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σοκολατοποιία.
– Κ. Γώγου
(Υπερασπιζομαι την Αναρχία)

Not now. Don’t stop me.
Now, here, forever and everywhere.
I dream of freedom.
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beautiful individuality
we should restore
the Harmony of the Universe.
Let’s play. Knowledge is happiness
It is not a commitment to the school system.
I dream because I love.
Big dreams in the sky.
Workers with their own factories
contribute to the global
chocolate production.
– K. Gogou
(I defend the Anarchy)
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PREFACE

Everything flows, nothing stands still(Heraclitus)

When the starlight reaches the eyes of the romantic observer, the night sky reveals the im-
pression of a static canvas where all the constellations follow a slow, circular dance from east
to west. Nothing seems to change. Every night Berenice combsher hair, Aquarius treats the
gods with nectar and Orion chases Scorpio continuing their eternal battle. However, a closer
look uncovers a different reality. Every celestial object as well as the universe itself is always
in motion and changing.

Starting from the 15th century B.C., astronomers of severalcivilizations recorded bright,
‘new stars’ which were suddenly appearing in the night sky. These stars were initially in-
creasing their brightness but after a few months they were gradually fading and finally dis-
appearing completely, as ‘mysteriously’ as they had shown up. These transient sky visitors,
which were named, in the Renaissance,‘novae stellae’(the new stars), revealed the first evi-
dence for a non- static Universe and challenged the Aristotelian idea of a crystalline, perfect
and invariable super-lunar Universe.

In the 1920’s the discovery of novae stella in the nebula M31 (also know as Andromeda
galaxy) in combination with the proof, by E. Hubble, that this nebula is extra- Galactic led to
the realization that the stella novae are classified in two classes according to their brightness.
Therefore, in 1931, the astronomers Baade and Zwicky, in order to draw a definite distinction
between these two populations, renamed the brightest ‘stella novae’,‘supernovae’.

Nowadays, we know that supernovae represent the catastrophic explosion that marks the
end point of the evolution of certain stars. During the explosion the whole star or its massive
envelope is shocked heated and expelled with large velocities. The amount of energy released
from this explosion is tremendous and equals∼ 1051 erg. This energy is comparable with
the energy that the sun will radiate during its whole life. The brightness of these fatal phe-
nomena is so large that supernovae can outshine even their entire host galaxies for a period
of several days. Thus, the nearby explosions can even be visible with the naked eye, giving
the impression of a new star, something that confused the astronomers of the ancient and
renaissance years.

Supernovae are, from a scientific point of view, highly important objects, as they are
linked with almost every field of astrophysics, and their nature hosts most of the current cru-
cial astrophysical problems. First of all, supernovae provide useful tools for testing stellar
and binary evolution pathways, as on the one hand they represent the end story of certain
stars, and, on the other hand, they provide a unique (until now) opportunity for a stellar au-
topsy, as their explosive nature reveals the inner and central layers of the star. Furthermore,
the explosion ejects heavy elements, which enrich the gas ofthe interstellar medium. Thus,
the supernovae play a crucial role in the chemical evolutionof the universe and the forma-
tion of new stars, planets and organic beings. Moreover, as their nature hosts strong shock
waves, supernovae are placed as one of the most efficient cosmic ray accelerators of the Uni-
verse. Finally, two recent astrophysical developments have made the nature of supernovae
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even more intriguing: the use of a specific supernova class (Type Ia) for the measurement
of cosmological distances, giving us the opportunity to study the geometry and evolution of
the Universe, and the connection of Type Ib/c SNe with the enigmatic nature of gamma ray
bursts.

Nevertheless, besides the great steps that the astrophysical community has done in under-
standing the nature of supernovae, several important issues remain unclear. Most of them are
related with the nature and the evolution of the progenitor star or binary system and the mech-
anism that triggers the explosion. In this thesis we will present new insights into the unknown
nature of a specific class of supernova named Type Ia SNe. We will show how the interaction
of the supernova ejecta with circumstellar structures, which have been formed through mass
outflows of the progenitor system, affects the evolution andthe properties of the resulting
supernova remnants. Combining these studies with the observed properties of nearby Type
Ia supernova remnants, we obtain important information on the nature and evolution of their
progenitor systems.

Alexandros Chiotellis
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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.

1



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.



CHAPTER 2

The imprint of a symbiotic binary
progenitor on the properties of Kepler’s

supernova remnant

A. Chiotellis, K.M. Schure, J. Vink
Astronomy & Astrophysics537, (2012)

Abstract We present a model for the Type Ia supernova remnant (SNR) of SN 1604, also
known as Kepler’s SNR. We find that its main features can be explained by a progenitor
model of a symbiotic binary consisting of a white dwarf and anAGB donor star with an
initial mass of4 − 5 M⊙. The slow, nitrogen-rich wind emanating from the donor starhas
partially been accreted by the white dwarf, but has also created a circumstellar bubble. On
the basis of observational evidence, we assume that the system moves with a velocity of 250
km s−1. Owing to the spatial velocity, the interaction between thewind and the interstellar
medium has resulted in the formation of a bow shock, which canexplain the presence of a
one-sided, nitrogen-rich shell. We present two-dimensional hydrodynamical simulations of
both the shell formation and the SNR evolution. The SNR simulations show good agreement
with the observed kinematic and morphological properties of Kepler’s SNR. In particular,
the model reproduces the observed expansion parameters (m = V/(R/t)) of m ≈ 0.35
in the north andm ≈ 0.6 in the south of Kepler’s SNR. We discuss the variations among
our hydrodynamical simulations in light of the observations, and show that part of the blast
wave may have completely traversed through the one-sided shell. The simulations suggest
a distance to Kepler’s SNR of 6 kpc, or otherwise imply that SN1604 was a sub-energetic
Type Ia explosion. Finally, we discuss the possible implications of our model for Type Ia
supernovae and their remnants in general.

15
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2.1 Introduction

Type Ia supernovae (SNe Ia) are of prime interest for many areas in astrophysics. They are
important cosmological standard candles, because of theirhigh, well-calibrated (Phillips et al.
1992) peak luminosities. The study of SNe Ia has led to the realization that we appear to live
in a Universe whose expansion is accelerating (Perlmutter et al. 1998, Garnavich et al. 1998).
In addition, SNe Ia are major contributors to the chemical enrichment of the Universe, as they
are the principal source of iron peak elements.

There is a consensus that SNe Ia are the result of thermonuclear explosions of CO white
dwarfs (WDs) in binary systems that approach the Chandrasekhar mass by means of either
accretion from a companion star (single degenerate scenario) or the merging of two WDs
(double degenerate scenario) (see the reviews by Hillebrandt & Niemeyer 2000, Livio 2000a).
The double degenerate (DD) scenario is more consistent withstellar population synthesis
models (e.g. Yungelson & Livio 2000, Ruiter et al. 2009, Claeys et al. 2010), but the explosion
mechanism itself is far from clear. The main problem is that WD mergers lead to an off-center
ignition that converts carbon and oxygen into oxygen, neon and magnesium. This results in an
accretion-induced collapse and the formation of a neutron star, rather than a thermonuclear
explosion (Saio & Nomoto (1985), Nomoto & Kondo (1991), although see Pakmor et al.
2010).

For the single degenerate (SD) scenario, the greatest problem remains to establish the
nature of the progenitor binary systems. To reach the Chandrasekhar limit, the WD should
accrete and burn the material from its companion star at a rate of around10−7 M⊙yr−1

(Nomoto 1982). For lower accretion rates, the accumulated material is liable to undergo
unstable burning, giving rise to nova explosions that expelmore mass than is accreted. On
the other hand, high accretion rates lead to the expansion ofthe WD’s photosphere to red giant
dimensions and, in the absence of the stabilizing effects ofstrong accretion winds (Hachisu
et al. 1996a, 1999a), the system will undergo a common envelope episode, which does not
lead to a SD SNe Ia (Iben & Tutukov 1984b). The finetuning needed to create a SN Ia
explosion is in sharp contrast to the relatively high probability of ∼ 15% for stars in the 3-8
M⊙ range to eventually explode as SN Ia (e.g. Mannucci et al. 2006, de Plaa et al. 2007,
Maoz 2008).

Our understanding of SN Ia would improve substantially if wewould identify progenitor
systems directly or indirectly by means of the imprints theyhave on the SN spectra, or the
supernova remnants (SNRs). Several studies have been conducted along these lines, which
reach different conclusions about the origin of the SNe Ia. On the one hand, an increasing
number of Type Ia SN and SNRs show evidence of interaction with the circumstellar medium
(CSM) (e.g. Sternberg et al. 2011a, Patat et al. 2007a, Borkowski et al. 2006a), which is most
consistent with a SD scenario and a non-conservative mass transfer history of the binary
progenitor. On the other hand, theHα, radio, UV, and X-ray observations of several SN Ia
place constrains on the outflows around Type Ia progenitors and the size of the donor star
(e.g. Mattila et al. 2005b, Panagia et al. 2006b, Hughes et al. 2007, Tucker 2011).

In this paper, we investigate the origin of the remarkable structure of the CSM shaping
Kepler’s SNR (hereafter Kepler), the remnant of the historical SN 1604 (Green & Stephenson
2003, Blair et al. 2007). As we discuss below, SN 1604 was verylikely a SN Ia and the CSM
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Figure 2.1: Chandra X-ray image of Kepler’s SNR, with red indicating Si-Kα emission (1.75-1.95
keV), green Fe-L emission (0.8-1.6 keV), and blue continuumemission (4-6 keV). The image is based
on a deep, 750 ks, Chandra observation (Reynolds et al. 2007).

observed in the evolved SNR places constraints on the type ofprogenitor of this SNR.
Kepler (G4.5+6.8) is located relatively high above the Galactic plane, at590d5 pc, where

d5 is the distance in units of 5 kpc. Its radius is 2.6d5 pc. The distance itself is not well-
known. Reynoso & Goss (1999a) used the HI absorption featureto place a lower limit
of (4.8 ± 1.4) kpc and independently determined an upper limit of6.4 kpc based on the
lack of absorption by an HI cloud. Sankrit et al. (2005) combined an estimate of the shock
speed based on the Hα line width with a proper motion measurement to derive a distance of
d = 3.9+1.4

−0.9 kpc. Although these distance measurements agree with each other within the
errors, the lack of a detection of Kepler in TeV gamma-rays byH.E.S.S. (Aharonian et al.
2008), coupled with gamma-ray model predictions (Berezhkoet al. 2006) and the energetics
of the SNR based on expansion measurements (Vink 2008), suggest a distance& 6 kpc, or
otherwise a subenergetic explosion.

The SNR displays a bright optical nebulosity with prominent[NII] line emission in the
north, indicating dense material with elevated nitrogen abundances,[N ]/[N ]⊙ > 2, but oth-
erwise roughly solar metallicity (Blair et al. 1991, Reynolds et al. 2007). The radio (Dickel
et al. 1988) and X-ray expansion measurements (Vink 2008, Katsuda et al. 2008) of the SNR
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indicate an overall expansion parameterm = V/(R/t) ≈ 0.6, whereV is the plasma or
shock velocity,R the corresponding radius, andt the age of the SNR. An exception is the
northern region, where the expansion parameter ism ≈ 0.35, which is lower than expected
for the Sedov–Taylor phase in a homogeneous medium (m = 0.4). On the basis of these
results, Vink (2008) estimates that the nitrogen-rich shell must have had a mass of at least
1 M⊙ (see also Blair et al. 2007).

The presence of the nitrogen-rich shell has puzzled astronomers for a long time and has
led to the claim that SN 1604 was a Type Ib SN (Bandiera 1987), where the northern shell of
Kepler represented the shedded outer envelope of the progenitor. To explain its height above
the Galactic plane, the one-sided morphology of the shell, and the high proper motion of the
nitrogen-rich knots, Bandiera (1987) argued that the progenitor had a high proper motion of
∼ 280 km s−1. This model formed the basis of the hydrodynamical simulations of Borkowski
et al. (1992). This high spatial velocity of Kepler’s progenitor was verified observationally
based on the proper motion and radial velocities of the nitrogen-rich knots of the remnant
(Bandiera & van den Bergh 1991) and theHα narrow component of the non-radiative shocks
of the SNR, which both imply thatu∗ ≈ 250 km s−1 (Blair et al. 1991, Sollerman et al.
2003).

Since the late nineties, it has become clear that SN 1604 was probably not a Type Ib,
but a SN Ia. The main reason for this is that its X-ray spectrumdisplays prominent Fe-L
emission (about 0.2-0.6 M⊙; Kinugasa & Tsunemi 1999) and relatively little oxygen emission
(Reynolds et al. 2007), which are both characteristic of Type Ia SNRs (Hughes et al. 1995).
Supporting evidence of a Type Ia identification is the presence of Balmer-dominated shocks
and the absence of an X-ray emitting, cooling, neutron star (Reynolds et al. 2007). This means
that the dense circumstellar nitrogen-rich shell must originate from the progenitor system of
the SN Ia. Velázquez et al. (2006) extended the hydrodynamical model of Borkowski et al.
(1992), by considering both core collapse and Type Ia origins. They found that the best
agreement with the observations was reached for models thatcorrespond to a Type Ia event.
Their choice of mass-loss parameters and the origin of the shell, however, were not based on
a physical model for the progenitor system. For example, their total integrated mass-loss for
the Type Ia cases was 7.5 M⊙, which exceeds the mass of a likely Type Ia donor star.

Here, we demonstrate that the characteristics of Kepler canbest be explained within the
framework of a single degenerate SN Ia model, assuming non-conservative mass transfer by
means of wind accretion from a 4 – 5M⊙ asymptotic giant branch (AGB) star. We retain in
this model the idea that the northern shell is the result of a bow shock caused by the motion
of the progenitor system (Bandiera 1987, Borkowski et al. 1992), and we adopt the observed
spatial velocity of 250 km s−1. We demonstrate using hydrodynamical simulations that this
model can account for the morphology of the SNR and its expansion characteristics.

In Sect. 2.2, we discuss the progenitor binary system and in Sect. 2.3 we determine
its implications for the properties of the interstellar medium (ISM) and the evolution of the
circumstellar medium and SNR. In Sect. 2.4, we model the system using hydrodynamic sim-
ulations with the appropriate parameters and discuss the differences when varying the exact
parameters. We evaluate the results of our simulations and our progenitor model in a broader
context in Sect. 3.4 and end with our conclusions in Sect. 2.6.
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2.2 A Type Ia progenitor scenario for SN 1604

Any model of Kepler’s progenitor system should explain the formation of a≥ 1 M⊙ asym-
metric shell of solar metallicity and enhanced nitrogen abundances, which lies at the northern
region of the remnant at a distance of 2 – 3 pc from the explosion center.

This shell might have been formed byi) substantial outflows from the WD’s surface, such
as nova explosions or ‘accretion winds’;ii ) the wind of the WD progenitor star (i.e. the SNR
interacts with a planetary nebula-like shell);iii ) the wind of the donor star; oriv) the ejected
common envelope, in the case of a DD progenitor scenario.

The nova explosions related to SNe Ia are the recurrent novaethat occur on the surface
of massive WDs (≥ 1.2M⊙) in the final phase of binary evolution (Hachisu & Kato 2001b,
Hachisu et al. 2008a). However, during the recurrent novae phase, the total mass that is
ejected from the WD surface is on the order of10−3 − 10−2M⊙ (Hachisu et al. 2008a).
Given that recurrent nova ejecta have abundances similar tosolar (see Livio & Truran 1992b,
for summary), they are not able to accumulate enough heavy elements into the CSM shell
to reproduce the observed chemical abundances. On the otherhand, an outflow in the form
of an accretion wind emanating from the WD surface is so fast (uwind ∼ 1000 km s−1)
that it would form a large low-density cavity around the progenitor system. Badenes et al.
(2007a) showed that these cavities are at odds with the observed radii, shock velocities, and
ionization timescales of Galactic, LMC, and M31 Type Ia SNRs(including Kepler ). Our
hydrodynamical simulation of a SNR evolution in a cavity formed by accretion winds verifies
their results.

Caseii can be excluded because of the length of the timescales involved. The time interval
between the planetary nebula phase and the Type Ia explosionshould be at least∼ 106 yr,
since the WD needs to accrete at least 0.2 – 0.4 M⊙(see the review by Weidemann 2000) at a
rate of10−7 M⊙ yr−1. During this period, the formed shell would have collapsed under the
ram pressure of the interstellar medium as the binary systemmoves with a velocity of 250
km s−1. The same line of argumentation can be applied to caseiv, since, after the ejection of
the common envelope the merging timescale of the two WDs is atleast 0.1 Myr (Claeys 2011,
private communication). Although this scenario seems unlikely, the lack of understanding
of the ejection of a common envelope and the subsequent evolution (e.g. Taam & Ricker
2010) prevents us from drawing a definitive conclusion aboutthe likelihood of caseiv as a
progenitor scenario.

Therefore, the wind from the donor star (caseiii ) appears to be the most likely origin of
this circumstellar shell as the wind velocities of evolved stars are much smaller than those
of the WD’s outflows, resulting in smaller and denser cavities, and their formation continues
until the moment of the explosion.

2.2.1 The case for a symbiotic binary

Nitrogen-rich stellar winds can emanate from the surfaces of evolved stars, which are either
on the first giant branch (FGB) or on the asymptotic giant branch (AGB). This suggests that
the progenitor system of Kepler’s SN was a symbiotic binary consisting of a giant star and a
CO WD.
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Among these two evolutionary stages of either FGB or AGB donor star, the latter seems
the more suitable for the formation of the observed shell. The AGB stars are characterized by
much stronger stellar winds than FGB stars, and are able to eject> 1 M⊙ at a distance of 2-3
pc (see section 2.3.1). In addition, even if the FGB stars areable to enrich their surfaces with
nitrogen during the first dedge-up, the amount of nitrogen isalways limited by their initial
metallicity, as they have not yet produced carbon. It is, therefore, difficult to explain the
nitrogen overabundance that is observed in the northern shell. In contrast, the most massive
AGB stars (M > 4 M⊙, depending on the metallicity) can enrich their surfaces with copious
amounts of nitrogen by means of the hot bottom burning (HBB) process. HBB converts12C
into 14N and if the third dredge-up occurs, the star becomes nitrogen rich (N/C > 1). On the
basis of the results of Karakas & Lattanzio (2007), the chemical composition of the shell can
most accurately be reproduced by an AGB donor star of4− 5 M⊙ with solar metallicity (see
Table 2.1).

2.2.2 The mass transfer process

Efficient mass accumulation on the WD requires stable mass transfer. Roche-lobe overflow
(RLOF) from stars with deep convective envelopes, such as the AGB star considered here,
leads to dynamical unstable mass transfer and the formationof a common envelope. Such
a system does not evolve towards a SD Type Ia SN. Thus, the progenitor system was most
likely a wide symbiotic binary, for which the AGB star remained within its Roche lobe. This
implies that the orbital radius was larger than∼ 1600 R⊙ for typical mass ratios.

The accretion process should take place through non-conservative mass transfer, where
a part of the wind is trapped by the WD, while the remainder is ejected from the system
forming the circumstellar shell.

However, the HBB process takes place during the thermal pulsating AGB phase where the
wind reaches the maximum mass-loss rate of a few10−5 M⊙ yr−1. Since the stable accretion
rate at the WD surface is on the order of10−7 M⊙ yr−1, the accretion efficiency has to be
∼ 1%. If this efficiency were representative of the average accretion rate, an insufficient
amount of mass would be transferred to the WD during the evolution. Thus, a more efficient
mass-transfer period must have occurred during an earlier evolutionary stage of the donor.
This mass transfer process might have been either pure wind accretion or a more efficient
process, such as the tidally enhanced wind accretion (Chen et al. 2011) or the wind-RLOF
accretion (Mohamed & Podsiadlowski 2007). In any case, since the WD needs to accrete at
least 0.2-0.4 M⊙ to approach the Chandrasekhar mass and the envelope mass of the AGB is
∼ 3 − 4 M⊙, an average accretion efficiency of≥ 5 − 10 % is required during the binary
evolution.

2.2.3 The bow-shock formation and the spatial velocity

The high spatial velocity of Kepler’s SNR of 250 km s−1implies that Kepler originates from
a runaway star that was ejected from the Galactic center/disk. The asymmetric accumulation
of the circumstellar shell at Kepler’s SNR can be readily explained by this supersonic motion
away from the Galactic plane. The interaction of the wind with the ram pressure of the inter-
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Production Factor: Wind’s Abundances:
F = log[< Xi,final > / < Xi,initial >] [Xi]/[Xi,⊙]
12C 16O 14N 12C 16O 14N

4 M⊙ 0.33 −2.6× 10−2 0.42 2.1 0.9 2.6
5 M⊙ 0.14 −4.3× 10−2 0.61 1.4 1.0 4.1
6 M⊙ −0.22 −8.1× 10−2 0.91 0.6 0.8 8.1

Table 2.1: The production factor and the chemical abundances as a function of the stellar (initial) mass
of an AGB star of solar metallicity (Karakas & Lattanzio 2007). For the case of5 M⊙, the AGB
mass-loss rates of Vassiliadis & Wood (1993) were used.

stellar medium has caused the formation of a bow-shaped shell. The subsequent supernova
has produced a blast wave that currently interacts with the nearest part of this shell.

However, since SN 1604 was likely a SN Ia event, the progenitor must have been part of
a binary system. This implies that the progenitor must have been a rather rare type of object,
because runaway stars are usually single stars. Theoretical predictions based on binary-binary
collisions, indicate that 10% of the runaway stars are binaries (e.g. Leonard & Duncan 1990),
in agreement with observational studies (Gies & Bolton 1986, Martin 2006, McSwain et al.
2007a,b). Moreover, the creation of a runaway star or binarysystem is expected to take place
early in the life of the stars, when they are still part of a dense star cluster. Comparing the
relatively short time travel time for Kepler’s progenitor to reach its current position above
the Galactic plane,∼ 3 × 106 yr, with the typical timescale for a white dwarf to form (&

30 × 106 yr), or for a 4 – 5 M⊙ donor star to reach the AGB phase (& 100 × 106 yr),
shows that the runaway system must have been created late in the life of the progenitor star.
However, we point out that observationally it is found that many runaway stars seem to have
lifetimes that are substantially longer than their travel timescales (see Fig. 7 of Martin 2006).

2.3 Formation and evolution of the wind bubble and the
subsequent SNR

After outlining the properties of the progenitor binary system, we can now study the forma-
tion and evolution of the wind bubble and the subsequent interaction of the SNR with it. We
consider the wind and SNR dynamics analytically and introduce the range of variables in our
model.

2.3.1 The formation of the wind bubble and the bow shock model

The properties of a supersonically moving wind bubble that interacts with the ISM, is a func-
tion of four variables; the mass loss rate,Ṁ , the wind velocityuw, the spatial velocity,u∗,
and the ISM density,nism. The system is in a steady state when the timescale of the in-
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teraction process between the wind and the ISM is longer thanthe flow timescale defined
as

tflow ≡

(

r

uw

)

≈ 105
(

r

2 pc

)

( uw

15 km s−1

)−1

yr, (2.1)

wherer in this case indicates the distance of the bow shock from the mass-losing star.
In a steady state, the position of the bow-shock shell is determined by the balance of the

stellar wind and the ISM ram pressure. At the so-called stagnation point, the wind termination
shock is at its shortest distance,r0, from the mass losing star. Equating the momentum fluxes
of the ISM to those of the CSM, this can be estimated to be around

r0 = 1.78× 103

(

Ṁwuw

nismu2
∗

)1/2

pc, (2.2)

when the velocities are measured inkm s−1, Ṁw in M⊙yr
−1, andnism in cm−3 (Huang &

Weigert 1982).
In Sect. 2.2, we argued that the donor star of the progenitor system was a4− 5 M⊙ AGB

star. These stars are characterized by dense, slow, radiation-driven stellar winds with typical
terminal velocities of5−20 km s−1 and temperatures of1000−2000K (Habing & Olofsson
2003). The mass loss rates fluctuate across a wide range, starting from10−8−10−6 M⊙yr−1

during the early AGB phase to10−6 − 10−5 M⊙yr−1 at the thermal pulsating AGB phase
(Vassiliadis & Wood 1993, Karakas & Lattanzio 2007). The total duration of the AGB phase
is on the order of 1 Myr. Assuming typical wind-loss parameters appropriate for the thermal
pulsating AGB phase, a steady state situation is reached after tflow ≈ 0.1 − 0.3 Myr for
r0 = 2 pc andtflow ≈ 0.1− 0.4 Myr for r0 = 3 pc (Eq. 2.1), which is well within the limits
of the lifetime of an AGB star.

