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Abstract

Core-collapse supernovae (SNe) are the observed events following the col-
lapse of the core of evolved massive stars. The gravitational energy released
creates a powerful shock that disrupts the star and ejects the heated material
into the surrounding circumstellar medium. The observed properties depend
on the mass lost by the star, e.g. through stellar winds or mass transfer in bi-
nary systems, and the subject of this thesis is the class of Type IIb SNe, which
are thought to have lost most, but not all of their hydrogen envelopes. A quite
unique set of observations has recently been obtained for the Type IIb SN
2011dh, which was followed to more than a thousand days after the explosion,
and observed by several groups at a wide range of wavelengths. In this work,
the bulk portion of the ultraviolet to mid-infrared observations, as well as pre-
explosion images of the progenitor star are presented, discussed, and analysed.
Lightcurve and spectral modelling of the SN observations, presented in this
and related works, all suggest a progenitor of modest (. 15 M�) initial mass
with an extended and low-mass hydrogen envelope, consistent with what is
found from the pre-explosion observations. Although mass-loss rates for sin-
gle stars are uncertain, they are likely too weak to expel the hydrogen envelope
for stars in this mass range. Therefore, an appealing alternative is mass-loss
by Roche-lobe overflow in a binary system, as was likely the case for the Type
IIb SN 1993J. Post-explosion observations have revealed a blue compact com-
panion star blended with the fading SN 1993J, and a similar result has been
claimed for SN 2011dh. The fact that some SNe arise from binary systems is
not surprising given the large binary fraction observed for massive stars, and
in this work, a grid of hydrodynamical SN models is used to infer modest (.
15 M�) initial masses for most Type IIb SNe documented in the literature,
suggesting that binary systems actually dominate the production of Type IIb
SNe.



To Mats, who is part, in several ways, of this work.



List of Papers

The following papers, referred to by uppercase Roman numerals, are included
in this thesis. Papers related to the thesis, referred to by lowercase Roman
numerals, are listed at the end.

PAPER I: The Yellow Supergiant Progenitor of the Type II Supernova
2011dh in M51
Maund J.R., Fraser M., Ergon M., Pastorello A., Smartt S.J.,
Sollerman J., Benetti S., Botticella M.-T., Bufano F., Danziger
I.J., Kotak R., Magill L., Stephens A.W., Valenti S., 2011, ApJ,
739, L37

PAPER II: Optical and near-infrared observations of SN 2011dh - The
first 100 days
Ergon M., Sollerman J., Fraser M., Pastorello A., Taubenberger
S., Elias-Rosa N., Bersten M., Jerkstrand A., Benetti S., Botti-
cella M.-T., Fransson C., Harutyunyan A., Kotak R., Smartt S.,
Valenti S., Bufano F., Cappellaro E., Fiaschi M., Howell A.,
Kankare E., Magill L., Mattila S., Maund J., Naves R., Ochner
P., Ruiz J., Smith K., Tomasella L., Turatto M., A&A, 2014,
562, A17

PAPER III: The Type IIb SN 2011dh - 2 years of observations and mod-
elling of the lightcurves
Ergon M., Jerkstrand A., Sollerman J., Elias-Rosa N., Frans-
son C., Fraser M., Pastorello A., Kotak R., Taubenberger S.,
Tomasella L., Valenti, S., Benetti S., Helou G., Kasliwal M.M.,
Maund J., Smartt S.J., Spyromilio J., accepted for publication in
A&A (arXiv:1408.0731)

PAPER IV: Hydrodynamical modelling of Type IIb SNe
Ergon M., Stritzinger M., Taddia F., Sollerman J., Fransson C.,
to be submitted to A&A

Reprints were made with permission from the publishers.





Contents

Abstract iii

List of Papers v

1 Introduction 11

2 Stars and supernovae 13
2.1 Stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1.1 Observed properties . . . . . . . . . . . . . . . . . . 15
2.1.2 Nuclear burning . . . . . . . . . . . . . . . . . . . . 17
2.1.3 Mass loss . . . . . . . . . . . . . . . . . . . . . . . . 19
2.1.4 Evolution of isolated stars . . . . . . . . . . . . . . . 20
2.1.5 Binary evolution . . . . . . . . . . . . . . . . . . . . 22

2.2 Core-collapse supernovae . . . . . . . . . . . . . . . . . . . . 23
2.2.1 Observed properties . . . . . . . . . . . . . . . . . . 24
2.2.2 Core-collapse . . . . . . . . . . . . . . . . . . . . . . 28
2.2.3 Shock propagation . . . . . . . . . . . . . . . . . . . 29
2.2.4 Shock breakout . . . . . . . . . . . . . . . . . . . . . 30
2.2.5 Diffusion phase . . . . . . . . . . . . . . . . . . . . . 30
2.2.6 Nebular phase . . . . . . . . . . . . . . . . . . . . . . 32
2.2.7 Circumstellar interaction . . . . . . . . . . . . . . . . 33
2.2.8 The SN-progenitor connection . . . . . . . . . . . . . 34

3 Type IIb SNe 37
3.1 Progenitor observations . . . . . . . . . . . . . . . . . . . . . 37
3.2 SN Observations . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2.1 The cooling phase (and the hydrogen envelope) . . . . 39
3.2.2 The diffusion phase (and the helium core) . . . . . . . 41
3.2.3 The nebular phase (and the oxygen-rich core) . . . . . 42

3.3 Sample statistics (and the nature of the progenitors) . . . . . . 44



4 SN 2011dh 47
4.1 Progenitor observations . . . . . . . . . . . . . . . . . . . . . 48
4.2 SN Observations . . . . . . . . . . . . . . . . . . . . . . . . 51

4.2.1 Modelling summary . . . . . . . . . . . . . . . . . . 52
4.2.2 Bolometric and broad-band evolution . . . . . . . . . 53
4.2.3 Spectral evolution . . . . . . . . . . . . . . . . . . . 56
4.2.4 Molecule and dust formation . . . . . . . . . . . . . . 58

4.3 The nature of the progenitor star . . . . . . . . . . . . . . . . 60

5 Methodology I - Observations 61
5.1 The telescope . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.2 The atmosphere . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.3 The interstellar medium . . . . . . . . . . . . . . . . . . . . . 66
5.4 Photometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.4.1 Magnitudes . . . . . . . . . . . . . . . . . . . . . . . 67
5.4.2 Photometric systems . . . . . . . . . . . . . . . . . . 68
5.4.3 Measuring the flux . . . . . . . . . . . . . . . . . . . 70
5.4.4 Flux calibration . . . . . . . . . . . . . . . . . . . . . 71
5.4.5 S-corrections . . . . . . . . . . . . . . . . . . . . . . 72
5.4.6 Accuracy of the SN 2011dh photometry . . . . . . . . 73

5.5 Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.5.1 Measuring the flux . . . . . . . . . . . . . . . . . . . 76
5.5.2 Wavelength calibration . . . . . . . . . . . . . . . . . 76
5.5.3 Flux calibration . . . . . . . . . . . . . . . . . . . . . 76

5.6 Constructing the bolometric lightcurve . . . . . . . . . . . . . 76

6 Methodology II - Modelling 79
6.1 Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

6.1.1 Hydrodynamics . . . . . . . . . . . . . . . . . . . . . 80
6.1.2 Radiative transfer . . . . . . . . . . . . . . . . . . . . 81
6.1.3 Local thermal equilibrium (LTE) . . . . . . . . . . . . 82
6.1.4 Equation of state . . . . . . . . . . . . . . . . . . . . 83
6.1.5 Radiation hydrodynamics . . . . . . . . . . . . . . . 83
6.1.6 Radiation-matter interactions . . . . . . . . . . . . . . 84
6.1.7 Level populations . . . . . . . . . . . . . . . . . . . . 85
6.1.8 Transition rates . . . . . . . . . . . . . . . . . . . . . 86
6.1.9 Bound-bound opacity in an expanding medium . . . . 86
6.1.10 Radioactive decays . . . . . . . . . . . . . . . . . . . 87

6.2 Hydrodynamical lightcurve modelling . . . . . . . . . . . . . 88
6.2.1 The HYDE code . . . . . . . . . . . . . . . . . . . . 89

6.3 Monte-Carlo spectral modelling in the diffusion phase . . . . . 95



6.3.1 The JEKYLL code . . . . . . . . . . . . . . . . . . . 96
6.4 Monte-Carlo spectral modelling in the nebular phase . . . . . 100

6.4.1 The steady-state NLTE code . . . . . . . . . . . . . . 101

7 Paper summary 103
7.1 Paper I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
7.2 Paper II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
7.3 Paper III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
7.4 Paper IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
7.5 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 106

Related papers cvii

Acknowledgements cix

References cxi





1. Introduction

The 20th of January 2005, the Hubble Space Telescope (HST) is slewed to the
nearby galaxy M51, and images covering the location where supernova (SN)
2011dh would later occur are obtained. Examining the position of the SN re-
veals an anonymous yellow star, seemingly similar to millions of other stars
in this galaxy. However, beneath the surface, in the interior of the star, the
situation is quite different, and a furious struggle between gravity and pressure
is coming to its end. In the oxygen-magnesium core the temperature exceeds
a billion Kelvin, oxygen burning will soon ignite, and in the six years that fol-
lows the temperature will continue to rise, the nuclear burning will proceed to
silicon, and when the mass of the growing iron core reaches the Chandrasekhar
limit at ∼12 UT the 30th of May 2011, the fate of the star is sealed. What
followed is the topic of this thesis, and a large number of astronomers, profes-
sional as well as amateurs, observed the event. The collapse of the core is in-
evitable for massive stars, and if only a tiny fraction of the gravitational energy
released is exploited, the envelope of the star is disrupted, and a brilliant SN is
observed. In spite of our growing understanding, the connection between the
observed events and the stars giving rise to them is still, in part, an unsolved
puzzle. Therefore, observations of these stars in pre-explosion images, and
detailed observations and modelling of the SNe are important to advance our
knowledge. In this thesis I present observations of SN 2011dh as well as its
progenitor star, covering the ultraviolet to the mid-infrared, obtained during
more than two years, and modelling using several, at least partly, independent
methods (Papers I-III, but see also papers iii and ix). The results obtained from
the progenitor and SN observations are consistent, and suggest that the star had
an initial mass of ∼12 M�, and an extended low-mass hydrogen envelope of
∼300 R�. SN 2011dh belongs to the Type IIb class of SNe, showing hydrogen
lines at early times that later fade away. These SNe are thought to arise from
stars that have lost most of their hydrogen envelopes. How the envelopes are
expelled is less understood, and the mechanism could either be stellar winds
or mass-transfer in binary systems. In this thesis I present modelling of a large
sample of Type IIb SNe, suggesting that most of these arise from stars with ini-
tial masses .15 M� (Paper IV). This adds to the growing evidence that Type
IIb SNe arise mainly from binary stars, as the winds of stars in this mass range
are likely to weak to expel their hydrogen envelopes.
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2. Stars and supernovae

In ancient times stars were considered static, attached to the never changing ce-
lestial background sphere, in front of which the Sun, the Moon and the planets
moved through a system of differentially rotating spheres. This idea, illus-
trated by a woodcut from Cosmographia (Peter Apians, 1539) in Fig. 2.1, and
expressed in works by Aristotle and Ptolemy, started to change in the 17th cen-
tury, driven by the ongoing Copernican revolution and the discovery of vari-
ability in stars like Mira and Algol. The Galactic SNe discovered by Tycho
Brahe and Johannes Kepler in 1572 and 1604, respectively, also clashed with
the Aristotelian view, although guest stars, as they were referred to by Chinese
astronomers, had been known to exist for a long time. Except for Tycho’s and
Kepler’s SNe, such historical events, mainly recorded by Chinese astronomers,
and later confirmed by observations of their remnants, occurred in 185, 393,
1006, 1054. Today we know that stars are born, evolve, and finally die, but
on time-scales that are usually millions or billions of years. Therefore, core-
collapse (CC) SNe are rare phenomena, which occur about once every few
hundred years in a typical galaxy, and although the galactic SN remnants pro-
vide valuable insights, our understanding of SNe is almost exclusively based
on extragalactic observations. In this chapter our current observational and the-
oretical knowledge of stars and SNe is briefly, and a bit selectively reviewed.
The discussions are mainly held at a basic text-book level, and for further read-
ing I refer to Kippenhahn et al. (2012) (stars) and Arnett (1996) (SNe).

2.1 Stars

From a theoretical point of view, the evolution of stars may be described as a
race between the attractive gravitational force and the repulsive pressure from
the gas. The equation of state of a transparent interstellar cloud is unstable
(γ < 4/3)1, and star formation begins when the cloud reaches the Jeans limit,
and the gravitational force overcomes the pressure of the gas. The collapse pro-
ceeds on the dynamical time-scale, the cloud eventually breaks up into smaller

1The adiabatic index, γ =
(

dlnP
dlnρ

)
S
, determines the increase in pressure when the

gas is compressed, and therefore the stability of a self-gravitating system.
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Figure 2.1: The celestial spheres. Woodcut from Cosmosgraphia by Peter Api-
ans (1539).

parts, and when these get dense enough to become opaque, the equation of
state becomes stable (γ > 4/3). The proto-star then settles in (hydrostatic)
equilibrium, and continues to contract on the much longer thermal time-scale.
The thermal energy increases according to the Virial theorem (Eth = −Eg/2),
and this phase lasts until the temperature gets high enough to ignite nuclear fu-
sion. The proto-star has then become a star, and evolves extremely slowly on
the nuclear time-scale, in near balance between nuclear heating and radiative
cooling. Eventually the nuclear fuel gets exhausted in the core, which starts
to contract on the thermal time-scale, the temperature increases, and when it
gets high enough to burn the ashes of the previous burning stage, a new burn-
ing cycle begins. As long as the equation of state stays non-degenerate, the
temperature continues to rise, and the burning cycle proceeds until energy can
no longer be gained, which occurs when the core has been burned into iron-
group elements. The core may still sustain gravity by contraction, but at some
point the electron gas becomes degenerate, and if the core exceeds the Chan-
drasekhar mass of∼1.4 M�, the equation of state becomes unstable (γ < 4/3),
and the core eventually collapses. A detailed description of the physics of stel-
lar evolution is beyond the scope of this thesis, but, because of their importance
for the evolution of the core and the envelope, nuclear burning and mass-loss

14



are discussed to some extent in Sects. 2.1.2 and 2.1.3, respectively. A general
overview of the evolution of massive isolated stars, as understood from stel-
lar evolutionary modelling, is provided in Sect. 2.1.4 and binary evolution is
discussed in Sect. 2.1.5. But first, let us turn to the observed properties of stars.

2.1.1 Observed properties

As stars are opaque, the nuclear burning in the interior is hidden from the
observer, who can only study the radiation emitted from the surface. The spec-
tral energy distribution (SED) is reasonably approximated by a blackbody, but
scattering and absorption in the atmosphere give rise to a unique spectral signa-
ture determined by the physical conditions (e.g. temperature). Stars are clas-
sified into classes O, B, A, F, G, K, and M based on their spectra according
to the Morgan-Keenan (MK) system. The sequence of classes corresponds to
decreasing temperature, and each class is further subdivided into subclasses
0-91. In the MK system the Sun, Vega, Betelgeuse, and the progenitor star
of SN 2011dh (Paper I) are of types G2, A0, M2, and F8, respectively. To
visualize the observed properties, a Hertzsprung-Russel (HR) diagram is often
used, where the observed magnitude (V ) is plotted against the observed colour2

(B−V ), whereas from a theoretical point of view it is more natural to plot the
total luminosity against the effective temperature. The relation between the
physical and observed properties can be determined with stellar atmosphere
models like those by Kurucz (1993), which are used to infer the physical prop-
erties for the progenitor star of SN 2011dh in Paper I. Figure 2.2 shows a HR-
diagram for the bright and nearby stars in the Milky Way, where the positions
of the Sun, Vega, Betelgeuse, and the progenitor star of SN 2011dh have also
been marked. The band of stars stretching from the lower right corner (faint
and red) to the upper left corner (bright and blue) is the main sequence (MS),
and corresponds to the hydrogen burning phase, where stars spend most of
their active (burning) lives. The band of stars stretching from the MS towards
the right (red) is the red-giant branch, and corresponds to the path taken af-
ter hydrogen burning by a solar-type star, when the star expands (but the core
contracts), becomes a red giant, and if it is massive enough, ignites helium
burning.

Red, yellow, and blue supergiants (RSGs, YSG, and BSGs), Wolf-Rayet
(WR) stars and Luminous Blue Variables (LBVs), are of particular interest for
this thesis, as they are thought to be massive stars in later (post-MS) evolu-
tionary stages, and would potentially end their lives as CC SNe. The RSGs
(e.g. Betelgeuse), located above the red-giant branch in Fig. 2.2, are very lu-

1Omitting the luminosity classes (I-VIII).
2This form of the HR diagram is also called a colour-magnitude diagram.
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Figure 2.2: HR-diagram showing the observed absolute V -band magnitudes and
B−V colours of bright and nearby stars in the Milky Way, as well as for the Sun,
Vega, Betelgeuse and the progenitor star of SN 2011dh. The figure is based on
data obtained from the Hipparcos and Gliese catalogues, and the distance (mod-
ulus) was calculated from the observed parallax. No corrections for interstellar
extinction have been applied.

minous and cool (red), and have bolometric magnitudes (Sect. 5.4.1) between
-5 and -9 (Levesque et al., 2005), whereas the YSGs (e.g. the progenitor star of
SN 2011dh) and BSGs have similar luminosities, but are progressively hotter
(bluer). The WR stars are extremely luminous and very hot (blue), with abso-
lute magnitudes between -8.5 and -12 (WN stars; Hamann et al., 2006), and
their spectra are characterized by broad emission lines, whereas LBVs have
similar extreme luminosities, are less hot (blue) and are characterized by ir-
regular (e.g. S Doradus) or giant (e.g. η Carinae) eruptions. As stars evolve
on extremely long time-scales, the gradual change in their observed properties
can not be observed in real-time. Our knowledge of their evolutionary stages
relies on predictions from stellar evolutionary modelling, and the physical in-
terpretation of the observed properties and the position in the HR-diagram is
discussed further in Sect. 2.1.4.
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2.1.2 Nuclear burning

Hydrogen, helium, and lithium were synthesized in the Big Bang, but (al-
most) all heavier elements have been synthesized by nuclear fusion in stars.
Therefore understanding this process is important to explain how the interstel-
lar medium got enriched in heavier elements, leading to new generations of
stars, and ultimately to rocky planets like the Earth. Nuclei are tied together
by the strong force, but to fuse, the kinetic energy of the charged nuclei needs
to be high enough to overcome the repulsive electromagnetic force. This is
achieved by quantum mechanical tunnelling through the potential well, and
the process proceeds at a low pace because only the high-energy nuclei in the
tail of the thermal distribution are involved. Below, the nuclear burning pro-
cess, where hydrogen is successively burned into heavier elements, is briefly
reviewed and exemplified using a non-rotating solar-metallicity 15 M� model,
evolved with the stellar evolutionary code MESA STAR (Paxton et al., 2011,
2013). The initial mass of this model is similar to, but slightly higher, than was
estimated for the progenitor star of SN 2011dh in Papers I-III and ix.

Hydrogen burning Ignites at 4×104 years, when the central temperature
has reached ∼3×107 K in the 15 M� MESA model. In this phase 1H is fused
into 4He through two main processes. In the Sun and other low mass stars the
dominant process is the proton-proton (PP) chain for which the end result is

4 1H→ 4He+2e++2νe (2.1)

However, in massive stars that could potentially become SNe, the dominant
process is the CNO cycle, for which the main reaction is1

12C(p,γ) 13N(e+,νe)
13C(p,γ) 14N(p,γ) 15O(e+,νe)

15N(p,4 He) 12C (2.2)

The upper left panel of Fig. 2.3 shows the abundances at the end of core
hydrogen burning in the 15 M� MESA model. A zone containing the ashes
of hydrogen burning extends to ∼4 M�, in which the most abundant species
is 4He, and in Papers III and ix we refer to this burning zone (or rather, what
remains of it at core-collapse) as the He zone.

Helium burning Ignites at 1.2×107 years, when the central temperature has
reached ∼1×108 K in the 15 M� MESA model. In this phase, 4He is fused
into 12C through the triple-α reaction

1See e.g. Kippenhahn et al. (2012) for an explanation of the formalism used.
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Figure 2.3: Mass fraction of H (black solid line), 4He (red solid line), 12C (blue
solid line), 16O (yellow solid line), 20Ne (black dashed line), 24Mg (red dashed
line), 28Si (blue dashed line) and 32S (yellow dashed line) and iron-group ele-
ments (black dotted line) at the end of core hydrogen (upper left panel), helium
(upper right panel), carbon (middle left panel), neon (middle right panel) and
oxygen (lower left panel) burning, as well as at the verge of core-collapse (lower
right panel), for the 15 M� MESA model. To help reading the figure the hydro-
gen envelope has been cut off at 6 M�.

3 4He→ 12C (2.3)

However, at this stage, α-particles (helium nucei) also start to get captured
by 12C to form 16O. The upper right panel of Fig. 2.3 shows the abundances at
the end of core helium burning in the 15 M� MESA model. A zone containing
the ashes of helium burning extends to ∼2 M�, in which the most abundant
species are 12C and 16O, and in Papers III and ix we refer to this burning zone
as the C/O zone.

Late burning stages Carbon burning ignites at 1.3×107 years, when the cen-
tral temperature has reached∼9×108 K in the 15 M� MESA model, and is fol-
lowed by neon, oxygen, and silicon burning. At the carbon burning stage neu-
trinos, which escape freely, start to dominate the cooling, and the late burning
stages proceed at a much higher pace than hydrogen and helium burning. The
middle and lower panels of Fig. 2.3 show the abundances at the end of carbon,
neon, oxygen and silicon burning for the 15 M� MESA model, and Table 2.1

18



Table 2.1: The main fuel, the most abundant elements in the ashes, the outer
boundaries of the zones containing these (at the verge of core-collapse), and the
lifetimes of the burning stages for the 15 M� MESA model.

Burning stage Fuel Ashes Size Lifetime
(M�) (yr)

Hydrogen burning 1H 4He 4.0 1.2×107

Helium burning 4He 12C, 16O 2.0 1.3×106

Carbon burning 12C 16O, 20Ne, 24Mg 1.9 5.3×104

Neon burning 20Ne 16O, 24Mg, 28Si, 32S 1.7 6.7
Oxygen burning 16O 28Si, 32S 1.6 6.2
Silicon burning All Iron group 1.5 3.3×10−2

gives the main fuel, the most abundant elements in the ashes, the sizes of zones
containing these, and the lifetimes of the burning stages. Based on the most
abundant elements, the successively smaller zones containing the ashes of car-
bon, neon and oxygen burning are referred to as the O/Ne/Mg, O/Si/S and
Si/S zones in Papers III and ix. At the silicon burning stage, the ever increas-
ing central temperature has become high enough for photo-disintegration and
subsequent capture of α-particles to dominate the nuclear reactions, and even-
tually the conditions approach those of nuclear statistical equilibrium (NSE),
where any material will be burnt into a composition consisting mainly of iron-
group elements. As energy can no longer be gained, the core needs to contract
to counteract the gravitational force and eventually becomes degenerate, and
once the mass of the iron core exceeds the Chandrasekhar mass of ∼1.4 M�,
the equation of state becomes unstable (γ < 4/3), and gravitational collapse is
inevitable.

2.1.3 Mass loss

In the outer, optically thin regions of the star, the radiation pressure will accel-
erate some material to velocities high enough to escape. Through this process,
called a stellar wind, all stars lose some amount of mass during their evolution.
Qualitatively, the mass-loss rate for a stellar wind increases with luminosity,
radius and the opacity of the material. However, mass may also be lost in a
periodic or irregular way by instabilities in the outer layers, or by interaction
with a binary companion (Sect. 2.1.5). Stellar winds for main-sequence and
WR stars are best understood, and are likely driven by radiation pressure on
metal lines, mainly in the ultraviolet (UV), whereas stellar winds for RSGs
are much less understood, and are thought to be driven by pulsations and ra-
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diation pressure on dust. The dependence of mass-loss rates on the observed
properties (e.g. luminosity and effective temperature) of the star can be deter-
mined empirically and such relations (e.g. Reimers, 1977) are commonly used
in stellar evolutionary modelling, although theoretical models exist for main
sequence stars (Vink et al., 2001). Significant uncertainties exist, and revisions
have lately been made in the mass-loss rates for main sequence and WR stars
due to the effect of clumping (e.g. Smith, 2014), and in the mass-loss rates for
RSGs due to the amount of dust (van Loon et al., 2005). Regardless of the
physical process driving it, mass-loss may have a profound influence on the
star, the hydrogen and helium envelopes being progressively stripped off the
core if the mass-loss rate is high enough. This, in turn, strongly affects the
observed properties of the star (Sect. 2.1.4), as well as the observed properties
of the SN that may follow (Sect. 2.2.5). On the other hand, the evolution of
the core turns out to be relatively insensitive to the evolution of the envelope.
Evolving a series of 15 M� MESA models with the mass loss adjusted to yield
final masses in the range 11.0 to 4.0 M�, the final composition and luminosity
of the (4 M�) helium cores are very similar. The mass lost may remain in
the vicinity of the star for a long time and makes up its circumstellar medium
(CSM), which if dense enough, may again affect the observed properties of a
subsequent SN (Sect. 2.2.7).

