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Abstract
Supernovae are cosmic explosions of cataclysmic proportion that signify the
death of a star. While being interesting phenomena in their own right, their
brightness also make them excellent probes of the early universe. Depending
on the type of the progenitor star and the origin of the explosion different
subjects can be investigated. In this dissertation the work I have done on the
detection, characterisation and rate measurements of supernovae in the Stock-
holm VIMOS Supernova Search is presented. We have discovered 16 super-
novae that exploded billions of years ago (or, equivalently, at high redshift, z).
The observed brightness and colour evolution have been used to classify the
supernovae into either thermonuclear (type Ia) or core collapse (type II) super-
novae. The accuracy of the classification code used in this work is high, only
about 5% of the supernovae are mistyped, similar to other codes of the same
kind. By comparing the observed frequency of supernovae to simulations the
underlying supernova rate at these high redshifts have been measured. The
main result reported in this thesis is that the core collapse supernova rate at
high redshift matches the rates estimated from looking at the star formation
history of the universe, and agree well with previous studies. The rate of Ia
supernovae at high redshift have been investigated by several projects, our
results show a somewhat higher rate of Ia supernovae than expected. Proper
estimates of the systematic errors of rate measurements are found to be very
important. Furthermore, by using novel techniques for reducing and stacking
images, we have obtained a galaxy sample containing approximately 50,000
galaxies. Photometric redshifts have been obtained for most of the galaxies,
the resulting accuracy below z ∼ 1 is on the order of 10%. The galaxy sam-
ple have also been used to find high redshift sources, so called Lyman Break
Galaxies, at z ∼3–5.





Though my soul may set in darkness,

it will rise in perfect light.

I have loved the stars too fondly

to be fearful of the night.

”The Old Astronomer to his Pupil” by Sarah Williams.

To Moa
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1 Introduction

Supernova explosions are among the most energetic events known to
mankind. During the explosion the supernova can reach luminosities that rival
the brightness of the host galaxy. However, this extreme luminosity is only
fleeting, as the explosion shock wave tears through the material surrounding
the core of the star, the supernova will become fainter and fainter until it is
no longer detectable. Depending on the origin of the explosion, essentially
what kind of progenitor star that exploded, the length of time the supernova
stays bright and what remains afterwards will be different. The two main
types of supernovae are: core collapse supernovae (CC SNe), massive stars
that undergo gravitational collapse as they run out of fuel followed by an
explosion (e.g., Nomoto 1984); and thermonuclear supernovae (or Ia SNe),
white dwarfs that collapse and explode when they accrete too much matter
(e.g., Leibundgut 2000).

Supernovae, being very bright and relatively long-lived phenomena, have
likely been observed by humans for as long as we have looked at the sky. For
the early astronomers the rare event of a supernova going off in the Milky way
(and detectable to the naked eye from Earth) must have been awe-striking. The
very first written reports on supernovae are from Chinese Imperial records,
where the earliest probable supernova found is one that exploded in AD 185.
There were a number of supernovae (5–10) reported by both Oriental and Eu-
ropean astronomers up until the last one in AD 1604 (Stephenson & Green
2005), since then none have been detected within our galaxy. However, in
1987 a new bright variable object was found in the Large Magellanic Cloud.
It turned out to be the most nearby supernova observed in modern times (see
Arnett et al. 1989, for a review) and the importance of the discovery to super-
nova astrophysics can hardly be understated.

The supernovae studied in my research are located in other galaxies at far
greater distances. The light from these explosions travel through the universe
at the speed of light to reach our telescopes. When the light finally reaches
us the travel time can have reached billions of years, the supernovae discov-
ered in our search exploded approximately six billion years ago. We use the
supernovae as probes of the Universe at this earlier epoch in its history. The
frequency of CC SNe, and Ia SNe to some extent, are coupled to the star
formation in these faraway galaxies (see, e.g, Dahlen et al. 2004). By find-
ing supernovae, that in some cases are easier to find and characterise than the
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galaxies themselves, we can put constraints on the formation of stars in the
early universe.

The frequency, or rate, of supernovae in a given cosmic volume can be
measured by counting the number of SNe discovered within a specific region
on the sky and dividing by the time span over which the observations have
been made. The very first measures of supernova rates were done by Zwicky
(1938), who found that “the average frequency of occurrence of supernovae
is about one supernovae per extra-galactic nebula per six hundred years” for
the local volume of space. More recently, several measurements of the rate of
both CC and Ia SNe in the local Universe (e.g., Li et al. 2011a) and in the early
universe (e.g., Dahlen et al. 2004) have been published. The results published
in the papers that are part of this thesis add to the measurements in the early
universe.

In my research I have made use of the European Southern Observatories
(ESO) telescope VLT (Very Large Telescope) in Chile and the instrument VI-
MOS (VIsible MultiObject Spectrograph) mounted on one of the four 8.2-
metre telescopes that make up the VLT. We have used this instrument in
imaging mode to look at a patch in the sky in different colours. By regular
monitoring of the same field over a longer period of time it is possible to de-
tect supernovae that explode in the otherwise perfectly unchanging galaxies.
This method to discover supernovae is common practice, it’s main benefit is
that observations of the same patch in the sky over a controlled time span al-
lows the observer to minimise possible bias effects. The main drawback is of
course that such a project is observationally expensive, requiring many hours
of valuable telescope time to complete. In many cases supernova imaging sur-
veys are also complemented by follow-up spectroscopic observations of the
supernova candidates, making the observations even more time-consuming.
In our survey we do not obtain spectra for the supernovae, instead relying on
imaging data only to make our analysis.

This thesis is divided into five chapters, the first being the Introduction.
The second chapter, Supernova physics — a brief review, contains some
basic theory on supernovae. In the third chapter, Detecting supernovae and
galaxies at high redshift, I go through how survey observations are used to
find supernovae and study galaxies. The fourth chapter, Photometric classifi-
cation of supernovae, deals with methods for classifying discovered sources
into the two types described above. In the fifth chapter, Supernova rates, I de-
scribe how the frequency of supernovae can be determined from observational
data and what these measurements imply for star formation in the universe as
well as the physics of the supernovae themselves. In the sixth chapter I give a
Summary of the papers included in the thesis and also list my contributions
to them. The final, seventh chapter contains a Svensk sammanfattning av
avhandlingen (swedish summary).
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The remainder of this introduction will be used to give the background to
some of the fundamental observational and astrophysical concepts used in this
thesis.

1.1 Observational astronomy, magnitudes and colours
The origin of the definitions astronomers use for the brightness of objects in
the sky can be traced back to ancient Greece (120 B.C.), when the Greek
philosopher Hipparcos classified stars visible to the naked eye by magnitudes.
The brightest stars were put into the first magnitude class, the stars were then
grouped in magnitudes by their brightness as seen by the naked eye. The
faintest stars were put in the sixth class. This scale was used for more than
2000 years and influenced the modern astronomy to use the magnitude sys-
tem of measuring luminosities (Sterken & Manfroid 1992).

The human eye sense light in a way that corresponds to a logarithmic re-
lation between the actual brightness and the perceived sensation. In modern
astronomy the magnitude system of the ancient era has been formalised, the
so called apparent magnitude has a dependence on the observed flux (bright-
ness), F , of the object given by:

m ∼−2.5 log F. (1.1)

To compare the magnitudes for objects measured in different observations
with different instruments the magnitude scale is then calibrated against the
apparent brightness of so called standard stars. The scale is defined by setting
a zeropoint magnitude, e.g. setting the apparent brightness of the star Vega
to correspond to a magnitude of zero (this is the magnitude system used in
our papers and all through this thesis). The absolute magnitude of celestial
objects is defined as the apparent magnitude an object would have if it were
at a distance of 10 parsecs (1 parsec = 3.086×1016m = 3.26 light years). The
absolute magnitude gives an estimate of an object’s intrinsic brightness. The
relation between the apparent magnitudes and absolute magnitude for a filter
y is:

My = my +5−5 logDL −Ay+Kx
y , (1.2)

where DL is the cosmological luminosity distance defined below and Ay repre-
sents the amount of light lost to extinction by dust and gas. Kx

y is the so called
K correction, this term is basically the difference in magnitudes between the
inherent brightness of an object in filters x and y. Due to the light from the
source being redshifted, the light sent out in filter x will not be observed at
the same wavelengths but rather in the redder filter y. This correction requires
knowledge of the source spectrum.

The naked eye magnitudes used by astronomers until the arrival of photog-
raphy, does not encompass all of the radiation coming from an object. The
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human eye acts as a filter, picking up photons with energy corresponding to
wavelengths between ∼ 400 nm (blue) and ∼ 800 nm (red). Similarly, the
photometric filters used by modern day astronomers, e.g., the UBVRI filters
used in the work presented in my thesis, are used to control what part of the ra-
diated spectrum from an object is measured. To study colours of objects, mag-
nitudes in filters with different wavelength coverage are measured. A colour
is then simply the difference in magnitudes measured in different wavelength
regions. For example, as the R− I difference become larger, more and more of
the radiation is coming out at longer wavelengths (i.e. has red colour), which
can tell the astronomer about the underlying physical processes, such as the
temperature of stars. The transmission curve for a photometric filter shows the
sensitivity of the filter in different parts of the spectrum. In Figure 1.1 I show
these curves for the VIMOS instrument.

Figure 1.1: Transmission (sensitivity, S f (λ )) curves of the UBVRI filters on ESO’s
VIMOS instrument on the VLT. The apparent magnitudes measured with different
filters probe different parts of the spectrum.

1.2 Cosmology – redshift, distance and look back Time
Cosmology deals with the fabric of the universe and the fundamental parame-
ters that can be used to describe the evolution of space-time. We live in an ex-
panding universe, something which has been known observationally since the
work of astronomers and cosmologists active in the 1930s, such as E. Hubble,
H. Swan Leavitt, G. Lemaître and Knut Lundmark. We now live in the era of
precision cosmology, where the use of large surveys and advanced instruments
has helped astronomers determine the parameters in the cosmological mod-
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els with unprecedented accuracy (see, e.g. Spergel et al. 2007; Percival et al.
2010; Amanullah et al. 2010; Riess et al. 2011).

One of the fundamental concepts used for cosmology is the redshift, z. The
light emitted from far away galaxies is stretched out (i.e., the wavelength
of the light is increased) as the universe expands on its long trek to reach
our telescopes (Peebles 1993). The redshift is related to the distance to the
galaxy through Hubble’s law (valid for low redshifts), cz = H0 D, where c is
the speed of light, D is the distance and H0 the Hubble constant, which is
the expansion velocity at the current epoch. This constant is normally given
in units of km s−1 Mpc−1 and is often given in a normalised version h=
H0/(100km s−1 Mpc−1). For higher redshift the relation is more complicated
and parameters that describe the shape and energy content of the universe
needs to be used to find the distance for a given redshift. The equations be-
low that connect the redshift to coordinates in space and time are all derived
from the Friedmann-Lemître-Robinson-Walker (FLRW) metric, the space-
time metric that describes an isotropic, homogeneous and uniformly expand-
ing universe.

For a flat universe the expression for distance (luminosity distance, DL) as
a function of redshift is (e.g., Longair 1998):

DL =
c(1+ z)

H0
×

∫ z

0

1
√

ΩM ∗ (1+ z′)3 +Ωλ

dz′, (1.3)

where {ΩM ,ΩΛ} are parameters describing the energy content in matter and
dark energy, respectively. For a flat universe ΩM +ΩΛ = 1.