To reproduce the radius of the stagnation point, we also needto estimate the ISM density.
We do not have a priori estimates of this density, as there areno clear observational indications
of its properties in Kepler’s neighborhood. Both the neutral/ionized warm and the hot ionized
component extend to the latitude of Kepler (Reynolds 1991).However, the constraint on the
distance of the stagnation point (r0 ≅ 2− 3 pc, see eq. 2.2) implies thatnism ≤ 10−3cm−3.
This value is characteristic of the hot ionized component (T ≈ 106 K), wherenism ∼ 10−4−

10−3cm−3 (McKee & Ostriker 1977), and was also used by Borkowski et al.(1992) based
on the observed densities of the wind shell (nshell ≈ 1 − 10 cm−3, Smith et al. 1989, Blair
et al. 1991).

Figure 2.2 shows the possible combinations ofṀw anduw that result inr0 = 2 pc for the
lower distance estimate of Kepler, andr0 = 3 pc for the larger distance estimate. In this plot,
we have adoptednism = 0.5× 10−3 cm−3 for the hot ionized ISM, andu∗ = 250 km s−1.

2.3.2 Supernova properties and evolution

The canonical values of the mass and energy of Type Ia SNe areMej = 1.4 M⊙ and
Eej = 1051 erg (Woosley et al. 2007), respectively. We apply the self-similar solution of
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Figure 2.2: The mass loss rates versus the wind velocity of the AGB star for values satisfyingr0 = 2 pc
andr0 = 3 pc fornism = 0.5× 10−3 cm−3 andu∗ = 250 km s−1.

Chevalier (1982b) describing how a SNR expands into anρ ∝ r−2 wind profile, to our model
corresponding to the regions interior to the shell. The ejecta is assumed to consist of a con-
stant density core with an envelope that follows aρ ∝ r−7 density profile, while the velocity
in the ejecta increases linearly. By assuming energy conservation, the expansion of the ejecta
in a wind bubble withρwind = qr−s, wheres = 2 andq = Ṁw/(4πuw) is given by

Rsnr = 1.3× [Agn/q]1/(n−s)t(n−3)/(n−s), (2.3)

whereA is a constant equal to0.27, andt is the age of the remnant (in sec). Finally,g is a
constant given by

g7 = (25/21π)(E2
ej/Mej).

Given the age of Kepler’s SNRt ≈ 400 yr, and using mass-loss parameters ofṀw =
10−6 − 10−5M⊙yr

−1, anduw = 10− 20 km s−1, we find thatRsnr = 3.0− 4.7 pc. These
values of the SNR radius correspond to a distance of Kepler ofaroundd = 6.2 − 9.7 kpc.
To obtain a SNR radius consistent with a distance ofd = 4 kpc, we also have to consider a
subenergetic explosion ofE = 0.2 × 1051 erg. In that case, we obtainRsnr = 1.6− 2.4 pc
andd = 3.3− 4.9 kpc.

2.4 Hydrodynamic modeling

We employ the hydrodynamic code of the AMRVAC framework (Keppens et al. 2003a) to
simulate the circumstellar bubble around Kepler’s progenitor system and the subsequent evo-
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lution of the supernova ejecta. We perform the calculationson a 2D grid in spherical coor-
dinates and assume symmetry in the third dimension. The Euler equations are solved con-
servatively with a TVDLF scheme, using the adaptive mesh strategy to refine the grid where
needed as a result of large gradients in density and / or energy. Our radial span is2×1019 cm
and the range of the polar angle is from0◦ to 180◦. On the base level, we use240× 120 cells
(R × θ) and allow for three refinement levels during wind evolutionand four for the SNR
evolution, at each of which the resolution is doubled. The maximum effective resolution,
thus, becomes1.04 × 1016 cm by0.188◦. Radiative cooling is prescribed using the cooling
curve of Schure et al. (2009a).

We first simulate the formation of the CSM bubble with the ISM bow shock shell. We
model the system in the rest frame of the progenitor system and model the ISM interaction
as an inflow. The ISM of densityρi enters the grid antiparallel to the y-axis and with a
momentummr = ρiu∗ cos θ (see Fig. 2.3). Thus, the symmetry axis is aligned with the
systemic direction of motion, roughly corresponding to thenorthern region of Kepler’s SNR.
In the inner radial boundary, we impose an inflow in the form ofa cold, slow, stellar wind
with a density profile ofρ = Ṁw/(4πr

2uw) and momentummr = ρuw andmθ = 0. In the
second stage, we introduce the supernova ejecta into the wind bubble and allow the SNR to
evolve.

Figure 2.3: The 2D density profile of the simulation of the bow-shocked wind bubble. The mass-losing
star is located in the origin where we allow a radial wind flow to enter the grid. Isotropic, homogeneous
gas simultaneously enters the grid antiparallel to the y-axis, which represents the motion of the ISM in
the star’s rest frame. The arrows correspond to the vectors of the momentum of each flow.

In Sect. 2.3, we defined the constraints on the spatial velocity, mass-loss rate, and wind
velocity. These constraints allow some variation in these parameters, which all infer roughly
similar values for the radius of the shell, but which may nevertheless influence the properties
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of the SNR. To investigate this, we performed several hydrodynamical simulations, varying
the wind parameters and spatial velocity. In addition, as there is some uncertainty in the
distance to Kepler, we study the cases where the stagnation point is placed at∼ 2 pc and
∼ 3 pc from the explosion center, corresponding to the SNR distances of 4 kpc and 6 kpc,
respectively. The grid of models is summarized in Table 2.2.

Initial conditions modelA modelB modelC modelD modelDsub
Ṁ (M⊙ yr−1) 10−5 7.5× 10−6 3× 10−6 7× 10−6 7× 10−6

uw (km s−1) 17 18 12 13 13
u∗ (km s−1) 250 250 240 250 250
nism (cm−3) 7× 10−4 5× 10−4 1.3× 10−4 10−3 10−3

tbubble (Myr) 0.38 0.52 0.85 0.57 0.57
Esn (erg) 1051 1051 1051 1051 0.2× 1051

Table 2.2: The properties of the five studied models. Additional parameters that have been used for all
the models areTw = 1000 K, Tism = 106 K, andMej = 1.4 M⊙.

2.4.1 Wind bubble evolution

Figure 2.4 illustrates the evolution of the pre-supernova wind bubble using model A (see
Table 2.2). It shows the typical four-zone structure of a stellar wind bubble, consisting, from
inside out, of the freely streaming wind withρ ∝ r−2, the shell of shocked stellar wind, the
shell of shocked ISM, and the unperturbed interstellar gas.At the border of each ‘zone’ a
density jump occurs that is caused by the termination shock,the contact discontinuity, and
the outer shock. The shear flow at the interface of the two fluids is susceptible to the Kelvin-
Helmholtz instability, which produces a wavy structure of the contact discontinuity.

The wind termination shock initially propagates rapidly outwards, but then decelerates,
until it is stabilized, due to the momentum equilibrium between the wind and the ISM. This
equilibrium is first achieved at the stagnation point, and then propagates to larger azimuthal
angles.

We introduce the SN explosion once the stagnation point is at2-3 pc, while taking care to
ensure that the mass lost by the donor star is less than the mass of the envelope of the AGB
star and the duration is shorter than the lifetime of an AGB phase. In model A, we find that
these conditions are met at a timet = 0.38 Myr after initializing the evolution of the bubble.
The stagnation point in this case is located at a distance of∼ 2.7 pc, the outer shock is at a
distance of5.2 pc, and the donor’s mass loss is equal toṀt = 3.8 M⊙.

2.4.2 SNR evolution

Figure 2.5 shows the evolution of the SNR for model A in an ambient medium that corre-
sponds to the wind bubble at timet = 0.38 Myr. Initially, the SNR evolves in a spherically
symmetric, freely expanding, wind-blown bubble (left panel). The freely streaming ejecta,
shocked ejecta, contact discontinuity, and the shell of theshocked CSM can be distinguished.
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Figure 2.4: The evolution of the wind bubble of model A. The snapshots from left to right correspond
to the times 0.10 Myr, 0.29 Myr, 0.38 Myr, and 0.57 Myr.

Figure 2.5: SNR evolution of model A. The snapshots from left to right correspond to the times 158
yr, 285 yr, 349 yr, and 412 yr.

Rayleigh-Taylor instabilities develop at the contact discontinuity between the ejecta and the
shocked CSM. The thin black lines outline the interaction regions between the ejecta and the
CSM, while the white ones indicate the interface between theCSM and the ISM. Around
∼ 285 yr after the explosion (second panel), the blast wave startsto interact with the shocked
stellar wind of the circumstellar shell in the area of the stagnation point. The blast wave
sweeps up the dense shell’s material and the deceleration inthis area is therefore stronger,
something that breaks the spherical symmetry of the SNR.

With time, a larger portion of the SNR starts to interact withthe circumstellar shell. In
the snapshot that corresponds to the age of Kepler’s SNR (t = 412 yr, right panel in Fig. 2.5),
more than one third of the remnant interacts with the wind shell. Around the stagnation
point, the blast wave has slightly penetrated the shell. At this moment, the blast wave in the
southern region is located at a distance ofRblast ≈ 3.6 pc, and the contact discontinuity
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lies atRcd ≈ 2.7 pc. The highest densities are found in the area around the stagnation point,
where it reaches values ofn ≈ 4.0 cm−3. This area is expected to have the highest emissivity.

Figure 2.6: Model A SNR properties at 412 yr. From left to right: density,expansion parameter,
pressure, and temperature.

Fig. 2.6 shows the density, expansion parameter, pressure,and temperature of the simu-
lated SNR at the age of Kepler. The expansion parameter, as expected, is much lower in the
region where the interaction with the circumstellar shell takes place. Around the stagnation
point, we find values as low as∼ 0.35, while for the non-interacting areas, the expansion
parameter is0.6. These values correspond to the expansion parameter of the plasma and are
consistent with results from X-ray observations. The thirdpanel shows the pressure, which
clearly marks that the shocked plasma is rather homogeneousin the entire SNR, in agreement
with the expectation of pressure equilibrium between the shocks. The stronger interaction in
the region around the stagnation point causes the SNR to be thinner and to have higher pres-
sure than the rest of the remnant. The temperature plot (right panel) is limited to the range
logT = 6.0−9.5, corresponding only to the shock-heated SNR shell. Note that X-ray obser-
vations usually provide electron temperatures, which may be lower than the overall plasma
temperatures depicted here owing to the non-equilibrationof ions and electrons.

Fig. 2.7 shows the position and the velocity of the blast wave(upper plot) and its ex-
pansion parameter (lower plot) for two different azimuthalangles ofθ = 0◦ andθ = 180◦.
During the evolution of the SNR in the freely-expanding windregion, these three quantities
are identical for the two angles. After 300 yr, the collisionwith the shell starts and at the
interacting region (θ = 0◦) the shock wave is strongly decelerated, while the SNR becomes
slightly aspherical. The expansion parameter is∼ 0.8 for the areas that are still within the
unshocked-wind region, while forθ = 0◦ it drops to∼ 0.5 for the SNR at Kepler’s age.

2.4.3 Comparison of the different models

We now evaluate differences in the morphology of the SNR by varying the mass loss proper-
ties and the spatial velocity of the system, as summarized inTable 2.2.
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Figure 2.7: Model A blast wave properties. The upper plot shows the position (solid lines) and the ve-
locity (dotted lines) of the shock versus the time. The lowerplot displays the evolution of the expansion
parameter. The black color (lower lines) corresponds to theazimuthal angle of0◦, while the red (upper
lines) represents180◦.

Concerning the wind bubble formation

In Fig. 2.8, we show the densities of the bubbles for the different models, at the moment
immediately prior to the SN explosion. The left panel shows model A, which was described
in section 2.4.1.

In model B, we use a slightly lower mass-loss rate for the formation of the wind bubble.
Owing to the longer duration of the shell formation, the Kelvin-Helmoltz instability at the
contact discontinuity has developed more prominently. Thechosen wind velocity is slightly
higher, while the ISM density is lower to ensure that the stagnation point is at a distance of
∼ 3 pc. The wind termination shock and the contact discontinuity are farther from the star
than in model A. This model was considered to retain the blastwave of the SNR within the



Figure 2.8: Comparison of the four models of the wind shells. The plots from left to right correspond
to model A, B, C, and D (the bubble for model Dsub is the same as the one for model D).

shocked wind shell at the current age of Kepler.
For model C, we use an even lower mass-loss rate and velocity of the AGB wind. These

values provide a closer fit to the Reimers model for AGB mass-loss parameters (Reimers
1975), or an AGB at the early phase, according to the Vassiliadis & Wood (1993) description.
To keep the stagnation point at a distance of 3 pc, the spatialvelocity and the interstellar
medium density were decreased from the values of the previous models. We consider a longer
duration of the shell formation/mass transfer phase than inmodels A and B to accumulate
enough mass and let the shell evolve to a distance of∼ 3 pc. The lower mass-loss rates
and wind velocities yield a lower momentum in the wind material, resulting in a weaker
interaction and thus a thicker and comparatively more tenuous shell.

The final panel shows the bubble for the model D. The wind mass-loss rate and duration
of the shell formation are similar to those of model B. However, a lower wind velocity and
a higher ISM density is applied. This causes the shell to be closer to the binary and denser.
This shell model was considered in order to be able to includea case where Kepler is located
at a distance of4− 5 kpc, for which we need the shell at a radial distance of2.0− 2.6 pc.

The SNR evolution

The location, density, thickness and radius of curvature ofthe shell all determine the mor-
phology of the SNR upon interaction with the ejecta. Figure 3.5 shows the resulting densities
and expansion parameters of the SNR at an age of 412 yr, which is similar to the current age
of Kepler.

As we noted in Sect 2.4.2, in model A the SNR blast wave reachesslightly beyond the
shell in the region around the stagnation point, and accelerates again as it protrudes. The
expansion parameter of the plasma in the interaction regionis consistent with the observed
values and it reaches a minimum (∼ 0.33) just behind the blast wave. This region is charac-
terized by the highest densities, thus the emissivity is also expected to be relatively high.

Apart from the protrusion through the shell, model B yields similar properties. At the
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Figure 2.9: Comparison of the density and the expansion parameter of thefive models, from left to right corresponding to: A, B, C, D, and Dsub.
The upper row shows the density of the remnant. The lower panels show the expansion parameter.
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snapshot, which corresponds to the current age of Kepler, almost one third of the remnant
interacts with the wind shell. The radius of the SNR is larger(4 pc compared to 3.8 pc in
model A), and the minimum expansion parameter is slightly higher due to the lower densities
of the wind region and wind shell, respectively.

These effects are even stronger for the case of model C. Owingto the much lower mass
loss rates, the radius of the remnant is 4.1 pc, while the minimum expansion parameters tend
to the value of 0.4. However, a similar morphology with the other two models was also found
in this case.

In model D, the asymmetry is the highest. The interaction is strong because of the prox-
imity and higher mass of the wind bubble, which was designed to accommodate the small
distance estimate of 4 kpc to Kepler. The blast wave reaches well beyond the extent of the
shell resulting in a high expansion parameter (≥ 0.7) in that area. This, together with the
high degree of asymmetry, makes this model inconsistent with the observations of Kepler.

In all of these models, the radius of the SNR is fairly consistent with the larger distance
estimate (∼ 6 kpc) of Kepler. For a distance of 4 kpc we need a sub-energeticexplosion to
explain the observed morphology. We adopt the parameters ofmodel D for the bubble, so as
to have a wind shell relatively close to the star, while decreasing the explosion energy to one
fifth of the canonical value in model Dsub. The radius of the SNR then becomes∼ 2 pc, and
the asymmetry and expansion parameters are consistent withKepler.

From these models, it is clear that the morphology does not depend on the fine-tuning of
the parameters. For a reasonable range of values for all of the parameters, the expansion pa-
rameter, size, density, and morphology of Kepler are well-reproduced. The different models
show some variation in the blast wave position and locationsof both the maximum density
and the minimum expansion parameters.

2.5 Discussion

2.5.1 Comparison of Kepler’s SNR with the models

We have argued that the kinematics, morphology, and chemical abundances in the northern
shell of the Type Ia SNR Kepler are best explained by a model inwhich the origin of the
northern shell was the slow (10–20 km s−1) wind from an AGB donor star in a symbiotic
binary system. The strong outflows of the donor star provide asufficient wind luminosity, to
create a> 1 M⊙ shell at a distance of 2 – 3 pc away from the explosion center. The initial
mass of the AGB star must have been 4 – 5 M⊙, to explain the enhanced nitrogen abundances
in the northern part of the SNR. With this mass deposit of the donor star, a minimum average
accretion efficiency on the order of 5-10% is required duringthe binary evolution to produce
in a Type Ia SN.

The wind emanating from the system creates a bubble, which, owing to the supersonic
space motion of the system (250 km s−1), is surrounded by a one-sided shell created by the
bow shock. This explains both the morphology of Kepler’s SNR, and its height above the
Galactic plane of 590d5 pc. In this sense, our model is reminiscent of the stellar runaway
model for Kepler proposed by Bandiera (1987) and Borkowski et al. (1992), but applied to a
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Type Ia progenitor system.
The parameters of the model are well-constrained, as the distance between the progenitor

system and the wind shell depends on a combination of the spatial velocity, wind velocity,
mass-loss rate, and ISM density (Eq. 2.2, Fig. 2.2). An extraconstraint is that the wind
velocity should be high enough to allow for the creation of the shell within the lifetime of the
AGB phase (Eq. 2.1).

We tested our model with several hydrodynamic simulations of both the creation of the
stellar wind bubble and the subsequent SNR evolution, by varying the spatial velocity, the
wind velocity, and mass loss rate. Since there is some uncertainty in the distance to Kepler,
hence the size of the wind shell, we also included two models (model D and Dsub ), resulting
in a stagnation point at 2 pc instead of 3 pc.

All models reproduce the overall characteristics of Kepler; they have one-sided shells,
and the expansion parameter of the SNR inside this dense shell drops tom = 0.3 − 0.4,
in agreement with observations (Dickel et al. 1988, Vink 2008, Katsuda et al. 2008). An
exception is model D. This model has the stagnation point of the wind at 2 pc, which is
relevant to a distance of Kepler of∼ 4 kpc. The shock of the SNR has moved completely
through the dense shell after 400 yr, and has an expansion parameter ofm > 0.7, which is
inconsistent with the observations. In this case, to match the model with the observations,
the SN explosion energy has to beE = 0.2 × 1051 erg (model Dsub). Since normal SNe Ia
have explosion energies in excess of1051 erg (Woosley et al. 2007) and given the high iron
content1 and historical light curve (Baade 1943), SN 1604 must have been a fairly normal
Type Ia. Our models are therefore most consistent with the larger distance estimate of Kepler,
d ≈ 6 kpc.

Although the overall morphology and kinematics of Kepler can be reproduced, there are
some interesting differences among the models. The most notable is that in model A the blast
wave has just emerged out of the shell near the stagnation point. The question is now whether
this is also true for Kepler.

Non-radiative shocks associated with fast shocks in low density gas are more prevalent
toward the north (Sankrit et al. 2005). The presence of X-raysynchrotron radiation (blue
in Fig. 2.1) requires fast shock velocities (& 2000 km s−1, e.g. Zirakashvili & Aharonian
2007a). This perhaps suggests that the shock has picked up speed by having penetrated the
shell in the northern region. In addition, theHα images display a much thinner region of
the emission due north than both the rest of the ‘shell’ and the X-ray images. This could be
because in the ISM, hydrogen is completely ionized and no Balmer shocks can be expected
beyond the shell. However, to draw a firm conclusion based on this feature, a more detailed
comparison between the X-ray andHα images is required. Although, in our view, model A
seems to reproduce Kepler’s SNR the best, slight adjustments to the parameters of models B
and C may also result in a blast wave extending just beyond theshell. Additional asymme-
tries in the real Kepler system may lead to an offset of the region where the blast wave has
penetrated the shell with respect to the direction of the spatial velocity.

1 Even if the iron mass of Kepler’s SNR is as low as 0.2 M⊙(the lower limit of Kinugasa & Tsunemi 1999) and
the total mass burnt to silicon and heavier elements is 1 M⊙(the lower range to be considered according to Woosley
et al. 2007), then the explosion energy must have been at least 0.8 × 1051 erg according to Eq. 1 of Woosley et al.
(2007).
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Finally, we point out that the SNR shell in the models is thinner in the direction of the
systemic motion than in the opposite direction. This also results in ejecta being closer to the
shock front, as, indeed, seems to be the case in Kepler (Cassam-Chenaï et al. 2004). A similar
situation seems to arise in Tycho’s SNR, where the proximityof the ejecta to the shock front
has been attributed to a change in the effective equation of state as a result of efficient cosmic
ray acceleration (Warren et al. 2005b). Our simulations, however, can explain this, at least
partially, based on pure hydrodynamics alone (c.f. Kosenkoet al. 2010a).

2.5.2 On the current appearance of the donor star

The symbiotic binary model that we advocate here for Kepler has some interesting conse-
quences for the current state of the donor star. To date, the identification of a donor star of a
historical supernova has only been claimed for Tycho/SN 1572 (Ruiz-Lapuente 2004), which
was mainly based on its large proper motion. However, this result is still debated, since the
large proper motion of the candidate star is not accompaniedby a high spin velocity as would
be expected for close Roche-lobe overflowing binary progenitors (Kerzendorf et al. 2009b).
In our model, no such high orbital and spin velocities are expected for the donor star because
we require a wide symbiotic binary. It should nonetheless maintain the high spatial velocity
of the progenitor system of∼ 250 km s−1, something that constitutes a clear signature of its
identification.

The donor star of Kepler is expected to be, according to our model, an AGB star with
an initial mass of 4 – 5 M⊙, which has lost almost its entire envelope as a consequence of
the mass transfer and the subsequent collision with the blast wave of the supernova (Marietta
et al. 2000). After the collision and the mass stripping effect, the donor star adjusts its radius
to re-establish its thermal equilibrium. Stars with convective envelopes are characterized by
short thermal timescales, which means that the donor star has most likely already attained
its original size. In this case, the donor star should be an evolved star with a bolometric
luminosity similar to that of an AGB star with an initial massof 4 – 5 M⊙. This is because
giants’ luminosity is mainly determined by the mass of the core, which remained unaffected
by the collision. We therefore expect an absolute magnitudeof MV = −4.5 ± 0.5, which
at a distance of 6 kpc andAV = 2.8 (Reynolds et al. 2007) implies an apparent magnitude
of mV = 12.0 ± 0.5. Due to the mass loss, the surface gravity of the donor must belower
than that of a 4 – 5 M⊙ AGB star and perhaps the remaining envelope has picked up ejecta
material with elevated abundances of iron and intermediatemass elements (Si, S, Ar, Ca).

