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CHAPTER 1

Introduction

1.1 The enigmatic nature of Type Ia supernovae

Type Ia supernovae have been observationally classified, onthe basis of their spectra which
are characterized by the lack of hydrogen and helium lines and the presence of strong silicon
lines. Other observational characteristics of this class are their strong homogeneity in terms
of their spectra and light curves, the high velocity intermediate mass elements (O - Ca) near
the maximum light of the supernova and the forbidden iron lines which dominate the nebula
phase of the spectra. Finally, in contrast with the rest of supernova classes, Type Ia super-
novae (SNe Ia) occur in galaxies of all types, including elliptical galaxies which only contain
old – and thus no massive – stars.

1.1.1 Progenitor systems

All the aforementioned observational properties of SNe Ia,support the conclusion that their
progenitors should be low mass stars which somehow got rid oftheir hydrogen and helium
rich envelope. The most plausible astrophysical objects that combines these properties are the
compact and degenerate stellar remnants of low mass stars known as white dwarfs (WDs).
Indeed, in 1960 Hoyle and Fowler proposed that the explosionmechanism of the Type Ia
supernovae is the thermonuclear detonation, specifically the burning of light elements (e.g.
carbon, oxygen) to the iron group that occurs in the center ofwhite dwarfs. The energy
released by this process was calculated to be(1 − 5)× 1051 ergs which is capable to disrupt
the white dwarf. Along with the idea that the SNe Ia optical light curves are powered by the
decay of the radioactive56Ni produced by the thermonuclear combustion (Colgate & McKee
1969), this scenario is still nowadays the most generally accepted for the Type Ia explosions.
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2 INTRODUCTION

More specifically, it is believed thatthe progenitors of SNe Ia are carbon-oxygen WDs
(CO WDs) which explode after mass accretion from a companionstar. The companion star
can be either another CO WD (double degenerate scenario, DD)or a non-degenerate star
(single degenerate scenario, SD). In the latter case the non-degenerate star can be either a
main sequence star or a subgiant in a close binary system, a giant in a wide symbiotic binary
or a helium star.

In the SD scenario the WD accretes hydrogen/helium rich material, either through Roche
lobe overflow (RLOF), or through the wind of the companion star. The ignition conditions
of the carbon at the central region of the WD are met when its mass approaches the Chan-
drasekhar mass (MWD ∼ 1.38 M⊙). As the carbon is ignited in the center of the WD,
the burning front starts to propagate outward, driven by theoverpressure created by the heat
of the burning products. If this overpressure is sufficiently high, a strong shock wave is
formed which burns the fuel by compressional heating (detonation). In this case, due to the
supersonic propagation of the burning front, the WD has no time to expand and its entire
carbon/oxygen material is incinerated into nickel. Such a scenario of a pure (prompt) deto-
nation fails to explain the significant amounts of intermediate mass elements observed in the
SNe Ia spectra. On the other hand, if the burning front is moving subsonically, driven by
heat diffusion (deflagration), the burning process occurs at lower densities producing more
intermediate mass elements at the outer layers of the combusted WD in agreement with ob-
servation (Nomoto et al. 1984a). The last possibility aboutthe burning front propagation
suggests that the explosion starts as a deflagration but at some point switches to a detonation
(delayed – detonation models, Khokhlov 1991). This processprovides an elegant explana-
tion for the initial slow burning required to pre-expand theWD, followed be a supersonic
combustion that produces large amounts of fast moving intermediate mass elements.

An alternative scenario on the explosion model of the WD in the SD regime is the so-
called sub-Chandrashekar mass or double detonation model (Iben & Tutukov 1984a, Sim
et al. 2010). In this model a sub - Chandrasekhar mass CO WD accretes from a companion
star and develops a helium layer at its outer shell. This can be done either by a helium-rich
donor or by hydrogen-rich donor for which the accreted hydrogen is burned into helium at
the WD’s surface. This layer of helium detonates, forming a shock wave which propagates
inward and triggers a second detonation in the center of the WD, which unbinds the star.

