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Abstract

Type Ia supernovae (SNe Ia) have proven to be extremely useful for measur-
ing cosmological distances and were used for the discovery of the accelerated
expansion of the universe. Although thousands of SNe Ia have been observed
to date, many questions surrounding the physics of the explosions and the
nature of their progenitor systems remain unanswered. An notable property
of many SNe Ia is the relation between extinction due to dust and their
colour. For example SN 2014J, the nearest SN Ia in recent years, has an
extinction relation which would be very unusual to observe in the Milky Way.
One possible explanation to the peculiar extinction could be the presence of
circumstellar (CS) dust surrounding the explosions. Incidentally, some pro-
posed progenitor models of SNe Ia suggest that the explosions are surrounded
by shells of matter, which could account for the unusual extinction.

CS gas would be ionised, if it is exposed to the intense ultraviolet (UV)
radiation of a SN Ia. The research presented in this thesis focuses on the
search for CS gas by observing the effects of photoionisation on absorption
lines commonly detected in optical spectra. Simple models suggest that the
frequently studied sodium doublet (Na I D) should significantly decrease or
even disappear if the gas is in the CS environment. Conversely, the absence
of variations implies that the absorbing gas clouds must be far from the
explosion, in the interstellar medium (ISM). To date, few SNe Ia have been
shown to have variable absorption lines, to which we have added another case
with SN 2013gh. Yet, we have also shown that most observations searching
for variable absorption lines have been taken at too late phases, when most
CS gas will have already been ionised. Setting out to obtain the earliest
possible coverage of a SN Ia with high-resolution spectra, we have been able
to set strong limits on the presence of CS gas surrounding SN 2017cbv.

Along with evidence from other observational methods, these results have
shown that there is little matter in the CS environments of SNe Ia, suggesting
that the peculiar extinction likely results from the dust properties of their
host galaxy ISM. Although the progenitor question cannot be resolved by
these observations, nondetections of CS gas point to models which do not
deposit large amounts of matter in their surroundings.





Sammanfattning

Typ Ia supernovor (SNe Ia) har visats sig vara väldigt lämpliga för att be-
stämma avstånd i rymden och de har använts för upptäckten av universums
accelererande expansion. även om tusentals SNe Ia har observerats hittills,
finns det många obesvarade frågor om explosionens fysik och det ännu inte
känt vilka stjärnsystem som genererar explosionerna. En ovanlig egenskap av
somliga SNe Ia är sambandet mellan extintion på grund av stoft och deras
färg. Till exempel SN 2014J, den närmaste SNe Ia de senaste åren, har en
extintion som skulle vara mycket ovanligt att observera i vår galax. En möjlig
förklaring till denna egendomliga extintion kan vara närvaro av mycket stoft
som omger explosionen. Dessutom finns det en del teoretiska modeller för
stjärnsystem som genererar SNe Ia där att stoft bildas kring systemen.

Gas, som omger en SN Ia, skulle joniseras, om det vore exponerat till
explosionens ultravioletta strålning. Forskningen i den här avhandlingen fo-
kuserar på att observera effekterna av jonisering i absorptionslinjer i optiska
spektra. Våra modeller förutspår att natrium absorption försvinner om ga-
sen är nära explosionerna. Om absorptionslinjer istället inte förändras, måste
gasen vara långt borta från explosionen. Hittills har man upptäckt få SNe Ia
som har variabla absorptionslinjer, men vi hittade ett nytt fall i spektra av
SN 2013gh. Dessutom har vi visat, att de flesta observationer som söker ef-
ter variabla absorptionslinjer har tagits för sent för att observera jonisering.
Därför hade vi som mål att få ett spektrum inom en vecka av en SN Ia ex-
plosion. Vi uppnådde målet med SN 2017cbv, som visade att lite gas kunde
omge explosionen.

Tillsammans med andra observationsmetoder vet man nu att lite materia
kan omge SNe Ia. Därför måste ovanlig extintion komma från stoft som är
långt borta från explosionen. även om våra observationer inte löser frågan om
vilka stjärnsystem som genererar SNe Ia, understödjer våra resultat modeller
som är inte omgivna av mycket gas och stoft.





I dedicate this thesis to my friend Felix who is an
inspiration to everyone and hope he too can soon

pursue his dreams again.
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1. Introduction

Type Ia supernovae (SNe Ia) have been of great importance to our current
understanding of cosmology as well as being interesting astrophysical phe-
nomena by themselves. Since SNe Ia were first identified as a distinct type of
explosion in the early 20th century, many thousands of examples have been
observed and astrophysicists have taken advantage of their uniform proper-
ties to use them to measure cosmological distances. Because the absolute
brightness of the explosions are known, SNe Ia are sought after cosmological
standard candles, with which the expansion of space-time can be measured.
This resulted in the surprising discovery of the accelerating expansion rate
of the universe [1; 2].

Despite being intensively studied, many fundamental questions surround-
ing the physics of SNe Ia and their use in cosmology still remain. Currently,
research in SNe Ia generally addresses one or both of the following questions:

• Can their standard candle nature be further improved to determine
cosmological parameters more accurately?

• Can the illusive progenitor system, the star system from which the
explosions occur, be determined?

To answer both of these questions, astrophysicists have obtained large sam-
ples of thousands of SNe Ia and try to study individual explosions in ever
greater detail. To date, SNe Ia samples have reached sizes where systematic
uncertainties dominate the statistical errors of cosmological measurements
[3; 4]. Thus an improved understanding of the explosions themselves is
necessary to advance supernova cosmology. For this reason, much current
research, including that presented in this thesis, focuses on studying the
properties of individual SNe Ia.

While there are many approaches to address the two questions posed
above, this thesis aims at observationally characterising the circumstellar
(CS) environment of SNe Ia. Specifically, the research presented analyses
high-resolution spectra of individual supernovae in which narrow absorption
lines due to gas along the line-of-sight are visible. If gas is located close
to a supernova, or in the CS medium, it should be ionised by ultraviolet
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Figure 1.1: An artistic impression of a dusty supernova (credit T. Petru-
shevska).

(UV) radiation [5]. Photoionisation should cause detectable changes in the
absorption line profiles of the gas being ionised.