The finite speed of light means that observations of galaxies and supernovae
at high redshifts (or, equivalently, far away) also make the observer look back
in time to see the object as it was at the time the light was emitted (something
that is hinted at in the title of the thesis). The time interval between two epochs
(defined by redshifts z0 and z1, with z0 < z1) in the history of the universe also
depends on the cosmology in use. For a flat universe the time interval, dt, is
(e.g., Longair 1998):

dt =
1

H0

∫ z1

z0

1

(1+ z)
√

(1+ z2)(1+ΩM z)− z(2+ z)ΩΛ

dz. (1.4)

If z0 is set to 0, this equation allow us to compute the look back time at z1, i.e.
the time it takes for light emitted at the given redshift to reach us. If z0 is set
to zero and z1 to ∞ this equation allow us to calculate the age of the universe.

In my thesis, and in the accompanying papers, I use the so called
standard ΛCDM cosmology, which is the current observationally preferred
cosmological model (see, e.g. Spergel et al. 2007; Percival et al. 2010;
Amanullah et al. 2010; Riess et al. 2011). In this model the universe is flat
and dominated by dark energy. The cosmological parameters we use are
{h,ΩM,ΩΛ} = {0.7,0.3,0.7}. Note that the results I present, in particular
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the supernova rates, are easily converted to a different set of cosmological
parameters. The dependence on h is explicitly stated in the units for the rates.
The dependence of ΩM and ΩΛ on supernova rates is not as strong (Pain et al.
2002).
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2 Supernova physics — a brief
review

In this chapter I give a brief introduction to the physics of supernovae and the
implications on the evolution of supernova brightness with time (also know
as the SN light curve). It is believed that supernovae have two different as-
trophysical origins, one being the explosion resulting from the gravitational
collapse of a massive star that has run out of fuel (core collapse), and the other
a white dwarf that becomes unstable due to mass accretion from a compan-
ion (thermonuclear). Both of these types output extreme amounts of energy,
the total amount of visible radiation from both types contain on the order of
1044 joules (e.g., Woosley & Janka 2005; Khokhlov et al. 1993). For core col-
lapse supernovae this energy is only about one percent of the total energy let
loose in the explosion, since almost all of the energy is emitted in the form of
neutrinos.

For both types of supernovae, the decay of radioactive elements (formed
during the explosion) makes an important contribution to the luminosity (e.g.,
Leibundgut & Suntzeff 2003). The major contributor is 56Ni, which is the
most common radioactive product of nucleosynthesis in supernova explosions
(due to being preferred at the nuclear statistical equilibrium present in SNe).
The 56Ni decays rather quickly (half-life of ∼6 days) into 56Co which then
decays at a slower pace (half-life of ∼77 days). In the decay process gamma-
photons are emitted, they are not able to escape but are absorbed and de-
posit energy into the ejecta (but see also Section 2.1.2). That energy will later
emerge as radiation in the optical (or near-IR).

In Papers II and IV we use template light curves to type and to simulate
supernova observations. As examples of how the light curves for the different
subtypes look like I show our set of template light curves (in the R filter at
z = 0.5) in Figure 2.1.

2.1 Core collapse supernovae
As a massive star reaches the end of its life, having gone through a number of
phases and burning different fuels, the core is made entirely out of iron. Iron
is the most stable element, which means that no further chemical reactions
(burning) can take place that produces energy. When all of the nuclear fuel
in the core have been used up, the gravitational forces are no longer held in
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Table 2.1: Supernova subtype properties

Type Physical properties Obs. properties Fraction

Thermonuclear Supernovae

Ia

WD explosion caused No H lines 17%

by companion star SiII lines

mass overflow

Ia (91t-like)
High velocity Brighter than a nor- 2%

ejecta? mal Ia, high stretch

Ia (91bg-like)
Sub-Chandrasekhar Fainter than a normal 5%

mass WD explosions? Ia, low stretch

Core-collapse Supernovae

IIP

Progenitor with mass H lines in spectra, 42%

8–22 M⊙. High mass plateau phase in

H envelope light curve

IIL

Progenitor with mass H lines in spectra, 4%

8–30 M⊙? Low mass no plateau

H envelope phase

IIn
SN interacting with H lines in spectra, 4%

CSM. High mass star? narrow spectral lines

Ib

WR star progenitor No H lines in spectra, ∼10%

with a He envelope? He lines in spectra

Binary system?

Ic

WR star progenitor No H or He lines ∼16%

without He envelope? in spectra

Binary system?
Uncertain points are marked with a question mark. Fractions are in a volumetric
sample and adopted from Li et al. (2011b). Observational properties from Filippenko
(1997) and Turatto (2003).
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check by radiation pressure outwards from the produced energy, and the core
of the star collapses. This collapse in the core proceeds rapidly, only about
0.1 seconds after the collapse started it is halted, and reversed, when the core
is compressed to the limits set by the nuclear matter. This process is called
shock bounce, the shock that races outwards through the star is what drives
the supernova (e.g., Janka et al. 2007; Woosley et al. 2002).

If the shock is strong enough to continue through the outer layers in the
star the explosion is known as a “prompt mechanism”. Detailed simulations
of the explosions have problems to make this mechanism work, the shock
energies are just too low to burn through all of the envelope, i.e. the avail-
able energy in the shock is not enough to photo-dissociate the iron core. The
explosion thus stalls before it has propagated through the core. Instead it is be-
lieved that the explosion is partly driven by neutrinos, an idea introduced by
Colgate & White (1966) and revived by Bethe & Wilson (1985). In the cur-
rently favoured model, the “delayed neutrino-heating mechanism” neutrinos
originating from the compact core during the gravitational collapse revive the
shock after it stalled in the outer layers (e.g., Janka et al. 2007). The shock
then proceeds through the star and the supernova explosion becomes optically
detectable when it reaches the surface of the star.

Shock break-out occurs when the shock front reaches the surface of
the star. This produces an early, extremely bright peak in the SN light
curve that lasts for a short time (on the order of hours to a few days). The
brightness of the shock break-out mainly depends on the progenitor size (e.g.
Leibundgut & Suntzeff 2003), the smaller the star is the higher the effective
temperature in the shock and the brighter the break-out becomes. After the
break-out the photosphere rapidly cools down and the luminosity drops.
The luminosity then starts to increase again and reaches a peak at around
15–20 days after explosion (e.g. Blinnikov & Bartunov 1993). The increase
in luminosity is due to that the photosphere moves physically outwards,
increasing the emitting area and thereby also the brightness (and causing
the temperature to fall, making the colour of the supernova redder). This is
also known as the diffusion phase, the evolution depends on the diffusion
time scale (td ∼ M/R, M and R being the mass and radius of the envelope)
and how it compares to the the expansion time scale (t ∼ R/V , with V the
shock velocity). As the ejecta expands the diffusion time decreases while the
expansion time scale increases, when they are equal the radiation can escape.

At late times the light curve luminosity comes from the decay of radioactive
elements for all but the Ib/c supernovae. As almost all of the 56Ni has decayed
into 56Co at this time, the half-life of the 56Co is 77 days compared to 6 for
the 56Ni decay, the evolution of the light curve is given by the 56Co decay. The
brightness of the supernova in these late epochs can be used to estimate the
total mass of 56Ni produced (e.g., Sollerman et al. 1998).

Since massive stars are short-lived compared to the cosmic timescales the
core collapse supernovae trace active star formation. By averaging the CC
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SN rate over cosmic volume the current star formation in that volume can be
studied. I will come back to this subject in Chapter 5.

Depending on the mass, and to some extent the surrounding gas content, of
the progenitor star the observed events looks fairly different, both in terms of
spectra and light curves.

2.1.1 IIP and IIL supernovae

The IIP and IIL subtype of core collapse supernovae are the most common
events. They originate in a star which has hydrogen left in its envelope as
it explodes, their spectra thus contains strong hydrogen lines. The presence
of hydrogen in the spectra was the basis for the original type I/II division
(Minkowski 1941). Since stars with masses& 22−30M⊙1 (Maeder & Meynet
2010) are believed to have shed their hydrogen envelopes prior to the explo-
sion the progenitor stars of IIP/L supernovae are thought to be less massive
than this. Smartt (2009) review the current status of progenitor studies, the
reported lower mass limit based on observations is 8.5+1.5

−1.0. This limit is found
to match the theoretical limit of ∼ 9M⊙ quite well.

The spectra from IIP and IIL supernovae are similar, making it all but im-
possible to distinguish between them with spectral information only. However,
they have very different light curves, with IIP SNe showing a characteristic
plateau phase reaching from ∼10 to ∼ 100 days after explosion, and IIL SNe
showing a linear decline. The plateau phase is the result of hydrogen recom-
bination taking place in the hydrogen envelope after shock break-out (Popov
1993). The recombination front moves inward in the ejecta, but staying at
a constant absolute radius. The constant radius, combined with the constant
temperature given by the recombination (∼ 5000 K), is what causes the lu-
minosity of the supernova to be constant in the plateau phase. This phase
ends when the recombination front has passed through the entire hydrogen
envelope. The light curve shape is then determined by radioactive decay as
described above.

The plateau phase is notably absent in IIL SNe, this is believed to be due
to them having a much smaller hydrogen envelope (e.g., Smartt 2009), which
will go through recombination very fast, before a real recombination front has
formed properly. There are some indications that the progenitors of IIL SNe
are more massive than IIP progenitors on average. The more massive core
collapse progenitors would, in this picture, have shed most of their hydrogen
before the explosion (e.g., Smartt 2009). It should also be noted that IIL SNe
are very rare events, only about one in thirty supernovae are expected to be of
this kind in a volume-limited (i.e., all SNe within a given volume are found)
sample (Li et al. 2011b).

1M⊙ is the mass of the Sun.
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2.1.2 Ib and Ic supernovae

These supernova types are both believed to originate from Wolf-Rayet (WR)
stars (e.g., Gaskell et al. 1986; Maeder & Meynet 2010). WR stars are massive
(&20 M⊙), rotating stars that have very strong stellar winds. These winds
cause them to lose a lot of mass (Crowther 2007). The outer layers of the star
is thus lost, which means that the hydrogen envelope is missing for WR stars
of the lower mass range, and that both the hydrogen and helium envelope are
missing for the more massive ones. This is then thought to be the explanation
to why these spectral lines are absent from the spectra of Ib (H missing) and
Ic (H and He missing) SNe.

There is growing support for another possible formation channel for Ibc
SNe. Nomoto et al. (1995) suggested that a lower mass binary system may
form Ibc supernovae. In this theory the star that later explodes as SN loses its
H/He envelope to the binary companion via Roche lobe overflow.

The light curves of Ib and Ic supernovae are quite similar; in our work,
where focus is on the light curves, we have used the joint class Ibc SNe to
describe both populations. The plateau phase of IIP SNe is not present in Ibc
SNe, due to the lack of a H envelope. The curves are instead dominated by
the diffusion of the thermal shock and radioactive decay. At late times the
light curves of these SNe are steeper than the type IIs. This is believed to be
due to escape of gamma photons from the radioactive decay, i.e. not all of the
available energy from the decay is absorbed and re-emitted as optical radiation
(e.g., Leibundgut & Suntzeff 2003).