However, further investigation is needed before a firm conclusion can be drawn about the
present-day characteristics of the donor star, as it may still be at the re-equilibration phase.
In this case, the star may be either overluminous or underluminous depending on the mass of
the stripped layers and the energy deposited at the remaining layers of the donor star by the
collision with the SNR (Podsiadlowski 2003).

A final possibility is that the donor star has lost its entire envelope. In this case, the
donor’s remnant should be a massive (∼ 0.8 M⊙) , young CO white dwarf.
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2.5.3 Is the progenitor system of SN1604 typical of Type Ia supernovae?

The model outlined here is specifically intended to explain many characteristics of Kepler’s
SNR. Nevertheless, given the many problems surrounding conventional models for Type Ia
progenitors (see the Introduction), it is worthwhile to discuss whether our model could be
more widely applicable than just to this historical SN.

The progenitor system in our model is a symbiotic binary consisting of a CO WD and a
AGB star during the last phase of its evolution. This progenitor system is not a conventional
progenitor in the rich literature of Type Ia SNe. This is because RLOF is prone to unstable
mass transfer, whereas wind accretion is characterized by low accretion efficiencies (≤ 10%),
making it difficult to evolve toward a Type Ia event. However,the mass transfer process in
these systems is currently still far from being understood.The Bondi-Hoyle model that is
generally used to describe the wind accretion is rather simplified and not applicable to slow
winds (Edgar 2004), while for the case of RLOF a sharp stellarrim is assumed, which is not
applicable to giant stars. Mohamed & Podsiadlowski (2007) simulated the Mira system and
show that the mass transfer process is between that of a RLOF and wind accretion, where the
accretion efficiencies are much higher than these of the Bondi-Hoyle description.

Observations already seem to reveal symbiotic systems withAGB donor stars, which,
despite their large separation, show evidence of substantial hydrogen burning at the WD
surface (Mira AB: Karovska et al. (2004); V 407 Cyg: Mikołajewska (2011) ). Interestingly,
these two systems reveal some similar characteristics withour model for the progenitor of
SN 1604. Mira AB shows the presence of a bow shock structure and a relatively high spatial
velocity of∼ 130 km s−1(Matthews et al. 2008), while the lithium lines that were observed
in the spectrum of V407 Cyg indicate that the donor is a HBB AGBstar (Tatarnikova et al.
2003). Finally, two Type Ia SN, SN 2002ic (Hamuy et al. 2003b)and SN 2005gj (Aldering
et al. 2006), display spectroscopical evidence of a strong interaction between the ejecta and a
dense CSM originating from an AGB wind.

The accreting WD in our model is enshrouded by the dense wind from the donor. The
column density towards the WD in such a case is given by

NH = 3.6× 1022
( Ṁw

10−5M⊙ yr−1

)( uw

20 km s−1

Rin

3 · 1014 cm

)−1

cm−2,

with Rin corresponding to the separation of donor star and WD. Even for a mass-loss rate of
Ṁw = 3 × 10−6 M⊙ yr−1, we still haveNH = 1022 cm−2, which is sufficient to attenuate
the UV/X-ray flux by a factor104 (based on the absorption model of Wilms et al. 2000).
This does not only explain the lack of extended HII regions around young, nearby Type Ia
SNRs, but also suggests that the progenitors of SNe Ia may notnecessarily be detectable in X-
rays. This solves two major problems with the SD model of a Roche lobe overflowing donor
star and an accreting WD. Owing to the resulting absorption of the UV/X-ray flux, it can
explain the lack of extended HII regions around young nearbyType Ia SNRs (Ghavamian
et al. 2003) and the lack of the X-ray emission expected from accreting WDs in elliptical
and spiral galaxies (Gilfanov & Bogdán 2010b, Di Stefano 2010, respectively). Finally, this
absorption may also significantly reduce the X-ray/UV flux originating from the collision of
the blast wave with the donor star, as predicted by Kasen (2010).
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One could test whether non-conservative mass transfer is more common in Type Ia pro-
genitors by looking for signatures of CSM shells in other SNRs. Even if most other systems
have much more modest spatial velocities than that of SN 1604, aspherical shells can easily
be created. Several Type Ia SNRs indeed appear to have an axisof symmetry, and to expe-
rience a density enhancement in one direction. Two examplesare Tycho’s SNR (SN1572),
which has a lower expansion velocity in the east (Katsuda et al. 2010), and SN 1006, which
is very symmetric in the northeast/southwest direction, but has a higher density in the north-
west. Additional evidence of an interaction between SNe Ia and non-spherically symmetric
CSM material is provided by X-ray observations of the Large Magellanic Cloud SNRs DEM
L238 and DEM L249 (Borkowski et al. 2006a).

2.6 Conclusions

We have presented evidence that the observational characteristics of the Type Ia SNR Ke-
pler/SN1604 can be reproduced most closely by a moving progenitor system, in which the
AGB donor star forms a wind-blown bubble, while at the same time the WD accretes part of
the wind up to a mass of 1.38 M⊙ . Due to the spatial velocity the wind bubble is surrounded
by an asymmetric shell, reaching its highest densities in the direction of the motion of the
progenitor. To explain the nitrogen abundance in the northern shell of Kepler, the donor star
probably had an main-sequence mass of 4 – 5M⊙, which are known to have nitrogen-rich
envelopes in the AGB phase.

We have used hydrodynamic simulations to show that the wind properties of the system
can explain the observational characteristics of Kepler, namely a one-sided shell with which
the SNR is interacting and a slower expansion velocity in that region.

Our simulations show that in the direction of the progenitor’s velocity the SNR blast wave
may just have completely penetrated the wind blown shell, orstill be inside it. On the basis
of the possible X-ray synchrotron radiation in the north of Kepler, the lack of it from adjacent
regions, and the absence of nitrogen-rich knots from that direction, we argue that in Kepler
part of the blast wave may indeed have penetrated all the way through the shell. However, the
presence of Balmer-dominated shocks indicate that at leastpart of the blast wave must still
be within the cool, neutral, wind shell.

Our results also show that the distance to Kepler is likely tobe around 6 kpc. This
value is still within the measurement errors of3.9+1.4

−0.9 kpc (Sankrit et al. 2005) but is also
in agreement with model-dependent estimates based on the absence of gamma-ray emission
(Berezhko et al. 2006, Aharonian et al. 2008) and the kinematics of Kepler (Vink 2008).
However, a distance of 4 kpc can be reconciled with the simulations if the explosion energy
was2× 1050 erg. This would make SN 1604 a subenergetic explosion, whichseems unlikely
given its historical light curve and the copious amount of Fepresent in the SNR. According
to our scenario, the donor star should still be present within the SNR. It is likely to be an
evolved star from which most of its envelope mass has been stripped.

For the pre-supernova appearance of the system, the large absorption column blocks out
most of the X-rays from the accreting WD. These systems would, therefore, be classified as
symbiotic binaries, and not as supersoft sources. This alsoexplains the presence of neutral
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hydrogen near young Type Ia SNRs, which cannot be present around supersoft sources owing
to their high X-ray/UV flux (Ghavamian et al. 2003).

Another consequence of the model, if it is more widely applicable to Type Ia progenitors,
is that many SNRs should be interacting with one-sided shells. For Tycho’s SNR this could
explain the low expansion parameter in the east, and even, atleast partially, the proximity of
the ejecta close to the forward shock, an observational characteristic usually attributed to the
presence of cosmic rays (Warren et al. 2005b).

In the context of a Type Ia supernova explosion, Kepler’s SNRrequires special cir-
cumstances regarding its dependence on a runaway binary andinteraction with substantial
amounts of nitrogen-rich material. A major question remains whether SN 1604 was a very
special event with an unusual progenitor history and thus should be studied as a unique case,
or whether some characteristics are typical of SNe Ia in general. In the second case, Kepler’s
SNR may help to provide important insight into the evolutionof Type Ia SNe.
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CHAPTER 3

Modeling the interaction of thermonuclear
supernova remnants with circumstellar
structures: The case of Tycho’s supernova
remnant
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Abstract The well-established Type Ia remnant of Tycho’s supernova (SN 1572) reveals
discrepant ambient medium density estimates based on either the measured dynamics or on
the X-ray emission properties. This discrepancy can potentially be solved by assuming that
the supernova remnant (SNR) shock initially moved through astellar wind bubble, but is
currently evolving in the uniform interstellar medium witha relatively low density.

We investigate this scenario by combining hydrodynamical simulations of the wind-loss
phase and the supernova remnant evolution with a coupled X-ray emission model, which
includes non-equilibrium ionization. For the explosion models we use the well-known W7
deflagration model and the delayed detonation model that waspreviously shown to provide
good fits to the X-ray emission of Tycho’s SNR.

Our simulations confirm that a uniform ambient density cannot simultaneously reproduce
the dynamical and X-ray emission properties of Tycho. In contrast, models that considered
that the remnant was evolving in a dense, but small, wind bubble reproduce reasonably well
both the measured X-ray emission spectrum and the expansionparameter of Tycho’s SNR. Fi-
nally, we discuss possible mass loss scenarios in the context of single- and double-degenerate
models which possibly could form such a small dense wind bubble.

37
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3.1 Introduction

Type Ia supernovae (SNe Ia) are believed to be the result of the thermonuclear explosion of a
carbon oxygen white dwarf (CO WD) which accretes mass from a binary companion (Whelan
& Iben 1973a). The mass transfer could be through Roche lobe overflow, through the stellar
wind of a non-degenerate donor star (single degenerate – SD –scenario), or through the
merger with an other WD (double degenerate – DD – scenario). Despite decades of research,
there are still major questions about the nature of the explosion mechanism, the mass transfer
process and the nature of the donor star (see the reviews by Wang & Han 2012, Hillebrandt
& Niemeyer 2000, Livio 2000b). Regarding the nature of the progenitor system, from the
observational side the SD scenario has problems in explaining the lack of radio and X-ray
emission from the Type Ia blast wave interacting with the wind of the donor star (e.g Chomiuk
et al. 2012, Immler et al. 2006a), the lack of super soft X-rayradiation from elliptical galaxies
expected by accreting white dwarfs (Gilfanov & Bogdán 2010c), and the lack of surviving
donor stars in Type Ia supernova remnants (e.g. Schaefer & Pagnotta 2012a). On the other
hand, some Type Ia SNe show evidence for local blue-shifted sodium absorption, which is
best explained by the presence of shells caused by outflows from a SD progenitor system (e.g.
Dilday et al. 2012b, Sternberg et al. 2011c, Patat et al. 2007c).

A useful method to clarify the nature of SNe Ia is the study of their supernova rem-
nants (SNRs). The progenitors of Type Ia supernovae can modify the ambient medium either
through mass outflows during the binary evolution, or through the ionizing radiation that can
accompany accretion. The subsequent interaction of the supernova forward shock with the
modified circumstellar medium will affect the evolution of the resulting SNR. In this sense,
traces of the nature and evolution of SN Ia progenitors will be reflected in the observed mor-
phological, dynamical and emission properties of the nearby Ia SNRs. Although, in general,
the remnants of SNe Ia tend to be more spherical than their core collapse counterparts (Lopez
et al. 2009), something that indicates that the surroundingof the first is not substantially
modified by their progenitors, several observations of nearby Ia SNRs show direct or indirect
evidence of a SN ejecta - circumstellar medium (CSM) interaction. The most famous exam-
ples are the remnants of the historical SNe Ia of Kepler (SN 1604) and RCW 86. It has been
shown that the observed characteristics of these remnants can be well reproduced considering
a SD progenitor scenario where, for the case of Kepler’s SNR,the SN explosion occurred in a
dense, bow-shaped bubble formed by the wind of the AGB donor star (Chiotellis et al. 2012,
Patnaude et al. 2012, Burkey et al. 2013), while for the case of RCW 86, which has been
argued to be a Type Ia SNR (Williams et al. 2011b), there is evidence that it evolves in a low-
density cavity carved by the mass outflows emanating from theprogenitor WD (Williams
et al. 2011b, Badenes et al. 2007b). Other examples are the mature Ia SNRs DEM L238,
and DEM L249 in the LMC which have enhanced, Fe-rich, centralemission, indicating high
central densities, which can possibly be explained by an early interaction of the SNR with a
dense CSM (Borkowski et al. 2006b).

The historical SNR of Tycho (SN 1572) is an other Galactic SNRwhich has been clas-
sified as a Type Ia, based initially on its ejecta chemical composition (Hwang & Gotthelf
1997), but the Type Ia nature has now been unambiguously confirmed based on the light echo
spectrum (Krause et al. 2008). The SNRs angular radius is∼250′′, but its distance is uncer-
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tain, with estimates ranging between∼ 1.8and5 kpc (see Fig. 6 of Hayato et al. 2010). In
contrast with the Kepler and RCW 86, Tycho’s SNR (hereafter Tycho) is characterized by an
almost quasi-circular shape with smooth rims, indicating that the SNR is currently evolving
in a more or less homogeneous ambient medium (AM).

Under the assumption that Tycho is expanding in a homogeneous medium, Badenes et al.
(2006) find a good match between the synthetic X-ray spectra from their model and the ob-
served integrated spectra of the southwest-west (SWW) region of the remnant (200o − 300o

counterclockwise starting from the north; see Fig. 3.1), for an interstellar density of∼
0.9 cm−3. However, the lack of thermal X-ray emission from the shocked ambient medium
places an upper limit on the ambient medium density of∼ 0.3 cm−3 (with an uncertainty
factor of 2, Cassam-Chenaï et al. 2007) in agreement with mid-infrared measurements of
Tycho which reveal an averaged AM density of∼ 0.1 − 0.2 cm−3 (Williams et al. 2013a).
Finally, an ambient density of∼ 0.1 cm−3 is required in order to match the expansion param-
eterm = Vs/(Rs/tSNR) from SNR evolution models (Dwarkadas 2000) with the expansion
parameter derived from X-ray (Katsuda et al. 2010) and radio(Reynoso et al. 1997) observa-
tions of the shock radius (Rs) and velocity (Vs) at the SWW region of the remnant.

The physical interpretation of this discrepancy between various ambient medium densities
for Tycho is the following: On the one hand the high velocity of Tycho’s forward shock
(∼ 0.35 arcsec yr−1) and the lack of thermal emission at the shocked ambient medium
shell demand a low density environment in which the remnant is evolving. On the other
hand, Tycho’s X-ray spectrum is characterized by a high ionization age (τ =

∫

nedt, with
ne the electron density of the shocked ejecta), requiring highshocked-ejecta densities. This
in turn requires a high ambient medium density that surrounds the remnant. Thus, models
that consider a constant density ambient medium around Tycho have difficulties explaining
simultaneously the observed ionization age with the measured dynamics and the thermal
X-ray flux from the SNR. Based on these considerations Dwarkadas & Chevalier (1998)
and Katsuda et al. (2010) argued that a more complex circumstellar structure could possibly
reconcile the different estimates of the ambient medium densities.

Here we study this hypothesis on the premise that Tycho’s SNRhas interacted with a cir-
cumstellar wind bubble, formed by a period of continuous mass outflow from the progenitor
binary, the characteristics of which we will determine in order to create a match between
dynamics and the expected X-ray emission. We use different codes in order to get the best
results for the dynamics (AMRVAC), and X-ray spectra (SUPREMA and SPEX).

3.2 The impact of the ambient medium on the SNR evolu-
tion

In this section we study such a SN ejecta – wind bubble interaction in light of the dynamical
and emission properties of the resulting SNR. We compare theproperties of such a SNR with
those of a SNR that evolves in a homogeneous medium from the start in a qualitative sense,
before we explore the potential applicability of such a SNR-wind bubble model for Tycho in
the next Section.

We employ the hydrodynamical code AMRVAC (Keppens et al. 2003b), and perform the
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Figure 3.1: XMM Newton EPIC merged MOS1 and MOS2 image of Tycho SNR (OBS
ID 0096210101). The angular sector of200o − 300o is outlined by the white, dashed line. The
red, green, and blue colors (online version) correspond to FeL emission (0.9-1.1 kev), Si XIII emission
(1.7-2.0 keV) and continuum emission (4.2-6 keV), respectively.

simulation on a one dimensional (1D) grid assuming spherical symmetry. The method that
we follow includes two steps. First, we simulate the wind bubble taking the wind of the
progenitor as a constant inflow at the inner boundary of the grid with a density profile of
ρ = Ṁ/(4πuwr

2) and a momentum per unit volume ofmr = ρ× uw, whereṀ is the mass
loss rate of the wind,uw the wind terminal velocity andr the radial distance from the mass
losing object. In the second stage, we introduce the supernova ejecta in the center of the wind
bubble. The code has the advantage of the adaptive mesh strategy, which means that it is able
to refine the grid locally where large gradients in density and/or momentum take place. As a
result, the discontinuities that characterize the SNR (forward shock – FS , reverse shock – RS
and contact discontinuity – CD) are well tracked and we extract their dynamical properties
(radius, velocity, expansion parameter) during the whole evolution of the remnant. Finally,
radiative cooling, which may be important for the evolutionof the stellar wind bubble, is
included using the cooling curve introduced by Schure et al.(2009b).

3.2.1 The evolution and collision of a SNR with a wind bubble

We illustrate the general effects of the progenitor system on the circumstellar medium in
Figure 3.2, which shows the density profile of a stellar wind simulation. The wind parameters
that have been used in this example are: mass loss rateṀ = 10−6 M⊙ yr−1, wind terminal
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Figure 3.2: The density profile of the four zone structure of the wind bubble. The wind properties of the
specific simulation are: mass loss rateṀ = 10−6 M⊙ yr−1 , wind terminal velocityuw = 10 km s−1

and interstellar medium densitynism = 0.13 cm−3. The age of the wind bubble is 0.25 Myr and
the temperature of the wind and ISM isT = 103 K. Note that these values are typical for our model
for Tycho, but for illustrative purposes we made some modifications to allow for a better distinction
between the freely expanding wind region, the shocked wind region, and the shocked ambient medium
shell.

velocity uw = 10 km s−1 and interstellar medium densitynism = 0.13 cm−3. At this
specific snapshot the age of the wind bubble is 0.25 Myr. Due tothe supersonic expansion
of the wind bubble and the interaction of it with the ambient medium, two shock waves
are formed (similarly to the SNR evolution): the forward shock and the termination shock
that move outwards and inward in the freely expanding wind rest frame, respectively. The
resulting structure of the wind bubble is characterized by four regions (starting from inwards):
a) the freely expanding wind, where the density (ρ), scales with the distance from the mass
losing star (r) asρ ∝ r−2, b) the shocked wind material swept up by the termination shock,
c) the shell of the shocked ambient medium, which contains the material being compressed
by the wind’s forward shock d) the undisturbed ambient medium.

It is into this specific ambient medium that we introduce the supernova ejecta, with an
energy of1.3 × 1051 erg, typical for SNe Ia (Badenes et al. 2005), and a mass of1.38 M⊙,
following an exponential density profile. The outer edge of the ejecta is at∼ 3×103 AU, cor-
responding to a starting time for the calculations of∼ 0.7 yrs after the explosion. Fig. 3.3 il-
lustrates the density structure in some characteristic snapshots of such a SNR evolution (here-
afterSNRwind model) while Fig. 3.4 shows the time evolution of its dynamical properties
(shock’s radius, velocity and expansion parameter). For comparison we over-plot the SNR
model in which the remnant is evolving in a homogeneous medium of nism = 0.13 cm−3
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from the start (hereafterSNRISM model).
At the beginning of the SNR evolution, the forward shock of theSNRwind model encoun-

ters the dense freely expanding wind region resulting in a denser structure of both the shocked
ejecta and ambient medium shells while the radius of the remnant is smaller as compared to
theSNRISM model (see Fig. 3.3 at t= 51 yr). This is also reflected at the FSvelocity where
for theSNRwind model it remains, during this phase, lower than that of theSNRISM model.
However, as the upstream density of theSNRwind model decreases with the radius, the de-
celeration of the remnant is less than that of theSNRISM model and as a result the expansion
parameter of the first has higher values than these of the latter (Fig. 3.4).

About 80 years after the explosion, the forward shock of theSNRwind collides with the
shocked wind shell and both its velocity and its expansion parameter drop sharply and remain
low during the whole phase in which the forward shock propagates in the dense wind shell
(Fig. 3.4). This collision forms a pair of transmitted - reflected shocks that move outwards and
inwards, respectively, in a Lagrangian sense (see Fig. 3.3 at t= 101 yr; see also Dwarkadas
(2005) for similar simulations and Sgro (1975) for an analytical approach of this physical
process). While the transmitted shock starts to penetrate the shocked wind shell, the reflected
shock is moving inwards in a Lagrangian sense and encountersthe contact discontinuity of
the SNR. The collision of the reflected shock with the high density region of the CD results
in the formation of a second pair of transmitted - reflected shocks (Fig. 3.3, at t= 135 yr). The
second reflected shock that has been formed by the latter collision is moving now outwards,
and it will collide with the wind shell which now has been (re)shocked by the forward shock
of the SNR, and again a third pair of reflected–transmitted shocks will be formed. This
process will be repeated several times during the SNR evolution where every time that a
reflected shock will collide with the density wall at the contact discontinuity or the shocked
wind shell, an extra pair of transmitted-reflected shocks will be formed. The resulting SNR
structure will be substantially affected by this sequence of transmitted and reflected shocks’
formation and evolution (Fig. 3.3, att ≥ 506 yr). Also note that the small humps depicted in
the velocity and expansion parameter plots (more clearly depicted at the latter) correspond to
the moments where a fast moving transmitted shock penetrates the whole shocked ambient
medium shell and drives the SNR evolution.

When theSNRwind’s forward shock fully penetrates the wind bubble shell and starts
to propagate in the unperturbed AM (t ∼ 160 yr), it accelerates as it encounters the low
upstream density of the ‘new’ medium while the pressure behind the shock remains high due
to the high density wind material that has been swept up. Consequently, both the velocity and
expansion parameter of the forward shock are higher than these of theSNRISM model (Fig.
3.4).

Finally, around 600 yr after the explosion the two SNR modelsseem to reach similar
dynamical properties of the forward shock, having almost identical velocity while the expan-
sion parameter of theSNRwind model is slightly higher as the radius of this remnant remains
marginally smaller. That means that when the mass of the constant-density medium that is
swept up becomes larger than the mass contained in the wind bubble, the dynamical proper-
ties of the forward shock carry little information about thecollision history of the supernova
ejecta with the circumstellar bubble. In our simulations this happens at a radius of 2–3 times
the size of the wind bubble.
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This is also depicted in the density structure of the two SNRs(Fig. 3.3). The shocked
ambient medium shell of theSNRwind 506 years after the explosion is slightly denser than
that of theSNRISM but these shells get almost identical structures and densities as the SNRs
evolves further (Fig. 3.3 att = 1350 and 2025 yr). The only difference between the shocked
ambient medium shells for the two models is the density enhancement close to the contact
discontinuity of theSNRwind model. This is the shell of the wind bubble that has been swept
up by the SNR (see e.g. Fig. 3.3 at 2025 yr forR ∼ 6.5− 7.0 pc).

On the other hand, even during the last phase of the simulations (t = 2025 yr) the
shocked-ejecta shell of theSNRwind model reveals a completely different structure than the
shocked-ejecta shell of theSNRISM model: the shocked-ejecta shell of theSNRwind has a
much higher density in the region close to the contact discontinuity, but the density drops
faster as we are moving towards the reverse shock, leaving the shocked-ejecta shell thinner
as compared to itsSNRISM counterpart. It is expected that the two SNRs will reveal substan-
tially different emission properties, given that the shocked ejecta are dominating the thermal
X-ray emission, and that the emissivity and ionization timescales are strong functions of the
density.

3.2.2 Application to Tycho’s SNR

As discussed in the introduction, the ambient medium density estimates based on either dy-
namical or X-ray emission properties of Tycho show discrepancies that may be reconciled if
a more complex CSM structure is assumed for Tycho.