One of the initial motivations for this research was the suspicion that CS
dust surrounding SNe Ia could be responsible for an unusual relation between
reddening and extinction in cosmological samples [6; 7]. Studies of individual
SNe Ia [for example in Paper II, 8], have revealed extinction relations, which
would be very unusual to observe in our own galaxy, the Milky Way. It
was thus fortunate that the nearest SN Ia since modern telescopes have
been built occurred in the nearby galaxy M82, while we were investigating
this subject. SN 2014J happened to also be a heavily reddened supernova
[Paper I, 9] and have a peculiar extinction relation [10].

Much research has focused on determining whether the extinction of
SN 2014J originated from dust in the CS environment of the supernova or
in the interstellar medium (ISM) of M82 [10–12]. Dust can be traced by
gases, including neutral sodium (Na I) and singly ionised calcium (Ca II),
which can be identified by narrow Na I D and Ca II H&K absorption lines
in optical spectra. The spectra of SN 2014J showed many deep Na I D
and Ca II H&K absorption lines. If any of this gas was located in the CS
medium of the supernova, photoionisation should have led to detectable
changes in the profiles. While a potassium (K I) line of SN 2014J was found
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to vary slightly [13], it was shown that the bulk of gas and dust along the
line-of-sight must be located in the ISM of M82 [11; 12].

Detecting variations in absorption line profiles requires obtaining series
of high-resolution spectra, which are time consuming and disruptive to the
schedules of large telescopes. For this reason the published sample of time-
series of high-resolution spectra of SNe Ia to date is small, with ∼ 23 exam-
ples [8; 13–18]. In only four normal SNe Ia, absorption line variations have
been detected [13–16]. To add a fifth example to this list, we discovered a
variable absorption line in the Na I D profile of SN 2013gh [Paper III, 18].

It turns out that these detections do not firmly imply the presence of CS
matter surrounding the supernovae. In particular, geometric effects could
explain the variations in each of these [19; 20]. Furthermore, in Paper III we
have been able to show that most published time-series of high-resolution
spectra have been obtained after all CS gas would have already been ionised.
Thus the observations are insufficient to determine whether there is gas
in the CS environment by searching for absorption line variations due to
photoionisation. To search for gas at distances where CS dust could be
accountable for peculiar extinction, the first spectrum of the time-series
needs to be obtained within a week after explosion. Setting this as the
benchmark, we aimed to discover and observe supernovae as early as possible
and successfully obtained high-resolution spectra of iPTF16abc [Paper IV,
21] and SN 2017cbv [Paper V, 22]. In the latter case, we achieved the goal of
obtaining very early spectra, with which we were able to exclude the presence
of significant amounts of Na I and Ca II gas from the CS environment of
SN 2017cbv.

The limits of CS gas around SN 2017cbv happen to also provide clues
to its progenitor system. Some SNe Ia progenitor models suggest that the
explosions should be surrounded by shells of matter at the distances we are
sensitive to with photoionisation [23; 24]. Stellar winds coming from the pro-
genitor are predicted to blow cavities into the surrounding ISM and deposit
matter at the edges of the cavities. Although the absence of variable ab-
sorption lines is insufficient to exclude any progenitor model, it does provide
evidence against models which predict gas in the CS environment.

In the following I will motivate studying photoionisation of CS gas around
SNe Ia in order to explore the two questions posed at the beginning of the
introduction. The outline of the thesis1 will be as follows:

• Chapter 2 introduces SNe Ia and what we know about their physics.
In the description of SNe Ia the open progenitor question is addressed

1Chapters 2 and 3 have been adopted from my licentiate thesis in a slightly modified
form.
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along with the different CS environments the models are expected to
have.

• Chapter 3 describes how SNe Ia are used as cosmological standard
candles. Starting from basic general relativity (GR), the current Λ–
Cold Dark Matter (ΛCDM) model of the universe is described and the
role SNe Ia have played in determining the parameters of the model.
Finally, the focus is shifted to the unusual extinction relations that
seems to apply to cosmological SNe Ia samples and describe how CS
dust can lead to a steep extinction law.

• Chapter 4 discusses the evidence for CS matter from various obser-
vational methods, including photoionisation, the focus of most of my
research.

• Finally, in the concluding Chapter 5, the current status of the illusive
progenitor and peculiar extinction questions will be address.
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2. Type Ia Supernovae

Unlike most astrophysical phenomena, supernovae are transient – they ap-
pear and disappear again over a short time period of less than a few months.
Historically, newly appearing stellar objects were described as novae. Today
a broad collection of different phenomena are classified as different types of
novae, whereby these objects roughly attain stellar brightnesses. Recurrent
novae will be mentioned later on, as they are possible progenitor systems of
SNe Ia.

Supernovae were later recognised as a distinct group of phenomena which
appear to be several orders of magnitude brighter than classical novae [25].
Although the modern description is based on observations of events in other
galaxies, there are several historical observations of supernovae in the Milky
Way [26]. Famous examples include:

• the supernova of 1054, resulting in the Crab nebula,

• Tycho’s supernova in 1572, which is believed to have been a SN Ia
[27],

• and Kepler’s supernova in 1604 [28], which is also believed to have
been a SN Ia [29] and the last supernova to have been observed in the
Milky Way.

These supernovae must have been spectacular witness, while they were the
brightest objects in the night sky and maybe even visible during daylight.
The images in Figure 2.1 depict how supernovae can appear, when they are
observed in other galaxies.

2.1 Supernovae types

Once it was recognised that supernovae are not a homogenous group, several
types were distinguished by their spectral and photometric properties [30].
An early system of typing supernovae is still used to this day. Within this
classification system, one group, termed type Ia supernovae, stand out due
to their incredibly uniform properties. SNe Ia are defined by their spectral
characteristics, specifically, the absence of hydrogen emission and presence
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Figure 2.1: iPTF13dge and SN 2013gh, two SNe Ia as they appeared in their
host galaxies. Images reproduced from Paper III.

of silicon absorption [31; 32]. Although there exist many more spectral
types of supernovae, they are most easily distinguished from SNe Ia by their
explosion mechanism.

