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Abstract

Type Ia supernovae can, for a short period of time, reach the same brightness
as an entire galaxy. They are responsible for the creation of a large fraction
of all heavy elements and can be used, as standard candles, to prove that the
expansion of the universe is accelerating. Yet, we do not fully understand
them.

A basic picture where Type Ia supernovae are caused by thermonuclear
explosions of white dwarfs is generally accepted, but the details are still
debated. These unknowns propagate into systematic uncertainties in the
estimates of cosmological parameters. A Monte Carlo framework, SMOCK,
designed to model this error propagation, is presented. Evolution with
time/distance and the nature of reddening are studied as the dominant as-
trophysical uncertainties.

Optical spectra of Type Ia supernovae contain a wealth of information
regarding the nature of these events, and can be used both to understand
supernovae and to limit the systematic uncertainties in cosmological param-
eter estimates. We have reduced spectra observed with the Nordic Optical
Telescope and the New Technology Telescope in conjunction with the SDSS-
II supernova survey, and compared spectral properties (pseudo-Equivalent
Widths and line velocities) of this sample with local supernovae. We have
further studied possible systematic difficulties in such comparisons between
nearby and distant supernovae, caused by noise and host galaxy contamina-
tion. Taking such uncertainties into account, we find a tentative evolution in
supernova properties with redshift, compatible with expected demographic
changes. Correlations with light curve shape found by other studies are
confirmed. A tentative correlation with light curve colour is also presented.
The latter could indicate an intrinsic component of the observed reddening,
i.e. independent of interstellar dust in the host galaxy.
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Chapter 1

Introduction

A decade ago the way we view the cosmos was fundamentally altered: it
was shown that the expansion of the universe is accelerating, powered by an
until that time unknown energy source, dark energy. This expansion was
detected using Type Ia supernovae (SNe Ia), extremely bright exploding
stars [95, 102].

Today the existence of dark energy has been confirmed using a range of
different techniques. But we still have little knowledge regarding its proper-
ties. At the same time there are many unanswered questions regarding SNe
Ia as astrophysical objects.

This thesis concerns these topics: How can we use supernovae to obtain
better constraints on dark energy properties? And what is it really that
explodes?

Chapter 4 (Paper A) shows that these questions are closely related: to
understand dark energy we need to understand SNe Ia. Chapter 5 (Paper
B) and Chapter 6 (Papers C and D) will introduce the NTT/NOT SDSS
spectroscopic sample and use this to probe the nature of SNe Ia. Using
spectroscopic indicators we study evolution with time as well as connec-
tions with reddening and host galaxy properties, some current major SNe
Ia unknowns.

Before this, Chapter 2 introduces general relativity, the theory describing
the expanding universe, and Chapter 3 summarises our current understand-
ing of SNe Ia. Finally, results are collected and possible continued work
based on this thesis is discussed in Chapter 7. Chapter 8 lists some common
astronomical terms.

A description of the content of this thesis for the general public can be
found in Chapter 9.
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Chapter 2

General Relativity and
Cosmology

This Chapter introduces the theoretical framework used when studying the
universe. Equations and implications will only be stated here. Many more
complete texts on general relativity at different levels exist [e.g. 12, 121].
The goal is to introduce standard candles as a tool to probe the expansion
history of the universe.

2.1 General Relativity

Einstein noted that it is impossible for an observer to locally distinguish
between constant acceleration and attraction by gravity (the equivalence
principle). Since we cannot distinguish these situations the laws of nature
should connect them. Similarly we can view a satellite orbiting a massive
object as freely falling but along a path curved by the nearby mass. We must
thus have some connection between matter/energy and how things move.

Matter and energy can be conveniently described using the stress-energy
tensor Tµν where the µ and ν indices can take any of four values 0,1,2 or
3 (time+three spatial).1 A fundamental property of Tµν is that it, through
construction, is symmetric (Tµν = Tνµ) and divergenceless (∇νT

µν = 0).
The task motivated by the equivalence principle can thus be reformulated
as: how can properties of space and time be connected to Tµν?

We are used to calculate a distance (ds) as ds2 = dx2 + dy2 + dz2. This
is only true in a flat space. In a possibly curved space this gets modified:

1The components of Tµν can be described as flow in µ direction of ν-direction momen-
tum where energy is momentum in the time direction (0).
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Chapter 2. General Relativity and Cosmology

ds2 = gxxdx
2+ gyydy

2+ gzzdz
2+ gxydxdy+ gyxdydx+ gxzdxdz+ gzxdzdx+

gzydzdy + gyzdydz = gijdx
idxj . The last step introduces the convenient

tensor formulation where repeated indices (here i and j) should be summed
over all dimensions (here x,y,z). If a fourth dimension, time, is introduced, a
general distance between two points can be written ds2 = gµνdx

µdxν where
µ and ν range over (t,x,y,z). Spacetime, being a collection of space and time
distances, can now be described using the elements of the tensor gµν - the
metric.

We thus want to connect the metric with Tµν . Einstein showed that only
one symmetric and divergenceless combination of the metric exists. This is
now called the Einstein tensor:

Gµν = Rµν −
1

2
gµνR (2.1)

where R = gµνRµν , Rµν = Rα
µαν and Rσ

µαν is the Riemann curvature tensor.
The latter is a complicated object, but created from the metric gµν and its
derivatives in a straightforward process. We must therefore have Gµν =
constant · Tµν .

If we finally demand that this equation reduces to Newtonian gravity
in the limit of weak gravity, the constant can be determined and we find
Einsteins equations of general relativity:

Rµν −
1

2
gµνR = 8πGNTµν . (2.2)

2.2 Cosmology

Einsteins equations are very compact and beautiful. They are also very
complex and difficult to solve - to do so simplifying assumptions have to
made. Since the universe at large scales looks very similar we can assume
that it is homogeneous. If we further assume that earth does not occupy
a special position (and thus any observer at any point would observe a
similar universe) we find isotropy. We will finally assume that the energy
content of the universe can be described as a perfect fluid (T00 = ρ, Tii = p,
ρ = density, p = pressure, all other Tµν = 0).

With these assumptions we can first express the spacetime metric in a
simple way (using units where c = 1):

ds2 = dt2 − a2(t)[dr2/(1− kr2) + r2dθ2 + r2 sin2 θdφ2], (2.3)

4



Section 2.2. Cosmology

where (r, θ, φ) are (comoving) spatial coordinates, t time, k the curva-
ture of the universe and a the scale factor describing the expansion of the
universe. By convention a = 1 today. This is the Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric. If the FLRW metric is applied to Ein-
steins equations, Equation 2.2, these reduce to the Friedmann equations:

H2 =

(

ȧ

a

)2

=
8πGρ

3
−

k

a2
(2.4)

ä

a
= −

4πG

3
(ρ+ 3p), (2.5)

where ρ is the total energy density of the Universe, p the total pressure
and H the Hubble parameter, defined as H = ȧ/a (the value of the Hubble
parameter today will be denoted H0). We will here assume a flat universe
(which CMB measurements have shown is true to a good precision), thus
setting k = 0. Both density and pressure are sums over all components of the
cosmic fluid: radiation, matter and a possible extra component: dark energy
(DE). For each of these the equation-of-state parameter can be defined as
wi ≡ pi/ρi. For constant wi, the energy density for some scale factor a will
be

ρ = ρ0a
−3(1+w) (2.6)

where ρ0 is the current energy density. Using the Hubble parameter,
the critical density ρc = 3H0/8πG, and the normalised densities Ωi ≡ ρi0/ρc
(where the i index spans all relevant energy sources, i = (M, r,DE) for
matter, radiation or dark energy), Equation 2.4 can be rewritten

H2 = H2
0 [ΩM (1 + z)3 +Ωr(1 + z)4 +ΩDEf(z)], (2.7)

where

f(z) = (1 + z)3(1+wDE) (2.8)

if assuming a constant dark energy equation of state. The z parameter
is the redshift, zero today and increasing at higher distances.2 The Ωi pa-
rameters are examples of cosmological parameters, they determine both how
the universe has and will evolve.The radiation energy density is negligible
compared to the other components today, and can be neglected. If we set

2See Chapter 8 for a definition of redshift.
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Chapter 2. General Relativity and Cosmology

wDE = −1, dark energy looses its redshift dependence and we get a constant
density, called the cosmological constant Λ. Equation 2.7 then reduces to

H2 = H2
0 [ΩM (1 + z)3 +ΩΛ]. (2.9)

Through this formula it is clear that measurements ofH yield constraints
on cosmological parameters. For a light ray, ds2 = 0 and we can write a
distance r to a source as a function of its redshift z:

r(z) =

∫ source

observer
dr =

∫ 2

1

dt

a
=

∫ 2

1

da

aȧ
=

∫ z

0

dz′

H(z′)
. (2.10)

Different cosmological parameters implies different H(z′), and thus dif-
ferent distances r(z). With r(z), new “sorts” of distances (besides redshift)
can be defined. We will here use the luminosity distance dL, the “equivalent”
distance in a Euclidean static universe, defined as

dL(z) = (1 + z)r(z).3 (2.11)

For an astronomical object, the relation between the intrinsic luminosity
L and the observed flux F is

F =
L

4πd2L
. (2.12)

Standard candles Objects with constant luminosity L are called stan-
dard candles. If we observe several such at different distances (different F ),
the change in dL can be calculated as a function of z (which is separately
measured). dL(z) is, in turn, sensitive to the integral of the Hubble pa-
rameter, as described above. In Chapter 4, after a discussion of Type Ia
supernovae as standard candles, we will study the practical application of
dL measurements.

Alternative cosmological framework If we, as above, assume a cos-
mological constant, Λ, we have the so called ΛCDM model, which is both
mathematically simple and provides excellent fit to current data. It is, how-
ever, mainly an empirical fit to data and not motivated by fundamental
physics.4 Λ also demands some fundamental assumptions: isotropy, homo-
geneity and that dark energy can be correctly described as a constant. A

3We will thus not make use of e.g. angular distances.
4Quantum field theory can be interpreted to imply the existence of a vacuum energy

density, but ∼ 120 orders of magnitude larger than what is observed.
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Section 2.2. Cosmology

large range of different alternative cosmological models exist, where the dark
energy equation does not need to be constant (or where some of the other
assumptions are relaxed). Since one of the fundamental questions regarding
dark energy is whether some change in time exists, an immediate extension
of the theory is to add some degree of redshift dependence to the dark energy
component. This could, as suggested by e.g. Linder [83], be parametrised
as

wDE = w0 + waz/(1 + z), (2.13)

which will lead to a modification of Equation 2.8:

f(z) = exp

[

3

∫ z

0
dz′

1 + wDE(z′)

1 + z′

]

. (2.14)

This parametrisation will be used below, where we fit for the parameters
w0 and wa as an alternative to ΩΛ.
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Chapter 3

Type Ia Supernovae

This chapter introduces the astronomical objects called Type Ia supernovae
(SNe Ia). These are extremely bright transient phenomena that are found to
form a very homogeneous class of objects - they are almost perfect standard
candles. The currently most popular explanation for their homogeneity and
how this translates to the observed properties will be outlined.

3.1 Stars and Supernovae

Stars are formed through gravitational contraction of gas clouds, mainly
consisting of hydrogen and helium. As the cloud cools down a rotating disk,
with a central core, is formed. Friction in the core gas causes the temperature
to increase. If the gas cloud is massive enough temperatures reach ∼ 1.5 ·107

K. At these temperatures the hydrogen in the now hot compressed gas can
be fused into helium. Radiation is emitted in this process and photons slowly
escape the surrounding colder material. A star is born.

Eventually the supply of hydrogen in the core of the star is exhausted.
The outward radiation pressure necessary to resist the inward gravitational
pressure can now be created through fusion of helium.1 Energy can in this
way be created through fusion of all elements lighter than iron. However,
higher and higher temperatures are needed to fuse heavier elements. Helium
fusion into carbon and oxygen can begin at temperatures around ∼ 108 K.

The next burning stage, that of carbon and oxygen, demands a tem-
perature of around 109 K, which in turn requires the mass of the star to
exceed 8 − 10 solar masses (often denoted M⊙). For such very massive

1Very small non-massive stars might not be able to burn helium. However, these would
have a lifetime exceeding that of the universe and quietly burn their hydrogen.
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Chapter 3. Type Ia Supernovae

stars, increasingly heavy elements are thus created. Surrounding a core of
iron group elements (Fe,Co,Ni) are layers of less heavy burning products
(Si,O,Ne,C,He,H). When no more material can be fused and no energy is
produced, nothing can counteract the gravitational force and the core will
collapse. The collapse transforms the central core to a neutron star or black
hole while creating a shock-wave propagating outwards, disrupting the outer
part of the star. After reaching the surface, photons can propagate and be
observed by us as a supernova. These supernovae show a large variation
e.g. depending on mass, circumstellar material or whether outer hydrogen
or helium layers still exist. Core collapse SNe are observationally divided
into supernovae of Type II, Ib or Ic - anything but Type Ia!

For less massive stars (masses below M < 8 − 10M⊙), no such violent
collapse can take place. Hydrogen and helium are burned into carbon and
oxygen as above (these are created in roughly equal proportions), but no
further burning takes place since temperatures are too low. The outer hy-
drogen and helium envelopes are probably lost in the Red giant evolution
stage. This leaves a small carbon-oxygen (C+O) core, a white dwarf (WD).
These are very numerous (as the number of stars increases sharply with de-
creasing mass) but are too faint to be observed unless they are very nearby.
The evolution of stars is described in a multitude of text books [e.g. 51].