2.1.4 Evolution of isolated stars

The evolution of an isolated star is determined by the initial conditions, to
first order given by the mass, angular momentum (rotation), and composition
(metallicity). Among those, initial mass is the most important, at least with
respect to the evolution of the core, whereas rotation and metallicity mainly
affect the mass-loss and the chemical mixing. The understanding of the basic
physical processes that drive stellar evolution has become quite mature, and
stellar evolutionary codes of today, like the Geneva (e.g Ekström et al., 2012),
FRANEC (e.g. Chieffi & Limongi, 2013), KEPLER (e.g. Heger et al., 2000),
STARS (e.g. Eldridge & Tout, 2004a,b) and MESA (Paxton et al., 2011, 2013)
codes, include most of the important aspects, although the effects of mag-
netic fields are in some cases ignored. However, there are still a number of
uncertainties, in particular for the most luminous (massive) stars and in later
evolutionary stages (Langer, 2012). In particular, the physics of mass-loss
(Sect. 2.1.3), convection and rotation are relatively poorly known, all of which
have significant impact on the evolution of the star. Both the nuclear burning
in the core (Sect. 2.1.2) and the observed properties at the surface are strong
functions of the initial mass. In stars with an initial mass below ∼0.1 M�,
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Figure 2.4: HR-diagram showing the evolution of the luminosity and effective
temperature for non-rotating solar metallicity Geneva models. Each evolutionary
track has been annotated with the initial mass, the start of helium burning (blue
circles) and the end of carbon burning (yellow circles) have been marked, and
the main sequence is shown as a red solid line. The figure is based on the stellar
evolutionary tracks by Ekström et al. (2012)

hydrogen burning will never be ignited1, whereas in stars with an initial mass
above ∼10 M�, the core material will be burnt all the way to iron-group el-
ements and core-collapse will occur2. The amount of material burnt and the
lifetime of the burning stages depend on the initial mass, the former increasing
and the latter decreasing with it. In Papers II-III and ix, we take advantage of
the dependence of the nucleosynthesis on the initial mass, and use the masses
of the nuclear burning zones as inferred from SN 2011dh, to estimate the initial
mass of its progenitor star.

Figure 2.4 shows a HR-diagram for non-rotating, solar-metallicity Geneva
models (Ekström et al., 2012), and, as seen, the path taken depends strongly
on the initial mass. In all evolutionary stages, the luminosity increases with
initial mass, and in Paper I we take advantage of this to estimate the initial
mass for the progenitor star of SN 2011dh. This behaviour can be traced back

1Strictly speaking these are not stars, and are usually referred to as brown dwarfs.
2Stars which develop Chandrasekhar mass O-Ne-Mg cores may also suffer from

core-collapse.
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to the Virial Theorem and the larger thermal energy (and pressure) required
to balance the gravitational force in more massive stars1. A massive isolated
star spends most of its life on the main sequence, and when the hydrogen is
exhausted the core contracts, the outer parts expand, and the star becomes a
RSG. If the mass lost by stellar winds is insufficient to remove the hydrogen
envelope, the star will also end its life as a RSG, although it may temporar-
ily become a BSG/YSG during core helium burning. Stellar winds increase
with luminosity (Sect. 2.1.3), which in turn increases with initial mass. As the
mass-loss rates increase faster with initial mass than the nuclear burning rates,
there is a turning point where stellar winds become strong enough to remove
the hydrogen envelope before core-collapse. The star then moves towards the
blue side of the HR-diagram and becomes a YSG (as the progenitor of SN
2011dh), a BSG, and eventually a WR star. The blueward turning point deter-
mines the initial mass ranges and the relative numbers of isolated red (cool and
extended) and blue (hot and compact) pre-SN stars, and depends quite sensi-
tively on metallicity and rotation, as well as on the uncertain mass-loss rates
(e.g. Meynet et al., 2015). Judging from observations of galactic RSGs and
WR stars (Sect. 2.1.1), the transition seems to occur at an initial mass of ∼25
M� at solar metallicity, in reasonable agreement with predictions from recent
stellar evolutionary models (Fig. 2.4). If the star is even more massive it may
be prevented from becoming a RSG in the first place, as it becomes luminous
enough to reach its Eddington limit. Such a star is unstable and thought to be-
come a Luminous Blue Variable (LBV). In the standard scenario, the hydrogen
envelope is eventually expelled and the star ends its life as a WR star, but the
physics of the LBV phase is not well known.

2.1.5 Binary evolution

Whereas the evolution of isolated stars is completely determined by their ini-
tial conditions, the situation is different in a binary system, in which case the
evolution also depends on the initial separation and the mass ratio of the com-
panions. As shown in simulations of collapsing turbulent molecular clouds
(e.g. Bate, 2009), multiplicity is an inherent part of the star formation process,
and according to observations, the fraction of massive stars in close binary
systems is likely more than 50 percent (e.g. Kobulnicky & Fryer, 2007), so
this evolutionary path may even dominate the production of SNe. If a star
in a binary system is large enough to fill its Roche lobe (the gravitationally
bound region), matter will start to flow onto the companion star through the
L1 (Lagrange) point. Depending on when this happens the mass transfer is

1In practice, the physics is more complicated, and the luminosity depends on sev-
eral factors as e.g. the energy transport.
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categorized (e.g. Podsiadlowski et al., 1992) as Case A (during core hydrogen
burning), B (after core hydrogen burning), or C (after core helium burning).
As stars on the main sequence are relatively compact and expand at the end of
core hydrogen burning, Case B and C mass transfer are expected to be more
common, and as the more massive star evolves faster, and is the first to expand,
it will typically become the donor star. One of the most important effects of
binary evolution is to increase the mass lost by the donor stars, which allows
for a population of hydrogen free or poor stars at lower initial masses than
would otherwise be possible (e.g. Eldridge et al., 2008; Podsiadlowski et al.,
1992). If the donor star overfills its Roche lobe the system may enter common
envelope evolution (CEE), which leads either to ejection of the envelope (or
parts of it) or to a merger of the system. Clearly, binary evolution is complex
and modelling has to be simplified. Keeping this caveat in mind, the effect of
it on the observed stellar populations and the progenitors of SNe have lately
been modelled and discussed in a number of papers (e.g. Eldridge et al., 2008;
Yoon et al., 2010).

2.2 Core-collapse supernovae

Contrary to stars, SNe are non-equilibrium, highly dynamical phenomena. Ini-
tially, a strong shock powered by the gravitational energy released in the core-
collapse unbinds the envelope. The hot ejecta expand and cool on the dynam-
ical time-scale, ranging from minutes to hours, and when the energy becomes
dominantly kinetic, the ejecta enter a state of free-coasting, homologous ex-
pansion. As the ejecta expand, the dynamical time-scale increases and at some
point, the relevant time-scale becomes the diffusion-time for radiation, rang-
ing from weeks to months. This is the phase when SNe are most commonly
observed, and their characteristic lightcurves and spectra depend on the explo-
sion energy, the mass and mixing of the radioactive material, and the mass,
composition and radius of the progenitor star. As the ejecta continue to ex-
pand the gas eventually becomes transparent, and the subsequent evolution is
governed by the time-scale for the dominant radioactive decay, which is ini-
tially that of 56Co with a half-life of 111 days. The evolution of SNe can be
simulated using radiation hydrodynamics (Sect. 6.1), and in Sects. 6.3.1 and
6.2.1 we describe the HYDE and JEKYLL codes, used in this work to model
lightcurves and spectra, respectively. In this section, the evolution of SNe from
core-collapse to the nebular phase is reviewed in Sects. 2.2.2-2.2.6. CSM inter-
action, which is ignored in these sections, is discussed separately in Sect. 2.2.7.
Finally, the connection between SNe and their progenitor stars are discussed
in Sect. 2.2.8. But first, following the outline in Sect. 2.1, let us turn to the
observational properties of SNe.
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Figure 2.5: Optical pseudo-bolometric lightcurve before 150 days for SNe
1999em (Type IIP), 2010jl (Type IIn), 2009kr (Type IIL), 1993J (Type IIb),
2009jf (Type Ib), and 2007gr (Type Ic). The figure is based on data collected
from the literature and unpublished data for SN 2009kr reduced by the author of
this thesis.

2.2.1 Observed properties

In the absence of neutrino detectors, the collapse of the core would pass unno-
ticed by an observer of the star. The shock that will disrupt the star may take
several hours to reach the surface, and the breakout of the radiation marks the
beginning of the observed event. Initially, the SN is hot, dense, and opaque
and we observe the conditions in the outermost layers. Subsequently, the SN
cools and expands, the photosphere recedes in the ejecta, and gradually reveals
the interior of the exploded star. Finally, the SN gets optically thin, and con-
trary to stars, we are able to see the inner regions where the heavy elements
synthesized by nuclear burning reside.

SNe are classified by their observed lightcurves and spectra according
to a scheme that has gradually emerged during the second half of the 20th
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Figure 2.6: Optical spectral evolution before 150 days for SNe 1999em (Type
IIP), 2010jl (Type IIn), 2009kr (Type IIL), 1993J (Type IIb), 2009jf (Type Ib),
and 2007gr (Type Ic). The most important hydrogen (red), helium (blue), calcium
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figure is based on data collected from the literature and unpublished data for SN
2009kr reduced by the author of this thesis. 25



century (Filippenko, 1997). Originally they were divided into Type I and II
(Minkowski, 1941) by the absence (Type I) or presence (Type II) of hydrogen
lines in their spectra. The Type I SNe were subsequently divided into Type Ia
and Ib SNe (e.g. Elias et al., 1985), the vast majority belonging to the very ho-
mogeneous Type Ia class characterized by the presence of a strong Si II 6150
Å line in their spectra. Today these SNe are known to arise from thermonu-
clear explosions and will not be discussed further in this work. The Type Ib
SNe showed a greater variety in observed properties, and the Type Ic class was
introduced (Wheeler & Harkness, 1986) to separate those with helium lines in
their spectra (Type Ib) from those without (Type Ic). The Type II SNe were
subsequently divided into Type IIP and IIL SNe (Barbon et al., 1979), depend-
ing on the presence of a plateau phase in their lightcurves (Type IIP), or if their
lightcurves showed a more linear decline (Type IIL). Later the subclass Type
IIn was introduced for Type II SNe that showed narrow lines in their spectra
(Schlegel, 1990). The transitional class Type IIb, which is the topic of this the-
sis, was introduced for SNe which showed a spectral transition from Type II
at early times to Type Ib at later times (e.g. Woosley et al., 1994). In practice,
classification of SNe is more elaborate than described here, and is usually done
by cross-correlation of spectra to those of already classified SNe, using tools as
SNID (Blondin & Tonry, 2007) and Gelato (Harutyunyan et al., 2008). There
is also a growing number of new subtypes, partly driven by the huge amount
of data obtained by transient surveys like the Palomar Transient Survey (PTF).

Type IIP and IIL SNe Figures 2.6 and 2.5 show optical spectra and pseudo-
bolometric lightcurves, respectively, for the Type IIP SN 1999em (upper left
panel; e.g. Hamuy et al., 2001) and the Type IIL SN 2009kr (middle left
panel; e.g. Paper i). Other well observed objects are the Type IIP SNe 2004et
(Maguire et al., 2010) and 2009md (Paper ii), and the Type IIL SNe 1979C
(e.g. de Vaucouleurs et al., 1981) and 1990K (Cappellaro et al., 1995). At early
times the spectra of Type IIP and IIL SNe are characterized by strong, broad
hydrogen lines superimposed on a blackbody-like continuum, whereas at later
times, lines from heavier elements as calcium and iron increase in strength
and the spectra become more complex, in particular bluewards ∼5000 Å. The
lightcurves of Type IIP SNe are characterized by a plateau phase with a near
constant luminosity, followed by a drop onto a tail with a higher decline rate,
typically close to the decay rate of 56Co, whereas the lightcurves of Type IIL
SNe are characterized by a more linear decline onto a tail with a decline rate
which is typically higher than the decay rate of 56Co. However, as noted by
several studies (e.g. Anderson et al., 2014), the characteristics of Type IIP and
IIL lightcurves might rather represent a continuum of events than two separate
classes.
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Type Ib and IIb SNe Figures 2.6 and 2.5 show optical spectra and pseudo-
bolometric lightcurves, respectively, for the Type Ib SN 2009jf (lower left
panel; Valenti et al., 2011) and the Type IIb SN 1993J (lower right panel; e.g.
Lewis et al., 1994). Other well observed objects are the Type Ib SNe 1999ex
(e.g. Stritzinger et al., 2002) and 2008D (e.g. Mazzali et al., 2008), and the
Type IIb SNe 2008ax (e.g. Taubenberger et al., 2011) and 2011dh (e.g. Papers
II and III). The spectra of Type Ib SNe are characterized by the absence of
hydrogen lines and the presence of broad lines from helium as well as from
heavier elements such as calcium, oxygen, and iron, whereas the spectra of
Type IIb initially show strong broad hydrogen lines, which gradually disap-
pear with time. The lightcurves of Type Ib SNe are characterized by an initial
rise to a luminosity peak followed by a decline onto a tail with a decline rate
which is typically higher than the decay rate of 56Co, whereas the lightcurves
of Type IIb SNe typically show an initial phase of decline preceding the rise to
peak luminosity.

Type Ic SNe Figures 2.6 and 2.5 show optical spectra and pseudo-bolometric
lightcurves, respectively, for the Type Ic SN 2007gr (lower right panel; Hunter
et al., 2009). Examples of other well observed Type Ic SNe are 1994I (Rich-
mond et al., 1996) and 2004aw (Taubenberger et al., 2006). The spectra of
Type Ic SNe are characterized by the absence of hydrogen and helium lines
and the presence of lines from heavier elements such as oxygen and calcium.
The lightcurves of Type Ic SNe are similar to those of Type Ib SNe, although
the rise time for Type Ic SNe seems to be shorter than for Type Ib SNe (Taddia
et al., 2015). Some Type Ic SNe show exceptionally broad lines and constitute
a subclass known as hypernovae or broad-lined Type Ic (BL-Ic) SNe, and some
of these, in turn, are associated with long-duration γ-ray bursts (GRB), as was
the case for SN 1998bw and GRB 980425 (Galama et al., 1998). Distinguish-
ing between Type Ib and Type Ic SNe is not always easy, and ambiguous cases
such as SN 1999ex (Stritzinger et al., 2002) exists. Whether helium is really
absent in Type Ic SNe, or just not visible in their spectra, is still debated.

Type IIn SNe Figures 2.6 and 2.5 show optical spectra and pseudo-bolometric
lightcurves, respectively, for the Type IIn SN 2010jl (lower left panel; Paper
vii). Examples of other well observed Type IIn SNe are 1998S (e.g. Fassia
et al., 2001, 2000), 1988Z (e.g. Turatto et al., 1993) and 2009kn (Paper iv).
Similar to other Type II SNe, the spectra of Type IIn SNe are characterized by
strong hydrogen lines. However, the width of the lines is much narrower, al-
though a broad component may also be present and the narrow component may
eventually disappear. The narrow lines are generally thought to originate from
a dense CSM, and the lightcurves of Type IIn SNe are thought to be powered
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by circumstellar interaction (CSI). Type IIn SNe show a great variety, both in
their spectra and their lightcurves, and as discussed by Taddia et al. (2013),
the observed properties seem to group in several distinct categories, suggest-
ing multiple progenitor channels for this type of SNe. For 1998S-like Type IIn
SNe, the narrow-line signature in the spectra disappear rather quickly and the
lightcurves decline relatively fast, whereas for 1988Z-like Type IIn SNe, this
signature may persist for years and the evolution of the lightcurve may be very
slow, suggesting that the CSM surrounding these two types of IIn SNe is quite
different.

2.2.2 Core-collapse

As mentioned in Sect. 2.1, the star reaches the verge of core-collapse when
the degenerate iron-core exceeds the Chandrasekhar mass of ∼1.4 M�. The
equation of state then becomes marginally stable (γ = 4/3), and as several pro-
cesses, e.g. photo-disintegration of iron and electron capture by protons, act to
lower the pressure, the collapse is inevitable. The collapse proceeds roughly on
the free-fall time-scale (∼50 ms for the iron core of the 15 M� MESA model)
and halts at nuclear density, where the repulsion from the strong force sets in.
The sudden deceleration of the infalling material creates a powerful shock-
wave that propagates outwards through the collapsing core. However, during
the passage, the shock suffers severe energy losses, e.g. by photo-disintegration
of iron, and loses strength. Simulations show that a prompt explosion caused
by the nuclear bounce is likely to fail, although the outcome depends on the
poorly known nuclear equation of state. On the other hand, the gravitational
energy released in the collapse (∼3×1053 erg for the iron core of the 15 M�
MESA model), is more than enough to explode the star. Most of this energy is
carried by neutrinos, which are trapped in the core as the diffusion-time soon
becomes longer than the free-fall time scale. The proto-neutron star there-
fore has a high lepton fraction, and once the neutrinos start to diffuse out,
they could re-energize the shock. Simulations show that this mechanism could
produce successful explosions of 8-10 M� stars with O/Ne/Mg cores (e.g. Ki-
taura et al., 2006). Hydrodynamical instabilities like those produced by stand-
ing accretions shocks are also likely to play a role. In this case, inward and
outward flows may co-exist, a situation prohibited in the spherical symmetric
case. Some multi-dimensional simulations have successfully exploded stars
with iron cores up to ∼30 M� (Müller et al., 2012), but the results are dis-
puted and there is not yet consensus about how the shock survives the passage
through the iron core.
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Figure 2.7: Shock propagation in the hydrogen envelope as calculated with
HYDE for an explosion of the 15 M� MESA model. The mass cut (Sect. 6.2.1)
was located at 1.5 M� and the explosion energy was 1051 erg. The evolution of
the density (upper left panel), pressure (upper right panel) and velocity (lower
left panel) profiles are shown as solid lines, colour-coded from red (early) to blue
(late), and the initial density and pressure profiles and the quantity ρr3 (lower
right panel) are shown as black solid lines. The hydrogen envelope boundaries
have been marked with black dashed lines and the Rayleigh Taylor unstable re-
gion in light gray.

2.2.3 Shock propagation

Once the shock escapes from the iron core, it propagates through the star, ac-
celerating the ejecta to high speeds and heating the gas to high temperatures.
At the explosion energies of ∼1051 erg observed in SNe, the shock becomes
strong and radiation dominated, and behind it the energy is equally partitioned
into thermal and kinetic energy. In the silicon-sulfur zone the temperature be-
comes high enough for explosive nucleosynthesis to occur in conditions close
to NSE, giving rise to a zone rich in 56Ni and helium, but also containing other
radioactive isotopes like 57Ni and 44Ti, and in Papers III and ix we refer to this
zone as the Fe/Co/He zone1. The explosive nucleosynthesis may also affect

1Named after 56Fe and 56Co, the decay products of 56Ni.
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the inner parts of the oxygen-rich zones, in which case the material is burnt
mainly into 28Si and 32S, but otherwise the composition of the pre-supernova
star is unaltered. The evolution of the shock velocity is determined by the
density profile, and if the quantity ρr3 decreases, the shock accelerates, and
otherwise it decelerates. Typically, the density of pre-supernova stars drops
quickly near the interfaces between the carbon-oxygen core, the helium enve-
lope, and the hydrogen envelope as well as near the surface, where the shock
accelerates. In the helium and hydrogen envelopes the density decrease more
slowly and the shock decelerates. This is exemplified in Fig. 2.7, which shows
the propagation of the shock as calculated with HYDE for an explosion of the
15 M� MESA model. The deceleration creates a reverse shock travelling in-
wards in mass coordinates, and as seen in Fig. 2.7, this gives rise to a region
near the interface between the helium and hydrogen envelopes where the pres-
sure and density gradients have opposite signs. This situation is reminiscent
of a denser fluid on top of a lighter one in a gravitational field, and gives rise
to Rayleigh-Taylor instabilities. Multidimensional simulations show that these
and other hydrodynamical instabilities lead to extensive mixing of the nuclear
burning material (e.g. Hammer et al., 2010), and the onion like structure of the
pre-supernova star is only partly retained.

2.2.4 Shock breakout

Once the optical depth gets low enough for the radiation to diffuse faster than
the shock propagates (τ ∼ c/vs), the radiation will break out from the shock.
Usually this happens close to the photosphere of the star and marks the begin-
ning of the observed event. As the temperature behind the shock is very high,
this results in a luminosity spike, mainly in the form of X-rays and UV emis-
sion. Because of the brief time the event lasts observations are rare, but are
sometimes serendipitously obtained, as in the case of the Type Ib SN 2008D,
for which a short (∼400 s) X-ray burst was observed by SWIFT (Soderberg
et al., 2008).

2.2.5 Diffusion phase

The subsequent evolution is governed by the diffusion of the thermal energy
deposited in the ejecta by the shock and continuously by the radioactive de-
cays, and by expansion cooling. The shape of the lightcurve is determined
by the explosion energy, the mass and distribution of the radioactive material,
and the mass, radius, and composition of the exploding star. The basic princi-
ples might be understood from approximate models such as the ones by Arnett
(1980, 1982) and Imshennik & Popov (1992). If the radius is small, the ther-
mal energy deposited by the shock is quickly cooled away by expansion, and
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Figure 2.8: Progression of model bolometric lightcurves calculated with HYDE
for a series of 15 M� MESA models with the mass-loss adjusted to yield final
masses of 11.0, 8.0, 6.0, 5.0, 4.8, 4.6, 4.4, 4,2, 4.1, 4.05 and 4.0 M�, colour coded
from blue (11.0 M�) to red (4.0 M�). The mass cut (Sect. 6.2.1) was located at
1.5 M�, the explosion energy was 1051 erg, and the mass of 56Ni was 0.1 M�.
This figure is the same as Fig. 2 in Paper IV.

the diffusion phase lightcurve is mainly powered by the radioactive decays,
dominated in this phase by the decay chain of 56Ni. This is likely the case for
Type Ib and Ic SNe, thought to originate from compact stars with radii of a few
R� that have lost their hydrogen envelopes, either due to stellar winds or bi-
nary interaction. If the radius is large, the diffusion phase lightcurve is mainly
powered by the thermal energy deposited by the shock, which is likely the case
for Type IIP and Type IIL SNe, thought to originate from RSGs with radii of
several hundred R�. If the radius is intermediate, or if the mass of the enve-
lope is low, the explosion-energy powered phase may last for a couple of days,
after which the SN enters the radioactively powered phase. This is the likely
the case for 1987A-like SNe, thought to arise from BSGs with radii of ∼50
R�, and Type IIb SNe as 1993J and 2011dh, thought to arise from YSGs with
extended (several hundred R�) but low-mass hydrogen envelopes. Reverse en-
gineering of the physical properties of the progenitor star from the observed
properties of the lightcurves is possible, and has been attempted in this work
for Type IIb SNe in general and SN 2011dh in particular (Papers III, IV and iii).
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The observed properties of SNe during the diffusion phase are strongly
linked to the mass lost by the progenitor star, and it has been suggested (e.g.
Nomoto et al., 1995) that the sequence of SN types IIP, IIL, IIb, Ib and Ic, cor-
responds to the progressive stripping of the hydrogen and helium envelopes.
Figure 2.8 shows model bolometric lightcurves calculated with HYDE for the
explosions of a series of 15 M� MESA models with the mass-loss adjusted to
produce final masses ranging from 11.0 to 4.0 M�. The size of the helium core
is about 4 M�, so the sequence of models corresponds to the progressive strip-
ping of the hydrogen envelope, and the shapes of the model lightcurves corre-
spond well to those observed for Type IIP, IIL, IIb and Ib SNe (Fig. 2.5). Dur-
ing the diffusion phase, the radiation field is thermalized in the inner, opaque
region, and the SED is that of a blackbody modified mainly by scattering and
fluorescence in the outer, optically thin region. Redwards∼5000 Å the SED is
reasonably approximated by a blackbody continuum with superimposed broad
P-Cygni profiles, e.g. from Ca II 8498,8542,8662 Å, produced by line scatter-
ing in the expanding atmosphere, whereas bluewards ∼5000 Å line scattering
and fluorescence in a large number of iron-group lines reduce the flux con-
siderably (see Paper I with respect to SN 2011dh). The level populations are
mainly determined by the strong radiation field, but the high-energy electrons
arising from the radioactive decays are important to populate the levels of some
ions like He I (Lucy, 1991). Therefore, the He I lines observed in SN 2011dh
(Paper I) and other SNe depend strongly on the mixing of the radioactive 56Ni,
and the absence of these in Type Ic SNe may not be due to a real absence of
helium (Dessart et al., 2012, but see Taddia et al., 2015). Due to the shrink-
ing size (in mass coordinates) of the opaque region, the contribution from line
emission arising from the optically thin region increases with time, and the
SED gradually transforms into one dominated by optically thin line emission.