Most supernovae (except for SNe Ia) have in common that their progen-
itor stars fall out of equilibrium between radiation pressure and gravitational
contraction [33]. This results in the gravitational collapse of their core to ei-
ther neutron stars or black holes, while the outer layers of the star are blown
off in a burst of neutrinos. It is the blown off envelope of the explosion that
is subsequently detected in electromagnetic radiation. These supernovae are
collectively termed core collapse supernovae.

For reasons we will discuss below, it is believed that SNe Ia have a distinct
explosion mechanism from other types of supernovae and are probably the
thermonuclear explosions of white dwarfs.

2.2 Thermonuclear explosions of white dwarfs

There is strong evidence for SNe Ia to be the explosions of white dwarf (WD)
stars. WDs are the end state in stellar evolution of most main sequence stars
which have used up their nuclear fuel. The analysis of the rise time of the
nearby SN 2011fe has shown that the object that exploded was very compact
and smaller than < 0.02 Rsun [34]. Although this is also consistent with a
neutron star, typical SNe Ia spectra show that the ejecta contains silicon,
calcium and iron group elements, suggesting an explosive fusion process of
nuclear matter. In SN 2014J, the characteristic gamma ray emission lines
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of the radioactive decay of 56Ni and 56Co have been detected [35–37]. 56Ni
is a fusion product of each two 12C and 16O in any order. Furthermore, the
luminosity and duration of SN Ia lightcurves can be neatly described by the
energy release of this fusion process and the subsequent decay of 56Ni →
56Co → 56Fe [38]. Since, carbon and oxygen are the main constituents of
carbon-oxygen (C/O) WDs, this suggests that SNe Ia are the thermonuclear
explosions of these stars.

WDs are numerous, so why do only some explode? Thermonuclear fusion
of carbon and oxygen will only occur when a critical temperature and pressure
are reached. Once fusion is ignited in the core of a WD, a run-away process
commences which releases more energy than the binding energy of the entire
star. However, it is not obvious how the critical point to start thermonuclear
fusion is reached!

WDs do not have an internal energy source. They merely radiate the
thermal energy retained from the stars they evolved from. With no radiation
pressure to counteract the gravitational compression, the electrons in the
WD approach the state of a Fermi gas, where they occupy every available
quantum state. In this limit, the electron density is so large that the Pauli
exclusion principle comes into effect, which limits the electrons from occu-
pying degenerate states. When pressure is applied to a Fermi gas, electrons
must occupy higher energy states, which translates to an electron degen-
eracy pressure. It is the electron degeneracy pressure which keeps the WD
from further collapsing. In the limit in which electrons occupy states with
relativistic energies however, the degeneracy pressure rapidly decreases, be-
cause there are no more energy levels to occupy. For a gravitating object
supported by electron degeneracy pressure, this sets a finite mass limit at
about MCh ≈ 1.4 M�, known as the Chandrasekhar limit [39].

Thus a WD should collapse if its mass increases beyond the Chan-
drasekhar limit. As the core density of the WD increases however, a number
of nuclear or particle reactions could step in. One conceivable scenario, is
that electron and protons undergo inverse β -decay and become neutrons
[40]. In this scenario, the WD collapses to a neutron star, which itself is
supported by neutron degeneracy pressure. Another possibility is the ignition
of nuclear fusion in the core of the white dwarf, which is the desired process
to describe SNe Ia. Thus the progenitor system of a SN Ia is C/O WD,
which in some way increases in mass to approach the Chandrasekhar limit,
where a thermonuclear fusion ignites and the star explodes.
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Figure 2.2: Illustrations of SN Ia progenitor models. In the single degenerate
system on the left, a white dwarf is accreting gas from nondegenerate com-
panion star. On the right, two white dwarfs in a double degenerate system
are in each others orbit, which slowly decays by gravitational wave emission.
(Illustrated by R.F.)

2.3 SN Ia progenitor models

The explosion of a WD approaching the Chandrasekhar limit provides a neat
description for the observed uniform properties of SNe Ia. If the ignition
occurs once a critical amount of nuclear fuel is attained, the energy output
will always be comparable. Thus, all proposed progenitor models involve a
WD close to the Chandrasekhar mass with a companion star from which it
accretes matter or with which it merges.

To understand the diversity of progenitor models, it is helpful to consider
the evolution of a binary main sequence star system. As such a system ages,
there are multiple points at which a SN Ia explosion could conceivably occur.
The more massive star in the binary system will become a giant star earlier
than its companion. Radiation can blow off the outer gas layers of giant stars
and if the radius of the star approaches the Roche limit, matter can also be
transferred to the companion star. Provided the giant star has a carbon
and oxygen core, a C/O WD will remain. The companion star, which may
have become more massive in this process, will eventually reach a giant
phase itself. At this stage the WD can accrete gas from its companion star,
increasing its mass towards the Chandrasekhar limit. This system is called
a single degenerate (SD) model [41; 42] and is composed of a WD and any
nondegenerate star, which can be a giant, sub-giant, helium star or even a
main sequence star. The left panel of Figure 2.2 shows an illustration of a
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WD accreting gas from its companion star.
SD degenerate progenitor systems resemble recurrent novae, which have

the same stellar constituents and are known to exist in our Milky Way. An
example is RS Ophiuchi, which reappears every ∼ 20 years and is believed
to contain a WD close to the Chandrasekhar mass, which is accreting gas
from a red giant star [43]. Because of the regular fusion explosions on the
WD in a recurrent nova, a lot of gas can be blown off from its surface. It is
thus debated whether the WD can gain enough mass through this process to
reach the Chandrasekhar limit, but models indicate that it is possible [44].

An unusual, but probably observed scenario, is that the companion giant
star becomes large enough to engulf the WD in a common envelope. A small
number of SNe Ia, known as SNe Ia-CSM, for appearing to have very dense
CS media, show strong interaction signals with the surrounding gas [45; 46].
These are believed to be such common envelope or symbiotic progenitors
systems.