Basic physical principles regulate the properties of C+O white dwarfs.
According to the Pauli exclusion principle two fermions cannot occupy the
same quantum state at the same time. This means that a degenerate fermion
gas resists further compression and thus acts as a force preventing complete
gravitational collapse. Once the WD runs out of radiation pressure created
through nuclear burning, electron degeneracy pressure can still support the
star.2 But there is a fundamental limit, the Chandrasekhar mass, for how
much mass can be supported. See [23] for the original derivation, but the
reasoning can be simplified [from 39]:

For the degenerate Fermi gas we can approximate the pressure by

P ≈
1

3
nepv, (3.1)

where ne is the density, v the velocity and p the momentum of the electrons.
The momentum can be estimated through the uncertainty relation ∆p∆x ≈

~ and the electron density ne ≈ 1/∆x3. Equation 3.1 thus becomes

P ≈
1

3
~n4/3

e v. (3.2)

2The pressure caused by nucleons is very small in comparison.
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Section 3.1. Stars and Supernovae

Starting with the case where the electrons are non-relativistic and if we

approximate the velocity through the uncertainty relation (v ≈ ~n
1/3
e /me),

we get

P ≈
1

3

~
2

me
n5/3
e . (3.3)

At the same time the pressure can be approximated through the hydro-
static equilibrium equations

dP

dr
= −

Gm(r)ρ

r2
→ P ≈

GMρ

r
≈ GM2/3ρ4/3, (3.4)

where that ρ ≈ 3M/(4πR3) was used in the last step. Finally the electron
density can be rewritten ne = Zρ/Amp (Z is the atomic number or number
of protons, A the mass number and mp the mass of the proton). Using the
last two equations we get a relation between mass and density, or mass and
radius, for the non-relativistic case:

R ∝ M−1/3 (3.5)

With increasing mass the radius thus decreases and the density increases.
Eventually the electrons become relativistic (at ∼ 106 g cm−3). We thus
need to consider the relativistic case, where v = c and Equation 3.2 can
be written

P ≈
1

3
~n4/3

e c (3.6)

Combining this with Equation 3.4 we get an expression for the Chan-
drasekhar mass, independent of radius:

MCh ≈

(

c~

G

)3/2( Z

Amp

)2

. (3.7)

The full calculation yields numerical values such that, with Z/A = 0.5,
MCh = 1.46M⊙. This is thus the mass of an object where the Fermi gas
is completely degenerate and “squeezed” into smallest possible volume.3 If
the mass of a less massive object is increased, it will gradually approach
full degeneracy and the Chandrasekhar mass limit. Assuming the increase
continues to a mass above MCh, the star will no longer be supported against
gravity, causing pressure to increase until nuclear burning can start. Since

3This mass can likely be slightly modified by including effects from e.g. rotation.
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Chapter 3. Type Ia Supernovae

the thermal pressure is low (the star is supported by the electron pres-
sure) the created heat feeds further nuclear burning instead of expansion. A
thermonuclear runaway sets in, completely disrupting the star and burning
elements to nuclear statistical equilibrium. A main product of such burning
is the radioactive 56Ni isotope.4

Such a system, an exploding C+OWD at the Chandrasekhar mass would
be very simple, determined by very few parameters. The observed luminosi-
ties should be fairly uniform, not much hydrogen should be detectable and a
sizable fraction of radioactive material should be created (where the emitted
radiation declines in proportion to the radioactivity time scales). Finally,
neutrinos would not carry away a large fraction of the energy (as is the case
for core collapse SNe), allowing these SNe to emit a lot of energy at optically
detectable wavelengths.

We now ask whether these WDs, increasing in mass, can be expected
to be found. Two mechanisms for this have been suggested: the single and
double degenerate scenarios. Both are based on the fact that many stars
exist in binary pairs.

An accreting White Dwarf - single degenerate Stars in binary pairs
often evolve at different speeds. One could thus shrink to a WD while the
companion experiences a giant phase with strong winds, allowing mass to
be transferred from the giant to the WD (left panel of Figure 3.1). Many
stars are found in binary systems and it is thus not unlikely that a fair
number of pairs should exist where the WD experiences exactly such mass
transfer. Observational signatures of this explosion channel could be signs
of the material being transferred from the companion or from the supernova
ejecta interacting with the companion star [68]. However, thorough searches
have detected neither Hα [28, 87] nor light curve distortions from interaction
with a companion[54], putting limits on the size and nature of the companion
star [these are, however, still debated, see e.g. 31, 67].

Two merging White Dwarfs - double degenerate Another viable
explosion mechanism would be two binary stars that merge after having
both evolved into the WD stage (right panel of Figure 3.1). This would ex-
plain why no signs of mass transfer have been detected and provide a natural
mechanism for Super Chandrasekhar-mass SNe Ia (overluminous SNe Ia that
possibly demand a progenitor mass larger than MCh, see Section 3.2.3). Fur-
ther, the Delay Time Distribution (the distribution of time-lapses between

4Nickel with two neutrons less than the most common isotope, 58Ni.
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Section 3.1. Stars and Supernovae

Figure 3.1: Left panel: A WD accreting mass from a companion star.
“Artists image” Right panel: Two WDs merging. “Artists image” (Credit
NASA/CXC/M.Weiss)

star formation and SN detonation) seems to be a fairly shallow declining
function of time, more similar to what double degenerate, rather than single
degenerate, models predict [8]. However, no conclusive evidence for any of
the explosion channels exists. It is possible SNe Ia are produced through
both channels.

A promising path for understanding astrophysical processes is through
computer simulations. If scenarios such as those above can be accurately
simulated and the output compared with observations we can hope to rule
out false models. However, SNe Ia are extremely hard to model: Very
complex explosion processes with large temperature gradients and funda-
mental 3D effects make any models very computationally demanding. A
basic question is whether the burning front propagates as a subsonic (defla-
gration, lower than the speed of sound) or a supersonic (detonation) wave.
In deflagration scenarios the WD has time to expand before being com-
pletely burned, leaving some fraction of both unburned C and O and par-
tially burned Si, S and Ca. In a detonation, the complete WD should be
burned to nuclear statistical equilibrium, leaving only iron peak elements.
Since observations show some intermediate mass elements in the outer layers
but hardly any in the centre, some expanding deflagration-like phase seems
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Chapter 3. Type Ia Supernovae

to be required, while the inner layers are completely burned like after a deto-
nation. Unburned carbon has been firmly detected only in a few early-epoch
spectra [118].

A general review of models is given by Hillebrandt and Niemeyer [57].
To model an observed spectrum, radiative transfer codes, propagating the
light from a basic explosion model through the outer layers of the ejecta, are
used [108, 126]. Three dimensional effects, like clumping, seem necessary to
match observations [75, 105].

3.2 Observations of Type Ia SNe

Supernovae were first classified as Type I (without obvious hydrogen in
spectra) or Type II (with hydrogen) [89]. It was later (∼ 1985) realised that
Type I can be further divided into type Ia (showing Silicon absorption),
type Ib (signs of Helium) and type Ic (neither Si or He) [33]. Type II, Ib
and Ic probably all originate in core collapses of massive stars but differ in
how the outer regions of the star are composed. There are examples of SNe
gradually mutating between these types [e.g. SN1993J; see 34, 116]. Type Ia
SNe constitute a completely different subclass. They are very homogeneous,
showing no signs of hydrogen and are very bright, reaching a peak brightness
of MB ∼ −19.3 magnitudes in the B band [52, 53].5 This corresponds to
∼ 1010L⊙, that is comparable to the luminosity of an entire galaxy (for
a very short period).6 Further, no compact objects have been detected
at the positions of known Type Ia SNe, indicating that the complete star
is disrupted [57]. Finally, their brightness declines at an exponential rate
typical of energy deposits from radioactive decay.

These observations match very well with the theoretical expectations
given above. We thus have reason to believe that these events really are the
optical signatures of the thermonuclear disruption of C+O white dwarf(s)
with masses at the Chandrasekhar limit.

3.2.1 Light Curve

The light curves of Type Ia SNe, that is the evolution of the luminosity in one
or more photometric filters, are very similar.7 The energy visible in optical
bands quickly rises and reach maximum brightness around 20 days after the

5See Chapter 8 for a definition of magnitude,band.
6  L⊙ = luminosity of the sun.
7See Chapter 8 for a definition of photometric filter.
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Figure 3.2: Standardisable SN Ia light curves. Left panel: Normal SN, in
three filters. Mid panel: A “slow declining” SN with a wide “stretched” light
curve. Such SNe are found to be brighter than normal SNe Ia. Right panel:
A “reddened” SN, having relatively more flux in filters in higher wavelength
regions. Such SNe are found to be less bright than normal SNe.

explosion. After this the luminosity gradually decreases exponentially, but
with slightly different pattern for different filters. A shoulder can often be
seen in near-IR wavelengths, likely related to opacity effects [59].

The exponential decline is typical of light emission powered by radioac-
tive decay. The nuclear fusion in the explosion converts carbon and oxygen
into 56Ni, which decays via 56Co into stable 56Fe (roughly ∼ 0.5M⊙ of 56Ni
is produced). Each of these steps produces energetic γ-rays that power the
light curve when they are subsequently absorbed and reemitted as lower
energy optical photons.

Standardisation through light curve properties

Standard candles are objects with small dispersion in their luminosities.
What makes Type Ia SNe usable as standard candles, or rather standardis-
able candles, is the correlation between light curve shape and peak bright-
ness. Without corrections peak luminosities show dispersions around 0.3
magnitudes, making their immediate use as standard candles limited. In
1993 Phillips [96] (continued in Hamuy et al. [52]) demonstrated observa-
tionally how the supernova light curve width correlates strongly with total
luminosity: SNe with wider light curves are brighter. This thus allows stan-
dardisation of the luminosity, creating a very sharp standard candle and
opening the field of Supernova Cosmology. The correlation can be well ex-
plained if SNe with more than average 56Ni generated are both brighter and
have wider light curves [3, 27, 88, 120]. In Figure 3.2 we sketch different
light curve shapes.
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Chapter 3. Type Ia Supernovae

Tripp [119] later demonstrated that the dispersion can be even further
reduced by using the supernova colour [see also 98].8 A red supernova, with
relatively more flux at higher wavelengths, is on average fainter (See Figure
3.2). This can, for example, be characterised as the difference between the B
and V rest frame filter magnitudes.9 This difference, after the intrinsic SN
colour has been subtracted, is usually called the colour excess E(B−V ).10 A
SN with large E(B − V ) is often called “reddened”. A typical phenomenon
causing such reddening is absorption by dust - more light is absorbed in
bluer wavelengths thus creating a tilt of the spectrum [22], reducing flux in
“bluer” filters. Whether all reddening is caused by dust alone is still not
determined - we will return to this question in Chapter 6.

If corrections to both light curve width and colour are made the disper-
sion reduces to ∼ 0.13 magnitudes, corresponding to ∼ 7% in distance [5].
It now seems likely that SNe Ia can, at least in principle, be even further
standardised. Using very well measured nearby SNe, Folatelli et al. [37] sug-
gest that their dispersion is limited by host galaxy peculiar velocities and
that the intrinsic SN distance dispersion is only 3-4%.

3.2.2 Optical Spectrum

A SN Ia spectrum can be broadly understood as caused by an expanding hot
photosphere (the “deepest” layer seen) surrounded by layers of less dense
material.11 The dense photosphere emits thermalized black-body shaped
light (I(λ) ∝ λ−5(ehc/λkT − 1)−1). This gets absorbed and reemitted by
the surrounding material. The fast expansion creates wide over-lapping (P-
Cygni) absorption features. These steps are shown in Figure 3.3. Early
spectra are dominated by wide absorption regions attributed to neutral or
singly ionised intermediate mass elements (O, Mg, Si, S, Ca), with possibly
some iron-group elements.

As the ejecta expands and cools, the photosphere recedes inwards and
deeper layers are seen. The contributions from Fe-group elements quickly
increase (Feii, Feiii, Coiii). That the late Type Ia spectra are dominated
by iron shows that the core has gone through more or less complete burning
to nuclear statistical equilibrium. Eventually the photosphere is completely

8See Chapter 8 for a definition of colour.
9See Chapter 8 for a definition of rest frame.

10Dust properties are often parametrised using the total-to-selective extinction ratio
RV = AV /E(B − V ) where AV is the extinction in the V filter and E(B − V ) the colour
excess. Different RV values then correspond to different types of dust.

11See Chapter 8 for a definition of spectrum.
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Figure 3.3: Creation of a SN Ia spectrum. Top left: Thermalized photons
at the photosphere cause a black-body shaped spectrum at a specific tem-
perature. Solid line showing a higher temperature black-body compared to
dashed curve. Top right: An element outside the photosphere absorb pho-
tons at characteristic wavelengths. Bottom left: If a sphere of absorbing
material expands towards us we will get blueshifted absorption. Further,
absorbing elements at slightly different angles cause a widened absorption
pattern. Often (but not included in Figure!) this causes a P-Cygni profile
where the absorbed material resubmits at the rest frame wavelength. Bot-
tom right: Adding absorption from multiple elements will cause the observed
spectrum. Very fast expanding ejecta will cause lines to overlap. Thin line
shows a SN Ia template spectrum [from 64] for comparison.
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gone and only the emission lines of the nebular phase are seen. See [33] for
a detailed description of optical spectra.

Compared with other types of SNe, the Type Ia SN spectrum is mainly
characterised by not having any signs of H or He (the most abundant el-
ements in the universe) but instead clear Siii absorptions, most notably
around 6150 Å (lines blueshifted from λλ6347, 6371).

We will frequently use the term epoch of a SN Ia spectrum, with this
we mean the difference in days between the time of light curve max (in the
B-band filter) and the time of the spectrum observation, in the rest frame
of the supernova. Type Ia supernova template spectra from four different
epochs, showing the evolution with time, can be found in the left panel of
Figure 3.4. It is clear that the amount of flux covered by e.g. a B-filter will
change in time, yielding the light curves shown in Figure 3.2.