As far as the DD scenario is concerned, it suggests that the SNIa is triggered by the
merger of two CO WDs, which are brought together by the emission of gravitational radiation
(Iben & Tutukov 1984a, Webbink 1984). Three dimensional simulations show that when a
system of two CO WDs are brought together, the less massive isdisrupted in a timescale
of a few orbital periods. The material of the disrupted WD is accreted on the primary WD
causing its explosion. This scenario has received a lot of criticism as calculations show that
the high accretion rates of this process are sufficiently high to lead to an off-center carbon
ignition, converting carbon and oxygen into oxygen, neon, and magnesium. Subsequently
the O+Ne+Mg WD undergoes electron capture that efficiently reduces the electron pressure
of the WD and thus the Chandrasekhar mass limit (Nomoto & Kondo 1991). For the high
accretion rates estimated from the merging process, the timescale of the electron capture is
smaller than this of nuclear burning and thus the WD will undergo accretion induced collapse
forming a neutron star. So in this case no explosion is expected. Nevertheless, recent models
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have shown that a violent merger of two massive WDs (M > 0.9 M⊙) with a mass ratio
close to unity lead to the formation of hot spots at the surface of the primary WD. In these
spots, the thermodynamic conditions are suitable for triggering a detonation which destroys
the primary WD (Pakmor et al. 2010).

1.1.2 Observational constraints

Even though both SD and DD scenarios can naturally explain the lack of hydrogen and helium
in the spectra of SNe Ia and the long delays of the Type Ia explosions after the cessation of star
formation, each scenario has specific weaknesses in explaining the observational properties
of SNe Ia. These weaknesses, in combination with the lack of direct observations of SN Ia
progenitors, have made it difficult to identify the nature ofSNe Ia.

For the SD scenario one of the most puzzling issues is the low efficiency in producing SNe
Ia, which is in sharp contrast with the high SN Ia rate observed in the elliptical and spiral
galaxies. According to the SD model, the WD in order to increase its mass and approach
the Chandrasekhar limit, should retain and burn steadily the accreted material. Theoretical
studies have shown that this can occur only if the net accretion rate (accretion minus ejection
rate) is of the order of∼ 10−7 M⊙ yr−1(Nomoto & Kondo 1991). If the accretion rate
is lower, the accreted material is burned explosively, giving rise to novae explosions which
expel more mass than it has been accreted (Nomoto et al. 2007). Thus, in this case it is not
possible for the WD to reach the Chandrasekhar mass and explode. On the other hand, for
high net accretion rates (̇M ≥ 3× 10−7 M⊙ yr−1) the high luminosity caused by the surface
nuclear burning will lead to the expansion of the WD’s envelope. Consequently, the WD
will fill its Roche lobe, leading to a dynamically unstable mass transfer and the formation of
a common envelope in which the donor star is engulfed. Such a case cannot lead to a SD
SN Ia as after the CE ejection the system consists of two degenerate stars (the primary WD
and the core of the donor star). Taking into account these mass accretion limitations, binary
population synthesis models have shown that the SD regime can produce less than the 10%
of the observed SN Ia rate (Mannucci et al. 2006, Maoz 2008, Toonen et al. 2013).

On the other hand, the DD scenario is more consistent with binary population synthesis
models, as it produces a higher rate of SNe Ia as compared to the SD one, and it naturally
explains the observed slope oft−1 of the delay time distribution (the specific rate of SNe
Ia as a function of time) based on basic principles of generalrelativity. Nevertheless, the
estimated DD SN Ia rate, based on the observed number of Galactic, super-Chandrasekhar
WDs binaries (the potential candidates of DD SNe Ia), is 11 times lower than the observed
one in Sbc galaxies (Badenes & Maoz 2012). This result in combination with the fact that
up-to-date models show that the merger of two WDs can only lead to an explosion under
very limited conditions (see Section 1.1.1), places serious constraints on the efficiency of this
progenitor regime.

Progenitors of SD SN Ia are expected to leave observable traces during or/and after the
binary evolution. The most obvious one is the non-degenerate donor star that survives the
explosion, and thus it should be located in the center of the resulting supernova remnant
(SNR). Several groups have searched at the geometrical centers of nearby SNRs for stars
with peculiar properties (high systemic or rotational velocities, SN ejecta contamination at
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the surface composition) that could be linked to the survived companion star. To date, among
the sample of the studied SNRs, the identification of a donor star in a Type Ia SNR has only
been claimed for Tycho/SN 1572 (Ruiz-Lapuente et al. 2004a), which was mainly based on
its large proper motion, but this result is still debated (Kerzendorf et al. 2009b). Searches in
other SNRs fail to identify a star with the properties of a donor star, in some case with very
strict constraints (Schaefer & Pagnotta 2012a). This lack of the companion star at the center
of Type Ia SNRs – with a question mark for the case of Tycho’s SNR – points against a single
degenerate origin of the remnants.