If the binary system outlives the giant star phase of the companion star,
the companion star itself will become a WD. This system is called a double
degenerate (DD) system for containing two WDs [47]. These will orbit each
other and spiral down over a long time period through gravitational wave
emission. The right panel of Figure 2.2 shows an illustration of two WDs
orbiting each other. Once the WDs get close enough to one another, they
can merge or the more massive WD disrupts the less massive companion
and accretes the matter [48]. A DD progenitor system can be composed
of two C/O WDs or C/O+He WD system. In the latter case helium fusion
explosions can occur on the surface of the C/O WD, when it is accreting
from its companion.

Lastly, a unique progenitor scenario consists of a system of multiple (more
than two) stars, in which two WDs collide with one another [49].

2.3.1 Observational evidence

Currently, it is unclear which progenitor model produces normal SNe Ia.
It is in fact possible that a combination of progenitor models produce the
observed population of explosions. An increasing number of outliers in spec-
troscopic and photometric properties could be associated with some of the
progenitor models. To name two extremes:

• PTF11kx [46], while spectroscopically like a SN Ia, it also showed
narrow hydrogen emission lines suggesting that it had a SD common
envelope progenitor.

• SN 2003fg [50] was shown to have produced more than the Chan-
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drasekhar mass of 56Ni, which points to a DD merger.

Nevertheless, the progenitor systems of normal SNe Ia are yet to be deter-
mined and there is is observational evidence supporting both SD and DD
models.

For example recent analyses of early lightcurves of some supernovae show
an excess of blue and UV light [51; 52]. This has been interpreted as evidence
for a companion star being shocked by the ejecta of the supernovae [53].
However, shocking a dense CS medium could have a similar effect [54].

Currently, the evidence for DD progenitor systems appear to outweigh:

• Pre-explosion images of nearby SNe 2011fe [55] and 2014J [Paper
I, 9; 56] set strong limits on the maximum brightness of a potential
companion star, excluding any giant companions.

• There appears to be no indication of surviving companion stars in
Galactic supernova remnants, such as Kepler’s supernova [57].

• DD systems have a long delay time from the time the progenitor stars
were formed. The delay-time distribution between the cosmic star
formation rate and SNe Ia rate points to the DD scenario, as the short
delay time of the SD scenario cannot account for it [58].

Lastly, the density and matter content of the CS environment of SNe Ia
should provide further indications to what progenitor system shaped them.

2.3.2 CS environments

There are different predictions for the CS environments around SD and DD
progenitor systems. Roughly speaking, SD progenitors resemble recurrent
novae, which are WDs accreting from nondegenerate companion stars. A SD
progenitor system will likely have powerful winds, sustained by the radiation
of the companion star and from fusion reactions on the surface of the WD.
Thus, such a system is predicted to produce a lot of outflowing matter, which
would blow cavities in the surrounding ISM. At the edges of the cavities,
where the wind hits the ISM, matter will be deposited, which effectively
results in a shell of matter surrounding the progenitor [23]. The cavities are
predicted to have the sizes up to ∼ 10 parsec.

Interestingly, a cavity is not a unique feature of a SD progenitor system.
In C/O+He WD binaries, helium is accreted onto the surface of the primary
WD, where fusion explosions could blow off matter from the surface. Such
a DD progenitor system could produce similar cavities to those of SD pro-
genitors. However these cavities are predicted to have smaller radii of up to
∼ 1 parsec [24].
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Finally, DD mergers are thought to have normal ISM surrounding them,
because they do not sustain strong stellar winds. Nevertheless, tidal inter-
actions shortly before the supernova explosion can enrich the immediate CS
medium with matter [59].

In Chapter 4, the observational evidence for matter in the CS environ-
ments of SNe Ia will be returned to.
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3. Cosmology

SNe Ia have been of great importance to cosmology. As described below,
their uniform properties make it possible to use them cosmological standard
candles, with which distances in the universe can be accurately determined.
To understand the methodology and the significance of using SNe Ia as
standard candles, a brief description of general relativity and our current
cosmological model are necessary.

3.1 General Relativity

Einstein noted that gravity is indistinguishable from inertial motion, a con-
cept which is now known as the weak equivalent principle. He furthermore
defined a strong equivalence principle, which describes that an observer can
locally not distinguish between being accelerated or standing on the surface
of a gravitating object such as the Earth. Similarly, floating far from a grav-
itational object in space cannot be locally distinguished from a free fall in
a gravitational field. From this Einstein conjectured that rather than being
a force, gravity is simply inertial motion in a curved space-time [60]. An
object follows a so called geodesic, which an observer in the same reference
frame experiences as a free fall. Viewed from a external frame, the motion
however can appear curved, if a flat spacetime is presumed. In this context,
the elliptical orbits of the planets around the sun, are in fact closed geodesics
that connect to themselves.

In a given spacetime, a line element, ds2, between two points with space-
time separation dxμ is defined as

ds2 = gμνdxμdxν , (3.1)

where μ runs from 0 to 3 and the Einstein summation convention, the sum-
mation over repeated indices, is used. The metric gμν defines how distances
are measured in a given spacetime, taking its curvature into account.

A theory of gravity needs to relate the spacetime curvature to the con-
tained energy density. This must be done by relating the spacetime geometry
to the stress-energy tensor Tμν . The stress-energy tensor has two basic prop-
erties, it is symmetric (Tμν = Tνμ) and divergenceless (∇νT μν = 0). These
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properties must be matched by a geometric construction to describe a grav-
itational theory. The simplest solution found by Einstein is a tensor Gμν ,
which is named after him. The derivation of Einsteins gravitational field
equation is lengthy, but results in the following equation:

Gμν = Rμν − 1
2

gμνR+Λgμν =
8πG
c4 Tμν , (3.2)

where G is the gravitational constant, c the speed of light and the Ricci
scalar is the contraction of the Ricci tensor R = gμνRμν , which in turn is
the contraction of the Riemann curvature tensor Rμν = Rα

μαν . The Rie-
mann tensor can be computed for a given metric. Equation (3.2) includes a
gravitational constant term Λ, which will be discussed below.