3.2.3 Subtypes of SNe Ia

Most SNe Ia form a very homogeneous class, but as more and more are
observed a number of subclasses of more or less peculiar types have emerged.
The two earliest studied such are the overluminous SN 1991T-like SNe [99]
and the underluminous SN 1991bg-like SNe [35, 117]. These can (at least to
some extent) be standardised along normal SNe and therefore be used for
cosmology. It is not yet determined whether they form distinct subtypes or
are part of a continuously changing population.

There are also “truly peculiar” SNe. This includes over-Chandrasekhar
mass events like SN 2003fg [62], SN 2006gz [55] or SN 2007if [109]. These
are so luminous that they seem to be powered by more 56Ni than what can
reasonably be created from a standard Chandrasekhar mass WD.

There is also a class of underluminous slow expanding SNe, including
SN 2002cx and SN 2005hk, that must be created in a significantly different
process - one possibility being a pure deflagration explosion [80, 97].

Even though these very peculiar objects are classified as Type Ia SNe
they do not obey traditional calibration relations and should be removed
from any cosmological fits, if not they could contaminate results. So far we
believe that all of these ”truly peculiar” objects can be easily identified and
removed from samples. In the right panel of Figure 3.4 we show examples
of spectra from peculiar SNe.

In fact, also the “normal” SNe Ia show systematic variations that can
be interpreted as subclasses. Examples of such normal subclassification are
the Branch-types [16] and the high/low velocity gradient-types [10].
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Figure 3.4: Left panel: Evolution of a normal Type Ia supernova with epoch
(day with respect to light curve peak). The epoch is given for each tem-
plate [templates from 64]. Dotted line shows the B-band filter transmission
curve. Right panel: Peculiar Type Ia supernova subtypes. Included are SN
1991T and SN 1991bg templates at light curve peak [91], SN 2007if, a pos-
sible Super-Chandrasekhar mass SN, at epoch 5 [109] and SN 2005hk, a SN
2002cx-like SN, at epoch -5 [97]

3.3 How to Measure a Spectrum

During recent years the amount of available spectroscopic data of SNe Ia
has rapidly increased. To obtain physical insight from these large samples,
information needs to be quantified. One way to do so is through “spectral
indicators”, measurements of spectral properties.

As discussed above elements in the SN ejecta will absorb photons orig-
inally emitted by radioactive material in the inner layers, thus causing the
typical pattern of “features” visible in SN Ia spectra. We will here introduce
two spectral indicators measuring these features, pseudo-Equivalent Widths
(pEWs) and line velocities.

In this analysis of spectral features we concentrate on seven regions,
shown in Figure 3.5 for a typical spectrum at two different epochs. Each
feature is labelled after the ion that normally dominates the absorption in
this region (see Table 3.1), but most absorption lines are blends of several
lines and should not be directly identified with physical properties. These
regions will therefore sometimes just be identified as features 1 to 7.
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Figure 3.5: The feature regions used for the measurements of spectral indi-
cators are shown for two template spectra at day −5 and 15 relative to light
curve peak [templates from 64]. The pseudo continuum (dashed line) and
line minimum (marked with triangle) are shown for two features (feature 4
and 7, respectively).

Spectral indicators are always measured on rest frame spectra.12

3.3.1 Pseudo-Equivalent Widths

For astrophysical objects with a well-defined continuum, the Equivalent
Width (EW) of an absorption feature can be easily measured:

EW =
N
∑

i=1

(

1−
f(λi)

fc(λi)

)

∆λi, (3.8)

where f is the observed flux and fc is the continuum. The sum is taken
over the wavelength region containing absorption. If, furthermore, the den-
sity structure is known and the absorption is caused by a single ion, this
information can be used to deduce elemental abundances. For SNe Ia, the
spectra are dominated by wide absorption features caused by mixed multi-
ple absorption lines. The continuum can thus not be read directly from the
observed data, and the physical interpretation of equivalent widths becomes

12See Chapter 8 for a definition of rest frame.
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Table 3.1: Feature Boundaries and Minima
Feature Dominating

Line
Lower Region
(Å)

Upper Region
(Å)

Rest Wave-
length (Å)

f1 Ca ii H&K 3450 - 3800 3800 - 4100 3945.12
f2 Si ii λ4000 3800 - 3950 4000 - 4200 4129.73
f3 Mg ii λ4300 3850 - 4250 4300 - 4700 4481.20
f4 Fe ii λ4800 4300 - 4700 4950 - 5600 5083.42
f5 S ii W 5050 - 5300 5500 - 5750 5536.24
f6 Si ii λ5800 5400 - 5700 5800 - 6000 6007.70
f7 Si ii λ6150 5800 - 6100 6200 - 6600 6355.21

non-trivial. Nevertheless, we can measure equivalent widths if an unam-
biguous (pseudo) continuum can be defined. We do this following Folatelli
[36] and Garavini et al. [43]. Lower and upper limits for the continuum is
found at the wavelength positions of peak-flux within the lower and upper
wavelength regions, respectively. These regions are given in Table 3.1. The
pseudo-continuum is defined as the straight line between the flux of these
lower and upper limits, with the choice of peaks optimised so that the pseudo
continuum is maximised while not intersecting the spectrum.

With this pseudo-continuum a pseudo-Equivalent Width (pEW) can be
calculated (as for EWs):

pEW =
N
∑

i=1

(

1−
f(λi)

fc(λi)

)

∆λi, (3.9)

where f is the observed flux and fc is the pseudo-continuum. The sum is
now taken over all wavelength bins contained between the lower and upper
limit.

The pEW definition has the advantage of not having to fit any function to
the data (most features are clearly non-Gaussian) as well as being insensitive
to multiplicative scaling between spectra.13

The statistical error is given by

σ2
pEW =

N
∑

i=1

(

σ2
f (λi)

f2
c (λi)

+
f2(λi)

f4
c (λi)

σ2
fc(λi)

)

∆λ2
i . (3.10)

It consists of two parts, the first is obtained from the flux uncertainty of the
observed spectrum, σf , while the second propagates the uncertainty from

13Note that pEWs are not insensitive to additive flux differences.
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the choice of pseudo-continuum, σfc .

3.3.2 Line Velocities

The position of absorption and emission features can also be used to probe
SN properties. We study the wavelength minima of the features defined
above. These are converted into velocities through the relativistic Doppler
formula,

vabs = c
(λm/λ0)

2 − 1

(λm/λ0)2 + 1
, (3.11)

where λ0 is the laboratory wavelength of the ions creating the feature and
λm is the measured minima wavelength in the rest frame of the host galaxy.
As λ0 we use the rest wavelength of the ion that each feature was named
after, these are given in Table 3.1 (5th column).

Measurements of vabs yield information regarding the explosion kinemat-
ics as opposed to pEWs that are mainly affected by temperature. As for
pEWs, it is often difficult to give a simple physical interpretation of line
velocities for SNe Ia since most spectral features consist of blends of ions.
Also, different ions dominate features at different epochs and thus shift the
minimum position. Siii λ6150 (f7), typical of SNe Ia, most often yield unam-
biguous measurements and is thus usually the best estimate of the expansion
velocity [although not always the most accurate, see e.g. 94].

3.3.3 Measurement Uncertainties

In addition to the statistical error, there are several sources of systematic
uncertainties affecting spectral indicators. The two most serious are host
contamination and noise differences:

• Light from the host galaxy in the spectrum can both change the shape
of the feature and induce an additive flux change. Since host con-
tamination varies with host galaxy types, and redshift, this can create
systematic errors.

• Filtering or smoothing is necessary in order to identify the end points of
spectral features. Over or under filtering can introduce a measurement
bias.

These will be further discussed in Chapter 5.
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Supernova Cosmology and
Systematic Errors

This chapter shows how the homogeneous SNe Ia introduced in Chapter 3
can be used to probe the cosmological parameters described in Chapter 2.
The SMOCK framework (Paper A) is presented as a method to study how sys-
tematic uncertainties complicate this process. For further details regarding
SNe Ia and cosmology, see e.g. Goobar and Leibundgut [46].

4.1 Light Curve Fitters

As discussed in Chapter 3, SNe Ia can be standardised using light curve
properties. An algorithm doing so is called a light curve fitter. A number of
such codes exist, e.g. SALT[49], SALT2[48], MLCS2k2[65], SiFTO[26] and
SNooPy[21]. These all estimate light curve shape and colour, according to
some parametrisation, and use these to correct peak luminosity.

For example, SALT/SALT2 estimates the light curve width/shape as
the stretch/x1 parameter and a colour, c, describing reddening according to
an empirically determined extinction law. MLCS2k2 output, on the other
hand, consists of a light curve shape-dependent parameter ∆ and the V -
band extinction, AV . The AV parametrisation assumes that any reddening
not corrected for by the ∆ parameter can be described by a Milky Way-like
extinction law. A further difference between these fitters concerns the train-
ing samples: MLCS2k2 only uses well measured nearby SNe to determine
correction coefficients, while SALT(2) also includes high redshift data and
makes a global empirical fit to all parameters.

Unfortunately these methods do not always yield compatible corrected
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peak luminosities! The differences are most likely related to two of the large
unknowns in current SN cosmology: the nature of reddening and possible
low/high redshift differences (evolution?). The uncertain SN Ia UV-flux,
hard to study in the local universe but observed at high redshifts, con-
tributes to the latter effect [71]. These problems will be addressed below as
systematic uncertainties.

4.2 The Hubble Diagram

The luminosity distance, dL, as defined in Equation 2.11, contains infor-
mation about cosmological parameters. For every theoretical model we can
calculate the luminosity distance as a function of redshift. This is where
Type Ia supernovae get useful: We can measure both redshifts (from the
host galaxy emission lines) and, since they are standard candles, compar-
isons between different SNe yield the change in luminosity distance between
the redshifts. These two distance estimates (luminosity distance vs. red-
shift) can thus be used to rule out cosmological models.1

Observed luminosities are usually written as logarithmic magnitudes m.2

These are related to dL through:

m(z) = M + 5 log dL + 25 (4.1)

where M is the absolute (distance independent) magnitude and m(z) the
magnitude observed for an object at redshift z. For cosmological purposes
the absolute magnitude M can be treated as a nuisance parameter since it
is the relative brightness of Type Ia SNe that is compared. The parameter
of interest is thus the distance modulus µ(z) = m(z)−M . These magnitude
redshift comparisons are usually called Hubble diagrams, in Figure 4.1 an
example is shown.

What is actually restricted by Type Ia SNe is a linear combination of
ΩM and ΩΛ (0.8ΩM−0.6ΩΛ ≈ −0.2). To provide further constraints, results
are usually combined with other cosmological probes. Studies of the Cosmic
Microwave Background or Baryon Acoustic Oscillations yield very different
degeneracies compared with SNe. These results all confirm the cosmological

1That the relationship between the two different distance estimates, redshift and lumi-
nosity distance, contains new information can be (roughly) understood as follows: Redshift
is caused by the “stretching” of photons due to expansion, while luminosity distance also
contains information about the “area” of a sphere around the lightsource.

2See Chapter 8 for a definition of magnitude.
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Figure 4.1: Hubble diagram based on the Union2 sample from Amanullah
et al. [2]. On the y-axis of the top panel is the distance modulus (magnitude
after light curve and colour corrections, see Section 4.3.1), where the line
corresponds to the best fit cosmology. If this best fit is subtracted we get
the Hubble diagram residuals shown in the lower panel (bold points show
binned averages). The x-axis show SN redshifts.
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“standard model”, (ΩM ,ΩΛ) = (0.27, 0.73). However, SNe by themselves
are sufficient to rule out a matter dominated universe [74].

4.2.1 Supernova Surveys

Modern supernova cosmology demands high quality light curves, accurate
typing and large volume (to ensure large statistics). This is achieved through
large scale surveys where telescopes observe the same field every few days
(a cadence of a few days) for an extended period of time. Each field is
observed in a range of filters and these observations are compared with ref-
erence images. If any new object appears, this could be a Type Ia SN. Many
candidates can be rejected when comparing magnitudes in the different fil-
ters (other transients have very different colours). Most, but not all, of
the remaining objects are Type Ia SNe. To remove the last contaminating
objects, optical spectra are obtained. Current surveys thus combine both
frequent photometry (to obtain a light curve) and spectroscopy (to do final
typing of all objects and get accurate redshifts).

4.3 Systematic Errors and SMOCK

During the years since the first methods to standardise Type Ia SNe were
introduced the complications involved in supernova cosmology have been
extensively studied. A range of possible uncertainties need to be taken into
account. These uncertainties are what makes cosmology difficult - without
them a handful SNe would be enough to determine the dark energy equation
of state.

This section concerns these complications. The first part consists of a
list of expected, possible or feared uncertainties. This list is not ordered and
not complete, each item is only discussed very briefly and many items are
highly correlated. It is mainly given in order to give a sense of the nature
of possible uncertainties and motivate the second part of this chapter.

Systematic uncertainties dominate over statistical for current large data
sets [5, 56, 71, 74, 125]. At the same time such uncertainties are usually
non-linear, non-Gaussian and display complex correlations, and are thus not
straightforward to include in fits of cosmological parameters. In section 4.3.2
we describe a Monte Carlo simulation framework, SMOCK, designed as a tool
to quantify these uncertainties in a realistic way.
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4.3.1 Some Examples of Systematic and Statistical Uncer-
tainties

We will here shortly describe some possible systematic errors.