2.2.6 Nebular phase

As the SN cools and expands, the optical depth decreases, and at some point
the photosphere disappears and the SN becomes mainly transparent. In this
phase the thermal explosion energy has diffused away, and the SN is powered
by the radioactive decays. The diffusion time is negligible, and as long as
the time-scales of other processes involved are short compared to that of the
dominant radioactive decay, the luminosity equals the radioactive energy de-
position. If the ejecta are opaque to the γ-rays (and/or positrons) emitted in
the radioactive decays, the luminosity declines with the rate of the dominant
radioactive decay, and otherwise with a higher rate, because the optical depth
decreases as the ejecta expand. The optical depth depends on the mass of the
ejecta and the explosion energy, and typically Type IIP SNe, thought to arise
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from RSGs with massive hydrogen envelopes, decline with the decay rate of
56Co, whereas stripped envelope (Type Ic, Ib and IIb) SNe such as 2011dh,
decline with a higher rate. The first ∼500 days the radioactive energy depo-
sition is dominated by the decay of 56Co with an e-folding time of 111 days,
subsequently followed by the decays of 57Co and 44Ti with e-folding times of
392 days and 87 years, respectively1. In the nebular phase the SED becomes
dominated by line emission, where the high-energy electrons arising from the
radioactive decays drive the level populations away from local thermal equi-
librium (LTE). This is contrary to early times, when the degree of ionization
is high and the high-energy electrons mainly contribute to the heating of the
gas (Kozma & Fransson, 1992). This contribution is still important, however,
and most of the important lines are either thermally excited or caused by re-
combination (Paper ix). The flux of lines arising from the nuclear burning
zones is sensitive to the masses of these zones, which in turn are linked to
the initial mass of the progenitor star (Sect. 2.1.4). This is exemplified by the
[O I] 6300, 6364 Å line, which mainly originates from the oxygen-rich nuclear
burning zones, and from which the initial mass was estimated for SN 2011dh
in Paper ix (but see also Paper v). As the radioactive isotopes decay, the tem-
perature decreases, and eventually becomes low enough for chemical reactions
to take place. In particular, carbon monoxide (CO), silicon monoxide (SiO),
and carbon- and silicon-based dust may form in the ejecta, and these reactions
most naturally occur in the O/C and O/Si/S zones. Molecular emission and ab-
sorption/emission by dust have been reported for a number of SNe, including
SN 2011dh (Paper III).

2.2.7 Circumstellar interaction

Once the shock escapes from the stellar surface it continues to propagate in
the surrounding circum-stellar medium (CSM). As before, the propagation of
the shock is determined by the density profile of the CSM, which for a con-
stant mass-loss rate is proportional to r−2. Therefore, the shock is typically
decelerated, and as at the compositional interfaces, a reverse shock propagat-
ing backwards into the ejecta is formed. The forward shock heats the CSM
to high temperatures and gives rise to X-ray and radio emission, which have
been observed for many nearby SNe, including SN 2011dh (e.g. Soderberg
et al., 2012). If the CSM is dense enough it might become opaque and hide the
ejecta, and the spectrum of the SN may resemble a black-body like continuum
with super-imposed narrow lines from the surrounding less-dense CSM, as is
the case for many Type IIn SNe. An example of such a SN is the bright SN
2010jl (e.g. Paper vii), which even at ∼1100 days showed no signs of broad

1These decays occurs in chains, see Sect. 6.1.10 for details.
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Figure 2.9: SN rates for the volume limited Lick Observatory Supernova Search
(LOSS) sample (left panel). The same SN rates as mapped onto a standard Initial
Mass Function (IMF) with Γ =−2.35, assuming core-collapse to occur for stars
with an initial mass above 8 M�. The figure is based on data from Smith et al.
(2011).

lines and emission from the SN ejecta. The deceleration of the shock also con-
verts the kinetic energy of the ejecta into thermal energy, providing an energy
source that could power the lightcurves of the SN. A wide range of scenarios,
depending on the morphology of the CSM are possible, which is likely the
cause of the great variety observed for Type IIn SNe.

2.2.8 The SN-progenitor connection

In spite of the quite mature knowledge of stellar evolution and CC SNe, the
connection between the observed properties of CC SNe and their progenitor
stars is still, in part, a puzzle. There are several reasons for this, like the rel-
atively poorly understood physics of the core-collapse and mass-loss, which
prevent consistent modelling from proto-star to SN. On the other hand, there
is a growing understanding, not the least due to the growing number of pro-
genitor stars discovered in pre-explosion images. Such observations are only
feasible for nearby SNe and normally require HST imaging to identify the star,
but allow the physical parameters (e.g. initial mass and radius) to be estimated
through comparison with stellar evolutionary models. Due to its proximity,
such an analysis was possible for the progenitor star of SN 2011dh (Paper I),
and the identification of it (which is not trivial) was also confirmed through
its disappearance (Paper II). Type IIP SNe most likely originate from RSGs, a
conclusion supported by modelling of the observed properties of both the SNe
(e.g. Utrobin, 2007) and their progenitor stars (Smartt et al., 2009). Reverse
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engineering of their initial masses have proved more difficult and results ob-
tained from the SNe and their progenitor stars are not entirely consistent (e.g.
Maguire et al., 2010). Mass-loss rates increase with initial mass, and keep-
ing in mind the uncertainties discussed in Sects. 2.1.3 and 2.1.4, isolated stars
with initial masses .25 M� are expected to end their lives as RSGs at solar
metallicity. As the initial mass function (IMF) is a quite strongly decreasing
function of initial mass, we would therefore expect the vast majority of SNe
to be Type IIP. Figure 2.9 shows the SN type fractions as determined from the
volume limited Lick Observatory Supernova Search (LOSS) sample (Li et al.,
2011; Smith et al., 2011), and as expected, Type IIP SNe are by far the most
common. However, mapping these fractions onto a standard IMF, and adopt-
ing a lower limit of 8 M� for the progenitors of CC SNe, the fraction of Type
II (excluding Type IIb) SNe, only accounts for stars with initial masses .15
M�, which is significantly lower than the .25 M� expected for isolated stars.

Type IIb SNe are discussed in Sect. 3, and with respect to SN 2011dh in
Sect. 4. Results from modelling of the SN observations (e.g Papers IV and ix)
and the progenitor observations (e.g. Paper I) are all consistent, and suggests
that a large fraction of their progenitor stars have initial masses .15 M�. Sim-
plified lightcurve modelling of Type Ib and Ic SNe (e.g Lyman et al., 2014)
suggests that a large fraction of their progenitor stars have initial masses .25
M�, whereas direct observations of these have mostly been unsuccessful (El-
dridge et al., 2013). Recently, however, a source coincident with the Type Ib
PTF13bvn was discovered (Cao et al., 2013), which appears to be consistent
with a binary system (e.g. Eldridge et al., 2015), and for which modelling of
the SN observations suggests an initial mass .15 M� (e.g. Paper viii). Al-
though mass-loss rates are quite poorly known and rotation could boost these
significantly, an appealing explanation for the seemingly modest initial masses
for stripped envelope SNe is that a large fraction originate from interacting bi-
nary systems (Sect. 2.1.5). This idea is particularly well supported for Type
IIb SNe, given the tight constraint on their initial masses (Paper IV), and the
binary companions detected for SN 1993J (e.g. Maund et al., 2004), and pos-
sibly for SN 2011dh (Folatelli et al., 2014a). However, contrary to Type IIP
SNe, some stripped-envelope SNe show clear evidence to originate from more
massive stars, in agreement with expectations from theory. In particular such
evidence is observed for the broad-lined Type Ic SNe, but also for some Type
Ib and IIb SNe (e.g. SN 2003bg; Mazzali et al., 2009, Paper IV). There is
also growing evidence that at least some of the Type IIn SNe (e.g. SN 2010jl;
Paper vii) originates from massive Luminous Blue Variables (LBVs), further
supported by the detection and subsequent disappearance of a LBV-like pro-
genitor for SN 2005gl (Gal-Yam & Leonard, 2009). Clearly, binary evolution
complicates an already difficult problem, and the SN-progenitor connection
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will remain an important area of research for a long time to come. To in-
vestigate the connection between Type IIb SNe and their progenitor stars, in
particular with respect to SN 2011dh, has been the primary objective of this
thesis.
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3. Type IIb SNe

Type IIb SNe are characterized by a spectral transition from Type II (with a
hydrogen signature) to Type Ib (with a helium signature, but lacking a hydro-
gen signature). The lightcurves are similar to those of Type Ib SNe, but often
an early decline phase, which can last for up to ∼10 days, is observed. The
progenitor stars for these SNe are thought to have lost most, but not all, of their
hydrogen envelopes, a conclusion supported by modelling of their lightcurves
and spectra, as well as direct observations of their progenitor stars. What is
less clear, however, is how the hydrogen envelope was expelled. This could
be explained, either with stellar winds (Sect. 2.1.3), or with binary interaction
(Sect. 2.1.5). In the case of the prototypical Type IIb SN 1993J, a binary inter-
action scenario is most likely, and supported by the detection of blue compact
companion star (Fox et al., 2014; Maund et al., 2004).

3.1 Progenitor observations

Naively, direct observations would be the best way to determine the proper-
ties of the progenitor stars. However, such observations are rare, sometimes
of low quality, and may suffer from a number of uncertainties (e.g. blending
with other sources and extinction from circumstellar dust). From the measured
magnitudes, the effective temperature, radius, and luminosity can be deter-
mined using stellar atmosphere models, which in turn can be used to deter-
mine the initial mass through comparison to results from stellar evolutionary
modelling. For SNe 1993J (Aldering et al., 1994; Cohen et al., 1995), 2008ax
(Crockett et al., 2008), 2011dh (Paper I; Van Dyk et al., 2011) and 2013df
(Van Dyk et al., 2014), stars coincident with the SNe have been identified in
pre-explosion images. In the case of SNe 1993J (Maund & Smartt, 2009)
and 2011dh (Paper II; Van Dyk et al., 2013), late-time post-explosion imaging
has also confirmed that these were the progenitor stars, as the remaining flux
has dropped below the pre-explosion level. The identified progenitor stars for
SNe 1993J, 2011dh, and 2013df were all found to be YSGs with temperatures
between 4250 to 6000 K and radii ranging from 270 to 651 R�. Their lumi-
nosities, ranging from 104.92 to 105.1 L�, were also found to be similar, and
compared to the end-points (pre core-collapse) luminosities of model stellar
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Figure 3.1: Optical to NIR pseudo-bolometric lightcurves before 100 days for
the Type IIb SNe 1993J (black circles), 1996cb (red circles), 2003bg (green cir-
cles), 2008ax (blue circles), 2011dh (yellow circles), 2011ei (black squares),
2011fu (red squares), 2011hs (green squares), and 2013df (blue squares). The
figure is based on the same data, and the pseudo-bolometric lightcurves were
calculated with the same procedure, as in Paper IV.

evolutionary tracks, they correspond to initial masses between ∼12 and ∼15
M�. This method is discussed in more detail with respect to SN 2011dh in
Sect. 4.1. In the case of SN 2008ax, the analysis of the pre-explosion ob-
servations was not conclusive regarding the nature of the identified star. As
previously mentioned, in the case of SN 1993J (Fox et al., 2014; Maund et al.,
2004), and possibly SN 2011dh (Folatelli et al., 2014a), a blue compact com-
panion star, blended with the fading SN, has been detected in post-explosion
observations.

3.2 SN Observations

According to our current knowledge, Type IIb SNe consist of a low-mass, and
likely extended, hydrogen envelope surrounding the helium core, which in turn
surrounds the inner core, consisting mainly of the oxygen-rich burning zones
(Sect. 2.1.2). At shock breakout the hydrogen envelope is ionized, opaque,
and has been heated to high temperatures by the shock, and the cooling of this
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envelope determines the early evolution (Paper IV). Once the photosphere has
receded through the hydrogen envelope the helium core is uncovered, and the
energy deposited by the radioactive decays begins to diffuse out through the
ejecta. Finally, when the photosphere has receded through the helium enve-
lope, the ejecta quickly become transparent and the inner, oxygen-rich core is
revealed. Observations obtained in the cooling, diffusion, and nebular phases
may be used to estimate the characteristics of the hydrogen envelope, the he-
lium core and the inner, oxygen-rich core, respectively, and below we discuss
each phase with respect to the observations and the modelling of Type IIb SNe
available in the literature. The Type IIb SNe which have been individually
studied are SNe 1993J (e.g. Lewis et al., 1994), 1996cb (e.g. Qiu et al., 1999),
2003bg (e.g. Hamuy et al., 2009), 2008ax (e.g. Taubenberger et al., 2011),
2010as (Folatelli et al., 2014b), 2011dh (e.g. Paper II and III), 2011ei (Mil-
isavljevic et al., 2013), 2011fu (Kumar et al., 2013), 2011hs (Bufano et al.,
2014), and 2013df (Van Dyk et al., 2014). Photometry and spectroscopy for
14 additional Type IIb SNe (2001gd, 2004ex, 2004ff, 2005Q, 2006T, 2006ba,
2006bf, 2006el, 2008aq, 2008bo, 2008cw, 2009K, 2009Z, and 2009dq) have
been published as part of surveys in Drout et al. (2011), Modjaz et al. (2014),
Bianco et al. (2014) and Stritzinger et al. (2015). The latter presents observa-
tions of stripped envelope SNe from the Carnegie Supernova Project (CSP),
and the 10 Type IIb SNe from this sample1, together with 9 of the aforemen-
tioned individually studied SNe, provide the observational basis for the sam-
ple study in Paper IV. Figure 3.1 shows the optical to NIR pseudo-bolometric
lightcurves before 100 days for the individually studied SNe in the sample,
and as seen, they span a quite large range in luminosity, whereas the shape of
the lightcurves are, in most cases, fairly similar. Being the most nearby SNe,
1993J, 2011dh, and 2008ax have the best coverage both in wavelength and
time, as well as the best quality of the data, and all of these also have their
progenitor stars identified in pre-explosion images (Sect. 3.1).

3.2.1 The cooling phase (and the hydrogen envelope)

Out of the individually studied Type IIb SNe, 1993J, 2011dh, 2011fu, 2011hs,
and 2013df all show an initial phase of decline, and the lack of such a phase
for the other SNe could be explained by insufficient coverage, although the
duration has to be very short (∼1 day) for SN 2008ax. At shock breakout, the
ejecta consist of the (relatively) cool and expanded helium core surrounded by
the hot and compressed hydrogen envelope, and the subsequent evolution is de-
termined by the cooling and expansion of this envelope (Paper IV). Figure 3.2
shows a refined version of Fig. 2.8, where the mass-loss has been adjusted to

1Out of which 2 were excluded due to bad sampling of the lightcurves.
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Figure 3.2: Progression of model bolometric lightcurves calculated with HYDE
for the 15 M� MESA model with the mass-loss adjusted to yield a final mass of
4,2, 4.15, 4.1, 4.05 4.025, and 4.0 M�, colour coded from blue (4.2 M�) to red
(4.0 M�). This figure is the same as the upper left panel of Fig. 9 in Paper IV.

yield final masses ranging from 4.2 to 4.0 M�, and the extent of the cooling
phase decreases quite strongly with the mass of the hydrogen envelope. This is
because the thermal energy deposited in the envelope decreases with the mass
of it, and so does the radius of the progenitor star, which in turn determines the
time-scale for expansion cooling (Paper IV). Knowing the helium-core mass
and the SN parameters (explosion energy and mass and mixing of the 56Ni), the
characteristics of the hydrogen envelope can be estimated by hydrodynamical
modelling of the cooling phase lightcurve (Paper IV and iii). A radius between
∼300 and ∼600 R� and a mass of ∼0.2 M� were estimated for the hydrogen
envelope of SN 1993J (e.g. Shigeyama et al., 1994; Utrobin, 1994; Woosley
et al., 1994), and as discussed further in Sect. 4, a similar extended and low-
mass hydrogen envelope was inferred for SN 2011dh (Paper iii). These results
are consistent with the radii estimated from direct observations of the YSG
progenitor stars in pre-explosion images (Sect. 3.1).
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Figure 3.3: Bolometric lightcurve (upper panels) and photospheric velocity
evolution (middle panels) for the best-fit models for SNe 2011dh (left panels),
2008ax (middle panels), and 1993J (right panels) from Paper IV. Contour plots
showing the (grey-scale coded) standard deviation in the fits, normalized to that
of the best-fit model, projected onto the E-MHe plane, are also shown. These
panels are the same as shown in Fig. 12 in Paper IV.

3.2.2 The diffusion phase (and the helium core)

All Type IIb SNe show a similar evolution during the diffusion phase, with a
rise to peak luminosity followed by a decline onto a tail with a roughly con-
stant decline rate (Fig. 3.1). The length of the diffusion phase and the time
at which peak luminosity occurs are similar for most Type IIb SNe, but some
show a significantly faster (e.g SN 2011hs), and some a significantly slower
(e.g. SN 2003bg) evolution. As can be understood from approximate mod-
els (Arnett, 1982), the rise is driven by the diffusion of the energy deposited
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by the radioactive decay chain of 56Ni, and the peak occurs roughly when the
increasing luminosity equals the decreasing radioactive heating. As demon-
strated in Paper IV, a helium recombination front is receding into the helium
envelope during this period, traced by the thermalization surface and the pho-
tosphere. The evolution of the bolometric luminosity and the position of the
photosphere is mainly determined by the helium-core mass, explosion energy
and mass and distribution of the 56Ni (Paper IV). This fact can be used to es-
timate these parameters, of which the helium-core mass is directly linked to
the initial mass of the progenitor star (Sect. 2.1.4). Such a method was ex-
plored in Paper IV, where a grid of SN models constructed with HYDE was
used to fit the bolometric lightcurves and photospheric velocities for a large
sample of Type IIb SNe (Sect. 3.2). Figure 3.3 shows the fits for SNe 2011dh,
2008ax, and 1993J, and the results from this study and the sample statistics are
discussed in Sect. 3.3, where our current knowledge of Type IIb progenitors
is summarized. Hydrodynamical modelling using similar codes has been at-
tempted for SNe 1993J (e.g. Shigeyama et al., 1994; Utrobin, 1994; Woosley
et al., 1994), 2008ax (Tsvetkov et al., 2009), 2010as (Folatelli et al., 2014b),
2011dh (Paper iii) and 2011hs (Bufano et al., 2014), and the results broadly
agree with those in Paper IV.

The spectral evolution of Type IIb SNe during the diffusion phase is char-
acterised by the aforementioned transition, where the hydrogen lines begin to
fade, and helium lines appear during the rise to peak luminosity. This transi-
tion is driven by the photosphere, receding deeper and deeper into the helium
core, although the strength of the helium lines is sensitive to the mixing of
the radioactive 56Ni (Dessart et al., 2012). The fading of the hydrogen lines
varies quite a bit among Type IIb SNe (e.g. slow for SN 1993J and fast for SN
2008ax), and the strength of these is sensitive to the hydrogen mass. This mass
can be estimated by spectral modelling of the hydrogen lines, as was done for
SN 2011dh by Arcavi et al. (2011) and in Paper II (Sect. 4). As the hydro-
gen lines fade, the location of their absorption minima tends to recede into
the ejecta and gradually approach a minimum velocity, likely corresponding to
the interface between the helium core and the hydrogen envelope (Paper II).
The velocity of this interface is sensitive to the mass of the hydrogen envelope
(Paper IV), varies quite a bit among Type IIb SNe (e.g. low for SN 1993J and
high for SN 2008ax), and might be used to constrain the mass of the hydrogen
envelope.

3.2.3 The nebular phase (and the oxygen-rich core)

Nebular observations have only been published for the Type IIb SNe 1993J,
2003bg, 2008ax, 2010as, 2011dh, and 2011ei. The nebular spectra for SNe
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Figure 3.4: 56Ni normalized O I 6300,6364 flux for SNe 1993J (blue squares),
2008ax (green diamonds) and 2011dh (red circles) as compared to the 12 M�
(12C; red lines), 13 M� (13G; black lines), and 17 M� (17A; blue lines) spectral
models presented in Paper ix. This figure is an edited version of Fig. 15 in Paper
ix, which shows the complete set of models.

1993J, 2008ax, and 2011dh are fairly similar, although differences exist. In
particular SN 1993J was dominated by CSM interaction after ∼300 days,
which gave rise to a strong boxy Hα line and a flattening of the lightcurves.
In this phase the ejecta are more or less transparent and heating, excitation,
and ionization by the non-thermal electrons produced in the radioactive de-
cays drives the evolution. Conspicuous lines are the forbidden [O I] 6300,6364
Å, Mg I] 4571 Å and [Ca II] 7294,7323 Å lines, originating mainly from the
inner core, and the He I 10830 Å and He I 20581 Å lines, originating mainly
from the helium envelop (Paper ix). As mentioned in Sect. 2.2.3, hydrodynam-
ical instabilities arise during the explosion, which in the case of Type IIb SNe
is expected to result in considerable (macroscopic) mixing of the inner core
zones, whereas the helium core would be less affected (Iwamoto et al., 1997).
In a fully mixed and optically thin inner core, the energy deposited in a nuclear
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Figure 3.5: Number of SNe with initial mass in the 10-15, 15-20, 20-25 and
25-30 M� bins for the sample of Type IIb SNe modelled in Paper IV. This figure
is the same as Fig. 16 in Paper IV.

burning zone is proportional to the mass of it1 and the mass of 56Ni. Given this
we would expect the 56Ni normalized flux from e.g. the O I 6300,6364 Å line
to provide a measure of the mass of the oxygen-rich zones, which is directly
related to the initial mass of the star. In practice the situation is more com-
plicated, but in Paper ix the 56Ni normalized flux of the O I 6300,6364 Å line
is used to estimate the initial masses of SNe 1993J, 2008ax and 2011dh by
comparison to spectral models. As shown in Fig. 3.4, these are found to lie in
the 12 to 15 M� range, in agreement with the results obtained from progenitor
observations (Sect. 3.1). Similar but less elaborate modelling was used to es-
timate oxygen masses of ∼0.9 and ∼0.2 M� for SNe 2003bg (Mazzali et al.,
2009) and 2011ei (Milisavljevic et al., 2013), respectively, which correspond
to initial masses of ∼18 and ∼12 M� (Woosley & Weaver, 1995).