The other signature related to a SD SN Ia progenitor binary isthe soft X-ray/UV emission
that accompanies the steady hydrogen burning on the surfaceof the WD. The binary systems
that reveal this emission are named ‘supersoft X-ray sources’ and in the past had been placed
as the most promising progenitor candidates of SNe Ia. Nevertheless, Gilfanov & Bogdán
(2010a) searched for this emission in a sample of nearby elliptical galaxies and they found
that the flux in the super soft X-ray band is a factor of∼ 30 − 50 less than predicted in
the accretion scenario of the SD SNe Ia. Such a result eliminates the contribution of the SD
scenario on the observed SNe Ia in the elliptical galaxies, although, the reliability of these es-
timations are still debatable (see e.g. Hachisu et al. 2010), while obscuration of the supersoft
X-ray sources is also possible (Nielsen et al. 2013).

Taking all of these issues into account, so far no firm conclusion has been reached about
the origin of SNe Ia. This is rather embarrassing as the SNe Iaare linked with several hot
topics in astrophysics. For instance the galaxy evolution depends on the radiative, kinetic and
chemical output of these explosions. Given the uncertainties on the explosion mechanism
our knowledge about the chemical composition of the exploding WD and the distribution
of this material in the interstellar medium is limited. In addition, their nature hosts one of
the most elusive parts of the binary evolution theory named common envelope efficiency
parameter (see e.g. Nelemans et al. 2000). Thus, an undebatable identification of the nature
of Type Ia would help to to get insights into this topic. Moreover, SNe Ia are used as standard
candles to determine cosmological parameters, because of their high, well-calibrated peak
luminosities (Phillips et al. 1992). The study of SN Ia led tothe realization that we live
in an accelerating Universe (Perlmutter et al. 1998, Schmidt et al. 1998) a discovery that
was awarded the Nobel price of physics in 2012. However, as long as we do not know the
precise nature of SN Ia, there is no guaranty that the cosmological supernovae have the same
properties as their low redshift counterparts. All of thesereasons make the identification of
their progenitors a crucial quest in modern astrophysics.

1.1.3 Traces and limitations on the circumstellar medium around SNe Ia

With the current observing capabilities, the direct methods of identifying the SNe Ia progeni-
tors (identification of the donor at the SNR or the observation of the progenitor system itself)
are limited to a small number of nearby objects, something that makes them unsuitable for
a general statistical study. Thus, several indirect methods have been applied to provide new
insights into the unknown nature of SNe Ia. A promising one isthe study of the interaction
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of the supernova ejecta with possible circumstellar structures formed by the mass outflows of
the progenitor system. From this interaction we can gain some information about the ambient
medium (AM) properties that surrounds the explosion centerand by that we can constrain or
identify the nature of the progenitor system. As this methodcontains the backbone of this
thesis we will highlight its current approaches and results.

In the DD model the explosion is triggered by the merger of twocompact objects, and
the time delay between the disruption of the secondary WD andthe explosion is so short that
no essential outflow occurs. Thus, around a DD SN Ia a homogeneous ambient medium is
expected with the properties of the local interstellar medium (ISM). Only when the merger
occurs during or right after the CE episode of the binary system, a signature of CSM can be
expected in the form of a very dense circumstellar bubble (Livio & Riess 2003).

In contrast, several possible mass outflows can be expected in a SD scenario depending
on the nature of the donor star, the mass transfer process andthe response of the WD on the
mass accretion. These can be classified as follows:

1. Stellar winds: If the companion star has evolved up to the giant branch or the asymp-
totic giant branch (AGB) then strong stellar winds are emanating from its surface. As
the mass loss rate of this wind is rather high (Ṁ > 10−7 M⊙ yr−1) and the wind
terminal velocity low (uw < 100 km s−1) a dense wind bubble is formed around the
SN Ia.

2. Accretion winds: In the SD regime, continuous mass outflows in the form of stellar
winds are also expected from the WD. Hachisu et al. (1996a, 1999a) claim that if the
mass accretion rate exceeds a certain critical value, the WD’s envelope cannot remain
static and an accretion wind emanates from its surface. The mass loss rates of these
winds are of the order ofṀ ∼ 10−7 M⊙ yr−1 while the terminal velocity is high of
the order of∼ 1000 km s−1 due to the high gravitational potential of the WD. Winds
with these properties shape an extended cavity around the explosion center.

