia are SN 1972E, SN 1981B, SN 1989B, SN
1992A. Peculiar SNe Ia are identified spectroscopically through significant dif-
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Figure 5.2: A SYNOW synthetic spectrum (dashed line) reproducing the main
features of spectrum of SN 1999aa at +5 d (solid line). The main ions input in
the code are shown. Note that the overall shape of the continuum cannot be
reproduced with this relatively simple code.
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ferences in the shape and strength of some features. Two main subtypes have
been identified, according to two well-observed prototypes: SN 1991T and SN
1991bg (see Figure 3.2). Before maximum light, 1991T-like SNe show weak
absorptions due to intermediate-mass elements, but strong Fe 11 lines. The
differences become less evident after maximum light. SNe of this kind present
slowly evolving lightcurves and are slightly more luminous than normal SNe Ia
(by ~0.3 mag). The group of 1991bg-like SNe, on the contrary, show very strong
absorption features attributed to Ti 11, which remain well after maximum light.
These SNe are sub-luminous compared to normal SNe Ia (by ~2 mag) and show
rapidly declining lightcurves. Some other peculiar SNe have been discovered
that do not correspond to any of these two cases (e.g., SN 2000cx [39] and SN
2002cx [38]).

Figure 5.3 shows the spectral sequence of the peculiar type Ia SN 1999aa.
The data cover from very early stages to almost two months after maximum
light. As described in Paper III, the slight peculiarities of this SN, mainly
the weakness of Si 11 and Ca 11 lines, are evident in the pre-maximum spectra.
After one week from maximum light, the spectra resemble more closely those
of prototypical “normal” SNe Ia (or “Branch normal”). As discussed in the
paper, SN 1999aa may show an intermediate case between 1991T-like and normal
SNe Ia, suggesting a continuous change in the physical properties from normal
to 1991T-like SNe (see also [40]). A good time coverage, starting well before
maximum light, is therefore crucial to detect these peculiarities and to improve
our knowledge on SNe.

Spectral Parameters

Several empirical parameters that can be measured on the spectra of SNe Ia
have been introduced to help interpret the observations and to provide a con-
nection to the models. These parameters are complementary to those related to
lightcurve properties and may prove useful in the calibration of SNe Ia as dis-
tance indicators. The most commonly used spectral parameters have to do with
measurements of Doppler shifts and intensities of certain lines. The measure-
ments allow statistically robust comparisons among SNe and with predictions
from models.

Velocities. The Doppler shift of the absorption minimum in the P Cygni pro-
file of an unblended line provides a measure of the expansion velocity. In general,
SN spectra present high expansion velocities (~10000 km/s), which produces line
broadening and therefore, a large degree of line blending. The lines that can be
considered to be fairly isolated are Si 11 A6355, Ca 11 H&K, and S 11 A5640. If
the line is weak, the velocity measured in this manner corresponds to the pho-
tospheric velocity. At very early stages, the photosphere is located at large radii
and the lines are formed close to it. Therefore, weaker lines like Si 11 A\6355
and S 11 A5640 track the photospheric velocities in a very steep decline. After
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Figure 5.3: Spectral time series of SN 1999aa observed during the SCP Spring '99

campaign. The remarkable age coverage and quality of the spectra allowed to
identify certain peculiarities for this SN, as described in Paper III.
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maximum light, the photosphere recedes into denser regions and the weak-line
approximation is not valid any more. While models indicate that the photo-
spheric velocity continues decreasing at a rather constant rate, the velocities
measured on spectral lines level out at higher values. Ca 11 H&K is a much
stronger line for which the velocities are larger than the photospheric ones, even
at very early stages (i.e., about 2 weeks before maximum light). Even if these
velocities are not useful to determine the photospheric velocities at all times,
they are very important for studying the structure of the ejecta and comparing
the cases of different SNe.