3.1.1 FLRW metric and Friedmann equations

Until the begining of the 20th century, when GR was developed, it was still
generally believed that the universe is in a static state, implying that the
separation between distant objects is only determined by the kinematics of
the objects themselves. This however cannot be the case in a universe
that is filled with matter, which curves spacetime. For this reason, Einstein
brought a cosmological constant into the discussion, which could (with some
fine tuning) counteract the gravitational effect of matter [61]. The gravita-
tional field equations allow for a cosmological constant term denoted Λ in
Equation (3.2).

Around the same period, methods in astronomical observation were ad-
vancing significantly as well. It was discovered that objects beyond our Milky
Way, then called nebulae, but now known as separate galaxies, are receding
from us [62; 63]. The local expansion rate is today known as the Hubble
constant H0 which relates the distance of an object to its recession velocity
by

v = H0d. (3.3)

The velocity of this recession could be measured from the redshifted spectra
of these objects, where redshift z is defined through the ratio between the
observed, λobs, and emitted, λ0, wavelengths,

z =
λobs

λ0
−1 (3.4)

It was thus found that the local universe is expanding.
In an obviously non-static universe, a cosmological constant appeared no

longer necessary and the notion was abandoned. Depending on the exact
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energy density, the universe is bound to expand for ever, or if the density is
greater than a critical value

ρc =
3H2

0
8πG

, (3.5)

eventually collapse. The ratio of the true matter density to the critical matter
density today, ΩM ≡ ρM/ρc, is thus an interesting parameter to measure,
which should determine the ‘fate’ of the universe. That is the case unless
there is a non-zero cosmological constant term.

The gravitational field Equations (3.2) have simple analytic solutions if
one assumes a space geometry which is isotropic and homogenous. We thus
require a metric which is homogenous, isotropic, that can expand in time and
can have curvature. Such a metric is the Friedmann-Lemaître-Robertson-
Walker [FLRW, 62; 64] metric with line element

ds2 = c2dt2−a(t)2
(

dr2

1− kr2 + r2dθ + r2 sin2 θdφ 2
)
, (3.6)

in spherical coordinates t,r,θ and φ . Here a scale factor a(t), which is a
function of time only, and a curvature parameter k have been defined. The
curvature can take different values, k =−1,0,+1 depending on the whether
the overall geometry of the universe is open, flat or closed, respectively.

To solve the gravitational field equations for the above metric, one makes
the assumption that the contents of the universe can be described as perfect
fluids. This implies that the energy density, T00 = ρ and pressure Tii = p
are the only non-zero terms in the stress-energy tensor, in the rest-frame
of the fluid. Since both gμν and Tμν are diagonal, there are four possible
equations that can be found, of which two are independent. These equations
are known as the Friedmann equations,

H2 =

(
ȧ
a

)2

=
8πG

3
ρ− kc2

a2 +
Λc2

3
(3.7)

and
ä
a
=−4πG

3

(
ρ +

3p
c2

)
+

Λc2

3
. (3.8)

Above, we have defined H = ȧ
a which is the expansion rate of the universe

at a given time. The local expansion rate denoted H0 = H(t0) is the same as
defined in Equation (3.3). Equation (3.7) can further be rewritten in terms
of different energy densities,

H2 = H2
0

(
ΩR

a4 +
ΩM

a3 +
Ωk

a2 +ΩΛ

)
, (3.9)
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where one distinguishes between the radiation, matter and vacuum (or cos-
mological constant) energy density ΩR, ΩM and ΩΛ, respectively, and Ωk
can be viewed as the potential energy contained in spatial curvature. The
Friedmann equations have very simple solutions if we assume that the cur-
vature k = 0. For reasons not discussed here it is known from data of the
cosmic microwave background [CMB, 65], that the energy densities of the
universe are consistent with zero curvature. To understand the different lim-
its of the solutions to Equations (3.7) and (3.8), we will define the equation
of state parameter w, which relates the energy density to pressure,

p
c2 = wρ. (3.10)

One can show that

a(t)∼
{

t
2

3(1+w) , if w >−1,
eHt , if w =−1

(3.11)

are solutions to Equation (3.8). The equation of state parameter can take
the values,

w =

⎧⎪⎨
⎪⎩

0, for pressureless matter,
1/3, for radiation,
−1, for Λ.

(3.12)

The overall equation of state parameter of the universe will take the value
that corresponds to the dominant component of the fluid.

3.1.2 ΛCDM

Much effort has been invested into measuring the cosmological parameters
using dedicated ground and space based telescopes. The first direct ev-
idence for a non-zero cosmological constant came from measurements of
the luminosity distances of supernovae. Further cosmological probes such
as the CMB power spectrum and spatial correlations in the distribution of
visible matter, known as baryonic acoustic oscillations (BAOs) complement
the supernova results. Today, the best concordance model suggests that
ΩΛ ≈ 0.69 and ΩM ≈ 0.31, implying that the expansion of the universe is
accelerating [65]. This model is known as the Λ-Cold Dark Matter (ΛCDM)
model, for being dominated by ΩΛ. The CDM extension arrises from the
observation that most of ΩM must be made of matter which has yet to be
detected beyond its gravitational effects.

The existence of a cosmological constant is equivalent to a constant
energy density of space. A physical fluid that with w=−1 could be described
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by a vacuum energy. Quantum field theory predicts a vacuum energy, due
to the non-zero ground state energy of all particles. However, the energy
density computed from quantum field theory requires the choice of arbitrary
integration limits, which results in a very different value than the measured
vacuum energy density [66].

Alternative dark energy models could give rise to a corresponding energy
density that would vary with time, similar to matter or radiation. A redshift
dependence can be parameterised in several different ways. One ansatz [67]
typically used is

w(z) = w0 +wa
z

1+ z
. (3.13)

Today, the best fit value of the equation of state parameter is consistent with
w0 =−1, or a cosmological constant, while the the redshift dependent wa is
constrained around zero [68]. Future measurements using SNe Ia should be
able to constrain the equation of state better.