3. Nova explosions: As was explained in Section 1.1.2 low accretion rates trigger nova
explosions at the surface of the WD. Interestingly, there isobservational evidence that
binary systems that reveal nova explosions with a low recurrence time (< 100 yr) – the
so called recurrent novae – are possible candidates of SN Ia (Hachisu & Kato 2001a,
Livio & Truran 1992a). The reason is that in contrast with theclassical novae, in
a recurrent nova explosion the ejected mass is less than the accreted one. Thus, the
net effect is the increase of the WD’s mass. As the nova ejectahas a low mass of
∼ 10−7 M⊙ and the ejecta velocity is high (Yaron et al. 2005, Townsley &Bildsten
2004) also a low density cavity is expected to be formed.

4. Symbiotic recurrent novae: This mass outflow is the combination of cases (1) and (3).
The resulting CSM is shaped by the interaction of the fast moving nova ejecta with the
slow wind of the donor star (Patat et al. 2011, Mohamed et al. 2013a).

To date, several observations have been performed to searchfor CSM signatures. The
results reveal contradicting conclusions about the SD or DDSN Ia origin.
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The first method is based on the following idea. As the densityof the stellar wind
is given byρ = Ṁ/4πuwr

2, whereṀ the mass loss rate,uw the wind terminal veloc-
ity and r the radial distance from the mass losing star, in thecase of the symbiotic binary
progenitor, the region close to the explosion center shouldbe characterized by very high
densities. Subsequently, when the supernova explosion will occur, the interaction with the
dense material will produce a considerable emission in several electromagnetic bands. Var-
ious groups tried to observe this emission in many differentwavelengths without any suc-
cess. Based on the lack of this emission strict upper limits have been placed on ambient
medium density and thus on the mass loss rate of the donor star. In particular, optical ob-
servation places this limit toṀ < 9 × 10−6 M⊙ yr−1(Mattila et al. 2005a), the X-rays
observations toṀ < 1.1× 10−6 M⊙ yr−1(Russell & Immler 2012) while the radio ones to
Ṁ < 6× 10−10 − 3× 10−8 M⊙ yr−1(Panagia et al. 2006a, Chomiuk et al. 2012). These re-
sults exclude an evolved giant as the donor star but allow a MScompanion star and of course
a DD origin of SNe Ia.

An exception to that are the two bright SNe Ia the SN 2002ic (Hamuy et al. 2003a) and SN
2005gj (Aldering et al. 2006). These SNe show remarkable broadHα emission which implies
an unexpectedly high mass-loss rate of the progenitor systems of the order of10−3 M⊙ yr−1.
The authors suggest that a progenitor consistent with this mass loss rate is a SD binary with
a massive (3 - 7 M⊙) AGB donor star.

A recent approach is aiming to observe time variable absorption lines in the spectra of
SNe Ia. SNe Ia are hardly capable to ionize the gas at distances larger than∼ 1018 cm,
while if so the long recombination times of the ISM would not cause any variability. That
means that this variability can only be caused by dense material which is in the immediate
environment, properties that are relevant to CSM. Up to datethree SN Ia have been observed
which show time variable absorption features on their spectra: SN 2006X (Patat et al. 2007b),
SN 2007le (Simon et al. 2009) and PTF 11kx (Dilday et al. 2012a). The features that their
spectra reveal can best be described by a symbiotic nova progenitor.

Finally, traces of SN ejecta - CSM can also be found (or the lack thereof) at the after-
math of SN explosion, the supernova remnants. The basic ideais that this interaction will
affect the evolution of the SNR and thus will be reflected at its dynamic and emission prop-
erties. Badenes et al. (2007a) explored the imprint of a CSM shaped by the accretion wind
of the progenitor system on the properties of the SNR which isevolving in it. Then, they
compared the properties of the resulting SNR of their modelswith the observed ones of well
observed Type Ia SNRs. They found that these large cavities are not consistent to any of the
dynamics and the X-ray emission from the shocked ejecta in the Type Ia remnants that they
have examined with one exception, the historical remnant RCW 86. Indeed five years later
Williams et al. (2011b) showed that the dynamics and X-ray emission of this SNR can be
explained by an explosion that took place in such a cavity. Finally, the historical remnant of
SN 1604 (Kepler) shows clear evidence for such an ejecta-CSMinteraction which observed
characteristics that can be well reproduced considering a SD progenitor scenario where the
SN explosion occurred in a dense, bow-shaped bubble formed by the wind of an AGB donor
star (see Chapter 2).
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Figure 1.1: The Chandra X-ray image of the Galactic Type Ia supernovae Tycho (left) and SN 1006
(right). For Tycho red, green, and blue images correspond tophoton energies in the 0.95 -1.26, 1.63 -
2.26, and 4.1 - 6.1 keV bands, respectively. For SN 1006 red, green and blue correspond to 0.5 - 1.2,
1.2 - 2.0 and 2.0 - 7.0 keV.