• Calibration
Already for current SN cosmology surveys the calibration of the pho-
tometric observations is the dominating systematic uncertainty [25].
Counts registered on a unique CCD at a specific telescope, using a
local filter, during one night, need to be converted into calibrated flux
levels in a universal magnitude system (e.g. Vega). This conversion
is not trivial. For example, filter transmission curves can change with
time and thus subtly modify observed fluxes.

• Colour
As discussed in Section 3.2.1 some SNe are redder than others. We
know one source of reddening, absorption by dust in the Milky Way.
This effect is well studied and using dust maps observations can be
corrected [22, 111]. But reddening remains even after this correc-
tion. Current light curve fitters try to compensate for this, typically
either explicitly assume reddening to be caused by host galaxy dust
absorption (MLCS) or that it can be empirically determined as one
wavelength-dependant extinction function (SALT2). If these methods
fail, if for example reddening is caused by more than one process, we
will bias cosmology. We will return to discuss reddening in Section 6.7.

• Metallicity
Type Ia SN progenitors are usually described as C+O WDs, meaning
that they originally consisted of H and He that subsequently burned
to C and O. But as the universe ages, more metals are created (in
supernovae!), and eventually a small fraction of metals will be mixed
with the H and He forming the new star.3 These metals are not
destroyed and thus still exist in the exploding WD. Models indicate
that even low levels of metals could have detectable effects on explosion
properties, especially at bluer wavelengths [58, 79]. If such an effect
exists it would increase with the total fraction of metals and thus
with time, meaning it would affect distant (old) SNe differently than
nearby (young). It is, however, not certain that an effect exists: metals
could be concentrated in the centre of the WD and have negligible
impact on the outer regions that are observed by us [19]. Konishi

3All elements heavier than Helium are considered metals.
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et al. [73] reports a correlation between SN properties and metallicity
measurements at the position of the SN.

• Asphericity
Are Type Ia SNe completely spherical? There are both theoretical
arguments (SNe have a companion), models (showing clumps in the
ejecta) and observations (e.g. polarisation levels) telling us that this
is not the case [69, 123]. Maeda et al. [84] show that SNe exhibit sys-
tematically different nebular line velocity shifts and provide a simple
asymmetric model to explain these. Does the SN brightness then vary
with viewing angle?

• Progenitor
It is currently accepted that a Type Ia SN is caused by thermonuclear
runaway of a C+OWD. But many unknowns remain: Which is the real
explosion scenario, or do both the single and double degenerate channel
exist? Are there limits on allowed progenitor metallicity? What sort of
mass-transfer is needed? How nearby and massive must the companion
be? Are there limits on rotation? No Type Ia system has so far been
observed before explosion. For one case, that of Tycho Brahes SN
1572, there are claims that the companion has been detected [106].

• K-correction
When constructing a Hubble Diagram the peak luminosity in the rest-
frame B band is usually used, and the difference between rest-frame
B and rest-frame V magnitudes are used to determine the colour.
However, when observing SNe we do so in the observer -frame. All
magnitudes we obtain are thus in filters redshifted with respect to the
ones we would like to use when doing cosmology. These filter discrep-
ancies are known and can, in principle, be corrected for. Corrections
that convert observed magnitudes to rest frame magnitudes are called
K-corrections [72]. However, a perfect correction demands that both
correct filter functions are used and that the supernova spectrum at
the epoch of observation is known, which is not realistically achievable.
In practice a more or less suitable template spectrum is used [64].

• Host galaxies
Type Ia SNe occur in all types of galaxies, but show systematic vari-
ations. It is well documented that star forming, late type galaxies
host brighter SNe with wider light curve shape [52]. Further, the rate
of SNe vary, possibly explained by two populations, one with the SN
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rate proportional to star formation rate (“prompt”) and one with the
rate proportional to mass (“delayed”), with slightly different average
parameters [61, 110]. Recently, luminosity variations not captured
by light curve properties have been reported in host galaxy studies
[70, 78, 114]. Section 6.6 discusses relations between host galaxy and
spectroscopic properties.

• Evolution with redshift
Many of the effects discussed here (like metallicity/host galaxy differ-
ences) could imply some level of evolution: distant SNe having different
properties than local. Since the standard candle method in principle
relies on the candles not evolving, this could be problematic. It is not
necessarily so since supernova cosmology only demands that we sam-
ple all types of SNe locally (and thus can verify their standardisation).
If a non-corrected/non-detected evolution exists, however, this would
directly bias cosmological results and exactly mimic a changing expan-
sion rate of the universe. An example of an astrophysical effect causing
such evolution is intergalactic “grey” dust [45], constant absorption for
all wavelengths [although the cosmological uncertainty from such dust
is now very constrained, see 93]. Evolution of spectroscopic properties
will be discussed in Section 6.4.

• Redshift uncertainties
Current supernova surveys obtain accurate redshifts from spectra ei-
ther of the host or (slightly less accurate) of the supernova. Future
huge volume photometric only surveys like the Dark Energy Survey
(DES) or the Large Synoptic Survey Telescope (LSST) will not be
able to provide such spectra, instead redshifts will be estimated using
photometry. This introduces fundamental uncertainties and it is not
certain that large statistics will compensate [29].

• Non-normal or misidentified SNe Ia
The non-normal SNe Ia subtypes shown in Figure 3.4 all have dif-
ferent peak luminosities. Some can be standardised in the normal
procedure (and thus used for cosmology), others not. There are also
other transients (Core-Collapse SNe, AGNs) that could be mistaken
for SNe Ia and thus bias cosmology. Currently, misidentified SNe Ia are
avoided using combined photometric and spectroscopic data.4 Once

4Even spectroscopic identification is sometimes very hard, especially in the presence of
noise. Type Ib/c SNe, for example, can look very much like SNe Ia where no silicon is
seen (which can happen roughly one week after max) [82].
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more, future photometric-only surveys will have to demonstrate that
such objects do not bias the results.

• Gravitational lensing
All distant light sources can be affected by gravitational lensing. This
is wavelength independent and thus not detectable through changes in
spectra. The average magnification is zero but with an asymmetrical
distribution; most SNe experience very small demagnification while
some rare events are highly magnified [11, 66].

• Malmquist bias
If surveys are not limited by volume but by brightness, only the bright-
est objects are observed at the farthest distances. This could bias re-
sults if objects at all distances are assumed to have the same average
properties.

• Homogeneity-isotropy
The ΛCDM framework assumes that the universe is homogeneous and
isotropic, and that the small scale clumps and voids we see can be
averaged out. Supernova data now puts very stringent constraints on
fully inhomogeneous models [13], but it is still unclear whether aver-
aging of the matter density can modify the cosmological parameters
when evaluated in the ΛCDM framework.

4.3.2 SMOCK: Quantifying SN Systematic Errors Through MC
Studies

Systematic errors do not in general follow a simple parametric form that can
be added to error estimates. They are often non-linear and non-Gaussian.
Systematic errors cause measurements to be highly correlated in a non-
predictable way. It is thus far from clear how the above uncertainties prop-
agate to cosmological parameter estimations. Current SN samples are dom-
inated by systematic errors [56, 74]. To make measurements more precise
these systematic errors need to be first understood and then limited. As a
first step we need to quantify their effect on cosmological parameter estima-
tion.

In Paper A, the Supernova MOCK (SMOCK) code is presented. This is
a flexible Monte Carlo simulation framework designed to incorporate any
combination of arbitrarily shaped or correlated uncertainties. Through this
method no assumptions regarding the errors need to be made, as would be
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the case for e.g. Fisher Matrix analysis.5 The drawback with any simulation
is the required computational time.

The SMOCK structure

The simulation follows a simple loop. As input a given distribution of data
parameters are used (like redshift, magnitudes and light curve properties).
The distributions can either be taken from an observed data set or from
simulated data.

Simulations then proceed using a given set of run parameters. These pa-
rameters determine exactly which systematic uncertainty models that should
be tested on the data set. Any given model affecting any of the data pa-
rameters can be included, provided probability distributions exist. We then
repeat the following steps:

1. Every data point is shifted. This includes randomising all parameters
given model probability distributions. All such changes are then prop-
agated to each individual redshift, magnitude and error. Statistical
uncertainty, like measurement errors and intrinsic dispersion, are also
included.

2. Using the shifted data points, a cosmological fit is performed. The
best-fit cosmology is saved.

This process is continued until convergence.6 After run completion sta-
tistical tests can be made on the set of best-fit cosmologies obtained. In
this way both the most-likely fit and e.g. the 68% confidence regions can be
calculated. If only statistical errors are included the method yields contours
corresponding to a “normal” fit to the data.

The final analysis step is then to compare results from different runs in
order to estimate the effects of the added systematic uncertainties on cosmo-
logical parameters. When different runs with increasing systematic model
uncertainties are performed the increased cosmological fit uncertainties are
obtained as functions of the model uncertainties.

Some examples of implemented uncertainties:

• Evolution with redshift.

5Realistic Fisher Matrix studies can be made, provided correct correlation matrices

exist. Another possible use for SMOCK is to construct such matrices.
6This is assumed to be when additional runs do not change the distribution of best-fit

cosmologies.
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• Dust effects through variations in RV , possibly with redshift.

• Typical gravitational lensing errors as calculated in SNOC [47].

• Malmquist bias through removing faint objects in different redshift
bins (after adding intrinsic dispersion).

• Light curve fitter output differences.

• Metallicity effects [using the parametrisation of 100].

For a complete discussion see Paper A. The framework was designed
to allow for easy incorporation of new sources of uncertainty as they are
encountered.

4.3.3 SMOCK Systematic Error Estimations

A long range of different combinations of uncertainties were applied to dif-
ferent data samples: (i) the Gold data set [104] (ii) the SDSS dataset [71]
and (iii) the proposed SNAP distribution (∼ 2000 SNe distributed up to
z = 1.7).

The results are most easily accessible through the simple graphical in-
terface.7 Here the magnitude of different uncertainties can can be quickly
compared. See Figure 4.2 for a sample screenshot. The general conclusions
from SMOCK runs based on current data are that uncertainties related to
reddening and evolution are the dominating astrophysical systematic uncer-
tainties.

Survey optimisation: SNAP

The SMOCK code was originally developed as part of analysis work during the
planning stage of the SNAP satellite.8 The main target of this mission was
to remove/reduce all systematic uncertainties that affect supernova cosmol-
ogy. To do this all parameters should be explored and optimised so that
uncertainties are minimised. Examples of such parameters include: Fil-
ter shape, exposure times (in different filters) and SN redshift distribution.
These parameters can be studied as different models of systematic errors
are applied. SMOCK provides a way to test how to choose these in order to
minimise uncertainties.

7Accessible at http://www.physto.se/∼nordin/smock/
8See snap.lbl.gov
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Figure 4.2: Screenshot of the graphical interface collecting SMOCK studies of
systematic errors in a SNAP sized sample.
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Chapter 5

The SDSS NTT/NOT
Spectroscopic Sample

In this Chapter, the SDSS NTT/NOT spectroscopic sample is introduced.
This includes a discussion regarding host galaxy contamination estimation
and noise filtering.

5.1 The Sloan Digital Sky Survey II Supernova
Survey

The Sloan Digital Sky Survey (SDSS) has performed a number of high qual-
ity astronomical surveys since 2000.1 The dedicated 2.5-meter telescope at
Apache Point Observatory, New Mexico, together with an automated reduc-
tion pipeline, has allowed deep and repeated surveys of large fractions of the
sky.

The SDSS Supernova Survey (SDSS-SN) operated as part of the second
SDSS run (2005-2008). SDSS-SN was specifically designed to detect and
provide high quality multi-band light curves of supernovae in the previously
rarely observed intermediate redshift range 0.1− 0.4. During three 3-month
campaigns a 300 square degree field was observed with a target cadence of a
few days. All observations were made using five optical filters: u,g,r,i,z. See
Frieman et al. [40] for a description of the survey strategy and Holtzman
et al. [60] for a description of the photometric pipeline. The SDSS redshift
range allows a sharp transition between the expansion rate locally and in
the distant universe to be ruled out. The first year cosmological results are

1The SDSS Web Site is http://www.sdss.org/.
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described in Kessler et al. [71]. Alternative dark energy models are examined
in Sollerman et al. [113] and a redshift limited study performed in Lampeitl
et al. [77].

An essential requirement for the use of SDSS supernovae for cosmology
is that they are correctly typed as Type Ia supernovae. Since other transient
phenomena have different luminosities they will bias cosmological parame-
ter if assumed to be SNe Ia. To avoid such misclassifications a spectroscopic
follow-up campaign was initiated at a number of telescopes. All promising
supernova candidates identified in the photometric pipeline and verified us-
ing manual scanning were sent to a queue for spectroscopic confirmation.
Participating facilities would then observe candidates from this list. The
candidate selection algorithm is described in Sako et al. [107] and the first
year spectroscopic observations in Zheng et al. [128].

Two of the most heavily involved telescopes were the Nordic Optical
Telescope (NOT), at the Observatorio del Roque de los Muchachos on La
Palma, Spain, and the New Technology Telescope (NTT) at the La Silla
Observatory, Chile. During the 2006 and 2007 campaigns in total 45 nights
were awarded at the NOT and the NTT, out of which 41 had sufficiently
good weather for observations. The thus obtained spectra constitute the
SDSS NTT/NOT sample. This is described in full detail in Paper B.