3.2 Supernova cosmology

Due to the well constrained distribution of absolute brightness, SNe Ia were
recognised as potential standard candles early on [32]. The photometric and
spectroscopic evolution of SNe Ia are so uniform that one can determine
relative luminosity distances to the explosions. Using a nearby sample of
SNe Ia in host galaxies to which one has independent distance measures
(for example by using Cepheid variable stars), it was found that the peak
brightness of the explosions are standardisable by determining only a few
additional parameters [69]. To use SNe Ia for cosmology, it is presumed that
the standardisability of SNe Ia extends to distances beyond which indepen-
dent distance measures exist. The simplicity of this approach is that it is
entirely based in empirical correlations and no additional physical knowledge
of the explosions are required.

The standardisation of SNe Ia lightcurves involves two simple corrections.
The lightcurves and spectra have distribution in their respective duration and
overall colour, which correlate neatly with the peak luminosity of the SNe.
The lightcurve of a SNe Ia typically has a well defined peak, denoted Bmax

in Figure 3.1. Furthermore, a lightcurve width can be defined which one can
define as a temporal stretch parameter s. Viewed through different filters,
colour differences at maximum light can further be defined. In general,
broader lightcurves appear brighter and supernovae that appear redder are
fainter.

In order to measure the luminosity distance to an observed object, one
must know its intrinsic luminosity (L). The observed flux of an object is
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defined

F =
L

4πd2
L
, (3.14)

where the luminosity distance is defined

dL(z) = r(1+ z)a(t0)≈ cz
H0

, (3.15)

in the local universe, with the comoving distance r. The brightness of an as-
tronomical object through some filter X is typically measured in magnitudes
defined as

mX(z) = MX +5log10 dL(z)+25+KX +AMW , (3.16)

where MX is the intrinsic absolute magnitude of the object (the magnitude if
it were at a distance of 10 parsec) and dL is measured in Mpc. Furthermore,
so called K-corrections KX and a correction for dust extinction in the Milky
Way, AMW , must be applied. An observation through a given band (such
as an optical filter) is like a weighted integration over the spectrum. Since
the SNe observed are redshifted, the section of the spectra seen through a
particular band depends on the redshift of the object. The intrinsic spectra of
SNe Ia are well known, therefore K-corrections can be applied to compensate
for the redshift dependent shifts in photometry.

As mentioned earlier, supernovae have a distribution in stretch and
colour, both of which are related to the absolute peak magnitude MX . The
relations of stretch and colour to peak magnitude are determined empirically.
Thus a possible parameterisation is,

MX = Mavg +α(s−1)−βc, (3.17)

where Mavg, α and β are constant parameters determined from larger sam-
ples and s and c are stretch and colour parameters, respectively [70]. Having
applied all the corrections to a sample of SNe, a Hubble diagram showing
the expansion rate of the universe can be constructed.

Today, sample sizes are large enough for the errors in the cosmological
fits to be dominated by the systematic errors in using SNe Ia as distance
indicators. Next generation surveys, such as the Large Synoptic Survey
Telescope [LSST, 71] aim at constraining the equation of state parameter.
For these tasks systematic errors must be reduced, as well as identifying
possible redshift dependent properties.

Although the colour distribution is in part intrinsic, it is known that many
SNe are reddened by dust in their host galaxy. It is the reddening due to
dust that we will focus on below.
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3.2.1 Extinction and reddening

Correcting for reddening is one of the main steps applied to ‘standardise’
SNe Ia. When an object is observed, dust along the line-of-sight absorbs
and scatters part of the light. The light that does not arrive at the ob-
server, is said to be extinct. Figure 3.2 conceptually illustrates extinction
due to dust. The extinction in a particular band X (e.g. the filter in an
instrument) is typically defined as the difference between the intrinsic and
observed magnitude of a source,

AX = mX ,obs−mX ,intr (3.18)

Extinction results in reddening, because blue light is preferentially scattered
or absorbed by dust, resulting in an overall redder appearance. The exact
wavelength-dependence of the extinction depends on the dust composition
and is only known from empirical measurements. Because the extinction law
is typically not known, one generally focuses on the bands through which an
object is being observed. For example, reddening across B and V bands is
defined by comparing the difference in extinction between them,

E(B−V ) = AB−AV . (3.19)

An extinction law defines the extinction as a function of wavelength. To
parameterise the extinction law around a given band, the ratio

RV =
AV

E(B−V )
(3.20)

is typically defined. In general, smaller RV values are said to have a steeper
extinction law, implying that bluer are more extinct than redder wavelengths.

The difficulty in determining the extinction of any given object, is that
the intrinsic brightness and colours are often not known. In the case of
SNe Ia, we presume to know the intrinsic properties from a sample of nearby
objects, which are believed to be unreddened by dust.

When we construct a Hubble diagram in e.g. V -band, we would like to
correct the supernova peak magnitudes by host extinction AV , whereby

AV = RV × ((mB−mV )obs− (mB−mV )intr). (3.21)

We must assume values for (mB−mV )intr, while RV can also be assumed or
be determined if more colour information is known.

To understand intrinsic colours, one can consider a distribution of a
sample of what one believes to be unreddened supernovae. Supernovae
which are believed to be unreddened still have a distribution in colours, which
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Figure 3.4: Conceptual illustration of photons scattered by CS dust into the
line-of-sight of an observer. (Illustrated by R.F.)

3.2.2 Low RV and CS dust

The RV of any given line-of-sight is generally not known. In the Milky Way,
dust has been studied and mapped in detail and has an average value of
RV ≈ 3.1. However, the exact value of a given line-of-sight can range between
RV = 2–5 [see for instance 72]. It is often assumed that this property is the
same for other galaxies, including SNe hosts. Nevertheless, studies over
broad range of wavelengths have shown that the RV can have very different
values for different SNe. Paper II studies the extinction laws of a small sample
of SNe in detail, where surprisingly steep extinctions laws are found, with
RV values which would be very unusual to observe in the Milky Way. The
lower than average RV of many SNe Ia hints at the explosions occurring in
unusual environments. It is unclear whether the unusual extinction laws are
influenced or even caused by the supernova progenitor systems themselves.
If this is not the case, the extinction law determined in our Milky Way, is
not representative for many SNe Ia host galaxies. Since age, morphology
and star formation rate of galaxies vary, it would not be surprising if these
affect the dust properties as well.