Before setting up hydrodynamical models for SNRs evolving in a CSM modified by an
outflow from the progenitor system, we need to constrain the properties of the CSM as it may
have been prior to the explosion of SN1572. Specifically, we have to consider a) what could
be the size and the density of the wind bubble and b) what is thecurrent position of the SNR’s
forward shock with respect to the pre-existing wind bubble?

The observed value of the expansion parameter (m ∼ 0.52 on average and∼ 0.59 for
the SWW region, Katsuda et al. 2010) cannot be reproduced if currently the SNR’s forward
shock is in the free-expansion region of the wind, or if it is interacting with the dense wind
shell. In the first case,m would be larger than0.67, the transition value to the Sedov-Taylor
stage for a SNR in a wind medium (Chevalier 1982a), while if the forward shock would be
in the shocked wind/ISM shell a lower expansion parameter would be expected, with a value
that depends on the wind and ISM properties (Fig. 3.4, c.f. Dwarkadas 2005).

On the other hand, as shown in Sect. 3.2.1, when the radius of the SNR is at least
2-3 times larger than the size of the wind bubble the forward shock’s expansion parameter
approaches the value that it would have had if the remnant hadevolved without a stellar wind
bubble. Since the best fit for the expansion parameter in a pure ISM required low density, the
same applies for the ISM beyond the wind bubble. Combining these two requirements, we
find that a wind bubble of a size< 1.8 d3 pc, whered3 is the distance of Tycho in units of 3
kpc, embedded in an ambient medium with density similar to0.1 cm−3 does reproduce the
dynamics.

The high ionization timescales in Tycho’s X-ray spectra requires high shocked-ejecta
densities. This can be achieved when the ejecta interacts with high density material early
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Figure 3.3: Comparison of the density profile of a SNR evolving in the windbubble of Fig. 3.2 (black
solid line) with that of a SNR evolving in a homogeneous medium from the start (red dashed line) for
several snapshots. The labels ‘Tr.’ and ‘Ref.’ refer to the transmitted and reflected shock respectively.

on in the evolution of the SNR. As shown in Fig. 3.3, an interaction history of the SNR
with a dense bubble forms a denser shocked-ejecta shell as compared to that of a SNR in a
flat ambient medium. A low density wind cavity works in the opposite direction, as shown
by Badenes et al. (2007b). In order to create a denser bubble in comparison to an ambient
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Figure 3.4: Dynamical properties of the SNR with the wind bubble interaction history (black lines).
Comparison with the ISM case (red lines). Left: The radius ofthe forward shock (solid line), contact
discontinuity (dashed line) and reverse shock (dotted line) as a function of time. Middle: the velocity
of the forward shock. Right: the expansion parameter of the forward shock as a function of time.

medium of density∼ 0.1 cm−3, we require that the density at the outer edge of the free
expanding wind bubble is larger than the density of the ambient medium outside the wind
region:Ṁ/(4πuwr

2
w) & ρAM whereuw the wind terminal velocity,rw the radius of the free

expanding wind andρAM the density of the unperturbed ambient medium. This requirement
constrains the mass loss rate toṀ & 3× 10−8 × (uw/10 km/s)× (rw/pc)

2 M⊙ yr−1.
In conclusion, a small, dense, wind bubble in a low density ISM allows for both the

required high ionization age, as well as the observed expansion parameter.

3.3 Numerical models of dynamics and emission properties
of Tycho

In this section we present the result of our simulations thatare targeted to model Tycho at its
current age (∼ 440 yrs). We aim at getting the best parameters for the wind modelthat is
able to explain both dynamics and emission properties, and compare it to the best fit models
for SNR evolution in a homogeneous medium.

3.3.1 Method

We use the AMRVAC code (described in Sect. 3.2) to simulate the dynamical properties
of various models, from which we extract the expansion parameter, as well as the relative
positions of the forward and reverse shock and the contact discontinuity.

In order to build the synthetic spectra of our models, we employ the combination of the
hydrodynamical package SUPREMA (Sorokina et al. 2004) and the X-ray spectra fitting
software SPEX (Kaastra et al. 1996a). The SUPREMA code solves the system of spheri-
cally symmetric differential equations in Lagrangian coordinates and uses an implicit finite-
difference method developed by Blinnikov et al. (1998). It incorporates a number of physical
processes relevant for the shocked medium, e.g. electron thermal conduction, ion-electron
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temperature equilibration and radiative losses. The code takes into account self-consistently
the ionization state of the shocked plasma, and, for each zone and at every time step, the
kinetic calculations are performed for all species of the most abundant elements.

Recently the package was updated with an interface to the SPEX X-ray spectral fit-
ting code in order to calculate a detailed X-ray emission spectrum for each zone of the
SUPREMNA hydrodynamical grid, taking into account the local non-equillibrium ioniza-
tion structure. The total X-ray spectrum is calculated by summing all the elements over the
entire hydrodynamical mesh. Note that there is no self-consistent theory to predict the X-
ray synchrotron radiation contribution to the spectrum (Warren et al. 2005b, Cassam-Chenaï
et al. 2007), so a power law component was separately fitted tothe spectrum to fit the X-ray
continuum.

For our modeling we use two SN Ia explosion models: a deflagration model, which results
from a thermonuclear, subsonic flame propagation through the white dwarf, and a delayed
detonation (DDT) model , in which the initial, subsonic flamechanges into a shock behind
which nucleosynthesis occurs. For the deflagration model weused the canonical deflagration
model W7 (Nomoto et al. 1984a). For the delayed detonation model we used the model DDTc
(Bravo et al. 2005, Badenes et al. 2003, 2005), which up to nowseems to be the model that
best reproduces the X-ray spectra of Tycho (Badenes et al. 2006). For the AMRVAC code
we follow an exponential interpolation of the data points for the ejecta density profile and a
linear interpolation for the velocity one. The grid size, ofthe AMRVAC simulations, is2.2×
1019 cm≈ 7.1 pc. On the base level, we use 540 cells and allow for 6 refinement levels for
the wind bubble formation and 7 levels for the SNR evolution.Hence, the maximum effective
resolution is1.3× 1015 cm and6.4× 1014 cm, respectively. At the SUPREMA simulations
we use, for the case of W7 explosion, 300 Lagrangian zones, 99for the ejecta and the rest
for the ISM or CSM. For DDTc explosion the hydrodynamical mesh comprises 200 zones,
81 of which comprise the ejected supernova material. We expand the original explosion
model up to the age of 10 years and then start the numerical modeling. The supernovae
are surrounded by a medium at rest, with a constant temperature of 104 K, and with solar
elemental abundances1. We set the degree of the temperature equilibration behind the shocks
of Te/Ti ≃ 0.1. This modest non-equilibration at the shock front is roughly consistent with
observations (e.g. Ghavamian et al. 2007, van Adelsberg et al. 2008, Broersen et al. 2013a).

For each explosion model (W7, DDTc) we study three differentcases for the medium
that surrounds the explosion center. First we consider thatthe SNR is embedded in a homo-
geneous ambient medium. Treating the ambient medium density as a free parameter we find
the two values that provide the best agreement with a) the dynamics (hereafterSNRISM,dyn

model), or b) the X-ray spectra (hereafterSNRISM,spectra model) of Tycho SNR. Then for
the third case, c) we introduce the wind bubble and we let the SNR interact with it (here-
afterSNRwind model). The wind properties are chosen in such a way that, on the one hand,
the dynamics of the SNR is in agreement with the current observations of Tycho but, on
the other hand, that the density of the shocked ejecta -at theage of Tycho- is similar to the
SNRISM,spectra model. Thus, we ensure that the ‘best-fitting’ ionization structure of the
shocked ejecta is preserved. This required running severalmodels in order to find the best

1We have verified that the modified chemical composition of theprogenitor wind only weakly affects the resulting
X-ray spectra and can be ignored.
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solutions. Here we only present the optimal solution.
We compare the results of our simulations with observationsof the southwest-west (SWW)

region of Tycho (200o − 300o counterclockwise starting from the north, see Fig. 3.1). The
reason for using that region is twofold. First of all the shock front in this region appears
smoother than the other regions and the expansion parameter, in the SWW, shows less vari-
ation than in the northwestern region (Reynoso et al. 1997, Katsuda et al. 2010). Recently,
Williams et al. (2013b) showed that the densities in the north/northeastern region are also
higher than that in the SWW. These observational results support the idea of Reynoso &
Goss (1999b) and Lee et al. (2004) that in the north/northeastern the shock wave is interact-
ing with a molecular cloud. However, this idea is not universally accepted (e.g. Tian & Leahy
2011). In the case of interaction with molecular cloud, or with a local density enhancement,
the deviations from sphericity and variation in expansion rate are likely caused by accidental
features of the local ISM, whereas in the present paper we areinterested in the CSM structure
that is related directly to outflows from SN Ia progenitor. The second reason to compare our
results only to the SWW region is that this allows for a directcomparison with the models
of Badenes et al. (2006), who also focussed, for very much thesame reasons, on this region.
Thus, hereafter all of the observational data (spectra, expansion parameter, relevant positions
of the FS, CD, RS) are averaged or spatially integrated over this specific region. We extract
the forward shock expansion parameter and the ratios of the contact discontinuity and reverse
shock over the forward shock (CD:FS, RS:FS) from the AMRVAC code, and compare them
with the values measured by Reynoso et al. (1997), Katsuda etal. (2010) (for the expansion
parameter) and Warren et al. (2005b) (for CD:FS, RS:FS). Finally, we compare the results
of our synthetic X-ray spectra with the observed X-ray spectra of Tycho using the XMM
Newton observations of the remnant (OBS ID 0096210101)2.

3.3.2 Results

Fig. 3.5 shows the density profile, the time evolution of the studied dynamical properties and
the spectra of the three best models for the W7 explosion model. The SNR density profile
and the spectra refer to the current age of Tycho (t ∼ 440 yrs). Table 3.1 summarizes the
values of the dynamical properties of each model at the current age of Tycho as well as the
goodness-of-fit parameter (χ2/dof ) for the comparison of the X-ray model spectra to the
observed spectra. Note that theχ2/dof are from statistical point of view not acceptable,
but the spectra are also not the result of a normal fitting procedure. Rather they serve as an
indication on how well the observed spectra match the synthetic spectra.

The SNRISM,dyn model (left column) is set up to agree with the observations of the
expansion parameter, and requires an ambient medium density of nAM = 0.13 cm−3. Fur-
thermore, the ratio RS:FS is close to the observed limits while that of CD:FS is rather low, but
see the discussion for potential caveats. The resulting spectrum of this model deviates sub-
stantially from the observed one, being characterized by less strong lines and different line
centroids, as a result of the low ionization timescale of theshocked-ejecta shell. In contrast,
the current X-ray spectrum of Tycho is best reproduced -on the base of the W7 explosion

2The EPIC MOS data were processed with the pipeline routine for analysis of the extended object, presented by
Snowden & Kuntz (2011).
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Figure 3.5: Results of the simulations for the W7 explosion model, with different properties of the
ambient medium. The left column is for a SNR evolving in a flat ISM of densityn = 0.13 cm−3

(SNRISM,dyn), the central column is for a SNR evolving in a flat medium ofn = 0.85 cm−3

(SNRISM,spectra), and the right column is a SNR with a wind bubble interactionhistory (SNRwind).
The different rows are, from top to bottom: the density structure of the SNR at the current age of Tycho,
the ratio of the contact discontinuity (solid line) and of the reverse shock (dotted line) radius over the
radius of forward shock, the expansion parameter of the forward shock and the resulted spectra (blue
solid line) in comparison to the observed data points. The vertical bars at the RS:CD:FS plots refer
to the observed values of these ratios (Warren et al. 2005b),while points at the expansion parameter
plots refer to the relevant observations performed in the radio (cyan triangle; Reynoso et al. 1997)
and the X-ray (red diamond; Katsuda et al. 2010) band. The bottom row indicates for each model the
best-fit values for the power law slope,Γ, and hydrogen absorption column density,NH. All of the
observational data refer to the SWW region of the remnant (see text for details).
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Figure 3.6: Same as Fig. 3.5 but for the DDTc explosion model.

model- by the simulation where the SNR is interacting with a homogeneous ambient medium
of nAM = 0.85 cm−3, as shown in the second column of Fig 3.5. However, due to thishigh
ambient medium density, the SNR has a lower expansion rate (0.51 instead of 0.59) and the
ratios of CD:FS, RS:FS are too low, compared to the observations (see central column of Fig.
3.5 and Table 3.1).
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Model nAM(cm−3) mFS CD:FS RS:FS Spectral
Fitting
(χ2/dof )

Observations 0.59 ±

0.03a
0.91 −

0.95b
0.68 −

0.75b

SNRISM,dyn.,W7 0.13 0.59 0.82 0.76 176
SNRISM,spectra,W7 0.85 0.51 0.76 0.65 76
SNRwind,W7 0.13 0.61 0.82 0.77 140
SNRISM,dyn,DDTc. 0.13 0.58 0.83 0.76 172
SNRISM,spectra,DDTc 1.4 0.50 0.76 0.63 53
SNRwind,DDTc 0.4 0.57 0.80 0.73 34

Table 3.1: Comparison of the dynamical properties and the integrated spectra between the tree studied
models and the current observations of Tycho. References:a Katsuda et al. (2010);b Warren et al.
(2005b). The observational data have been averaged for the studied region (see text for details)

The right-hand column of Fig. 3.5 depicts the SNR model with awind collision his-
tory that yields the best agreement with the studied observed properties of Tycho (SNRwind

model). The wind bubble properties of this model are:Ṁ = 10−6 M⊙ yr−1, uw =
10 kms−1 andτw = 5 × 104 yr. The ambient medium density that surrounds the bubble
is nAM = 0.13 cm−3. The size of the bubble at the moment that we introduce the supernova
ejecta isrw ∼ 0.6 pc and its density distribution at this moment is shown in Fig. 3.7.

TheSNRwind model provides a good match with the dynamical properties ofTycho, at
least as good as theSNRISM,dyn model. As explained in Sec. 3.2 the collision history of
the SNR with the small and dense wind bubble, leads to the formation of several pairs of
reflected/transmitted shocks which result to a non-monotonous time evolution of the expan-
sion parameter (right column of Fig. 3.5). However, when theradius of the SNR becomes
a few times bigger than the size of the wind bubble the dynamical properties of the forward
shock tend to be similar with these of a SNR that was evolving in a uniform ambient medium
from the beginning. This can be seen in Table 3.1 where at the age of Tycho, the dynamical
properties of theSNRwind andSNRISM,dyn model are almost identical. On the other hand,
this collision history forms a dense shocked-ejecta shell with peak densities and ionization
ages higher than theSNRISM,dyn model. Hence, the X-ray spectra of theSNRwind model is
characterised by ionisation ages closer to those observed in Tycho.

Similar conclusions are drawn for the DDTc explosion model,the results of which are
shown in Fig 3.6 and the parameters can be found alongside those of the W7 model in Ta-
ble 3.1. The bestSNRISM,dyn model is derived for a (constant) ambient medium density of
nAM = 0.13 cm−3 while the bestSNRISM,spectra for nAM = 1.4 cm−3 (see Fig. 3.6).
However, also in this case these two models (SNRISM,dyn, SNRISM,spectra) are not able to
reproduce the X-ray spectrum and the dynamics of Tycho, respectively (see Table 3.1).

The wind properties of the bestSNRwind model are:Ṁ = 3 × 10−6 M⊙ yr−1, uw =
10 kms−1, whereas the mass outflow phase lasted forτw = 4×104 yr . The ambient medium
density in which the wind bubble evolved was0.4 cm−3 and the resulting size of the the wind



3.3 Numerical models of dynamics and emission properties ofTycho 51

Figure 3.7: The density profile of the wind bubble at the moment of the SNR introduction that provides
the best match with the observed properties of Tycho. The solid line corresponds to the case of the W7
explosion model and the dashed line to the DDTc.

bubble is∼ 0.4 pc (Fig. 3.7). This model not only reproduces the observed dynamics and
morphological and dynamical properties of Tycho, but also shows a good agreement between
the observed and modeled X-ray spectrum. The ambient mediumdensity is in agreement with
the upper limit ofn < 0.6 cm−3 provided by Cassam-Chenaï et al. (2007), based on the lack
of thermal X-ray emission from the shocked ambient medium shell. The density is somewhat
larger than the recent estimate by Williams et al. (2013b) ofn ∼ 0.1 − 0.2 cm−3 for the
SWW region, which was based on modelling the infrared dust emission. Note, however, that
the infrared modelling contains some systematic uncertainties, and Williams et al. (2013b)
put more trust in the relative density contrast between the western and eastern regions than in
the absolute value of the density.

3.3.3 Implications for distance estimate of Tycho’s SNR

Another problem for the uniform ambient medium model for Tycho’s SNR is the distance
estimates provided by the hydrodynamical/X-ray radiationmodeling. For a given model, the
distance of Tycho can be extracted either by comparing the radius and the velocity of the
SNR’s discontinuities (FS, CD, RS) with their observed angular radius and velocities (which
we call geometrical distance), or by equating the resulted total SNR flux of the model with
the observed flux of Tycho (photometrical distance). For a self-consistent model for Tycho,
these two methods of distance calculations should converge. In addition, the distance estimate
should be within the range of the other independent methods of Tycho’s distance estimates
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Model nAM

(cm−3)
DRFS

(kpc)
DRCD

(kpc)
DRRS

(kpc)
DVFS

(kpc)
Dflux

(kpc)
SNRISM,dyn.,W7 0.13 3.8 3.3 4.0 2.8 2.5
SNRISM,spectra,W7 0.85 2.9 2.3 2.6 1.9 5.3
SNRwind,W7 0.13 3.8 3.3 4.0 2.9 4.1
SNRISM,dyn.,DDTc 0.13 3.7 3.2 3.9 2.7 0.6
SNRISM,spectra,DDTc 1.4 2.8 2.1 2.6 1.9 3.6
SNRwind,DDTc 0.4 3.1 2.6 3.2 2.2 2.6

Table 3.2: The extracted geometrical and emission brightness distance of Tycho for the three studied
models (see text for details).

(1.8− 5 kpc ; see Introduction).
For this purpose we calculate the distance of Tycho based on the observed angular radius

of the forward, contact discontinuity and reverse shock (251”, 241”, 183” respectively, War-
ren et al. 2005), the proper motion of the forward shock (0.37 arcsec yr−1, Katsuda et al
2010) and finally from the observed flux. Note that the position and velocity of the forward
shock can be influenced by the efficiency of cosmic-ray (CR) acceleration while the inter-
face of the contact discontinuity is deformed by the Rayleigh- Taylor (R-T) instabilities that
dominate in this region. These processes are not included inour 1D simulations, but will be
discussed in Sect. 3.4.

The estimated distances of Tycho, for the three studied models are shown in Table 3.2.
For both W7 and DDTc, theSNRISM,dyn model, due to the chosen low ambient medium
densities, forms an extended but non-dense SNR. Consequently, the geometrical distance is
larger than the photometrical one especially for the DDTc model (1.1 - 1.6 times larger for the
W7; 4.5 - 6.5 for the DDTc). The inverse is true for theSNRISM,spectra models. The small ra-
dius of the derived SNR coupled with the high density remnant’s shocked shells lead to lower
geometrical distances than the photometrical distance estimates (1.8 - 2.8 times lower for the
W7; 1.3 - 1.9 for the DDTc). For the case of theSNRwind models, a better convergence
between the geometrical and photometrical distance is achieved where the photometrical dis-
tance for the W7 model is 1.03 - 1.4 higher than the geometrical estimation while for the
DDTc it is within the range of the geometrical distances.

3.4 Discussion

With our combined hydrodynamic/X-ray modeling of Tycho we test whether an ambient
medium structure more complex than a uniform density is ableto alleviate some of the dis-
crepancies between Tycho’s dynamical and X-ray modeling. As we have indicated above it is
indeed possible to obtain better and more self-consistent fits to the morphological, dynamical
and observed X-ray spectral properties of Tycho as comparedto uniform AM models.

Our more complex model involved a circumstellar medium witha dense wind shell, lead-
ing to an earlier development of the reverse shock, thereby shocking the ejecta at an earlier
time and with a higher density. Although the match to the observed properties of Tycho is not
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perfect, this more complex model has much less internal problems, in that distance estimates
based on X-ray flux and dynamics are consistent, and, moreover,the X-ray spectrum is well
fitted.

However, our approach contained some simplifications, bothin its initial assumption
about the progenitor history and in the treatment of the hydrodynamics. To start with the
latter; we assumed spherical symmetry, which is in itself a reasonable assumption, given the
fact that we limited ourselves to the smooth SWW part of the SNR. But by using 1D cal-
culations we neglect the potential effects of Rayleigh-Taylor instabilities. Rayleigh-Taylor
instabilities smooth out the high densities near the contact discontinuity, and mixes shocked-
ejecta material with shocked-circumstellar material; seeFig. 3 and 4 of Wang & Chevalier
(2001) and Fig.4 of Warren & Blondin (2013). As a result the shocked-ejecta shell is thicker
up to3−10 %. The dynamics and, more specifically, the expansion parameter of the forward
shock are not affected by the presence of the Rayleigh-Taylor instabilities.

Another assumption in our modeling is that efficient cosmic-ray acceleration does not
significantly affect the dynamics, morphology and X-ray emission from the ejecta (a power
law component was added to all X-ray spectral models to account for synchrotron emission).
However, it is still an open question whether, and by how much, Tycho’s dynamics and mor-
phology are affected by cosmic-ray acceleration. Efficientcosmic-ray acceleration changes
the equation of state of the plasma, but also give rise to energy flux losses due to escape of
high energy cosmic rays, leading to much higher compressionratios at the forward shock
(e.g. Decourchelle et al. 2000, Ellison et al. 2004, Vink et al. 2010, Kosenko et al. 2011, War-
ren & Blondin 2013). The proximity of ejecta material close to the forward shock appears
to support the idea of high compression factors (Warren et al. 2005b, Ferrand et al. 2010,
Warren & Blondin 2013).

We did not include the effects of cosmic-ray acceleration, as we already have quite an ex-
tensive grid of models. However, for the discussion on the circumstellar medium structure of
Tycho it is important to note that both efficient cosmic-ray acceleration and Rayleigh-Taylor
instabilities aggravates the problems of uniform ambient medium models. The reason is that
in both cases the density of the shocked-ejecta shell decreases. For Rayleigh-Taylor instabil-
ities because it partially removes the high density spike near the contact discontinuity. For
efficient acceleration, because the contact discontinuityis brought close to the forward shock,
and as a result the reverse shock is at a larger radius, corresponding to a lower density at which
ejecta are shocked. A lower density of the shocked ejecta results in a lower ionization, which
reduces the consistency between the dynamics and the ionization age of Tycho. Note that
according to Warren & Blondin (2013) the expansion parameter is only mildly affected (at
the 3% level) by efficient cosmic-ray acceleration.3

So to sum up, both Rayleigh-Taylor instabilities and efficient cosmic-ray acceleration
may affect the dynamics and morphology of Tycho, but they aggravate the problem of the
low ionization age of theejecta, requiring higher ambient densities, which in turn createsa
problem for the expansion parameter of Tycho. So they do not solve the problems we have
tried to address in this study.

3To see this note that the Sedov self-similar solution, leading tom = 2/5 for the Sedov case, uses only dimen-
sional arguments, and not the equation of state of the plasma.The equation of state only enters as a linear numerical
factor for the shock radius as a function oft.
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3.4.1 On the origin of the circumstellar medium around Tycho’s SNR

The CSM used in our models was formed by a slow (uw ∼ 10 km s−1), short livedτw ∼

5 × 104 yrs wind with a mass loss rate oḟM ∼ 10−6 M⊙ yr−1. An important question is to
what type of Type Ia progenitor system this could be connected.