Figure 5.4 reproduces the Si 11 A6355 and Ca 11 H&K velocity measurements
of SN 1999aa from Paper III. The measurements are compared to those of
other SNe Ta. The behavior of Ca 11 H&K is similar to the one found for normal
SNe Ia, with a fast decline before maximum light and a slower decline after two
weeks from maximum light. The spectra at three and one day before maximum
light show a double absorption profile, which was taken as a whole to fit a single
Gaussian profile. The Si 11 A6355 velocities are peculiar in the case of SN 1999aa.
As in the case of other peculiar objects, namely SN 1991T and SN 2000cx, the
velocities do not show the usual decrease with time but remain constant well after
maximum light. This is believed to be a consequence of the line being formed in
a layer separated from the photosphere (above a certain point in velocity space).
It is noted in both panels that SNe with fast-declining lightcurves (namely, SN
1991bg and SN 1999by) show lower expansion velocities than normal, especially
in Si 11 A6355.

Si 11 ratios. The ratio, R(Si 1), of the depth of Si 11 A5972 to that of Si 11
A6355 in near-maximum spectra was defined by Nugent et al. [49] as a spectral
parameter which correlates with absolute peak magnitude —and therefore, with
the decline rate of the lightcurve. The authors were able to reproduce this
correlation by modeling a spectral sequence of synthesized spectra parameterized
by the effective temperature. R(Si 11) (or silicon ratio) is a measure of the
strength of the event. For SNe with slowly declining lightcurves (more powerful),
R(Si 11) is smaller. In the case of fast-declining SNe, the silicon ratios are larger,
with the extreme case of 1991bg-like SNe. In fact, for these peculiar SNe, the
absorption seen at ~5800 A is due to a strong component of Ti 11 instead of the
usually weaker Si 1. Figure 5.5 shows the measurement of R(Si 11) for several
SNe Ia plotted versus the lightcurve-shape parameter Am5(B), as presented in
Paper D. The correlation mentioned above can be seen clearly from the plot.

Heterogeneity. As seen above, the heterogeneities in peak luminosities of
SNe Ia (including peculiar objects) can be accounted for with the R(Si 11) pa-
rameter, in a similar manner as with the lightcurve-shape parameters. However,
other heterogeneities found in SN Ia spectra that have to do with expansion ve-
locities, do not respond to the same correlation. A standard measure of expan-
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Figure 5.4: Velocities corresponding to the Doppler shifts of the absorption min-
ima of Ca 11 H&K (upper panel) and Si 11 A6355 (lower panel). The measurements
for SN 1999aa are compared with those of other low-z SNe Ia. The behavior of
Ca 11 H&K is similar to that of normal SNe. Instead, the velocity of Si 11 A6355
for SN 1999aa maintains a constant level from maximum light to 20 days after,
similarly to the peculiar SN 1991T and SN 2000cx. (See references in Paper
IIT).
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sion velocities is the parameter v1o(Si 11), defined as the velocity corresponding
to the minimum of Si 11 A6355 measured 10 days after maximum light. Hatano
et al. [26] show that there is no evident correlation between R(Si 11) and v10(Si 11)
(see Figure 5.6). Even discarding the peculiar SNe (marked with arrows in the
plot), there is a wide range of velocities for SNe with the same value of the sili-
con ratio. This means that the spectral diversity of SNe Ia cannot be accounted
for with a one-parameter sequence. The authors suggest that this may be an
indication of the coexistence of different explosion mechanisms giving rise to
SNe Ia.
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Figure 5.6: The parameters R(Si 11) and v10(Si 11) show no evident correlation.
The arrows mark peculiar SNe Ia. The open circles correspond to values of
R(Si 11) obtained through a relation between Am;ys(B) and R(Si 11). Credit:
[26].

5.2 Newly Defined Spectral Measurements (EW)

Based on the observation that different subtypes of SNe Ia generally show absorp-
tion features of different strengths, a set of measurements similar to equivalent
withs (EW) have been defined as a way to quantify these strengths. Paper IT
presents the study of these EW measurements applied to a large set of spectra
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from the scP Spring ’99 campaign (see Section 4.1) and other published data.
The present Section is concerned with the topics of that paper. Some of the
results are also given in Paper E.

The measurements are used to quantify both the spectral evolution with
phase and the degree of homogeneity among SNe Ia, and to search for correlations
between spectral properties and peak luminosities that may further refine the
calibration of the standard candle.