3.3 Sample statistics (and the nature of the progenitors)

Sample studies of Type IIb SNe are rare, and so far contain few SNe and use
approximate methods (e.g. Arnett, 1982), as the stripped envelope SNe study

1This only applies if the filling factor is small, which is likely the case for all zones
except the Fe/Co/He zone, which is expected to expand due to radioactive heating.
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by Lyman et al. (2014). In Paper IV a grid of SN models constructed with
HYDE, based on bare helium-core models evolved with MESA, is used to es-
timate the helium-core mass, explosion energy, and the mass and distribution
of the 56Ni for a large sample of Type IIb SNe (Sect. 3.2). The use of bare
helium-core models is a reasonable approximation, but the explosion energy
may be underestimated for SNe with relatively massive hydrogen envelopes.
A number of other short-comings, discussed in Paper IV and Sect. 6.2.1, exist
as well, but in spite of this the modelling is the most detailed and the number
of SNe (17) the largest among sample studies published so far. Examples of
the fits to the observations are shown in Fig. 3.3, and are provided for each
individual SN in Paper IV. Figure 3.5 shows the number of SNe with initial
masses in the 10-15, 15-20, 20-25, and 25-30 M� bins, and the fractions of
SNe with initial masses below 15 and 20 M� are 56 and 81 percent, respec-
tively. Selecting the nine Type IIb SNe from the study by Lyman et al. (2014)
results in similar statistics1. The results from the sample study in Paper IV are
also consistent with those obtained from hydrodynamical modelling of indi-
vidual SNe (Sect. 3.2.2), direct observations of the progenitor stars (Sect. 3.1)
and modelling of nebular spectra (Sect. 2.2.6). In all, there is strong evidence
that a significant fraction of the Type IIb progenitors have initial masses below
∼15 M� and a majority have initial masses below ∼20 M�, which is hard to
reconcile with the mass-loss rates expected for single stars in this mass-range.
Judging from observations of galactic RSGs and WR stars, the turning-point
where the hydrogen envelope is lost occurs at an initial mass of∼25 M� at so-
lar metallicity, in reasonable agreement with recent stellar evolutionary mod-
els (Sect. 2.1.4). As suggested by several authors, binary evolution is a more
promising scenario, where Roche-lobe overflow strips the hydrogen envelope
off the donor star (Sect. 2.1.5).

A sample study also allows for investigations of correlations among the
progenitor and SN parameters to be made. Figure 3.6 shows the explosion
energy versus the helium-core mass (left panel), the mass of 56Ni versus the
helium-core mass (middle panel), and the mass of 56Ni versus the explosion en-
ergy (right panel) for the sample of Type IIb SNe modelled in Paper IV. Judging
from these plots, the explosion energy tends to increase with the helium-core
mass, and the mass of 56Ni tends to increase with the explosion energy and
the helium-core mass. Selecting again the nine Type IIb SNe from the study
by Lyman et al. (2014) similar correlations are found, and a qualitative agree-
ment also exists with similar studies for Type IIP SNe (e.g. Hamuy, 2003).
An increase of the mass of 56Ni with explosion energy is expected as this el-
ement is produced in the explosive nucleosynthesis, and such a trend is also

1Assuming a mass of 1.5 M� for the compact remnant.
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Figure 3.6: Explosion energy versus helium-core mass (left panel), mass of 56Ni
versus helium-core mass (middle panel), and mass of 56Ni versus explosion en-
ergy (right panel) for the sample of Type IIb SNe modelled in Paper IV. Power-
law fits are also shown as red dashed lines. This figure is the same as Fig. 15 in
Paper IV.

predicted by modelling (e.g. Woosley & Weaver, 1995). However, in the case
of more massive stars, considerable amounts of material may fall back onto
the compact remnant (e.g. Woosley & Weaver, 1995), strongly reducing the
amount of 56Ni ejected in the explosion. Such a scenario might be interesting
with respect to SN 2011ei, which is an extreme outlier in the plots, showing
the highest estimated helium-core mass and explosion energy, but the lowest
estimated mass of 56Ni. As mentioned above, and discussed further in Paper
IV, a number of uncertainties exist, in particular with respect to the estimated
explosion energy. Nevertheless, as correlations between the progenitor and SN
parameters potentially provide deep knowledge about stellar evolution and the
explosion mechanism, further work on this issue is well motivated.
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4. SN 2011dh

According to our current knowledge, the story of SN 2011dh begins ∼18 mil-
lions years ago, when the ∼12 M� progenitor star was formed out of a col-
lapsing interstellar cloud. It subsequently evolved along the lines described in
Sect. 2.1, and somehow lost most of its hydrogen envelope before the iron core
collapsed and the SN exploded in May ∼31.5 (UT) 2011. Stellar population
analysis (Murphy et al., 2011) suggests two recent periods of star formation
in the vicinity of SN 2011dh, one occurring less than 6 million years ago,
and one consistent with the estimated age of the progenitor star. Any coeval
star cluster appears to have dissolved, but the presence of a binary companion
formed out of the same interstellar cloud is possible (Folatelli et al., 2014a).
The progenitor star was located in the southeast spiral arm of M51, also known
as the Whirlpool galaxy, and is readily seen in Fig. 4.1, constructed from pre-
explosion images obtained with the Nordic Optical Telescope (NOT). M51
was the first galaxy for which a spiral structure was discovered (Rosse, 1850,
using his 1.8 m speculum metal reflector), and at a distance of about 8 Mpc
(28 million lightyears) it has been a favourite target for both professional and
amateur astronomers. Therefore, it is not surprising that the SN was discov-
ered soon after the explosion by amateur astronomers1 (Griga et al., 2011), and
that pre-explosion imaging of the site was available in the Hubble Space Tele-
scope (HST) archive. A number of publications appeared already during the
first month, and up to date a total number of 28 papers have been published2.
The subjects range from spectral modelling to radio observations of the ex-
panding shock region, and most of the papers provide at least some piece of
data or analysis that helps solving the puzzle. For example Arcavi et al. (2011)
provided the important early time data that was later used in Paper iii to esti-
mate the radius of the progenitor star. The issue of the radius, and whether the
YSG coincident with the SN observed in pre-explosion images (Paper I; Van
Dyk et al., 2011) was actually the progenitor star, was the subject of a quite
intense debate in the early works (as well as at conferences). However, once
the YSG was proven to have disappeared (Paper II; Van Dyk et al., 2013), this
debate faded away, as the observed properties of the star were also shown to

1Amadee Riou, Tom Reiland, Thomas Griga and Stephane Lamotte Bailey.
2Journal papers with SN 2011dh in the title.

47



be consistent with the early lightcurve in Paper iii. In this chapter the current
observational and theoretical knowledge of SN 2011dh is reviewed, and Papers
I-III and ix are placed in their scientific context.

4.1 Progenitor observations

The site of the SN was observed with the HST Wide Field Planetary Camera 2
(WFPC2) using the F336W filter, and by the HST Advanced Camera for Sur-
veys (ACS) using the F435W , F555W , F658N, and F814W filters, on Nov 13
2005 and Jan 20-21 2005, respectively (Paper I; Van Dyk et al., 2011). The
progenitor star was bright enough (mV =21.8 mag) to be detectable with earth-
based telescopes and such pre-explosion imaging exists as well. NOT B, V , and
r-band observations (Paper II) were obtained on May 26 2008 (B) and May 29
2011 (V and r), the latter just∼2 days before the explosion, and repeated Large
Binocular Telescope (LBT) U , B, V , and R-band observations (Szczygieł et al.,
2012) were obtained over a period of∼3 years before the explosion. The mag-
nitudes measured from the NOT and HST images do not differ by much, and
the repeated LBT observations do not show any significant variations, although
a∼5 percent drop in luminosity was observed. The pre-explosion observations
span a period of five years, which would roughly correspond to the oxygen and
later burning stages (Sect. 2.1.2), and it appears that the observed properties of
the star were not affected by the evolution of the core. Comparing the ob-
served magnitudes to stellar atmosphere models (e.g. Kurucz, 1993, see Paper
I), they are found to fit very well with a F8 (Sect. 2.1.1) YSG with an effec-
tive temperature of ∼6000 K, a luminosity of log L/L�∼4.9, and a radius of
∼300 R� (Paper I; Van Dyk et al., 2011). These results, in turn, were used to
estimate an initial mass of∼13 M� using the STARS stellar evolutionary code
(Paper I), where the estimated luminosity was compared to the end-point (pre
core-collapse) luminosity for model stellar evolutionary tracks (Fig. 4.2). As
the physics of mass-loss, which could expel the hydrogen envelope and give
rise to a blueward evolution in the HR-diagram, is relatively poorly understood
even for single stars (Sect. 2.1.3), this method takes advantage of the fact that
the luminosity of the core is relatively unaffected by the evolution of envelope
(Sect 2.1.3). If the temperature is taken into account, and the track closest to
the star in the HR-diagram is selected, as done by Van Dyk et al. (2011), the
estimated initial mass becomes higher (∼18 M�).

Late time observations of the SN site have been obtained with the HST
Wide Field Camera 3 (WFC3) using the F555W and F814W filters on Mar
2 2013 (Van Dyk et al., 2013), with the HST WFC3 using the F225W and
F336W filters on Aug 7 2014 (Folatelli et al., 2014a), and with the HST ACS
using the F435W , F555W , and F814W filters on Aug 10 2014 (Justyn Maund,
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Figure 4.1: Colour composite of M51 and the progenitor star of SN 2011dh
constructed from B, V , and R-band images obtained with the NOT. The insets
show blow-ups of the SN site before (left) and long after (right) the explosion,
and the location of the SN has been marked.
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Figure 4.2: HR-diagram showing stellar evolutionary tracks for 10-26 M� solar
metallicity STARS (Eldridge & Tout, 2004b) models, and the estimated lumi-
nosity and effective temperature for the YSG coincident with SN 2011dh (Paper
I). This figure is an edited version of Fig. 4 in Paper I, which also shows LMC
metallicity models as well as the progenitor stars for other SNe.

private communication). Repeated late time B, V , and r-band observations
were also obtained with the NOT between Jan 20 and Jun 1 2013 (Paper II).
The late time observations prove that the YSG indeed was the progenitor of
SN 2011dh, as the star appears to have disappeared. This is well illustrated
by Figs. 4.1 and 4.3, which show the pre- and post-explosion images obtained
with the NOT, and the pre- and post-explosion SED determined from the HST
observations, respectively. Some uncertainty exists, however, due to the pos-
sible presence of dust in the ejecta (Paper III), which could dim or even hide
the progenitor star. Figure 4.3 also shows the SED for the best fit YSG model,
which suggests that the last set of HST observations may contain a contribution
in the F225W band from a hot compact companion star. However, to conclude
that such a star is present (Folatelli et al., 2014a) seem premature, as it is hard
to estimate the contribution from the SN in this band.
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Figure 4.3: The pre-explosion (black circles; Paper I), 2013 post-explosion (blue
circles; Van Dyk et al., 2013), and 2014 post-explosion (red circles; Folatelli
et al., 2014a) absolute HST magnitudes, and synthetic magnitudes for a F8 YSG
(black dashed line; Kurucz, 1993) giving the best fit to the pre-explosion magni-
tudes.

4.2 SN Observations

SN 2011dh was first observed by Amedee Riou on 2011 May 31.893 UT
(Griga et al., 2011) and∼7 hours later by the Palomar Transient Factory (PTF),
who was monitoring the field of the SN as a part of their transient survey (Ar-
cavi et al., 2011). Because of this, there is also a non-detection by PTF from
2011 May 31.275, and the epoch of explosion (or rather the shock breakout) is
constrained to within ±8.5 hours. PTF continued to monitor the SN daily in
the g-band, and about 3 days after shock breakout full optical to near-infrared
(NIR) monitoring, using both imaging and spectroscopy, was initiated by a
number of different groups (including ours), and monitoring in the ultravio-
let (UV) began with the SWIFT Ultra Violet and Optical Telescope (UVOT).
This epoch (3 days) roughly corresponds to the luminosity minimum, when
the initial decline seen in the PTF g-band observations was broken, and the
rise to peak luminosity began. About 18 days after shock breakout, monitor-
ing in the mid-infrared (MIR) with the Spitzer Space Telescope (SST) began.
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Observations in the UV to MIR wavelength range for the first 100 days have
been presented by our group in Paper II, and by other groups in Arcavi et al.
(2011), Tsvetkov et al. (2012), Vinkó et al. (2012), Marion et al. (2014), Van
Dyk et al. (2013), Sahu et al. (2013), and Helou et al. (2013). During Aug-
Nov 2010 the SN became difficult to observe at southern latitudes due to the
vicinity to the Sun, but our group took advantage of the northern location of
the Albanova Telescope (AT), and imaging in the optical continued during
this period. Observations in the UV to MIR range from 100 to about 1200
days have been presented by our group in Paper III, and by other groups in
Tsvetkov et al. (2012), Van Dyk et al. (2013), Shivvers et al. (2013), Helou
et al. (2013), and Folatelli et al. (2014a). A number of groups have also pre-
sented X-ray (e.g Soderberg et al., 2012) and radio (e.g Krauss et al., 2012)
observations of SN 2011dh, related to the propagation of the shock through
the CSM. These observations are not discussed in this work, but it is worth
mentioning the recent Very Large Baseline Interferometry (VLBI) observa-
tions by de Witt et al. (2015) resolving the shock region, expanding with an
average velocity of ∼19000 km s−1. Papers II and III present a dataset, quite
unique in size and wavelength and temporal coverage, and adding observations
obtained by other groups, SN 2011dh is one of the best observed SNe ever. A
substantial effort was made to assure that the photometry in Papers II and III,
obtained with a large number of different telescopes, was well calibrated to
the standard systems, and the procedures used to reduce and calibrate the data
are discussed further in Chap. 5. In Sects. 4.2.2-4.2.4 the observed bolometric,
broad-band, and spectral evolution is reviewed in the light of the current theo-
retical knowledge of the SN. Such knowledge may evolve and the distinction
between observations and the interpretation of them should be kept in mind.
The theoretical knowledge is mainly gained from the modelling in Papers II,
III, IV and ix (but also from that in Paper iii), and therefore a brief summary
of this modelling follows.

4.2.1 Modelling summary

In Papers II, III, IV, and ix a number of tools, discussed further in Chap. 6
along with the underlying physics, were used to model the observations. The
hydrodynamical code HYDE (Sect. 6.2.1) was used to model the bolometric
lightcurve before 100 and 400 days, respectively, in Papers IV and III, using a
grid of SN models (Sects 3.3 and 6.2.1) and, in the latter case, a bolometric cor-
rection (BC) determined with spectral modelling. The MC-based atmosphere
code JEKYLL (Sect. 6.3.1) was used to model the diffusion phase spectra, and
in particular the hydrogen lines, in Paper II. A MC-based steady-state NLTE
code (Jerkstrand et al., 2011; Sect. 6.4.1) was used to model the nebular spec-
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tra in Paper ix, and the nebular broad-band and pseudo-bolometric lightcurves
in Paper III. As explained in Papers III and ix, a preferred steady-state NLTE
model, that best reproduce the spectra (Paper ix) and the lightcurves (Paper
III), was chosen for SN 2011dh from a set of models varied in the basic param-
eters (e.g. initial mass and mixing of the 56Ni). In addition to this, a LTE model
for CO (Spyromilio et al., 1988) was used to model the CO first-overtone emis-
sion, and a time-dependent NLTE code (Kozma & Fransson, 1998a,b) was
used to model the nebular spectra after 500 days, in Paper III.

4.2.2 Bolometric and broad-band evolution

Figures 4.4 and 4.5 show the UV-to-MIR broad-band lightcurves and the UV-
to-MIR pseudo-bolometric (Sect. 5.6) lightcurve for SN 2011dh, respectively,
based on the data presented in Papers II and III. Except the early time (.3
days) data presented by Arcavi et al. (2011) and Tsvetkov et al. (2012), the
observations presented in other papers are well covered by those shown in
Fig. 4.4. The initial g-band observations by Arcavi et al. (2011) show a phase
of rapid decline ending at about 3 days. This phase corresponds to the cool-
ing of the thermal explosion energy deposited in the hydrogen envelope, and
the luminosity minimum marks a dividing point between explosion energy and
radioactively powered lightcurve (Paper IV). Subsequently, a rise to peak lu-
minosity follows (except in the UV), occurring at progressively later times for
redder bands, in turn followed by a drop, progressively larger for bluer bands,
onto a tail with a roughly constant decline rate. The rise of the bolometric lu-
minosity is driven by the diffusion of the energy deposited by the radioactive
decay chain of 56Ni, and the differences between the individual bands reflect
the evolution of the temperature at the thermalization surface, which is located
near the outer edge of the helium ionization front, receding through the helium
envelope (Paper IV).

Once on the tail the diffusion time becomes negligible and the bolomet-
ric luminosity equals the radioactive energy deposition. The processing of the
deposited energy, however, is complex, and the differences between the indi-
vidual bands mainly reflect the evolution of the contributing emission lines.
This is discussed to some extent in Paper III, mainly with the purpose of con-
straining the parameters of the steady-state NLTE models. For example, the
fast decrease of the z band between 100 and 300 days (Fig. 4.4) is due to
the evolution of the blended Ca II 8498,8542,8663 Å and [C I] 8727 Å lines.
The decline rate of the UV-to-MIR pseudo-bolometric lightcurve is roughly
twice the decay rate of 56Co at 100 days. This is because the ejecta become
optically thin to the γ-rays emitted in the 56Co decay at ∼40 days, and in
this regime the optical depth evolves as τγ ∝ t−2 (Paper II). Between 100 and
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Figure 4.4: Observed (from bottom to top) UV M2, U , B, g, V , r, R, I, z, J, H,
K, S1, and S2 lightcurves for SN 2011dh in apparent magnitudes. Dashed lines
show interpolations and extrapolations, and for clarity each band has been shifted
in magnitude. This figure is the same as Fig. 23 in Paper III.

400 days the lightcurve flattens as the evolution of τγ slows down with time,
and as the contribution from the positrons emitted in the 56Co decay (which
are trapped) increases with time (Fig. 4.5). Note, however, that the pseudo-
bolometric UV-to-MIR lightcurve also depends on the BC, which decreases
with time (the emission becomes redder; Paper III). Between 100 and 250
days a strong increase in the fractional MIR luminosity is observed, likely due
to dust and molecular emission (Paper III). This issue, and the formation of
dust and molecules in the ejecta, are discussed separately in Sect. 4.2.4. At
∼450 days a further, quite sudden, flattening of the optical-to-MIR pseudo-
bolometric lightcurve appears, the decline rate decreases below the decay rate
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Figure 4.5: Observed UV-to-MIR pseudo-bolometric lightcurve for SN 2011dh.
The figure also shows the radioactive decay luminosity (black dot-dashed line),
deposited radioactive decay luminosity (black dashed line), deposited 56Co γ-ray
(blue dashed line) and positron (red dashed line) luminosity and deposited 57Co
luminosity (yellow dashed line) for the preferred steady-state NLTE model (12F;
Paper III). This figure is similar to Fig. 23 in Paper III, but includes also the Aug
7 and 10 2014 HST photometry (Justyn Maund, private communication).

of 56Ni, and the lightcurve becomes almost flat after ∼700 days. The reason
for this behaviour is unclear, and the radioactive energy deposition, dominated
by the positrons after ∼450 days, and by the 57Co decay after ∼1000 days, is
not sufficient to explain the observed lightcurve (Paper III, see Fig. 4.5). In
Paper III additional energy sources that could power the lightcurve after ∼450
days are discussed, and one possibility brought up is recombination freeze-out
in the helium envelope. This scenario has some support from modelling with
a time-dependent NLTE code (Kozma & Fransson, 1998a,b) in Paper III, but
contributions from CSM interaction or a higher mass of 57Co than expected
could not be excluded.
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4.2.3 Spectral evolution

Figure 4.6 shows the optical to MIR spectral evolution for SN 2011dh based
on the data presented in Papers II and III. Except the 23 days UV spectrum
presented by Marion et al. (2014), and the 628 and 678 days optical spectra
presented by Shivvers et al. (2013), the observations presented in other papers
are well covered by those shown in Fig. 4.6. The first spectrum was obtained
on day 2.8 (Arcavi et al., 2011), close to the luminosity minimum, and slightly
before our spectral monitoring began on day 3.4. These first spectra show
a strong signature from hydrogen, with lines from the Balmer, Paschen and
Bracket series, which subsequently fade away during the rise to peak, although
Hα remains strong in absorption until ∼50 days. The absorption minimum of
Hα is initially located at ∼20000 km s−1, and then gradually approaches a
minimum value of ∼11000 km s−1. This velocity corresponds to the interface
between the helium core and the hydrogen envelope, and as the photosphere
recedes into the helium core, the hydrogen lines gradually disappear when the
temperature and density decrease (Paper II). During the rise, the helium lines
(e.g. He I 5876, 10830, and 20581 Å) appear between 10 and 15 days at veloci-
ties close to that of the receding photosphere1, subsequently grow stronger and
move outwards in velocity until ∼30 days. This behaviour could be related
to increasing non-thermal excitation of helium, caused by the decreasing opti-
cal depth for the γ-rays emitted in the decay chain of 56Ni (Paper II). Strong
calcium lines (Ca II 3934,3968 Å and Ca II 8498,8542,8662 Å) are present
throughout the diffusion phase, as well as lines from iron (e.g. Fe II 5169 Å)
and oxygen (e.g. O I 7774 Å). During the diffusion phase, the continuum is
quite well approximated by a blackbody in the IR and most of the optical, ex-
cept for bluewards ∼5000 Å, where a strong reduction of the flux is observed.
This well known behaviour is caused by a large number of weak iron-group
lines, and also provides an explanation for the evolution in bands bluewards of
V , as compared to other bands (Paper II).

Once on the tail, the continuum emission gradually disappears, scattering
becomes less important, and the spectrum becomes dominated by line emis-
sion, exemplified by the Ca II 8498,8542,8662 Å line, which disappears in
absorption at ∼100 days. Between 100 and 200 days, the forbidden [O I]
6300,6364 Å, Mg I] 4571 Å, [Ca II] 7294,7323 Å, and [Fe I] 7155 Å lines
appear. These lines originate mainly from nuclear burning zones in the inner
core, arise from low-lying levels, and are mainly thermally excited (Paper ix).
Recombination driven lines like O I 7774 Å and Mg I 15040 Å (originating
from the O/Ne/Mg zone) are also present (Paper ix). The (radial) sizes of the
emitting regions are ∼3000 and ∼1500 km s−1 for lines originating from the

1As measured from the absorption minimum of the Fe II 5169 Å line.
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Figure 4.6: Optical and NIR (interpolated) spectral evolution for SN 2011dh for
days 5−425 with a 20-day sampling, where most of the lines identified in Paper
ix have been marked with red dashed lines. Telluric absorption bands are marked
with a ⊕ symbol in the optical and shown as grey regions in the NIR. This figure
is the same as Fig. 8 in Paper III.
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oxygen-rich zones and the Fe/Co/He zone, respectively, suggesting that some
of the original onion-like structure of the progenitor star is preserved (Paper
III). Several lines originating from the inner core (e.g. [O I] 6300,6364 Å)
show blue-shifts up to∼1000 km s−1, gradually disappearing with time, likely
due to obscuration of the receding side emission by numerous weak lines in
the inner core (Paper ix). Contrary to the aforementioned lines, the conspic-
uous Ca II 3934,3968 Å, Na I 5890,5896 Å, He I 10830 Å, and He I 20581
Å lines show broad absorption or P-Cygni like profiles, and in particular, the
Na I 5890,5896 Å line is strong in absorption even at 678 days. These lines
originate mainly from the helium envelope, remain optically thick for a long
time, and are therefore, at least partly, radioactively excited (Paper ix). Neither
emission nor absorption from hydrogen is present in the nebular phase, and
the feature on the red-hand side of [O I] 6300,6364 Å is caused by [N II] 6548,
6583 Å emission originating from the helium envelope, enriched in nitrogen
through CNO burning (Paper ix). The spectral evolution between 100 and 450
days, discussed in detail in Paper ix, is gradual and mostly in good agreement
with the preferred model presented there. However, in the 678 days spectrum,
a quite drastic change is observed, and except for the Na I 5890,5896 Å line,
most of the strong lines seem to have disappeared or faded significantly. As
the steady-state condition is no longer satisfied after ∼600 days (Paper III),
this spectrum was not modelled in Paper ix, and remains a riddle to investigate
in future studies.

