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Abstrakt

V této diplomové praci se vénujeme zkoumani procesti souvisejicich s interakci super-
nov s hustym rozpinajicim se plynnym obalem a jejich nédsledné modelovani. Moderni
pocitace a pokrocilé numerické metody jsou schopné fesit slozité hydrodynamické rovnice
béhem explozi supernov. V poslednich letech se ukazuje, Ze supernovy nevybuchuji
v prazdném prostoru, ale v disledku ztraty hmoty, pravdépodobné kviili explozivnimu
jsou jasnéjsi nez béZné supernovy a navic se tato interakce d4 odhalit spektrografii. VyuZzili
jsme program na evoluci hvézd pro modelovani hvézdy az po okamzik progenitoru super-
novy. Nasledné jsme pouZili program pro modelovani explozi a ziskana svetelné kiivky
jsme porovnali s pozorovanymi. Parametry nejlepsi exploze jsme porovnali s pracemi
jinych autort.

Abstract

In this thesis, we deal with studies of processes related to supernova interaction with
dense expanding gas envelope and their modelling. Modern computers and advanced
numerical methods are capable of solving complex hydrodynamic equations during the
supernova explosion. However, in recent years it has been shown that supernovae do not
explode in the free space, but in the envelope formed of the star’s mass loss, probably
due to the explosive burning of heavier elements. The supernova interaction with a dense
envelope makes these supernovae brighter than conventional supernovae and, moreover,
the spectrograph can detect this interaction. We used a stellar evolution program to model
a star to get to the moment of a supernova progenitor. Subsequently, we used an explosion
modelling program and compared the resulting data with the observed ones. The best
explosion parameters were compared with those of other authors.
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List of Abbreviations

For easier orientation in the text, we presents for the reader an overview of abbreviations
that occurs in the whole work.

M

LC
SLSN (e)
SN(e)
EcSN(e)
ISM
CSM
CDS
WD
CCSN(e)
RSG
BSG
LBV
WR

NS

EoS

Ibc

logA
BH

Mass of the Sun equals 2 x 103
Light curve

Super Luminous SuperNova(e)
Supernova(e)

Electron Capture Supernova(e)
Interstellar medium
Circumstellar medium

Cold Dense Shell

White Dwarf

Core-Collapse Supernova(e)
Red Supergiant

Blue Supergiant

Luminous Blue Variable

Wolf Rayet

Neutron Star

Equation of the State

Ib and Ic

Decadic logarithm or logarithm with base 10 of a number A

Black Hole

kiloparsecs



Introduction

A supernova explosion is one of the most grandiose events among all that occur in the
Universe. Radiation energy, which can be equal to the luminosity of a whole galaxy, is
released in the ultimate moment of the “’star’s life” [39].

The collapse of the star can happen in a split second.' The inner parts of the star are
accelerated inwards to a few percents of the speed, and then they instantly stop and bounce,
which can lead to an explosion with the similar ejecta velocity speed. The enormous
densities and temperatures are reached in the core [24]. Modelling of this event can be
complicated because of the extremely abrupt and complex physics of the process connected
with the collapsing material bouncing on the proto-neutron star’ [24] or igniting particular
elements’ [43] that can happen in a very thin layer, while the total mass of the star can also
play a significant role.

Nowadays, it is still impossible to solve this problem in general, because of the large
amount of data and physical processes that have to be included, so that the model would
be physically realistic and accurate. The appropriate physical approximation and modern
numerical methods have to be used to solve this problem. The models can be useful even
though they are not in perfect agreement with observed data, since they help us to realize
whether we did or did not have mistaken during the assumptions as well as it is a perfect
way to test new ideas and physics without building expensive physical equipment and
infrastructures.

The goal of this thesis is to become familiar with the modelling of supernovae with
dense circumstellar medium and obtaining required skills and eventually to assist colleagues
with comprehensive exploring of supernovae and their surrounding environments.

'Tn the case of core-collapse supernovae.
“In the case of core collapse supernovae.
“In the case of type Ia supernovae.



Chapter 1

Theory of Supernovae

1.1 Whatis a Supernova?

We call a supernova(e) a transient astronomical event(s) associated with the catastrophic
explosion of a star in the late stage of its evolution. The name supernova is composed of
the Latin word nova which means new, and the preposition super, added to distinguish
them from classical novae, which are by many orders of magnitude less energetic. For a
better identification, we label the supernova as SN (see the list of abbreviations), followed
by the year of discovery and by letters A - Z in alphabetical order, according to the date
of discovery. However, in modern astronomy, we detect many times more SNe than how
many letters we have in the alphabet. So, after the letter Z, we start again from aa and
create every possible variation. For example, the SN 1999aa was detected as a 27th SN
event in the year 1999; we find from the literature sources its discovery on February 11th
[52].

What is the exact difference between classical novae and SNe? First: the amount of
ejected mass in SNe typically exceeds the mass of the Sun, while it is only a fraction
of it in classical novae; even if the calculation of the mass of the SN ejecta after the
first detection is a non-trivial task. Second: it is the difference in luminosity, where the
peak for novae is about 4.9 x 10*8 ergs—! [39] while for SNe it varies from 10*?ergs™! to
2 x 108 ergs™! [43]. However, there exists the type super luminous SNe (SLSNe), which
can be as luminous as 10% erg s~ [50].

This difference gives the ratio of SNe/novae luminosities of approximately 107; we
obtain from the Pogson’s equation the difference in magnitudes as (easily recognizable)
12.5m32 However, they are even more luminous SN, for example 1.1 x 10°%erg of SN
2015L is radiated for 4 months since its detection[13]. However, the luminous energy
corresponds to only about 1% of mechanical energy which SNe deliver to the interstellar
medium (ISM), and it is only about 0.01% of the energy emitted by neutrinos [39]. This
energy distribution was primarily indicated by the detection of neutrinos from SN 1987A.

We have already mentioned that SNe are so luminous that if such events occur in our
galaxy and the ISM did not obscure them, they could be comfortably viewed with the naked
eye. However, the maximum brightness in the optical range is typically detected in a few
weeks after the explosion. Therefore, the observation usually does not provide complete
information about the SN early phase. In our Galaxy, SNe were reliably documented at

_2_



Chapter 1. Theory of Supernovae 3

Figure 1.1: Kepler’s Supernova remnant in X-rays. Source [26].

least four times in history. The first of them was in the year 1006 in the constellation Lupus
with a peak magnitude —7.5™%¢, and it probably faded away after one year [59]. The next
one was discovered in the constellation Taurus in the year 1054 by Chinese astronomers;
the remnant of this SN is known as the Crab Nebula. The maximum brightness was
probably as high as —6™2& [12].

Another one was in the year 1572 in the constellation Cassiopeia. Tycho Brahe did the
most precise observations, and in his honor, this supernova is now called Tycho’s Supernova
(also B Cas). The peak of apparent magnitude was approximately —4™2& [2]. Interestingly,
it is now considered that this transient object was one of the catalysts for Johannes Kepler,
who was not only a contemporary but even the colleague of Brahe, to challenge his world
view and ideas about the Universe, which was thought as something unchangeable and
unmovable [53]. The next one SN event was observed in the constellation of Ophiuchus,
named Kepler’s Supernova, in 1604. However, Johannes Kepler likely was not the first one
who observed it, but due to his observations made throughout the year, it is called after
him. The maximum apparent magnitude of SN 1604 was —2.5™*€ [57]. Figure 1.1 shows
its remnant; this SN type was later classified as type la. Each of these SN events appeared
as the brightest star in the night sky for some time, before it faded away [56].

Despite the low number of historically observed supernovae, the SN event is not rare,
since there occurs approximately one SN event every second within the whole Universe.
However, in our galaxy it happens once in 30 - 50 years, but the galactic dust and gas
obscure most of them [43]. That is the reason why we do not see them more often. On
February 24th, 1987, Ian Shelton and Oscar Duhalde independently observed a SN in
constellation Dorado [51]. It was identified that the SN occurs in Large Magellanic cloud,
only 50 kiloparsecs (kpc) away, which made it the closest observed SN since the invention
of the telescope. Moreover, due to how close it was, we were able not only to identify
the progenitor which was a blue supergiant (BSG) star, but we could also see it with the
naked eye; 3™*€ in May, the peak luminosity in visual range reached apparent magnitude
3™Ma& in May. However, it was not the the brightest star in the night sky, because it was
not in our galaxy [7]. What was unexpected, was the nature of the SN progenitor. From
the theory of stellar evolution it was thought that BSG progenitor could not explode as a
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SN while nowadays it is widely agreed that BSGs are possible progenitors for some SN
events, if there is involved significant mass loss or high rotation rate [14]. Surprisingly, the
neutrino detectors Kamiokande (Japan) and IMB (USA) captured approximately 3 hours
before the visual SN appearance twenty neutrinos in the burst that lasted for about 12.5s.
Thanks to this detection, we now better understand the SN physics; this opens new options
for research of SNe with the help of neutrino astronomy [39].

We may ask, but why it is crucial to study SNe. This fundamental question has not
only one, but many answers and all of them are essential. At first, we can say the most
important for us is that they produce (either as the progenitor stars during the complete
evolution before the explosion or as SNe during the explosion phase) heavier elements than
helium (He) and distribute them efficiently to the ISM. This diversity of elements is crucial
for us because without it there would be no Earth and no life as we know it. It is estimated
that about 103 SNe must have exploded in our galaxy up to now, for the metalicity to be so
high as we observe. Secondly, they inject the kinetic energy Eiin ~ 10°! erg into the ISM,
which can trigger the collapse of molecular clouds into new stars. Thirdly, many years after
explosions SNe produce a fraction of highly relativistic particles, so-called cosmic rays,
and some specific SNe are probably related to gamma-ray bursts (GRBs). Fourthly, due to
the observations of the significantly homogeneous type of SNe Ia, we have the evidence
that our universe expands and, what is curious, that this expansion accelerates. These facts
help cosmology to understand the Universe better [43].

1.2 Classification of Supernovae

If we want to understand something, it is useful first to classify it. The most used classifi-
cation for SNe was introduced around the year 1934. It is purely phenomenological, and
it is based on the spectrum of a supernova at maximum light [56]. Classification process
takes place first by looking at the spectra at the peak brightness, to find the presence or
absence of Balmer’s hydrogen lines. If the hydrogen lines are absent, SNe are classified as
type I, otherwise as type II. In consideration of the fact that hydrogen is the most abundant
element in the Universe, its absence shows, how specific objects are those of type I. We
describe the essential classification process in figure 1.2.

Figure 1.2 shows subtypes of the type I whose classification is based on the presence of
silicon lines Si II at 615 nm. To summarize: when H, He, and Si lines absent, we classify
the SN event as type Ic, when He lines are present, we classify it as type Ib, and when there
are strong Si lines, this SN is of type Ia. However, type II SNe (with H lines) are divided
according to either the presence (II-P) or absence (II-L) of a plateau in the LC. A plateau
is typically observed after the peak of luminosity and lasts about one month; sometimes
it may last for two months or even more [31] [39]. The occurrence of a plateau results
from changes in opacity during the recombination process in the expanding and cooling
hydrogen envelope [27]. Figure 1.3 shows schematic LCs of SN II-P with plateau phase in
contrast to a more classical SN II-L (linear).