It is believed that the reddening law correlates with the grain size of
dust. Generally speaking, small dust grains imply a lower RV . Thus the dust
grain size in some SNe Ia host galaxies might be smaller than the usual grain
size in the Milky Way. For example, it has been proposed that the intense
UV light from star forming regions could break up dust grains, resulting in
the observed extinction laws. To date, it has however not been possible to
correlate SNe Ia with low RV to star formation regions.

Another possibility to obtain a low RV is by scattering light multiple times
[6; 7]. Normally, dust scatters light out of the line-of-sight, thereby causing
extinction. If however the geometry of the dust cloud allows for light to be
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scattered back into the line-of-sight, it can still be detected. An example
of such a geometry is a CS dust shell, illustrated in Figure 3.4. A solution
to the low RV problem could be the presence of CS dust shells surrounding
SNe Ia. Thus the origin to the low RV is connected to the properties of the
CS environment of SNe Ia and which progenitor models predict the formation
of CS dust.
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4. Circumstellar Environments of
SNe Ia

We have seen that there are two motivations to investigate the properties
of the CS environment of SNe Ia:

• The properties could help distinguish between SNe Ia progenitor mod-
els, as described Chapter 2.

• CS dust could explain the peculiar extinction relation seen in many
SNe Ia and outlined in Chapter 3.

As a reminder, some progenitor models predict that CS matter should be
deposited at distances where dust would lead to the steep extinction rela-
tions observed. CS dust needs to be within a few 10−1 parsec [6; 7], to
result in a low RV . While models of C/O+He WD binaries suggest that
matter shells within that radius [24], SD models point to slightly larger cav-
ities with matter deposited ∼ 10 parsec from the progenitor [23]. There
are several observational approaches to characterising different properties of
the CS environment. The methods are described below and summarised in
Table 4.2.

4.1 Narrow absorption lines

To date, evidence for the presence of CS matter round SNe Ia has mainly
appeared in studying narrow absorption line features in their spectra. Ab-
sorption lines appear due to gas anywhere along the line-of-sight to the
explosions. Statistical analyses of Na I D absorption lines in SNe Ia spectra
have shown that the profiles are predominantly blue-shifted, indicating that
there is outflowing gas [73; 74]. Interestingly, this could not be observed in
a comparable sample of core-collapse supernovae, suggesting that this is a
feature unique to SNe Ia. It is thus possible that some SNe Ia are surrounded
by CS gas. Since this method only provides indirect evidence for outflowing
matter in some SNe Ia, more direct measurements of CS gases are desirable.

In fact, the detection of CS gas surrounding SN 2006X had previously
been claimed, based on the profile variations of Na I D absorption lines
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Figure 4.1: Geometric effects of an expanding photosphere. A small gas cloud
can initially absorb a larger fraction of the photons emitted towards an observer
to the right of the diagram. As the photosphere expands, more photons
pass around the gas cloud and the fractional amount of photons reaching the
observer increases. Depending on the geometry of the gas clouds along the
line-of-sight, this effect can lead to increasing or decreasing absorption line
profiles in supernova spectra. (Illustrated by R.F.)

[14]. In the weeks following maximum brightness of SN 2006X, several
blue-shifted components of the Na I D profile appeared and increased over
time. This was interpreted as the recombination of gas to Na I in a dense
CS gas shell, after the gas had been ionised by the early UV flux of the
supernova. Intriguingly, the absorption line profile, and the changes to it,
resembled those detected in an outburst of the recurrent nova RS Ophiuchi,
mentioned as a SN Ia progenitor candidate in Chapter 2 [75]. However,
the time-scale of the variations detected in SN 2006X have been difficult to
explain by recombination and it has been suggested that geometric effects
of ISM clouds are responsible for the variations [20].

The main cause of geometric effects are gas clouds which have a smaller
size than the projected surface of the the supernova photosphere [19]. Be-
cause the photosphere is rapidly expanding behind the gas clouds, the frac-
tion of absorbed light varies with time, which is observed as an absorption
line variation. Figure 4.1 illustrates how the fractional amount of absorption
can change due to an expansing photosphere.

While another case of an increasing Na I D component was discovered
in SN 2007le [15], a larger sample of 14 time-series of high-resolution spec-
tra failed to uncover any more examples of variable absorption lines [17].
Although the well covered SN 2011fe showed slight variations, those were
attributed to geometric effects as well [16].

Thus, at the outset of the research presented in this thesis, the evidence
for matter in the CS environment of SNe Ia was unclear. The cases of
increasing absorption lines do not have a single simple explanation and could
not be easily used to determine the location of the gas with respect to the
supernova.
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SN earliest epoch Rinner
Na I Rinner

Ca II references
(days) (parsec) (parsec)

SN 2011fe −18 0.003 – [16; 76]
SN 2017cbv −15 0.02 3×10−4 [Paper V, 22]
SN 2014J −11 0.08 0.003 [13]
iPTF13dge −10 0.1 0.004 [Paper III, 18]
SN 2013gh −9 0.2 0.006 [Paper III, 18]
SN 2010A −8 0.2 0.01 [17]
SN 2012cg −7 0.3 0.01 [Paper II, 8]
iPTF16abc −6 0.3 0.02 [Paper IV, 21]
SN 2007le −5 0.4 0.02 [15]
SN 2012fr −5 0.4 0.02 [17]
SN 2006X −2 0.5 0.04 [14]
SN 2012ht −2 0.5 0.04 [17]
SN 2013aa −1 0.8 0.05 [17]

Table 4.1: List of SNe Ia with multi-epoch high-resolution spectroscopy start-
ing before maximum brightness. The earliest epoch is given with respect to
Bmax and the computed inner radius limit of photoionisation of Na I and Ca II
gas are presented.

Assuming the simple photoionisation model, one can determine distances
from the supernova at which the presence of gas can be excluded. Thereby,
the inner radius of the exclusion range is determined by the epoch at which
the first spectrum is taken. If the gas at a given radius is ionised before the
time of the first epoch, it will be undetectable. Thus the observations are
sensitive to gas at distance greater than that radius. The method used to
determine the exclusion radii is discussed in Papers II and III. In Figure 4.3,
it can be seen that early spectra, two weeks before maximum, are necessary
to detect photoionisation of Na I D down to ∼ 0.1 parsec. In Table 4.1
SNe Ia for which multi-epoch high-resolution spectra starting before Bmax

have been published, are listed along with the phase of the earliest spectrum
and corresponding inner sensitivity limits from photoionisation. It can be
seen that the best possible exclusion limits have been reached with SN 2011fe
and SN 2017cbv, in Paper V.