2.1.3 IIn supernovae

The IIn SNe is a subset of core collapse supernovae with narrow
spectral lines and a somewhat slower evolution (e.g, Fransson et al. 2002;
Leibundgut & Suntzeff 2003). They can be very bright at peak and can
also stay bright for a longer time period than the normal supernova model
would allow. The most probably explanation is that they are SNe where the
shock front has interacted with the surrounding circumstellar material (CSM,
material that has been lost by star during its evolution). As the shock front
continues outside the stellar envelope after shock break-out it will run into the
CSM, and further conversion of the kinetic energy in the shock into radiation
takes place. This provides the additional energy source that is required to
explain the brightness and slower light curve. The narrow lines are believed
to originate from gas in the CSM, since these gas clouds move slower than
the ejecta the lines will look narrow in comparison. Also, the line strengths
and ratios of the narrow lines indicate that they originate from clouds with
high density, making the CSM a more likely source than interstellar matter
(Fransson et al. 2002).
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Figure 2.1: This figure contains example light curves for different supernova types.
Note that these are R filter light curves at z ∼ 0.5, which corresponds to rest-frame B at
that redshift. The shift to higher z also stretch the curves by a factor (1+z). Also, these
are template light curves based on the average of many supernovae, a real individual
SN light curve will often be less smooth than these examples.

The light curves of IIn SNe are quite varied. Due to the importance of line
emission from the interaction with the CSM, the resulting light curves and
peak luminosity can be very different (e.g. Leibundgut & Suntzeff 2003).

2.2 Thermonuclear supernovae
Supernovae resulting from thermonuclear explosions are in general more uni-
form than the core collapse. This is due to the origin of the explosion. In
these SNe the progenitor is a compact star that explodes. The most likely type
of compact object is a white dwarf since they consist of mainly carbon and
oxygen which provides fuel for the explosion (e.g., Leibundgut 2000). In this
picture the detonation sets as the white dwarf has increased its mass beyond
the Chandrasekhar mass limit (the theoretical mass limit for white dwarfs, see
Chandrasekhar 1934) by accreting matter from a companion.

The exact nature of the explosion is not well constrained currently. One
of the many proposed ideas is the “delayed detonation model” (Hoflich et al.
1995) in which the burning starts as a deflagration (subsonic burning) and
later on changes to a detonation (supersonic burning, causing a shock front
to form). Another idea is that the explosion occurs below the Chandrasekhar
limit (so called sub-Chandrasekhar mass white dwarfs) and starts at the bottom
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of the He surface layer in the white dwarf (e.g., Nomoto 1982; Leibundgut
2000). It is also possible that Ia supernovae can come from many different
explosion (and progenitor) channels.

The nature of the companion is not known, the two competing models are
the “double degenerate” (DD) scenario, where the companion is another white
dwarf; and the “single degenerate” (SD) scenario, in which the companion is
main sequence, or further evolved, star. In the SD scenario the lack of hydro-
gen and helium in the Ia spectra is explained by the white dwarf accreting
and burning this material before becoming a SNe. In the DD theory, the white
dwarfs merge after losing orbital energy in the form of gravitational radiation
(Leibundgut 2000).

The spectra of Ia supernovae are characterised by SiII lines at early times.
The presence of these lines, and absence of H or He lines, is used to type the
SNe spectroscopically (Filippenko 1997). The light curves are completely de-
termined by the decay of radioactive elements. As for core collapse SNe, the
light curve shape is formed as a race between diffusion and expansion (see
Section 2.1). The general shape of the light curve (how fast it is) has been
found to correlate to the peak brightness (Phillips et al. 1999). This feature,
also known as stretch is used in supernova cosmology experiments to “stan-
dardise” (i.e. reducing the scatter of observable luminosity) the Ia supernova
brightness. The stretch of a light curve is proportional to the peak brightness,
i.e. the faster the light curve decays, the fainter peak.

Despite the uniformity of Ia SNe, exceptions do exist. SN 1991T (and other
Ia’s similar to this) was a very bright Ia SNe, which also had a somewhat dif-
ferent spectral evolution than normal Ia SNe in that the SiII lines appeared
later than normal (Filippenko et al. 1992b). At the other end of the luminos-
ity range is SN 1991bg (and similar SNe), which was a sub-luminous Ia su-
pernovae with peculiar spectral features (Filippenko et al. 1992a). It is possi-
ble that the faint 91bg-like SNe originate from sub-Chandrasekhar mass white
dwarfs (Stritzinger et al. 2006).

In Chapter 5 I describe how the Ia supernova rates can be used to put con-
straints on the progenitor system. Depending on the type of companion and the
physics of the merging/accretion the time from the formation of the progenitor
star to Ia explosion can be wildly different. This time scale, the so called de-

lay time, can be studied with Ia rate measurements (e.g., Ruiz-Lapuente et al.
1995).
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3 Detecting supernovae and galaxies
at high redshift

3.1 The Stockholm VIMOS Supernova Search
The main research project I have worked on during my time as graduate stu-
dent and also the main focus of this thesis is the The Stockholm VIMOS Su-
pernova Search (SVISS). The data for the project were obtained with the VI-
MOS instrument (LeFevre et al. 2003), mounted on the ESO Very Large Tele-
scope (Unit Telescope 3), at several epochs during 2003–2006. The VIMOS
instrument has four CCDs, each 2k×2.4k pixels with a pixel scale of 0.205
arcsec/pxl, covering a total area of 4×56 sq. arcmin. The SVISS observations
were obtained in two fields, covering parts of the Chandra Deep Field-South
(Giacconi et al. 2001) and the ELAIS-S1 field (La Franca et al. 2004). The ob-
servations in the ELAIS-S1 field were obtained in five broad band filters (U ,
B, V , R and I). The data used in the papers included in this thesis are only from
the ELAIS-S1 observations, the CDF-S results are yet to be published.

The supernova search was conducted in the R and I filters. The observa-
tions in these filters were divided into seven search epochs with one month in
between (taken in the autumn of 2004) and one reference epoch from obser-
vations obtained approximately one year earlier. We also obtained a control
epoch, one year after the last search epoch. The image quality for these ob-
servations was overall very good, the mean seeing of the epochs and filters is
roughly 0.7 arcseconds. In Paper II we give details on the data for the different
epochs.

The observations are also very deep, with mean 3σ limiting magnitudes
of 26.8 and 26.3 in R and I, respectively. Comparing these magnitudes to
the limits given by other surveys (Dahlen et al. 2008; Morokuma et al. 2008;
Totani et al. 2008), we find that our data set is among the deepest ever obtained
(for supernova searching), although smaller in field size.

The UBV observations were obtained at several different occasions during
the time period 2004-2006. Details on the data reduction and calibration of the
UBV data along with a galaxy catalogue for the field is presented in Paper III.
For the supernova part of the survey the UBV observations have only been
used to calculate photometric redshifts for supernova host galaxies.
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Figure 3.1: This figure shows the difference between raw data (left panel) and fully
reduced, stacked data (right panel). This is I band data from the SVISS, note the
presence of strong fringe patterns in the raw frames. The area shown here is roughly
3% of the total area in the ELAIS-S1 field (∼ 6 sq. arcmin).

3.2 Observational astronomy at a glance — imaging
surveys
In modern astronomy charge-coupled devices (CCD’s, essentially the same
technology used in normal digital cameras) are used to detect and count pho-
tons from the sky. In a CCD many pixels form a mosaic of small photo-
detectors. The telescope thus acts as a lens and the CCD instrument as a cam-
era. Depending on what kind of observations are needed, the light will also go
through other instruments on its path to the CCD. For spectroscopy, the light
will pass through a grism (or a similar piece), that breaks the light up into dif-
ferent wavelengths and the CCD records a spectrum. For imaging, a filter with
a specific central wavelength and width can be used to isolate the light from
one part of the spectrum. Combining several filters it is possible to measure the
colours and find the spectral energy distribution (SED) of the observed objects.

The atmospheric conditions will affect the width of the point spread func-
tion (PSF), the spatial shape a point source will have on the images. The size
of the PSF is therefore the limiting factor for the resolution in ground-based
imaging. This is also called seeing, images with a small PSF width and there-
fore good resolution are said to have good seeing. The seeing of an image or
observational run in total is often used as a quality indicator. For some appli-
cations good seeing is critical to reach deep enough or to distinguish certain
features in the images. For supernova surveys seeing is very important (e.g.,
Mattila et al. 2007), I will come back to this in Section 3.4.1.
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In imaging surveys the telescope is used to observe a patch on the sky
instead of a specific object. The resulting images can contain thousands upon
thousands of objects, galaxies and stars. The larger the field-of-view the more
sources can be found. By observing in multiple filters, colour information
becomes available for the objects and can be used to characterise the objects
together with their brightness. Due to limitations in available observation time
and instrumentation, most surveys up till now have been either deep — depth
refers to the distance at which sources can be detected — but covering a small
field (i.e. a pencil-beam survey) or shallow but covering a large field. To reach
even the faintest high redshift galaxies, depth is the most important parameter.
Some of the deepest and most successful surveys when it comes to studying
high redshift galaxies are the Ultra Deep Field (UDF, Beckwith et al. 2006),
the Great Observatories Origins Deep Survey (GOODS, Giavalisco et al.
2004b), the Cosmological Evolution Survey (COSMOS, Koekemoer et al.
2007) and the Subaru Deep Field (SDF, Kashikawa et al. 2004). Surveys
targetting huge areas on the sky are by necessity (the observational time limits
mentioned above) more shallow. Examples of such surveys are the Sloan
Digital Sky Survey (SDSS, Abazajian et al. 2009), the 2dF Galaxy Redshift
Survey (2dFGRS, Colless et al. 2001) and the Two Micron All Sky Survey
(2MASS, Jarrett et al. 2000).

3.2.1 Image data reduction

The raw image files from the telescope have to be properly calibrated and
cleaned, a process called reduction. For broad band imaging of the type used
in SVISS normal image reduction consists of the following steps. The images
are debiased, removing the signal from the instrument itself that is present
even in images with zero exposure time. Any variations in sensitivity over the
CCD is corrected for by flatfielding the data, using observations of a uniformly
illuminated surface (such as a white screen or the twilight sky). Cosmic ray re-
jection routines are used to remove any image artifacts resulting from cosmic
particles hitting the CCD. Corrections for atmospheric extinction can also be
done at this point. To avoid saturating the CCD observations during a single
night is normally divided into several exposures. The final step of the reduction
process is thus to first align the images to a common pixel coordinate system
and then to combine, or stack, the individual images. The resulting stacked im-
ages are then calibrated by comparing to observations of photometric standard
stars, with well-known photometry, using the same instrumental setup.

For SVISS we did all of the reductions in the ESO-MIDAS1 system us-
ing a set of scripts written for this particular data set. In Papers II and III
we presented details on how the reductions were done for the supernova and
galaxy part of the survey, respectively. Photometric calibration was done in

1see http://www.eso.org/sci/software/esomidas/midas-overview.html

http://www.eso.org/sci/software/esomidas/midas-overview.html
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PYRAF/IRAF (Tody 1986) using the photcal package. Figure 3.1 shows
the effect of data reduction and stacking on the observations.