Circumstellar structures around SNe Ia progenitors are generally taken as evidence in
favour of a SD scenario, as mass outflows are expected from both the donor star and the
accretor. However, the winds that emanate from the WD surface (Hachisu et al. 1996b,
1999b) are inconsistent with our CSM models, as they are characterized by high terminal
velocities of the order of∼ 1000 kms−1. This kind of mass outflows forms extended cavities
instead of small, dense bubbles (Badenes et al. 2007b). The same line of argument applies to
main-sequence (MS) or subgiant donor stars as, due to their high gravitational potential, their
outflows are in the form of fast, tenuous winds. Consequently, our models do not support
the identification of the subgiant star found at the centre ofthe historical remnant (Tycho G,
Ruiz-Lapuente 2004) with the donor star in Tycho’s progenitor system.

The wind properties used in our models look rather similar tothe stellar winds of low or
intermediate mass giant stars. However, if Tycho’s progenitor was a symbiotic binary, the
surviving donor star would be observable in the centre of theSNR, as giants are luminous
stars. Kerzendorf et al. (2012) studied the properties of six stars that are lying in the geomet-
rical center of Tycho, attempting to find distinct properties that could characterize a Type Ia
companion star. Among these six stars, there are two giants with masses2.4 ± 0.8 M⊙ and
0.9 ± 0.4 M⊙ (Tycho A and Tycho C in their notation, respectively). Even if the distance of
these stars are within the estimated limits of Tycho’s distance, their low rotational velocity is
in conflict with a Roche-lobe overflowing giant-donor-star scenario and only a wind accretion
scenario is possible, as discussed by Kerzendorf et al. (2012).

Another issue for our preferred model is that the mass outflowphase (∼ 5 × 104 yrs) is
about one or two orders of magnitude smaller than the life time of a giant (τgiant ∼ 105 −
106 yrs, depending on the initial mass and metallicity). This requires that for our model the
WD exploded almost right after (∆t ∼ 5 × 104 yrs) the evolution of the donor star to the
giant branch. Although this is a possibility, it requires fine tuning, and in addition it requires
that an efficient mass transfer process took place at a previous stage of the binary evolution,
or a sub-Chandrasekhar explosion.

Other possible mass outflows scenarios may not require windsfrom the donor star. For
example, nova explosions have been shown to accompany the final phase of the binary evolu-
tion in several SNe Ia progenitor systems (see e.g. Hachisu et al. 2008b). The low ejecta mass
(Mej ∼ 10−7 M⊙) and high velocity (few× 103 km s−1) of a nova explosion form a small
cavity around the system, something that contradicts with the results of our models. But a
sequence of nova explosions, in which the nova shells collide and interact with each other,
could possibly form an ambient medium with properties similar to that of the CSM used in
our models. Further investigation and simulations of such asystem are necessary in order to
draw a firm conclusion on whether this can provide similar observational characteristics as
the small, dense wind bubble that we used in this paper.

Finally, there is the possibility that the CSM that surrounds Tycho has a DD origin. Pop-
ulation synthesis models of DD SNe Ia have shown that about0.5% of these systems ex-
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plode during or right after (∆t < 1000 yrs) the last common envelope (CE) episode (Ruiter
et al. 2013). A similar conclusion is also extracted from thecore-degenerate scenario of
SNe Ia (Ilkov & Soker 2012, Soker 2011). Could this (semi-) ejected common envelope
reveal similar properties with the CSM used in our model? Themass ejection process
during the CE phase is still not clear, and has been difficult to model, but recent simula-
tions show that the expected mass loss rate during the commonenvelope is of the order of
M ∼ 10−3 − 100 M⊙ yr−1 and the phase of this mass outflow is varying from a few months
to years (Ricker & Taam 2012). Thus, in this scenario a denserand smaller CSM is expected
compared to the CSM used in our models.

3.5 Conclusions

We have modelled the structure, evolution and X-ray emission of a Type Ia SNR resembling
Tycho’s SNR. We have shown that a delayed detonation explosion model combined with a
more complex CSM, namely a CSM modified by the wind of the progenitor system, can solve
some of the discrepancies in the models of Badenes et al. (2006). These discrepancies are
that the high ionization age of the shocked-ejecta requiresa high ambient medium density
(n ∼ 0.9 cm−3), which is at odds with measured dynamics of the SNR, which requires
n . 0.2 cm−3 (Reynoso et al. 1997, Katsuda et al. 2010).

The reason that a wind bubble model solves the discrepancy isthat a relatively dense
wind bubble in the central parsec surrounding the explosion, triggers an early formation of
the reverse shock, thereby increasing the ionisation age ofthe ejecta. On the other hand, the
compactness of the wind bubble ensures that currently the shock wave is moving through less
dense, undisturbed, ambient medium, thereby satisfying the measured expansion parameters.
The best-matching wind bubble model has a progenitor mass loss rate ofṀ ∼ 10−6 M⊙/yr
and wind velocity ofuw = 10 km/s. The mass-loss phase should be of the order of104− 105

yr, as then the shock wave of Tycho must have passed beyond thewind bubble and is moving
through the ambient medium.

For our models we used the ejecta structure and kinematics ofthe both the W7 defla-
gration model (Nomoto et al. 1984a) and the DDTc delayed detonation model (Bravo et al.
2005, Badenes et al. 2005). The DDTc wind model gave the best fit to the X-ray spectra of
Tycho while it reproduces its observed expansion parameter. The density of the ISM used in
this model is 0.4 cm−3 which is within the limit placed by the lack of thermal X-ray emis-
sion behind Tycho’s forward shock (Cassam-Chenaï et al. 2007), but 2-4 times higher than
estimates based on modeling of infrared observations of theremnant(Williams et al. 2013b).
The model based on the DDTc explosion also provides a distance estimate of2.7± 0.5 kpc,
which is estimated from both the total X-ray luminosity and comparing the predicted radius
and velocity to the angular radius of the SNR. This estimate is in agreement with independent
observational estimates.

Note that apart from the match between the synthetic spectrum and the observed spec-
trum, the W7 model with a bubble also provide good results. However, the W7 models do
not perform well when it comes to the spectral characteristics. An obvious discrepancy be-
tween the model and the data is that the W7 model predicts brighter magnesium (Mg XI Kα)
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emission than observed (see also the model fits in Badenes et al. 2006).
We contrast our best-matching model with best-matching uniform ISM models similar

to the one used by Badenes et al. (2006), also both with the W7 and DDTc Type Ia mod-
els. These models confirm the discrepancies in ambient medium densities between models
that best fit the X-ray spectra (n ∼ 0.8 − 1.4 cm−3) and models that best fit the measured
expansion parameter (n ∼ 0.13 cm−3).

Although the DDTc model with wind-loss from the progenitor system does give a better
description of the observed properties of Tycho, our model is likely a simplification of the
Tycho SNR. First of all we neglected the variation in shock and emission properties around
the SNR. We circumvented this variation by concentrating onthe more uniformly appearing
southwest-west region of the remnant, following also the work of Badenes et al. (2006). In
addition, our model could be further extended by including the potential effects of cosmic-
ray acceleration, hydrodynamic instabilities, and potential density gradients, the latter two
complications requiring 2D or 3D simulations. However, we have argued that including
cosmic-ray acceleration and hydrodynamic instabilities does not solve the discrepancies be-
tween ionisation age and shock kinematics that characterise SNR models involving a uniform
ambient medium.

Another open question related to our best-fitting CSM model is that the wind-loss history
of the progenitor is difficult to connect to existing realistic stellar evolution models of the
binary system, as the wind-loss phase is much shorter than may be expected from a giant
donor star. In this context it is worthwhile investigating whether a similar CSM structure can
be obtained by a sequence of nova explosions prior to the TypeIa explosion, creating a cavity
surrounded by a denser shell, which may be expected in the single degenerate scenario. Or
alternatively, whether a CSM altered by mass loss during a common envelope phase under
the assumption of double degenerate scenario, could be responsible for a higher density close
the explosion centre.

Acknowledgements.We are grateful to Carles Badenes and Eduardo Bravo for providing
us with the DDTc Type Ia model, Rony Keppens for his help with the AMRVAC code, and
Sergei Blinnikov for the use of the SUPREMA code. We also thank Anne Decourchelle
for carefully reading a draft version of this paper and for her helpful suggestions that have
helped us improve the manuscript. DK contribution was supported by Dutch ”open compe-
tition” grant and by the French national research agency (ANR) grant COSMIS. KMS has
received funding from grant number ST/H001948/1 made by theUK Science Technology
and Facilities Council.



CHAPTER 4

The many sides of RCW 86: a type Ia
supernova remnant evolving in its
progenitor’s wind bubble

S. Broersen, A. Chiotellis, J. Vink, and A. Bamba
submitted to MNRAS

Abstract We present the results of a detailed investigation of the Galactic supernova rem-
nant RCW 86 using theXMM-NewtonX-ray telescope. RCW 86 is the probable remnant of
SN 185 A.D., and a supernova which likely exploded inside a wind-blown cavity. We use
theXMM-NewtonReflection Grating Spectrometer (RGS) to derive precise temperatures and
ionisation ages of the plasma, which are an indication of theinteraction history of the rem-
nant with the presumed cavity. We find that the spectra are well fitted by two non-equilibrium
ionisation models, which enables us to constrain the properties of the ejecta and interstellar
matter plasma. Furthermore, we performed a principal component analysis on EPIC MOS
and pn data to find regions of spectral interest. We present evidence that the ejecta, emit-
ting Fe-K and Si line emission, are confined to a shell of approximately 2 pc width with
an oblate spheroidal morphology. Using detailed hydrodynamical simulations, we show that
general dynamical and emission properties at different portions of the remnant can be well-
reproduced by a type Ia supernova that exploded in a non-spherically symmetric wind-blown
cavity. We also show that this cavity can be created using general wind properties for a single
degenerate system. Our data and simulations provide further evidence that RCW 86 is indeed
the remnant of SN 185, and is the likely result of a type Ia explosion of single degenerate
origin.
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Figure 4.1: A three colour image of RCW 86. The red, green and blue coloursdenote 0.5-1.0 keV,
1.0-1.95 keV and 2.0-5.0 keV emission, respectively.

4.1 Introduction

Supernovae (SNe) represent the final phase of stellar evolution and chemically enrich and
energise the interstellar medium (ISM). Part of their explosion energy is used in the supernova
remnant phase to accelerate particles and in fact, SNRs are thought to be the main contributor
to Galactic cosmic rays with energies up to the knee in the cosmic ray spectrum (≈ 1015 eV).
Of special interest are type Ia supernovae, as they are used as cosmological standard candles,
and have been essential for the discovery that the Universe is accelerating (Riess et al. 1998,
Perlmutter et al. 1999). However, the progenitor systems ofType Ia supernovae are still a
matter of debate.

Both the topic of particle acceleration in supernova remnants (SNRs) and the nature of
type Ia supernovae make the SNR RCW 86 (also known as G 315.4-2.3 or MSH 14-63) a
very interesting object. Although the name RCW 86 originally referred to the optically bright
southwestern region, it is now also associated with the total remnant and we will therefore
use it throughout this paper. It has been suggested that it isthe remnant of an event recored
by Chinese astronomers in the year 185 A.D. (Clark & Stephenson 1975), although this is
still a matter of debate (see e.g. Dickel et al. 2001, Smith 1997, Vink et al. 2006). Located at
a distance of2.5± 0.5 kpc (Helder et al. 2013), RCW 86 is a shell-type SNR with an angular
diameter of 40 armin making it unusually large (R≈ 15d2.5 pc) for its age, if it is indeed the
remnant of SN 185. For the remnant to have reached this size in1830 years, it must have
been expanding with a mean velocity of around 7800 km s−1. This high velocity, but also
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several other characteristics, have led to the suggestion that the SNR has been expanding in
a low density, wind-blown cavity (Vink, Kaastra, & Bleeker 1997). The measured expansion
velocities of 500-900 km s−1 in the SW and NW (Long & Blair 1990, Ghavamian et al.
2001), and the≈1200 km s−1 measured in the NE and SE portions of the remnant (Helder
et al. 2013) suggest that different parts of the remnant are in different stages of interaction
with the dense surroundings of the wind cavity.

X-ray images of RCW 86 reveal a non-spherically symmetric shell with different mor-
phologies in the soft (0.5-2 keV) and hard (2 -5 keV) X-ray bands (Vink, Kaastra, & Bleeker
1997), as illustrated in Fig. 4.1. Rho et al. (2002) found, using Chandra data, that the hard X-
ray emission in the south western part of the remnant is closeto an Fe-K line emitting region.
They suggest that the hard X-ray continuum is synchrotron radiation coming from electrons
accelerated at the reverse shock of the remnant. The hard X-ray emission in the northeastern
part of the remnant is synchrotron radiation as well (Bamba,Koyama, & Tomida (2000), Vink
et al. (2006)). X-ray synchrotron radiation requires the presence of 10-100 TeV electrons, the
presence of which has been corroborated since then by the detection of TeV gamma-ray emis-
sion from this remnant (Aharonian et al. 2009). However, themeasured shock velocities in
the optical of 600–1500 km s−1 are too low to explain the occurrence of X-ray synchrotron
emission (e.g. Zirakashvili & Aharonian 2007b). Helder et al. (2013) argued though, that
either the shock velocity was much higher in the recent past (and the shock slowed down on
a timescale much shorter than the synchrotron cooling time of the electrons), or the shock ve-
locity measured in Hα are biased to lower shock velocities, as indicated by the higher shock
velocity measurement in X-rays for the northeastern part ofthe SNR (Vs = 6000 km s−1

Helder et al. (2009)). The latter possibility could arise ifthe cavity wall exists of clumpy
material, and the H-alpha shocks arise from parts of the forward shock which are moving
more slowly, in higher density regions.

Ueno et al. (2007) used the Suzaku telescope to map the Fe-K emission in the south-
western part of the remnant. They found that the distribution of the Fe-K line emission
anti-correlates with the hard X-ray continuum (3.0-6.0 eV), but that in fact the Fe-K emis-
sion correlates well with the radio synchrotron emission. Since radio synchrotron emission
originates from regions somewhat downstream of the forwardshock, they conclude that the
Fe-K emission must come from shocked ejecta. In addition, they measured an intrinsic line
broadening in this ejecta component of≈ 50 eV. Yamaguchi, Koyama, & Uchida (2011) used
additional Suzaku observations to take a more detailed lookat the Fe-K emission in the whole
of RCW 86. They confirmed that the line centroid suggests a lowionization state of Fe and
suggest a type Ia progenitor based on the amount of Fe presentin the remnant.

The question of what the type of supernova is that led to the formation of RCW 86 is
still open. The remnant is located in close vicinity to several B-type stars, which suggests
RCW 86 is the result of a core-collapse supernova (Westerlund 1969). Recently, however,
Williams et al. (2011a) argued strongly that it is the remnant of a type Ia explosion, pointing
to 1) the all-around presence of Balmer filaments (Smith 1997), 2) the high Fe mass found
in the interior of the remnant, 3) the lack of a pulsar wind nebula or neutron star in the SNR,
and 4) the lack of high abundance O emitting regions. They also show, using hydrodynamical
simulations, that if RCW 86 is indeed the remnant of SN 185 A.D., the currently observed
ambient medium densities, expansion velocities and size can only be explained if the remnant
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expanded in a low-density cavity. If RCW 86 is the remnant of atype Ia explosion, a cavity
can be created by a high velocity accretion-wind (Hachisu, Kato, & Nomoto 1996c, Badenes,
Hughes, Bravo, & Langer 2007c), which requires a white dwarfwhich accretes material in a
rate higher than the critical rate for stable hydrogen burning. A confirmation of the SN ex-
plosion type for RCW 86 would therefore not only be a confirmation that type Ia supernovae
can arise through the single degenerate channel, but also that these progenitor systems can
actively modify their environment.

In this work we aim to investigate the issues outlined above using theXMM-Newton
X-ray telescope. We use the high spectral resolution of the RGS instrument to investigate
the interaction history of the remnant with the cavity wall,and the imaging and spectral
capabilities of the EPIC CCDs to have a more detailed look at the presence of Fe-K and
other ejecta emission close to the forward shock. In addition, we use the principal component
analysis (PCA) technique to highlight regions of spectral interest, which we then further
investigate using the EPIC instrument. Finally, we use hydro-simulations to show that the
size, the dynamics and the emission properties of RCW 86 can be well-reproduced by a
single degenerate wind-blown cavity scenario.

4.2 Data Analysis

4.2.1 XMM-Newton data

For our analysis, we used allXMM-Newtonpointings available (see Table 4.1) for RCW 86.
All of the listed EPIC data were used to create Fig. 4.1, usingthe extended source analysis
software ESAS (Snowden, Collier, & Kuntz 2004).

For the Reflection Grating Spectrometer (den Herder et al. 2001), we used the pointings
shown in Fig. 4.2. The data were screened for flaring, after which we extracted the spectra
using the normal pipeline software SAS V 12.0.1. Because RCW86 is an extended source,
the edges of the RGS CCDs cannot be used for background subtraction. We therefore used
blank sky observations of similar orbit and large observation time as background. The often
extended angular size of supernova remnants can be a problemwhen observing with the RGS.
It causes emission lines to broaden, for photons of the same wavelength enter the instrument
at slightly different angles, and are therefore reflected onto the CCDs at slightly different
angles. Although RCW 86 has a large angular diameter, the line broadening is not such a
problem as it is in e.g. SN 1006 (Broersen et al. 2013b), whichhas similar angular diame-
ter. RCW 86 has a shell-like structure, with the thermal emission located mostly in narrow
filaments of only a few arc minutes in width. Since the line broadening is approximately

given by∆λ = 0.124
(

∆φ
1′

)

Å, where∆φ is the angular width of the emitting region, the

broadening is limited to a few tenths of Å. We correct for thiseffect, as in previous work
(Broersen et al. 2013b), by convolving the RGS response matrix with the emission profile
along the dispersion axis.

For the EPIC spectra we use the normal XMM-SAS pipeline software. The data were
screened for periods of high flaring using the ESAS software.The spectral analysis was done
with SPEX version 2.03.03 (Kaastra, Mewe, & Nieuwenhuijzen1996b). The errors are 1σ
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Table 4.1: List of XMM-Newtonobservations done for RCW 86.

OBSID RA DEC time [s] orbit
0110011301 220.56 -62.37 19566 126
0110011401 220.51 -62.22 18677 126
0110010701 220.73 -62.63 23314 126
0110010501 220.14 -62.60 16097 309
0110012501 220.24 -62.72 12232 592
0208000101 221.26 -62.30 59992 757
0504810101 221.57 -62.30 116782 1398
0504810601 221.57 -62.30 36347 1399
0504810201 221.40 -62.47 75216 1406
0504810401 220.15 -62.60 72762 1411
0504810301 220.50 -62.22 72381 1412

unless otherwise stated.

4.2.2 Principal component analysis

As mentioned above, we used principal component analysis (e.g. Jolliffe 1986, for an ex-
tended description of the subject) to find regions of interest for spectral extraction. Principal
component analysis (PCA) is a statistical analysis technique which was successfully applied
by Warren et al. (2005a) for the analysis of Tycho’s SNR.

As input for this analysis we created several images in energy bands which are associated
with different emission lines or with non-thermal continuum emission (see Table 4.4). The
PCA will then proceed to find the ‘axis’ along which the data show the largest variation, and
this will be the first principal component. It will then proceed to find new axes orthogonal to
the previous ones, in which, again, the data show the largestvariation. In this way, one ends
with a number of principal components, each accounting for part of the variation in the data,
with the first principal components accounting for most. This technique is very useful for
identifying correlations and anti-correlations between images in different energy bands that
are associated with different types of radiation and emission lines. Especially when dealing
with large datasets this technique is useful, for it immediately highlights regions of potential
interest. We will show the results of this analysis in section 4.4.
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Figure 4.2: An inverted greyscale image of the 0.5-1.0 keV band of RCW86.Overlaid in green are the
regions from which the RGS and MOS spectra shown in section 4.3.1 are extracted.

4.3 Results

4.3.1 RGS Data

RCW 86 has been observed usingXMM-Newtonon numerous occasions (see Table 4.1). We
focus here on four RGS observations, which were chosen such that each of the four quadrants
of the remnant were covered.

The high resolution of the RGS allows for accurate measurements of fluxes and energies
of line emission, which in turn can be used as diagnostic tools for the state of the plasma from
which it originates. When a plasma is suddenly shocked it is under-ionised, after which it will
go to ionisation equilibrium on a density dependent timescale t ≃ 1012.5/ne s, where ne is
the electron density. The quantityτ = net is referred to as the ionisation age (Vink 2012).
This ionisation age, together with the temperaturekT , are the most important parameters in
non-equilibrium ionisation (NEI) models which have been successfully applied in describing
SNR plasmas. An important plasma diagnostic is the G-ratio,which is a measure of both
temperature and ionisation ageτ (e.g. Vink 2012). This G-ratio is based on the He-like line
triplet of O VII , and is defined as (F+I) / R. F (λ=22.098 Å)1s2s3S1 → 1s2 1S0 is the for-
bidden transition, I (λ = 21.804, 21.801 Å) is the sum of the two intercombination transitions
1s2p3P1,2 → 1s2 1S0, and R (λ = 21.602 Å) is the resonance transition1s2p1P1 → 1s2 1S0.
A different diagnostic is based on the ratio of OVIII Heα / O VII Heβ, which can be related
to the ionisation age. To measure the strengths of the triplet lines, we first fitted the spectrum
with a single absorbed NEI model. We then used this to model the overall spectrum, except
for the triplet lines themselves. For the triplet lines we used gaussian line profiles, with the
energies fixed to the laboratory values. The line widths wereallowed to vary, but were cou-
pled for the lines. A similar procedure was used for all emission lines listed in Table 4.3.
Table 4.3 shows the line strengths of the O lines and of FeXVII lines, which can also be
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Figure 4.3: Grid of temperature and net (τ ) values created with SPEX, with the observed line ratios
plotted of the different regions of the remnant. This figure is inspired by the final figure in Vedder
et al. (1986). Note that, although this is not shown in the figure, the G-ratio increases dramatically for
τ ≤ 2 × 109 cm−3 s (Vink 2012), while the OVIII / O VII ratio keeps decreasing, so that the NE
region can also be fit by NEI models with highkT and lowτ .

used as a diagnostic (Gillaspy et al. 2011). The line ratios of O can be combined to provide a
unique measurement of bothkT andτ of a plasma, based solely on lines which are often very
prominent in SNR plasmas. As in Vedder et al. (1986) we have created a grid of the two O
based line ratios using the NEI model in SPEX, in which grid wehave plotted the measured
line ratios Fig. 4.3 .

Although the error bars are quite large, the line ratios still show a clear trend in both ioni-
sation age and temperature. The SW and NW regions seem to havethe highest ionisation ages
and lowest temperatures, while the SE and NE regions have higher temperatures and lower
ionisation ages. Although it is not shown in the figure, the G-ratio increases dramatically for
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Figure 4.4: The RGS (left) and MOS (right) spectra of the, from top to bottom, NW, SW, SE and NE
region of RCW 86. In the MOS spectra, the red line represents the best fit model with the parameters
shown in Table 4.2 , which consists of a lowkT (green) and a highkT (blue) NEI component, and in
the SW region a powerlaw (magenta).
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Figure 4.5: Close up of the 9-12 Å region. The model (solid black line) consists of a single NEI model
combined with two Gaussians, which are also shown. Both RGS 1and RGS 2 data and model are
shown. Note that the RGS 1 region has a chip defect, due to which it cannot detect emission in the
10–14 Å range.

high temperatures at ionisation ages belowlog(τ) = 9.6, so that the NE region line ratios are
also consistent with a highkT , low τ model. The O lines in the RGS spectrum may be the
result of a mix of different plasmas, but this still gives an overall correct trend of thekT / τ
of the O plasma, as confirmed by our spectral modelling (see Table 4.2).