4.3 Other observational evidence

Many observational methods aim to detect outflowing matter, which will
have a characteristic Doppler shift with respect to the rest frame of the
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supernova explosion. For example, a giant star and accreting WD in the
progenitor system should sustain a powerful stellar wind, which would be
detectable by radio and X-ray emission. In the vicinity of a SN Ia (a few
10−2–10−1 parsec), electrons are intensely heated by radiation and emit X-
ray and and synchrotron radiation. The signals can be distinguished from
those of the supernovae ejecta because the winds should be Doppler shifted
at ∼ 103 km s−1 as opposed to the ejecta which expands at ∼ 105 km s−1.
These methods have set strong limits on the density of outflowing gas in the
CS environments of SNe Ia in radio [77; 78] and X-ray [79] from SNe 2011fe
and 2014J. These values are consistent with a normal warm ISM and suggest
that there were no strong stellar winds coming from the progenitor systems

A direct measurement of the density of dust content in SN Ia CS envi-
ronments can be made by observing the thermal emission of dust heated by
the explosion after it has faded. Results from mid- and far-infrared suggest
that there can only be small amounts of dust surrounding normal SNe Ia
[80; 81]. In particular for SN 2014J this method has shown that there is
negligible dust out to a radius of ∼ 10 parsec.

This result strongly suggests that the extinction seen in SNe Ia such
as SN 2014J comes from dust in the ISM. The conclusion is supported by
polarisation data, which shows that the dust gains causing the extinction
are aligned with the magnetic fields of the host galaxies [11]. A newly
developed method which tracks the colour evolution of SNe Ia can determine
the distance dust clouds along the line-of-sight to the explosion [Paper F,
82]. Similar to CS dust, dust that is located in the ISM, but still close
enough to the supernova, can scatter photons back into the line-of-sight
of the observer. Because of the time delay of the scattered photons, the
extinction has a time dependence, which is determined by the separation
between the dust and the explosion. In the case of SN 2014J this method
confirms that the dust must have been at interstellar distances.
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5. Conclusions

The aim of the research presented in this thesis was to search for CS matter
surrounding SNe Ia. The search had two main motivations. On the one hand,
the presence of CS dust is a possible explanation for the steep extinction
curves observed in some SNe Ia, on the other, the presence and properties
of CS matter should provide valuable clues to the illusive progenitor systems
of the explosions.

In the past, the detection of CS gas surrounding a SN Ia had been
claimed by detecting variations in narrow absorption lines in multi-epoch
high-resolution spectra. Guided by past observations, we obtained time-
series of spectra spanning the maximum brightness of several SNe Ia, in-
cluding SNe 2014J in Papers I and II and 2013gh in Paper III. In the latter
case, we discovered a decreasing Na I D absorption feature, which could be
explained by photoionisation.

Taking advantage of the well-known spectral energy distribution of SNe Ia,
we can predict the photoionisation rate of gas in the CS medium of the ex-
plosions. Assuming that the absorption line in SN 2013gh varied due to
photoionisation, the model suggest that the gas was at a distance from
the explosion where it could be an independent gas cloud in the ISM. In
Paper III, we were also able to show that most of the time-series of high-
resolution spectra to date start at epochs at which most of the CS gas
would have already been ionised. Thus the nondetections of absorption line
variations until this point do not conclusively exclude the presence of CS
gas.

To be sensitive to photoionisation across most of the CS medium, we
aimed to obtain high-resolution spectra starting two weeks before maximum
brightness of the explosions. To my knowledge, such early spectra had only
been obtained once before in the case of SN 2011fe, where only slight ab-
sorption line variations were detected, which were consistent with geometric
effects. We achieved our goal by observing the nearby explosion SN 2017cbv
more than two weeks before maximum brightness, presented in Paper V. The
time-span of our observations of SN 2017cbv allowed us to conclude that
very little Na I and Ca II gas could be present in the CS environment of
the explosion. This adds to the list of observational evidence, that only
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undetectable amounts of CS matter surround normal SNe Ia.
In conclusion, this allows us to address the initial motivations of the

research in this thesis, the illusive progenitor question introduced in Chapter 2
and the steep extinction laws as discussed in Chapter 3.

In particular, the absence of thermal emission of heavily reddened SNe Ia,
such as SN 2014J [80; 81], shows that the bulk of the dust must be located
in the ISM of the host galaxies as opposed to the CS media of the explosions.
Furthermore, polarisation of reddened SNe Ia indicate that dust grains along
the line-of-sight align with the magnetic field of the host galaxies [11]. This is
in agreement with the observations from high-resolution spectra, where deep
non-varying absorption lines are detected, suggesting that the gas is far from
the supernovae where it could not be ionised. Thus the evidence suggest that
the steep extinction laws do not arise from CS dust, but from dust in the ISM
of the host galaxies. Interstellar dust can give rise to steep extinction laws
as well, however, this is very unusual in the Milky Way. Future supernova
cosmology surveys need to reduce systematic uncertainties in using SNe Ia as
standard candles to improve the measurements of cosmological parameters.
Thus further research will have to show how and why the dust properties
in some SN Ia lines-of-sight differ from the properties of dust in the Milky
Way.

The absence of a dense CS environment also provides clues to answering
the illusive progenitor question. The evidence favours progenitor models,
which do not have prolonged phases with strong stellar winds, which would
create shells of CS matter. This speaks against SD and C/O+He DD sce-
narios, for which models suggest detectable absorption features should be
present. This is in agreements with other observations, such as the absence
of potential companion stars in pre- and post-explosion images of normal
SNe Ia. In future, multi-epoch high-resolution spectra could be used to
identify CS gas around peculiar SNe Ia, which could help associating them
with specific progenitor systems.
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