Measurement description

The definition of the eight spectral features where the EW measurements are
done is given in Section 3 of Paper II. The features are defined based on the
strongest absorption troughs present in near-maximum SN Ia spectra. As the
spectrum evolves from the earliest stages to about two months after maximum
light, the wavelength range covered by each feature changes according to the
definitions given in the paper. Figure 5.7 shows an example of the change in the
definitions at three different epochs. The inset graph shows the differences seen
in the region of features #2 and #3 for near-maximum spectra of the peculiar
SN 1991T and SN 1991bg, and the normal SN 1989B.

In order to measure the EW, a pseudo-continuum is traced between the fea-
ture limits. A region around each of the limits is selected to do the fit of a
straight line which represents the pseudo-continuum. Figure 5.8 shows an ex-
ample of such fit. The spectrum is divided by the pseudo-continuum and the
EW is computed as the area (in units of A) between unity and the result of
the division. As a consequence of the division by the pseudo-continuum, the
EW measurements are distance-independent and can thus be directly used to
compare different SNe.

These calculations have been implemented through a FORTRAN program which
can alternatively be run in an interactive mode. The program computes statis-
tical uncertainties by error propagation. Also, uncertainties introduced by the
choice of the pseudo-continuum fitting regions on each side of the feature are
taken into account. This is done by randomly shifting the two fitting regions
and computing the r.m.s. of the resulting EW measurements. The size of the
shifts is determined by the width of the fitting regions. Based on the second
moment of a uniform distribution of width I, a maximum shift of 1/ V12 was
taken in this simulation. These uncertainties were added quadratically to the
statistical uncertainties of a single measurement. The uncertainties derived from
the position of the pseudo-continuum fitting regions were dominant in the cases
of high signal-to-noise ratio spectra.

Other implementations. The code additionally allows to measure the flux,
intensity and centroid of lines. Also, it can be used to fit simple line profiles (e.g.,
Gaussian) and perform line deblends by simultaneous profile fits on a complex
feature. Figure 5.9 shows the implementation of the program to deblend a
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Figure 5.7: SNe Ia spectral evolution and feature definitions, as given in Paper
II, for three epochs: 2, 16 and 39 days after maximum light. Numerical labels
correspond to the following adopted feature names: 1- “Ca 11 H&K”; 2- “Si 11
40007; 3- “Mg 11 4300”; 4- “Fe 11 4800”; 5- “S 11 W”; 6- “Si 11 5800”; 7- “Si 11
6150”; and 8- “Ca 11 IR”. Short vertical lines show the approximate positions
where the pseudo-continuum is taken in each case. Feature ranges change with
time and, due to blending, some weaker features are not considered at later
epochs. Note that, as the SNe leave the photospheric phase, pseudo-continuum
points correspond to emission peaks. Inset panel: the region of features #2
and #3 for near-maximum spectra of SN 1991T (top), SN 1989B (middle), and
SN 1991bg (bottom). Feature #2 is not defined in the case of 1991bg-like SNe.
Adopted feature limits are marked with vertical lines.
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Figure 5.8: Example of an EW measurement. The pseudo-continuum is fitted as
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feature in 5 Gaussian absorption profiles. It should be noted, though, that single
lines in SN spectra usually present P Cygni profiles and cannot be modeled in
the presented manner. The measurements of deblended lines, considered as
empirical, can be used in future analysis.

Tests for systematic effects. In addition to the variation of the pseudo-
continuum fitting regions, a number of possible systematic effects related to
the data quality were tested, as described in Section 3.3 of Paper II. The
effect of varying resolutions, signal-to-noise ratios and uncorrected reddening
were simulated in turn. Figure 5.10 shows examples of the tests performed.
Within the ranges of resolution and signal-to-noise ratio of the present data, the
effects were found to be negligible. The top panels in Figure 5.10 show the effect
of changing resolution on the EW measurements (for cases with dispersions of
2, 6 and 10 A/pix). A slight decrease in Ew is found, but the differences are
not statistically significant even for this high signal-to-noise spectrum. Due to
the large line broadening of SN spectra, the available resolutions are adequate
to obtain accurate measurements. An example of a test for the effect of noise
is shown in the middle panels of Figure 5.10. Again, no significant differences
were found for a range of signal-to-noise ratios between ~1 and several hundred.
The same was true for a range of reddening corresponding to 0 < Ay < 1.0
and using the extinction law from Cardelli et al. [13]. The bottom panels in
Figure 5.10 show that reddening introduces a slight reduction in Ew, although
the differences are not statistically significant.