5.2 Observations, Data Reduction and Typing

During 32 nights with good conditions 244 spectra of SN candidates were
obtained at the NTT telescope. The NTT has a 3.58-m primary mirror and
observations were made using the ESO Multi-Mode Instrument (EMMI;
Dekker et al. [30]). The final wavelength coverage is 3800 to 9200 Å, the
wavelength dispersion (resolution) 1.74 Å per pixel, and the spatial resolu-
tion 0.′′166 per pixel before binning. A binning of 2x2 was used.2

The NOT has a 2.56-m mirror and spectra were obtained using the
Andalucia Faint Object Spectrograph and Camera (ALFOSC). NOT spectra
have a wavelength range from 3200 to 9100 Å, a wavelength dispersion of
3.0 Å per pixel, and a spatial resolution of 0.′′19 per pixel. During 9 nights
with good observing conditions 46 spectra of target SNe were obtained.3

Exposure times were typically 1800 seconds, but could vary between 300

2The NTT observations were acquired in the ESO programmes 077.A-0437, 078.A-0325,
079.A-0715 and 080.A-0024 under PI Robert Nichol.

3The NOT observations were acquired in the programmes with proposal numbers 34-
004, 35-023 and 36-010 under PI Maximilian Stritzinger.
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Figure 5.1: Redshift distribution of the 228 observed objects at the NTT
and the NOT with a known redshift. The subset of objects classified as
SNe Ia is shown in the striped histogram. Figure from Paper B.

and 3600 seconds depending on target luminosity and observing conditions.
Each unique object was assigned an SDSS ID (see Paper B for corresponding
IAU ID’s). Out of the 238 targets, 84 had prior galaxy redshifts from SDSS
DR7, 102 objects had the redshift determined from galaxy lines, 40 from
SN features and two from (rough) template fits. Some of these redshifts
were determined from NTT/NOT spectra, but also observations from other
telescopes were used. For 10 objects, no redshift could be determined. In
Figure 5.1 we show the redshift distribution for all targets with redshift.

A spectroscopic reduction pipeline was constructed using a combination
of IRAF

4 routines and our own software. Reduction was mainly standard
Bias subtraction, Flat fielding, Spectral extraction, Wavelength and flux cal-
ibration, Telluric removal and Correction for Milky-Way dust extinction.5

The slit admitting light into the spectrograph was often not aligned
with the parallactic angle.6 Instead it was usually oriented so as to pass
both through the SN and through the core of the host galaxy, or to avoid
bright objects in the field. The observations will thus suffer from differential
atmospheric refraction (DAR), a kind of slit loss, in practice wavelength

4IRAF is distributed by the National Optical Astronomy Observatories, which are oper-
ated by the Association of Universities for Research in Astronomy, Inc., under cooperative
agreement with the National Science Foundation.

5See Chapter 8 for a definition of reduction.
6See Chapter 8 for a definition of parallactic angle.
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Table 5.1: Number of Spectra and Unique Objects.

Spectra Objects

Total 290 238
with redshift 280 228

SN Ia 169 141
with good light curve 127 108

SN Ia? 3 3
SN II 26 23
SN Ib/c 12 8
Not SN 19 16
Galaxy 14 12

Unclassified 61 47

dependant flux loss.7 Furthermore, the SDSS-SN field positions on the sky
forced observations at high airmasses (closer to the horizon), increasing the
DAR magnitude. Several spectra are thus severely distorted by this effect,
which has implications e.g. for the removal of host galaxy contamination
(see below). DAR was estimated for each observation, see Section 5 in Paper
B for details.

Finally, the type of astrophysical source of each observed spectrum was
identified through a combination of manual inspection and use of the tem-
plate fitting software SNID [SuperNova IDentification; 15]. After these steps
we find that the SN Ia sample contains 169 spectra of 141 individual SNe,
plus 3 likely SNe Ia. In addition, we also obtained 26 spectra of 23 SNe II
and 12 spectra of 8 SNe Ib/c. The number of spectra and the number of
unique objects are summarised in Table 5.1. Several likely non-normal SNe
Ia were found. For example, SN 2007ie (SDSS 17176), show strong indica-
tions of being a SN 2002cx-like SN. If allowing the redshift to vary freely,
different supernova templates could match, although SN 2002cx yields the
best match. If we fix the redshift to the SDSS DR7 redshift SNID provides
a clear SN 2002cx identification. In Figure 5.2, some of the SNID fits to SN
2007ie are shown. We thus see that also the very subluminous SN 2002cx-
like SNe are detected at higher redshifts, and need to be accounted for in
photometric surveys.

7See Chapter 8 for a definition of DAR, slit loss.
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Figure 5.2: The observed spectrum of SDSS ID 17176 (SN 2007ie) together
with (thin) lines showing different typical spectra of SN subtypes (see leg-
end). Figure from Paper B.

5.3 Host Galaxy SED Estimation

A SN spectrum will contain a superposition of supernova light and light from
the host galaxy. For nearby SNe the size of the galaxy is large compared
with the supernova Point Spread Function (PSF), allowing galaxy light to
be efficiently removed in the spectral reduction process. For more distant
objects this is not possible, and at some distance both host galaxy and
supernova will appear as superposed point sources.

The NTT/NOT SNe, at intermediate redshifts, display varying degrees
of host contamination. For accurate studies of spectral indicators, like
pseudo-Equivalent Widths, such contamination needs to be removed. This
Section describes the host-galaxy subtraction method used and Monte-Carlo
tests of its success. This method is specifically tailored to allow measure-
ments of pEWs and line velocities, and might not be suitable for other
applications (e.g. flux ratio measurements and computer modelling). Only
SNe Ia spectra were host subtracted.
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5.3.1 Host Galaxy Subtraction Introduction

In the past, several different techniques have been used to subtract the host-
galaxy contribution from observed spectra. If a separate spectrum of the
host galaxy exists this can be subtracted [the contamination level is either
fitted or estimated from photometry, see e.g. 32, 63]. For the vast majority
of the NTT/NOT spectra, no good quality spectra of the host galaxy at the
location of the SN was accessible at the time of this work and using a real
galaxy spectrum was thus excluded. There are also host-galaxy subtraction
methods which separate the two components, SN och galaxy, directly in the
two dimensional spectrogram [9]. However, this requires higher resolution
of the data than that of the NTT/NOT data set.

Instead galaxy eigenspectra, determined from Principal Component Anal-
ysis (PCA) of typical galaxy spectra [127] were used to model the host
galaxy. Similar methods were used by Zheng et al. [128] and Foley et al.
[38]. For a large fraction of the moderately contaminated spectra (10-60%
contamination, estimated from photometry, in the g-band) we found this
subtraction method to yield good results.8

DAR/slit-loss creates additional difficulties for the host-galaxy subtrac-
tion since the supernova (being a point source) is affected differently than
its host galaxy (being an extended source). Furthermore, galaxies look more
and more like point sources at higher redshifts. This has to be accounted
for in the subtraction process.

5.3.2 Host Galaxy Subtraction Method

The spectral energy distribution (SED) of the host galaxy was estimated
through minimising the difference between the observed spectrum and a
combination of a SN template and a set of galaxy eigencomponent spectra.
The SED fitted to the observed spectrum can be described with the formula

ffit(λ) = a0s(λ) · fSN(λ) +
n
∑

i=1

aigi(λ), (5.1)

where fSN(λ) is the SN template, gi(λ) the galaxy eigencomponent spectra,
s(λ) is a second degree polynomial and ai weights which are fitted in the
subtraction.

8Some part of the host-galaxy light, at least for host galaxies with larger spatial extent
on the CCD, were removed during a linear background fit in the reduction of the 2d-
spectra. For these spectra the host-galaxy contamination that was fitted was thus the
residual from the reduction.
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The galaxy eigencomponent spectra were created in a PCA analysis of
170 000 SDSS galaxy spectra [127]. The three most dominant eigenspectra
have been shown to describe 99% of all galaxies.9 In the fit we included the
constraint that the total galaxy flux must be positive.

For the SN template we use templates published by Hsiao et al. [64] and
in each fit we tried all templates with epochs ±5 days from the epoch of
the spectrum. We also included templates of more peculiar SNe, SN 1991bg
and SN 1991T [91], to compare with non-normal SNe. None of our spectra
were well fitted with the SN 1991bg template (not surprising since there
will be a bias against such objects due to their faintness). Some spectra had
marginally better fits with a SN 1991T template, but for these the template
used did not significantly affect the subtracted SN spectrum.

The second degree polynomial, s(λ), multiplied with the SN template
was introduced to account for reddening (e.g. due to host galaxy dust ex-
tinction) and DAR/slit-loss effects. During observations, the object was
centred on the slit in the red part of the spectrum, and thus differential slit
losses due to atmospheric refraction, when present, predominantly affects
the blue end (as does extinction). The second degree polynomial was fixed
to have s(λ1) ≡ 1 with λ1 = 6600 Å and s(λ) < 1 for all other wavelengths.
The value of λ1 was chosen to correspond to the effective wavelength where
most spectra were centred on the slit. DAR is in general not symmetric
around the centering wavelength, but since the fit during host-galaxy sub-
traction was only made between 4000 Å and 6000 Å, the behaviour of the
slit loss function at longer wavelengths did not affect the fit. The polynomial
is only multiplied with the SN template, and not with the galaxy. This was
done since galaxies, not being point sources, are significantly less affected
by slit loss.

Figure 5.3 shows examples of observed spectra together with the esti-
mated host galaxy SED. Host contaminations in this Figure range from
very high (77%) to very low but including reddening/slit loss. For moder-
ate contamination, 10 to 60% galaxy light in the g-band, the multiplicative
host-galaxy subtraction works well. Within these limits the best fit galaxy
SED is subtracted from the observed spectrum before any measurements are
done. For spectra with very low contamination no subtraction is done while
spectra with very high contamination are excluded from further analysis.

9The fit can be made arbitrarily complex through the inclusion of more galaxy eigen-
component spectra (to the existing three), but this extension was not used in the final
studies since the fits did not improve significantly while the computational demands in-
crease drastically.
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Figure 5.3: Display of sample host galaxy subtractions of SDSS SN16637,
12907, 17886 and 13894 (clockwise from top left, rest frame epochs -1, 0, -4
and 9 days). All flux values (y-axis) have been scaled. Wavelength (x-axis) is
rest frame wavelength. Dashed blue lines show the unsubtracted and dotted
red lines the final host galaxy subtracted slit loss/reddening corrected spectra
and orange solid lines best fit galaxy SEDs. Grey lines show unsmoothed
spectra. The galaxy contaminations estimated from photometry (g-band)
and redshift have been written in each panel.

5.3.3 Alternative Subtraction Methods

Several modified versions of this host subtraction were tried: Other sets of
eigencomponent spectra, more eigencomponent spectra, unrestricted poly-
nomial s(λ) and slit loss applied to the host galaxy. For individual spectra
one of these alternative methods might achieve better fits, but globally they
were all either less stable or as good but with significantly more parameters
to fit.

Two methods relaxing the dependence on SN template were also im-
plemented: Linear fits using all nearby SN spectra as SN templates and
photometry fixed galaxy subtraction where the host galaxy photometry is
used to constrain the galaxy shape and proportion. The first method in-
corporates a large amount of templates and the second does not use any
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template at all. However, in general the multiplicative method including
the slit loss/reddening correction was found to be superior in most cases
and more stable for a sample with NTT/NOT specifications.

5.3.4 Evaluating the Subtraction Pipeline

To evaluate the subtraction methods, a large number of simulated “fake”
spectra were constructed and run through the subtraction pipeline. Each
fake spectrum was constructed through a combination of a SN and a galaxy
spectrum, redshifted to some distance. Reddening and DAR were added
to the SN spectrum and finally varying levels of random noise. All pa-
rameters (redshift, spectral epoch, host-galaxy contamination, reddening,
differential slit loss and noise) were drawn from distributions that match
the NTT/NOT data set. In constructing these fake spectra we avoided all
templates/functions that were used in the host-galaxy subtraction pipeline
(as this would make the fit trivial). See Paper B and Appendix A of Paper
C for full details.

The simulations were evaluated using a range of different tests. For all
fake spectra we compared the input SN and galaxy spectra with the SN and
galaxy as estimated by the host-galaxy subtraction pipeline. In Figure 5.4
we show how the difference between input and estimated (output) contam-
ination varies with input contamination (in the g band). Note that we get
a more accurate estimation with higher contamination levels; it is hard to
correctly find the galaxy SED with only a small galaxy light fraction.10 For
objects with very low contamination it can thus be advantageous not to
subtract the estimated host galaxy light since the correction is smaller than
the uncertainty in the correction.

We have also studied direct effects on spectral indicator measurements
caused by the host subtraction pipeline. All of the created fake spectra were
processed through the host subtraction pipeline and spectral indicators were
measured. The measured spectral indicators could then be compared with
the ones obtained from the original SN spectrum. The subtractions are
thus evaluated with respect to how well correct indicators were measured.
Sample simulation results are presented in Figure 5.5. In general simula-
tions are stable with the following characteristics: A small bias for very low
contamination levels that decreases with added contamination and a ran-
dom dispersion that increases with contamination. The sizes of such effects
vary slightly from feature to feature. For each feature, epoch and spectral

10Small levels of remaining host light in the SN templates used in the MC study would
contribute to this effect.
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Figure 5.4: Error in estimated contamination. The difference between the
g-band host-galaxy contamination that was introduced in the construction
of fake spectra (g input) and the contamination that was obtained during
host-galaxy subtraction (g fit) for three different bins in g input. The mean
contamination for each bin is given in the respective panel as < c >. The
contamination was calculated as the percentage of the total flux in the ob-
served SDSS g band which comes from the galaxy. The solid histogram
corresponds to simulations without added noise while the dashed line cor-
responds to where noise is added. The dispersion is largest for small input
contaminations. The number of outliers increase from 0.9% to 2% when
noise is added.
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indicator combination the systematic uncertainty and bias as functions of
contamination are recorded and used as a Host subtraction systematic error
in the spectral studies of Chapter 6.