4.2.4 Molecule and dust formation

When the SN ejecta cool, the temperature eventually gets low enough for
chemical reactions to take place. Carbon-monoxide (CO) and silicon-monoxide
(SiO) may begin to form at temperatures below ∼3000 K, whereas carbon and
silicon based dust may begin to form at temperatures below ∼1500 K. The
steady-state NLTE code has a simplified treatment of the effects of dust and
molecule formation (Sect. 6.4.1), which in particular tend to redistribute the
emission from the optical to the MIR (Paper III). The late time monitoring of
SN 2011dh in NIR and MIR, is quite unique among stripped-envelope SNe,
and allows for investigations about molecule and dust formation to be made.
As mentioned in Sect. 4.2.3, there is a strong increase in the fractional MIR
luminosity between 100 and 250 days, during which an increase in the pseudo-
bolometric optical decline rate is also observed. This behaviour is reminiscent
of what was observed in SN 1987A (Suntzeff & Bouchet, 1990), and is well
modelled by dust with a modest optical depth (τdust = 0.44), formed in the
ejecta during this period, and re-emitting the absorbed luminosity at a lower
temperature (Paper III). Although pre-existing dust may reside in the CSM, the
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Figure 4.7: Observed NIR spectrum at ∼200 days (black), compared to model
NIR spectra with (red; 12F) and without (blue; 12E) dust. The model dust emis-
sion component is shown in green. This figure is the same as Fig. 21 in Paper
III.

apparent increase in optical depth between 150 and 200 days, and the depth of
the He 20581 Å absorption at 200 days, which extends far below the model
dust emission level (Fig. 4.7), suggest that the dust is actually formed in the
ejecta of the SN. CO emission is mainly expected in the fundamental (∆ν = 1)
and first-overtone (∆ν = 2) bands, and direct evidence comes from the 206
days NIR spectrum, which shows a feature between 2.25 and 2.45 µm, well
fitted by a LTE model (Spyromilio et al., 1988) for CO first-overtone emission
(Paper III). Furthermore, the model dust emission is not sufficient to explain
the luminosity in the 4.5 µm band, which overlaps with the CO fundamental
band, and an excess in the 4.5 µm band is also observed before 100 days. For
stripped-envelope SNe, CO emission has been reported in a few cases (e.g. SN
2007gr; Hunter et al., 2009), whereas dust emission has been reported for SN
1993J (Matthews et al., 2002). The absence of late-time NIR and MIR obser-
vations may, at least partly, explain the relatively few reports in the literature.
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4.3 The nature of the progenitor star

As discussed in Sect. 3.2, observations in the cooling, diffusion, and nebular
phases can be used to constrain the properties of the hydrogen envelope, the
helium core, and the carbon-oxygen core, respectively, and to deduce the prop-
erties of the progenitor star. Through hydrodynamical modelling of the cool-
ing phase g-band lightcurve, a radius of the hydrogen envelope of ∼300 R�
was estimated (Paper iii), in good agreement with what was estimated from
stellar evolutionary analysis of the progenitor star (Sect. 4.1). Through this
hydrodynamical modelling a mass of the hydrogen envelope of ∼0.1 M� was
also estimated (Paper iii), consistent with spectral modelling of the hydrogen
lines (Paper II; Arcavi et al., 2011). Through hydrodynamical modelling of
the diffusion phase bolometric lightcurve and photospheric velocity evolution
(Papers IV and iii), extended to the nebular phase using a BC determined with
spectral modelling (Paper III), a helium core mass of ∼3.3 M� was estimated.
This corresponds to a star with an initial mass of ∼12 M�, and is again in
good agreement with what was estimated from stellar evolutionary analysis
of the progenitor star (Sect. 4.1). It is also consistent with the initial mass of
∼12 M� estimated from modelling of nebular phase spectra (Paper ix) and
broad-band lightcurves (Paper III). Given these results, obtained with several,
at least partly independent methods, the conclusion that the progenitor star was
a YSG with an initial mass of ∼12 M�, consisting of a ∼3.3 M� helium core
surrounded by an extended (∼300 R�) and low-mass (∼0.1 M�) hydrogen en-
velope, appears quite solid. What is less clear, is how most (∼8.5 M�) of the
hydrogen envelope was lost before the core collapsed, and the SN exploded.
As discussed in Sect. 3.3, even taking into account the significant uncertainties,
single star mass-loss rates do not seem to be sufficient to expel the hydrogen
envelope for stars of such relatively low initial mass, and Roche-lobe overflow
to a companion star seems like an appealing hypothesis. Given the uncertain
SN contribution, the post-explosion imaging obtained so far is not sufficient to
conclude if a binary companion is present or not, but at least the flux in the HST
WFC3 F225W band seems to be consistent with this hypothesis (Sect. 4.1).
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5. Methodology I - Observations

The modern history of astronomy begins with the invention of the telescope in
the early 17th century by Dutch spectacle makers and its subsequent improve-
ment and use for astronomical observations by Galileo Galilei, and since then
our tools for observing the universe have undergone an amazing evolution. The
the sizes1 of the telescopes have grown from a few centimetres to 10 meters,
the sensitivity of the naked eye has been superseded by the photographic plate
and the CCD, and the wavelength window extended to the full γ-rays to radio-
waves range by a wealth of different detectors. The observations this thesis are
based on cover the ultraviolet (UV) to mid-infrared (MIR) wavelength range
and were obtained with a large number of different earth-based and space-
based telescopes with sizes ranging from 0.3 to 10.4 meters. The observations
are divided in two main categories; photometry, where a filter, transparent only
in a limited wavelength region (e.g. red), is used to measure the total flux in this
wavelength region, and spectroscopy, where a disperser (e.g. grating or prism)
is used to measure the flux per wavelength in some wavelength range (e.g. the
optical). In this chapter the tools and techniques used in modern astronomy
to observe astrophysical sources are reviewed, with focus on the observations
presented in this work. In particular a substantial effort has been made to as-
sure that the photometry of SN 2011dh is well calibrated to the photometric
standard systems (Papers II and III), and this issue is discussed in some detail
in Sect. 5.4. But first, let us examine the telescope, the atmosphere and the
interstellar medium, all of which affect the photons emitted by the source in
different ways.

5.1 The telescope

The telescope serves the purpose to collect and focus the photons emitted by
the source. The original telescopes made use of convex lenses, a design called
refractor, but the idea to make use of concave mirrors, a design called reflector,
was early discussed, and the first such telescope built in 1668 by Isaac Newton.
Today most professional telescopes are reflectors of the Cassegrain design, or
variants thereof, where a convex secondary mirror is used to reflect the beam

1The diameter of the light-collecting element (e.g. mirror).
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Figure 5.1: Schematic picture of the Nordic Optical Telescope (Ardeberg, 1985).

of light back through a hole in the primary mirror, leading to a compact de-
sign favourable for large telescopes. Figure 5.1 shows a schematic picture of
the Nordic Optical Telescope (NOT) (Ardeberg, 1985), used for a significant
fraction of the observations presented in this work. This telescope has a pri-
mary mirror of 2.5 m, is of the classical Cassegrain design, and is mounted on
an altitude-azimuth mount, to move vertically (altitude) and horizontally (az-
imuth) as most modern telescopes. Table 5.1 lists the 20 telescopes used for
the observations in this work. The mirror sizes range from 0.3 m (UVOT) to
10.4 m (GTC), six of them are located at La Palma, Canary Islands (including
NOT), and three of them are space telescopes (HST, UVOT and SST).

The instrument houses the filters (imaging camera), the dispersers (spec-
trograph), or a combination of both, and is placed near the focus of the tele-
scope. An imaging camera typically contains a lens to focus the light on the
detector and a wheel to select different filters, whereas a spectrograph typically
contains wheels to select dispersers and slits, lenses to collimate the beam of
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Figure 5.2: Schematic picture of the Danish Faint Object Spectrograph
(DFOSC), which is identical in design to ALFOSC. The picture was provided
by the NOT1.

light and movable lamps to produce calibration spectra. Figure 5.2 shows a
schematic picture of the Danish Faint Object Spectrograph (DFOSC), identi-
cal in design to the Andalucia Faint Object Spectrograph (ALFOSC), the com-
bined imaging camera and spectrograph mounted at the Cassegrain focus of
the NOT. A large number of filters and dispersers are available for ALFOSC,
of which the filters suitable for photometry calibrated to the Johnson-Cousins
(JC) and Sloan Digital Sky Survey (SDSS) systems (Sect. 5.4.2), and the low-
resolution grisms 4 and 5, were used for the observations in this work.

The detector serves the purpose to convert the collected photons into some
other form, and ultimately into numbers. The photographic plate revolution-
ized astronomy in the late 19:th century, but the quantum efficiency (fraction of
detected photons) was low. Modern detectors are based on the photo-electric
effect, where photons are converted into electrons, and the quantum efficiency
is often close to 100 percent. The charges are accumulated during the expo-
sure, subsequently read out according to the principles of the charged-coupled
device (CCD) and then digitalized. The readout process introduces noise into
the measurement and the detectors also suffer from other defects as efficiency
variations and thin layer interference (fringing). Furthermore, according to
quantum mechanics noise arises from the measurement itself, and both the

1http://www.not.iac.es/instruments/alfosc/alfosc-plan.ps.gz
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Table 5.1: List of telescopes used for the observations presented in this work.

Name Mirror size Location
(m)

Nordic Optical Telescope (NOT) 2.5 La Palmaa

Liverpool Telescope (LT) 2.0 La Palma
Isaac Newton Telescope (INT) 2.5 La Palma
William Herschel Telescope (WHT) 4.2 La Palma
Gran Telescopio Canarias (GTC) 10.4 La Palma
Telescopio Nazionale Galileo (TNG) 3.5 La Palma
Asiago Copernico Telescope (CT) 1.82 Mount Ekarb

Asiago Galileo Telescope (AGT) 1.22 Mount Pennarc

Asiago Schmidt Telescope (AST) 0.67 Mount Ekar
Calar-Alto 3.5m (CA 3.5m) 3.5 Calar-Altod

Calar-Alto 2.2m (CA 2.2m) 2.2 Calar-Alto
Telescopio Carlos Sanchez (TCS) 1.52 Tenerifee

Telescopio Joan Oro (TJO) 0.8 Montsecf

Faulkes Telescope North (FTN) 2.0 Haleakalag

Large Binocular Telescope (LBT) 8.4 Mount Grahamh

United Kingdom Infrared Telescope (UKIRT) 3.8 Manua Kea+i

Albanova Telescope (AT) 1.0 Albanovaj

Hubble Space Telescope (HST) 2.4 Space
Ultraviolet and Optical Telescope (UVOT) 0.3 Space
Spitzer Space Telescope (SST) 0.85 Space

aLa Palma, Canary Islands, Spain, +28◦ 45′, 17◦ 52′ W
bMount Ekar, Asiago, Italy, +45◦ 50′, 0◦ 46′ E
cMount Pennar, Asiago, Italy, +45◦ 50′, 0◦ 46′ E
dCalar-Alto, Sierra de Los Filabres, Spain, +37◦ 13′, 2◦ 32′ W
eTenerife, Canary Islands, Spain, +28◦ 18′, 16◦ 31′ W
fMontsec, Lieda, Spain, +42◦ 3′, 0◦ 44′ E
gHaleakala, Hawaii, U.S.A, +20◦ 42′, 156◦ 15′ W
hMount Graham, Arizona, U.S.A, +32◦ 42′, 109◦ 53′ W
iManua Kea, Hawaii, U.S.A, +19◦ 49′, 155◦ 28′ W
jAlbanova, Stockholm, Sweden, +59◦ 19′, 18◦ 4′ E
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Figure 5.3: Typical atmospheric absorption calculated with the Spectral Calcu-
lator provided by GATS Inc, implementing the LINEPAK algorithm (Gordley
et al., 1994). The image was created by Robert A. Rohde / Global Warming
Art1, and shows the total atmospheric absorption and the contributions from
water vapour, carbon dioxide, oxygen and ozone, methane, nitrous oxide and
Rayleigh scattering.

source and the sky background introduce photon counting noise into the mea-
surement. The detector used by the ALFOSC instrument at the NOT is a E2V
CCD42-40 with 2048 by 2048 pixels, and a peak quantum efficiency in the V
band of ∼90 percent.

5.2 The atmosphere

Normally observations are calibrated to outside the Earth’s atmosphere. In
that sense the atmosphere might be considered as part of the telescope and
contributes to the effective transmission function (Sect. 5.4.2). During the
passage through the atmosphere the radiation from the source is affected by
both absorption and scattering, whereas scattering and atmospheric emission
contribute to the sky background. The main contributors to atmospheric ab-

1www.globalwarmingart.com/wiki/File:Atmospheric_Absorption_Bands_png
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sorption and scattering are Rayleigh scattering, dust scattering and molecular
absorption by ozone and water vapour. Absorption by ozone makes the at-
mosphere opaque below ∼3000 Å and dominates in the optical together with
Rayleigh scattering, whereas absorption from water vapour dominates in the
infrared. Assuming a plan-parallel atmosphere, the observed flux is given by
Fλ ,obs = Fλ e−(τλ /sin φ), where τλ is the optical depth at zenith and φ the alti-
tude, and the observed magnitude (Sect. 5.4.1) in some filter i by

mi,obs = mi + ei X , ei = 2.5 log(e) τi, X = sin(φ)−1 (5.1)

where ei is the extinction coefficient, X the airmass and τi the effective op-
tical depth through the filter at zenith. Scattering and line emission contribute
to the sky background in the optical, whereas thermal continuum emission be-
gins to dominate in the near-infrared (NIR), and vastly outshine astronomical
sources in the MIR.

5.3 The interstellar medium

The radiation from the source may also be absorbed (or scattered) during the
passage through the interstellar medium. This is called interstellar extinction
and may be expressed in magnitudes as Aλ = 2.5 log(e) τλ , where τλ is the op-
tical depth of the absorbing material, and similarly for a given filter i in terms
of the effective optical depth through the filter. The quantity E(i− j) = Ai−A j

is called colour excess, and as the optical depth is proportional to the column
density, the quantity RV = AV/E(B−V ) depends only on the opacity (or some
average of it), and is often used to characterize interstellar extinction. Absorp-
tion by interstellar dust in the Milky Way and the host galaxy is a particularly
important process. The opacity depends on the composition and size of the
dust grains, but at least within the Milky Way the properties of the interstellar
dust seem to be fairly similar, and the extinction as a function of wavelength
derived by Cardelli et al. (1989) has been widely accepted. The column density
of the dust varies with line of sight and, within the Milky Way, the extinction
as a function of line of sight is well known from the work by Schlegel et al.
(1998), recalibrated by Schlafly & Finkbeiner (2011), and based on measure-
ments of the dust emission. The radiation from the source may also be affected
by line absorption in the interstellar medium, e.g. the Na I 5890,5896 Å and
K I 7699 Å lines. Assuming that the gas to dust ratio of interstellar material
is constant the strength of such lines, which would imprint the source spec-
trum, provides an alternative method to determine the column density of the
interstellar dust. Munari & Zwitter (1997) and Poznanski et al. (2012) show
that relations between the equivalent widths of such lines and E(B−V ) show
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a surprisingly small scatter when measured within the Milky Way. Whereas
the extinction within the Milky Way is well known, and can be calculated with
some precision, the situation is usually different for extragalactic objects. Al-
though the extinction law for the host galaxy might differ from that of the
Milky Way, the largest uncertainty arises from the column density of the dust,
which is not easy to measure. Direct observations of the dust emission is usu-
ally not possible, and it is not clear if methods using interstellar absorption
lines, calibrated to the properties of the Milky Way, apply to other galaxies. A
wealth of secondary methods exist, making use of the effect of the extinction
on the SED of the source and other nearby objects, but the extinction within
the host galaxy often remains one of the major uncertainties in observations of
extragalactic sources.

5.4 Photometry

Photometry is the measurement of the flux from the source through a filter,
usually expressed in magnitudes and calibrated to outside the Earth’s atmo-
sphere (apparent magnitudes), or to a given distance from the source (absolute
magnitudes). As mentioned, particular attention has been paid in this work
to measure and calibrate the photometry, and therefore this procedure is de-
scribed in some detail below. Automation of the procedure, as required when
large amounts of data are processed, is provided by the SNE software package,
developed by the author of this thesis as part of the work with Paper II and III.
The processing of the raw CCD images mainly follows along standard lines
(but see Paper II with respect to the NIR images) and are not discussed here.

5.4.1 Magnitudes

To measure the flux from astronomical sources astronomers prefer to use a
logarithmic scale expressed in relation to some reference flux level called zero
point. Historically the system originates from the ancient Greeks who divided
the stars visible to the naked eye into six magnitude (Ptolemy & Toomer,
1984). This system was formalized by Pogson (1856) who defined a 1:st mag-
nitude star to be 100 times brighter than a 6:th magnitude star. The primary
standard, defining the zero point, was chosen to be Polaris, but due to the slight
variability of this star, it was later replaced with Vega. In modern astronomy,
the apparent Pogson magnitude for a given filter X is defined as

mX =−2.5log
(∫

Fλ SX ,λ dλ∫
SX ,λ dλ

)
+ZX (5.2)
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Table 5.2: List of photometric systems used in this work, the magnitude and ze-
ropoint types, and references for the zeropoints and filter transmission functions
defining the systems.

Name Magnitude Zeropoint Reference

JC Pogson (energy) Vega Bessell & Murphy (2012)
SDSS asinh (energy) AB Fukugita et al. (1996)
2MASS Pogson (energy) Vega Cohen et al. (2003)
UVOT Pogson (photon) Vega Poole et al. (2008)
SST Pogson (energy) Vega Reach et al. (2005), Hora et al. (2008)

where Fλ is the observed flux per wavelength outside the atmosphere, SX ,λ

the filter transmission function and ZX the zero point, usually defined as

ZX =−2.5log
(∫

F0,λ SX ,λ dλ∫
SX ,λ dλ

)
(5.3)

where F0,λ is the zero point flux per wavelength for the system. Vega
and AB based photometric systems are commonly used, where in the former
case F0,λ is the spectrum of Vega, and in the latter case F0,ν=3631 Jy is a flat
spectrum (as expressed in flux per frequency). Other types of magnitudes exist
(e.g. asinh magnitudes; Lupton et al., 1999), and they may also be expressed in
terms of photon flux (Bessell & Murphy, 2012). Whereas apparent magnitudes
are expressed in terms of the observed flux outside the atmosphere, absolute
magnitudes are expressed in terms of the observed flux at a given distance
(10 pc) from the source, in the absence of interstellar extinction. The relation
between absolute and apparent magnitudes is given by MX = mX − µ −AX ,
where µ = 5.0 log(D/10pc) is the distance modulus, AX the extinction and
D the distance to the source. Finally, bolometric magnitudes are expressed
in terms of the total luminosity and are defined as MBol = −2.5 log L+ZBol ,
where ZBol is the zeropoint, defined in terms of the luminosity of the sun.

5.4.2 Photometric systems

The history of photometric systems begins in the early 20th century, when the
photographic plate allowed for more precise measurements of the flux to be
made. A photometric system can be defined using any telescope/instrument
combination, a set of physical filters and a zeropoint. The effective transmis-
sion functions for the filters of such a system are given by SX = S0,X ST SI SA RD,
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Figure 5.4: Normalized filter transmission functions for the JC (upper left panel),
SDSS (upper right panel), 2MASS (middle left panel) SWIFT/UVOT (middle
right panel) and Spitzer (lower left panel) photometric systems. The lower right
panel shows the HST/WFPC2 F336W and HST/ACS F435W , F555W , F658N
and F814W filters used for the observations of the progenitor star of SN 2011dh
in Paper I. Note that the efficiency for all filters has been normalized to its peak
value.

where S0,X, ST, SI and SA are the transmission functions for the physical fil-
ters, the telescope, the instrument and the atmosphere, and RD is the response
function for the detector. Such a system is usually called a natural system
and is in fact often used to define a standard system. If the transmission
functions for all the factors contributing are measured carefully the system
is well defined. However, in practice, standard systems are often defined by
standard stars measured by the telescope/instrument/filter combinations defin-
ing the system, in turn used to calibrate photometry obtained with other tele-
scope/instrument/filter combinations. How this calibration is achieved is dis-
cussed in Sect. 5.4.4, but as the natural systems are never the same, small errors
are always introduced.

Table 5.2 lists the standard systems to which the photometry in this work
has been tied, the types of magnitudes and zeropoints used, and references
defining the systems, whereas Fig. 5.4 shows the corresponding filter transmis-
sion functions. The JC and SDSS systems cover the optical region and consist
of the U , B, V , R and I, and the u, g, r, i and z filters, respectively, whereas the
2 Micron All Sky Survey (2MASS) system covers the NIR region and consists
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of the J, H and K filters. The space-based UVOT system covers the UV region
and consists of the UVW2, UV M2 and UVW1 filters, whereas the space-based
SST system covers the MIR region and consists of the channel 1, 2, 3 and 4
filters1. Except for the JC system, which has a rather complicated history (e.g.
Bessell & Murphy, 2012), all these systems are the natural systems of specific
telescopes, and are well defined in terms of zeropoints and filter transmission
functions. Note, however, that the SDSS system exists in a primed (USNO 40
inch telescope) and an unprimed (SDSS 2.5m telescope) version, of which the
latter is used for the survey magnitudes, and therefore in this work. Note also,
that the filter transmission functions for the UVOT UVW2 and UVW1 filters
have significant red tails (Fig. 5.4), which may cause the flux in these filters to
be dominated by flux far redwards their mean energy wavelengths, and due to
this we only make use of UV M2 observations in this work (Paper II).

5.4.3 Measuring the flux

The flux from an astronomical source is measured from the 2-D images ob-
tained with the (CCD) detector. The most common method is called aperture
photometry, where the flux is measured in a circular region centred on the
source and the background flux in a surrounding annulus. For bright isolated
objects this method works well, but in crowded regions point-spread-function
(PSF) photometry is preferred. In this case the PSF is estimated through a fit of
some function to a number of bright isolated stars, which have been previously
measured with aperture photometry. The flux for one or more fainter, and pos-
sible blended, sources can then be measured through a simultaneous fit of the
PSF. Both aperture and PSF photometry are supported by SNE, using the IRAF
phot and doaphot packages, respectively, but in this work aperture photometry
is almost exclusively used. To reduce possible contamination from a bright
and spatially varying background, a procedure called template subtraction is
commonly applied. Using this procedure, a template image of the host galaxy
obtained before, or after, the SN event is used to subtract the host galaxy flux
from the images. However, as the size of the PSF varies between different im-
ages, this process is not trivial and each pair of science and template images
needs to be transformed to a common resolution. There exists various methods
to solve this problems, and SNE makes use of the HOTPANTS2 software pack-
age, in turn based on the least-square algorithm by Alard & Lupton (1998). In
the case of SN 2011dh the background contamination was negligible, except
at late epochs (Papers II and III), but in other cases (e.g. SN 2010jl; Paper vii)

1After exhaustion of the cryogen in May 2009, channel 3 and 4 became dominated
by thermal emission, and only channel 1 and 2 data are used in this work.

2www.astro.washington.edu/users/becker/v2.0/hotpants.html
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template subtraction may be crucial for the outcome of the photometry.

5.4.4 Flux calibration

With aperture or PSF photometry the flux is measured in terms of CCD counts,
and therefore needs to be converted into physical units. This is achieved by cal-
ibrating the photometry to one of the standard photometric systems (Sect. 5.4.2),
usually by determining a transformation from instrumental (expressed in CCD
counts) to standard system magnitudes. Except for the UVOT and SST mag-
nitudes, which were measured with the same space-based telescopes as define
the systems, the photometry in this work was calibrated using transformation
equations of the type

msys
i = mins

i +Ci, jk(m
sys
j −msys

k )+Zi + eiXi (5.4)

where msys
i , mins

i and Zi are the system and instrumental magnitudes and the
zeropoint1 for band i, respectively. Ci, jk is the colour-term coefficient for band
i using the colour jk, and Xi and ei are the airmass and the extinction coeffi-
cient for band i (Sect. 5.2), respectively. The colour-term provides a first-order
correction for the difference in shape between the effective filter transmission
functions of the telescope and those of the standard system (Sect. 5.4.2).

To determine the transformation, stars with known magnitudes in the stan-
dard system can be used, and in this work stars from Landolt (1983, 1992) were
used for the JC system, and stars from the corresponding survey catalogues for
the SDSS and 2MASS systems. Fitting the transformation equation to the
system and instrumental magnitudes for a set of standards stars with different
colours, observed at different airmasses/altitudes, the coefficients can be de-
termined and the instrumental source magnitudes transformed to the standard
system. For convenience it is common to do the calibration in two steps. In the
first step the standard system magnitudes for a number of reference stars close
to the source, within the field-of-view (FOV) of the telescope, are measured
and calibrated using standard stars. In the second step these stars are used to
calibrate the observed source magnitudes, which also eliminates the need to
determine the extinction coefficient, as the altitude/airmass for the source and
the reference stars are (almost) the same. Note that the first step was only nec-
essary for the JC and SDSS calibration, since in the case of 2MASS, survey
stars were always present in the FOV. The calibration procedure described is
supported by SNE, which provides tools to measure and calibrate the magni-
tudes of FOV reference stars (step 1) and the source (step 2), as well as to
determine the colour-term coefficients separately if needed.