The systematic effect produced by residual host-galaxy contamination was
also tested. In general, a positive residual contamination (because of an under-
estimation of the host-galaxy level) would decrease the measured value of Ew.
For a given fraction of host-galaxy flux in the total integrated flux (also negative
values can be considered due to over-subtraction), the size of the effect for each
feature depends on the phase of the SN spectrum and on the Hubble type of the
host galaxy. For each measurement, the effect can therefore be simulated with
an estimate of the host-galaxy contamination and the knowledge of the galaxy
type, and an uncertainty can be given. It was found that, for residual contami-
nation levels of ~5%, the size of the effect on the Ew is <8%. Figure 5.11 shows
an example of the effect of contamination by the host galaxy on the relatively
weak feature #2 (called “Si 11 4000”) near maximum light, for different types of
galaxies.

Spectral Homogeneity

Section 4 of Paper II presents the EW measurements as a function of phase for
each of the eight features defined, as a way to characterize the spectral evolution
of SNe Ta. These measurements are reproduced in Figures 5.12 (features #1
to #4) and 5.13 (features #5 to #8). The emphasis is put in the study of
homogeneity among normal SNe Ia and differences between normal and peculiar
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Figure 5.10: Examples of tests for possible systematic effects on EW measure-
ments. Upper panels: The effect of resolution. The spectra in the left-hand
panel were smoothed to reproduce the dispersions indicated (in A). The right-
hand panels show no significant variations. Middle panels: The effect of noise.
The spectra in the left-hand panel were artificially deteriorated to reproduce
the indicated signal-to-noise ratios. No significant deviations were found. Lower
panels: The effect of reddening. The spectra in the left-hand panel were treated
to reproduce the indicated extinction levels (from Ay = 0 to Ay = 1 mag).
Again, no significant effect is observed.
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and different host galaxy Hubble types. The values of EW measured relative
to the non-contaminated case are plotted versus the percentage of host galaxy
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SNe that would provide a quantified classification method. For features #3, #4,
#6 and #8, empirical curves were built to represent the average evolution with
phase of normal SNe Ia (see Figures 2, 3, 4 and 7 in the paper). These curves were
used to calculate the intrinsic scatter among normal SNe and the divergences
of peculiar objects (see Tables 5 to 8 in the paper). In general, the estimated
dispersions around the average curves for normal SNe are between ~5% and
~30%, depending on the feature and epoch. The Ew values for 1991T-like SNe
generally evolve parallel to the curves, but systematically below them. For
1991bg-like objects, the opposite is true: the features are usually stronger and
the EW’s are thus larger. Their evolution with phase is also roughly parallel to
the curves for normal SNe. The differences among the three subtypes, considered
in relative terms, are enhanced in the cases of the two weakest Si II features,
“Si 11 4000” and “Si 11 5800” (see Figures 5 and 6 in the paper). The behavior of
“Ca 11 H&K” (Figure 8 in the paper) is generally more complex, with a trend of
decreasing EW with time, as opposed to all other features which show growing
EW’s.

Correlations with Luminosity

Section 5 of Paper II presents the study of spectral parameters based on Ew
measurements and their possible correlation with absolute peak magnitude (e.g.,
in B-band, M{®*). Table 5.1 gives a summary of some spectral parameters found
to correlate with MpJ?*. The table lists the name of the spectral parameter
(defined below), the number of SNe measured, the reduced x? of a linear fit, the
residual dispersion around the fit, and the coefficients of the fit.

The silicon ratio parameter defined by Nugent et al. [49] (see Section 5.1)
was reproduced using EW’s instead of line depths. The correlation with absolute
peak magnitude is comparable for both definitions of the ratio, as shown in
Figure 10 of the paper and in Table 5.1. The ratio of EW’s may present the
advantage of a more robust computation in the case of low signal-to-noise ratio
spectra.