Figure 5.5: Error in indicator measurements. For every simulated spectrum
the indicators measured on the host subtracted version are compared with
the true non-host contaminated values. These plots are based on pEW f3;
other indicators show similar results. The fractional error (true value sub-
tracted from “fake” measurement, divided by true measurement) is used so
that all templates of different epochs and subtypes can be added and errors
analysed as functions of contamination. The panels show the distribution
of errors, divided into four contamination bins (0− 17.5,17.5− 35,35− 52.5
and 52.5 − 70% in g band). The average contamination, average error and
Population RMS is printed for each bin. The average error (dashed line)
indicates a small bias, decreasing with contamination. The dispersion indi-
cates a random error from host subtraction, increasing with contamination.

5.4 Filtering and Uncertainties Due to Noise

The level of random noise varies greatly in the NTT/NOT sample. The
spectra were initially obtained mainly to provide the type of the transient,
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and observations were optimised so that as many candidates as possible
could be observed each night. Many SN spectra are thus noisy, making
studies of spectral properties impossible unless some kind of noise filter is
applied. For high signal-to-noise (S/N) SN spectra, the conventional solution
is to apply a mild filter to remove the high-frequency noise. For noisy data,
however, it is no longer obvious what filter strength to use or how accurate
results are.

According to the definition, pseudo-Equivalent Widths run from the
wavelength of one flux extremum point to another. This makes such mea-
surements very sensitive to noise: if any noise peaks remain, the pseudo
continuum will be defined from these points. To remove noise, and create
unbiased data, strong filtering is needed for low signal-to-noise data. We
would, however, not want to filter high S/N spectra (at any redshift) too
much since this would destroy information. We would also like to estimate
the combined noise and filter uncertainties.

A series of Monte Carlo simulations were run in order to (i) compare
filter methods, (ii) determine filter parameters and (iii) estimate associated
uncertainties. It was found that a simple boxcar filter (simply averaging
over a wavelength range) works well provided the boxcar width is adjusted
depending on noise level in the spectral range studied. A second set of MC
simulations were run to determine the filter widths to use and the typical
errors caused by noise for each each feature and epoch. These errors, as
functions of noise level, are used as Noise systematic error in the spectral
studies of Chapter 6. See Appendix B of Paper C for a full description of
this process.

5.5 The Final Sample

The final SDSS NTT/NOT sample is described in detail in Paper B and the
spectra are publicly available.11 Figure 5.6 shows a sample of high signal-
to-noise spectra and Figure 5.7 shows noisier more distant SNe.

11Can be obtained at www.physto.se/∼linda/spectra/nttnot.html.

46



Section 5.5. The Final Sample

Figure 5.6: A sample of high signal-to-noise spectra from the NTT/NOT
sample. After each spectrum we include the Spectrum ID (SPID) and red-
shift.
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Figure 5.7: A sample of lower signal-to-noise (but usable) spectra from
the NTT/NOT sample. After each spectrum we include the Spectrum ID
(SPID) and redshift.
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Chapter 6

Spectral Properties of SNe
Ia up to z ∼ 0.3

Armed with the spectroscopic indicators defined in Chapter 3 and the in-
termediate redshift NTT/NOT sample introduced in Chapter 5 we can now
make quantitative studies of SNe Ia spectroscopic properties. The goal is
to investigate some of the uncertainties discussed in Chapter 4 and, if pos-
sible, sketch how sharper constraints on cosmological parameters could be
achieved.

6.1 Introduction

The spectra of SNe Ia have long been used as a tool for understanding
these phenomena. Studies have typically been qualitative examinations of
individual nearby objects.

With the huge increase in the number of observed SNe during the last
decade and the wish to do ever better SN cosmology, a number of quanti-
tative studies of collections of spectra have been made during recent years.
These use some combination of spectroscopic indicators: pseudo-Equivalent
Widths (pEWs), line velocities or flux ratios. The two first types are de-
scribed in Section 3.3, the latter consists in measuring the ratio of flux
at specified wavelengths. Folatelli [36] and Garavini et al. [43] introduced
pEWs and searched for evolution with redshift using Supernova Cosmology
Project (SCP) data. Spectra from the SuperNova Legacy Survey (SNLS)
are probed for evolution in Bronder et al. [20] [later continued in 122] and
line velocity properties of the ESSENCE survey in Blondin et al. [14]. These
studies were limited by the sample sizes and the noise in the high redshift
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data.

The latter of these limitations can be targeted using composite spectra.
An average high redshift spectrum is compared with the corresponding av-
erage low redshift spectrum. Using these methods both the ESSENCE [38]
and SNLS [115] collaborations tentatively detect evolution towards shal-
lower average spectroscopic features at higher redshifts. Composite spectra
are, however, very sensitive to how they are made and which spectra are
included. It is thus very hard to say what is causing a possible difference
between two composite spectra.

The SDSS NTT/NOT spectra provide a key opportunity to study spec-
troscopic properties of SNe Ia. First, the SN population is drawn from an
interesting redshift range, where evolution could be expected, yet the SNe
are close enough to yield a reasonably high S/N in individual spectra (with
2.5 - 4 m class telescopes). Secondly, this data set is large enough to allow
large scale statistical tests. Thirdly, high quality SDSS light curves exist for
all SNe.

Spectroscopic indicators can be used to study the physics behind SNe
Ia and possibly provide a sharper SN Ia standard candle. The width of
the photometric light curve (powered by radiative decay) is clearly related
to both the relative depth of silicon features [“Si-ratio”, 92] and certain
pEWs [20, 43]. Recently it has been suggested that both flux-ratios [6] and
line velocities [124] can be used to standardise SNe Ia beyond what current
light curve fitters do. However, hitherto suggested methods for this demand
spectral quality very hard to achieve at cosmological redshifts. The SDSS
NTT/NOT sample can be used to search for realistic ways to improve SN
distance estimates.

6.2 Data Samples

We will here present the data used for quantitative studies of spectroscopic
properties. As our base data set we use the SDSS NTT/NOT sample intro-
duced in Chapter 5. We remove SNe without a well observed photometric
light curve and demand observations both prior and post maximum bright-
ness. After these cuts we are left with 127 spectra. Out of these, 116 spectra
have both good host-galaxy subtraction and are of sufficient quality for spec-
tral features to be identified. Finally, we apply a host-galaxy contamination
cut of < 60% in the g-band, motivated by Monte Carlo simulations, which
leaves us with 89 spectra.

The SDSS NTT/NOT spectra are compared to a low-redshift reference
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sample which consists of three subsets: data from the Harvard-Smithsonian
Center for Astrophysics (CfA), the Supernova Cosmology Project (SCP99)
and the Online Supernova Spectrum Archive (SUSPECT). Since the NTT
and NOT spectra cover the spectral epochs between -9 days and +20, we
have only studied reference spectra up to epoch 30.

The CfA sample consists of 162 spectra of 19 SNe Ia from Matheson
et al. [86]. The SCP99 data set contains the 79 spectra of 16 SNe observed
by the Supernova Cosmology Project in 1999 that were studied by Garavini
et al. [43]. The SUSPECT data set collects publicly available SN spectra1,
we use 421 spectra of 40 Type Ia SNe. We will in Section 6.7 also make use
of 13 spectra from the high redshift SuperNova Legacy Survey (SNLS) VLT
data set presented in Balland et al. [7].

The following analysis relies on SN light curve properties. We have
performed SALT and SALT2 fits of the SDSS SNe ourselves, and obtained
MLCS fits through the SDSS collaboration (derived using light curves as
presented in Holtzman et al. [60]). Light curve fits for the reference samples
have been collected from the literature: SALT fits from Kowalski et al. [74]
and Hicken et al. [56], SALT2 fits from Amanullah et al. [2], Guy et al. [50]
or Arsenijevic et al. [4] and MLCS fits from Hicken et al. [56].2

We present in Figure 6.1 the distribution of epoch, redshift, SALT stretch
and SALT colour for the NTT/NOT sample together with the main reference
samples. Faint SNe, such as those with large light curve colours or observed
a month after peak light, can only be observed close to use. This explains
why both the epoch and SALT colour distributions differ between local and
SDSS SNe. Lists of all spectra and full references are given in Paper C and
Paper D.

To note:

• The spectral epoch is defined with respect to the peak of the B-band
light curve. All spectral epochs used are rest frame epochs and are
thus corrected for time dilation.

• The low-z reference sample spectra were not host subtracted. These
are sufficiently local to allow subtraction of most host galaxy contam-
ination during data reduction.

1http://bruford.nhn.ou.edu/suspect/.
2The SNLS 3yr light curve parameters from Guy et al. [50] rely on an updated version

of SALT2, we therefore rescale SNLS SALT2 parameters to match the 64 SNLS SNe that
overlap with Amanullah et al. [2]. The uncertainty of this scaling procedure is propagated
into the light curve parameter uncertainties.

51



Chapter 6. Spectral Properties of SNe Ia up to z ∼ 0.3

Figure 6.1: Distribution of epoch, redshift, SALT stretch factor and SALT
colour for the SN spectra used in our study. The epoch is defined here as
the number of days in rest frame from B band maximum brightness. The
white histogram is for the reference sample while the striped histogram is
for the NTT/NOT spectra used here. Legends show mean and Gaussian 1σ
levels for the subsets. Figure from Paper C.

• For pEW studies, spectra are smoothed according to noise level, as
described in Section 5.4. For velocity studies, all spectra are binned
using bin widths constant in velocity, c∆λ/λ = 2000 km s−1.

• The NTT/NOT spectra have well documented uncertainties. However,
most of the spectra in the reference sample lack error estimates. For
such cases, a constant flux error of 5% of the average spectral flux was
used to compute the uncertainties in spectral indicators.

• Systematic uncertainties are estimated from simulations as discussed
in Chapter 5. For line velocities, a systematic error of 200 km s−1 was
included to account for peculiar velocity uncertainties.
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6.3 Indicator Change with Epoch

As an initial step we study how spectral indicators evolve with epoch. To
allow a visual comparison, the local reference set measurements were com-
bined into 1-σ contours. The first panel of Figure 6.2 illustrates pEW f3
measurements of normal SNe Ia in the reference sample.

Non-normal SNe are displaced with respect to normal, as is e.g. shown
in the second panel of Figure 6.2. Note that all known peculiar SNe were
removed from the normal reference sample, but that it is in practice impos-
sible to make a strict definition regarding which SNe should be considered
as “normal”.

Finally, in the third panel of Figure 6.2 we show how NTT/NOT mea-
surements compare with normal local SNe. The samples largely overlap,
with a possible tendency for SDSS measurements to lie at the lower one
sigma edge. Similar trends are seen for all features, see Paper C for full
information. These studies were repeated for line velocities. As an exam-
ple, the last panel of Figure 6.2 shows the velocity evolution of feature 7
(Siii λ6150) with epoch.

Our ultimate goal is not to study the epoch evolution, but rather how in-
dicators vary with other parameters. We thus remove the epoch dependence
through subtracting the average indicator change with epoch (as calculated
based on normal reference SNe). After this subtraction we have an epoch
independent quantity: ∆pEW. In all subsequent analyses this slightly mod-
ified pEW will be used.

6.4 Evolution with Redshift

As was discussed in Chapter 4 an undetected evolution in (light curve cor-
rected) SN peak magnitude with redshift would directly bias cosmological
parameter estimations. Further, from a theoretical point of view, chang-
ing metallicity (and other parameters changing with time, like galaxy ages)
could have an impact on SN Ia progenitor composition, but the details re-
main largely unknown. If the element distribution of the ejecta is affected,
this will likely change the observed spectrum [79, 108].

For cosmology, the relevant question is whether the available low-z SN
data sets correctly sample the distribution of SNe Ia at cosmological dis-
tances. The NTT/NOT data set at intermediate redshifts provides a useful
sample relatively nearby but still at cosmological redshifts. Since measure-
ments are done on individual spectra we can potentially distinguish shifting
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Chapter 6. Spectral Properties of SNe Ia up to z ∼ 0.3

population demographics (which is expected) from the appearance of new
subtypes (not expected and possibly biasing cosmology).

In Paper C we study the evolution of epoch-dependence subtracted indi-
cators, like ∆pEW, with redshift. In some cases we see tentative differences
between low and high redshifts. The most interesting results are for pseudo-
Equivalent Widths for features 2 and 4 at epochs close to light curve peak.
A larger fraction of high-z SNe have small ∆pEWs if compared with the
local SNe (see Figure 6.3, grey squares).

Figure 6.2: Upper left: pEW measurements of feature 3 vs epoch for normal
low redshift SNe. The shaded region is the average 1− σ contour based on
these measurements. The same average contour is included in the following
two panels. Upper right: Peculiar SNe, with subtype shown in legend, com-
pared with the normal 1− σ contour. Lower left: Measurements of pEW-f3
for SDSS NTT/NOT SNe, compared with the normal reference 1 − σ con-
tour. Crosses (’+’) show SNe identified as possibly peculiar by SNID [15]
Lower right: Comparisons of line velocities of f7 (Siii λ6150) between the
reference sample and the higher redshift SDSS spectra. The shaded band
shows the one sigma contour for the normal SNe Ia in the reference sample.
Figures from Paper C.
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The direction of this evolution agrees with the ESSENCE [38] and SNLS
[7, 115] studies of redshift binned composite spectra. Such evolution is what
would be expected from changing demographics since e.g. average light
curve width increases with redshift in SN surveys [61], and feature widths
typically decrease with wider light curves (see Section 6.5).

We can also make a possible link with unidentified peculiar objects. We
note that all low redshift SNe with ∆pEW similar to the “deficit” NTT/NOT
SNe (grey squares in Figure 6.3 as noted above) are more or less peculiar:
SN 2000cx, 2005hk, 2006gz, 1999aw, 1999bp and 1999bn. While the three
first of these SNe are very peculiar, the remaining three are “borderline” SN
1991T like or Shallow Silicon (SS) SNe Ia (using the terminology of Branch
et al. [17]). These subtypes often demand spectra from epochs before light
curve peak to be securely identified [81]. This is often available for heavily
studied local SNe, but not for high redshift objects.