The VIMOS I band suffers from rather severe effects of fringing (see
Berta et al. 2008, for a detailed description of fringing for the VIMOS
instrument), this is essentially optical interference patterns formed in the thin
CCD layers. For the SVISS we constructed a fringe map for each observation
night by median combining the images taken during that night and rejecting
bright pixels by a standard sigma-rejection routine. To make this possible the
observations were done using many different, slightly offset, positions and
taking multiple images. This scheme was optimised to avoid having individual
images target the same area on sky. The fringe map was then subtracted from
each of the images, before stacking, which successfully removed the patterns.

In Paper III we investigated how different choices on how to combine the
images affects the output data quality. We found that the best option (at least for
the SVISS data set) was to use a weighted average method, where the weights
were given by the inverse of the PSF width, i.e. images with good seeing have
greater weight than bad seeing images. Stacked images were produced for each
filter and epoch for the supernova search. We also created deep images by
stacking all of the good quality frames in each filter. These images were used
for the galaxy survey part of the project.

3.2.2 Source detection and photometry

The detection of sources in images from modern astronomical surveys can nor-
mally not be done manually, to consistently find faint objects above a certain
signal-to-noise level, specialised computer codes are used. For the work pre-
sented in this thesis we used the publicly available software Source Extractor
(SE Bertin & Arnouts 1996) to find both galaxies and supernovae. This code is
a standard tool used for imaging surveys. For an extended manual please refer
to Holwerda (2005), this report also contains several examples of SE use in the
literature. In Papers II and III we describe the way SE has been used to de-
tect supernovae in the epoch images and galaxies in the fully stacked images,
respectively.

For reference I now give a brief overview on how SE detects sources. First,
the mean background intensity and noise level in the image is estimated. This
background intensity is then removed from the image and the software flags
pixels as detected if they are over a user-specified threshold. It then removes
all detected pixels that belong to a connected region smaller than another user-
specified threshold. At this point some of the detected objects will contain
many sources that are so close to each other that their detected regions overlap.
The program then tries to deblend the objects into the individual sources, by
using contrast settings set by the user. The deblended source list can be further
processed but is more or less the final output.
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Figure 3.2: Number counts for galaxies in SVISS compared with the results from
other surveys. The corrected and raw counts refer to whether a correction for incom-
pleteness at faint magnitudes has been applied or not.

Photometry, i.e. measuring the apparent brightness of the detected
sources, can also be done with SE. For the galaxy part of the survey we
used photometry from SE (see Paper III), the aperture used to measure the
light from each galaxy is scaled to the shape and size of the galaxy (Kron
magnitudes, Kron 1980). For the supernovae we use PSF fitting photometry
with the PYRAF/IRAF tasks allstar and psf instead (see Paper II and
Section 3.4.2).

3.3 Studying galaxies with surveys

3.3.1 Number counts

Number counts of galaxies are a very good indicator on how deep a survey
is. The concept is rather simple, the galaxies are divided into magnitude bins
and the number of galaxies in each of these is counted. The counts are a bit
harder to interpret, however. Given that the apparent magnitude of a galaxy
is dependent on redshift, extinction, and spectral shape (K-corrections) in ad-
dition to its inherent brightness, it is very hard to analyse a plot of number
counts in terms of galaxy evolution and formation. The cosmological param-
eters does affect the number counts and different models can be compared to
the observations (e.g. Metcalfe et al. 2001), but more recent methods for mea-
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Figure 3.3: In this figure the resulting photometric redshifts are compared to the avail-
able spectroscopic redshifts in the SVISS calibration sample. The red (dashed) lines
show the outlier limits (±0.3(1+ z)) considered in SVISS. the accuracy is fairly good
with a normalised (by a factor (1+z)) scatter of 0.08 and a fraction of outlier of ∼8%.

suring cosmological parameters can put narrower constraints. The primary use
of number counts in the current literature is thus to characterise the survey and
find out at what kind of apparent magnitudes galaxies start to become to faint
to be detected.

In Paper III we presented the number counts for our ELAIS-S1 UBV RI

observations. Figure 3.2 show the number counts in the R filter compared to
the results of some other surveys (Metcalfe et al. 2001; McCracken et al. 2003;
Alcalá et al. 2004; Capak et al. 2004; Furusawa et al. 2008). The plot of the
raw counts show the effect of incompleteness on the number counts, as we
go to fainter and fainter apparent magnitudes we will fail to detect all of the
galaxies at that level of brightness. The counts will then start to fall of from the
expected curve. The incompleteness does not show a sharp break, but rather
a drawn out decrease, this is due to the random nature of source detection
in images with noise. We performed simulations to estimate the number of
galaxies missed due to incompleteness in each of the fainter galaxy bins. The
corrected counts are also shown in the figure, they start to diverge from the raw
counts at around R = 24, this marks the onset of incompleteness in the sample.
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3.3.2 Photometric redshifts

The redshift of galaxies is normally determined by matching the observed
spectral lines to their rest-frame counterparts. In this way very accurate
redshift measurements can be made. But the observational costs of obtaining
spectra for many faint galaxies are huge, thus another approach is often used
for galaxy surveys. The solution is to use so called photometric redshift
techniques which have been used extensively since the first attempts some 25
years ago (Loh & Spillar 1986) . With this technique, photometry in a number
of broad band filters (e.g. UBV RI) is used to find the redshift of the galaxy.
The two main photometric redshift methods are the empirical training set
method, e.g., ANNz (Collister & Lahav 2004); MLP (Vanzella et al. 2004);
ArborZ Gerdes et al. (2010) and the template fitting method, e.g., HyperZ
(Bolzonella et al. 2000); BPZ (Benítez 2000); ZEBRA (Feldmann et al.
2006). Hildebrandt et al. (2008) compare the different codes and find that the
photometric redshift accuracy reached by them is reasonable, but that the error
estimates for individual galaxies are not believable. Photometric redshifts are
thus better suited to obtaining redshifts for entire galaxy populations than for
individual systems.

In the empirical training set method the goal is to find the relation between
colours and redshift by using galaxies for which a spectroscopic redshift has
been determined, then the colours of galaxies with unknown redshift can be
mapped onto the relation and the redshifts found. To reach good accuracies
this method needs a large training set of galaxies with spectroscopic redshifts,
making it less suited for high redshift studies (Benítez 2000). The template fit-
ting method instead uses a library of spectral energy distributions for different
galaxy types that are redshifted. The colours of the template SEDs are then
matched to the observed colours and the the best-fitting redshift (and template)
is chosen to be the correct one.

The photometric redshifts calculated in Paper III and used in Papers II and
IV were obtained using the GOODSZ code (Dahlen et al. 2010). This code is
a hybrid between the template and empirical methods. While it uses templates
and χ2 fitting to find the correct redshift, the code can also be trained by run-
ning it on galaxies with known spectroscopic redshifts. In Paper III details
on the training of GOODSZ as applied to the SVISS data set are given. In
Figure 3.3 I show the accuracy of the photometric redshifts for z < 1 for our
calibration set of galaxies. It should be noted that the lack of observations in
the near-infrared (i.e. red-wards of the I filter) causes the photometric redshifts
to become very uncertain beyond z ∼ 1.

3.3.3 Lyman break galaxies

Lyman Break Galaxies (LBGs) are star forming galaxies at high redshift (see
Giavalisco 2002, for an extensive review). The spectra of star forming galaxies
exhibit a strong break at the rest-frame wavelength of the Lyman limit (at 91.2
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Figure 3.4: This figure shows how Lyman Break galaxies at z ∼ 3 are selected using a
U-dropout technique. Dots show the locations of galaxies in the colour-colour space,
triangles are lower limits for sources undetected in U. The lines show how a galaxy
evolves in colour with redshift. When defining the selection box care has to be taken
to minimise the inclusion of possible low redshift interlopers.

nm), any radiation emitted blue-wards of this limit will absorbed by neutral
hydrogen that is everywhere in the universe. The break as seen by the observer
is then shifted red wards when galaxies at higher redshift are observed. [h!]

In imaging surveys the break can be used to get an indication of the redshift.
A high redshift galaxy observed with a filter that is sampling the wavelength
region blue-wards of the Lyman limit will appear to be very faint, or not even
be detected in that filter. With another, redder, filter that measures the light red
wards of the limit, the colour can be measured (e.g., U −B). Any galaxy that
is at a redshift to have its Lyman limit shifted to be approximately between
the two filters will then have a high colour value (or even just a lower limit, if
the source is undetected in the blue filter). By selecting galaxies by colour it
is thus possible to find galaxies in a certain redshift range, these galaxies are
then called Lyman Break Galaxies or dropouts (e.g., U -dropouts for galaxies
with the Lyman limit just red-wards of the U filter). For example, a U -dropout
galaxy will have a redshift of ∼ 3.

The Lyman Break technique has been applied to many galaxy surveys, here
are a few examples. Bouwens et al. (2009) used it on GOODS/UDF data to to
estimate the star formation history at high redshift. The technique has also been
used to study the luminosity functions of the galaxies themselves (Stark et al.
2009), giving insight on how these systems form and evolve. At extremely high
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Figure 3.5: Example images of two supernovae found by the SVISS. The upper panel
(A) and lower panel (B) show image cutouts for SN357 and SN115, respectively. The
leftmost images are RGB colour composites using the supernova peak epoch for the
red channel and deep B and V images for the blue and green channels. The middle
images show the reference epoch in I and the images to the right the subtracted I

band image. The red cross indicates the position of the supernova. In panel B, note
the presence of a subtraction residual in the subtracted image (in the topmost right
corner).

redshifts (with dropout filters in the near infrared), Bunker et al. (2010) have
estimated the contribution of LBGs to the cosmic reionization.

Our LBG selection criteria and the resulting sample is presented in Pa-
per III. The criteria for the U -dropouts are shown in Figure 3.4, sources that
have colours (or lower limits on the colours) placing them inside the selection
box are considered to be LBGs at z ∼ 3. The U dropout selection is found to be
quite secure and the resulting sample is among the deepest ever observed. In
the paper we also present B and V -dropouts, these samples are less secure since
they are contaminated by low redshift interlopers that have colours similar to
the high redshift galaxies.

3.4 How to find supernovae

3.4.1 Image subtraction

Supernovae are not always easily found. It is only rarely that a SN will out-
shine its host galaxy (as alluded to in Chapter 1), in most cases the supernova
light will be a small part of light measured from the galaxy. Also, in the case of
ground-based observations of high redshift galaxies, the galaxies themselves
will not be fully resolved (see Section 3.2). This means that the SN itself will



24 Detecting supernovae and galaxies at high redshift

be less distinct and easily missed when looking in the individual search epoch
images. The solution to this problem is simple in concept, but harder in prac-
tice. By subtracting an image from an earlier epoch from the search epoch
images the light from the galaxies is removed, leaving the supernovae to be
found. The problem with this approach is that the image quality (seeing and
noise level) can vary from epoch to epoch. Any subtraction method must thus
be able to deal with these issues while still producing an output that conserves
the intensities in the input images.

The combination of the atmospheric effects with the optics, focusing and
camera setup results in variations of the seeing in the images both in spatial
coordinates and over time (i.e. different epochs can have different seeing, and
also different spatial variation). A successful image subtraction technique must
be able to match the PSF of the reference image to the PSF of the later epoch
images while also allowing the convolution kernel to vary spatially. The Op-

timal Image Subtraction (OIS) technique presented in Alard & Lupton (1998)
and further refined in Alard (2000) allows this. For the SVISS images we have
used the code that implements this technique, ISIS 2.2 (Alard 2000).