The behavior of feature #3 (“Mg 11 4300”) with SN phase provides a new
spectral parameter which correlates linearly with the lightcurve-shape parameter
Am;y5(B) and thus, with peak luminosity. This parameter, called t,, is related
to the epoch at which the Ew of this feature presents a sudden increase. This
epoch is found to vary according to the lightcurve decline rate. This step-like
behavior is modeled for each SN by a parametrized function of epoch (¢):

- A
f(ei t) = tbr_t + BJ (5'1)
e - +1

where the parameters are g = (A, B, ty, 7). Thus, t3- can be obtained for each
SN with good coverage over the time when the sudden increase occurs. Figure 11
in the paper shows the correlations of tp, with Am;5(B) and MBe*.
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Figure 5.12: Results of the EW measurements on low-z SN spectra, as given in
Paper II. The evolution with phase of features #1 to #4, sorted by feature
number, from left to right and from top to bottom. The solid lines represent
the average models for normal SNe Ia, as described in the paper. The error-bars
include the measurement uncertainties and the error introduced by the choice of
the pseudo-continuum fitting regions (see text).
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Figure 5.13: Results of the EW measurements on low-z SN spectra, as given
in Paper II(cont.). The evolution with phase of features #5 to #8, sorted
by feature number, from left to right and from top to bottom. The solid lines
represent the average models for normal SNe Ia, as described in the paper. The
error-bars include the measurement uncertainties and the error introduced by
the choice of the pseudo-continuum fitting regions (see text).
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The observation that 1991bg-like SNe (sub-luminous) show stronger features,
and that 1991T-like SNe (slightly over-luminous) show weaker features suggests
that some EW measurements would correlate with peak luminosity. This was
investigated using the Ew’s of all eight features measured around the time of
maximum light, where the bulk of the data was obtained. The EW’s of single
features or sums of these in various combinations were studied. In general, the
strongest correlations found involved features #2, #3, #4, #6, #7 and #8.

In addition to the values at the epoch of maximum light, the behavior near
that epoch was considered. In some cases, the evolution of the values with time
was approximated by a straight-line which allowed to interpolate the values at
the desired epoch, and provided with additional parameters: the slopes of those
lines. Figure 5.14 shows an example of the computation of the values of EW at
the time of maximum light (Ew’==x) and the slopes « for the sum of features #2
and #3. The graph shows the cases of the 1991bg-like SN 1986G, the normal
SN 1989B, and the 1991T-like SN 1999aa. It is noted that as the the value of
Ewtmax increases, the slope « also increases. This behavior is found in the whole
sample for several combinations of features, which gives rise to correlations of
both Ew!max and a with M®3*. Some of the tightest correlations are listed
in Table 5.1, and shown in Figures 5.15 and 5.16. It should be noted that,
while measuring EW!max requires one spectrum taken at maximum light, the
calculation of the slopes a requires at least two spectra taken around the time
of maximum light. However, as described in Paper II, since the effect of host-
galaxy contamination is to lower (or rise, for over-subtraction) all the Ew values,
the slopes are expected to be more robust against this effect than quantities such
as EWlmax,

The example of the EW sum of features #2 and #3 and, in particular, its slope
Q(243) is given in Paper II. This combination is important because it leads to the
tightest correlation with Mg?* found for the present data, and its measurement
is particularly convenient, since the features lie on a bright region of the spectrum
which is visible in the optical range up to z ~ 1. The correlation between
@(243) and ME** reduces the scatter in the present sample (which includes
peculiar SNe Ia) from 0.5 to 0.14 mag, a number which may be dominated by the
uncertainties in the distances to the supernovae. If confirmed by larger data sets,
a(243) would allow a strong refinement of the standard candle, independently
of the lightcurve properties. The requirement to obtain a value of a(z43) is two
spectra covering the range ~3900 to ~4600 A, obtained around maximum light.
Other combinations of EW measurements, or their evaluation at different epochs,
might prove equally or even more useful when tested on larger spectra samples.

5.3 Low- and High-Redshift Supernovae

As mentioned in Section 4.2, part of the set of high-redshift SN spectra obtained
by the sCp using the Very Large Telescope (VLT) deserved further analysis.
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Table 5.1: Correlations of spectral parameters with Mg?*.