We start with type Ia that represents the significant subgroup of SNe: not only do they
all have a very similar luminosity and spectral properties, but it also turns out that they
are representatives of the specific type of explosion. As we mentioned earlier, the absence
of H lines in the type la spectra implies some common and special characteristics of their



Chapter 1.

Theory of Supernovae

Supernova Classification Scheme
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Figure 1.3: Comparison between SN types II-P and II-L. Source [37].
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Figure 1.5: LC of SN type Ia with indicated regions of particular radioactive elements
decay dominance. Source [48].

progenitors; it is assumed that the progenitor must have been stripped of the hydrogen
envelope. The similarity in observables becomes even more evident from figure 1.4;
therefore we may use the empirical relation which involves a maximum apparent magnitude
and a rate of the stellar magnitude decline near maximum brightness to calculate the
maximum absolute magnitude [29]. The equation for calculation of the typical type la
intrinsic (regardless of an interstellar extinction) LC is called the Phillips relation (see for
example [43], page 121),

Muax(B) = —21.726 4 2.698 Apy5(B), (1.1)

where Mp,x (B) is a maximum absolute magnitude in B-waveband, and Ap,;5(B) is dimming
in B-waveband 15 days after peak luminosity. Using Eq. (1.1) and applying the Pogson’s
equation, we can subsequently calculate from the absolute magnitude the distance of the
object [43].

Figure 1.5 shows a schematic LC of SN type Ia. The reason of extended high luminosity
after the peak brightness was mystery for a long time. However, it was found out that
unstable radioactive “®Ni with halftime decay 6.1 days and then °Co with halftime decay
of 77.1 days are responsible for prolonged luminosity, as is shown in figure 1.5. The high
abundance of °Ni must mean that prior to and during explosion there take place nuclear
reactions where C, O, and Si (and other elements) are burned. Figure 1.5 also shows that
different decaying elements create different slopes in luminosity. The time-shift between
Ni and Co dominated LC is about 50 days which represents a time when a significant
amount of Y°Ni was decayed [29] [43]. Another characteristic feature is, that the spectrum
of type Ia at the maximum luminosity shows not only strong Si II lines but also the lines of
O 1, Mg IlI, SII, Ca Il, and Fe II [6]. However, there are big differences within type Ia in
the amount of produced **Ni which may range from 0.07 M, (SN 1991bg) to 0.92 M, (SN
1991T) [43]. One predicts from all of these properties that progenitors of type Ia SNe are
WDs in binary systems with various companion star [39]. The remarkable homogeneity
of SN Ia enables cosmology to use this type as standard candles to calculate distances.
Mainly from observations of type Ia SNe, it was deduced that the Universe is expanding but
in an accelerated way. To explain this, cosmologists introduced the so-called dark energy
whose effects fit the observed data and properties of the Universe /citedarkenergy. It is
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estimated that about three-quarters of the Universe consists of the dark energy in current
epoch [39].

Next, we continue with SNe types Ib and Ic which have no Balmer H lines, weak or
no Si II lines, and the difference between them is only in the presence (Ib) or absence
(Ic) of He lines. The absence of these lines in type Ic reveals that no He is present in the
progenitor which must have been stripped from H and He stellar envelope. Such stripping
could occur either via stellar winds or during a catastrophic nuclear reaction called flash,
or in a binary system due to an exchange of mass [27]. The difference between type la
and both the types Ibc (Ib and Ic) is the absence of Si II lines; this indicates that there is a
different physical process responsible for the explosion [39]. Another difference is that the
type Ibc SNe are fainter of roughly 1.5™2€ than the type Ia, but there exist particular cases,
when SN can be very bright' and can be classified as hypernova” or SLSN [31]. Another
difference is that the amounts of °Ni and iron-type elements synthesized in types Ibc are
much smaller than in type Ia. Moreover, from the distribution of SNe Ibc, we can deduce
that both occur only in spiral galaxies near star-forming regions (near H II regions). This
implies that progenitors of both these SN types must be very massive stars. From these
facts, we assume that Ibc progenitors are helium cores of massive stars whose H and He
envelopes were eventually removed [43].

We close this brief overview with SNe type II, which which are typical for their swift
rise in luminosity, while they reach a peak which is little fainter (about 1.5™#€) than standard
type Ia. However, SNe type II is not a very homogenous class, and they have hydrogen
lines where we sometimes observe P Cygni profiles [19]. The primary subdivision of type
II into subtypes was described, however, after about 150 days look the LCs similar for any
type I SN [43]. When we explore the distribution of SNe type 11, they occur only in spiral
galaxies, like Ibc. So, the progenitors are also expected to be stars more massive than 8 M.
After the explosion, we can often find small remnant, NS or BH [43]. For example, SN
1054 was of type I, it is thus not surprising that we could find NS - pulsar in its gaseous
remnant, the Crab Nebula [39].

However, it turns out that the more sensitive instruments we use, the smaller details we
can observe in each SN event. That makes each new SN event more and more unique and
peculiar [43].

1.3 Explosions of the Supernova

SN classification is taxonomic and even since it is useful to divide the observed SNe to
more homogeneous subgroups according to similar observables, for example, light curves
or spectroscopic properties, such classification criteria have nothing to do with the physical
processes of the explosions. Following chapters will describe how stars end as SNe and
mechanisms of explosion for different SN classes.

'usually at least ten times brighter than standard Ia.
“In a hypernova, the velocity of ejecta can reach more than 3 x 10*kms~! [31].
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1.3.1 Thermonuclear runaway - Type Ia SNe
Progenitor

The first of all we want to point out that the stellar evolution is not a resolved astrophysical
problem. There are many open problems within the stellar evolution theory, for example,
winds, convection, or effects of binarity (to name the most important ones). In this chapter,
we outline the evolution of the star which is adapted from [21], [27], and [39].

We also describe the basic types of SN progenitors in the next section, where we refer
to the stellar structure or composition before and during the process of a SN explosion.

In the beginning, there is a gaseous cloud; if this cloud satisfies Jeans’ criterion it
starts to collapse.” We emphasize that we consider here only the single-stars which is a
good approximation for the evolution of stars even in binary systems with sufficient orbital
distance between companions. The collapse is halted when gravity force is in equilibrium
with pressure gradient which is, however, dependent on the nucleosynthesis stage in a
stellar core. Only stars with mass bigger than 0.075M." reach this equilibrium. The
core is heated due to the release of gravitational potential energy by reducing radius; from
the Virial theorem, half of the energy stays in the core. At the moment when the gas
collapses and thermonuclear reactions ignite, the material of a newly born star is mixed
and homogeneous, and primarily made of H and a fraction of He. Thermonuclear burning
of H to He in the core takes most of the life of the star; this phase is referred to as the main
sequence (MS). After this very long phase, H in the core is exhausted, and the equilibrium
is disrupted, the star begins to contract. The contraction causes further heating of the
central region until H in the shell around the core is ignited. Because the amount of H
that burns in the shell is more extensive than it was in the core, the energy production and
thus the radius of the star significantly increase. However, as the star’s surface expands,
the temperature of the surface drops and from Wien’s law, the peak of wavelength radiated
from the surface shifts to the red; the star moves to the red giant branch (RGB).

Explosion

In this paragraph, we describe the explosion of SN type Ia in a way that follows the review
in [43]. It is believed to be impossible for WD to explode as SN Ia in case it is originally
a single object. However, most stars ’live in binaries or even in multiple systems; and
this may lead to SN Ia. There are two alternatives what can be the nature of a secondary
star. Moreover, observations indicate that both alternatives occur [58]. The first possibility
is that the companion is a non-compact star (MS, RGB, etc.) and the WD accretes the
material of its envelope, it is a so-called single degenerate model. The WD steadily
accretes material until it reaches a critical mass which triggers explosive nucleosynthesis.
The second possibility is that a companion is a WD, too, then it is the so-called double
degenerate model.

In the single degenerate scenario, WD accretes H and He envelope of the companion.
Simultaneously with the material accretion, H continuously burns on the surface of the

“However, many problems are connected with collapse, for example, fragmentation of a gaseous molecular
cloud or the angular momentum conservation.
“In [27] is the limit little higher than 8% of the solar mass.



Chapter 1. Theory of Supernovae 9

WD, producing soft X-rays. The accretion rate cannot be however too fast because of
unburnt H can easily ignite uncontrollably; such an explosion may expel more material
than was accreted, decreasing the total mass of the WD. These uncontrolled explosions
are typical for classical novae. On the other hand, even if the accretion is steady, it takes a
very long time for WD to reach the Chandrasekhar mass 1.4.4. (noting that average mass
of WDs is about 0.6 M, see the description below in this paragraph). Another weak point
of this scenario is that it should be possible to observe at least a little amount of hydrogen,
that is provided from the envelope of the companion, in the spectrum.

In the double degenerate scenario, both stars evolve more or less simultaneously and
so both of them end their lives as WDs. In case the WDs form a tightly bound binary
system, we may expect that they emit gravitational waves which is an effective way to lose
the angular momentum and get closer to each other. After some time, which depends on
their initial orbital distance, they get to the stadium where the WD with lower mass is in
the Roche lobe of the more massive one. In this case, the more massive WD successfully
disrupts the lighter companion due to tidal forces; simulations show that there forms a
thick disk [43]. This scenario explains the absence of H lines in the spectrum; however,
the weak point is a very long time from the merger to the explosion, because rapid rotation
keeps the structure stable even as the accreting remnant exceeds the Chandrasekhar mass
[54]. Another weak point of this model is that due to slow accretion on heavier WD this
may collapse into NS by the so-called accretion induced collapse; in this case, it does not
produce a thermonuclear (type Ia) SN explosion.

Although it is generally agreed that progenitor of a SN Ia is a WD in a binary system,
where precisely the ignition starts inside the WD is still an open question. There are two
fundamental theories: the first one suggests that the ignition starts at the center of the WD,
the second one assumes that the ignition starts off the center (either only slightly off or
even near the surface). Another problem, which needs to be resolved to understand the
explosions of type Ia better, is the role of the Chandrasekhar mass for WDs to collapse
and explode; however, particular distribution of angular momentum by decreasing of
effective potential or effects of the magnetic field can alter (increase) the required mass
for ignition (super-Chandrasekhar type Ia SN). The traditional and most successful model
which explains many SN properties is the model of centrally ignited WD reaching the
Chandrasekhar mass; however, recent simulations show that some features cannot be well
explained with this traditional model and the new model is needed [30].

We first briefly describe the historical model of the explosion - the Chandrasekhar mass
carbon igniters. In this model the release of approximately 10°! erg of nuclear binding
energy can explain observed kinetic energy of the ejecta. This model can also (consistently
with observations) explain the abundance of S6N1i, which creates characteristic li ght curves,
and of other elements, too. The most popular is the fact that explosions usually happen near
the Chandrasekhar mass, which can explain homogeneity of SNe type Ia. The weak point
of this model is the difficulty to explain how to accrete enough mass without undergoing
smaller explosions during the accretion process, but at the same time we need enough
accreted mass to explain the observed frequency rate of type Ia SNe in the Universe. With
more precise and advanced observations we also see that late phases of the LCs are are not
in good agreement with this model.