1.2 Evolution of supernova remnants

1.2.1 Structure and dynamics

A supernova remnant is the result of the interaction betweenthe ejected stellar material and
the ambient gas (see Fig. 1.1). Since the expansion of the ejected material is triggered by
the highly energetic SN explosion, its velocity is much larger than the sound speed of the
ambient gas. Due to the supersonic expansion, a shock wave isformed, known asforward
shockor blast wave, which sweeps up the ambient medium and compresses it in a dense,
hot shell. As time progresses, the forward shock sweeps up more and more mass and the
SNR shock starts to decelerate. As the ejecta are moving supersonically this deceleration is
communicated by a second shock wave, thereverse shock, which is propagating inwards in
the rest frame of the freely expanding ejecta. Therefore, a shell of shocked ejecta material
is formed. Acontact discontinuityseparates these two shells of shocked material, of which
the location is determined by the establishment of the pressure balance. In Figure 1.2 the
four-zone structure of a SNR is illustrated: the freely expanding ejecta, the shocked ejecta,
the shocked ambient medium and the unperturbed ambient gas.

The density, pressure and temperature jumps across the two shock waves can be described
by the so-called Rankine–Hugoniot relations which are based on the conservation laws of
hydrodynamics, assuming that the shock is infinitely thin:

ρ2
ρ1

=
(γ + 1)M2

n

(γ − 1)M2
n + 2

, (1.1)
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Figure 1.2: Left: the radial density and temperature structure of the SNR (solid and dashed line respec-
tively). Right: the time evolution of the forward shock (solid line), contact discontinuity (dashed line)
and reverse shock (dasded-dotted line) radius.

P2

P1
= 1 +

2γ

(γ + 1)
(M2

n − 1), (1.2)

T2

T1
=

[(1− γ) + 2γM2
n][2 + (γ − 1)M2

n]

M2
n(γ + 1)2,

(1.3)

whereρ is the density,P is the pressure,T is the temperature,γ is the adiabatic index andMn

is the Mach number of the shock wave. The pre-shock quantities are labeled with a subscript
1 and the post-shocked quantities are labeled with a subscript 2. Note that for very strong
shock wave (Mn >> 1) the density ratio tends to 4 (forγ = 5/3), while the functions of the
pressure and temperature ratio are unbounded.

The evolution of the SNRs can be divided in four phases (Woltjer 1972):

The first two evolutionary stages are namedfree expansionor ejecta-dominatedphase and
Sedov-Taylororadiabaticphase. These two phases are commonly classified as ‘non-radiative’
since during them the radiation losses of the SNR are negligible. Each phase represents the
extreme limit of the ejecta mass – swept up mass ratio (Mej/Msw). In the free expansion
phaseMej/Msw >> 1 while in the adiabatic phaseMej/Msw << 1. This ratio affects the
dynamics of SNR expansion which under the framework of energy conservation they can be
obtained by the following argument:

The expansion velocity is given by:Vs ≈

√

2ESN

MSNR
whereESN is the kinetic energy of

the SN, whileMSNR is the total mass of the remnant. This mass can be split in two compo-
nents: the mass of the ejecta,Mej = const. and the swept up AM mass,MSW = 4

3πρAMR3
s

with ρAM the mass density of the AM andRs the radius of the SNR. Therefore:

MSNR = Mej +
4

3
πρAMR3

s. (1.4)
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Thus, for the free expansion phase (Mej/Msw >> 1):

Vs ≈

√

2ESN

Mej
= const. ⇒ Rs ∝ t (free expansion phase). (1.5)

Note that forESN = 1051 erg andMej = 1.4 M⊙the initial velocity of SNR is in the order
of Vs ∼ 104 km s−1.
For the Sedov-Taylor phase (Mej/Msw << 1) we get:

Vs ≈

√

2ESN

MSW
=

√

2ESN

4
3πρAM

R−3/2
s ⇒ Rs ∝ t2/5 (Sedov-Taylor phase). (1.6)

The remnant at the free expansion phase expands with a constant velocity but as the
swept up mass increases, the SNR decelerates and gets an expansion parameter ofm =
Vs/(Rs/t) = 0.4.