Spectral OMpg Linear fit
Parameter n 2 (mag) Coeflicients®
RS 13 0.88 0.33£0.05 a=—20.20£0.22
b=15.04£0.63
R(SiM)gy 13 1.15 0.39£0.09 a = —-20.03+0.16
b=5.91+0.60
EWE;‘)“ 13 1.50 0.30+0.05 a=-20.24+0.16
b=0.011+0.001
03) 11 24 0344009 a=-19.40£0.11
b=0.123 £ 0.018
EWE;“_T_E) 13 1.23 0.29+0.05 a=-20.43+£0.18
b =0.012 +0.001
A(243) 10 023 0144003 a=—19.27+0.10
b=10.103 £ 0.025
Bl 13 234 0404008 a=-21.18+0.26

b = 0.0082 + 0.0008
Qoysrey 10 038 0.18+0.04 a=-19.60+0.17
b = 0.082 £ 0.021
tmax —
BW(ES e 13 117 0294004 a=-2033+0.17
b= 0.0095 = 0.0009
a@otare)y 9 074 0302009 a=-19.13£0.10
b = 0.099 £ 0.028

2 Coeflicients of a linear fit: MZ** = a + b- (Spectral Parameter).
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Figure 5.15: Examples of the correlations found between Ew-related spectral pa-
rameters and M52~ for the presented sample of SNe la. Parameters related to
feature #3 and the sum (#2 + #3) are shown. The left-hand panels show inter-
cept values (Ew'max) for different feature combinations. The right-hand panels
show the correlations for the corresponding slope parameters («). The solid
lines represent straight-line fits done to study the strength of the correlations.
Table 5.1 summarizes the results of the fits.
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shown. The left-hand panels show intercept values (Ew!==x) for different feature
combinations. The right-hand panels show the correlations for the corresponding
slope parameters (a). The solid lines represent straight-line fits done to study
the strength of the correlations. Table 5.1 summarizes the results of the fits.



118 CHAPTER 5. ANALYSIS OF TYPE IA SUPERNOVA SPECTRA

These spectra, originally intended to provide a secure classification and redshift
of the discoveries, presented high enough quality to allow the measurements
introduced for low-redshift SNe. Paper IV presents the measurements and
analysis of 14 spectra from 12 SNe Ia (see Table 1 in the paper). The comparison
of the results for low- and high-redshift samples aims to test the possibility of SN
brightness evolution with redshift, which may mimic the effect of an accelerated
expansion. This test is necessary to address a potential source of systematic
effects in the cosmological parameters, as described in Section 3.5.

Velocities. For the high-redshift SNe, the velocity corresponding to the Dop-
pler shift of the absorption minimum of Ca 11 H&K was measured. Other lines
used to measure velocities of low-redshift SNe were either too faint or not cov-
ered by the spectra. Figure 5.17, extracted from Paper IV, shows the velocities
of the high-z SNe compared to those of the nearby objects. No deviations be-
tween the samples are found. Furthermore, all the high-redshift SNe show higher
velocities than the local sub-luminous SNe (SN 1991bg and SN 1999by).
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Figure 5.17: Ca 11 H&K velocities measured on the high-z SNe Ia observed at
the VLT. This velocities are compared with those of a sample of low-z SNe. No
deviations are found.

Equivalent widths. The rest-frame wavelength ranges covered by the VLT
spectra generally allowed to measure the EW’s of features #1 to #5, accord-
ing to the definitions of Paper II. Figure 5.18 shows these measurements in
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comparison with those of low-redshift SNe. Due to lower signal-to-noise ratios
and greater uncertainties in the estimation of the host-galaxy contamination
(see Section 4.2), the error bars are larger for high-z SNe. In general, there is
no evidence of a significant discrepancy between high-redshift SNe and normal,
low-redshift SNe, with the exception of SN 2002fd, as discussed below.

In the case of feature #3 (“Mg 11 4300”), a trend for higher Ew’s around
maximum light is noted for high-z SNe, although the data is consistent with
the nearby sample with a probability of 15% (see Table 3 in Paper IV). SN
2001go, which was observed at three different epochs, follows the behavior of
nearby SNe, with a sudden increase in EW about one week after maximum light.