The second significant model of thermonuclear SNe explosions is called the sub-



Chapter 1. Theory of Supernovae

10

Burning phase Product (Ashes) | Central temperature | Timescale
in model [x107K]

H He 6 7 x 10 yrs

He C,0 20 5x10° yrs

C O, Ne, Mg 90 600 yrs

N 0O, Mg, Si 170 0.5yr

O Si, S 230 6 days

Si Fe-peak 400 1 day

Figure 1.6: Theoretical results for star with mass 25 M. Source [27].

Chandrasekhar mass helium igniters. In this model, He is accreted on the C-O WD, and
when He envelope reaches enough mass (around 0.15 M), although the total mass is still
below the Chandrasekhar limit, the He ignites at the inner edge of the envelope. This
advantage of this model is that less material is needed, and so the frequency of SNe is more
easily explained.

1.3.2 Core-Collapse
Progenitor

In the previous section 1.3.1 we reviewed the evolution of the star with mass lower than
8 M. These stars become WDs via specific mass-loss mechanisms; they usually collapse
to WD after getting to AGB phase, and it depends only on the mass of the ZAMS star.
However, more massive stars may have different, much more spectacular end. In those
stars, temperature and density in the core are sufficient to ignite heavier elements. Burn-
ing process scheme in figure 1.6 shows that nucleosynthesis of heavier elements requires
higher temperatures, while the timescale for the fuel depletion rapidly decreases [39]. This
corresponds to the fact that up to the iron group, the nuclear burning is exothermic; how-
ever, the energy excess from nucleosynthesis per nucleus rapidly declines. Together with
the increased temperature that accelerates nuclear reactions this all causes that successive
phases of nucleosynthesis burn faster. After the iron group is formed, further nucleosyn-
thesis reactions would be endothermic, and there is no possibility to gain any energy from
them [27]. Figure 1.7 shows that the iron group nuclei are most strongly bound. We briefly
explain why certain chemical elements, for example, He (2p + 2n), O (8p + 8n), Ca (20p
+ 20n), Ni (28p + 28n), are more stable than the neighboring elements in the table’ [49].
This is a unique property, and we describe its essential features. Firstly, we imagine that
nucleon in the nucleus is in a potential well®, this concept is similar to the electron shells
model. The number of protons and neutrons assembled in the complete shell is called
magic number (the first few magic numbers are 2, 8, 20, 28). This helps to explain why
some elements are more stable than others. However, there is the opposing force - the

“Each of these elements is so-called double magic, because there are the magic number for both protons
and neutrons.
“This concept is also known as the shell model.
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Figure 1.7: Nuclear binding energy. Source [28].

electromagnetic force that affects all the charged particles; because the strong nuclear force
is only of the limited range while the electromagnetic force has a wide range, the latter
starts to play a more significant role in heavier elements. This is the reason why heavier
elements try to compensate this effect with more neutrons in the nucleus (because neutrons
are not affected by the electromagnetic force while they effectively contribute to stronger
nuclear binding), however, the energy level of neutrons (if we imagine neutrons and protons
each separately in a shell, like electrons) cannot be much higher than of protons, because
otherwise there develops beta decay [27].

Si burning is the direct predecessor of the end of the star.” The structure of the massive
stars is like an onion, with heavy elements (the iron group) in the center and successive
shells with lighter elements from the previous burning upwards. For the (last) Si nuclear
burning the very high temperature (2 x 10° K [29]) is required but at such temperature the
neutrino emission begins to dominate over electromagnetic radiation. Even, the neutrino
luminosity exceeds several times the electromagnetic luminosity. However, since the
neutrino cross-section is extremely small, neutrinos are not being trapped inside the star.
This process is very efficient for cooling the over-heated core; because neutrinos easily
pass through stellar material, they can easily carry away a significant fraction of produced
energy. What is interesting, the specific entropy in the core decreases despite the increase
of temperature and density; this can happen due to the electron degeneracy pressure support
of stellar core in the late stages of “massive stars’ life** [43].

"We define the “life* of the star as the period when thermonuclear reactions are the primary source of
energy.
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Collapse

We sum in this section the main features of the up core-collapse and subsequent explosion
of the star as it is described in [24]. The iron core is formed and still grows from ashes
of the Si burning. After the mass of the iron core exceeds than Chandrasekhar mass,
hydrostatic equilibrium is broken, and the degeneracy electron pressure cannot prevent
the collapse of the core. The dominant physical process that contributes to the collapse
are: Firstly, the temperature, and density high enough to produce neutrino emission. The
neutrino emission is an effective tool to remove energy from the core and helps thus to
accelerate the collapse. Secondly, if the energy of the photons reaches about 1 MeV; they
have sufficient energies to disintegrate the nuclei of the iron group. This process is called
photodisintegration, and its products are mainly alpha particles and neutrons. Thirdly,
high energy photons are absorbed by massive particles that are disintegrated to protons and
neutrons. The photon energy is absorbed in the process, which enormously accelerates
the collapse. Fourthly, if the densities increase over p > 10! gcm™3, the Fermi energy
of electrons exceeds the energy difference between protons and neutrons, which satisfies
conditions for inverse beta decay. This captures free electrons which have so far been the
primary source of pressure opposing to gravity and thus helps to collapse [31]. These are
the four main reasons why the collapse occurs, and why it is so dynamic.

The gravitational binding energy released during the core collapse is of an order
of 10>3erg. The energy is converted mostly to neutrinos (about 99%), and the rest is
transformed into kinetic energy. From these remaining 10°! ergs, only 1% is converted into
radiative energy. The speed with which the freely infalling material (in the corresponding
gravity field) falls onto the mostly iron core can grow up to an order of 10*kms~!, which
can be more than 20% of the speed of light [39]. For illustration, the typical size of the iron
core is about the Earth’s radius. This leads within the collapsing core to the destruction of
all elements produced by nucleosynthesis throughout the whole previous star’s life.

Explosion

The collapse of the core is stalled after central density grows to p ~ 10'*gecm™3. Then
nuclear material bounces in response to the increase of the pressure of the nuclear matter.
This creates a massive shock wave that propagates outwards, however, the layers which
are outside the homogeneous core continue to infall. If this shock wave is strong enough
not only to stop the infall of the outer core but to revert it and to explode the outer
envelope, then we call this explosion mechanism as prompt bounce-shock mechanism.
The energy of the bounce is of the same order as the potential energy released from the
core-collapse. However, we know from simulations that the energy of this first shock is
mainly absorbed and transferred into dissociation of heavy nuclei within and off the iron
core. Simultaneously, a vast number of neutrinos are released, sometimes called neutrino
burst at shock breakout. This can lead to slowing down the shock wave and eventually
to stalling it; moreover, it can revert the shock wave into accretion shock. Some earlier
simulations suggested the prompt shock is the trigger for SN explosion; they are however
currently regarded as outdated®. After the first shock wave turns to accretion, a compact

“Successful prompt explosions were found by simulations only in extremely light stellar iron cores mass
of the progenitor 8 — 10 M, or in case of very soft nuclear EoS (see page 41 in [24]).



13

Chapter 1. Theory of Supernovae

Initial Phase of Collapse
(t~0)

R km] A
Re.~ 3000

10 - Mm\M(r) U

Si-burning shell

R [km] Bounce and Shock Formation

(t~0.11s, Q< 2Q0)

nuclear matter
@=9,)

R

Fe

radius of
shock
formation

M(7) M

L Si—burning shell

Shock Stagnation and v Heating,
Explosion (t ~ 0.2s)

1.5 M) [Md]

cooling layer

R [km] A Neutrino Trapping

~100 f=-o

R, ~ 100 km 4

position of

shock

formation

‘R M(r) [M]
nuclear matter nuclei
Si-burning shell
R [km]A Neutrino Coocling and Neutrino—
105 Driven Wind (t ~ 10s)

_
(=]
™

Fe

(t~0.1s, @,~10"2 g/lcm3)

x M My

heavy nuclei
Si-burning shell

Shock Propagation and v, Burst
Foy o (t~0.12s)

VeprVeur

VeurVeur

3 M(@) [M]

Figure 1.8: Core collapse and SN explosion. Source [24].

object begins to form in the center. Proto-NS rapidly grows due to the accretion of material,
and it may evolve to NS or collapse to BH if the progenitor mass was more massive than
approximately 25 M. Neutrinos from the first infall which were trapped in the proto-NS,
diffuse out in few seconds. Consequently, the hot interior of proto-NS is cooled by the
production of neutrino-antineutrino pairs [23]. About thirty seconds later a proto-NS
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becomes transparent to neutrinos; this effect will decrease the neutrino luminosity.

Another mechanism of the explosion is called delayed neutrino heating. In this mech-
anism, the stalling first shock is revived by neutrinos streaming from proto-NS that are
absorbed by the neutrinosphere, which is defined as the layer where the neutrino "optical
depth 7, 2 1. The certain fraction of the neutrinos (about 1%) is absorbed by this neu-
trinosphere, which is below the shock and whose energies are converted into the thermal
energy of protons and neutrons in the neutrinosphere layer. This layer then starts to expand
and creates the region with low density and high temperature behind [24]. However, it
seems that also this mechanism is not fully able to explain SN explosions where progeni-
tors are more massive than 11 M. In such more massive stars, the neutrino heating only
stops collapse but is unable to drive explosion [31]. The possible efficient mechanism of
the explosions can be the SASI (standing accretion shock instability). Which can play an
important role for asymmetry of SN explosion due to it plays a vital role for neutrinos
capturing [20].

1.4 Post supernova evolution

In this section, we make an overview of some processes which are essential for observation
of SN. Introducing the slow and rapid nuclear processes can help us better understand what
elements are produced in SNe. Of course, SNe explosions are extremely vital events that
provide a plethora of data to study LCs. And, also SN remnants can tell us much about the
SNe progenitors.

1.4.1 Abdundances of elements in post-supernova remnant

To explain why we can usually observe in SNe remnants more elements and in a different
ratio than it would result from nucleosynthesis theory, we must involve r-process and s-
process’. Both r- (rapid) and s- (slow) processes are characterized by neutron capture by
heavier nuclei and then by the emission of gamma rays, schematically described by the
equation

n+(Z,A) < (Z,A+1)+v, (1.2)

where Z and A are the proton (atomic) and nucleon (mass) number, respectively. The
heavier the nuclei are, the more energy is required for charged particles (for example
protons) to overcome the Coulomb potential barrier and to interact with other nuclei.
However, this principle does not apply for interacting neutrons, since they have no charge.
Neutron interactions are possible even at low temperatures, and the only condition is the
sufficient density of neutrons. The resulting nuclei may be stable or unstable to beta-decay
[31].