Difference imaging, and ISIS in particular, has been used to detect SNe
in many projects. Many of the large Ia surveys use ISIS (or similar codes)
to find SN candidates (e.g. Cappellaro et al. 2005; Wood-Vasey et al. 2007;
Poznanski et al. 2007b), then following up with spectroscopic observations of
the candidates. Cappellaro et al. (2005) and Botticella et al. (2008) used the
same technique in their SN surveys. Difference imaging has also successfully
been used in near-infrared SN searches (e.g. Maiolino et al. 2002; Mattila et al.
2007) concentrating on local luminous infrared galaxies. More recently, dif-
ference imaging has also successfully been applied to mid-infrared SN ob-
servations with the Spitzer Space Telescope (Meikle et al. 2006). In addition
to SN surveys, OIS and ISIS has been used by various authors investigating
many different subjects, among which are variable stars in crowded fields (e.g.
Corwin et al. 2006), gravitational microlensing (e.g. Alard 2001; Sumi et al.
2006) and the detection of planets (e.g. Holman et al. 2007).

For the SVISS we constructed a supernova detection pipeline suitable for
large images and multi-epoch data. The pipeline consists of a number of
IRAF/PYRAF scripts that are run in sequence, and go through the following
steps: (i) accurate image alignment over the entire frame; (ii) convolving the
better seeing image to the same PSF size and shape as the poorer seeing
image, using a spatially varying kernel; (iii) subtracting the images. The
input to the pipeline consists of one reference image and a list of later epoch
images.

Aligning Images

The subtraction method is quite sensitive to how well the images are regis-
tered. Spatial variability of the convolution kernel can somewhat compensate
for a non-perfect image alignment (also discussed in Israel et al. 2007), but in
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general the images should be aligned with high precision before running the
actual subtraction. Figure 3.5 contains examples of image subtraction for two
of the supernovae found. The SVISS search images are aligned to the refer-
ence image by using the IRAF tasks geomap and geotran. A number of
bright sources visible in all of the frames are used as input coordinate lists for
these tasks. The exact positions of the sources are found by using the IRAF
task imcentroid. The number of reference sources used is on the order of
50–100, and the matching accuracy is on the order of 0.1 pixel.

Optimal Image Subtraction

Following Alard (2000) I now summarise the OIS technique. The principal
difficulty with image subtraction is to find a convolution kernel (K) that can
transform the PSF of a reference image (R) to the PSF of an arbitrary image
(I). The best-fit kernel can be found by minimising the sum over all pixels

∑
i

([R⊗K](xi,yi)− I(xi,yi)+bg(xi,yi))
2, (3.1)

where bg(xi,yi) is a spatially varying background term. The kernel can be writ-
ten as a sum of basis functions

K(u,v) = ∑
n

an(x,y)Kn(u,v) (3.2)

where an contain the spatial variations of the kernel, which are polynomial
functions of a given degree. Kn are the basis functions for the kernel and u

and v denote the PSF kernel coordinates. The basis functions are Gaussian
functions of the type

Kn(u,v) = e−(u2+v2)/2σ2
k uiv j (3.3)

with the generalised index n = (i, j,k). The basis functions can have different
widths (the k index) and different orders (the i and j indices). To deal with a
spatially varying background a polynomial background term is added to Eq.
3.1 and is also included in the solution which is found by solving the resulting
linear system. The reference image is convolved with the kernel and subtracted
from the search image.

In ISIS a number of sources present in both reference and search image
are used as the data that goes into the kernel solving procedure. A number of
high S/N-sources are selected from the image and a small subimage (so called
stamp) is obtained for each of them. The selected sources do not have to be
point sources, but they have to be non-saturated and well below the non-linear
response regime of the detector.

The subtraction code allows the user to set parameters freely, to find the
optimal setup for the images in question. We used the ISIS 2.2 code on the
SVISS data to obtain subtracted images using parameter values that are close
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to the default setup. The basis functions described above are three Gaussian
functions of orders {6,4,3} with widths {1.0,2.0,4.0}, which we found to be
a good choice. Israel et al. (2007) and Gössl & Riffeser (2002) also find that
this set of basis functions works well.

In Paper I we investigated how changing the kernel parameters for ISIS
affected the output subtraction quality (in terms of noise and amount of residu-
als). We also looked at how the selection of stamps affected the quality. The ex-
tensive tests were done by adding simulated point sources to the unsubtracted
images, running the image subtraction code on them and then trying to detect
and do photometry on the artificial sources (for estimates of detection efficien-
cies and photometry from the tests see Section 3.4.2). In this paper we found
that the selection of stamps, data quality and host galaxy brightness (also see
Section 3.4.2) affect the subtraction quality more than tweaks to the kernel
parameters. However, it is important to note that major changes to the kernel
parameters can result in catastrophic results for the subtractions. The default
settings are good for general use, tweaking (as we have done) should only be
done by the experienced user.

3.4.2 Detection and photometry of supernovae

As mentioned in Section 3.2.2 we used Source Extractor to find supernova
candidates in the subtracted images from each epoch and filter. The resulting
output from SE then made up our initial candidate list. To make sure that the
automatic detection didn’t miss any supernovae the detection threshold in SE
was set to a quite liberal value. This mean that the initial list contained many
spurious detections, most arising from subtraction residuals in the image (see
Figure 3.5 panel B for an example). A number of rejection steps were then
used to narrow this extensive list down to the final 16 supernovae. Details on
the rejection procedure are given in Paper II. The most important requirement
on the candidates is that they should be brighter than the 3σ magnitude limits
in both filters and in two consecutive epochs. It should also be noted that we
used the control epoch, obtained one year after the last search epoch, to reject
variable sources of non-SN origin (such as Active Galactic Nuclei or variable
stars).

During our extensive tests on the detection and photometry reported in Pa-
per I we found that PSF photometry provided the most accurate measurements
of the supernova magnitudes. For this type of photometry a model of the PSF
is first constructed by fitting a model function to a number of point sources in
the image. This model is then fitted to the source that is measured to find the
total flux coming from it. This method is optimal for point sources (which su-
pernovae are), but more or less useless for extended sources (such as galaxies).
All of the measured magnitudes for the supernovae are thus PSF magnitudes
measured in the subtracted images.
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Figure 3.6: The detection efficiency as a function of magnitude for the I filter ob-
servations in one epoch. The point symbols refer to the measured efficiency values
(number of recovered SNe divided by the total number of simulations) and the lines
show the s-curve fits. Note how the efficiencies change when comparing SNe placed
inside bright host galaxies to SNe in faint galaxies.

In Paper I we investigated the effect of the subtraction code setup on the de-
tection efficiencies, i.e. how many supernovae at a given apparent magnitude
we can detect (see Section 3.4.1. We also performed tests when placing the
supernovae in galaxies of different brightness. The detection efficiencies are
an important input for the rate calculations done in Paper IV (also, see Chap-
ter 5). To use the detection efficiencies in the rate calculations it’s preferable
to have a parametric form for them. Fitting the efficiencies to a function also
helps dealing with outliers. Following Strolger et al. (2004) we used a S-curve
parametrisation for the efficiencies:

ε(m) =
ε0

1+ e(m−mc)/S
, (3.4)

where ε(m) is the fitted detection efficiency and m the magnitude. ε0 is the
maximum efficiency (which is very close to 1 for most of our fits), mc a pa-
rameter describing when the curve starts to drop of and S a parameter that
determines how fast the drop occurs. In Figure 3.6 I show the detection ef-
ficiency for one filter and epoch and for the different host galaxy brightness
categories considered.

The second result from the simulations done in Paper I was the implications
on photometric accuracy. Early in the testing we found that the normal way of
estimating photometric errors for sky-noise dominated data (calculating noise
in an annulus outside the object region) did not work for the subtracted images.
The errors, when computed in this fashion, were found to be underestimated
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Figure 3.7: Example light curve and colour evolution for one of the discovered super-
novae in the SVISS. The lines show the most probable Bayesian fit (also see Chapter 4
and Paper II).

by a factor of two or more. All photometric errors for the supernovae have
thus been estimated from the simulations. The scatter in the output photometry
for simulated supernovae of the same magnitude is adopted as the error for
SN measurements of the given magnitude. In this paper we also found a small
photometric bias that affected the supernovae inside galaxies. Again using the
simulations we showed that the photometry could be corrected for this bias.

In Paper II we reported the discovery of 16 supernovae in the SVISS
ELAIS-S1 observations. These SNe were found by using the method outlined
in this chapter. In Figure 3.7 we show the light curve and colour evolution for
one of the discovered supernovae together with a fitted light curve (see next
chapter).
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4 Photometric Classification of
Supernovae

The classification of supernovae is traditionally done by inspecting the spec-
tra and checking for the presence of signature lines (see Chapter 2). However,
since spectra are very hard and observationally expensive to obtain for high
redshift supernovae, photometric methods where the light curves are used in-
stead have become more and more important in supernova surveys. The basic
methodology of photometric typing is to construct template light curves from
empirical or model light curves and spectra for the supernova subtypes and
then to fit these templates to the observed light curves. The big advantage of
this method is, as alluded to above, that it is far easier to obtain photometry
of faint SNe at high redshift than to obtain spectra. The drawback is that the
typing is a lot less secure, there are inherent degeneracies between the light
curves of different subtypes which can cause the typing to fail, irrespective of
the method.

4.1 Examples of photometric supernova typing in the
literature
Typing of supernovae using broad band colours in multiple epochs has been
done by several authors. Poznanski et al. (2002), Dahlén & Goobar (2002) and
Johnson & Crotts (2006) demonstrated typing methods based on colour cuts by
studying supernova templates light curves and colour evolution. Sullivan et al.
(2006a) used a χ2-fitting code to reject core-collapse SNe from the follow-up
target lists for spectroscopy in the Supernova Legacy Survey. Sako et al. (2008)
used a similar photometric method to type supernovae in the Sloan Digital Sky
Survey, and found that spectra of the typed objects indicated that 6% of the SNe
with a Ia photometric type were of a core collapse origin. They did, however,
not report how many core collapse supernovae that were mistyped.

Kuznetsova & Connolly (2007) introduced Bayesian methods in supernova
typing, they used this method to type the GOODS supernova sample
and found good agreement with the spectral classifications. Bayesian
methodology applied to supernova typing was also discussed in Kunz et al.
(2007). Poznanski et al. (2007a) took this method one step further and showed
that, with good constraints on the explosion date, their Bayesian method could
distinguish between Ia and core collapse based on one observational epoch
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only. For the Ia supernovae they found that 97% of SNe were correctly typed,
but for the core collapse (IIP) only about 85% were correctly classified.

Rodney & Tonry (2009) used a Bayesian approach together with so called
“fuzzy” templates to improve classification of SNe with non-standard light
curves. With this method the templates are assigned an uncertainty that enters
into the likelihood calculations which improves the classification quality of
these SNe. Recently, Kessler et al. (2010) presented the results of a supernova
classification challenge, where a common sample of supernova light curves
was typed by different codes, showing similar accuracy for most of the codes.