As the SNR continues its evolution and slows down, the cooling timescale starts to be
shorter than the dynamical one and radiative cooling becomes important. The total energy
of the SNR is no longer conserved. The remnant has entered thepressure-driven snow-plow
phase. The radiation cooling scales with the number densityn asn2 and it increases with the
temperature. Hence, the efficiency of the radiation loss is much larger in the dense, hot shell
of the shocked AM than in the shocked ejecta, where the evolution of the latter can generally
be considered adiabatic. Consequently, the shell of shocked interstellar gas collapses, to
retain the pressure balance with the shocked ejecta, creating a very thin layer. The density of
the ejecta can be written as:

ρi =
Mej

(4π/3)R3
s

, (1.7)

if we neglect the size of the shocked AM shell (Ri ≈ Rs). Considering, that the expansion
of the ejecta is adiabatic:Pi ∝ ργi , with Pi the ejecta pressure andγ the adiabatic index, we
obtain:

Pi ∝ R−3γ
s . (1.8)

Applying the equation of motion we get:

d

dt

(

M(Rs)
dRs

dt

)

= 4πR2
sPi(Rs) ⇒

d

dt

(

R3
s

dRs

dt

)

∝ R2−3γ
s . (1.9)

Adopting a power law solution:Rs(t) = Btm one finds:

Rs ∝ t2/(2γ+2)
⇒ Rs ∝ t2/7 (pressure-driven phase), (1.10)

for γ = 5/3. Numerical simulations of the pressure-driven phase show this proportion is
closer toRs ∝ t3/10.

When most of the internal energy of the remnant has been radiated away then the mo-
mentum conservation (eq. 1.9) is written as:
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d

dt

(

M(Rs)
dRs

dt

)

= 0 ⇒ Rs ∝ t1/4 (momentum-conserving phase). (1.11)

This equation describes the last phase of the SN evolution named asmomentum-conserving
snowplow phase.

Finally, when the shock velocity and the temperature behindthe shock become compa-
rable to the random thermal velocities and temperatures of the AM, it will be dissolved and
merge into the surrounding medium (merging phase).

1.2.2 Effects of ejecta structure

Although this picture of the discrete phases of SNR evolution provides an instructive frame-
work of understanding the dynamics of SNRs, it is oversimplified as it is based on thea priori
assumption that the SN ejecta are described by a constant density profile. A SNR with a con-
stant ejecta density profile is a good approximation only if the reverse shock has reached the
center of the SNR heating and homogenizing the ejecta. However, in the early phase of the
SNR evolution, only the shocked ejecta shell transfers its energy to the surrounding medium.
As time progresses, and the reverse shock is moving inwards,more energy is transferred
from the freely expanding ejecta to the SNR shell. For this reason, during the early phase,
the initial structure of the SN ejecta plays an important role in the dynamics of the SNRs.

The first analytical model of a SNR evolution, that takes intoaccount the initial density
structure of the SN ejecta, was made by Chevalier in 1982. Theauthor presented self-similar
solutions for the structure and evolution of the SN – AM interaction, describing the SN ejecta
by a power law density profile (ρ ∝ r−n). According to Chevalier (1982a) the radius of the
contact discontinuity (Rc) can be found from dimensional analysis and is given by:

Rc = A1/(n−s)t(n−3)/(n−s), (1.12)

whereA is a constant ands is the power law index of the AM density distribution:ρAM ∝

r−s.

Chevalier (1982a) studied the case of SN Ia explosions and found that the solutions of
n=7 is the most suitable to reproduce the basic dynamical andmorphological properties of
these remnants. In this case the expansion parameter of the Type Ia SNRs, at the early phase,
ism = 0.57 for a homogeneous AM (s=0). It is clear from these solutions that even from the
very early phase of the SNR evolution, the expansion parameter is less than one.

Dwarkadas & Chevalier (1998) found that Type Ia explosion models are best represented
by an exponential density profile (ρ ∝ exp(−u/ue)t

−3). In contrast to the power law solu-
tions, the case of the exponential profile cannot be described in self similar terms due to the
additional parameterue. Their numerical solutions of the exponential profile show asmall
deviation from the solution ofρ ∝ r−7 by a few (≤ 5) percent.