There is a struggle between neutron capture and beta decay; if the timescale for beta
decay is lower than the timescale for neutron capture, there occurs the s-process, where
the nuclei have enough time after the neutron capture to undergo beta decay. This reaction

“For some proton-rich isotopes it is necessary to include also the p-process which occurs if proton flux
is high enough; however, the abundance yields from the p-process are even in maximum about two orders of
magnitude lower than from r-and s-process for a given element.
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produces directly (beta decay is not involved) or indirectly (through the beta decay) very
stable nuclei. However, if the timescale for beta decay is higher than for the neutron
capture, (the reason can be for example the vast number of neutrons around, produced due
to the transition of the shock wave), then starts the r-process. Within the r-process, a beta
decay cannot occur, however, there can be multiple neutrons captures, and the products
are typically neutron-rich nuclei [39]. The s-process may occur at various stages of stellar
evolution (for example in AGB stars) because many reactions can produce free neutrons.
Also, these free neutrons in stellar plasma have enough time to interact with nuclei and
create (generally called) s-isotopes. In order for the r-process to occur, a massive flow of
neutrons is required, which usually occurs only in the late stages of stellar evolution (or
after the first bounce of the collapse near the core). Although some isotopes can be created
by s- or r-process, the way it happened cannot be determined reversely for a given nucleus.

As the shock wave from SN explosion propagates through the onion-like structure of
the star, there takes place, especially the r-process. However, both the processes contribute
to abundances of nuclei with Z > 60 [27] .

1.4.2 Supernova Remnant

After the SN event, the ejecta continue to travel through the surroundings and transfer a a
substantial amount of energy to ISM and sweep the surrounding material. This problem is
thoroughly described in [46]; we reproduce here only the first part of these assumptions.
The reason for that is that only the first phase (in the first years) affects the LC, as we
will see. To describe the whole process exhaustively would be complicated; however, we
can divide it into different phases, according to dominant physical processes. The same
division, following the same assumptions, is used, e.g., in [43]. We will fully describe
here only the first phase where we attach the analytical relations for the typical expansion
velocities, time-scales, and length-scales. For the following later phases, we only briefly
mention some of their properties.

In the initial phase after the explosion, ejecta travel through ISM with a constant
supersonic speed. This may happen because the density of the ISM is very low and has
very little influence on the expansion of the shock wave. To calculate the average expansion
velocity, we need to know only the energy of explosion and mass of the ejecta,

1, 2Esn \ /?
Esn = 5 Meilvej) = (ve) = ( M, ) ’

where Egn is SN energy, Me; is mass of the ejecta, and ve; is velocity of the ejecta. The
distance at a maximum speed is

(1.3)

Rej = Vmax?, (1.4)
where, if 7 is the time since explosion, so R.; is radius of the expansion front; vy,x may be
typically \/% (vej) in case of a constant or sufficiently flat density of the ejecta. As the
shock wave moves through ISM, it gradually accumulates its mass. The end of the first
phase corresponds to time, when the mass accumulated during this first phase equals the
initially ejected mass,

A 5
Me' ~ ?stpISM - RSW ~

d ) (1.5)

4mprsm
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where Rqy 1s the so-called sweep-up radius and pisy 1s the density of ISM, we can assume
it as constant. We calculate the time-scale of the first phase ,

< 3M, 1/3
Rej 4mpism
tSW:_J - tSWN—]/za (16)
Vmax <2ESN>
Me;

which for some typical values in SN, that is, Eqy = 10°!erg, Mg = IMg, and pism =
2 x 1072 gem™3 [46], gives fow ~ 6,3 x 10°s ~ 200yrs. Near this sweep-up time the SN
remnant structure changes, it is due to the reverse shock begins to travel inwards (consid-
ering the laboratory frame); this creates a flat profile structure of supernova remnants and
the reverse shock-heats the inner layers to higher temperatures [46].

In the following adiabatic phase we can assume that radiation processes are negligible,
which means that energy during this phase is constant. Because the SN remnant has nearly
flat pressure profile and is very hot, the following expansion can be considered as adiabatic.
G. L. Taylor and L. I. Sedov analytically derived the solution for such a pressure-driven
explosion (see pages 230 - 240 in [46]). This is the reason why we sometimes call this
phase the Sedov phase. As time increases, the velocity of the shock decelerates together
with decreasing temperature. After the temperature drops down to millions of Kelvins,
ionized atoms start to capture free electrons and emit radiation, which affects (decreases)
kinetic energy; this is the ultimate condition for this phase.

In the successive radiative phase, radiative losses become dominant, and the expansion
of dense outer shell is mainly driven by the hot internal layers. The shell expands with
constant momentum and begins to accumulate ISM as a snowplow; this is why this phase
is referred to as the snowplow phase. As the velocity further decreases, the outer shell
breaks up into clumps and they start to merge with the surrounding ISM. This happens
after the expansion velocity drops to typical values of the thermal velocity of the ISM [43].

1.4.3 The collapsed remnant of the supernova core

1.4.4 White dwarf

As soon as WD is formed, it starts to cool down. The cooling down does not affect the EoS,
because the star is supported with electron degeneracy pressure, which does not depend
on temperature. The electrons that are freely moving in the gas produce the electron
degeneracy pressure due to the Pauli exclusion principle that states that two fermions
(with the same spin) cannot simultaneously occupy the same quantum state. This adds to
electrons a significant amount of (non-thermally provoked) momentum. However, massive
particles cannot reach the speed of light, anyway, after some electrons reach relativistic
speeds, the electron degeneracy EoS softens. The result of the existence of the particular
limit in mass M ~ 1.44 M, (called Chandrasekhar mass, see also section 1.3.1), over which
the WD collapses to NS'". However, the characteristic property of the degenerate material

'UThis mass can be higher if the WD spins fast.
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Figure 1.9: Four phases of SN remnant evolution. Source [43].

of WDs is that the total mass is inversely proportional to the radius; this results from the
already mentioned EoS of the electron degenerate gas.

We know from observation that the distribution of WDs’ masses ranges from 0.2 M, to
the Chandrasekhar mass, the statistical peak is around 0.6 M. The chemical composition
of the typical WD depends on its mass, those that are lighter than about 0.45 M, are mainly
made from He, while the heavier mainly consist of C and O. We again note the important
thing that WDs are expected to be (under the particular conditions) the progenitors in SNe
type la [43].

1.4.5 Neutron star

NS is a product of CC SNe, and it is, in fact, the degenerate core of its progenitor. From the
physical point of view, the NS can be viewed as one large nucleus held together by gravity
and supported by neutron degeneracy pressure. The mass of NS must be higher than the
Chandrasekhar mass (see section 1.4.4). However, their maximum mass is limited, too.
If the mass exceeds approximately 3 M, the neutron degeneracy pressure cannot support
the mass against gravity and the star collapses to a singularity. For example, radius of the
typical NS is about 20km and the density in the center can reach p. = 10> gem ™ for
Mns = 1.4M¢, [39]. Under such densities (as are present in the center) are the properties
of the matter very poorly understood. The exact solution of the neutron degeneracy EoS
is only assumed, which causes uncertainties about the maximum mass of NS. It was both
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theoretically explained and observationally confirmed that to satisfy the law of angular
momentum conservation, NS stars must spin extremely fast, even if the degenerate core
initially rotated only slowly (pulsars may have rotation periods in milliseconds). From the
same argument, their magnetic field is enormous (10'°Tesla [27]), too. Pulsar is isolated,
rotating NS with a powerful magnetic field. Because only the neutron degeneracy pressure
plays a role in the EoS, they must obey principles similarly as white dwarfs, namely that
they shrink in size and thus become more dense with increasing mass [39].



Chapter 2

The Supernova interaction with
circumstellar media

2.1 Supernova type IIn - interacting with the CSM

Supernova type IIn was separated from type II in 1990 when some supernovae start to
show a narrow profile in hydrogen instead of P Cygni profile [45]. The narrow line of H is
superimposed on the more broad H line. First of all, type IIn is not caused by a different
type of explosion or progenitor, but supernova with dense envelope around. For example,
a supernova can be identified as type Ia, then change to IIn, thanks to some hydrogen-rich
circumstellar media not necessary near around the progenitor, for example, SN2002ic.[3]
Interaction of SN ejecta with the dense circumstellar medium can tell us lots about last
months, years or even centuries of the star and can help us to better understand explosive
burning of elements or the physics of formation very strong winds.

2.1.1 Work by Nathan Smith.

In this section, we summarize work by Nathan Smith [47].

Supernova type IIn is classified as SN with narrow Balmer H lines in the spectrum.
The narrow lines are not unique for type II, as they were observed more than ten years ago
in SN type Ib with narrow He lines. SN Type Ib with narrow lines created subtype Ibn,
with the prototype is SN 2006jc.

SNIIn does not need an explanation as a new type of explosion, as they are CC SNe
identical to Ib, Ic or II; however, it is considered that around SN is an external factor.
Therefore there does not exist an evolutionary path for the star to explode as SNIIn,
neither there is no specific progenitor for which is this included. However, the main
difference between classical SN and SN IIn is that they convert a portion of kinetic energy
to luminosity. This transformation of energy occurs in the collision of the supernova ejecta
and circumstellar medium (CSM). The efficiency of this transformation can be different,
considering the parameters as the speed of ejecta or density profile of CSM. It is interesting,
that this diversity, for example, provides problem to point out progenitor because WDs with
very dense CSM can look similar to very massive luminous blue variable stars (LBV).

To sum up, the SNIIn is any SN which originally resided within sufficiently dense or

—19—
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magnified dividing line between zone 2 and 3. Source [47].

huge H envelope. Moreover, all SNe interact with some envelope as space is not completely
empty.

Mechanism

We can divide the region where SN IIn occurs into four zones. The first zone is a location
where CSM is unshocked outside the forward shock; this zone is photoionized. The second
zone is the location where CSM is hit by the forward shock, but not by the SN ejecta. The
third zone is a location where SN ejecta meets reverse shock and is decelerated. The fourth
zone is freely expanding SN ejecta. In classic supernova' we can observe only the fourth
zone. However, in classical SNIIn all four zones can contribute at the same time to the
observation. At the early time of SN, the photosphere”) is in zone 4 (noted in the unshocked
CSM), so that the inside shock wave is obscured, which leads to the ionization of CSM.
The emission comes mainly from electron scattering, which prevents us to see the shock
wave inside. At this time, the spectrum usually looks like a blue continuum with narrow
emission lines that contain broad Lorentzian wings. The shock wave propagates. However,
it is an interesting fact that the wings are not caused by the shock wave, but by electrons
in the dense unshocked CSM which interact with photons. When the photosphere moves
deeper to zone 2 and 3, we can see changes in the spectrum when observing the shock
wave. This phase occurs during the luminosity peak, which allows us to see lines with

'Without CSM.
“Location where T = 2/3, T is optical depth, the surface where the nearly all photons are emitted without
absorbed by the successive envelope, excluding interstellar dust. Definition from [39]
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intermediate width (that is equal to the speed of a few 103 kms~!) and sometimes with the
P Cygni absorption profile. Moreover, the radiation from post-shock gas is observed. By
definition, the very hot gas is rapidly radiatively cooled, which means that the zones 2 and
3 sometimes merge into one very thin layer. It is expected that this cooled gas is very dense
due to the CSM accumulation onto the ejecta; this layer is then referred to as a cold dense
shell (CDS). If we look at the SN IIn in the spectrum, we would see strong H (IIn) or He
lines (Ibn). The CDS can contribute to the spectra even after photosphere recedes. After the
luminosity peak, the photosphere recedes deeper into the freely moving SN ejecta which
is marked as zone 4 in the figure 2.1. It is important to realize that starting observation at
this time would lead to not being able to notice the strange phenomenon of SN interacting
with the CSM. Due to this fact, the observer would only see P Cygni profile from the freely
moving SN ejecta or the radioactive powered SN remnant. The duration and strength of
the interaction between the CSM and SN ejecta are heavily dependant on the duration and
velocity of the pre-mass loss of given SN, not on the explosion. This was only a basic
overview, on the other hand, the real situation may be hugely complicated. The CSM can
be disky, onion-like structured or purely asymmetric (from explosive mass loss), which
would cause that the lines would not be seen, or in a different case, the photosphere would
be on all four zones at the same time, which would create unique spectra. Additionally,
the total luminosity produced by interaction with the CSM can be relatively high. Without
considering efficiency conversion of kinetic energy to luminosity that can be up to 50%
(in classical SN only up to 1%), it would not be possible to explain the super-luminous SN
(SLSN) type IIn with typical energies of the explosion.