We fitted the RGS spectrum simultaneously with the EPIC MOS 1 and 2 spectra, extracted
from a square region of5× 5 arcmin lying exactly on the RGS pointing. The reason for this
is that with the RGS data alone it is not possible to accurately determine thekT of the high
temperature model, as it is not that sensitive to the continuum emission. In order to make
simultaneous fits, the MOS spectra were normalised to the RGSspectra, which is needed to
take into account the effects of differences in the regions contributing to the RGS spectra.
Fitting data from the two instruments together may artificially inflate the obtained C-stat /
d.o.f., due to cross-calibration errors in the effective areas of the instruments. We used C-stat
as a fit statistic (Cash 1979), for it is more reliable at lowercount rates, and approachesχ2

for higher count rates. The RGS spectra are shown in Fig. 4.4 and the MOS spectra in Fig.
4.4. In all cases, we first attempted to fit the spectrum with the hydrogen column densityNH

as a free parameter, and a single NEI model with fixed abundances. In all quadrants, the C-
stat improved significantly both by freeing abundance parameters and by adding another NEI
component to account for the presence of a differentkT plasma, or by adding a power law
in the case non-thermal emission is expected. Although the plasma properties vary between
the different regions of the remnant (Table 4.2) the models are largely consistent with each
other, with the exception of the northeastern (NE) region. In the southwest (SW), northwest
(NW) and southeastern (SE) regions, the best fit model consists of two NEI components, of
which one has sub solar abundances, lowkT and highτ , while the other NEI component
has highkT , lower τ , and elevated, super solar abundances, most notably of Fe. In the
SW region an additional power law is required to fit the data. This is consistent with figure
4.1, where the brightest non-thermal emission is visible inthe SW part of the remnant. The
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Table 4.2: Results of the joint MOS (0.4-7.0 keV band) and RGS (5-30 Å band) fitting of different
regions of the remnant.

Parameter SW NW SE NE
Nh 1021 cm−2 4.61+0.01

−0.05 3.64+0.11
−0.11 3.81+0.08

−0.09 3.67+0.06
−0.05

nenHV 1058 cm−3 2.62+0.16
−0.02 0.16+0.03

−0.02 0.16+0.02
−0.01 0.50+0.08

−0.05

kT keV 0.20+0.01
−0.01 0.34+0.02

−0.02 0.32+0.01
−0.01 1.16+019

−0.22

τ 109 cm−3 s 98.1+2.5
−5.5 62.5+15.8

−10.7 29.1+1.1
−1.1 4.28+0.54

−0.35

C(a) 0.27+0.03
−0.04 0.42+0.32

−0.21 0.57+0.12
−0.13 0.2

N 0.13+0.01
−0.01 0.05+0.02

−0.02 0.19+0.03
−0.03 0.2

O 0.15+0.01
−0.01 0.12+0.02

−0.01 0.19+0.03
−0.04 0.2

Ne 0.33+0.01
−0.02 0.22+0.03

−0.03 0.26+0.01
−0.02 0.2

Mg 0.49+0.01
−0.01 0.13+0.02

−0.01 0.18+0.03
−0.03 0.2

Si 0.40+0.09
−0.07 0.08+0.03

−0.03 0.34+0.11
−0.10 0.2

Fe 0.10+0.01
−0.01 0.02+0.01

−0.01 0.06+0.01
−0.01 0.2

nenHV 1055 cm−3 2.6+0.03
−0.11 6.76+0.48

−0.53 2.0+0.5
−0.4 −

kT keV 3.34+0.05
−0.07 2.43+0.23

−0.19 3.46+0.44
−0.33 −

τ 109 cm−3 s 14.8+0.02
−0.01 2.00+0.07

−0.06 2.69+0.21
−0.11 −

C 1 1 1 −

N 1 1 1 −

O 12.1+0.6
−0.4 0.71+0.11

−0.12 1.61+0.33
−0.29 −

Ne 2.56+0.19
−0.19 0.26+0.12

−0.11 0.00+0.14
−0.00 −

Mg 1 1 0.39+0.19
−0.21 −

Si 1.36+0.13
−0.09 0.85+0.17

−0.16 1.37+0.32
−0.35 −

Fe 2.26+0.05
−0.04 23.8+8.2

−6.1 7.53+2.90
−3.01 −

norm 1044 ph
s∗keV 0.0151+0.00004

−0.00003 − − 0.69+0.01
−0.01

Γ(b) 3.87+0.05
−0.04 − − 2.67+0.02

−0.02

C-stat/d.o.f. 3447 / 982 1961 / 986 2031 / 902 1172 / 709

aThe abundances are in terms of Nx / Nx,solar, where Nx is the number of particles of the element in question.
bThe photon number index, i.e.:N(E) ∝ E−Γ.

elemental abundances of the lowkT model seem to have a mean value around 0.2 Solar,
which is similar to values found by Borkowski et al. (2001) and Vink et al. (2006). Given
that the NEI component with the higher temperature and lowτ has elevated abundances, it
is likely that this component is associated with shocked ejecta. The lowkT component is
probably shocked ambient medium. Our hydrodynamical modelling is consistent with this
interpretation (Section 4.5).

The SW region is the brightest region in the remnant both in thermal and non-thermal
emission, as is clear from Fig. 1. This brightness results ina rich RGS spectrum (see Fig.
4.4), which contains a plethora of emission lines from many different elements, including
C, N, O, Ne, Mg, Si and Fe. The best-fit model of this region includes two NEI models
with ionisation age andkT as mentioned above, and a power law. The figure shows that
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the model spectrum gives a qualitatively good fit. However, the C-stat / degrees of freedom
(d.o.f.) is sometimes still quite high, which is mainly caused by remaining instrumental
cross-calibration problems, which do not affect the overall best fit parameters. For example,
when we fitted the same models separately to the RGS and MOS spectra, it gives much better
values for C-stat / d.o.f. statistics for the individual spectra, but with only minor differences
in the best fit parameters compared to the joint fits. Overall,the main discrepancies between
the model and the spectra appear to be the FeXVII lines at 15 Å and 17 Å, a region between
10 Å and 12 Å (1.24 - 1.03 keV) and the region between 19–21 Å. The difference between
fit and model of the FeXVII lines seems mainly to originate from a normalisation difference
between the both RGS and the MOS instruments. The spectrum between 10-12 Å has been
a problematic region to fit for a long time for different SNRs (e.g. Broersen et al. 2011), a
problem which has mainly been attributed to missing Fe-L lines in the current plasma codes.
The good statistics of this spectrum give us the opportunityto identify which lines exactly
are missing. The data require two additional Gaussians withwavelengths 10.04 Å and 10.4
Å (see Fig. 4.5). According to the NIST database there are several possible elements which
emit in this energy region, which could be responsible for these lines, including NiXXI and
Fe XXI , or higher charge states of these elements. There are, however, Fe XVIII lines present
at both wavelengths. Since, for the NEI parameters found, most of the Fe has not been ionised
to Fe XX , Fe XVIII seems the most likely candidate to account for the missing lines in this
region. The overall SW spectrum is well fit by our two component model. However, our
model predicts a higher centroid energy for the Fe-K emission in this region than observed.
The Fe-K emission in this region, as elsewhere in the SNR, hasa centroid consistent with
6.4 keV, consistent withτ < 2× 109 cm−3 s, but in our model it is fit with a component with
an ionisation age of1.5× 1010cm−3s. Likely the two component model for this region is an
oversimplification, but unfortunately a three-component model is ill-constrained.

For the NW and SE region, the fit parameters of the ISM, lowkT component are very
similar, with the exception of the ionisation age. The highkT NEI component accounts for
most of the Fe and Si and some of the OVII emission. The centroid energy of the Si-K
line is a direct measurement of the ionisation state of the plasma, where a higher centroid
indicates further ionised Si. The low centroid of Si-K at 1.80 keV in this region cannot be
accounted for by the ambient medium NEI component, because its ionisation age is too high.
The centroid energy and ionisation age make it likely that the the Si-K and the Fe-K indeed
originate from the same ejecta plasma, which is expected to have been shocked more recently
by the reverse shock. The principal component analysis detailed in section 4.4 indicates that
the Si and the Fe ejecta are co-located, and also suggests that they originate from the same
plasma. Fitting Si-K and Fe-K with a single NEI model seems therefore justified. ThekT
andτ of the ambient medium component are a bit different than expected from Fig. 4.3,
which is caused by a significant contribution to the OVII emission by the hottest component
(Fig. 4.4).

The NE region of the remnant is mostly dominated by non-thermal emission and therefore
the RGS spectrum shows only weak lines of O and Ne. The best fit model contains both a
power law and an NEI component with abundances fixed at 0.2 times solar, more or less the
mean value obtained from fits of other regions. Contrary to the other three regions, this region
does not show emission associated with ejecta components. As is already apparent from Fig.
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Table 4.3: Important diagnostic line fluxes and ratios from different regions of the remnant. The
line strengths were obtained using a bremsstrahlung continuum and Gaussians, with an absorption
model with Nh fixed at4× 1021 cm−2.

Wavelength (Å) Flux(1041 ph s−1)

SW NW SE NE
O VII 18.60 2.17+0.10

−0.08 0.73+0.05
−0.05 1.14+0.09

−0.08 0.18+0.03
−0.00

r 21.60 12.60+0.56
−0.56 5.16+0.35

−0.34 6.03+0.42
−0.43 0.94+0.14

−0.00

i 21.80 2.89+0.69
−0.57 1.11+0.33

−0.34 1.23+0.51
−0.52 0.00+0.21

−0.00

f 22.05 8.26+0.45
−0.51 3.35+0.34

−0.31 2.85+0.34
−0.34 0.49+0.17

−0.00

O VIII 18.96 6.81+0.11
−0.14 1.73+0.09

−0.09 1.66+0.14
−0.13 0.02+0.03

−15.01

FeXVII 15.01 1.02+0.04
−0.03 0.22+0.02

−0.02 0.34+0.02
−0.02 −

15.24 0.64+0.04
−0.05 0.16+0.02

−0.02 0.21+0.03
−0.02 −

16.78 0.98+0.04
−0.05 0.21+0.03

−0.03 0.24+0.04
−0.03 −

17.05 1.64+0.08
−0.06 0.34+0.04

−0.04 0.60+0.06
−0.05 −

G-ratioa 0.88+0.08
−0.09 0.86+0.11

−0.11 0.68+0.11
−0.11 0.52+0.29

−0.19

O VIII / O VII 3.14+0.15
−0.23 2.39+0.22

−0.21 1.46+0.17
−0.15 0.09+0.18

−0.09

s / Cb 2.57+0.13
−0.14 2.50+0.32

−0.32 2.48+0.26
−0.25 −

C/ Dc 1.60+0.11
−0.17 1.41+0.25

−0.23 1.64+0.23
−0.22 −

adefined as thef+i

r
(see text)

bAs in Gillaspy et al. (2011), defined as s = 16.78 Å + 17.05 Å, C = 15.01 Å
cC = 15.01 Å. D = 15.24 Å

4.3, there is a degeneracy in the model for the NE region, in that the data can be fit both by
a highkT , low τ model, or a lowkT , log(τ) ≈ 10 model. This became apparent while
fitting the data as well, in that both cases of the model gave very similar C-stat / d.o.f. values.
Based on the data alone it is difficult to make a distinction between the models, although the
highkT model seems to fit slightly better. This model however seems the most likely in the
framework of a cavity explosion. Since there is synchrotronemission coming from this part
of the remnant, and the forward shock velocity is about 1200 km s−1 based on Hα emission,
the shock must have slowed down due to contact with the cavitywall quite recently, otherwise
the electrons would have lost their energy. The cooling timescale of relativistic electrons is
≈ 180 years (Helder et al. 2013). If we take that to be the timescalein which dense material
got shock-heated, we expect for a density of 1 cm−3 an ionisation age of5.7 × 109 cm−3 s.
This number agrees quite well with the ionisation timescalethat we find in this region.
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4.4 Principal Component Analysis

The ejecta composition and distribution is important to identify the nature of the supernova
explosion that created RCW 86 . One obvious emission featureassociated with the ejecta is
the Fe-K line at 6.4 keV coming from strongly under-ionised Fe (Vink, Kaastra, & Bleeker
1997). The Fe-K flux per pixel is rather low, so making a map of the Fe-K emission results
in a rather noisy image, that is contaminated not only by background radiation, but also by
continuum emission from RCW 86. However, identifying the components responsible for
Fe-K emission is helped by using a principal component analysis. This technique reduces
the effects of low statistics, because it explores the correlation that exists between the various
energy bands, and is, therefore, less affected by noise in a single line image. Note that we
use the PCA as a tool for finding interesting regions only. We always checked the implied
correlations by taking spectra of the different regions identified by the PCA, so that there will
be no false positive detections.

The PCA givesnbands−1 different components, which all account for part of the variation
in the data. The principal components are ranked in order of amount of variance in the data
they account for, with the first principal component accounting for most. It should be noted
that the principal component accounting for the largest amount of variation in the data is
not always of direct interest. For example, for RCW 86 the second principal component
identifies the thermal- and non-thermal emitting regions, which have been already identified
using standard analyses. In addition, not all (anti-)correlations can be easily interpreted in
terms of physical models. The complete results of this analysis are available online and we
list here only the most interesting component with regards to ejecta distribution, which is
the third principal component. Fig. 4.7 shows the PC scores of this third most significant
principal component. The component selects regions which show correlations between the
Fe-K and the Fe-L, Mg, and Si bands, but anti-correlates withregions that show strong hard
X-ray continuum, and O, and Ne line emission. Fig. 4.6 shows in white the regions that show
Fe-K emission, corresponding to the negative values in Fig.4.7, while the blue and black
pixels show regions corresponding to the positive values. Fig. 4.8 illustrates our use of PCA
for RCW 86. The red line shows a spectrum taken from the negative regions, while the black
line shows a spectrum from the positive regions. The spectrum in black clearly shows more
O and Ne, but no Fe-K emission, while the spectrum in red showsclear Fe-K and little O
emission.

The overall morphology of the white region in Fig. 4.6 has a striking resemblance to an
ellipse with parts in the SE and the West missing. An ellipse is more or less what we would see
if the emission is coming from matter distributed as an oblate spheroid shell. If this PC indeed
selects for the presence of ejecta, this gives an interesting view on the ejecta distribution. As
we are primarily interested in Fe-K emission, we checked whether the principal component
indeed selects for its presence by making masks resembling of the white regions. We then
used these to extract the spectra which are shown in Fig. 4.10. We fitted the spectra with
an absorbed power law to account for the continuum emission,and an absorbed Gaussian
with width and centroid as free parameters to model the Fe-K line. The presence of the Fe-K
line is significant in the SW, NW and eastern regions. The Fe-Kline was not significantly
detected in the southern part (below the ‘ellipsoid’ shape). However, the NE region in the
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PC map is connected with the region south of it, for which we dodetect Fe-K emission. So
it seems plausible that Fe-K emission is present, but that deeper observations are needed to
detect it. The pointing (0110010701) covering the most southern area that lights up in this
PC component has one of the lowest observation times of all pointings. We therefore do not
totally trust whether an additional Fe-K emitting region ispresent there, but planned future
XMM-Newtonobservations will be used to verify the nature of the emission in this region.

The parameters of the models fitted to the Fe-K spectra are shown in Table 4.5. Several
plasma parameters can be determined from the Fe-K line properties. The centroids of the
Fe-K line are a diagnostic of the ionisation state of the Fe (e.g. Palmeri et al. 2003), where
a higher centroid energy corresponds to a higher charge state, which may indicate that the
Fe in the eastern part of the remnant has the highest degree ofionisation. We find that the
Fe-K line is broadened in the SW part of the remnant, at a FWHM of 0.20 ± 0.03 keV (or
σ = 85 ± 13 eV, corresponding toσv = (4.0 ± 0.6)× 103 km s−1. The other spectra show
no significant broadening, although this may be due to poorerstatistics. The broadening of
the Fe-K line in the SW can have different causes: it can arisefrom a mixture of different
ionisation states in the plasmas, to different line of sightvelocities, or it may arise from
thermal Doppler broadening. We will revisit this subject inthe discussion. Ueno et al. (2007)
found a broadening of the Fe-K line in the SW part of the remnant of 50 eV. In addition,
we confirm their finding of the presence of the Kβ line emission in the SW spectra. Using
a gaussian with a width fixed to the Kα line width and varying the centroid energy, the line
is detected at 4σ confidence level, with a line luminosity of1.93+0.52

−0.51 × 1040 ph/s. The
centroid is7.07+0.03

−0.02 keV. Since the probability of a Kβ transition decreases with the number
of electrons in the M-shell, the Kβ / Kα line ratio is a diagnostic of Fe charge. However, the
uncertainty in this ratio of0.15 ± 0.04 is too large to make a clear distinction between the
different charge states.

Besides the presence of ejecta in the form of Fe, there have been no reports so-far of
emission from intermediate mass elements (IME) clearly associated with the ejecta in RCW
86, such as Si, S, Ar and Ca. We do not detect Ar and Ca emission,but there does seem to be
significant Si-K line emission from a region co-located withthe Fe-K emitting plasma, with a
low ionisation age. Fig. 4.9 shows the spectrum of the white northern inner region of Fig. 4.6.
We detect the Si-K line emission with both the MOS and pn cameras, but unfortunately the
MOS cameras have a strong instrumental Si line at 1.75 keV. For that reason we concentrated
on the pn data for the analysis of the Si-K line emission. As wehave discussed above, using
only the Fe-K line emission we cannot accurately constrain the properties of the Fe plasma
for charge statesZ < 12. However, since we find the lowly ionised Si and Fe-K emission
at corresponding locations, we are able to fit the Fe and Si with the same NEI model, which
allowed us to constrain the ionisation age and emission measure of the Fe. This assumes that
the Si and Fe emission have been shocked at similar times and locations. In core-collapse
supernovae the ejecta are usually fairly mixed, but in the case of type Ia supernovae, where
ejecta seems stratified (Kosenko, Helder, & Vink 2010b), theSi is likely located in a layer
outside of Fe and therefore the best fitτ is an upper limit to the Feτ .

The spectrum identified by the third principal component is best fit by a three component
model: one NEI component for the lowkT shocked ISM emission in the line of sight, one
NEI component to account for low ionised Si and Fe-K, and a power-law component (see Fig.
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Table 4.4: Energy bands of images created as input for the principal component analysis.

Energy spectral
[eV] interest

500 – 600 OVII

601 – 700 OVIII

701 – 860 Fe -L
861 – 980 NeIX He-α
981 – 1250 NeIX He-β

1251 – 1500 MgXI

1701 – 1999 SiVI -XIII

2000 – 5000 Continuum
6300 – 6500 Fe -K

4.9). The ISM component cannot account for the Si emission line, and it is therefore likely
that the Si emission originates form shocked ejecta. The high kT NEI component likely
accounts for the shocked ejecta plasma. Notice that the temperature of this component is not
well constrained, but is possibly very high. Such high temperatures are not unreasonable, as
in section 4.5 we see that the (ion) temperatures of the shocked ejecta can be in excess of
1000 keV. Of course the electron and ion temperatures may be far out of equilibrium.

The ejecta component shows only weak continuum emission, and, therefore, there is a
degeneracy in the model between either a higher normalisation coupled with lower Fe abun-
dance, or a lower normalisation coupled with higher Fe abundance. This is caused by the
fact that the ejecta consists of almost pure Fe and Si, and contains little hydrogen atoms that
can contribute to the brehmsstrahlung emission. The continuum is mainly bremsstrahlung
caused by electron-Fe collisions. To account for the degeneracy we fixed the Fe abundance
at 10000, which at solar abundance means that there are more Fe particles than H particles
present in the plasma. In this way the NEI component mimics a plasma where Fe and Si are
the main sources of free electrons. This is well known as a pure Fe plasma (Kosenko et al.
(2010b), Vink, Kaastra, & Bleeker (1996)). Note that the exact value at which we fix the Fe
abundance is not important, as at high values it is inverselyproportional to the normalisation
(see also Eq. 4.2). The best-fit ionisation age of the ejecta component is mainly constrained
by the centroid of the Si line, and by the absence of prominentFe-L emission, which arises
at τ ≥ 2 × 109 cm−3 s. Although the uncertainty on some parameters is quite large, the
normalisation is reasonably well constrained, and we use this to determine the Fe mass in
section 4.6.1.

4.5 Simulations

In order to obtain further insight into the evolution of RCW 86, we perform one dimensional
(1D) hydrodynamic simulations. We retain the idea that the historical remnant was the result



72 THE MANY FACES OFRCW 86

Table 4.5: Fit parameters belonging to the spectrum shown in Fig. 4.10.

SW NW E
power law(1044 ph/s/keV) 0.53+0.07

−0.05 3.92+6.41
−1.96 (×10−2) 0.21+0.05

−0.02

Γ 2.92+0.08
−0.07 3.84+0.64

−0.45 3.08+0.13
−0.07

Gaussian(1041 ph/s/keV) 1.26+0.07
−0.07 0.06+0.01

−0.01 0.11+0.03
−0.02

centroid (keV) 6.42+0.01
−0.01 6.41+0.01

−0.01 6.46+0.02
−0.02

FWHM (keV) 0.14+0.02
−0.02 0.001+0.08

−0.001 0.00+0.13
−0.00

Figure 4.6: The third principal component. The white pixels are positive values of the principal com-
ponent, which have a correlation in their spectra between Fe-L, Ne Heβ, Mg, Si and Fe-K. The black
pixels show a correlation between OVII -VIII , Ne Heα and the continuum.

of a single degenerate (SD) explosion in a cavity shaped by the mass outflows of the progen-
itor WD, as argued by Williams et al. (2011a). We aim to reproduce its general observational
properties, which can be summed up as follows: a) The remnanthas a large diameter of
∼ 29 ± 6 pc but at the same time rather low expansion velocities of∼ 500 − 900 km s−1

in the SW/NW and∼ 1200 km s−1 in the SE/NE, b) the X-ray spectra reveal two emitting
plasma components where the first is characterised by a high ionisation age and low tem-
perature and corresponds to the shocked ambient medium (AM), and the other characterised
by low ionisation age and high temperatures which corresponds to the shocked ejecta, c)
from the PCA analysis we obtain that the Fe-K emission is distributed in a shell close to the
forward shock.

The morphological, dynamical and emission properties of RCW86 deviate substantially
from spherical symmetry and thus they can not be approached at the same time by a 1D
model. Therefore, we focus in our 1D modelling on the SW and NEcorners of the remnant
as they mark the two ‘extremes’ in terms of the dynamics and the emission properties. Never-
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Figure 4.7: Eigenvalues of the third principal component. Bands with positive values are correlated in
the blue / black regions in Fig. 4.6, while bands with negative values are correlated in the white regions
of the same figure.

theless, we discuss how such a model could be extended to explain the overall characteristics
of the SNR.

4.5.1 Method

We employ the AMRVAC hydrodynamic code (Keppens et al. 2003)to simulate the cavity
formed by the progenitor system and the evolution of the subsequent supernova explosion in
it. We perform our calculation in a one dimensional grid considering spherical symmetry in
the other two. Our simulation size corresponds to9×1019 cm (29 pc) and we use a resolution
of 240 shells on the base level. Based on the adaptive mesh strategy of the code, we allow for
seven refinement levels at which the resolution is doubled wherever large gradients in density
or/and energy are present. Hence, the maximum effective resolution becomes5.9× 1015 cm.