Presently, these two profiles are considered the most suitable ones to describe the Type Ia
SNR evolution.
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1.2.3 Effects of CSM

An other assumption that silently has been adopted up to now is that the medium where
the SNR is evolving has a constant density and temperature. This can be true only if the
AM around the SN explosion is represented by the rather homogenous ISM. However, as
described in Section 1.1.3 SNe Ia may appreciable modify their environment through mass
outflows that accompany the evolution of the progenitor binary system. In this case, the blast
wave of the subsequent SN Ia, will interact with this modifiedmedium and this interaction
will substantially alter the SNR evolution and structure.

Figure 1.3 shows two possible structures of the ambient medium that may surround the
explosion center. The top, left plot depicts the case where the CSM is formed by a dense,
slow wind (Ṁ = 10−5 M⊙, uw = 10 km s−1) which forms a small dense bubble around
the explosion center. These wind properties are relevant with the stellar winds of evolved
donor stars. The bottom left plot of Fig. 1.3 shows the case where a fast, tenuous wind
(Ṁ = 10−7 M⊙, uw = 1000 km s−1) excavates a large, low density cavity. This wind
properties are similar to the winds that emanate from the surface of the WD (accretion wind
see, Sect. 1.1.3). Note that both wind outflows are supersonic resulting to the formation
of two shocks -the wind forward and termination shock- shocking the AM and the wind
respectively. In these two plots we over-plot the constant density of the AM (dotted line) in
the wind bubble was evolving.

The right column of Fig.1.3 illustrates the density structure of the SNR which was evolv-
ing for 200 yr in these two circumstellar structures. For comparison the density structure that
the SNR would have if the mass outflow was absent is over-plotted. It is obvious that even if
the all of models are described by the same SN ejecta properties, power low ejecta structure
with Mej = 1.38 M⊙ andEej = 2 × 1051 erg, the different properties of the surrounding
medium appreciably affects the properties of the resultingSNR. For the first case (strong
wind) the SN blast wave propagates at the dense medium of the wind bubble sweeping up
a large amount of mass in a very short time. The SNR decelerates triggering from the very
early phase the reverse shock which shocks the ejecta when the latter is still very dense. This
results in a dense, non- extended SNR structure where the shock AM and ejecta shells con-
tains a lot of mass. In contrast, when the SNR is evolving in the low density cavity, the swept
up mass of the wind material is low. The blast wave retains thehigh velocity that it gets
from the SN explosion as no efficient deceleration takes place. A large, low-density SNR is
formed where a small amount of ejecta has been shocked (at t= 200 yr, 0.07 M⊙of the total
1.38 M⊙has been shocked).

Except for the AM density values themselves, the densitydistributionof the medium in
which the SNR propagates affects the properties of the SNR. Chevalier (1982a) shows that
for a SNR evolving into a medium with ar−2 density profile - during the free expansion
phase - the reverse shock is placed closer to the contact discontinuity, while the density at the
contact gets higher values as compared to the case of a SNR evolving in a constant density
medium.

The dynamical properties of the SNR are also affected by the properties of the AM. This
can be seen in Eq. 1.12 where for the case of a SN evolving in a wind bubble,s = 2, the
expansion parameter -in the free expansion phase- ism = 0.86, instead ofm = 0.57 that
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Figure 1.3: Left column: The density structure of the AM shaped by slow, strong stellar wind (upper)
and a fast, tenuous continuum mass outflow (bottom). In both plots the density of the unperturbed ISM
is over-plotted (dashed line). Right column: The resultingSNR evolving in these specific circumstellar
structures 200 yr after the explosion. For comparison, the SNR density is plotted, for a SNR evolving
in the homogeneous AM the surrounded the SN before the mass outflow (dashed line).

we obtain for the ISM case (s = 0). Even during a much later state where the reverse shock
has reached the SNR center and the initial ejecta structure does not affect any more the SNR
evolution (Sedov- Taylor phase), the dynamics of the SNR arealtered by the AM properties.
Substitutingρ ∝ r−2 in eq. 1.6 we getR ∝ t2/3 instead ofR ∝ t2/5.

Note that the CSM can substantially deviate from the simple case of a smoothρ ∝ r−2

profile. For instance, it is known that the properties of the stellar winds are time variable,
depending on the evolutionary state of star. In addition, the duplicity of the progenitor sys-
tem plays a significant role in the shape of the CSM around the explosion center, where the
angular momentum that the mass outflows carry shapes an AM that significantly diverges
from the spherical symmetry. Finally, non-continuous massoutflows (e.g. novae) can pos-
sible emanate form the progenitor system shaping a AM with strong density and pressure
gradients (see Chapter 4). The evolution of a SNR into such complex AM structures cannot
be described by simple self -similar solutions and can only be approached numerically.
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1.3 This thesis