We will mention below one more realistic case, which would create an SN without any
trace of type IIn. When the CSM forms a disk, the SN ejecta and photosphere engulf the
disk. Narrow lines are formed in the CSM, ionized by highly energetic photons generated
during the shock breakout, but in this case, we would not see photons from the CSM,
because they would be absorbed and reradiated by SN ejecta. The only hint would be when
the fraction of kinetic energy of ejecta hits the disk which leads to its heating. The hot disk
would radiate energy which heats remaining SN ejecta, therefore the resultant SN would
be more luminous than typical type IIP. This example may be applied to many SN1II.

The main free parameters which characterize the supernova are the mass of the ejecta,
kinetic energy, including radioactive decay, and the composition and structure of the
progenitor. However, in the interacting supernova, we must also include the CSM mass,
the density distribution of the CSM as well as the geometry. Besides, while it is possible
for us to divide the SN into different classes, the interactions with the CSM show that the
SN type can be changed from time to time.

Observed subtypes

Further on in this chapter, we will describe some emerging trends’ about the behaviour of
SNIIn.

Enduring IIn (examples: SN 1988Z, SN 2005ip). They have smooth blue continuum
and intermediate width of hydrogen lines. Some cases show strong coronal emission line

“In work [47] there classified more emerging trends; however, we choose for this overview only those
which apply to our thesis.
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implying the photoionization of the Dense CSM by X-Ray generated from the shock. They
are more luminous than typical IIP but not as much as SLSN. They fade very slowly and
sometimes show signs from the CSM interaction over the years. While SLSN has high
CSM mass (probably created by LBV or RSG explosive burning) enduring IIn needs lower
mass which can be explained by the relatively stronger red supergiant wind for years. They
are standart representatives of type IIn.

Transitional IIn (examples: SN1998S, PTF11igb, SN2013cu). This class shows the
signature of a very brief interaction with CSM (usually for the first few days) and can be
missed if we do not observe it immediately after the explosion. It is indicated that the mass
of the CSM is of an order 0.1 M. Then this class metamorphs into II-L or IIb. However,
it is interesting that at later times the CSM interaction can be detected again. For this class
it is unknown how often it occurs.”

Type IIn-P (examples: SN1999W, SN2011ht). This is a subclass of IIn, which exhibit
IIn spectra, but have LCs with clear plateau drop. But not confused them with type IIn/II-P,
which have narrow lines at early times and then evolve into "normal” SNII-P. In type IIn-P
the strong P Cygni profile is visible in the narrow H lines during their bright phase. After
the bright phase, drop from the plateau phase is very intense( several magnitudes). They
may be caused by EcSN with low energy of explosion ~ 10°erg.

SNIIn Impostors (example: LBVs, SN2008S). Sometimes the transient object can
look like SN IIn. It has also narrow hydrogen lines, but it is fainter (absolute magnitude in
R band is around Mg ~ —15.5™28), as well as it obtains slower velocities than SNIIn. This
may be caused by the non-terminal eruption of LBVs. Declaring that all impostors are not
SNe, would lead to the removal of the real “failed” SNe. “Failed” SNe are caused by the
fallback to a black hole or pair-instability SNe or even SN from BSG with a low mass of
the nickel in the ejecta.

The velocity of the wind is generally proportional to the star’s escape velocity; however,
this is true only for radiation-driven winds. The CSM velocity does not obey this condition
for wind, the CSM may cause explosive burning or explosions which can explain lower
velocities, or it may be accelerated with radiation which in turn causes CSM velocity to be
higher.

2.1.2 Work by Takashi Moriya.

In this subsection, we make an overview of the significant and important work by Takashi
Moriya from [33]. SNelln have narrow core hydrogen lines in spectra. It is assumed that
this component is formed in dense CSM which surrounds progenitor. As the shock passes
through CSM the kinetic energy is converted to thermal energy; however, thermal energy
is very efficiently cooled by radiation which makes this transient object very bright. In
summary, the kinetic energy is converted to radiation in timescale (years or decades) due
to the interaction with dense CSM, instead of slowly fading as typical supernova remnants
with timescale ~ 10° years.

The mass-loss rates in type IIn are estimated range from ~ 107% Moyr~! to ~
1072 M yr—!, however this is much higher than mass-loss from typical SN progenitors.

“There is a problem with undetectable luminosity in late stages.
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Figure 2.2: Possible connection between ZAMS and SN explosion type. Source [33].

The typical progenitors have mass loss rates < 10> M, yr—!. However, some possible SN
progenitors can experience enhanced mass loss before their explosion.

The first type of SN progenitor with enhanced mass loss is electron capture SN (EcSN)
in the mass range 8 — 10 M., where CSM is formed during star’s super-asymptotic giant
branch period. The study that compares the location of SN and Ha emitting regions in
galaxy shows that SNelIln are preferably of relatively low mass progenitors (8 — 10M).

The second possible progenitors can be of a mass range between a mass of maximal
SNII-P and minimal SNII-L progenitors. However, there are many discrepancies between
the determination of this value. From the observations it is stated 17M., but from
simulations this value is even 25 M. Progenitors of II-P are RSGs but it was revealed
recently that high mass loss from massive RSG is consistent with the fact that massive
RSGs are theoretically unstable. Their radius is so large that temperature is low and
kappa-mechanism (enhanced wind mass loss rate due to higher opacity in lines at lower
temperature) or g-mode oscillation ~ of the core can enhance RSG mass-loss before their
explosion. However, if massive RSG exists then it would explode as type IIn.

Third possible type of for IIn is a very massive star which becomes LBV during the
last stage of evolution. It is known that LBV has a very extensive mass loss. The most
known and famous example is 17 Carinae with a mass roughly 120 M., and mass of the
CSM around 10M,.

This three types can probably explain the heterogeneity of SN IIn, from underluminous

°G-mode oscillation of the Sun are “oscillations of the solar interior for which buoyancy acts as the
restoring force” [1]
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SN (EcSN with low Ni mass) to very bright SLSN (progenitor is LBV star).

2.2 Supernova interaction with thin CSM

2.2.1 Basic hydrodynamics

In this subsection we will prepare a specific equation which we used in deriving later.
Spherical continuity equation is

dp 19 ,, B
§+r_2§<r pvr) =0. (2.1)

If we assume density with a power law as
p =Art’. (2.2)
Then, after using a basic adjustment we get
AP (s+n+3) =0. (2.3)

For for eq. 2.4 to hold, the brackets must equals to zero, and the p is then
p=art™ =4 (1) =1 (), 2.4)

where we define f(v) as arbitrary function of r/t.

The Rankine-Hugoniot conditions are for describing the relationship between two states
divided by shock wave. While they hold for coordinate frame co-moving with discontinuity.
We write here the second condition for the conservation of momentum in 1D. Then we
arrange it to have pressure on one side.

prut + p1 = pauz + pa (2.5)
[p1ut — pauz) = p2— pi (2.6)
F Ma
[p1uf — pau3] = Ap = I- 5 2.7)
2 2 dvgy,
SsulP1ut — pauz] = My, (2.8)

dt

2.2.2 Analytic solution of expanding shocked dense shell

In this section, we describe an analytic formalism of the interaction of shocked dense
shell inside of circumstellar media. It would be based on certain simplifications and
assumptions; however, similar assumption and principles were used in many works, e.g.,

[91 [10] [33].



Chapter 2. The Supernova interaction with circumstellar media 25

We would assume that after the shock wave passes through the surface of the star,
which is in case of a thin CSM at the same time a shock breakout, the ejecta continue
following the homologous expansion with velocity

y= ; p=13F(v). (2.9)

If we substitute this Eq. 2.1, we get equation 2.4. Next, the shocked dense CSM and
SN ejecta create thin dense shell due to the effective radiative cooling. We assume that
the thickness of the dense shocked shell is much smaller than its radius, and we denote
the radius of the dense shocked shell (time-dependent) rg (7). Moreover, if we want to
describe the density profile in the progenitor more realistically, we must use at least two
power laws to joins the changing profile of density. First power law for inner parts (the
core), and the second one for outer parts (envelope). The density will be then proportional
to the radius on the power of § and n for inner and outer parts, respectively.

Pin o< 1%, pej o< " (2.10)

In the last pi, 18 a density of the inner part and pe; is a density of the outer part. The
typical values are n = 12 and 6 = 0 — 1 for RSG [38]. We scale the equations for densities
with multipliers Bj, and By for inner and outer parts of the star, respectively. Then we
substitute these equations again to the spherical continuity equation 2.1, we get

Pin = Bint vie® =Binr 917073 (r<ry), (2.11)

3

Pout = Boutt ™ Vt:n = Bout’”_nt_n_3 (I’ > rtr)a (2.12)

where the subscript ¢ denotes the transition region, these equations apply if the shock wave
is in this region. But from homologous expansion we can transform radius to velocity,
because at radius r a shock wave has velocity vi.. We need further to express total mass and
energy. However, we must integrate both mass and energy separately in the inner region
and outer region (noting region is defined as a place with different slopes of density). We
use simple limits in integral that O < riy < rg, 1y < Fgn < oo. Equation of mass integration
are

M:47r/pr2dr,
Fir A7 B: 3—6
M, — 4B, 193 / T2y %, 2.13)
0 J—

o0 A7Bou v "
Moy = 4T Boyt" 3 / P2y = oot (2.14)

9
ri n—73

while the equations for energy intergration are

1
E=3 / pv2dv,
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i 470

Ein = 47Bipt® > /O L 5+Vg, (2.15)
o0 AT By v "

Eqy = 47Bint" ™ / pAon = ol (2.16)
Pir n—>5

The difference between inner and outer part for both energy and mass is that denomi-
nator elements are swapped (different limits of the integral). We know that density in the
expanding envelope changes continuously, which is reflected by the following boundary
condition:

pin|rtr = pout’ru~ (2.17)

If we substitute densities from equations 2.11 and 2.12, we get

)

Binrt; t_6_3 = Boutt_nt_n_3a

Bout = Binv %, (2.18)

Equation 2.18 shows dependence between coefficients. If we want to express velocity
as kinetic energy with mass and energy, at first we need express density coefficient using
the mass, so we express the equations 2.13 - 2.16 using the mass and the energy of the
ejecta.