We simulate the WD’s accretion wind and the formation of the cavity that surrounds the
explosion centre imposing a mass inflow at the inner boundaryof the grid with a density
profile of ρ = Ṁ/(4πuwr

2) and momentum per unit volume ofmr = ρ ∗ uw, whereṀ is
the mass loss rate of the wind,uw is the wind terminal velocity andr is the radial distance
from the source. This WD wind cavity simulation includes four variables: the mass loss rate
of the wind, its terminal velocity, the time duration of the wind phase and the density of the
interstellar medium (ISM). Fortunately, independent studies put constraints on the range of
these variables: the mass loss rate and the time of the wind phase should be in agreement
with the binary evolution models of the SN Ia progenitors andthus they should be in the
range of10−7 − 10−6 M⊙ yr−1 and105 − 106 yr, respectively (see e.g. Fig 1 of Badenes
et al. 2007c), while the wind terminal velocity is of the order of 1000 km s−1due to the high
gravitational field of the WD. Finally, the density of the ISMshould be around0.1− 1 cm−3
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Figure 4.8: Spectrum of a negative (grey) and positive (black) PC scoresas shown in Fig. 4.7. In
other words, the red spectrum is extracted from a white and the black spectrum from a black region in
Fig. 4.6. The correlations implied by the PC scores is clearly present in the spectrum, where the red
spectrum shows a lot less O and Ne emission, but has a presenceof Fe-K, while the black spectrum
shows no Fe-K, but has strong O and Ne lines.

to be consistent with the inferred AM densities of RCW86 obtained by infrared observations
(Williams et al. 2011a).

Subsequently, within this wind-blown cavity we introduce the supernova ejecta and we
let the SNR develop. During the SNR evolution we keep track ofthe position of its forward
shock (FS), contact discontinuity (CD) and reverse shock (RS) in order to study the dynam-
ical properties of the remnant. The initial density and velocity profile of the SN ejecta is
described by the DDTa delayed detonation explosion model (Badenes, Bravo, Borkowski, &
Domínguez 2003, Bravo, Tornambe, Dominguez, & Isern 1996).The explosion model also
gives us the initial density distribution of Fe and Si ejecta, and we follow their distribution
during the SNR evolution. In this way we can correlate the results of the simulation with the
Fe and Si emission properties which the X-ray observations that RCW86 reveals.

This specific explosion model was chosen as it produces the maximum mass of iron-
group elements and the lowest mass of intermediate mass elements compared to other DDT
and deflagration models (see Table 1 of Badenes et al. 2003). Such a chemical composition
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Figure 4.9: pn spectrum of the NW region, where there is an ISM plasma component (magenta), a
power law (blue) and an ejecta component (green) which showsthe Si line at 1.79 keV. This line is
mainly produced by SiVIII -X.

Figure 4.10: MOS spectra of the Fe-K line of the southwest, east and northwestern region of RCW 86.
The MOS 1 and 2 spectra for the east and northwestern regions were added together so the Fe-K line is
more visible.
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Figure 4.11: Top left: The density (solid line) and temperature (dashed line) radial structure of the
wind cavity at the moment of the SN explosion. Top right: The SNR evolving in this cavity at the age
of RCW 86, here the dashed line indicates theplasmavelocity. Bottom left: The same as the top right
panel, but now the dashed line indicates the plasma temperature, whereas the blue and yellow lines
depict the Fe and Si density distribution in the SN ejecta. The symbols RS,CD, FS show the position
of the reverse shock, contact discontinuity and forward shock respectively. Bottom right: The time
evolution of the FS velocity of the top panel’s model (solid/black line) which corresponds to the NE
region of the remnant. The red/dashed line represents a model in which the FS collided with the dense
wall 80 years earlier. This may be a representation of the history of the SE SNR/shell interaction (see
text for details).

of the SN ejecta seems to be consistent with what we observe inRCW86. The total Fe and Si
mass of this explosion model is1.03 M⊙ and0.09 M⊙ respectively.

4.5.2 Results

NE region

The NE region of the remnant reveals the highest expansion velocities while at the same time
the faintest thermal emission. These properties suggest that the SNR blast wave interacts
with a less dense or/and more recently shocked AM, as compared to the SW region. Intrigu-
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ingly, this region reveals a discrepancy between the plasmavelocity as it is measured from
its X-ray andHα emission. In particular, the former shows a high expansion velocity of
6000 km s−1(Helder et al. 2009), something that is consistent with the synchrotron emission
observed in this region, while theHα emission from the NE filaments reveals a much lower
mean velocity of1204 ± 575 km s−1(Helder et al. 2013). The properties of this SNR por-
tion become more complicated, as the nearby SE region reveals a similar expansion velocity,
1240± 374 km s−1, but no signs of synchrotron emission.

Given the structure of the ambient medium cavity adopted from our model, the SNR
forward shock can be either inside the cavity, evolving in the low density medium, or it
has already reached the edge of the cavity and is currently propagating in the shocked or
unperturbed ISM. Both of these scenarios seem to contradictthe observations. On the one
hand, if the forward shock is currently in the cavity, noHα emission is expected as the
upstream medium is represented by the hot (T ∼ 107 K) shocked wind (see Fig.4.11, left) and
no neutral material is sustained in such high temperatures.On the other hand, if the forward
shock will collide with the density wall of the cavity, the forward shock will substantially
decelerate and it will have a low velocity during the rest of the SNR evolution. Therefore,
in this case where the SNR has been propagating in the high density ISM for an appreciable
time interval, then the X-ray synchrotron emission observed in the NE region is not expected,
as it can only be produced in fast moving shock waves (Vs ≥ 2000 km s−1). Furthermore,
a prompt collision of the SNR with the density wall would havetriggered a fast moving
reflected shock, which would have shocked the ejecta when it was still dense. Thus, in this
scenario bright emission and long ionisation ages of the shocked ejecta plasma are expected,
something that we do not observe.

Therefore, it seems that in order to explain at the same time all of the properties of the
NE portion of RCW 86, a fine-tuning between these two aforementioned cases is needed. We
argue that the scenario that best reproduces the NE observedproperties, is one in which the
NE part of the SNR is in the transition phase between the two cases described above, and
its FS has just recently started to interact with the densitywall of the wind cavity. In this
case, the whole evolution history of the SNR’s NE region is dominated by its propagation in
the cavity. Therefore the resulting NE region is characterised by an extended, low density
structure in agreement with the low emissivity and the low ionisation ages observed in this
region. Nevertheless, the recent interaction of the SNR with the edge of the cavity shell
resulted in a substantial deceleration of the FS which now isevolving in the rather cold
(T = 103 − 104 K) shocked ISM. Therefore, under this scenario, the existence of moderate
velocityHα filament is also feasible.

Considering an ISM density of0.3 cm−3, the cavity which is able to satisfy the conditions
mentioned above is formed by a wind with a mass loss rate of1.6 × 10−6M⊙ yr−1, and
terminal velocities of 900 km s−1, outflowing for 1.0 Myr (Fig. 4.11, top left). Fig. 4.11
illustrates the density and temperature structure of the subsequent SNR at the age of RCW
86 (t= 1830 yr), and as well as the plasma and FS velocity. The forward shock reaches the
edge of the cavity 1760 yr after the explosion having a velocity of 8.5 × 103 km s−1. After
the collision, the FS velocity drops to∼ 500 km s−1in a time interval less than 60 yr. At the
current age of RCW 86 the FS radius is 25.6 pc while its velocity is 1000 km s−1in agreement
with theHα observations. Note that although the shock velocity must have slowed down
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Figure 4.12: Left, middle: the same as 4.11 (upper row) but for a model applied for the SW region of
RCW 86. Right: The cumulative mass (from left to right) of theshocked Fe and Si as a function of
the SNR radius. The vertical dotted lines correspond to the position of the reverse shock and contact
discontinuity.

considerably in recent times, the plasma velocity inside the SNR retains its high velocity for
some time, see the top right panel in Fig. 4.11. This could explain the high value of the proper
motion measured with Chandra (Helder et al. 2009), which is sensitive to a combination of
plasma and shock velocity.

Furthermore, according to this scenario X-ray synchrotronradiation is possible, produced
by relativistic electrons that got accelerated during the recent past of the SNR evolution.
Indeed, given the magnetic field of the region ofB ∼ 26µG (Aharonian et al. 2009, Vink
et al. 2006), relativistic electrons of∼ 100 TeV have a synchrotron cooling timescale of 150
- 200 yr. In our model the shock deceleration occurred 70 years before, therefore the NE
region is expected to be bright in X-ray synchrotron radiation.

Based on this physical principle, also the transition from the synchrotron emitting NE re-
gion to the synchrotron quiescent SE region can be explainedby relating the existence/absence
of these non-thermal radiation to the different times wherethe SNR - density wall collision
occurred. Fig. 4.11 (bottom right) shows two curves of FS velocity evolution: The black/solid
refers to the aforementioned model in which the SNR/densityshell interaction took place
1760 yr after the explosion, whereas the red/dashed line represents a case where the SNR-
wind bubble collision took place att = 1680 yr. These two simulations may well represent
the slight differences in evolution between the NE part and SE part of RCW 86: Although
the FS velocities at the current age of RCW 86 (t = 1830 yr) are rather similar, the different
time that has passed since the interaction with the dense shell, may be the reason that the
NE region does display X-ray synchtrotron emission, and theNE region shows only thermal
X-ray emission.

SW region

The SW region of RCW 86 is characterised by the highest emissivity and ionisation ages
(both of the AM and ejecta component) and by the lowest expansion velocities, as compared
to other regions of the remnant. This indicates that the shocked AM/ejecta shells in the SW
contain the densest and/or the least recently shocked plasma of the remnant. We suggest
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Figure 4.13: Left: the time evolution of the forward shock (solid line), the contact discontinuity (dashed
line) and reverse shock (dotted line) of the SNR. Middle: thetime evolution of the forward shock
velocity. Right: same as middle but zoomed in to the latest phase of the SNR. The vertical dashed line
marks the age of RCW 86

that the blast wave of the SW portion of the remnant was the first that started to interact
with the dense wall of the cavity, resulting in a less extended, but more dense SNR structure.
This scenario is possible for a non-spherically symmetric wind cavity around the remnant.
Deviations from spherical symmetry can occur either by a density gradient of the medium
around the explosion centre or by a non-zero systemic velocity of the mass losing object.

Figure 4.12 (left) shows the resulting density structure ofthe wind cavity for the model
which best reproduces the properties of the SW region of RCW86. In this model we used the
same wind parameters as for the NE case, but in order to bring the shocked ISM shell closer
to the explosion centre we reduced the wind outflow phase to 0.25 Myr. This fast, tenuous,
short living wind forms a hot cavity of∼ 11.5 pc with a density of∼ 2× 10−4cm−3.

Note that invoking a shorter wind phase is an approximation needed to model a 2D/3D
asymmetry using 1-dimensional hydrodynamical simulations. For a sketch how such an
asymmetry may arise see Fig. 7 of Weaver et al. (1977), requires 2D simulations.

The subsequent SNR reaches the density wall 600 years after the explosion and the FS
velocity decreases rapidly from∼ 12000 km s−1 to ∼ 400 km s−1 within 50 yr. At the
snapshot which corresponds to the age of RCW86 (Fig. 4.13, right) the FS is propagating in
the shocked ISM shell of the wind bubble and has reached a radius of 12.0 pc. Its current
velocity is630 km s−1, in agreement with the observations. The CD at the age of RCW 86
is at a radius of 10.5 pc, which means that Fe and Si rich shocked ejecta can be found up at a
radius of∼ 90% of the FS radius. This result is in agreement with the PCA analysis of RCW
86 which shows that the Fe shell is extended to regions close to the outer rim of the SNR
(Fig. 4.6). The RS remain very close to the CD during the wholeevolution of SNR inside
the cavity. Nevertheless, the collision of the SNR with the shocked ISM shell forms a strong
reflected shock which then propagated inwards, shocking most of the ejecta (Fig. 4.13, left).
At the age of RCW 86, this reflected shock is at a radius of 5.5 pc, having shocked1.1M⊙ of
ejecta, among which is0.85M⊙ of Fe and0.09M⊙ of Si (see Fig. 4.12, right). The structure
of the SNR at this time is characterised by hot, tenuous ejecta surrounded by a much colder
but denser shocked AM shell. Such a structure is in agreementwith the X-ray observations,
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Table 4.6: The parameters of the best-fit model of the northern inner region.

Parameter Unit Value

Nh 1021 cm−2 3.60+0.20
−0.14

nenHV 1055 cm−3 5.17+1.82
−1.52

kT keV 0.46+0.05
−0.07

τ 109 cm−3 s 15.7+6.5
−4.5

nenHV 1052 cm−3 1.06+1.25
−0.45

kT keV 15.0+219
−12.1

τ 109 cm−3 s 1.75+1.32
−0.80

Si 4156+5567
−3537

Fe (fixed) 10000

normalisation 1042 ph s−1 keV−1 1.02+0.04
−0.04

Γ 2.72+0.04
−0.04

C-stat / d.o.f. 230 / 118

which show that the plasma component that corresponds to theshocked AM reveals a higher
ionisation age and lower temperature as compared to the shocked ejecta plasma.

4.6 Discussion

4.6.1 Fe mass in RCW 86

A clear difference between remnants of core collapse and type Ia supernovae is the amount
of Fe present in the remnant (Vink 2012). Core collapse supernovae typically produce less
than 0.1 M⊙ of iron, whereas type Ia supernovae produce 0.5-1 M⊙ of iron. The amount
of Fe present in RCW 86 is therefore important to determine the nature of the supernova
explosion. The most straightforward method for estimatingthe total Fe mass is to use the
emission measure obtained with spectral fitting. We use the parameters listed in Table 4.6.
The emission measure is defined as:

EM = nenHVspectrum = ne

(

nFe

XFe

)(

nH

nFe

)

VspectrumZ
2, (4.1)

where in the last part of the above equation we rewrote the obtained emission measure for a
pure Fe plasma. In this equation, Z is the charge of the Fe atoms,XFe is the Fe abundance and

the quantity
(

nH

nFe

)

is obtained from Anders & Grevesse, and is equal to2.1× 104. Vspectrum

is the volume from which we extract the spectrum. Substitutingne = 10nFe, a value obtained
from SPEX for an NEI model with the parameters in Table 4.6, the total Fe mass is now
estimated to be
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MFe =

(

EM XFe

2.1× 104 Z2 × ne × Vspectrum

)1/2

× 56mpVshell. (4.2)

For ne = 10 cm−3, Z = 10, Vspectrum = 9× 1056 cm3, Vshell =
4π
3 (R3

outer −R3
inner), where

Router = 10.9 pc, Rinner = 9 pc which leads toV = 7.1× 1058 cm3, we obtain a total mass
in the shell ofMFe = 0.25+0.13

−0.06M⊙. If we assume a constantnFe from this radius to the
centre of the remnant, the total mass of Fe in RCW 86 of MFe = 0.57+0.30

−0.14 M⊙. The amount
of iron obtained with this method suggests a type Ia origin for RCW 86, in agreement with
Williams et al. (2011a).

An alternative method is using the ionisation age of the bestfit NEI model for the ejecta
component. With the ionisation method we assume the ejecta is a pure Fe plasma. The mean
charge state for Fe in the best fit plasma is given by SPEX as Fe XI, so that we can write
ne = α× 10× nFe, where ne and nFe are the number densities of electrons and Fe particles,
andα represents the uncertainty in the number density of electrons (i.e. ne,true = 10α). The
Fe mass can be related to the Fe density by

nFe =
MFe

V56mp
, (4.3)

with mp the proton mass and V the total Fe compassing volume. Rewriting this withne =
α×10×nFe, and assuming some time t since the plasma has been shocked gives an estimate
of the iron mass of

MFe =
7.4

α

(

R

10 pc

)3(
τ

1× 109 cm−3 s

)(

t

1000 yr

)−1

f0.1 M⊙. (4.4)

The radius we use is the approximate radius of the spectral extraction region for the
NW spectrum. This calculation assumes a plasma where Fe ionsare the sole source of free
electrons. This is then the Fe mass needed in a spherical shell of volume4πR2fR, to obtain
the observedτ in a time t. This Fe mass is clearly more than even a Type Ia can produce.
However, it should be remembered that the value forτ of 109 cm−3s is based on the Si-Kα
centroid, but is not well constrained for the Fe-K emitting plasma. For Fe-K109 cm−3s is an
upper limit, but lower values are probable given that the presence of Fe-Kβ emission indicates
a charge-state well below Fe XVII (see also Ueno et al. 2007).Moreover,τ ≡

∫

ne(t)dt is
a time integrated quantity, and using it to estimate the current value ofne may lead to an
overestimate, because plasma was shocked early on with a higher density than the present
day density.

4.6.2 Progenitor type

We have shown that the Fe mass of RCW 86 is indeed most consistent with a thermonuclear
explosion, strengthening the case that RCW 86 is the result of a type Ia explosion. In addition,
we have shown that the wind-blown cavity in which RCW 86 evolves is well reproduced by a
continuous outflow with a mass loss rate of1.6× 10−6 M⊙ yr−1, a wind terminal velocity of
900 km s−1, which has been outflowing from the progenitor system for 1 Myr. In the type Ia
regime, these fast moving, tenuous winds can only emanate from the WD’s surface for such a
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long time in case of a single degenerate progenitor system. These mass outflows are known as
accretion winds and are thought to accompany mass transfer processes that are characterised
by high accretion rates (̇M ≥ 10−7 − 10−6 M⊙ yr−1, depending on the WD mass Hachisu
et al. (1996c); Hachisu, Kato, & Nomoto (1999c)).

As shown by Badenes et al. (2007c), if indeed RCW 86 is expanding in a wind blown
cavity, then it is the only known type Ia SNR of which the dynamical and emission properties
are in agreement with the progenitor models that predict these accretion wind outflows. The
existence of accretion winds is crucial for a better understanding of how single degenerates
systems contribute to the observed type Ia supernova rate. The reason is that the accretion
wind is the only suggested process that can regulate the actual accretion onto the white dwarf,
thereby ensuring a steady, stable mass transfer.

Based on our hydrodynamical models, the wind cavity contains 1.6 M⊙ of material
ejected from the progenitor system. This, in combination with the fact that at least 0.3 solar
masses of material should be accreted to the WD in order to reach the Chandrasekhar mass
(the maximum mass of a CO WD at its creation is 1.1 M⊙) makes a total donor star enve-
lope mass deposit of 1.9 M⊙. Based on the semi empirical WD initial-final mass relationship
(Salaris et al. 2009) our model predicts that the minimum mass of the donor star is 2.6 M⊙.
Population synthesis models show that donor stars with these masses are within the binary
parameter space that leads to type Ia explosions (e.g. Han & Podsiadlowski 2004). We also
showed that the donor star is out of the RCW 86 geometrical centre by∼ 30 % toward the
SW direction. However, given the large number of variables and simplification that we used
in our modelling, these predictions have a high level of uncertainty, and further 2D modeling
is needed.

Alternative mass outflows from single degenerate SNe Ia are also possible to form a cavity
around the explosion center. These outflows could be the windof a red giant donor star or
successive nova explosions. However, all of these processes most likely fail to provide the
energy budget needed to excavate a cavity with diameter∼ 30 pc. In our modeling, the cavity
which was able to reproduce the properties of RCW 86 was formed by a wind outflow with
mechanical luminosity of5× 1035erg s−1 emanating for 1 Myr, depositing a total energy of
1.5 × 1049 erg. Red-giant winds have typical mass loss rates of10−6 − 10−7 M⊙ yr−1 and
have wind terminal velocities of∼ 50 − 70 km s−1. The lifetimes of the red-giant phase are
0.1 - 1 Myr. As a result, red-giant wind luminosities are∼ 102−104 smaller than provided by
the accretion wind used for our model. Based on analytical models of wind dynamics we find
that red-giant winds can form a cavity with maximum radii of∼ 1−10 pc for an ISM density
of 0.3 cm−3 (see eq. 4.2 of Koo & McKee 1992). Such cavities are rather small compared
to the large radius of RCW 86, but cannot be completely excluded given the uncertainties
in the AM densities. As for cavities created by nova explosions, a typical energy of a nova
explosion is2 × 1044 erg (Orlando et al. 2012). In order to provide enough energy to blow
a cavity the size of RCW 86,105 nova explosions are needed prior to the type Ia explosion.
This number of novae is too large as compared to binary evolution model predictions (see
e.g. Hachisu et al. 2008c).

Interestingly, the formation of low densities cavities arealso predicted from the double
degenerate regime. These can be either a wind cavity shaped by continuum radiation driven
winds during the thermal evolution of the merger (Shen et al.2012) or a planetary nebula
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formed by the envelope ejection of the secondary star. Nevertheless, even if both scenarios
predict similar wind properties with these used in our model(Ṁ ∼ 10−7 − 10−6 M⊙ yr−1,
uw ∼ 103 km s−1) they fail to reproduce the CSM around RCW 86 due to the timescales
evolved. In both cases the fast wind lifetime is of the order of 104 yr. During such a small
time, the mass outflow cannot excavate the extended cavity that surrounds RCW 86. Using
again the predictions of Koo & McKee (1992) (see their Eq. 4.2) and an AM density of
0.3 cm−3 we find that the typical radius of the cavity is up to 2 pc for WD merger winds,
while for planetary nebulae the cavities are expected to be lower, as the fast wind first has
to sweep up the dense material from a previous evolutionary phase. Observational evidence
supports this conclusion, as the typical sizes of planetarynebulae are∼ 0.2 pc (Kwok 1994).

4.7 Conclusion

We presented the most complete X-ray view of RCW 86 so far, using allXMM-Newtonpoint-
ings currently available. We fitted the combined RGS and MOS spectra of four quadrants of
the remnant, thus obtaining detailed plasma parameters of both the shocked ambient medium
and ejecta plasma components for a large part of the remnant.The large differences in ion-
isation ages are most naturally explained by a supernova exploding in a wind-blown cavity,
where the reverse shock has been close to the forward shock for a large part of the lifetime
of the remnant so that the ejecta have substantially lower ionisation ages compared to the
shocked ISM. From the ambient medium ionisation ages, we canconstruct an interaction
history of the forward shock with the cavity wall, for which we find that the SW has been
shocked earliest, followed by the NW, SE and finally the NE. The NE part of the remnant
may have just started to interact with the cavity wall, whichcould explain the presence of
synchrotron emission in this region while the Hα shock velocity is≈ 1200 km s−1. Using
principal component analysis, we obtained the highest resolution map of the location of ejecta
emission (most prominently Fe-K), thus far. The ejecta seemlocated in an oblate spherical
shell, close to the forward shock. We obtain an Fe mass of around 1 M⊙, consistent with a
type Ia progenitor.