4.2 Supernova light curve templates
The creation of a light curve template library is not trivial since there are
many factors that affect the luminosity of a SNe at a given time after explo-
sion, at a given redshift and in a certain wavelength range. The basis for the
template is in most cases an absolute magnitude light curve for the given su-
pernova type. The absolute light curves used for this are normally empirical
and based on averaging light curves of well-observed, local supernovae (e.g.,
Kuznetsova & Connolly 2007; Poznanski et al. 2007a). To be able to K-correct
(see Chapter 1 and below) the light curves to the observer epoch and filter the
spectral evolution of the supernova templates are also needed. These spectral
templates are either empirical or theoretical. A set of rest-frame spectra and
light curves are given by Nugent (2007).

The supernova apparent brightness is also, independent of type, directly de-
pendent on the distance to the source, which is taken into account by the dis-
tance modulus. Furthermore, the apparent shape of the light curve is stretched
out by a factor (1+ z) due to the cosmological time dilation. This can be sum-
marised in the following formula (which is used in Paper II for the construc-
tion of our templates, see also Dahlen et al. 2004):

my(t,z) =Mpeak,B +∆MB(t × (1+ z)−1)+µ(z)

+AB−KB
y (z, t × (1+ z)−1)

(4.1)

where y refers to the observed filter (R or I), t is the observer frame epoch,
Mpeak,B is the peak absolute magnitude in a rest-frame B filter, ∆MB is the
light curve decline relative to the peak, µ(z) is the distance modulus (µ(z) =
5 logDL/(h Mpc)− 5) and AB is the rest frame extinction in the host galaxy.
The K-correction KB

y , following the formalism of Kim et al. (1996), is given
by:

KB
y (z,τ) =−2.5 log

(∫

Z (λ )SB(λ )dλ
∫

Z (λ )Sy(λ )dλ

)

+2.5 log(1+ z)

+2.5 log

( ∫

F(λ ,τ)SB(λ )dλ
∫

F(λ/(1+ z),τ)Sy(λ )dλ

)

.

(4.2)
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Figure 4.1: This figure shows the changes in the observed light curve of a Ia SNe as
it moves to higher and higher redshift. The black line indicates the light curve for a
source at z = 0.5. The colour indicates brightness (red is bright).

In this expression Z (λ ) is the spectral energy distribution of Vega; SB(λ ),
Sy(λ ) the Johnson B and VIMOS R/I total filter transmission curves and
F(λ ,τ) the spectral energy distribution of the supernova at rest frame epoch
τ .

The resulting templates with redshift evolution for the Ia and IIP subtypes
is shown in Figures 4.1 and 4.2. Also, the template light curves for all the
subtypes was previously shown in Figure 2.1. In Paper II we also go through
the sources for the light curve and spectral information that is used to construct
the templates given in these figures. Our template library consist of nine differ-
ent supernova subtypes: Ia–normal, Ia–faint (a low stretch template), 91T-like,
91bg-like, IIP, IIL, IIn, Ibc–bright and Ibc–normal.

4.3 Bayesian typing of supernovae
In Paper II we presented the typing code used in SVISS. This code is based
on the Bayesian methodology described by Kuznetsova & Connolly (2007). In
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Figure 4.2: This figure shows the changes in the observed light curve of a IIP SNe as
it moves to higher and higher redshift. The black line indicates the light curve for a
source at z = 0.5.

χ2-fitting methods the best type is found by finding the model, for any tem-
plate, that fits the data the best. This is a quite straight forward method but has
some drawbacks, the major one is that it doesn’t allow prior information on,
e.g., redshifts and peak luminosity, to be used to full extent. In Bayesian typ-
ing any prior information that can be expressed as a probability distribution is
easily utilised in the typing. Furthermore, by marginalising over the parameter
probability distributions it is possible to find the most likely supernova type
taking the fitting quality of all possible parameter combinations for a given
type into account, rather than just the best fitting parameter set. In other words,
in Bayesian typing the entire parameter space for a given SN type is compared
to the observations and the best type selected, while normal maximum likeli-
hood methods only look at the very best fit for each type. For reference, I here
summarise the details of the method.

We want to find the type that maximises the probability P(T j|{Fi}), i.e. the
most likely type, T j, for a given light curve {Fi}. The index j = [1, ...,NT ]
refers to the different types and i = [1, ...,Ndp] to the points on the observed
light curve. Nine supernova types (Ia, Ia f aint , 91bg-like, 91t-like, Ibcnormal ,
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Ibcbright , IIn, IIL and IIP) have been considered. The total number of data
points (Ndp) is given by the product of the number of filters (N f ilters) and the
number of observation epochs (Nep). The probability P(T j|{Fi}) cannot be
calculated directly, but by using Bayes’ theorem we can rewrite the probabil-
ity:

P(T j|{Fi}) =
P({Fi}|T j)P(T j)

∑ j P({Fi}|T j)P(T j)
. (4.3)

P({Fi}|T j) is the probability of obtaining the light curve data {Fi} for a given
supernova type T j. P(T j) contain all prior information on the supernova model
light curve for the specific type. When Bayes’ theorem is used in this fashion
we implicitly assume that the set of supernova types is complete, i.e. all super-
nova candidates must be one of the considered types. For sufficiently peculiar
supernovae, and non-supernovae, Equation 4.3 will not give valid probabilities.

The nine supernova subtype templates are determined by four parameters
that uniquely define the light curve for a given type: (i) MB the absolute rest-
frame B band magnitude at peak, (ii) z, the redshift of the supernova, (iii)
t, the time difference between the explosion date for the model and the first
observational epoch,(iv) {RV ,E(B−V )} = ~η; extinction in the host galaxy.
We denote the template light curves by { fi, j},

{ fi, j}= { fi, j(MB,z, t,~η)}. (4.4)

and since these parameters uniquely define the light curve for a specific
type we may rewrite P({Fi}|T j) as P({Fi}|{ fi, j(MB,z, t,~η)}) and P(T j) as
P(MB,z, t,~η ,T j).

We define the likelihood function for each supernova type:

l j({Fi}|MB,z, t,~η)≡ P({Fi}|T j)P(T j)

= P({Fi}|{ fi, j(MB,z, t,~η)})P(MB,z, t,~η ,T j).
(4.5)

The probability that a supernova with a template light curve fi, j will have an
observed light curve, {Fi}, is

P({Fi}|{ fi, j(MB,z, t,~η)}) =
Nd p

∏
i

e−(Fi− fi, j)
2/(2δF2

i )

√
2πδFi

, (4.6)

where each observational data point is allowed to fluctuate according to Gaus-
sian statistics (the widths of the distributions are given by the observational
errors, δFi).

The P(MB,z, t,~η ,T j), or equivalently P(MB,z, t,~η |T j), prior contains all
the prior information on the parameters for a given template. We assume that
the parameters are independent and can thus factorise the prior:

P(MB,z, t,~η |T j) = P(MB|T j)P(z|T j)P(t|T j)

×P(t|T j)P(~η |T j)P(T j).
(4.7)
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The assumed individual priors are further described in Paper II. Some of them,
P(T j), P(t) and P(~η) are so called flat priors, meaning that all possible values
for that parameter have the same probability of occurring. The two remaining
priors, on z and MB, contain a priori information from probability distributions
from the host photometric redshift in the former case and observations of local
SNe in the later case.

When trying to find the most likely supernova type the four parameters are
all nuisance parameters; we marginalise the likelihood function over the four
parameters to get the summed likelihood function, or in Bayesian terms, the
evidence:

L j = ∑
MB

∑
z

∑
t

∑
~η

P({Fi}|{ fi, j(MB,z, t,~η)})P(MB,z, t,~η ,T j). (4.8)

The probability P(T j|{Fi}) is then equal to the relative evidence for each su-
pernova type,

P(T j|{Fi}) =
L j

∑ j L j

. (4.9)

The most likely type for a given SN candidate is the one with the highest
P(T j|{Fi}). We co-add the probabilities for the subtypes belonging to either
of the two main types (thermonuclear and core collapse types) and get the
probabilities P(T N) and P(CC) for each typed supernovae.

The Bayesian method outlined above was implemented as a FORTRAN 90
code. The speed of the code critically depends on the resolution and range of
the considered priors. For the normal setup, the time it takes to type one super-
nova is approximately 15 minutes (on a 1.8 GHz core). During the extensive
testing of the code we typed thousands of supernovae, which meant that the
code had to be parallelised, this was done using the LAM-MPI framework.

In Paper II we also made tests on the typing method by creating a Monte
Carlo simulated sample of supernova light curves. These light curves were
constructed from the templates used for the typing with random errors added
and propagated. It should be noted that the typing quality assessments made in
this way have to be treated with some caution, since the testing is only really
valid if the template light curves are representative of all observed SNe. This
is not necessarily the case and the tests on the simulated light curves is thus
more of a test on the internal consistency of the code. Nevertheless, our tests
indicated that the resulting subtype classifications within the two main types
(CC and Ia) are prone to quite large errors (on the order of 10–20%), while the
errors on the main type classifications are significantly smaller (on the order of
5–10%). The typing quality is also shown in Figure 4.3. The supernova subtype
that is hardest to type is clearly the Ibcnormal supernovae. We also found that
the mistyping between Ia and CC SNe is not symmetric, more core collapse
SNe are mistyped as Ia SNe than the other way around.

The typing code was also tested on a sample of real supernovae (Ia and IIP)
from the Sloan Digital Sky Survey supernova search (Frieman et al. 2008).
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Figure 4.3: This figure shows the resulting photometric type distribution for simulated
light curves of types: (a) 91bg-like, (b) 91T-like, (c) Ia–faint, (d) Ia, (e) Ibc–bright, (f)
Ibc–normal, (g) IIL, (h) IIn, (i) IIP. The accuracy of the subtype classifications is
significantly worse than the accuracy for a simple core collapse–Ia division.

These tests are also reported in Paper II, the percentage of mistyped super-
novae for this sample was 5–10%. Since this value is quite similar to the one
found in the extensive Monte Carlo simulations, we concluded that these tests
are representative of the true typing accuracy. Of course, tests on a larger sam-
ple of real, high redshift SNe (such as the sample used in Kessler et al. 2010),
could provide a safer estimate of the accuracy.

The 16 supernovae discovered in the SVISS were typed using our code. We
found that eight of them were most likely to be core collapse SNe and that the
other eight were most likely to be Ia SNe. In Figure 3.7 I show an example
of a SN light curve with the best fitting model light curve. The typing method
applied to the SVISS supernovae is further discussed in Paper II.
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5 Supernova Rates

Supernova rates have traditionally been very hard to estimate due to the rarity
of the supernovae themselves. At high redshift it becomes even harder because
of their apparent faintness. It is only in the latest decades, with major devel-
opments in both telescope and instrument technology that it has been possible
to cover large enough volumes for imaging surveys to detect more than a few
SNe. Figures 5.1 and 5.2 (from Paper IV, reprinted here for easy reference)
show a compilation of rates from the major supernova surveys together with
the results from the SVISS.

5.1 Earlier work on supernova rates
Much of the work that has been done on Ia rates comes from the large Ia sur-
veys designed to find spectroscopically confirmed SNe to use for precision
cosmology (e.g., Perlmutter et al. 1997; Riess et al. 1998; Astier et al. 2006;
Riess et al. 2007). At low redshift, the recently reported rates from the LOSS
(Li et al. 2011a) are the most accurate determination of the rates so far. Ear-
lier work by Cappellaro et al. (1999) show a similar rate. At slightly higher
redshifts, z ∼ 0.3, Ia rates have been measured by STRESS (Botticella et al.
2008) and SDSSII (Dilday et al. 2010). The Ia rates from SNLS (Neill et al.
2006) at z ∼ 0.5 are based on a large number of SNe and is likely the most se-
cure data point at this redshift range. Rodney & Tonry (2010) present revised
Ia rates from the IfA Deep Survey, lower than those previously reported, out
to z = 1.05 using new techniques. At even higher redshifts few rate measure-
ments are available, the GOODS supernova search reports rates out to z ∼ 1.7
(Dahlen et al. 2008). Graur et al. (2011) recently reported the Ia rates from
the Subaru Deep Field supernova search which reach similar redshifts as the
GOODS results. Both of these surveys show a remarkably low rate of Ia su-
pernovae at high redshift, a point I will come back to later in this chapter.