4nByvi®  4mBouvi "

Mej = Min + Mow = 35 n—3 (2-19)
Using the equation 2.18, we get
47Byvi % (n—9)
M = 2.20
= T (3-6)(n_3) (220
The inner coeficient of the density then is:
Mei;(3—0)(n—3
in = i — I ). (2.21)
4drvy °(n—0)
Furthermore, we express it using energy and the equation 2.18, we get
Eei=Ein+Eou = . 222
€] ll'1+ out 2(5—5)(}’[—5) ( )
Moreover, involving the inner density coefficient, we get
2E;i(5—9)(n—5
n = °J(5 - Jn=5) (2.23)
drvy °(n—0)
If we compare equations 2.21 and 2.23 we get the velocity of the transition region,
2E,; ((5—=0)(n—5
p2 = Zoe (5-9)(n=5)) (2.24)
M. \(3—6)(n—3)



Chapter 2. The Supernova interaction with circumstellar media 27

Since we got an analytical solution for transitional velocity, it is possible to explicitly
express analytical equations for densities at given distance and time. However, for studying
interaction, we need to add the circumstellar medium with the assumption that density can
be quantified as a power law

Pesm = Dr>. (2.25)

We make a condition for s to be smaller than 3, for later integration.® Then to calculate
the mass of the shocked ejecta of the SN, we must integrate each region separately /,

Vmax, snf Tsh
My, = / 47rr2p0utdr + / 47rr2pcsmd r, (2.26)
V. Rs

snl
where R is the radius of the progenitor, v, the velocity of the ejecta and viax, sn 1S the
maximal velocity of the outermost layer in time of interaction. We assume that rg, > R;
and vimax, sn > vsn. After substituting densities from equations 2.25, 2.12, and after some
arrangements, we get

_ 47TBoutfn_3 [r7n+3:| Vmax, sn 477"-_D [rfs+3] I'sh

sh 3-n Von 3—s Rs’
AnBow [t \"O 4nD
My, = L 2.27
h 3 sh +3—sr5h ( )

We apply the conservation of momentum, which must be fulfilled for the thin shocked
shell. However, the Rankine-Hugoniot conditions 2.7 are for the coordinate frame co-
moving with discontinuity, and we “are” now in the rest frame, so we include this by
expressing the velocity relative to discontinuity.

2 Mg, dvgp
e
drry, di

Psn (Vsn - Vsh)2 — Pcsm (Vsh - VW) s (2.28)

where
Vsn — rs_h; Vsh = drSh~
t dt
The velocity of thin dense shell is v, and the velocity of the CSM (or wind) is vy, is.
Substituting My, from equation 2.27, and expressing the densities from equations 2.25 and
2.12, with assumption that the velocity of the wind can be neglected (v, > vy ) and using
simple relation between velocity and radius 2.29, we get

. 2 2
"3 (. dr _ [ dr.
47072 Bout — <Lh L 4nDriry’ )=

(2.29)

o\t dt dt

4nBout (1, 47D ;. d (%) 2.30)
= — r — . .

n—3 \rq 3—gs sh dt

If we assume that the solution for radius of the thin shocked shell is a power law in the
form rg, (1) = Ar*, we can solve the differential equation 2.30. We get a solution

This condition is possible to obtain self-similar assumption [9], [10].
"The outer part of the star and region with CSM.
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AS D 0‘(3057:1) + az

Bout (1 )2 2150

_ n—3—a(n—s)

= const. (2.31)

The power must equal to the zero and this implies oo = (n — 3)/(n —s). Moreover, after
substituting the o to equation 2.31, and expressing the parameter A, we get the explicit
solution for the radius of the shock wave

_[B=9)@=5) Bou] " ()
T (n=3)(n—4) D '

(2.32)

Moreover, this is the same time-dependent solution as from self-similar assumptions for
example in [9]. This equation applies if the interacting region reaches inner ejecta region,
so when the expanding ejecta velocity vy, enters the thin shocked shell, it would be equal to
Vir O gh () = Vit Combining equations 2.24 and 2.32, we get the time of the transition

ty = (2.33)

Gos)d—s) [(B—8)(n—3)My5-9/2]
47D(n—8)(n—3) 2(5-8)(n—5)G72 |

2.3 Analytical solution of bolometric light curves

We demonstrate analytical solution of bolometric light curve as it is shown in [33]. The
assumption for deriving is that the main power source is a conversion of ejecta kinetic
energy of SN to the dense CSM. We consider that CSM is transparent for radiation,

1 1
dEx = Vi = S VATr Pesmdrin = 271 Pesmdran (2.34)
where we include new parameter €, which is coefficient for conversion efficiency of the
kinetic energy

L - £L7 - 27:8chsmrshvshd_;.
The radius of the shock ry, is given by eq. 2.32, this holds for time before transition time
ty, see eq. 2.33. We can express the luminosity as a power law

(2.35)

L=LotP, (2.36)

where Ly and 3 can be expressed as

15. (2.37)

n—3)3 [(3—s)(4—s) By ] O~/ (=9 B— 2n+6s—ns —

LOZZESLD( (n—3)(n—4) D n—s

n—s
This means that bolometric LCs can be fitted with two constants Ly and 3, this means
that numerical model without this type of function can shows us discrepancy between
numerical and analytical model.
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2.4 Modules for Experiments in Stellar Astrophysics -
MESA

2.4.1 Introduction

Modules for Experiments in Stellar Astrophysics (MESA)[40][41] is a package of modules
that can be applied and used in a variety of simulations and problems in the stellar
astrophysics. Each of these modules is open source, efficient and thread-safe®, which
provides the possibility to use modern computers effectively. The programming language
chosen for MESA modules is Fortran 95, and each one of the modules is standalone.
This feature makes MESA suitable not only for stellar evolution but also to solve different
stellar physics problems as it contains options to modify input parameters easily. Physical
modules are, for example, the ones used to calculate the equation of the state, opacity or
nuclear reaction network, or they can be numerical, i.e., matrix solvers or interpolation
routines. MESA star is a one dimensional (1D) stellar evolution module with modern
numerical methods and physics. MESA star is designed to consistently solve even the
complicated stages of star evolution, such as helium burning in less massive stars. This
caused problems for stellar evolution codes in the past. Firstly it reads input files, then
creates a nuclear reaction network in RAM and access to the equation of the state and
opacities data. MESA star runs in four steps: 1. MESA prepare to take new timestep and
can re-mesh model if necessary. 2. It alters model with the change in the mass caused by
stellar wind or accreted mass. In this step, it is also included that it changes abundances,
calculate convective diffusional coefficient, and solves new structure and composition with
the Newton-Raphson solver. 3. MESA estimate next timestep. 4. Lastly, the output is
generated and continues in the loop until a requirement for the ending is met.

MESA code can start even in pre-main sequence star and let it collapse to MS star;
however, MESA shows good convergence for the pre-MS star only in the initial mass range
of 0.02 — 50 M.

2.4.2 Microphysics

Microphysics is divided into three different processes, and for each process, MESA star uses
a separate module. First one is a module for treating nuclear reactions (how much energy
is radiated). The heat deposited to surrounding material is calculated from differences in
nuclear masses from JINA Recalib database and include energy losses by weak neutrinos
which are effectively radiated away. This module includes a one-zone burning routine
which is applied to the defined initial chemical composition. The second module is the
equation of the state (EoS). EoS is calculated from two independent variables: p and 7.
These two variables are essential for the calculation of Helmholtz free energy. However,
sometimes it is easier to calculate EoS from P and T'; these are essential variables for Gibbs
free energy formulation of thermodynamics. The MESA p-T table is based on OPAL EoS
tables made by Rogers & Nayfonov in 2002 [42].

Next, we briefly mention the problem of convection in MESA”. Convection is treated by

“MESA is using OpenMP to do the parallel calculation of local micro-physics.
“It is int interesting that similar problem is even in SN explosion.
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the module mlt (mixing length theory) in the MESA. Mt calculates diffusional coefficient
because it treats the mixing element as a diffusional process. However, convective mixing is
not enough when the code is only in spherical symmetry. It is needed to include convective
overshooting mixing, which is process when an essential element in the star has enough
kinetic energy to exceed condition given only from only convective mixing theory. It is
possible to vary this coefficient during different phases of the evolution of the star, i.e.,
nonburning, H-burning or He burning.

2.5 SuperNova Explosion Code - SNEC

2.5.1 Introduction

SNEC (SuperNova Explosion Code)[35] is open-source, Lagrangian code for solving
hydrodynamics and radiation transport in core-collapse supernovae. Besides, it includes
the effects of decaying radioactive Ni. Output data from SNEC can either be bolometric
lightcurve or lightcurve in different wavebands.

In each time step, SNEC calculates equations for mass conservation, and momentum
conservation and energy conservation in the explicit form.

o _ 1

om  4mrlp’
v Gm , dP 2(r*Q)
a2 Y e o
Jde Pdp ,dv  JdL .
o T por T om om TN

Here, m is the mass coordinate, r is the radius, ¢ is the time, p is the mass density, € is
the specific internal energy, P is the pressure, Q is the artificial viscosity, €nj is the energy
deposited by decaying nickel, and G is the gravitational constant.

2.5.2 Input and parameters

SNEC’s input data and parameters can be easily changed. The data are in the main directory
named profile, where the input data must meet some of the requirements of arranging the
progenitor data. Parameters are mainly in the text file named parametrs in the SNEC main
directory. It is good to know, that if we want to change some parameters, we only need to
change values.

SNEC provides two equations of state in the newest version. First one is the ideal single
particle Boltzmann gas EOS; however, it mainly serves for test purposes, specifically for the
Sedov blast wave test. However, we used Paczynski equation of state, which is simplified
EoS used analytically for ions, photons, and semi-relativistic electrons. SNEC allows
distributing nickel into the star to the maximum boundary defined by the mass coordinate.

The chemical composition in the progenitor is changing abruptly at minimal distances.
In the supernovae event, it is probably caused by Rayleigh-Taylor instabilities, during
transition shockwave; however, to model such instability, we would need a 3D model
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with high-resolution mesh. So, the steep gradients in chemical composition are in SNEC
smoothed by the so-called boxcar smoothing, the subroutine in the SNEC, which helps to
smooth the composition of the progenitor star and imitate instabilities by mixing chemical
composition within a local area.



Chapter 3
Modelling and Results

3.1 Method

We use similiar method as in [4] and [36]; but with some differences.

We created the script (Appendix A), which stitches the dense CSM to the progenitor
and transform coordinates (noting that MESA primarily needs to input the Lagrangian mass
coordinate while SNEC code is Eulerian, that is, the coordinate system used is spatial),
so we can input the data to SNEC. After this, we explode progenitor with CSM in SNEC
with thermal bomb type explosion, which adds the energy just above the region where the
proto-NS has been formed. Moreover, we have compared our calculations with observed
data as well as with calculated models of some authors. In this section, we describe in
more detail, the parameters used in each step.

3.1.1 MESA

We selected for our progenitor a pre-main sequence star with mass 12 M., for all our SN
simulations. The star is then evolved with Modules for Experiments in Stellar Astrophysics,
MESA (release 10398) [40]. We initialized this model with metallicity Z = 0.02 and solar
abundances distribution. The model evolved without rotation nor with the mass-loss
through winds. The model is evolved from pre-MS to core collapse, which is defined as a
terminal condition in time when the infall velocity of any region reaches > 1000kms~!.
We use MESA inlist and the approx21_cr60_plus_co56 nuclear burning network available
from [15] as well as the time and resolution scheme during different burning phases, which
leads to pre-SN model.