1Note to be confused with the zeropoint of a photometric system.
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Figure 5.5: Upper panel: Normalized JC (black) and effective NOT/ALFOSC
(red) and Calar-Alto/CAFOS I-band (blue) transmission functions. Lower panel:
Vega normalized flux for SN 2011dh at ∼250 days though these filters.

5.4.5 S-corrections

The natural photometric system of individual telescope/instrument/filter com-
binations are never exactly on one of the standard systems and corrections,
usually by the use of a linear colour-term, have to be made (Sect. 5.4.4). This
method is proven to work well for stellar like objects, which have smooth,
continuum dominated spectra. SNe, however, may have line-dominated spec-
tra (Fig. 2.6), in particular in late phases, and the use of linear colour-terms
could lead to significant, or even huge, errors in the photometry. If all the
flux was concentrated in one line overlapping with the standard system filter,
but not with the natural system filter, or vice versa, the difference in magni-
tudes would be infinite. Photometry for well monitored SNe as 1987A and
1993J shows significant differences between different datasets and telescopes,
e.g. the difference in I-band magnitudes for SN 1987A between the CTIO and
SAAO datasets (Menzies, 1989). A more elaborate method to transform from
the natural system to the standard system is S-corrections (Stritzinger et al.,
2002), where the difference between natural and standard system magnitudes
is determined from spectra. Using this method, the reference star magnitudes
are first transformed to the natural system using linear colour-terms, and the
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SN magnitudes calibrated to this system. These are then transformed to the
standard system by replacing the linear colour-terms with S-corrections, cal-
culated as the difference of synthetic magnitudes in the standard and natural
systems obtained from spectra. Note that this definition differs from the one
by Stritzinger et al. (2002), but is the same as used by Taubenberger et al.
(2011). Success of the method depends critically on the knowledge of the ef-
fective filter transmission functions (Sect. 5.4.2). Filter, CCD and atmosphere
data are usually available, either from the observatory or the manufacturer,
whereas the transmission functions for the telescope and instrument optics are
usually not. In this work, these have been assumed to vary slowly enough
not to effect the S-corrections, and using filter and CCD data, effective fil-
ter transmission functions were constructed for all telescope/instrument/filter
combinations used (Paper II). The effective filter transmission functions can
be verified by comparing synthetic (calculated from archive stellar spectra)
and observed colour-term coefficients, and a small wavelength shift applied to
minimize the difference. This can be regarded as a first-order correction of
the filter transmission function, the method is similar to the one by Stritzinger
et al. (2002), and has been used in this work (Paper II). The S-correction proce-
dure described above is supported by SNE, which provide tools to calculate S-
corrected magnitudes using the observed spectral sequence, as well as to con-
struct the effective filter transmission functions along the lines described. As
discussed in Papers II and III, S-corrections are necessary to obtain precision
photometry for SN 2011dh, in particular in late phases. This is exemplified
in Fig. 5.5, which shows the effective NOT/ALFOSC and CA 2.2m/CAFOS
I-band transmission functions, and the flux through these at ∼250 days. With-
out S-corrections the difference in the I-band magnitudes would be almost 1
mag at this epoch (Paper III). The difference is caused by the strong [Ca II]
7291,7323 Å and Ca II 8498,8545,8662 Å lines, and a similar, but less pro-
nounced effect, caused by the strong He I 10830 Å line, is observed in the
CA 3.5m/O2000 J-band at ∼100 days (Paper II).

5.4.6 Accuracy of the SN 2011dh photometry

The accuracy of the photometry depends on the flux measurements and the
calibrations to the standard systems, each in turn depending on a number of
factors. It is therefore of interest to compare the photometry for SN 2011dh
published by our group in Papers I and II to that published by other groups.
Figure 5.6 shows the <100 days JC photometry for the NOT and LT datasets
(which constitutes the bulk of our observations), and the Arcavi et al. (2011),
Vinkó et al. (2012), Tsvetkov et al. (2012), Marion et al. (2014), Van Dyk et al.
(2013) and Sahu et al. (2013) datasets, compared to the typical magnitudes as
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Figure 5.6: Difference between the <100 days JC photometry for the NOT
(black squares), LT (black circles), UVOT (black upward triangles), Arcavi et al.
(2011) (red downward triangles), Vinkó et al. (2012) (green rightward triangles),
Tsvetkov et al. (2012) (blue leftward triangles), Marion et al. (2014) (yellow di-
amonds), Van Dyk et al. (2013) (black crosses) and Sahu et al. (2013) (black
pluses) datasets and a cubic spline fit to all these datasets. This figure is the same
as Fig. A.5 in Paper II.
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measured by a spline fit to the total set of observations. S-corrected JC photom-
etry for the UVOT dataset is also shown, and is well suited for a comparison,
as the effective filter transmission functions for this space-based telescope are
well known. The photometry for the other datasets is not S-corrected, but as
long as the filters used are reasonably similar to those of the standard systems,
the corrections should be small in the early phase (see Paper II with respect
to our dataset). As seen in Fig. 5.6, the photometry for most of the datasets
agrees within ±10 percent with the typical magnitudes, but for some datasets
the photometry differs by 20-40 percent in some filters (e.g. the Arcavi et al.
(2011) photometry for the WISE 1 m telescope). The reason for these large
differences is not entirely clear, but in the case of the Arcavi et al. (2011) pho-
tometry for the WISE 1 m telescope, differences in the measured reference
star magnitudes contribute to the difference (Paper II). As discussed in Paper
II, except in the U band, the NOT and LT JC photometry agree within ±5
percent with the typical magnitudes, and is also in excellent agreement with
S-corrected UVOT JC photometry. The U band is a bit special, as it is located
close to both the atmospheric transmission cut-off (Sect. 5.2), and the detector
response cut-off, and the differences between the different datasets are gener-
ally larger in this band. After 100 days the only JC photometry published by
other groups is that by Tsvetkov et al. (2012), which is rather sparsely sam-
pled and suffers from significant (∼10 percent) measurement errors. Our JC
photometry agrees within±10 percent with that by Tsvetkov et al. (2012) and,
as discussed in Sect. 5.4.5, the S-corrections used seem to correct well for the
otherwise quite large errors that could arise in the late phase. In Papers II and
III, we conclude that a precision of ∼5 percent in our JC photometry is main-
tained until ∼450 days, and that conclusion does not seem unreasonable. The
limited amount of SDSS and 2MASS observations published by other groups
prevents a similar comparison for the photometry calibrated to these systems,
but as the methods used are the same as for the JC photometry, it is fair to
guess that a precision of at least ∼10 percent is maintained for all optical and
NIR photometry until ∼450 days. The observations obtained after 600 days
are more uncertain, and further discussions on this issue and the accuracy of
the photometry in general is provided in Papers II and III.

5.5 Spectroscopy

Spectroscopy is the measurement of the flux per wavelength from the source,
calibrated to outside the Earth’s atmosphere. The processing of the raw CCD
images, the measurement of the flux, and the flux and wavelength calibration
is a science in its own right, and automation of this procedure is provided by
the IRAF based QUBA (optical spectra; Valenti et al., 2011) and SNE (NIR
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spectra; Sect. 5.4) software packages, which have been used in this work. The
procedures used mainly follow along standard lines (but see Paper II with re-
spect to fringing removal and second-order correction for the NOT), and below
the important steps are briefly described.

5.5.1 Measuring the flux

The flux of the source spectrum (in terms of CCD counts per pixel) is mea-
sured from the 2-D images obtained with the detector in a way similar to aper-
ture photometry. However, as spectra obtained through a slit has one spatial
and one dispersion dimension, the flux of the source and the background are
summed along the spatial direction within an aperture region and surrounding
background regions, while tracing the spectrum along the dispersion direction.

5.5.2 Wavelength calibration

To calibrate the dispersion scale of the spectrum in terms of physical units, a
separate spectrum is usually obtained using lamps containing e.g. helium, neon
or argon, for which the wavelengths of the emission lines are known. These
calibration spectra are often obtained at the beginning or end of the night,
and as e.g. flexure in the spectrograph may change the wavelength calibration
slightly, a correction determined from atmospheric emission lines in the source
spectrum is considered good practice, and has been used in this work.

5.5.3 Flux calibration

To calibrate the flux scale of the spectrum in terms of physical units, a separate
spectrum is usually obtained for a standard star, for which the absolute flux per
wavelength is known, and from which the transmission as a function of wave-
length can be determined. In the optical plenty of such stars exist, whereas in
the NIR stars of the same spectral type as Vega or the Sun (for which the NIR
spectrum is known) are often used to determine the relative flux-calibration.
In this case, the absolute flux-calibration is determined by scaling the spec-
trum until synthetic and observed magnitudes agree, and in this work the same
procedure is used to adjust the absolute flux-calibration of optical spectra.

5.6 Constructing the bolometric lightcurve

The total luminosity, integrated over all wavelengths, is called the bolometric
luminosity. However, complete wavelength coverage is not achievable in prac-
tice, and the best we can do is to integrate the luminosity over the wavelength
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Figure 5.7: Optical pseudo-bolometric lightcurve between 3 and 450 days for
SN 2011dh calculated with the spectroscopy-based method (black) and the basic
(blue) and elaborate (red) photometry-based methods. The data used are the same
as in Papers II and III, where also the details of the methods used are described.

range at hand. In this work this quantity is referred to as pseudo-bolometric
luminosity, although this term is also used for the luminosity integrated over
some sub-range, as the optical or the NIR. The difference between the bolo-
metric and pseudo-bolometric luminosity (i.e. the bolometric correction) de-
pends on the wavelength coverage and the shape of the SED, but in most cases
a UV-to-MIR pseudo-bolometric lightcurve is an excellent approximation for
the bolometric lightcurve of a SN, at least during the first 100 days (see Paper
III). Ideally, a pseudo-bolometric lightcurve would be constructed by integra-
tion of absolute calibrated spectra. However, as the spectral coverage is usually
limited, both in wavelength range and time, photometry or a combination of
photometry and spectra has to be used. Based on photometry, a linear interpo-
lation of the SED between the mean energy wavelengths (Bessell & Murphy,
2012) of the filters, using the average flux (per wavelength) given by the magni-
tudes, can be used. In this work a more elaborate method is applied, where the
flux (per wavelength) at the mean energy wavelengths is iteratively adjusted.
This is done to assure that synthetic magnitudes measured on the interpolated
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SED agree with the observed magnitudes (Paper II). For wavelength regions
with spectral coverage, a method where the spectra are cut up in sub-ranges
around each filter is used. These sub-ranges are flux calibrated with the ob-
served magnitudes, and then integrated and summed (Paper II). This method
does not depend on the absolute flux calibration of the spectra and is insensitive
to errors in the relative flux calibration. Figure 5.7 shows the optical pseudo-
bolometric lightcurve between 3 and 450 days for SN 2011dh, calculated with
the three aforementioned methods, and the differences are surprisingly small.
There is full spectral and photometric coverage in the optical for this period,
so the comparison is justified. The results obtained with the more elaborate
photometry-based method agree within a few percent with those obtained with
the spectroscopy-based method, whereas the results obtained with the basic
photometry-based method differ by ∼10 percent in the late phase, and a bit
less in the early phase. Although the outcome might differ between different
types of SNe, it seems like the more elaborate photometry-based method pro-
vides a good alternative to the spectroscopy-based method in the absence of
spectral coverage.
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6. Methodology II - Modelling

The outcome of a CC SN explosion is determined by the pre-SN star and its
CSM, in turn determined by the initial mass, angular momentum and compo-
sition for isolated stars. However, a self-consistent treatment of a CC SN is
not yet feasible and, in particular, the core-collapse is not yet fully understood
(Sect. 2.2.2), and the disruption of the star that follows, where hydrodynami-
cal instabilities stirs the compositional structure (Sect. 2.2.3), requires expen-
sive multi-D calculations. Therefore, in most modelling of SN lightcurves and
spectra, the effects of the core-collapse and the hydrodynamical instabilities
are parametrized in terms of explosion energy and mixing, cutting the link
between these and the progenitor star. This was done in Papers III and IV,
where the 1-D hydrodynamical code HYDE (Sect. 6.2.1) was used to infer the
progenitor (initial mass) and SN (explosion energy and mixing of the 56Ni)
parameters for SN 2011dh and other Type IIb SNe. As the SN quickly enters
a phase of homologous expansion (Sect. 2.2), the dynamics in later phases be-
comes trivial, and the processing of the energy deposited by the explosion and
the radioactive decays provides the challenge. In the diffusion phase, when
the ejecta are optically thick, the bolometric luminosity is well modelled by
the diffusion approximation (e.g. with HYDE), whereas the processing of the
radiation in the atmosphere, shaping the spectrum, require radiative transfer
modelling. This was done in Paper II, where the 1-D Monte-Carlo (MC) based
radiative-transfer code JEKYLL (Sect. 6.3.1) was used to model the diffusion
phase spectra of SN 2011dh. In the nebular phase, when the diffusion time
is negligible, the bolometric luminosity is well modelled by the deposition of
radioactive decay energy (e.g. with HYDE), whereas the processing of this
energy, shaping the spectrum, requires advanced radiative transfer modelling,
taking into account the non-thermal excitation and ionization arising from the
radioactive decays. This was done in Paper III (and ix), where a MC-based,
steady-state, NLTE, radiative-transfer code (Jerkstrand et al., 2011; Sect. 6.4.1)
was used to model the late time broad-band and pseudo-bolometric lightcurves
of SN 2011dh. The purpose of this chapter is to discuss the methods used in
this work for hydrodynamical lightcurve modelling (Sect. 6.2) and radiative
transfer modelling in the diffusion phase (Sect. 6.3) and the nebular phase
(Sect. 6.4), but first the basic physics involved is reviewed.
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6.1 Physics

The gas that constitutes the SN ejecta, is made up of matter, e.g. ions and elec-
trons, and radiation, i.e. photons. From a classical point of view, the state of
the gas is specified by the position and momentum of each particle (i.e. their
positions in phase space), which from a statistical point of view corresponds
to the particle distribution function. This provides the foundation for statistical
mechanics (matter) and radiative transfer (radiation), where the fundamental
concept of momentum conservation is expressed through the Boltzmann and
radiative transfer equations, respectively. Taking suitable averages (moments)
of these over the particle distribution, conservation equations for the mass, mo-
mentum and energy can be obtained in terms of dynamical (e.g. flow velocity),
and thermodynamical (e.g. pressure) quantities (Mihalas & Weibel Mihalas,
1984). The conservation equations for the matter and the radiation field con-
stitutes the foundation for hydrodynamics (Sect. 6.1.1) and radiative transfer
(Sect. 6.1.2), respectively, and the coupled treatment of the matter and radia-
tion field is commonly referred to as radiation hydrodynamics (Sect. 6.1.5).

The coupling between the matter and the radiation field is provided by
radiation-matter interactions (Sect. 6.1.6), where momentum and energy is ex-
changed through emission and absorption of photons. Some of these interac-
tions involve the bound energy states of the ions (e.g. line absorption), and
therefore the populations of particles in these states need to be determined
(Sect. 6.1.7). In local thermal equilibrium (LTE; Sect. 6.1.3), the particle dis-
tributions as well as the populations of bound energy states, take particularly
simple forms, a condition normally fulfilled for the electrons, but only in an
optically thick medium for the photons. Finally, radioactive decays, in which
γ-rays and leptons are emitted, give rise to high-energy, non-thermal electrons
that contribute to the heating of the gas, but also affect the populations of bound
energy states (Sect. 6.1.10). In general the coupled treatment of the matter and
the radiation field is a complicated problem, and here only a simplified de-
scription is provided, at a level sufficient for the discussion of the HYDE and
JEKYLL codes in Sects. 6.2.1 and 6.3.1, respectively.

6.1.1 Hydrodynamics

The problem of hydrodynamics is to determine the dynamical and thermody-
namical state of the matter. The basic equations of hydrodynamics are the
conservation equations for mass, momentum and energy, derivable from the
Boltzmann equation (Mihalas & Weibel Mihalas, 1984, §30-31), and for a
non-radiating fluid in equilibrium, these may be written
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∂ρ

∂ t
+∇ · (ρu) = 0 (6.1)

∂p
∂ t

+∇ · (pu)+∇P = ρg+[ṗRM] (6.2)

∂E
∂ t

+∇ · (Eu)+∇ · (Pu) = u ·ρg+ Q̇+[ĖRM] (6.3)

where u is the flow velocity, ρ the density, p the momentum (density), E =
Ek +Eth the sum of the kinetic and thermal energy (density), P the pressure,
g the gravitational acceleration and Q̇ represents energy sinks and sources.
In the case of a radiating fluid, additional terms (in brackets), representing
the coupling to the radiation field, appear on the right-hand side. Four of the
variables are independent (u, ρ , Eth and P), and to close the system additional
constraints are needed. These are provided by the equation of state (EOS;
Sect. 6.1.4), which depends on the properties of the material (e.g. ideal gas).

6.1.2 Radiative transfer

The problem of radiative transfer is to determine the state of the radiation field,
normally specified by the specific intensity I, defined as the flux of radiative
energy per frequency in the n-direction, and closely related to the photon dis-
tribution function. The basic equation of radiative transfer is (Mihalas, 1978,
ch. 2-2)

1
c

∂ I
∂ t

+n ·∇I = η−χI (6.4)

where η and χ are the emissivity and opacity, specifying the flux of radia-
tive energy per frequency, emitted and absorbed by the matter along the n-
direction. The radiative transfer equation may be understood as an energy
conservation equation for radiation flowing in the n-direction, and is equiv-
alent to the Boltzmann equation for photons (Mihalas, 1978, ch. 2-2). The
optical depth along a ray is defined as τ =

∫
χds, and, as follows from Eq. 6.4,

the escape probability for a photon travelling an optical depth τ is e−τ . The
medium is said to be optically thick if τ > 1 and optically thin otherwise. Tak-
ing suitable averages (angular moments) of the radiative transfer equation over
the intensity gives the zeroth and first order moment equations. These are com-
monly expressed in terms of the angular moments of the intensity, J, H and K,
but may also be expressed in terms of hydrodynamical quantities (Mihalas,
1978, ch. 2-3)
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∂ER

∂ t
+∇ · (c2 pR) =−ĖRM (6.5)

∂pR

∂ t
+∇ ·PR =−ṗRM (6.6)

where ER, pR and PR are the radiation energy (density), momentum (den-
sity) and pressure (tensor), respectively, and ĖRM = cχ0ER−4πη0 and ṗRM =
cχ1pR

1 are the net rate of energy and momentum absorbed by the matter, re-
spectively. Here η0 is the angle and frequency averaged emissivity, and χ0
and χ1, the angle and frequency averaged opacity, weighted in energy and mo-
mentum density, respectively. Monochromatic versions of the moment equa-
tions may be obtained similarly by averaging with respect to direction only.
Expressed in terms of hydrodynamical quantities it is clear that the moment
equations are conservations equations for the energy and momentum of the ra-
diation field, corresponding to Eqs. 6.3 and 6.2 for the matter. In analogy with
hydrodynamics, additional constraints are needed to close the system, and in
LTE these are provided by the EOS for blackbody radiation (Sect. 6.1.4) and
the diffusion approximation (Sect. 6.1.3), and otherwise by the Eddington fac-
tor (Sect. 6.1.4).

6.1.3 Local thermal equilibrium (LTE)

Consider a gas consisting of ions, electrons and photons in thermal equilib-
rium (TE). The particle and photon distributions are then homogeneous and
isotropic and given by the Maxwell and Planck distributions, respectively, and
the state completely specified by two variables (e.g. ρ and T ), related to others
by the EOS for an ideal gas and blackbody radiation (Sect. 6.1.4). Although a
system is normally not in TE, it may be in local thermal equilibrium (LTE) in
a neighbourhood of each point. In LTE there is a temperature gradient, so the
particle distributions are no longer isotropic, and to first order this give rise to
a residual flux of energy streaming in the direction of the temperature gradient.
In most astrophysical applications only the radiative energy flux is important,
and expanding I to first order around its TE value, the frequency integrated
radiative energy flux may be written (Mihalas & Weibel Mihalas, 1984, §80)

F =
c

3χR
∇EB (6.7)

where χ
−1
R is the average of the reciprocal of the opacity over ∂B/∂T , com-

monly referred to as the Rosseland mean opacity, and EB and B are the energy
1Assuming isotropic emissivity.
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density and specific intensity for blackbody radiation. This equation is com-
monly referred to as the diffusion approximation, and greatly simplifies the
radiative transfer. In LTE the populations of bound states also take particularly
simple forms, and are determined by the state of the matter (Sect. 6.1.7). The
electron gas is normally in LTE, the populations of bound states as long as
collisional processes dominates, and the radiation field as long as the optical
depth is high. If the matter is in LTE, but the radiation field is not, the emissiv-
ity of the matter is given by its TE value, j = kB (Kirchoffs law), where j and
k are the emissivity and opacity excluding scattering.

6.1.4 Equation of state

In LTE a complete description of the thermodynamical state of the matter in
terms of state variables (e.g. ρ , T and P) is possible, and the EOS relates
these and depends on the properties of the material. The EOS for an ideal gas
consisting of ions and electrons is given by

PG = nkBT, n = ne +Σni, j

EG =
3
2

PG +ΣEi, jni, j
(6.8)

where EG and PG are the (thermal) energy density and pressure for the gas,
kB the Boltzmann constant, n the total number density, ne the number density
of electrons, and ni, j and Ei, j the number density and energy (above the ground
state) for ion i in bound state j. In LTE a complete description of the radiation
field in terms of state variables is also possible, and the EOS for blackbody
radiation is given by

PR =
1
3

aT 4, ER = 3PR (6.9)

where ER and PR are the energy density and pressure for the radiation field,
and a the radiation constant. If the radiation field is not in LTE a solution
to the radiative transfer equation may be required to determine the intensity.
However, a relation between ER and PR that can be used to close the system
of conservation equations for the radiation field is provided by the Eddington
factor fE = PR/ER, which can be determined by solving the time-independent
version of the radiative transfer equation (Mihalas & Weibel Mihalas, 1984).

6.1.5 Radiation hydrodynamics

Radiation hydrodynamics is the coupled treatment of the matter (hydrodynam-
ics) and the radiation field (radiative transfer). The equations of radiation hy-
drodynamics consist of the conservation equations for the matter (Eqs. 6.1-6.3)
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and the radiation field (Eqs. 6.5-6.6), and the coupling terms on the right-
hand sides, depending on the emissivity and opacity of the matter, represent
the exchange of momentum and energy between the matter and the radiation
field. Note that the radiation-matter interactions are naturally evaluated in the
comoving frame, and therefore it is convenient to cast the equations in this
frame. This distinction is important for all but slowly moving media, and the
equations for the comoving frame (Lagrangian form) can be found in Mihalas
& Weibel Mihalas (1984, §95). To solve the frequency dependent radiative
transfer, the monochromatic versions of the moment equations may be inte-
grated over frequency bins (multi-group approximation). In LTE the radiative
transfer has a particularly simple solution, where the energy and pressure are
given by the EOS for blackbody radiation and the flux (or momentum density)
by the diffusion approximation (Sect. 6.1.3). In this case the equations are
greatly simplified and, in the 1-D (spherically symmetric) case, the conserva-
tion equations for mass, (total) momentum, and (total) thermal energy may be
expressed in mass coordinates (Lagrangian form) as (Falk & Arnett, 1977)

m =
∫

4πr2
ρdr (6.10)

∂v
∂ t

=−4πr2 ∂ (PG +PR)

∂m
+

Gm
r2 (6.11)

∂

∂ t

(
EG +ER

ρ

)
=−(PG +PR)

∂

∂ t

(
1
ρ

)
− ∂L

∂m
+ Q̇ (6.12)

where L = 4πr2F is the luminosity given by the diffusion approximation
(Eq. 6.7), and EG, PG, ER and PR are given by the EOS for an ideal gas and
blackbody radiation (Eqs. 6.8-6.9).

6.1.6 Radiation-matter interactions

In radiation-matter interactions, energy and momentum are exchanged by the
matter and the radiation field through absorption and emission of photons. De-
pending on the initial and final energy state for the electrons involved, these
interactions may be classified as bound-bound, bound-free or free-free. The
amount of radiation energy absorbed or emitted is determined by the opacity
and the emissivity. For a given ion, the opacity and emissivity for bound-bound
interactions are given by (Mihalas, 1978, ch. 7-2)1

χ
bb
lu = (nl−

gl

gu
nu) σ

bb
lu (ν), η

bb
ul =

2hν3

c2
gl

gu
nuσ

bb
lu (ν) (6.13)

1Assuming complete redistribution.