For core collapse SNe, fewer rate measurements have been reported. This
is partly because they are harder to find, being intrinsically fainter than Ia and
more subjected to host galaxy extinction, but also that they are not interesting
for the surveys with mainly cosmological goals. At low redshift the rates deter-
mined by the LOSS (Li et al. 2011a) provide an accurate rate estimate, which
is very similar to the CC rate measurement of Cappellaro et al. (1999). Going
to higher redshift (z ∼ 0.3) CC rates have been measured by Cappellaro et al.
(2005) and STRESS (Botticella et al. 2008) and SNLS (Bazin et al. 2009). The
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Table 5.1: Supernova rates

z 〈z〉 RIa/CC ×10−4 Nraw Nredist

Ia Supernovae

z < 0.5 0.39 2.02+1.57+0.53
−0.96−0.57 4 4.12

0.5 ≥ z < 1.0 0.80 1.03+0.92+0.31
−0.54−0.36 4 3.43

CC Supernovae

0.1 < z < 0.5 0.39 1.25+2.27+0.85
−0.97−0.78 1 1.36

0.5 ≥ z < 0.9 0.73 5.63+3.62+2.48
−2.64−1.75 6 4.27

〈z〉 is the volume averaged redshift over the given redshift range. The supernova rates
RIa/CC are in units of yr−1 Mpc−3 h3

70 and given with corrections for extinction and
obscuration. Errors are statistical and systematic, respectively. Nraw is the raw
number of supernovae per bin and Nredist is the number when taking the redshift
uncertainty into account.

SNLS measurement is based on a large sample of supernovae, and is thus the
data point with the lowest (statistical) error in this redshift range. The measure-
ments from GOODS (Dahlen et al. 2004) and SDF (Graur et al. 2011) again
provide the only information available on the high redshift rate of core col-
lapse supernovae.

Other surveys of supernovae include cluster studies, Sharon et al. (2010)
and Dilday et al. (2010) both survey galaxy clusters, where the SN Ia rates
are likely to be enhanced, to find supernovae and have reported cluster SN
rates out to redshift 0.9. Surveys targeting local starburst galaxies in the near-
IR have successfully found supernovae in environments with high amounts of
extinction (e.g., Maiolino et al. 2002; Mattila et al. 2007; Kankare et al. 2008).
These surveys may help to put constraints on the amount of supernovae missed
due to dust extinction in star forming galaxies at high redshift.

5.2 Methods of estimating rates
The traditional way of calculating supernova rates is to count the number of
detected supernova in the survey and divide by the so called control time (see,
e.g., Botticella et al. 2008). The control time is then the time over which the
survey has been done, but corrected for the detection efficiency of the survey.
To get a volumetric rate the rates are also divided by the survey volume, which
depend on the redshift reached by the survey.

In Paper IV we used another approach to find the rates. They were deter-
mined by using a Monte Carlo method (Dahlen et al. 2004). By using a set
of supernova templates (see Chapter 4) we simulated a number of supernova
light curves of different types and at different redshifts with time of explosion
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set as to be detectable in our observational window. Each supernova was also
given a host galaxy extinction based on the work of Hatano et al. (1998) and
Riello & Patat (2005).

The light curves then went through the same detection procedure as the real
supernova light curves. We have also used the detection efficiencies derived
from the simulation described in Paper I. The output rates from the simula-
tions are then compared to the observed rates in the chosen redshift bins. The
simulations are rerun until the output rates match the observed ones. At that
point the input intrinsic SN rate is chosen as the true supernova rate. The found
rates with statistical errors estimated using Gehrels (1986) and systematic er-
rors (see Section 5.5) are given in Table 5.1 (and, of course, in Paper IV).

5.3 Comparing supernova rates to the star formation
history
The core collapse supernova rate can be compared to the cosmic star forma-
tion history (SFH), since the timescale for CC progenitors to explode is much
shorter than the cosmic timescale, the CC rate traces the instantaneous cosmic
SFR. The supernova rate is derived from the star formation history by assum-
ing an Initial Mass Function (IMF, denoted by ξ below) and the mass range
of the SN progenitors (Ml and Mu for the lower and upper mass limits, re-
spectively). The volumetric rate of CC SNe, RCC in units of yr−1 Mpc−3 is
then:

RCC(z) = k×ρ∗(z), (5.1)

where ρ∗(z) is the star formation history in units of M⊙ yr−1 Mpc−3. RCC

is a volumetric rate, and thus scales as h3, this needs to be addressed when
comparing to star formation histories which may have a different scaling. The
constant k is the percentage of stars that explode as SNe per unit mass and is
given by:

k =

∫Mu

Ml
ξ (M)dM

∫ 125M⊙
0.1M⊙ Mξ (M)dM

. (5.2)

For the SFH conversions used in Paper IV and shown in Figure 5.2 we choose
to use a Salpeter IMF (Salpeter 1955) with progenitor masses between M⊙
and M⊙. The constant k is then equal to 0.0069.

The upper limit for the progenitor mass comes from Tsujimoto et al. (1997)
and is essentially the limit at which massive stars will become black holes
instead of neutron stars with an associated supernova explosion. The lower
limit of 8M⊙ is based on observations of supernova progenitors (Smartt et al.
2009). The effect of changing the IMF and the mass limits for the comparison
is discussed in Paper IV.
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Figure 5.1: A compilation of Ia supernova rate measurements in recent supernova
surveys. The data points from the SVISS are shown as black stars. Also, shown is
model rates assuming a delay time distribution and a star formation history (the SFH
from Hopkins & Beacom 2006 is used unless otherwise noted). Error bars are either
statistical with colours matching the measurement point, or total (transparent/faded
error bars) containing both statistical and systematic errors added in quadrature. For
data without systematic error estimates no such error bar is given.

In Paper IV we describe the two different star formation histories (ρ∗(z) in
Equation 5.1) used for our comparisons (Giavalisco et al. 2004a; Strolger et al.
2004; Hopkins & Beacom 2006). These authors compile star formation mea-
surements from many sources and correct them for dust extinction. The ob-
servations are then fit by the simple analytical parametrisations. The resulting
functions are then easily plotted and can also be used for the Ia rate calculations
(see Section 5.4).

Horiuchi et al. (2011) point out that the core collapse supernova rates found
in both local and high redshift searches seem to be too low by a factor of two
when compared to the star formation history compiled in Hopkins & Beacom
(2006). The CC rates we present in Paper IV do not show this difference
and are consistent with the SFH. However, the difference at low redshifts
when looking at other surveys (Li et al. 2011a, in particular) seems to be large.
It should be noted that the exact difference depend on the parametrisation
of the SFH; the one given in Figure 5.2 is different from the one used by
Horiuchi et al. (2011) (with the largest difference at low z). The differences
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could also possibly be explained by a larger amount of SNe being missed due
to host galaxy extinction (see Section 5.6).

5.4 Constraining the Ia delay time distribution
The delay time distribution (DTD) for Ia supernovae is an interesting subject
and is the subject of controversy in current research. By convolving an assumed
DTD with the underlying star formation history the Ia rate can be calculated.
This can then be compared with the observed rates to put constraints on the
DTDs. The Ia rate can thus be written (Strolger et al. 2004):

RIa(t) = ν

∫ t

t0

ρ∗(t
′)Φ(t − t ′)dt ′, (5.3)

where ν is the number of SNe formed per unit stellar mass, ρ∗(t) the star
formation history and Φ(τ) the delay time distribution which represents the
percentage of supernovae that go off at time τ after a single burst of star for-
mation. Also, t0 is the time at which stars start to form in the universe, we
assume this happens at z = 10; corresponding to a time of 0.45 Gyrs after the
Big Bang (with our chosen cosmology). The integral can easily be converted
to redshift space to yield RIa(z) by performing a variable substitution.

In Paper IV we present the different DTDs and star formation histories that
are used to compute the model Ia rates used for comparison. The simplest
one is just a rescaling of the star formation history assuming that one Ia SNe
explode per 1000M⊙ of stellar mass formed (Neill et al. 2006). This corre-
sponds to using a Dirac delta function DTD with the peak at τ = 0, i.e., no
delay time between the SN explosion and star formation or, in other words, a
prompt channel for the Ia progenitor-to-supernova process.

The GOODS Ia rates have been shown to be best fit by Gaussian shaped (or
close to Gaussian) DTD with a mean delay time of ∼ 3 Gyrs (Strolger et al.
2004, 2010). These kind of DTDs can be explained for SD progenitor mod-
els, but are harder to reconcile with DD models (Yungelson & Livio 2000;
Strolger et al. 2004). The main difference in the resulting rates for these mod-
els is the sharp decrease of Ia rates at z & 1. These models thus disfavour
a prompt channel for Ia supernovae where the supernova rates would be ex-
pected to follow (at least to some degree) the star formation history.

Graur et al. (2011) fit the results from the SDF supernova search together
with the rates of many other surveys using different power law DTDs and com-
pare to other models. They find that the power law DTDs seem to be preferred,
these distributions are common for DD models (e.g. Maoz et al. 2010).

Scannapieco & Bildsten (2005), Mannucci et al. (2006) and Sullivan et al.
(2006b) find strong evidence for the existence of a prompt channel for Ia SNe
by looking at the properties of the host galaxies of Ia SNe (and other data).
Maoz et al. (2011) study the hosts of the local SNe found in the LOSS and
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Figure 5.2: A compilation of CC rate measurements in recent supernova surveys. The
data points from the SVISS are shown as black stars (gray stars show the results for a
different z binning, see Paper IV). Also shown is model rates assuming different star
formation history. The gray star indicates the rates measured with a different redshift
binning. Data points and error bars have the same meaning as in Figure 5.1.

find a prompt channel (with τ < 420 Myrs)with 99% significance. Models of
Ia explosions also show the possibility of such a channel (Nomoto et al. 2009;
Ruiter et al. 2010). Sullivan et al. (2006b) explain their rate measurements by
using a two component DTD, with one prompt component and one delayed.

5.5 Systematic errors for rate measurements
Due to the many assumptions made when calculating supernova rates, it is of
utmost importance to estimate the systematic errors for the rates. The system-
atic errors will often (in particular for surveys with large SN samples) be larger
than the statistical errors. In Paper IV we describe how systematic errors are
estimated for the SVISS in detail.