Different progenitor systems that potentially can lead to aSN Ia explosion, are connected with
different (or none) mass outflows during the binary evolution. Hence, the ambient medium
properties will differ from case to case. The subsequent interaction of the supernova blast
wave with this modified (or non) AM will alter the SN evolution, something that will be re-
flected on the observed properties of the resulted SN/SNR. Reversing this logical sequence,
in this thesis, we attempt to model nearby and well observed SN/SNRs identifying the prop-
erties of the CSM that are able to reproduce their observed properties. Linking theses CSM
properties with binary evolution models we provide new insights into the nature of their un-
known progenitor.
The layout of this thesis is as follows:

In Chapter 2, we discuss the young SNR of Kepler (SN 1604). This remnant displays
clear evidence of CSM interaction in its northern shell. Theejecta chemical composition of
this remnant, as well as its high Galactic latitude (b = 6.8o) suggest that Kepler’s SNR is the
result of a Type Ia explosion. We investigate what kind of CSMinteraction could reproduce
the asymmetric morphology and dynamical properties as wellas the odd abundances that
the remnant reveal. We found that our two dimensional simulations are in a good agreement
with the observations, considering that the progenitor system was a runaway symbiotic binary
consisting of a CO white dwarf and a4− 5 M⊙ AGB donor star.

In contrast with Kepler’s SNR, the historical remnant of Tycho (SN 1572) shows no
evidence of a CSM interaction. Its quasi-circular shape with smooth rims, indicates that
the SNR is currently evolving in a homogeneous AM. However, models of Tycho’s SNR
that consider a SNR evolution in a homogeneous medium can notreproduce at the same
time its dynamical and X-ray emission properties. InChapter 3 we model Tycho’s SNR
by performing numerical hydro-dynamical simulations coupled X-ray emission models, of a
SN Ia interacting with CSM and we estimate the dynamics of theSNR and the luminosity of
the thermal X-rays, emitted from this kind of interaction. We find that Tycho’s SNR dynamics
and X-ray spectra are well reproduced considering a delay detonation explosion model where
the SN ejecta had an interaction history with a small, dense wind bubble.

In Chapter 4, we consider the case of the Galactic SNR RCW 86 which is the proposed
remnant of SN 185 A.D. Its type is still debatable, but recentobservations favor for a SN Ia
origin. RCW deviate substantially from a spherical symmetric object revealing a box-shape
morphology and large azimuthal gradients on its dynamical and emission properties. In this
chapter we present the results of our investigation on the origin and the evolution of RCW 86
by using the reflection grating spectrometer to derive the temperature and the ionization ages
of the shocked plasma and by performing a principal component analysis on EPIC MOS and
pn data of XMM-Newton X-ray telescope. In order to get more insights we model RCW 86
by performing one dimensional hydrodynamic simulations. We find that RCW 86 contains
an Fe mass of∼ 1 M⊙ something that indicates a SN Ia origin. In addition we show that the
emission and dynamical properties of RCW 86 can be well reproduced by a SN Ia explosion
inside a non-spherical symmetric wind-blown cavity. Our hydrosimulations show that the
wind properties that shaped this cavity are consistent withthe winds that emanate from the
WD’s surface in a single degenerate progenitor system.
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In Chapter 5, we regard the early phase of the SN evolution and the limitations or traces
of the CSM properties around SNe Ia that arise from optical and X-ray observations. As
discussed in Section 1.1.3 the lack of X-ray emission put strict constraints on SNe Ia ambient
medium densities and thus on the mass loss rate of the donor star. In this work we perform
one dimensional hydro- simulations of the SN interaction with an AM shaped by the wind
of the donor. Constructing up to date cooling curve using thethe X-ray spectra fitting soft-
ware SPEX, we calculate the expected X-ray emission from this interaction. We verify the
observational limits on the donor’s mass loss rate. In addition, we simulate the CSM formed
by a symbiotic progenitor which reveals a sequence of recurrent novae and we calculate the
SN X-ray emission for such a system. We find that the expected X-ray luminosity of this
system is one to three order of magnitudes lower than this of aSN - stellar wind interaction.
We conclude that a symbiotic RN progenitor system can possibly explain the lack of X-ray
emission in the early SN Ia phase as suggested by Wood-Vasey &Sokoloski (2006). Finally,
we discuss the similarities that our symbiotic RN modeling reveals with the observed CSM
properties around the SNe Ia, SN 2006X, SN 2007le and PTF 11kx.