Figure 6.3: Comparison of the ∆pEW measurements (epoch dependence
subtracted pEW) vs. redshift for feature 2 (left) and feature 4 (right). Green
stars indicate 91T-like, red diamonds 91bg-like and magenta triangles other
peculiar SNe. The shaded areas mark regions at higher redshifts were few
corresponding normal low redshift SNe exist. Spectra within three days of
light curve peak are included.

The possible evolution among spectroscopic indicators can thus be ex-
plained through a combination of two (connected) effects:

• A fraction of “borderline” peculiar SNe, mainly similar to Shallow
Silicon SNe, that would have been identified as such if observed locally.
We still do not know if this fraction is evolving.

• Shifting demographics towards brighter SNe with wider light curves
and shallower spectral features at high redshifts, caused by both Malmquist
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bias and changing galaxy demographics.

With the full SDSS spectroscopic sample we should be able to separate these
effects. We do not see any signs of evolution with redshift not compatible
with demographic shifts or that would bias SN cosmology.

6.5 Correlations with Light Curve Width

It is well documented that the abundance of Siii is related to the light curve
width and thereby the SN luminosity. Nugent et al. [92] introduced the
Si-ratio as the ratio of the Siii λ5800 and Siii λ6150 features and showed
this to correlate with light curve decline. Similar relations were found for
the Siii λ4000 (f2) feature: Garavini et al. [43] studied the breaking-point
of the neighbouring f3 feature and Bronder et al. [20] the direct Siii λ4000
correlation with stretch.

This is clearly seen also in the current sample, particularly for the
Siii λ4000 feature. While previous studies have been limited to the light
curve peak region, we have probed wider epoch ranges (after removing the
average epoch dependence).3 We find the strongest correlations with light
curve width for Siii λ4000 in the epoch range −6 to −1. In Figure 6.4 we
show both SALT stretch and MLCS ∆ comparisons with Siii λ4000 pEW.
Both correlations are strong, and linear over large parameter ranges. This
supports the idea that spectral indicators can be used as an alternative to
photometric properties when calibrating SNe Ia luminosities.

6.6 Correlations with Host Galaxy Properties

The photometric light curves of SNe Ia from different environments ex-
hibit systematic diversity [52]. Since correlations between light curve shape
(stretch) and spectral indicators are present in the data analysed, we expect
the host-light curve correlation to propagate to a correlation between spec-
tral and host galaxy properties. Recent studies have also found indications
of correlations between host galaxy properties, like mass and metallicity,
and supernova absolute magnitude, that does not appear to be captured by
light curve shape or colour [41, 70, 78, 114].

As discussed above, the distribution of SN Ia light curve widths also
changes with redshift [61]. These results can be compared with the rates of
SNe Ia, and possibly explained by two populations with different properties,

3See Paper C for a full discussion of how different epoch ranges are studies.

56



Section 6.6. Correlations with Host Galaxy Properties

one “prompt” (number of SNe Ia proportional to host galaxy star formation)
and one “delayed” (proportional to host mass instead) [85, 110]. Note that
this cannot be the full explanation since it does not explain the SN rate in
clusters; all cluster environments are “delayed” and the rate in clusters is
still increasing with redshift [8].

Comparisons between spectral indicators and host galaxy properties
could potentially help explain why these correlations are seen and what
the driving force is.

All SDSS SN host galaxies were studied using the stellar formation code
PEGASE. A description of this process can be found in Smith et al. [112]
and a comparison with light curve properties and Hubble diagram residuals
in Lampeitl et al. [78]. Here we use the estimated host galaxy type, host
mass (in units of M⊙) and specific Star Formation Rate (sSFR; defined
as the star formation rate per stellar mass, yr) and compare with spectral
indicators.

As previously, different epoch ranges were probed. Host galaxy type,
mass and star formation are highly correlated properties, making it hard to
distinguish what is the driving cause for variations with host properties. We
find strongest correlation with f2, the Siii λ4000 feature. Figure 6.5 shows
some of the most interesting findings. The left panel studies a pre-peak
epoch range (−9 to −2), showing how all SNe in massive host galaxies have
wide Siii λ4000 absorptions (and narrow light curves). This is consistent
with the result that massive early-type galaxies host SNe with narrower light
curves. It is interesting that the (very few) SNe in massive hosts indicates
a separate subgroup.

A second sample result is shown in the right panel of Figure 6.5. We
here study spectra in the epoch range 0− 8 and compare Siii λ4000 widths
with specific Star Formation Rate. Once more we find, consistent with
earlier results, that the star forming (less massive) galaxies have narrower
Siii λ4000 widths, possibly with a tendency for subgroups here as well.
Surprisingly we also find that SNe from star forming galaxies have bluer
SALT light curve colours. We would expect these SNe to experience more
dust reddening and thus have redder colours. We will in the next section
continue the discussion regarding the Siii λ4000 feature and light curve
colour.
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Figure 6.4: Figures show how Siii λ4000 ∆pEW (epoch independent pEW)
varies with light curve width: stretch (SALT output) in the left panel and ∆
(MLCS output) in the right. Spectra of normal SNe in the epoch range (−6
to −1) are included. The panels also include the Spearman rank correlation
coefficient and the origin of the data. Figure from Paper C.

Figure 6.5: pseudo-Equivalent Width of feature 2 (Siii λ4000) compared
with host galaxy properties. Left panel: Host mass for pre peak epochs (-9
to 2) with symbols marking low/high light curve stretch SNe. Right panels:
Specific Star Formation Rate for post peak epochs (0 to 8) with symbols
marking low/high light curve colour SNe. Figure from Paper C.
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Figure 6.6: Percent change in pEW for features 2 to 7 as a function of
E(B−V). The measurements are based on the Hsiao et al. [64] SN template
at peak brightness and assuming Cardelli et al. [22] type dust with RV = 1.7.
Figure from Paper C.

6.7 SiII λ4000 and Light Curve Colour

6.7.1 Introduction

That SNe Ia are found to be more or less “reddened”, and that such an
effect is expected from dust extinction in the host galaxy, was discussed
in Section 3.2.1. However, the colour-brightness relation of SNe Ia does
not seem to match the Milky-Way dust extinction law, instead preferring
a “steeper” law (lower RV ) [1, 5, 48, 76, 90, 101, 103, 119]. Some well
measured SNe are better fitted with a much steeper extinction law, as would
be produced by circumstellar material [37, 44]. Further, how reddening is
accounted for is one of the major systematic uncertainties in current SN
cosmology (Paper A).

It is therefore of great interest whether any spectroscopic indicators are
correlated with SN colour (beyond what is expected from ∆m15 - E(B −

V ) correlations). Line velocities and pEWs are only very mildly affected
by Milky-Way type dust extinction (see Figure 6.6), and any significant
observed correlation would imply that at least some reddening is intrinsic to
the SN system. Thus, comparisons of spectra of SNe with different colours
may help in the understanding of the intrinsic colour dispersion in SNe Ia
and allow us to disentangle the various components entering the colour-
brightness relation.
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6.7.2 Siii λ4000 pEW and SALT2

In a blind search for correlations between spectral properties and light curve
colour (as estimated by SALT), we found in Paper C that the Siii λ4000
pEW in the epoch range 0-8 displays a statistically significant correlation
with SALT c.4 To probe the significance of this correlation, Paper D exam-
ines the same epoch range but using the SALT2 c (colour) parameter and
including new, independent, SN spectra from the SuperNova Legacy Survey
observed at VLT [7].5

In Figure 6.7 sample SNe with narrow and wide Siii λ4000 features are
shown.6 The correlation found would imply that SNe with smaller pEW
have bluer light curve colours. In Figure 6.8 we compare Siii λ4000 ∆pEW
measurements for all SNe with spectra with epochs (0-8) that also have
SALT2 colour fits in the combined SDSS/local/SNLS sample. The Spear-
man correlation coefficient for the correlation is 0.67, which for the 55 ob-
jects corresponds to a rejection of the non-correlation hypothesis at the 5.8
σ level.7 If the most reddened SNe are removed (c > 0.3), the significance
changes to 5.2 σ. We cannot with this limited sample differentiate between
a continuous correlation or different subclasses, but note that all measure-
ments with c < 0.25 follow a fairly linear trend (pEW-c) while redder SNe
do not.

The Branch-types were introduced as a qualitative subtyping scheme by
Branch et al. [17, 18]8 Among the 20 SNe with determined Branch type, all
were classified as either Core Normal (CN) or Broad Line (BL). There are
no Cool or Shallow Silicon SNe, consistent with a sample only consisting
of normal SNe Ia. Among the 14 moderately reddened (c . 0.3) SNe with

4Note that several studies (including Paper C) have looked for relations between pEWs
and light curve colours at light curve peak without finding any significant correlations. It
is essential, and not surprising, that specific epoch ranges have to be probed.

5Reminder: The c parameter describes an empirically fit wavelength dependent flux
attenuation. SNe with high c-values are “redder” in the sense of having less flux at short
wavelengths, while SNe with small c-values can be called “bluer”.

6The Siii λ4000 region is complex: While Si absorption dominates, many SNe dis-
play small additional absorption by additional elements. Various authors have suggested
absorption by Cii, Crii, Coii or Feiii in this region, e.g. [18, 42, 109, 118].

7Spearman’s rank correlation coefficient is similar to the Pearson correlation coefficient
but relies on ranked variables (making it more suitable for non-Gaussian distributed mea-
surements). The output coefficient range from −1 to 1, with 0 meaning no correlation.
See Section 5.1 in Paper C for further details.

8This is a classification scheme based on the shape of the Siii λ5800 and Siii λ6150
features: normal “Core Normal” (CN), broader “Broad Line” (BL), weaker “Shallow
Silicon” (SS) or with the deep absorptions of fainter SNe Ia, “Cool”.
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Figure 6.7: The Siii λ4000 feature of SNe Ia. Top left: SN1999bn at day +2
(Siii λ4000 ∆pEW= −7.78 Å). Top right: SN2000cf at day +4 (∆pEW=
3.29 Å). Bottom left: SN1999ar at day +5 (∆pEW= −5.58 Å). Bottom
right: SN1999bm at day +6 (∆pEW=3.58 Å). Left panels show SNe with
narrow Siii λ4000 feature also after removing epoch dependence, while right
panel SNe have wider Si ii λ 4000. Figure from Paper D.

Figure 6.8: Siii λ4000 ∆pEW vs. SALT2 c with the Branch classes marked
using different symbols. The X-axis is displayed with logarithmic intervals
for clarity (see Paper D for a non-logarithmic version of this Figure).
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Branch-typing, all SNe with wide Siii λ4000 (∆pEW& 3 Å) are Broad Line
SNe, while all with narrow Siii λ4000 (∆pEW. 3 Å) are Core Normal.

We have investigated a range of possible systematic effects that could
create a pEW-colour correlation, these are further described in Paper C and
Paper D. Different subsamples, with varying noise and host contamination
issues, all yield consistent results and no subsample is driving the trend.
Monte Carlo runs show that standard dust reddening would not cause the
behaviour seen. In summary, we cannot find any systematic effect that
would explain the correlation between Siii λ4000 pEW and SALT2 colour
in Figure 6.8.

To further understand the Siii λ4000 region of SNe Ia we have studied
how ∆pEW measurements vary with the Siii λ6150 velocity gradient, the
average change in Siii λ6150 line velocity with epoch. Benetti et al. [10]
studied the velocity gradients of local SNe and used this quantity to classify
SNe as high velocity gradient (HVG), low velocity gradient (LVG) or Faint.
HVG and LVG SNe have similar light curve widths but different expansion
evolution, thus showing that SNe Ia cannot be completely described by the
light curve width.

Figure 6.9: Siii λ4000 ∆pEW vs. velocity gradient of Siii λ6150. This is
defined as the slope of a linear fit of velocity decrease per unit time (km s−1

day−1). We require at least three spectra within epoch −7 to +20 so that
also an uncertainty can be estimated.

In Figure 6.9 we compare Siii λ4000 ∆pEW measurements with the
Siii λ6150 velocity gradient for the 22 SNe with three or more spectra in the
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rest frame epoch range −7 to +20 (the range where the Siii λ6150 velocity
typically is well defined). There is a strong correlation (at the 3.8 to 4.3
σ level) where SNe with wider Siii λ4000 features have steeper velocity
gradients, thus faster photospheric velocity evolution.

6.7.3 Siii λ4000 Discussion

The tentative results discussed here can be connected with a number of
different recent studies of other spectroscopic properties. Maeda et al. [84]
argue that the velocity gradient is related to shifts in nebular line velocities
and that this can be explained through viewing angle effects from a non-
symmetric explosion. Wang et al. [124] use a sample divided according to
high or low Siii λ6150 velocity to obtain either different extinction laws or
different intrinsic colours. The Supernova Factory collaboration has claimed
both that flux ratios can provide better peak magnitude corrections than
what light curve properties yield [6] and that after corrections based on two
pEWs, Siii λ4000 and Caii H&K, any remaining reddening resembles Milky
Way-type dust extinction [24].

These findings imply that the observed (light curve) colours of SNe are
at least caused by two physical processes: one local to the SN and then
additional absorption by host galaxy dust (which must exist at some level).
It would be a strange coincidence if these processes yield identical extinc-
tion laws, and it is therefore likely that SN light curve fitters would yield
better cosmological constraints if these mechanisms were taken into account
separately.