A peculiar SN at z = 0.279. The case of SN 2002fd, the SN with the lowest
redshift in the VLT sample, is of special interest. Already from a qualitative
analysis of its host-galaxy subtracted spectrum, the evidence is found for it to
be a peculiar SN, similar to SN 1991T and SN 1999aa. This is determined by the
weakness of the Si 11 and Ca 11 H&K lines, as shown in Figure 5.19. SN 2002fd
is the first 1991T-like SN confirmed at such high redshift, suggesting that the SN
population might be equal to the one in the local Universe. From the strengths
of the absorption features, this SN can be considered as an intermediate case
between SN 1991T and SN 1999aa, which adds evidence to the hypothesis that
there is a continuous variation of spectral properties from normal to 1991T-like
SNe. The Ew measurements confirm the qualitative analysis, in particular, in
the case of “Ca 11 H&K”, which before maximum light, emphasizes the difference
between SN 1991T and normal SNe Ia.
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Figure 5.18: Comparisons of the EW measurements on spectra of low-z (smaller
symbols) and high-z (larger, gray symbols) SNe la for features #1 to #5. The
solid lines represent the average evolution of the normal SNe Ia in the low-z
sample, as given in Paper II. No significant differences are seen between the

two samples.
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Chapter 6

Summary

The main purpose of this thesis is to introduce tools that would allow a quan-
titative analysis of type Ia supernova (SN Ia) spectra, with the ultimate goals
of improving our understanding of these objects and increasing their quality as
distance indicators.

In the past years, SNe Ia have been successfully exploited as excellent dis-
tance indicators and used to measure the energy content of the Universe through
the distance-redshift relation. The results indicate that the Universe is under-
going a phase of accelerated expansion caused by an unknown component of
the cosmic fluid with negative equation-of-state parameter. This exciting re-
sult has been corroborated by measurements of the geometry from the cosmic
microwave background radiation which point to a flat Universe, and studies of
the large-scale structure of matter, the dynamics of galaxy clusters and weak
gravitational lensing which favor a Universe with a sub-dominant component of
non-relativistic matter (mostly in the form of dark matter).

Nevertheless, our current knowledge of the physical processes involved in a
SN Ia event is limited. The exact nature of the progenitor system and explosion
mechanism leading to a SN Ia are topics of active research. Also, systematic
effects of evolutionary or environmental origin that may hamper the accuracy
of the measurements need to be thoroughly addressed. As the amount of high-
quality supernova data keeps being gathered, and statistical uncertainties in the
measured cosmological parameters are reduced, the control of potential system-
atic effects becomes crucial.

The information provided by spectra on the physical properties of SNe Ia
plays a principal role in this respect. Qualitative spectral analysis and compar-
isons serve in classifying SNe Ia and detecting peculiarities. However, a quanti-
tative approach is needed to carry out statistically robust studies. In addition,
these studies may provide new ways of improving the properties of SNe Ia as
distance indicators.

This work presents quantitative spectral analyses developed by introducing

123



124 CHAPTER 6. SUMMARY

a thorough data treatment method and a set of newly defined spectral measure-
ments. The observational data is treated in order to produce calibrated spectra
in a standardized manner and, most importantly, with estimated statistical and
systematic uncertainties. The newly defined spectral measurements, similar to
equivalent widths, are used to study the properties of a large number of low-
redshift SNe Ia. In particular, the evolution with phase of the most prominent
spectral features is quantified, and the degree of homogeneity among the super-
novae is assessed. Based on the measurements, a number of spectral parameters
are defined and their possible correlation with the luminosity at maximum light
is studied, in the search of a further refinement of the standard candle. One
such parameter is found to reduce the dispersion in the distance estimation of
the sample studied to a value below 6%, which, if confirmed by larger data-sets,
is comparable with the precision attained by currently used lightcurve shape —
luminosity correlations.

The same measurements were applied to spectra of high-redshift SNe Ia in
order to test the possibility of evolution with redshift. The results from the
low- and high-redshift samples are compatible, thus providing no evidence of
brightness evolution.
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