84



where ni and gi are the number density and statistical weight for bound state i
of the ion, and σbb

lu (ν) = (hνul/4π)Bluφlu(ν) the cross-section for absorption,
where Blu is the Einstein coefficient for absorption and φ(ν) the line profile.
The Einstein relations (Mihalas, 1978, eqs. 4-8 and 4-9) show that the bound-
bound emission and absorption processes are all determined by a single atomic
property, in this case chosen to be Blu. Bound-free and free-free interactions
are not treated explicitly in the HYDE and JEKYLL codes, and a detailed
discussion of these interactions is provided in Mihalas (1978). Except for the
interactions mentioned, the photons may also scatter on free electrons. Assum-
ing coherent and isotropic scattering, the opacity and emissivity for electron
scattering is given by (Mihalas, 1978, ch. 7-2)

χe = neσe, ηe = Jχe (6.14)

where σe is the cross-section for electron scattering and J is the frequency
integrated mean intensity. The emissivities and opacities depend on the level
populations (Sect. 6.1.7) and the cross-sections for the interactions, which,
in turn, depend on the type of interaction and the properties of the particles
involved.

6.1.7 Level populations

The populations of bound states are determined by the state of the matter and
the radiation field, through collisional and radiative processes, respectively. In
LTE, collisional processes dominate, and the populations are determined by
the state of the matter. In this case, the populations of excited and ionized
states are given by the Boltzmann excitation equation and the Saha ionization
equation, respectively (Mihalas, 1978, ch. 5-1)

ni,u

ni,l
=

gi,u

gi,l
exp−(

Ei,u−Ei,l

kBT
) (6.15)

ni+1,0ne

ni,0
= 2

(2πmekBT )3/2

h3
gi+1,0

gi,0
exp(− χi,0

kBT
) (6.16)

where ni, j, Ei, j and gi, j are the number density, energy and statistical weight,
respectively, for bound state j of ion i, and χi,0 the ionization energy from the
ground state of ion i. LTE applies as long as collisional processes dominate,
and otherwise the state of the matter is partly, or fully, determined by the radi-
ation field. This is called non-LTE (NLTE), and in this case the populations of
bound states are given by the NLTE rate equation (Mihalas, 1978, ch. 5-4)
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∂ni,k

∂ t
+∇(ni,ku) = ΣΣn j,lPji,lk−ni,kΣΣPi j,kl (6.17)

where Pi j,kl =Ci j,kl +Ri j,kl and Ci j,kl and Ri j,kl are the collisional and radiative
rates for bound-bound (excitation and de-excitation) and bound-free (ioniza-
tion and recombination) transitions, respectively, into ionization state i and
excitation state k. Assuming steady-state, the left-hand side becomes zero in
the comoving frame, and Eq. 6.17 simplifies to the equation for statistical equi-
librium.

6.1.8 Transition rates

To determine the level populations in NLTE, the radiative and collisional tran-
sition rates for bound-bound and bound-free transitions need to be determined.
Using the Einstein relations, the upward and downward radiative rates (per
particle) for bound-bound transitions can be expressed as frequency integrals
of the absorption cross-section (Mihalas, 1978, ch. 5-4)

Rlu = 4π

∫
σlu(ν)

hν
Jνdν (6.18)

Rul = 4π

∫
σlu(ν)

hν
(
2hν3

c2 + Jν)dν (6.19)

whereas the upward and downward radiative rates for bound-free transitions
can be expressed similarly (Mihalas, 1978, ch. 5-4). The radiative transition
rates depend on the absorption cross-sections, which in turn depend on atomic
properties, but through Jν they also depend on the radiation field, a fact that
complicates solving the problem. Collisional rates are not treated explicitly by
the HYDE and JEKYLL code, and a detailed discussion of these is provided
in Mihalas (1978, ch. 5-4). Either if the collisional rates dominate, in which
case LTE applies, or if the radiative rates dominate (nebular approximation,
see Sect. 6.3.1), knowledge of the collisional rates is not required. However,
in the intermediate regime, these need to be determined to solve the problem.

6.1.9 Bound-bound opacity in an expanding medium

In an expanding medium the comoving photon frequency is continuously red-
shifted, and if the velocity gradient is large enough, a photon is only in reso-
nance with a line in a small spatial region. In this case, bound-bound transitions
may be treated in the Sobolev approximation (Castor, 1970; Sobolev, 1957),
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where interactions take place only at resonance surfaces of constant velocity.
Assuming homologous expansion, the optical depth experienced by a photon,
and the angle averaged photon escape probability may be written (Mihalas,
1978, ch. 14-2)

τ
S
lu = nlBlu

(
1− glnu

gunl

)
hc
4π

dr
dv

(6.20)

β
S =

1− e−τS
lu

τS
lu

(6.21)

The Solobev approximation might be considered an approximate solution
to the radiative transfer equation through the resonance region. In this case, the
upward and downward rates for bound-bound transitions (Eqs. 6.18 and 6.19)
may be rewritten in terms of the escape probability as (Lucy, 2003)

Rlu = Jνβ
SBlu, Rul = (

2hν3

c2 + Jν)β
SBlu (6.22)

6.1.10 Radioactive decays

Radioactive decays of isotopes synthesized in the SN explosion play an im-
portant role in the powering of SNe. The decay probability is independent of
time, so the number of parent isotopes evolves as N = N(0) e−t/τ , where τ is
the e-folding time. Usually the unstable isotope evolves into a stable isotope
in a chain of decays, and then the number of parent isotopes in each decay is
given by

ND = N1(0) τD

D

∑
i=1

ci

τi
e−t/τi , ci =

D

∏
j=1,i 6= j

τi

τi− τ j
, (6.23)

where τi is the e-folding time of the ith decay. The most important decay
chain at early times is 56Ni→ 56Co→ 56Fe, with e-folding times of 8.77 and
111.5 days, whereas the slower 57Ni→ 57Co→ 57Fe, with e-folding times of
2.17 and 392.1 days, and 44Ti→ 44Sc→ 44Ca, with e-folding times of 87 years
and 5.7 hours, dominate at later times. In these decays, protons are converted
to neutrons by electron capture or emission of high-energy positrons. As the
nuclei are left in excited states, they subsequently decay to the ground state by
emission of high-energy photons and, in some cases, (Auger) electrons. The
high-energy leptons and photons may be absorbed by the ejecta through Comp-
ton scattering on free and bound electrons, which, in turn, give rise to a cascade
of interactions resulting in heating of the free electrons, and ionizations and ex-
citations of the ions. In optically thick regions, where the electron fraction is
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normally high, the end result is heating of the gas (Kozma & Fransson, 1992),
and calculating the fraction of the radioactive decay energy deposited in the
ejecta is sufficient. This problem can be treated rigorously by a MC calcu-
lation following the high-energy photons and leptons scattering through the
ejecta (e.g. Colgate et al., 1980; Woosley et al., 1989), or approximately, by
the use of effective opacities obtained by such calculations. In optically thin
regions, however, where the electron fraction is normally low, the situation
is more complicated, and a treatment of the cascade of interactions determin-
ing the radioactive heating, ionization and excitation rates, is needed. This
problem can be treated rigorously by a MC method or by solving the Boltz-
mann equation for electrons (Spencer-Fano equation), as was done by Kozma
& Fransson (1992). Approximate methods to determine the heating, ionization
and excitation rates also exist, as the one described by Axelrod (1980), later
refined by Ruiz-Lapuente & Lucy (1992).

6.2 Hydrodynamical lightcurve modelling

Application of 1-D (spherically symmetric) radiation hydrodynamics to mod-
elling of SN lightcurves was introduced in the 70s (e.g. Falk & Arnett, 1977).
Since then, the method has been used in a number of codes for parameter stud-
ies as well as for modelling of specific SNe (e.g. Litvinova & Nadezhin, 1983,
1985; Woosley et al., 1994; Blinnikov et al., 1998; Utrobin, 2004; Bersten
et al., 2011), including the HYDE code (Paper IV) used in this work. In more
advanced codes like STELLA (Blinnikov et al., 1998) and CRAB (Utrobin,
2004), LTE is not assumed, and the full system of equations (Eqs. 6.1-6.3
and 6.5-6.6) is solved, either in the one-group (e.g. CRAB) or multi-group
(e.g. STELLA) approximations. Multi-group codes like STELLA have the ca-
pability to calculate broad-band lightcurves and even spectra if the frequency
resolution is sufficient. The CRAB code solves for statistical equilibrium with
respect to the ionized states, including non-thermal ionization rates, but other-
wise LTE is assumed for the level populations in both STELLA and CRAB,
and the line opacity in an expanding medium treated in an average sense (e.g.
Karp et al., 1977), either as pure scattering or pure absorption. In less ad-
vanced codes like HYDE and the one by Bersten et al. (2011), LTE is assumed,
and the simplified system of equations based on the diffusion approximation
(Eqs. 6.10-6.12) is solved. These codes mainly have the capability to calculate
bolometric lightcurves, although a blackbody approximation might be used
to calculate approximate broad-band lightcurves, and suffer from a simplified
treatment of the opacity, as LTE does not apply in the optically thin region and
the line opacity is typically calculated for a static medium.
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6.2.1 The HYDE code

HYDE is a 1-D (spherically symmetric), diffusion-based, radiation hydrody-
namical code developed by the author of this thesis, where the equations of
radiation hydrodynamics in the diffusion approximation are solved using a fi-
nite difference scheme. Optionally, a flux limiter may be used, in which case
the equations need to be modified to assure consistency. In a simulation, a
stellar model (e.g. one evolved with MESA) is loaded, the explosion energy
injected near the mass cut, corresponding to the division between the ejected
material and the compact remnant, and the model evolved. In each time-step
the dynamical and thermodynamical state is advanced using the momentum
and thermal energy equations, respectively, the deposition of radioactive de-
cay energy calculated with a MC-based γ-ray and lepton transfer routine, and
the mass fractions of the isotopes updated. The opacity is not calculated ex-
plicitly, but interpolated from tables calculated for a static medium in LTE. The
EOS is assumed to be that of a mixture of an ideal gas and blackbody radia-
tion, although optionally, the Eddington factor is allowed to vary. In Paper IV a
grid of SN models based on bare helium-core models evolved with MESA was
constructed, parametrized with the helium core mass, the explosion energy and
the mass and mixing of the radioactive 56Ni, and in Paper III and IV this grid
was used to fit the lightcurves and photospheric velocities of SN 2011dh and a
sample of Type IIb SNe, respectively.

Radiation hydrodynamics The 1-D (spherical symmetric) equations of ra-
diation hydrodynamics in the diffusion approximation (Eqs. 6.10-6.12) are
solved by a finite difference scheme similar to the one described by Falk &
Arnett (1977, eqs. A1-A12). The dynamical state is solved for using the mo-
mentum equation (Eq. 6.11) and a forward difference scheme, where the new
state is explicitly determined by the previous state, and is therefore trivial to
advance. The thermodynamical state is solved for using the thermal energy
equation (Eq. 6.12) and a backward difference scheme, where the new state
is implicitly determined by the previous state. This results in a non-linear
equation system, which is solved by a Newton-Raphson like method, where
the equation system is linearised in terms of temperature corrections (Falk &
Arnett, 1977, appendix AIa). To handle strong velocity gradients (shocks) an
artificial viscosity following the prescription by Von Neumann & Richtmyer
(1950) is added to the pressure terms in Eqs. 6.11 and 6.12. To solve the equa-
tions, initial and boundary conditions are required, and L = 0 and v = 0 are
imposed at the inner boundary, whereas PG = 0 and the Eddington approxima-
tion, T 4 = (3/4)T 4

eff(τ + 2/3), are imposed at the outer boundary. The initial
conditions are set by the stellar model, and for consistency the temperature
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structure of the model may be recalculated using the HYDE EOS assuming
hydrostatic equilibrium. The zero-velocity boundary represents the division
(mass cut) between the ejected material and the compact remnant, and the ex-
plosion energy is injected near this boundary in the form of thermal energy,
represented as an additional heating term in Eq. 6.12.

The diffusion approximation is justified in the optically thick regime, but
does not apply in the optically thin regime. To (approximately) account for
this, and to assure that the diffusion velocity does not exceed the speed of
light (Epstein, 1981), HYDE provides an option to use a flux limiter follow-
ing the prescription by Bersten et al. (2011), which is then added in Eq. 6.7.
This transforms the radiation field from the optically thick diffusion limit to
the free-streaming unidirectional limit, but is only qualitatively correct in the
intermediate region. Furthermore, the flux limiter introduces inconsistencies
in the momentum and thermal energy equations (Epstein, 1981), as the (near)
isotropic radiation field ( fE = 1/3) assumed in the diffusion approximation is
forced into a unidirectional one ( fE = 1). Therefore, HYDE provides an option
to include the isotropy related terms (containing the factor 3PR-ER; see Miha-
las & Weibel Mihalas, 1984, eqs. 96.3 and 96.9), to express the divergence of
the radiation pressure in terms of radiative energy flux, and to calculate the
Eddington factor. The latter is done by solving the steady-state version of the
first-order moment equation (Eq. 6.6) for a radiation field with the energy den-
sity of a blackbody and the flux given by the flux limiter. Written in terms
of radiative energy density, luminosity and the Eddington factor the modified
equations are given by

∂v
∂ t

=−4πr2 ∂PG

∂m
+

ρκF

4πr2c
L+

Gm
r2 (6.24)

∂
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(
EG +ER

ρ

)
=−(PG + fEER)

∂

∂ t

(
1
ρ

)
+(3 fE−1)ER

v
ρr
− ∂L

∂m
+ Q̇

(6.25)

where κF is the mean opacity weighted in radiative energy flux. Note that the
Eddington factor is determined by the form of the flux limiter, and may not be
the same as would be obtained from geometrical considerations. HYDE also
provides an option to use a modified version of the Eddington approximation,
T 4 = (3/4)T 4

eff(τ + 1/3), at the outer boundary. This form is consistent with
the flux limiter in the sense that the unidirectional limit ( fE = 1) is recovered
when τ → 0.
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Opacity In the LTE regime, where the diffusion approximation applies, the
coupling between the matter and the radiation field is determined by a single
quantity, the Rosseland mean opacity. Note, however, that in the modified ver-
sion of the momentum equation (Eq. 6.24), also the mean opacity weighted in
energy flux appears, but this difference is ignored. The code does not calculate
the Rosseland mean opacity itself, but it is instead interpolated from the OPAL
opacity tables (Iglesias & Rogers, 1996) complemented with the low tempera-
ture opacities given by Alexander & Ferguson (1994). These opacity tables are
calculated for a static medium in LTE, and therefore the bound-bound opac-
ity, which is strongly dependent on the velocity field (Karp et al., 1977), may
be underestimated. Furthermore, as the opacity is calculated for a medium
in LTE, it does not apply in the optically thin region, where non-thermal ion-
ization may increase the electron scattering contribution. To take these effects
into account, a minimum value of the opacity, commonly referred to as opacity
floor, is used (Bersten et al., 2011). The value of this floor is set to 0.01 cm2

g−1 in the hydrogen envelope and 0.025 cm2 g−1 in the helium core following
Bersten et al. (2012, private communication), who calibrated these values by
comparison to STELLA.

Equation of state The EOS is taken to be that for a mixture of an ideal gas
(Eq. 6.8) and blackbody radiation (Eq. 6.9), although the Eddington factor is
allowed to vary as described above. The effects of ionization are included
but the excitation energy is not (i.e. it is ignored in the last term of Eq. 6.8),
and the degeneracy of the electron gas is not taken into account. The ion and
electron number densities needed in Eq. 6.8 are calculated by solving the Saha
ionization equation (Eq. 6.16) for the first five ionization stages of all elements
if required (which ionization stages to include is an configurable option).

Radioactive decays The transfer of the high-energy photons and leptons
emitted in the radioactive decay chains of 56Ni, 57Ni and 44Ti is calculated
with a MC algorithm similar to that by Jerkstrand et al. (2011, 2012), and the
mass fractions of the isotopes evolved according to Eq. 6.23. The grey opac-
ities, luminosities and decay times used are the same as in Jerkstrand et al.
(2011, 2012), and the high-energy leptons are assumed to deposit their energy
locally (on-the-spot). All deposited decay energy is assumed to contribute to
the heating of the gas, which is a reasonable approximation in the optically
thick region where the degree of ionization is high (Kozma & Fransson, 1992),
and the deposited decay energy is just fed into the energy equation (Eq. 6.12).

Observed luminosity The luminosity at the outer boundary is given in the
comoving frame, and as this boundary can be accelerated to high speeds, a
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transformation to the observer frame may be necessary. Therefore, HYDE
provides an option to calculate the luminosity measured by a distant observer,
and assuming a free-streaming unidirectional radiation field, this is given by

Lobs(tobs) = [1+2β (t)]L(t) (6.26)

where β (t) = v(t)/c and tobs = t − R(t)/c. This expression can be de-
rived from first principles (see eq. 99.39 in Mihalas & Weibel Mihalas, 1984),
and the two Doppler factors account for the transformations of time and the
frequency of the photons. HYDE also provides an option to proceed from
the luminosity at some inner surface, outside which the optical depth and the
radioactive energy deposition is negligible. This reduces the effect of the treat-
ment in the optically thin region, and the difference between the luminosity
in the comoving frame and that measured by a distant observer becomes less
critical.

Limitations As compared to more advanced codes like STELLA and CRAB,
the most critical limitation is the treatment of the opacity, and in particular the
line opacity, and this issue and the effects of the approximations on the re-
sults are discussed to some extent in Paper IV. However, to self-consistently
calculate the opacities in the optically thin region, LTE can not be assumed
and the full system of radiation hydrodynamical equations has to be solved.
A statistical equilibrium solution for the ionized states, including non-thermal
ionization rates, as in the CRAB code, may also be required to correctly es-
timate the electron scattering opacity. Other important limitations, shared in
this case with STELLA and CRAB, are the artificial 1-D constraint and the
absence of a treatment of the explosive nucleosynthesis.

Tests of the code The homologous behaviour has been tested by compari-
son to analytical solutions by Imshennik & Popov (1992), and the deposition
of radioactive decay energy has been tested by comparison to the steady-state
NLTE code by Jerkstrand et al. (2011, 2012). Energy conservation has been
tested, and is accurate to a few percent of the explosion energy in a typical run
(see Paper IV). The hydrodynamical behaviour has been tested by comparison
to the results presented in Paper iii, using the same 4 M� bare helium-core
model from Nomoto & Hashimoto (1988). Figure 6.1 shows a comparison
between the bolometric lightcurve calculated with HYDE and the bolometric
lightcurve for the adjusted version of the He4 model (Paper iii) presented in
Paper II. Both models have the same explosion parameters (E=1.0×1051 erg,
MNi=0.075 M� and MixNi=0.95), and for consistency flux-limited diffusion
without a calculation of the Eddington factor was used, and only ionization of
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Figure 6.1: Bolometric lightcurve for the 4 M� bare helium core model from
Nomoto & Hashimoto (1988) as modelled with HYDE (black) and the adjusted
version of the He4 model (Paper iii) presented in Paper II (blue). This figure is
the same as Fig. 1 in Paper IV.

hydrogen and helium was included in the EOS. Except at .1 day the bolo-
metric lightcurves are very similar, but the luminosity during the first day is
considerably higher in our model. This is likely a result of differences in the
zoning or the density profiles, and as the Nomoto & Hashimoto (1988) model
was scanned from their paper such differences are expected. Further calcula-
tions presented in Paper IV and this thesis all support a healthy behaviour of
the code.

Implementation The HYDE code is implemented in C++ and a simplified
code structure and flow-chart is shown in Fig. 6.4. The main objects are the
GridHD and CellHD objects, representing the physical ejecta and the sampling
of it, which inherit from the GridSS and CellSS objects used by the JEKYLL
code (Sect. 6.3). The GridHD object adds functions to the GridSS object to
evolve the dynamical and thermodynamical state of the matter following the
method described above. The CellHD object adds functions to the CellSS ob-
ject to calculate the energy, pressure and luminosity using the EOS and the
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GridHD::evolveRadio(...)

GridHD::evolveDyn(...)

GridHD::evolveThermo(...)
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Opac::kappa(...)

Check time

Figure 6.2: Simplified code structure (left) and flow-chart (right) for the HYDE
code. The GridSS, CellSS and MCExperiment objects are also used by the
JEKYLL code and are further described in Fig. 6.4.

diffusion approximation. The radioactive energy deposition is calculated us-
ing the MCExperimentGamma object, which inherits from the MCExperiment
object used by the JEKYLL code (Sect. 6.3). Each CellHD object holds an
Opac object, which provides functions to calculate the opacity, as interpolated
from the opacity tables. The time-step ∆t for each calculation is initially set ac-
cording to the Courant-Friedrich-Levy (CFL) condition vs∆t/∆r = 0.5, where
vs and ∆r are the sound-speed and the radial size of the cell, respectively, and
is subsequently reduced if the convergence criteria are not satisfied. Both the
reduction scheme and the convergence criteria are configurable.

The grid of SN models Although HYDE has several limitations, thanks to
its simplicity it also has the advantage of being fast, which allows for model
grids covering considerable amounts of parameter space to be constructed. Fit-
ting observations to such a grid, the progenitor and SN parameters can be esti-
mated and the errors and the degeneracy of the solution constrained. This ap-
proach is explored in Paper IV, where a grid of SN models based bare helium-
core models evolved with MESA is constructed and used to model a sample of
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Type IIb SNe, and an extended version (with respect to time) of the grid is also
used to model SN 2011dh in Paper III. The model grid is parametrized with one
progenitor parameter, the helium core mass (omitting metallicity and rotation),
and three SN parameters, the explosion energy and the mass and distribution
of the radioactive 56Ni, where the mass fraction of the 56Ni is assumed to be a
linearly declining function of stellar mass. The properties and the behaviour of
this model grid, as well as the validity of the bare helium core approximation
for progenitor models of Type IIb SNe (which may have an extended hydro-
gen envelope), are discussed in some detail in Paper IV. Comparable sample
studies (e.g. Cano, 2013; Lyman et al., 2014; Taddia et al., 2015) have mostly
been based on simplified models like the one by Arnett (1982). Such mod-
els are basically solutions to the diffusion equation, given the assumptions of
homologous expansion and a homogeneous ejecta, and it is therefore of great
interest to advance the methods used. The use of hydrodynamical model grids
has been explored before (Litvinova & Nadezhin, 1983, 1985), but the ever
increasing computational speed and the increasing amount of data obtained by
SN surveys motivates a renewed interest in this approach.

6.3 Monte-Carlo spectral modelling in the diffusion phase

Application of the Monte-Carlo (MC) method to modelling of SN spectra was
introduced by Lucy (1987), described in more detail in Mazzali & Lucy (1993)
and further developed by Lucy (2002, 2003, 2005). The method has been used
in a number of different codes (e.g. Mazzali, 2000; Kasen et al., 2006; Kromer
& Sim, 2009; Maurer et al., 2011; Kerzendorf & Sim, 2014), including the
JEKYLL code and the steady-state NLTE code (Jerkstrand et al., 2011, 2012)
used in this work. Using this method, the (frequency dependent) radiative
transfer problem is solved by propagation of radiation packets. The packets
are drawn from some distribution, e.g. that of a black-body at some tempera-
ture, and then propagated through a homologously expanding ejecta. During
their passage through the ejecta, the radiation packets interact with the matter,
assumed to be in some state, e.g. that of LTE at some temperature. The end
result of the packet propagation is to determine the state of the radiation field,
which can be used to calculate the state of the matter, and the procedure then
repeated until convergence is reached. This procedure is called Λ-iteration
and convergence is not always easy to achieve. However, as discussed in Lucy
(2005), the use of indestructible packets, which enforce energy conservation in
each iteration, helps to stabilize the procedure and speed up the convergence.
Advanced diffusion-phase codes like ARTIS (Kromer & Sim, 2009) and SE-
DONA (Kasen et al., 2006) are time-dependent and solve the thermal energy
equation, and have the capability to model lightcurves and the spectral evolu-
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tion. ARTIS solves for statistical equilibrium with respect to the ionized states,
but otherwise LTE is assumed for the level populations in both ARTIS and
SEDONA. Less advanced diffusion-phase codes like TARDIS (Kerzendorf &
Sim, 2014) and JEKYLL assume steady-state, do not solve the thermal energy
equation, and only support scattering and fluorescence. These are essentially
SN atmosphere codes and have the capability to model spectra at individual
epochs, assuming blackbody radiation at some inner boundary corresponding
to the photosphere (or thermalization radius).