One of the major sources of systematics is the typing accuracy. While our
accuracy is quite good (uncertainties on the order of 5–10%), the small number
statistics nature of the observed SN counts make these uncertainties hard to
use. Since the supernova counts are discrete (i.e. you cannot discover 0.5 SNe),
we take the conservative approach and assume that one SNe may have been
mistyped in each z and type bin. Another major source of systematics is the
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Table 5.2: Systematic errors

Error CC Supernovae Ia Supernovae

z 0.1–0.5 0.5–0.9 0–0.5 0.5–1.0

Misclassification 51% 17% 22% 22%

Redshift 32% 16% 15% 20%

Detection eff. 2% 3% 1% 2%

Photometric 4% 9% 2% 5%

Template choices +31% +32% +1/-8%% +2%/-17%

Peak magnitudes 7% 15% 2% 3%

Extinction laws . 1% 10% 2% 2%

Total systematic +68/-62% +44/-31% +26/-28% +30/-35%

Statistical 129% 61% 63% 71%
Errors are two-sided unless the sign is given.

redshift uncertainty. The photometric redshifts have accuracies on the order of
10% which translates into rate errors on the order of 10–30%.

The effect of changing the set of supernova templates have also been tested.
We find that an assumption of 30% very faint core collapse SNe (compared
to 8% in the normal setup) makes the resulting rates go up by approximately
30%. Such a population of CC SNe was suggested by Horiuchi et al. (2011) to
explain the supernova rate–SFH difference, but we find that even with a rather
extreme amount of faint CC SNe a factor of two difference cannot be explained
in this way.

Systematic errors resulting from the uncertainties in detection efficiency,
photometric zeropoints and peak magnitude for the SN templates were also
estimated. These errors are, however, small compared to the ones above.
Changing the extinction law for “normally” extincted SNe (as opposed to
obscured, see Section 5.6) and how the extinction i modelled (Hatano et al.
1998; Riello & Patat 2005) have small effects on the rates.

The total systematic errors (when co-adding the different contributions in
quadrature) are on the order of 30-60%. They are smaller than the statistical
errors which range from over 100% for the low redshift CC bin (with only one
supernova) to ∼ 60% for the other bins. The systematic error estimates for the
SVISS rates are summarised in Table 5.2 (from Paper IV, reprinted here for
reference).

5.5.1 Contamination by AGN

Active Galactic Nuclei (AGN) are super-massive black holes in the centre of
galaxies (e.g., Salpeter 1964; Shields 1978). These cosmic beasts can be ex-
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tremely luminous and appear as point sources in imaging surveys. Furthermore
they are situated in the centre of their host galaxies and show optical variability
(e.g., Stalin et al. 2004) . This means that they may be mistaken for supernovae
in surveys without spectra and with short observation periods. Cappellaro et al.
(2005) correct for this by assuming that 40% of the variable objects found in
the centre of their host galaxies are in fact AGN.

For the SVISS observations we obtained an additional observational epoch,
one year after the last SN search epoch (see Paper II). This epoch is used
to reject SN candidates that show variability over a longer time period than
what is possible for SNe. The difference in variabilities between SNe and
AGN have been used to reject SNe in searches for AGN (Boutsia et al. 2009;
Villforth et al. 2010).

5.6 The effect of host galaxy extinction on the rates
Supernovae exploding in spiral galaxies (and to much lesser extent, elliptical
galaxies) are subject to extinction from dust and gas in the host galaxy. This
effect was observationally confirmed when it was discovered that fewer SNe
were found in inclined spiral galaxies (e.g. van den Bergh & Tammann 1991),
where the light from the supernovae has to pass through more gas and dust than
in a non-inclined galaxy. Hatano et al. (1998) and Riello & Patat (2005) made
simulations to determine the average extinction for SNe using galaxy models
and Monte Carlo simulations for CC and Ia supernovae, respectively.

Using these estimates of SN extinction is only valid if we assume that the
SNe explode in the type of galaxies used in the simulations. But as we go to
higher redshifts the bulk of star formation is no longer taking place in these
“normal” galaxies but rather in galaxies with high amounts of dust (in the
so called Luminous and Ultra-Luminous Infrared Galaxies, LIRGs/ULIRGs).
Le Floc’h et al. (2005) find that approximately 70 % of the star formation at
z ∼ 1 is taking place in LIRGs, and present how this fraction changes with
redshift from low to high redshift. These galaxies have a much higher content
of dust and most SNe in them will suffer from high amounts of extinction.
Searches for SNe in similar systems at low z, has shown that optical searches
miss almost all SNe that explode in them (e.g. Mattila et al. 2004). In Paper IV
we denote this effect obscuration.

Mannucci et al. (2007) use the results of Le Floc’h et al. (2005) together
with an estimate on how many SNe that are lost to obscuration by dust in
local galaxies to derive a correction for core collapse supernova rates at high
redshifts. This correction is given by the function:

fCC(z) = 0.05+0.28z, (5.4)

valid for z ≤ 2 and where fCC is the fraction of CC SNe missed at redshift z.
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Ia SNe are not as strongly coupled to star formation as core collapse SNe.
Assuming that some of Ia SNe originate from the prompt channel (see Sec-
tion 5.4), which is coupled to the star formation, Mannucci et al. (2007) find a
correction factor of:

fIa = 0.02+0.12z1.4, (5.5)

valid for z ≤ 2 for the Ia rates. It should be noted that this correction is more
uncertain than the one for CC given in Equation 5.4, given that it depends
critically on the assumed DTD for Ia SNe.

We apply these correction to the SVISS rates reported in Paper IV, but also
give un-corrected values. The assumptions on extinction and obscuration in the
host galaxies will of course also introduce systematic errors. The obscuration
corrections for higher redshifts given by Mannucci et al. (2007) do not have
any associated uncertainties and are thus not included in the systematic error
estimates above. The effects of using different extinction models for normal
galaxies (Hatano et al. 1998; Riello & Patat 2005) have also been studied and
results in small uncertainties.





47

6 Summary of the papers

The focus of my thesis is the classification of supernovae and the calculation
of supernova rates using survey data. In this chapter I give a summary of the
papers that are included in this thesis, and describe my contributions to each of
them. For all of the papers it should be noted that the authors listed on the au-
thor list all contributed to the papers in the form of very important discussions
on how to interpret and analyse the survey data.

In Paper I we explored how to detect supernovae optimally with particu-
lar focus on the image subtraction method. We performed detailed tests by
simulating supernovae in the images and then tried to recover them with cor-
rect photometry. The main result from this paper was how to tweak the image
subtraction code to produce optimal results. Another important result was the
discovery that the normal way of estimating photometric errors failed in sub-
tracted images, and that we found out how to do it instead. The work done in
this paper was also very important for Papers II and IV. I wrote this paper and
did all of the work on simulations and image subtraction in it. I had help with
doing the reductions for the data used and also on the tweaking of the image
subtraction code.

In Paper II we presented a list of 16 supernovae found in the SVISS. We
also introduced a photometric method of typing supernovae into the core col-
lapse or Ia type. This typing code was tested on a simulated set of SN light
curves and on a sample of real light curves with know type. The method of
detecting the SNe and making sure that they actually were SNe was also de-
scribed. My contribution to this paper was the detection of the SNe and doing
the measurements for the light curves. I also wrote the typing code and per-
formed the testing on it. I wrote this paper, except for the part on the Monte
Carlo simulated supernova light curves. I had help with computing the photo-
metric redshifts and with the creation of the Monte Carlo simulated supernova
light curves used for the code testing. The manual rejection step of the super-
nova rejection scheme was a collaborative effort of the entire team.

The reduction pipeline and photometric galaxy catalogues were presented
in Paper III. The purpose of this paper was mainly to release our galaxy cat-
alogues and describe how they were constructed. The novel stacking methods
involving optimal weighting schemes were described. We also computed num-
ber counts and photometric redshifts for the galaxy catalogue. We used evo-
lutionary tracks for different types of galaxies to make Lyman Break Galaxy
selection criteria and showed number counts for these galaxies. The U band
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counts for our LBGs were found to be among the deepest ever observed. My
contribution to this paper was to the work on the image reduction pipeline, I
also helped with reducing the data set. I was also part of problem searching
and discussions relating to the observations. I did not do any writing for this
paper.

Finally, in Paper IV we reported the supernova rates calculated from the
SVISS. The rates were computed using a Monte Carlo-based method. We also
investigated the systematic errors that may have an effect on the rates in great
detail. We discussed the implications of our rate measurements on the cosmic
star formation history and the Ia delay time distribution. I wrote this paper and
compiled the comparisons to other surveys, to the star formation histories for
CC SNe, and to delay time distributions for the Ia SNe. I also computed the de-
tection efficiencies used in the rate calculations and investigated the systematic
errors. I had help with computing the rates using the Monte Carlo simulations.
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7 Svensk sammanfattning av
avhandlingen

Frekvensen av supernovor i det tidiga universum

Supernovor är kosmiska explosioner av kolossal omfattning som markerar en
stjärnas död. Utöver att vara intressanta fenomen att studera för sig så gör deras
ljusstyrka dem till utmärkta mätinstrument för att studera det tidiga universum.
Beroende på vilken typ av stjärna som exploderat och hur detta gick till så kan
olika fysikaliska processer studeras.

I den här avhandlingen presenteras det arbete jag har gjort med upptäckan-
det, analyserandet och frekvensmätningar av supernovor i “Stockholm VIMOS
Supernova Search”. Vi upptäckte 16 supernovor som exploderade för flera mil-
jarder år sedan (eller med andra ord, med höga rödförskjutningar). Den upp-
mätta variationen av ljusstyrka och färg för supernovorna har använts för att
klassificera dem som antingen termonukleära (typ Ia) supernovor, eller som
kärnkollapssupernovor (typ II). Noggrannheten hos vår klassifikationskod är
god, endast ungefär 5% av supernovorna blir felklassificerade, vilket är mot-
svarande den noggrannhet som andra koder av denna typ har uppnått.

Genom att jämföra den observerade frekvensen av supernovorna med simu-
leringar så kan den bakomliggande supernovafrekensen vid höga rödförskjut-
ningar mätas upp. Huvudresultatet i denna avhandling är att frekvensen av
kärnkollapssupernovor vid höga rödförskjutningar matchar det man kan för-
vänta sig från att titta på den generella stjärnbildningshastigheten i universum,
och att de matchar tidigare studier som gjorts. Frekvensen av Ia-supernovor
vid höga rödförskjutningar har uppmätts av ett flertal andra projekt, våra resul-
tat visar på en något högre frekvens än förväntat. Vi undersökte även de olika
systematiska fel som kan påverka frekvensmätningarna.

Dessutom har vi, genom använda oss av nyskapande metoder för att behand-
la och lägga ihop astronomiska bilder, skapat en katalog som innehåller nära
50.000 galaxer i vårt observationsfält. Fotometrisk rödförskjutning har beräk-
nats för de flesta av galaxerna med en noggrannhet som är i storleksordningen
10%. Galaxkatalogen har även använts för hitta galaxer med höga rödförskjut-
ningar, så kallade “Lyman Break-galaxer”.
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Publications not included in this thesis

I Supernovae 2003gk and 2003gl
Sollerman J., Andersson J., [4 authors], IAU circular, 8164, 3
(my surname was Andersson before june 2004)

II GRB 050509B: Constraints on Short Gamma-Ray Burst
Models
Hjorth J., [5 authors], Melinder J., [15 authors], ApJ, 630, L117

III SN 2003du: 480 days in the life of a normal type Ia supernova
Stanishev V., [24 authors], Melinder J., [6 authors] ,2007, A&A,
469, 645S

IV Escape of about five per cent of Lyman-α photons from high-
redshift star-forming galaxies
Hayes M., [8 authors], Melinder J., 2010, Nature, 464, 562
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