While the mass-loss mechanism affects the final mass of the progenitor significantly,
we did not include any wind. We can see the density and temperature profile of the
pre-supernova in figure 3.1.

3.1.2 Script - Appendix A

We create a script (Appendix A) for stitching dense CSM to the progenitor. The script takes
the output data from MESA, adjust them to be readable for SNEC, and join the progenitor
with dense CSM. We assume CSM to be a spherically stellar wind with a density profile

—32-
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(b) The temperature profile of the progenitor.

Figure 3.1: Profile of the pre-SN progenitor with 12Mg. On both horizontal axes is the
radius.

derived from the mass continuity equation as follows
M 1

4 (3.1)

Pesm(T)
where M is the selected mass loss rate (free parameter), r radius and v(r) is the wind
velocity. The density profile of the CSM abruptly changes to zero at a distance of radius
1500R, (after the surface of the star). We choose this radius because it is almost in
agreement with [36], and because this parameter has little effect on CSM mass when
B > 3. We assumed the velocity profile to obey the beta law

R.\"
v(r) =vo+ (Veo — v0) (1 - 7) , (3.2)

where vg is the velocity on the stellar surface, v, is the terminal velocity, and f is the
parameter describing the steepness velocity. This equation differs from classical so-called
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(a) Chrome abundance profile in the progenitor.  (b) Iron abundance profile in the progenitor.

Figure 3.2: Abundances of chrome and iron in the progenitor, and graphical visualization
of choosing where to assign specific isotope of >*Fe. We choose the orange line (assign
#Fe to *°Fe), shows a similar trend on the right graph as our representative model shown
with a green line. The difference can be caused by the heavier mass of the progenitor
(green line) produce more iron. Secondly, we used the bigger nuclear burning network
(red and orange lines), which probably caused the different abundance structure.

velocity law so that the velocity would be a continuous function on the surface of the
progenitor, similar as is in [4]. In our model we assumed v., = 10kms~!, unless it is stated
otherwise. The same velocity was used in other models such as [34], [36]. Moriya et al.
in [34] even concluded that velocity has little impact on the LC.

We unlock the following parameters in MESA to be printed out in output data, namely
radial velocity and electron fraction. This has to be due to the SNEC requirements for the
input. For printing out, it is needed to modify the file in the

$SMESA_DIRS$ /star/defaults/ profile_columns.list.

SNEC tables do not cover entirely all chemical isotopes generated from MESA nuclear
burning network, and we would need to assign the chemical isotopes not covered by SNEC
to the most similar ones. As an example, we used a default profile of RSG with (ZAMS)
mass 15M; in SNEC default folder, which was evolved with MESA. If the given element
(for example >He in MESA) was only a trace amount, we assigned then to similar isotopes
(*He with two neutrons to “He with two neutrons). The analysis was done only for isotopes,
which may affect the calculations. For example, the reason for merging **Fe to *Fe and
not to chrome *3Cr is shown on figure 3.2.

Since the CSM is dense, the photosphere is expected to be in the CSM, which is
certainly heated. For that reason, we used the assumption that effective temperature and
the composition is the same as on the surface of the star.

3.1.3 SNEC

SNEC assumes that the innermost part of the star with 1.4M," is left out to form the NS,
and this part of the star is omitted in the explosion. We choose the type of the explosion

'Tt is possible to change this value.
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to be a thermal bomb to which applies energy to the innermost region, above the mass
cut. Thermal bomb implemented by SNEC gives a few more percent energy to the system;
however, it was found out that it conserves total energy past 150 days after explosion [36].
The composition is smoothed with “boxcar”, to simulate element mixing which is caused
during the explosion. In our model generated from MESA, we get mass of the Ni 0.01M,
however in this amount is not included nickel generated by r-process during SN explosion.
Due to this, we input the mass of Ni to be 0.05 M, for all of our models. This mass of
the nickel is consistent with [25], where they concluded that expected mass of the Ni in
SNII-P is expected in the range ~ 0.01 — 0.1 M. Ni is distributed in the region between
the Lagrangian coordinate 1.4 Mg up to 4M and. We use default opacity tables and
Paczynski EoS as included in the SNEC.

3.2 Test models

Firstly we create test models to find out how parameters affect the light curve. Experimental
models are in figure 3.4. We mentioned earlier that SN interaction with CSM is not very
dependant on velocity of the CSM [36] and work of Moriya et al. [34] concludes that
effects of different progenitor (RSG) models inside the CSM are not very significant.

From testing models, we selected parameters which mainly affect LCs: The energy of
the explosion, the mass loss rate, and 8 parameter. We noticed from the bolometric LC
that most important was not the mass loss rate or 3, but the total mass of the CSM.3.4 The
table 3.3 is for showing the total mass of the CSM as a primary free parameter; however,
the mass of the CSM has a different structure.

Our testing models have energies between 0.6 — 1.2 x 107! erg with 0.2 x 107! erg step
(4 steps) and the mass of the CSM between 0 — 1.64 M, (10 steps 3.3) and so the mesh of
testing models consists from 40 models of SNe.

We defined ¥ as

* (4% *\)2
po y y U 53
AE(V, R) "<ty A

where t* is time observed, Mi (t*) is the observed magnitude at observed time, while
M; (t*) is the calculated magnitude in observed time, and tp; is understimated length of
the plateau which can be seen in LC.”

We evaluated model based on their ¥, and we choose the lowest y in the script, which
fix the observed data and move calculated data while is calculating ¥ in every step. The
script includes observed light curve in V and R waveband in a period of 5 days before
maximum in V waveband and 65 days after maximum. We choose wavebands included in
X to be V and R waveband because B and more bluer waveband are affected by elements
from the iron group by line blanketing [25], and we did not include redder waveband
because we did not use any reddening correction.

For our work, we selected three well observed SN with RSG progenitor and observed
a narrow component in H. In figures 3.10a - 3.10c we would use energy unit foe (fifty one
ergs 1foe = 10°! erg, and chi-squared x?.

“We choose 65 days. In [36] they calculate it for SN2013fs on 83 days, and for SN2013ej on 99 days.
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p=1 |p=3 |B=
103 M., /yr 0.08M,, | 0.16 M,
5x 1073 Mg /yr 0.39M,, | 0.82M,
1072M,, /yr 0.12M;, | 0.78M,, | 1.64 M,
5x 1072M /yr | 0.61 M,
10- 1M, /yr 1.22M,

Figure 3.3: Mass of the CSM in different models, later we noticed that the LC was the
most affected by the total mass and in later figure we are using only the mass of the CSM.

To search for data, we use The Open Supernova Catalog[18] to download data as CSV
file. From this catalog, we apply distance modulus for selected SN.

3.3 SN 2011ht

SN 201 1ht was very weak SN with maximum absolute magnitude only 17.4™#€_in one time
it was even labeled as an imposter. The mass of the Ni is very low at ~ 0.006 —0.01 M.
Due to the very low radiated energy 2 — 3 x 10*erg, progenitor is assumed to be a star
with 8 — 10 M, which undergoes core collapse, or it could be the star > 25M,, with a
fallback of metal-rich ejecta [32]. We selected this SN, although SN was probably EcSN so
we could see if our model would falsely identify the mass and the energy. Our tests models
did not cover explosion energy or mass of the CSM estimated by work [11]. However, the
progenitor is expected to be RSG, which is similar to the one used in the model.

We use distance modulus equal to 30.99™2¢ for our analysis, that is taken from [5] and
[18]. The observed data are taken from [5] and [32].

The fitting values of our models can be seen in figure 3.10a. We compare our best-
fitting model with work of N. N. Chugai[11]; however, He assumed in his work that the
energy of the explosion is =~ 6 x 10*erg and mass of the CSM is assumed to be 6 — 8 M.
We get the best fit for the energy of explosion 6 x 10°?erg for a model without the CSM.
However, our model can not predict the time, when the explosion happens because x2 is
increasing when it is getting close to the presumable explosion time. The fit with lowest
x? is shown in figure 3.5. We see from the LC that calculated curve has a very different
shape. The lowest fit is due to the modelled LC crossing through observed data, which
artificially decrease xz, and not because it was closest to SN 201 1ht.

3.4 SN 2013ej

We use distance modulus for this SN, that is equal 29.9™2¢ [8], [22]. Observed data are
taken from [22], [60] and [5].

According to the work [36], the best fitting model for this SN has progenitor’s mass
12.5M,, (noting we used progenitor with 12M..), explosion energy is 0.6 x 10°! erg and
mass of the CSM is roughly 0.624 M,. Our best fitting model have energy of the explosion
0.6 x 10°! erg and the mass of the CSM is roughly 0.82 M, from 3.10b- The LC of the best
model is shown in figure 3.6.
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Figure 3.4: Test models with different parameters. If not specified otherwise test model is
progenitor 12 M, with the CSM Mgy, = 0.08 M., (B=3, M = 1073 M, yr—'). Figures on
the right are during plateau phase.
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Figure 3.5: LC of SN 2011ht. Model is E = 0.6 foe without CSM is the red line, observed
data are blue dots.
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Figure 3.6: LC of SN 2013ej. Model is £ = 0.6foe with Mgy, = 0.82M,, is the red line,
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Figure 3.7: LC of SN 2013fs. Model is E = 0.6foe with M gy, = 0.61 My, is the red line,
observed data are blue dots.

3.5 SN 2013fs

The distance modulus for SN 2013fs is 33.54™28 [18], [5]. Observed data are taken from
[44], [55] and [5].

According to the [36], the best fitting model is progenitor with mass 12.5 M, energy
of the explosion 0.8 x 10°! erg and the mass of the CSM is roughly 0.5M. Our work
obtains more than one good fit. The first model with the best fit is shown in 3.7. The
second model is similar to the first one, but the mass of the CSM is higher than in the
first model, and the LC is shown in figure 3.8. The third model is similar to the work of
[36]. The explosion energy is 0.8 x 10°! erg and mass is equal to 0.39 M, (the mass of our
progenitor is 12M)). The LC for this model is shown in figure 3.9.