6.3.1 The JEKYLL code

JEKYLL is a 1-D (spherical symmetric), MC-based, steady-state, radiative-
transfer code developed by the author of this thesis, where a Λ-iteration scheme
is used to determine the state of the matter and the radiation field. In a simula-
tion an ejecta model is loaded, the temperature and radius of the inner boundary
set, and a MC calculation performed where the radiation packets interact with
the matter through electron scattering and line scattering or fluorescence. The
radiation field is used to update the state of the matter, i.e the gas temperature
and the level populations, and the Λ-iteration repeated until the gas tempera-
ture converges. The code does not solve the thermal energy equation, but as-
sumes the gas temperature to be controlled by the radiation field (parametrized
as a diluted blackbody; see Mazzali & Lucy, 1993), and the gas and radia-
tion temperatures to be related as TG = 0.9TR. The ionized and excited states
are populated according to LTE, the nebular approximation (Abbott & Lucy,
1985; Mazzali & Lucy, 1993) or statistical equilibrium, the latter method only
supported for excited states. An outer loop may be used to adjust the radius
or the temperature of the inner boundary until the emitted luminosity equals
the observed. In Paper II JEKYLL was used to model the photospheric phase
spectra of SN 2011dh, the blackbody temperature and radius obtained from the
observed magnitudes and the ejecta model adopted from Paper iii. Note, how-
ever, that this was done using an earlier version of the code, without support
for fluorescence and statistical equilibrium.

Radiative transfer The radiative transfer is solved using the method out-
lined in Lucy (2005), where indestructible and indivisible radiation packets
are propagated through a homologously expanding ejecta. The radiation pack-
ets interact with the matter through electron scattering and bound-bound pro-
cesses, the latter treated as scattering or fluorescence in the Sobolev approxi-
mation (Sect. 6.1.9). The individual interactions are drawn according to their
accumulated optical depths, calculated from Eqs. 6.14 and 6.20, using the pro-
cedure described by Lucy (2005). In the case of electron or line scattering, the
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packet is just isotropically re-emitted, whereas in the case of line fluorescence
the method described by Lucy (2002) is used, and the re-emitting transition
drawn to reproduce the line emissivities in a statistical sense, given the con-
straints of energy conservation and statistical equilibrium. In each bound state,
either an internal1 transition to a new bound state is drawn, or the process ends
with a radiative de-excitation. The packet is then re-emitted with a new fre-
quency (but the same energy) given by the final radiative de-excitation. As
shown by Lucy (2002), the MC probabilities for radiative de-excitations (PR

il ),
and internal upward (PU

iu ) and downward (PD
il ) transitions, are given by

PR
il = Ril(Ei−El)/D (6.27)

PU
iu = RiuEi/D (6.28)

PD
il = RilEl/D (6.29)

where Ri j = niRi j is the radiative transition rate (per volume) from state i to
state j, Ei the energy of state i, D = ∑Ri, jEi the total energy flow out of state
i, and Ri j is given by Eq. 6.22. Free-free, bound-free and collisional processes
are not supported in the current version JEKYLL. Therefore, the cooling and
heating (rates) of the gas can not be determined, and a solution to the thermal
energy equation can not be obtained (see above and below).

Level populations In LTE, the level populations are given by Eqs. 6.15 and
6.16, whereas in the nebular approximation, the radiative rates are assumed to
dominate, and the populations of excited and ionized states may be approxi-
mately expressed in terms of their LTE populations. Abbott & Lucy (1985)
find the populations of metastable excited states to be approximated by LTE,
and the populations of excited states that can interact with metastable states
via a single permitted transition to be approximated by

ni, j

ni,m
= ξW

(
ni, j

ni,m

)?

TR

(6.30)

where ni, j and ni,m are the number densities for such a state j and a metastable
state m of ion i, W the dilution factor, TR the radiation temperature, ξ ≤ 1 a
correction factor, and the asterisk marks the corresponding LTE value. Mazzali
& Lucy (1993) find the populations of ionized states to be approximated by

1See Lucy (2002) for an explanation of this concept.
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ni+1 +ne

ni
=W [δζ +W (1−ζ )]

(
Te

TR

)1/2(ni+1 +ne

ni

)?

TR

(6.31)

where ni = ∑ni, j is the number density of ion i, ne the electron number den-
sity, ζ the fraction of recombinations going directly to the ground state, and
the asterisk marks the corresponding LTE value. When using statistical equi-
librium to determine the level populations of the excited states, the steady-state
version of Eq. 6.17 is solved separately for the excited states of each ion as-
suming that the radiative rates dominate (which is the underlying assumption
for the nebular approximation).

The inner boundary In the diffusion phase, the diffusion time typically ex-
ceeds the dynamical time-scale, and as JEKYLL assumes steady state, the en-
tire ejecta can not be consistently modelled. Therefore a simplifying assump-
tion is adopted, where the photons are assumed to be emitted as blackbody
radiation at an inner boundary (Mazzali & Lucy, 1993). This boundary rather
corresponds to the thermalization radius than the photosphere, and the tem-
perature can be approximated by a blackbody fit to bands not affected by line
blocking, e.g. V , I, J, H and K (Paper II). As some photons will scatter back
through the inner boundary, the emitted luminosity will be lower than at the
inner boundary, and the radius that reproduces the observed luminosity has to
be determined by an iterative procedure. An alternative procedure is also pos-
sible, where a blackbody fit to observations is used to determine the radius,
and the temperature that reproduces the observed luminosity then found by an
iterative procedure.

Tests of the code JEKYLL has been tested against TARDIS (Kerzendorf &
Sim, 2014), which has similar capabilities. Comparisons were made for each
of the supported methods for level populations and line interactions, and the
agreement appears to be good. This is exemplified in Fig. 6.3, which shows
spectra for pure hydrogen composition calculated with JEKYLL and TARDIS
using the nebular approximation for ionization, statistical equilibrium for ex-
citation and fluorescence for the line interactions. The physical conditions
were chosen to be similar to those of SN 1987A at ∼5 days. Note that the
TARDIS atomic data was used, which only includes the α-γ and α-β lines for
the Balmer and Paschen series, respectively.

Limitations Compared to more advanced codes like ARTIS and SEDONA,
the steady-state assumption, which prevents a consistent treatment of the ejecta
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Figure 6.3: Comparison of spectra modelled with JEKYLL (black) and TARDIS
(red) for pure hydrogen composition using the nebular approximation for ioniza-
tion, statistical equilibrium for excitation and fluorescence for the line interac-
tions. The physical conditions were chosen to be similar to those of SN 1987A
at ∼5 days.

(see above), is probably the most important limitation. However, regarded as
an atmosphere code, in which case steady state may be justified, the most criti-
cal limitation is the absence of free-free, bound-free and collisional processes,
all of which serves to couple the state of the radiation field to the matter in a
more realistic way. This prevents the temperature structure to be determined
using the thermal energy equation, and also prevents the inner boundary to be
placed at a sufficiently high optical depth. A treatment of bound-free processes
is also important for lines like Hα , which has a significant contribution from
recombination emission. Another important limitation, shared in this case with
ARTIS and SEDONA, is the absence of non-thermal excitation and ionization,
which is important to populate the excited levels of e.g. He I.

Implementation The JEKYLL code is implemented in C++ and a simpli-
fied code structure and flow-chart is shown in Fig. 6.4. The main objects are
the Grid and the MCExperiment objects. These are written in a geometry and
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method independent way, and represent the ejecta and the MC experiment per-
formed on it. Currently a spherical symmetric geometry, and a number of
methods to calculate the state of the matter are supported (see above). The
Grid object holds a list of Cell objects and provides functions to update the
state of the matter and the radiation field, as well as to load and save the ejecta
model. The Cell object holds the state of the matter and the radiation field,
and provides functions to update these in each individual cell. The state of
the matter is represented by the density and the temperature, as well as the
composition and the populations of ionized and excited states, in turn hold by
a hierarchical structure of Atom, Isotope, IState and BState objects, whereas
the state of the radiation field is represented by the frequency binned mean
intensity. The Cell object also provides functions to calculate opacities and
geometrical functions (e.g. volume and border distance), which constitutes the
interface used by the Packet objects. The MCExperiment object holds a list of
Packet objects, representing the photon packets to be propagated, and provides
functions to run the experiment, as well as to export the spectrum and statistics
to file. The Packet object holds the energy and frequency of the photons, as
well as their position and flight direction, and provides functions to propagate
the packet, and to handle interactions with the matter and geometrical events.
In each iteration a new MCExperiment object is created and a MC experiment
is performed on the grid by propagating some number of photon packets. The
Packet objects record their flight history, and the MCExperiment object is then
fed into the Grid object to update the radiation state. Finally the matter state
of the Grid object is updated which is then ready for a new MC experiment.

6.4 Monte-Carlo spectral modelling in the nebular phase

Most of the MC-based spectral codes mentioned in Sect. 6.3 are tailored for
the photospheric phase and are not suitable for modelling of SNe in the nebular
phase. The main reason is that when the ejecta become optically thin and the
electron fraction decreases, the energy deposited by the radioactive decays can
no longer be treated just as heating of the gas (Kozma & Fransson, 1992).
Therefore, a treatment of the cascade of interactions following the emission
of high-energy photons or leptons, resulting in heating of free electrons and
ionizations and excitations of ions, is required. This problem was solved by
Kozma & Fransson (1992), and based on their method Kozma & Fransson
(1998a,b) modelled the nebular spectrum of SN 1987A assuming the ejecta
to be transparent. The steady-state NLTE code used in this work (Jerkstrand
et al., 2011, 2012) uses the method described in Kozma & Fransson (1992) to
calculate the radioactive heating, ionization and excitation rates, but in addition
a full MC-based NLTE radiative transfer is performed. However, contrary
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Figure 6.4: Simplified code structure (left) and flow-chart (right) for the
JEKYLL code.

to Kozma & Fransson (1998a,b), steady-state is assumed, so time-dependent
effects are ignored. Another MC-based code capable of modelling SNe in
the nebular phase is the one by Maurer et al. (2011), which use approximate
methods to calculate the radioactive heating, ionization and excitation rates,
but is otherwise, in many aspects, similar to the one by Jerkstrand et al. (2011,
2012). Contrary to Mazzali & Lucy (1993) and other MC-based codes tailored
for the photospheric phase, neither Jerkstrand et al. (2011, 2012) nor Maurer
et al. (2011) impose indestructibility of the photon packets. In spite of this,
convergence is generally easy to achieve, which might be due to the relatively
weak non-local coupling provided by the radiation field in the nebular phase.
Finally, the less advanced one-zone (constant density and composition) code
by Mazzali et al. (2001) should also be mentioned. This code is based on an
approximate treatment of the radioactive heating and ionization rates (Axelrod,
1980; Ruiz-Lapuente & Lucy, 1992), and has been frequently used to model
nebular SN spectra.

6.4.1 The steady-state NLTE code

The spectral code developed by Anders Jerkstrand, described in Jerkstrand
et al. (2011, 2012), and referred to as the steady-state NLTE code in Paper III,
is a 1-D (spherical symmetric, but see below), MC-based, steady-state, NLTE
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radiative-transfer code, where a Λ-iteration scheme is used to determine the
state of the matter and the radiation field. The deposition of the radioactive
decay energy in the ejecta is calculated with a MC algorithm similar to the one
used by HYDE (Sect. 6.2). The radioactive heating, ionization and excitation
rates are calculated by solving the Spencer-Fano equation (Kozma & Frans-
son, 1992), and the state of the matter determined by solving the steady-state
versions of the NLTE rate equation (statistical equilibrium; Eq. 6.17) and the
thermal energy equation (thermal equilibrium). Knowing the state of the mat-
ter, the radiation field is determined through a MC calculation, the radiative
heating, ionization and excitation rates calculated, and the Λ-iteration repeated
until convergence is reached. The geometry of the ejecta is assumed to be
spherically symmetric, but only in a statistical sense, where the core is allowed
to consist of several, macroscopically mixed, compositional zones. Each such
zone is represented by a number of spherical clumps, assumed to cover some
fraction of the core volume (filling factor), and after the passage through each
clump, a new clump is drawn based on the filling factors for the compositional
zones. This method provides a statistical parametrization of the macroscopic
mixing of the nuclear burning zones, known to occur in the SN explosion due
to hydrodynamical instabilities (Sect. 2.2.2). The code also supports a simpli-
fied treatment of the effects of molecule and dust formation in the ejecta. The
effect of dust formation is represented as a grey absorptive opacity in the core,
where the absorbed luminosity may be re-emitted as blackbody emission with
a temperature determined from observations, as was done in Paper III. The ef-
fect of molecule formation is represented as the fraction of the cooling in the
O/C and O/Si/S zones going into CO and SiO emission, in turn represented as
boxy line-profiles (Paper III) with the same fundamental to first-overtone band
ratios as observed in SN 1987A (Bouchet & Danziger, 1993).
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7. Paper summary

7.1 Paper I

In Paper I we present an analysis of pre-explosion images of the site of SN
2011dh obtained with HST/ACS using the F435W , F555W , F658N and F814W
filters on Jan 20-21 2005, and with HST/WFPC2 using the F336W filter on
Nov 13 2005. To determine the alignment between the SN and the stars in
the pre-explosion images, a Gemini NIRI+ALTAIR adaptive optics K-band
image of the SN was obtained, and the SN is found to be coincident within
3 milli arcseconds with a bright source in the pre-explosion images, detected
in all filters. The shape of the PSF is found to be consistent with an unre-
solved point source, and fitting the SED to stellar atmosphere model spectra
(Kurucz, 1993), we find an excellent fit for a YSG with Teff=6000±280 K
and log(L/L�)=4.92±0.20, corresponding to a radius of ∼300 R�. By com-
parison with the end-point luminosities of STARS (Eldridge & Tout, 2004b)
stellar evolutionary tracks, the YSG luminosity corresponds to an initial mass
of 13±3 M�. In Paper I we also present a preliminary analysis of the <50 days
data obtained for SN 2011dh, mainly concluding that the SN is of Type IIb, and
that the extinction as estimated from interstellar Na I 5890,5896 Å absorption
appears to be low.

7.2 Paper II

In Paper II we present and analyse the <100 days data obtained for SN 2011dh,
and late time (>600 days) observations showing the disappearance of the YSG
suggested as the progenitor in Paper I. The <100 days data consist of photom-
etry and spectroscopy covering the optical and the NIR, and complemented
with UVOT and SST data, we use this to construct a UV to MIR bolometric
lightcurve for the first 100 days. This bolometric lightcurve is used for the
hydrodynamical modelling in Paper iii and IV, and in Paper II we also pro-
vide corrections to the results in Paper iii with respect the adopted distance
and extinction, as well as a qualitative discussion on the errors arising from
these quantities. Using the radiative-transfer code JEKYLL (Sect. 6.3), and
the ejecta profile determined with hydrodynamical modelling in Paper iii, we
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find the interface between the helium and hydrogen envelopes to be located at
∼11000 km s−1 and a hydrogen mass of 0.01-0.04 M�. We find an excess
in the Spitzer 4.5 µm band as compared to blackbody fits to the photometry
developing toward 100 days. Given the CO first overtone emission detected at
206 days, and possibly at 89 days (Paper IV), this excess could be due to CO
fundamental band emission.

7.3 Paper III

In Paper III we present the >100 days data obtained for SN 2011dh, and
modelling of the pseudo-bolometric and broad-band lightcurves, using HYDE
(Sect. 6.2.1) and the steady-state NLTE code discussed in Sect. 6.4. The >100
days data consist of photometry covering 104-732 days in the optical and 101-
380 days in the NIR, as well as spectroscopy covering 108-415 days in the op-
tical and 198-206 days in the NIR. We also publish photometry for the Spitzer
MIR observations covering 251-1061 days. The <400 days U to MIR pseudo-
bolometric lightcurve is modelled using the hydrodynamical grid presented in
Paper IV, and a BC determined with the steady-state NLTE code, which allows
us to extend the temporal coverage to 400 days. We obtain similar results as in
Paper IV, where the <100 days bolometric lightcurve was used, and find a he-
lium core mass of 3.1+0.7

−0.4 M�, an explosion energy of 0.50+0.42
−0.22×1051 erg and

a mass of 56Ni of 0.075+0.028
−0.020 M� for SN 2011dh. The model grid allows us

to determine the errors in the derived quantities arising from the uncertainties
in the observed quantities, and the results are consistent within the errors bars
with the results obtained in Paper iii. We also present 100-500 days pseudo-
bolometric and broad-band lightcurves for a set of spectral models, calculated
with the steady-state NLTE code, and presented in Paper ix. The preferred 12
M� (initial mass) model well reproduce the observed lightcurves, was chosen
to give a good agreement with both spectra and lightcurves, and in Paper III we
discuss the constraints on the model parameters obtained from the lightcurves.
We find an excess in the K and the MIR bands as compared to the spectral
models developing between 100 and 250 days, during which an increase in the
optical decline rate is also observed. This behaviour is reminiscent of what was
observed when dust formed in the ejecta of SN 1987A (Suntzeff & Bouchet,
1990), and is reproduced by the preferred model, which has a modest dust
opacity (τdust = 0.44) in the core. As we show, a local origin of the excess is
supported by the depth of the He I 20851 Å absorption. An additional excess
remains in the Spitzer 4.5 µm band, however, which is consistent with the ex-
cess in this band developing during the first 100 days discussed in Paper II. CO
first-overtone emission is observed at 206 days, and possibly at 89 days, and

104



assuming that the additional excess in the Spitzer 4.5 µm band is dominated
by CO fundamental band emission, we find fundamental to first-overtone band
ratios ∼4 times higher than observed in SN 1987A.

7.4 Paper IV

In Paper IV we describe and test the hydrodynamical code HYDE (Sect. 6.2.1),
and describe the grid of bare helium core models used to model SN 2011dh in
Paper III. In addition, we estimate the progenitor and SN parameters for a large
sample of Type IIb SNe by fitting the observations to this model grid. The
sample consists of the Type IIb SNe from the CSP sample of stripped envelope
SNe (Stritzinger, 2015), and most of the Type IIb SNe that have been individ-
ually studied in the literature. Note that Paper IV is a manuscript, intended
for publication in Astronomy and Astrophysics, and that the CSP data are pre-
liminary and proprietary, and will be published later in (Stritzinger, 2015). In
the paper, the dependence of the bolometric lightcurve and the photospheric
velocity evolution on the model parameters is discussed, as well as the prop-
agation of errors and the degeneracy of the solution when fitting observations
to the model grid. As proposed in Paper II, an error in the distance or the
extinction mainly propagates to the derived mass of 56Ni, whereas an error in
the measured photospheric velocities mainly propagates to the derived explo-
sion energy and helium core mass. The solution is found to be fairly robust if
the photospheric velocity evolution is used in the fit, but completely degener-
ate along the E/M2

ej curve if only the bolometric lightcurve is used. We also
discuss limitations in the method, in particular the simplified treatment of the
opacity and the bare helium core approximation for the progenitor star, which
are both found to introduce significant uncertainty in the derived explosion en-
ergy, whereas the derived helium core mass is less affected. The bare helium
core approximation seems well justified, however, for SNe with less massive
hydrogen envelopes like 2011dh (and probably most other SNe in the sam-
ple). Finally, we present statistics for the progenitor and SN parameters for
our sample of (17) Type IIb SNe, and find that 56 and 81 percent of those have
initial masses <15 and <20 M�, respectively. Given our current understanding
of single-star mass-loss, the implication of this result is clear; either the binary
channel is dominating the production of Type IIb SNe, or our understanding of
single-star mass-loss needs a serious revision.
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7.5 Contributions

Papers II-IV were written by me, whereas Paper I was written by Justyn Maund
except for the SN section, which was written by me. The observations of SN
2011dh presented in Papers I, II and III, of which the NOT and AT observations
were done by me, were obtained through a monitoring campaign led by me,
involving a large number of observers. The reductions were, with a few excep-
tions, done by me, and the analysis exclusively be me. The spectral modelling
with JEKYLL in Paper II, and the lightcurve modelling with HYDE in Papers
III and IV were done be me, whereas the lightcurve (and ejecta) models in Pa-
per II were provided by Melina Bersten, and the spectral (and ejecta) models
in Paper III were provided by Anders Jerkstrand. The synthetic lightcurves for
the spectral models in Paper III were constructed by me and the analysis of
these was done in cooperation with Anders Jerkstrand. The photometry for the
CSP sample in Paper IV were reduced by Max Stritzinger and the CSP team,
whereas the remaining photometry was collected from the literature.
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Related papers

The following papers, referred to in the text by lowercase Roman numerals,
are related to, but not included in the thesis.

PAPER i: On the Progenitor and Early Evolution of the Type II Super-
nova 2009kr
Fraser M., Takáts K., Pastorello A., Smartt S.J., Mattila S., Bot-
ticella M.-T., Valenti, S., Ergon M., Sollerman J., Arcavi I.,
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PAPER v: The progenitor mass of the Type IIP supernova SN 2004et
from late-time spectral modeling
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Spyromilio J., 2012, A&A, 546, A28

PAPER vi: The Type II supernovae 2006V and 2006au: two SN 1987A-
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Woosley, S. E., Eastman, R. G., Weaver, T. A., & Pinto, P. A. 1994, ApJ, 429, 300

Woosley, S. E., Hartmann, D., & Pinto, P. A. 1989, ApJ, 346, 395

Woosley, S. E. & Weaver, T. A. 1995, ApJS, 101, 181

Yoon, S.-C., Woosley, S. E., & Langer, N. 2010, ApJ, 725, 940


	Abstract
	List of Papers
	1 Introduction
	2 Stars and supernovae
	2.1 Stars
	2.1.1 Observed properties
	2.1.2 Nuclear burning
	2.1.3 Mass loss
	2.1.4 Evolution of isolated stars
	2.1.5 Binary evolution

	2.2 Core-collapse supernovae
	2.2.1 Observed properties
	2.2.2 Core-collapse
	2.2.3 Shock propagation
	2.2.4 Shock breakout
	2.2.5 Diffusion phase
	2.2.6 Nebular phase
	2.2.7 Circumstellar interaction
	2.2.8 The SN-progenitor connection


	3 Type IIb SNe
	3.1 Progenitor observations
	3.2 SN Observations
	3.2.1 The cooling phase (and the hydrogen envelope)
	3.2.2 The diffusion phase (and the helium core)
	3.2.3 The nebular phase (and the oxygen-rich core)

	3.3 Sample statistics (and the nature of the progenitors)

	4 SN 2011dh
	4.1 Progenitor observations
	4.2 SN Observations
	4.2.1 Modelling summary
	4.2.2 Bolometric and broad-band evolution
	4.2.3 Spectral evolution
	4.2.4 Molecule and dust formation

	4.3 The nature of the progenitor star

	5 Methodology I - Observations
	5.1 The telescope
	5.2 The atmosphere
	5.3 The interstellar medium
	5.4 Photometry
	5.4.1 Magnitudes
	5.4.2 Photometric systems
	5.4.3 Measuring the flux
	5.4.4 Flux calibration
	5.4.5 S-corrections
	5.4.6 Accuracy of the SN 2011dh photometry

	5.5 Spectroscopy
	5.5.1 Measuring the flux
	5.5.2 Wavelength calibration
	5.5.3 Flux calibration

	5.6 Constructing the bolometric lightcurve

	6 Methodology II - Modelling
	6.1 Physics
	6.1.1 Hydrodynamics
	6.1.2 Radiative transfer
	6.1.3 Local thermal equilibrium (LTE)
	6.1.4 Equation of state
	6.1.5 Radiation hydrodynamics
	6.1.6 Radiation-matter interactions
	6.1.7 Level populations
	6.1.8 Transition rates
	6.1.9 Bound-bound opacity in an expanding medium
	6.1.10 Radioactive decays

	6.2 Hydrodynamical lightcurve modelling
	6.2.1 The HYDE code

	6.3 Monte-Carlo spectral modelling in the diffusion phase
	6.3.1 The JEKYLL code

	6.4 Monte-Carlo spectral modelling in the nebular phase
	6.4.1 The steady-state NLTE code


	7 Paper summary
	7.1 Paper I
	7.2 Paper II
	7.3 Paper III
	7.4 Paper IV
	7.5 Contributions

	Related papers
	Acknowledgements
	References