When trying to understand these correlations it is important to differ-
entiate between “physical” colour and “light curve” colour: A “physical”
colour is the difference between two measured magnitudes in different fil-
ters (e.g. B-V). Physical colours are correlated with the light curve decline
rate [98]. A “light curve” colour is the estimated total “colour” by a light
curve fitter, in this case SALT or SALT2. The latter entity depends on the
model used by the light curve fitter. Since we are studying SNe at different
redshifts, observed using different filters, we are forced to use a light curve
fitted colour. Light curve fitters like SALT2 attempt to describe all first
order intrinsic light curve shape effects (width and colour) with the x1 pa-
rameter, leaving the light curve colour parameter c as an external empirical
extinction.

The tentative Siii λ4000 correlations presented above, if confirmed, would
provide a mechanism to distinguish different intrinsic (SALT2) “colours”.
We have, for the small Siii λ4000 sample in the Hubble Flow (z > 0.02),
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compared peak luminosities with Siii λ4000 pEW, see Figure 6.10. The
data are sparse, but it is possible that two different behaviours exist: SNe
with narrow Siii λ4000 regions exhibit a pEW - magnitude correlation, which
could be alternatively described as a reddening - magnitude correlation. SNe
with large ∆pEW (∆pEW>∼ 3 Å) show a small magnitude scatter that is
not improved through light curve colour corrections. More data are needed
to study such effects.

Figure 6.10: ∆pEW vs. distance and light curve width corrected magnitude.
SNe are marked according to SALT2 c (colour). Only SNe in the Hubble
flow (z > 0.02) are included. A distance modulus, µ(z), has been subtracted
from all magnitudes, assuming a flat ΛCDM cosmology with ΩM = 0.27.
Magnitudes were also corrected for light curve width, x1, assuming the α
best fit value from Union2 (α = 0.121).

Two observational remarks can be made regarding the Siii λ4000 feature.
(i) Measurements can be made up to high redshifts since signal-to-noise
requirements are moderate and the feature is not redshifted into the IR. (ii)
Measurements of pEWs do not require spectro-photometric data (like flux
ratios), and are thus feasible with e.g. multi-fibre spectroscopy (provided
host contamination levels are not too high).
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Chapter 7

Summary and Outlook

Our knowledge of Type Ia supernovae is rapidly increasing. We are now
really probing traditional “big” unknowns, like the nature of the progenitor
and the source of reddening. This progress should allow us to standardise
SNe Ia even further, providing sharper constraints on dark energy properties.
In the next few years we hope to device methods allowing a further leap
forward.

The work presented in this thesis is intended to be a (small) part of this
development. Paper A introduces SMOCK, a framework designed to study a
wide range of different systematic uncertainties. We need to show that the
upper limits on these uncertainties really translates into small uncertainties
on cosmological parameter estimates.

The main part of this thesis is devoted to quantitative studies of prop-
erties of SNe Ia spectra. These are made possible by the large amount of
spectra currently available and made necessary by the lower signal-to-noise
levels in each individual spectrum. The SDSS NTT/NOT sample (Paper B)
provides one opportunity for such studies. It is obtained at an advantageous
redshift range, where evolution and new subtypes can be expected but not
so distant that spectra cannot be examined on an individual basis.

A large combined spectroscopic sample, including both NTT/NOT and
local SNe, have allowed us to study correlations between spectral indicators
and global SN properties (Papers C and D). Properties of the explosion
are directly seen in the SN spectrum, and can be connected to both the
light curve width and possibly the colour. We have studied evolution with
redshift, and found tentative changes, compatible with what is expected
from changing demographics. Correlations with host galaxy properties are
also interesting, but limited by the small sample available.
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7.1 Outlook

The work presented here can, and is being, extended in several ways.
The studies of spectral indicators can be increased through the addition

of the full SDSS spectroscopic sample. It would then also be possible to
take advantage of the currently ongoing studies of the host galaxies of SDSS
supernovae. This will allow us both to achieve better host galaxy subtraction
of SN spectra as well as giving better measured host galaxy properties with
which to compare the SNe.

The old discussion regarding the nature of reddening will also be con-
tinued, and one way forward could be to try to understand how colour,
spectroscopic indicators and signs of SN asymmetry (nebular line shifts) in-
teract. Another important future task is to study what implications recent
lessons from spectroscopy have on future huge photometric surveys. Could
photometry alone, complemented with e.g. IR observations, yield not only
accurate typing but also an improved SN standardisation?

Finally, we would like to observe ever more distant SNe! One very excit-
ing way to do so is through using the gravitational magnification provided by
massive clusters. We are currently looking for magnified distant SNe behind
several such clusters. Besides interesting high redshift SNe (of all types) we
will also be able to determine the rate of SNe at very high redshifts, which
in turn provides constraints on both the star formation history and on the
progenitors of SNe.
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Chapter 8

Astronomical Terms

Spectrum, photometry, filter, reduction Objects in the universe emit
signals. Electromagnetic radiation, photons, are the most easily observed
such. The recorded intensity of light from a target as a function of pho-
ton wavelength is called a spectrum. Spectroscopy is very inefficient, both
because light only through a one-dimensional slit is observed and because
photons are lost when separated according to frequency. To improve effi-
ciency all photons, irrespectively of frequency, from a 2-dimensional patch
of the sky can be observed (called photometry). Usually a filter is used,
accepting photons in some frequency range and thus providing some infor-
mation regarding the nature of the observed light. Several filter-systems
have been defined.

In Figure 8.1 we display a spectrum of a Type Ia supernova, together
with the transmission curves for the Bessel ’U’,’B’,’V’,’R’ and ’I’ filters. Pho-
tometry in the ’B’-band will thus yield the convolved flux of the spectrum
and the ’B’-filter transmission curve.

Raw data needs to be calibrated before usage (taking for example the
sensitivity of the CCD into account). This process is commonly denoted
reduction.

Magnitude, colour For historical reasons luminosities are usually given
as magnitudes, that is the logarithm of the flux: mfilter = −2.5·log(fluxfilter)+
ZP . Note that brighter objects have lower magnitudes and that to properly
“understand” a magnitude we need to know both through which filter it was
observed and how the zero point (ZP ) was defined. With a colour we mean
the difference between the magnitudes in two filters, e.g. B − V (it is thus
really the ratio between flux at different wavelengths). Usually the “bluer”
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Figure 8.1: A sample spectrum (template SNe Ia from [64]). The Bessel
’U’,’B’,’V’,’R’ and ’I’ filter transmission wavelengths are overlaid.

filter is written first, implying that a larger colour means a “redder” object,
hence the term colour.

Redshift, rest frame Frequencies change with relative motion. For ex-
ample, if a source emitting light is moving towards the observer the observed
frequency will be higher (shorter wavelength) than what was emitted. Since
the universe is expanding astronomical objects are seen as moving away
from us, and light will thus be redshifted to longer wavelengths. This is
usually described through the z parameter: z = (λobs − λemit)/λemit =
(femit− fobs)/fobs. Since more distant objects are moving “faster away” the
redshift gives (one!) measure of the distance - objects with higher redshifts
are more distant and we observe them at a time when the universe was
younger. Light observed by us will be at observer wavelengths, if we correct
wavelengths to these emitted by the source (using the formula above) we
obtain rest frame wavelengths.

Differential atmospheric refraction, slit loss, parallactic angle Slit
loss occurs when not all light from an object enters the slit through which
the spectrum is observed. One source of slit loss is Differential Atmospheric
Refraction (DAR), an effect caused by the wavelength-dependant refraction
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index of air, that causes spectra observed through the atmosphere to suffer
wavelength dependant losses. A spectrum is observed through a thin slit
and as the refraction of air will cause photons to be dispersed along the
parallactic angle (the angle normal to the horizon), according to wavelength,
only photons of one frequency will land exactly in the slit. Away from
this more and more photons will “miss” the slit. This effect will increase
in magnitude as objects are observed closer to the horizon (through more
atmosphere). DAR can be avoided if the slit is placed along the parallactic
angle.
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Chapter 9

Summary for the General
Audience

A supernova signals the violent end of a star. We see it as a bright new point
of light, visible for a few weeks. Stars come in all sorts of types and sizes,
as do supernovae. One of these types are the Type Ia supernovae. This is
a special type for example since they do not show any traces of Hydrogen
or Helium, the otherwise most common elements in the universe. Another
remarkable fact is that they always seem to be equally bright - whenever
we detect a Type Ia supernova we know how bright it really is. They are
standard candles.

This fact can be used to study the expansion of the universe. Scientists
have devised a very good description of the universe. This starts with the
Big Bang, from which everything has been expanding from everything else,
ever since. But we do not know if and how long this will continue. We
can use standard candles to measure this as follows: If we study several
candles at different distances and measure how bright they seem to us we
can calculate how much the universe must have expanded between these
distances. Slightly more than a decade a ago it was discovered that Type
Ia supernovae far away from us are fainter than they “should be”. The only
way to explain this is through a new energy source driving an accelerated
expansion of the Universe. This source, whatever it is, was dubbed dark
energy.

The work presented in this thesis starts with an examination of how
sensitive our measurements of dark energy, using supernovae, are to a range
of systematic uncertainties. This is discussed in Chapter 4 which is in turn
based on Paper A. Systematic uncertainties, like calibration and that Type
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Chapter 9. Summary for the General Audience

Ia supernovae are not perfect standard candles, are what currently limits
what we can say regarding the properties of dark energy (using supernova
measurements). We find that the dominant astrophysical uncertainties come
from (i) that some supernovae are redder than others and (ii) that we can
not fully rule out that supernovae evolve with time. To limit these, and thus
determine exactly what this mysterious dark energy is, we simply have to
understand Type Ia supernovae better. We, in fact, don’t even know exactly
what it is that explodes...

One way to learn more about supernovae is to study spectra, recordings
of how the light from a supernova varies in strength with the frequency of
the light (see Figure 3.5). In Chapter 5 (and Paper B) we describe the SDSS
NTT/NOT sample of spectra of supernovae. These were observed at two
telescopes in 2006 and 2007. We have been working with the calibration of
the raw data and the typing (determining what kind of object is actually
observed).

After this, Chapter 6 (and Papers C and D) explores how we can use
spectra of supernovae to learn more about them. We do this by measuring
spectral indicators (the size and position of the wiggles in the Figure 3.5).
With these measurements we can study for example the physics of the
explosion (the depth of features vary with temperature), evolution with
time/distance (we do not see any unexpected evolution) and the redden-
ing effect. Dust in the host galaxy will cause some Type Ia supernovae to
look redder than others, but it now seems like there must be some other,
additional, source of reddening.
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[51] H. Karttunen, P. Krüger, H. Oja, M. Poutanen, & K. J. Donner ,
editor, 2007, Fundamental Astronomy (2007)

[52] Hamuy, M., M. M. Phillips, N. B. Suntzeff, et al., 1996, AJ, 112, 2391

[53] Hamuy, M., M. M. Phillips, N. B. Suntzeff, et al., 1996, AJ, 112, 2398

[54] Hayden, B. T., P. M. Garnavich, D. Kasen, et al., 2010, ApJ, 722,
1691

[55] Hicken, M., P. M. Garnavich, J. L. Prieto, et al., 2007, ApJL, 669,
L17

77



[56] Hicken, M., W. M. Wood-Vasey, S. Blondin, et al., 2009, ApJ, 700,
1097

[57] Hillebrandt, W. and J. C. Niemeyer, 2000, ARA&A, 38, 191

[58] Hoeflich, P., J. C. Wheeler, and F. K. Thielemann, 1998, ApJ, 495,
617

[59] Hoflich, P., A. M. Khokhlov, and J. C. Wheeler, 1995, ApJ, 444, 831

[60] Holtzman, J. A., J. Marriner, R. Kessler, et al., 2008, AJ, 136, 2306

[61] Howell, D. A., M. Sullivan, A. Conley, and R. Carlberg, 2007, ApJL,
667, L37

[62] Howell, D. A., M. Sullivan, P. E. Nugent, et al., 2006, Nature, 443,
308

[63] Howell, D. A., M. Sullivan, K. Perrett, et al., 2005, ApJ, 634, 1190

[64] Hsiao, E. Y., A. Conley, D. A. Howell, et al., 2007, ApJ, 663, 1187

[65] Jha, S., A. G. Riess, and R. P. Kirshner, 2007, ApJ, 659, 122

[66] Jönsson, J., T. Kronborg, E. Mörtsell, and J. Sollerman, 2008, A&A,
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[93] Östman, L. and E. Mörtsell, 2005, Journal of Cosmology and Astro-
Particle Physics, 2, 5

[94] Patat, F., S. Benetti, E. Cappellaro, et al., 1996, MNRAS, 278, 111

[95] Perlmutter, S., G. Aldering, G. Goldhaber, et al., 1999, ApJ, 517, 565

[96] Phillips, M. M., 1993, ApJL, 413, L105

[97] Phillips, M. M., W. Li, J. A. Frieman, et al., 2007, PASP, 119, 360

[98] Phillips, M. M., P. Lira, N. B. Suntzeff, et al., 1999, AJ, 118, 1766

[99] Phillips, M. M., L. A. Wells, N. B. Suntzeff, et al., 1992, AJ, 103, 1632

79



[100] Podsiadlowski, P., P. A. Mazzali, P. Lesaffre, C. Wolf, and F. Forster,
2006, ArXiv Astrophysics e-prints

[101] Reindl, B., G. A. Tammann, A. Sandage, and A. Saha, 2005, ApJ,
624, 532

[102] Riess, A. G., A. V. Filippenko, P. Challis, et al., 1998, AJ, 116, 1009

[103] Riess, A. G., W. H. Press, and R. P. Kirshner, 1996, ApJ, 473, 588

[104] Riess, A. G., L.-G. Strolger, S. Casertano, et al., 2007, ApJ, 659, 98
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