We can see from LCs that correct model is probably the last one, due to many obser-
vations done in the middle of LC, which caused that good fit of the middle part of the
LC decreases 2. The first model is similar to the third one, but calculated luminosity
is underestimated at every point in the peak. This could be improved with better data
processing.
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SN 2011ht E=0.6foe | E=0.8foe | E=1foe | E=1.2foe
Without CSM 0.49 0.96 1.51 2.06
Mcsm = 0.08 M, 0.49 0.99 1.56 2.15
Mesm = 0.12M, 0.49 0.99 1.57 2.15
Mcsm = 0.16 M, 0.52 1.07 1.67 2.27
Mcsm = 0.39M, 0.62 1.23 1.89 2.52
Mesm = 0.61 M, 0.87 1.58 2.30 2.98
Mcsm = 0.78 M, 0.83 1.54 2.26 2.94
Mesm = 0.82M, 0.99 1.76 2.51 3.23
Megm = 1.22M, 1.29 2.14 2.96 3.72
Mesm = 1.64 M, 1.37 2.25 3.09 3.87
(a) SN 201 1ht
SN 2013ej E=0.6foe | E=0.8foe | E=1foe | E = 1.2foe
Without CSM 2.68 1.52 1.40 1.79
Mcsm = 0.08 M, 2.09 1.16 1.19 1.69
Mesm = 0.12M, 1.79 1.05 1.18 1.70
Mesm = 0.16 M, 1.13 0.76 1.06 1.72
Mcsm = 0.39M, 0.58 0.59 1.16 2.05
Mcsm = 0.61 M, 0.26 0.72 1.68 2.86
Mcsm = 0.78 M, 0.28 0.66 1.57 2.72
Mcsm = 0.82M, 0.20 0.85 1.98 3.31
Mesm = 1.22M, 0.35 1.45 291 4.47
Mesm = 1.64 M, 0.40 1.51 3.01 4.62
(b) SN 2013e;j
SN 2013fs E=0.6foe | E=0.8foe | E=1foe | E=1.2foe
Without CSM 3.1 1.4 0.96 1.15
Mcsm = 0.08 M, 2.23 0.86 0.65 0.96
Mesm = 0.12M, 2.00 0.73 0.53 0.86
Mesm = 0.16 M, 1.31 0.37 0.41 0.93
Mcsm = 0.39M, 0.63 0.19 0.59 1.38
Mesm = 0.61 M, 0.16 0.42 1.28 2.40
Mesm = 0.78 M, 0.20 0.36 1.19 2.31
Mcsm = 0.82M, 0.16 0.68 1.76 3.09
Mesm = 1.22M, 0.40 1.45 2.91 4.50
Mesm = 1.64 M, 0.40 1.47 2.99 4.66
(c) SN 2013fs

Figure 3.10: The red colour is reserved for x> < 0.30, the yellow 0.30 < > < 0.6 and
green 0.6 < x?; however we are using blue colour if the 2 is increasing around the SN
explosion.



Conclusion

The primary purpose of this thesis was to understand and make a model of an SN interacting
with the CSM and to compare it with the observed LCs of SNe, as well as with the models
of other authors.

The first chapter is the overview for a better understanding of the complexity of the
SN problem, and it summarizes many physical processes that occur during and after the
explosion. The second chapter is focused mainly on an explanation of the interaction
between the SN and the CSM as well as the software used in this work. The core of
this thesis is the third chapter, in which we use both the MESA software package for the
evolution and SNEC package for the explosion of the star.

We investigate numerically the LCs of three chosen SNe with well known red RSG
progenitors and the interactions with the CSM. Figures 3.5, 3.6 and 3.9. The best fit for
the LC of the SN 2011ht was not satisfactory; however, this is an expected outcome, as
the mesh of the models does not cover the calculated energy range of the explosion, nor
the mass of the CSM. In the case of SN 2013ej and SN 2013fs, the best fits for LCs were
satisfactory. The models were compared with the models of other authors, and the results
were found to be similar.

The difference between the observed LCs and the models are probably due to the
spherical symmetry approximation. Additionally, the SNEC approximates the model as
a blackbody, and we make many approximations during the addition of the CSM to the
progenitor. Moreover, lastly but importantly, the density profile of the CSM is still not well
known.

This work still confirms that the CSM affects the LC of the SN, of which the parameters
with the most significant impact on the LC are the mass loss and 3. However, even for
the steepest density profile B = 5 we do not reach satisfactory LC without mass loss much
higher than the typical wind of RSG. Typical mass loss of the RSG is 10~* M. yr~! [47].

_42_



Appendix A

For correct function these codes have to be with two folder named exactly MESA and
SNEC. In folder named MESA must be two files one is final model.mod which is copied
from output from MESA main folder and second one is called profile.data, which is copied
from LOGS in MESA main folder and renamed to only profile without number.”

import numpy as np
import mesa_reader as mr
import os

#CGS value for constants
M_Sun = 1.99%10%%33
R_Sun 6.96%10%x%10

#Loading models
p_M = mr.MesaData(’MESA/profile.data’)
f_M = mr.MesaData("MESA/final_model.mod")

#Deleting old copies if they exist before it may cause
#otherwise problems with close()
if os.path.exists("SNEC/profile.short"):
os.remove ("SNEC/profile.short")
else:
print ("Neexistuje sibor .short")
if os.path.exists("SNEC/profile.iso.dat"):
os.remove ("SNEC/profile.iso.dat")
else:
print ("Neexistuje sibor iso dat")
p_S = open("SNEC/profile.short", "w+")
f_S = open("SNEC/profile.iso.dat", "w+")

#Constant for dividing wind or CSM
wind_num = 300

#Create SNEC profile

num = p_M.num_zones

“Tt is possible to command MESA to named final profile as profile.data which is alternative methods.
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p_S.write("%d\n" % (num+wind_num))
#Load MESA data

a = p_M.data("mass")

= p_M.data("logR")

= p_M.data("logT")

= p_M.data("logRho")
f_M.data("v"

#e = p_M.data("velocity")
p_M.data("ye")
p_M.data("omega")

O Q& 0 T

0Q Hh
I

#Converting to CGS

a = al::-1]1*M_Sun # reverse
b = np.power (10, b)

b = b[::-1]*R_Sun

¢ = np.power (10, c)

c =cl::-1]

d = np.power (10, d)

d =d[::-1]

e =el[::-1]

f=f[::-1]

g =gl::-1]

#The Cutout for wind/CSM

#wind_R_max = 1700*%R_Sun # in cm together with progenitor
wind_R_max = (b[-1])+2250%R_Sun #only from progenitor
#wind_R_max = lelb # in cm

wind_Teff = 3500 #Kelvin

wind_Mdot = 1e-3+*M_Sun/(365*24*3600) # in CGS
v0 = e[-1]
#v0 = le4d
vinf = 1e6 # 10km/s in CGS
RO = b[-1]
beta = 3
if wind_num != O:
delta_R_wind = (wind_R_max-R0O)/wind_num
else:

delta_R_wind 0
#Function for beta law, mass and radius
def velobeta(v0, vinf, RO, r, beta):
return vO + (vinf-v0)*(1-(RO/r))**beta
def roCSM(v0, vinf, RO, r, beta, wind_Mdot):
return wind_Mdot/(4*np.pi*velobeta(v0, vinf, RO, r, \
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beta) ) xrxx(-2)
def diffofmass(v0, vinf, RO, r_1, r, beta, wind_Mdot):
return (4*np.pi*(r**2)*(roCSM(v0, vinf, RO, r, \
beta, wind_Mdot)+roCSM(v0, vinf, RO, r_1, beta, \
wind_Mdot))/2*delta_R_wind)

#Creating array for writing
Mass_Wind = 0

m = []
r =[]
ro = []
ve = []
for j in range(wind_num):
if § ==
m.append(al[-1] + diffofmass(v0, vinf, RO, b[-1]+ \
(j)*delta_R_wind, \
b[-1]+(j+1)*delta_R_wind, beta, wind_Mdot))
Mass_Wind += diffofmass(v0O, vinf, RO, b[-1]1+(j)*\
delta_R_wind, \
b[-1]+(j+1)*delta_R_wind, \
beta, wind_Mdot)
else:

m.append(m[-1] + diffofmass(vO, vinf, RO, b[-1]1+(j)*\
delta_R_wind, b[-1]+(j+1)*delta_R_wind, beta,\
wind_Mdot))

Mass_Wind += diffofmass(v0O, vinf, RO, b[-1]1+(j)*\
delta_R_wind, b[-1]+(j+1)*\
delta_R_wind, beta, wind_Mdot)

r.append(b[-1]+(j+1)*delta_R_wind)

ro.append(roCSM(v0, vinf, RO, b[-1]+ (j+1)*delta_R_wind,\
beta, wind_Mdot))
ve.append(velobeta(v0, vinf, RO, b[-1]+(j+1)*delta_R_wind,\
beta))

#Writing between files profile -> short
for i in range(num):
p_S.write("%d\t%.9E\t%.9E\t%.9E\t%.9E\t%. 9E\t%.9E\t%.9E\n"\
% (i+1, alil, blil, clil, dlil, el[il, £[il, glil))
for i in range(wind_num):
p_S.write("%d\t%.9E\t%.9E\t%.9E\t%.9E\t%.9E\t%.9E\t%.9E\n"\
% (itnum+1, m[i], r[i], c[-1], rolil, velil],\
fl-11, gl-11))
#Closing the file
p_S.close()
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isotopes = 15
iso = np.zeros((num, isotopes))

iso[::-1, 0] = f_M.data("neut") # neutron

iso[::-1, 1] = f_M.data("h1") + f_M.data(”prot") # hi

iso[::-1, 2] = f_M.data("he4") + f_M.data("he3")# hed

iso[::-1, 3] = f_M.data("c12") + f_M.data("n14") # C12
iso[::-1, 4] = f_M.data("o16")

iso[::-1, 5] = f_M.data("ne20")

iso[::-1, 6] = f_M.data("mg24")

iso[::-1, 7] = f_M.data("si28")

iso[::-1, 8] = f_M.data("s32")

iso[::-1, 9] = f_M.data("ar36")

iso[::-1, 10] = f_M.data("ca40")

iso[::-1, 11] = f_M.data("tid4")

iso[::-1, 12] = f_M.data("cr48") + f_M.data("cr60") +\
f_M.data("feb6")

iso[::-1, 13] = f_M.data("feb2") + f_M.data("feb54")

iso[::-1, 14] f_M.data("nib56") + f_M.data("co56")
Ni=20
#Converting final_model into iso.dat
f_S.write("%d\t%d\n" % (num+wind_num, isotopes))
f_S.write("1.0d0 1.0d0 4.0d0 12.0d0 16.0d0 20.0d0 24.0d0 \
28.0d0 32.0d0 36.0d0 40.0d0 44.0d0 48.0d0 52.0d40 \
56.0d0\n")
f_S.write("0.0d0 1.0d0 2.0d0 6.0d0 8.0d0 10.0d0 12.0d0 \
14.0d0 16.0d0 18.0d0 20.0d0 22.0d0 24.0d0 26.0d0 \
28.0d0\n")
for i in range(num):
f_S.write("%.6E\t).6E" % (alil, bl[il))
for j in range(isotopes):
f_S.write("\t%.6E" % isol[i, jI1)
if j==14:
if i==1:
Ni += iso[i, jl*al[i]
else:
Ni += iso[i, jl*(alil-ali-11)
f_S.write("\n")
if i%100 == O:
total_mass = 0
for k in range(isotopes):
total_mass += isol[i, k]
print ("V kroku %d je total mass = %E percent \
(malo by byt 100)" % (i, total_mass*100))
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for i in range(wind_num):

f_S.write("%.6E\t%.6E" % (m[il, r[il))

for j in range(isotopes):

f_S.write("\t%.6E" % iso[-1, j1)

f S.write("\n")
#Closing
print ("MnoZstvo Ni v * = %E M_Sun" % (Ni/M_Sun))
f_S.close()

mass_to_sun = Mass_Wind/M_Sun
print ("Hmotnost windu = %E" ’ mass_to_sun)

print(b[-1]/R_Sun)
print(r[-1]/R_Sun)
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