In addition, we used hydrodynamical simulations to show that the current dynamical and
spectral parameters of RCW 86 can be well-reproduced by a white dwarf exploding in a wind
-blown cavity, as suggested by Badenes et al. (2007c), Williams et al. (2011a). Our work
further strengthens the notion that RCW 86 had a single degenerate progenitor system, which
actively modified its environment.
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CHAPTER 5

Early X-ray emission from Type Ia
supernovae originating from symbiotic
progenitors or recurrent novae

G. Dimitriadis, A. Chiotellis, J. Vink
to be submitted to MNRAS

Abstract One of the key observables for determining the progenitor nature of Type Ia
supernovae is provided by their immediate circumstellar medium, which according to several
models should be shaped by the progenitor binary system. So far, X-ray and radio obser-
vations indicate that the surroundings are very tenuous, producing severe upper-limits on
the mass loss from winds of the progenitors. In this study, weperform numerical hydro-
dynamical simulations of the interaction of the SN ejecta with several circumstellar structures
formed by possible mass outflows from the progenitor system and we estimate the expected
numerical X-ray luminosity. We consider two kinds of circumstellar structures: a) A cir-
cumstellar medium formed by the donor star’s stellar wind, in a symbiotic binary progenitor
system; b) A circumstellar medium shaped by the interactionof the slow wind of the donor
star with consecutive nova outbursts in a symbiotic recurrent nova progenitor system. For
the hydro-simulations we used well-known Type Ia supernovaexplosion models, as well as
an approximation based on a power law model for the outer density structure of the ejecta.
We confirm the strict upper limits on stellar wind mass loss, provided by simplified inter-
pretations of X-ray upper limits of Type Ia supernovae. However, we show that supernova
explosions going of in the cavities created by repeated novaexplosions, could be a possible
explanation for the lack of X-ray emission from supernovae originating from symbiotic bi-
naries. Moreover, the velocity structure of circumstellarmedium, shaped by a series of nova
explosion matches well with the Na absorption features seenin absorption toward several
Type Ia supernovae.
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5.1 Introduction

Despite decades of research, the exact nature of the type Ia supernova (SN Ia) progenitors
remains unknown, making it one of the key unsolved problems in stellar evolution. This lack
of basic information regarding SNe Ia is quite remarkable, given that SNe Ia are cosmological
standard candles, which have provided key evidence that theexpansion of the Universe is
accelerating (Perlmutter et al. 1998, Garnavich et al. 1998), and given the importance of SNe
Ia for the chemical evolution of the Universe, as they are a dominant source of iron-group
elements (Kauffmann et al. 1993).

There is a concensus that SNe Ia involve the thermonuclear explosions of CO white
dwarfs (WDs, Bloom et al. 2012), but within this framework there are two main scenarios
for the progenitor binary systems that may lead to such explosions: 1) the single-degenerate
scenario (SD, Whelan & Iben 1973b) and 2) the double-degenerate scenario (DD, Iben &
Tutukov 1984c, Webbink 1984). In the SD scenario, a CO WD accretes hydrogen-rich or
helium-rich material from a non-degenerate companion star. The companion could be either
a main-sequence (MS) or a near main-sequence star in a close binary, or a star in the red giant
branch (RG) or in the asymptotic giant branch (AGB) in a widerbinary, called symbiotic sys-
tems. In the DD scenario, two CO WDs in a binary system are brought together by the loss of
angular momentum through the emission of gravitational radiation, after which they merge,
or the most massive one accretes from the least massive WD. Population synthesis studies
of SN Ia suggest that the total population contains a mixtureof these two possible scenarios,
whith the prompt channel is mainly populated by SD progenitors, while the delayed channel
is mainly populated by DD progenitors (e.g. Greggio 2010).

In order to test both scenarios, various studies have been done, which can be divided into
two categories: a) directly observing the progenitor system or its left-overs; b) indirectly, by
observing the effects of the interaction of the SN with its surrounding. The direct methods
include the detection of progenitor systems, either through the X-ray emission that accompa-
nies the accretion process (Voss & Nelemans 2008), or by the identification of the donor star
itself (Maoz & Mannucci 2008), either in archival pre-explosion images, or by searching for
the surviving donor star in the centres of SN Ia supernova remnants (SNRs Ruiz-Lapuente
et al. 2004b, Kerzendorf et al. 2009a, Schaefer & Pagnotta 2012b). While these methods
could provide strong constraints on the properties of the progenitor system, the method can
only be applied to nearby galaxies. These methods, therefore, provide limited statistics. In
contrast, the indirect methods are applicable to a larger number of SNe Ia, although the infor-
mation they provide is related to the ambient medium in whichthe explosion occurs, rather
than the progenitor system itself.

A promising indirect method is the study of the interaction of the SN blast wave with the
ambient medium in which it expands. Considering the DD scenario, for which the compo-
nents of the binary are two WDs, it is generally expected thatthe ambient medium has been
little affected by the progenitor system. However, recently it has been suggested that circum-
stellar structures are also possible to be formed in the DD regime, either through successively
nova explosions prior the the final merger (Shen et al. 2013),or by the common envelope if
the latter was ejected in the recent past of the SN Ia explosion (Pakmor et al. 2013, Livio &
Riess 2003).
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In contrast, for the SD scenario, substantial mass outflows are rather possible, either from
the wind of the secondary star, or from outflows accompanyingthe accretion process, such
as WD accretion winds or nova explosions. These various outflow mechanisms will modify
the circumstellar medium (CSM) substantially. The subsequent SN Ia will interact with this
modified CSM and the result of the SN Ia/CSM interaction will be reflected in the optical,
UV/X-ray and radio emission.

The study of SN Ia/CSM interactions has, so far, provided contradicting results. On the
one hand, several SN Ia show variable, blueshifted, sodium absorption lines (Patat et al.
2007b, Dilday et al. 2012a, Sternberg et al. 2011b), indicating that the SNe Ia were sur-
rounded by some sort of dense expanding shell(s). However, studies directed at identifying
the interaction of SN Ia blast waves with CSM modified by the stellar winds of the compan-
ions show negative results. Stellar winds result in a density profile that scales asρ ∝ r−2,
with r the distance from the wind source. This means that, in the early phase of the explo-
sion, strong emission is expected caused by the interactionof the blast wave with the dense,
inner regions of the wind. This emission has not yet been detected in the optical (Mattila
et al. 2005a), radio (Panagia et al. 2006a, Chomiuk et al. 2012) and X-rays (Immler et al.
2006b, Russell & Immler 2012), providing strong constraints on the stellar wind mass-loss
parameters. For example, Mattila et al. (2005a) presented early time high-resolution and late
time low-resolution optical spectra of the SN Ia, SN 2001el,and derived an upper limit for the
mass-loss rate of the companion ofṀ = 9×10−6 M⊙ yr−1 andṀ = 5×10−5 M⊙ yr−1 for
wind velocities of10 km s−1 and50 km s−1 respectively. Panagia et al. (2006a) performed
radio surveys of 27 SNe Ia with VLA and derived an upper limit of Ṁ = 3×10−8 M⊙ yr−1.
The most constraining limit comes from the recent nearby SN Ia, SN 2011fe, for which the
lack of radio emission in the early phase implies an upper limit on the wind parameters of
Ṁ = 6 × 10−10 M⊙ yr−1 for a wind velocity ofuw = 100 km s−1(Chomiuk et al. 2012).
Russell & Immler (2012) considered 53 SNe Ia observed with Swift X-ray Telescope, and
their upper limit wasṀ = 1.1 × 10−6 M⊙ yr−1, based on a simple model for the X-ray
emission resulting from a blast-wave-wind interaction. Together these results exclude mas-
sive or evolved companions as donor stars, such as expected in the symbiotic system scenario.
But it does agree with small or main-sequence companions, orwith double degenerate sys-
tems.

However, the circumstellar structure around the SN Ia couldsubstantially deviate from
a ρ ∼ r−2 density profile, because of other mass outflow mechanisms, emanating from the
progenitor system, e.g. nova explosions. It has been shown that, in contrast with classical
novae, where the WD mass is decreasing after every nova outburst, recurrent novae (RNe)
may eventually result in SN Ia explosions, as the WD is steadily increasing its mass (Hachisu
& Kato 2001a). These symbiotic RN systems appear to be promising SN Ia progenitors, with
the most famous example of potential SN Ia progenitor being the nova RS Oph (Patat et al.
2011), whereas an example of a supernova originating from such a system being PTF 11kx
(Dilday et al. 2012a), which shows evidence for surroundingnova shells. Moreover, Wood-
Vasey & Sokoloski (2006) have proposed that prior to the SN 2002ic explosion, a nova shell
from the RN progenitor system created an evacuated region around the explosion centre.

In this study, we report on our numerical hydrodynamic studies of single-degenerate SN
Ia explosions and their interactions with the CSM shaped by either progenitor winds and/or
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Figure 5.1: The radial density profile of a SN evolving in a wind bubble. The ‘RS’, ‘CD’ and ‘FS’
mark the positions of the reverse shock, contact discontinuity and forward shock respectively.

recurrent nova shells. In Sect. 5.2 we investigate the mechanism of the early X-ray emission
for a SN Ia interacting with CSM formed by the donor star’s stellar wind in a symbiotic
binary progenitor system. We calculate the expected numerical luminosity of the X-rays
and we re-evaluate previous studies on the specific energy band. In Sect. 5.3 we discuss the
symbiotic recurrent nova system and we develop a model for the structure of the CSM shaped
by consecutive nova outbursts. Moreover, we calculate the expected numerical luminosities
of a SN Ia occurring in such a circumstellar structure. In Sect. 5.4, we discuss the implications
of our study, verifying the X-ray upper limits in the case of the symbiotic progenitor system,
and providing a physical explanation regarding the non-detection of the thermal X-rays in the
case of a symbiotic recurrent nova progenitor system. In Sect. 5.5 we summarise our results.

5.2 The early X-ray emission

We model the X-ray radiation during the early SN phase (∼150 days after the explosion)
considering that the SN is expanding inside a wind bubble, shaped by the stellar wind of the
donor star. As such this study is a refinement of the model of Immler et al. (2006b), who used
some approximations for the blast wave properties and the X-ray emission resulting from the
blastwave/CSM interactions.

The general structure of a SN that expands in such an environment is illustrated in Fig. 5.1.
From the centre outward we have: a) the freely expanding material ejected by the SN, b) the
shocked ejecta shell, in which the ejected material is slowed down by the reverse shock, c)
a contact discontinuity that separates the shocked ejecta material from the shocked ambient-
medium material, d) the forward shock, which propagates supersonically into the undisturbed



5.2 The early X-ray emission 89

ambient medium, and e) the unshocked ambient medium.
In this kind of configuration, X-rays are expected to be emitted from the region between

the reverse and the forward shock, as there the plasma has been heated and compressed by
the two shocks. The X-ray luminosity,Lx, is

Lx =

∫

neniΛx(T,X)dV, (5.1)

wherene, ni are respectively the electron and ion number density of the shocked plasma,
Λx(T,X) is the cooling function in X-rays of the plasma with compositionX and tempera-
tureT , andV is the volume of the emitting material.

In the stellar wind scenario, the density of the unshocked wind is given byρw = Ṁ/4πuwr
2,

whereṀ is the mass-loss rate of the donor star,uw the terminal velocity of the stellar wind
andr is the distance from the mass losing object. Immler et al. (2006b) studied the early X-
ray properties of eight well observed SN Ia aiming to find traces of such a SN - stellar wind
interaction. To correlate the observed X-ray emission withthe stellar wind properties of the
donor star the authors made the following assumptions. Theyconsidered that the blast wave is
moving with a velocity ofus = 40000 km s−1 (Chevalier & Fransson 2006), shock-heating
the stellar wind to a constant temperature ofT = 109 K. For the 0.3-2 keV X-ray emission
they assumed a constant cooling function ofΛ0.3−2 keV(T ) = 3×10−23 erg cm3s−1 (Frans-
son et al. 1996). Substituting this in Eq. 5.1, they obtainedfor the X-ray emission from the
shocked stellar wind shell

Lx =
1

πm2
Λ(T )

(

Ṁ

uw

)2
1

ust
. (5.2)

Finally, they considered that the X-ray luminosity of the shocked ejecta is 30 times higher
than this of the shocked-wind shell (Chevalier & Fransson 2006). Using the possible detection
of early X-ray emission from SN 2005ke in the 0.3 - 2 keV band, they estimated the mass-loss
rate of the progenitor’s system to bėM = 3 × 10−6 M⊙yr

−1, assuming a terminal velocity
of the stellar wind equal touw = 10 km s−1. None of the other seven SNe Ia was detected
in X-rays, and thus, they paced this mass loss estimation as the upper limit that a donor star
can have.

5.2.1 Hydrodynamical Simulations

In order to refine the estimates of Immler et al. (2006b) and Russell & Immler (2012), we
performed numerical simulations, using the hydrodynamic code AMRVAC (Keppens et al.
2003c). AMRVAC solves the Euler equations in the conservative form, using an adaptive
mesh refinement strategy, in order to refine the grid at specific positions, where large gradients
in density and energy appear.

We performed calculations in an one dimensional (1D) grid, with a radial span of1 ×

1017cm, assuming spherical symmetry. On the base level we used 540 cells and we allowed
for seven refinement levels, at which of each the resolution is doubled. As a result, the
maximum effective resolution becomes3× 1012cm.
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Figure 5.2: Initial ejecta density distribution of the three studied models.

We filled the grid with aρ ∼ r−2 profile, representing the cold stellar wind bubble of
the donor star(Twind = 103 K). We performed our calculations, using the wind parameters
that Immler et al. (2006b) have derived, so the wind bubble density is described asρ =
Ṁ/(4πuwr

2) with Ṁ = 3× 10−6 M⊙ yr−1 anduw = 10 km s−1. At the inner boundary of
the grid, we introduced the SN ejecta. For our modeling we usethree different SN Ia ejecta
profiles. Firstly, we used a power-law density profile with indexn = 7, with Mej = 1.38M⊙

andEej = 1.3 × 1051erg. The specific density distributionρ ∝ r−7 is widely used for
SN Ia studies (Chevalier 1982c). In addition, we used two more ejecta density distributions,
derived from two SN Ia explosion models: the W7 model (Nomotoet al. 1984b), a carbon
deflagration model; and the DDTc model (Bravo & García-Senz 2006), a delayed detonation
model. The initial ejecta density distributions are presented in Fig. 5.2. We advanced the
supernova calculations for a time interval corresponding to 150 days. AMRVAC provides all
the thermodynamical properties of the resulted SN structure, for selected snapshots in time.
Moreover, we implemented a routine in order to locate the position of the reverse shock,
the forward shock and the contact discontinuity. This was achieved by taking into account
the Rankine-Hugoniot jump conditions and by introducing so-called composition tracers, in
order to distinguish, as the system advances, the ejecta from the circumstellar material. The
outcome of the specific routine is the positions of the shocksand the contact discontinuity as
a function of time.

Following the procedure developed by Schure et al. (2009c),we constructed new cool-
ing curves at the energy band where the observations of Immler et al. (2006b) have been
conducted.We used the SPEX package, version 2.03.03 (Kaastra et al. 1996b), in order to
calculate the emissivity of a plasma, assuming collisionalionisation equilibrium. We cal-
culated spectra for a logarithmic grid of temperatures from105 to 1010 K, with a step of
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these elements dominate the chemical composition of the outer parts of the WD ejecta.

logT = 0.05 K, assuming solar abundances. The cooling curves are presented in Fig. 5.3.
The emissivityΛx(T,X) is calculated by integrating the spectrum over the desired energy
range of0.3 − 2 keV. We have also calculated the contribution of the different elements at
the cooling function, in order to be able to construct cooling curves of the shocked ejecta for
each studied model.

For the SN evolution modeling, we incorporated our cooling curves to the hydrodynami-
cal simulations. For the CSM, we assumed solar metallicity,whereas for the shocked ejecta
the chemical composition was directly obtained from the explosion models. For the power-
law density-distribution model, we assumed a chemical composition of C-O at 50% each1.
The electron density is calculated by assuming that the plasma is fully ionised.

The X-ray luminosity is given by

LX = Lrev + Lfor

=

∫ cd

rs

neniΛ(T,X)4πr2dr +

∫ fs

cd

neniΛ(T,X)4πr2dr, (5.3)

whereLrev is the luminosity from the shocked ejecta,Lfor is the luminosity from the
shocked CSM, and the subscriptsrs, cd, fs refer to the radius of the reverse shock, the
contact discontinuity and the forward shock respectively.

1 Since our study concerns the early phase of SN evolution we assumed that only the unprocessed, outer layers
of the WD have been heated by the reverse shock.
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Figure 5.4: The SN density structure of the three studied models at four different time snapshots (60,
90, 120 and 150 days).

5.2.2 Results of the hydrodynamical models for SN-wind interactions

Fig. 5.4 shows four snapshots of the SN evolution att = 60, 90, 120, 150 days. As the SN
evolves, the densities of the shocked ejecta and the shockedCSM decrease, while each model
expands in the wind bubble with a different velocity. Note the quite different evolution of the
W7 explosion model, compared with the power-law and the DDTcmodels.

Fig. 5.5 shows the time evolution of the forward shock velocity. From this plot, it is clear
that the assumption of a constant shock velocity of40000 km s−1 by Immler et al. (2006b)
overestimates the shock velocity as compared to our more detailed numerical calculations.
Moreover, in the numerical simulations the shock velocity is not constant, but decreases as a
function of time.

Table 5.1 lists the temperatures of the shocked CSM, the values of the (averaged) cooling
function, the luminosity of the shocked CSM and the ratioLrev/Lfor of both the numerical
calculations and the values obtained by Immler et al. (2006b).

Based on our calculations, and depending on the explosion model we used, we find that
the assumption for the temperature of the shocked CSM is an underestimation, since the
numerical simulations indicate values that are an order of magnitude higher. For the cooling
function, we find values∼ 10−24 erg cm3s−1, which are an order of magnitude lower than
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Figure 5.5: The time evolution of the forward shock velocity for the three studied models. Comparison
with the assumption of Immler et al. (2006b) (black horizontal line).

T (1010 K) Λ(T )(erg cm3s−1) Lfor(10
37 erg s−1) Lrev/Lfor

Immler 0.1 3× 10−23 0.1− 3 30
Power-Law 1− 3 3× 10−24 0.1− 0.2 230− 360

W7 0.7− 1 6× 10−24 0.1− 0.4 (3 − 8)× 103

DDTc 1− 2.5 3× 10−24 0.01− 0.2 120− 230

Table 5.1: Re-evaluation of SN parameters derived by Immler et al. (2006b).

Immler et al. (2006b). The same deviation, an order of magnitude lower, is found for the
luminosity of the shocked CSM. As for the ratioLrev/Lfor, we find that the assumption of
Lrev/Lfor = 30 is an underestimation, as we find values≥ 120.

Fig. 5.6 shows the total X-ray luminosities expected from the early phase of SN Ia, as
a function of time. It is clear that, although we found deviations in our numerical results,
regarding the assumptions made by Immler et al. (2006b), eventually the total luminosity
calculated in our models is similar for the DDTc and power lowmodels and even higher for
the W7 model. This similarity can be explained by taking intoaccount the re-evaluation of
the assumptions made by the authors. The total overestimation of the the cooling function
and the luminosity of the shocked CSM is in the range of two orders of magnitude and is
cancelled by the underestimation ofLrev/Lfor.
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Figure 5.6: The time evolution of the total SN X-ray luminosity for the three studied models in com-
parison with the estimation of Immler et al. (2006b).

5.3 Symbiotic Nova systems

Nova explosions are the result of thermonuclear runaway outbursts of the WD’s surface ma-
terial, for those cases in which the accreted material does not burn steadily, but builds up
over time. Theoretical studies show that the nova outburst properties, such as ejecta mass,
ejecta composition and nova recurrence time, depend on the mass and temperature of the
accreting WD, the composition of the accreted material, andthe mass accretion rate (Yaron
et al. 2005, Townsley & Bildsten 2004). Novae with more than one recorded outburst are
called recurrent novae (RNe). The RNe systems consist of a WDwith mass close to the
Chandrasekhar limit (MWD > 1.3 M⊙) which accretes mass from its companion with a rate
of (Ṁ ≃ 10−8 − 10−7 M⊙ yr−1) (Livio & Truran 1992a, Yaron et al. 2005).

The binaries that host recurrent novae have been consideredto be possible SNe Ia pro-
genitors (Hachisu & Kato 2001; WoodVasey & Sokoloski 2006) as in these systems the WD
mass appears to be increasing.

RNe can occur in both short period binaries (cataclysmic variables RNe, e.g. T Pyx) and
in long period binaries (symbiotic RNe, e.g. RS Oph). In the latter case the the donor star is
a RG or an AGB.

The resulting CSM around symbiotic RNe (SyRNe) is shaped by the interaction of the
continuous slow wind, emanating for the donor star, with theperiodical, fast moving nova
ejecta.

Wood-Vasey & Sokoloski (2006) suggested that the lack of X-ray emission at the early
SNe Ia phase is consistent with a SyRNe progenitor for which the fast moving nova shells
sweep up the dense wind material and form a low density cavityaround the binary system.
Consequently, a low X-ray luminosity is expected from SN Ia resulted form these systems
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as the blast wave of the SN Ia explosion, during the early phase, will interact with this low
density environment, rather than with the dense CSM formed by the donor’s stellar wind.

In this section, we investigate whether the suggestion of Wood-Vasey & Sokoloski (2006)
is feasible. For this purpose we simulate the CSM formed by SyRNe and we calculate the
X-ray luminosity of the subsequent SNe Ia that are evolving in such SyRNe modified CSM.

5.3.1 Hydrodynamical Simulations

Symbiotic recurrent novae

We performed calculations on an 1D grid, with a radial span of2.5 × 1018 cm, assuming
spherical symmetry. On the base level we used 540 cells and weallowed for eight refinement
levels, with each refinement doubling the resolution. As a result, the maximum effective
resolution becomes3× 1013 cm.

Firstly, we simulated the CSM that is formed due to nova outbursts, interacting with the
wind of the donor star. The final outcome depends on the wind properties (Ṁ, uw) and the
RNe mass, energy and recurrence time. We used the wind parameters derived as upper limits
by Immler et al. (2006b) (̇M = 3 × 10−6 M⊙ yr−1, uw = 10 km s−1) , in order to enable
an easy comparison with a wind-only CSM. The wind is simulated by a continuos inflow at
the inner boundary of the grid with densityρw = Ṁ/4πuwr

2 and momentum per unit mass
p = ρ× uw.

In this grid we introduce periodically the nova ejecta, in the inner boundary, and we
let it evolve. The nova ejecta mass is given byMej = fṀacctrec, whereṀacc the mass
accretion rate,trec the novae recurrence time andf the fraction of the ejected mass over the
accreted one. As for the case of RNe the WD increases its mass,f < 1. Considering that
the RNe recurrence time is in the order of 10 -100 yr, while thenovae outburst occur for
Ṁacc ∼ 10−8 − 10−7 M⊙ yr−1, we getMej = f × (10−7 − 10−5) M⊙. The ejecta mass
of the 2006 outburst of RS Oph was measured to beMej ≃ 10−7 − 10−6 M⊙ (Sokoloski
et al. 2006, Hachisu et al. 2007). In this work we useMej = 2× 10−7 M⊙. For RNe energy
we adopt the value of Orlando & Drake (2012) estimated for thethe 2010 outburst of V407
Cyg:Eej = 2× 1044 erg. Finally, we describe the nova ejecta with a constant density profile
and a homologous velocity profile (uej(R) ∝ R ). Although this ejecta profile description
is simplified, we claim that it does not affect the final outcome of our simulation as due to
the low mass nova ejecta, the RN evolves to the Sedov - Taylor phase few days after the
explosion (Moore & Bildsten 2012, Sokoloski et al. 2006). Inthis phase the evolution of the
novae have lost any information about the initial properties of the ejecta.

Figure 5.7 depicts four snapshots of the nova cavity evolution in a SyRNe system. In this
simulation we considered a nova recurrence time of 100 yr andwe let the system advance
for 1000 years. The first nova explosion occurs and evolves inthe dense wind bubble. Due
to the low mass of the nova ejecta and the high density of the CSM, the nova passes to the
Sedov - Taylor phase just one day after the explosion and in eleven days at the momentum
driven phase. Due to the efficient cooling the shocked CSM colpases in a very thin shell,
while the following nova ejecta has been homogenized as the nova reverse shock has reach
the explosion center. A similar initial evolution is expected to be followed by the second
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Figure 5.7: The time evolution of the recurrent nova cavity. In this simulation a recurrence time of
100 yr has been used.

nova explosion, as at the beginning the shock wave propagates in the dense wind that in the
meanwhile has partially filled the cavity formed by the first nova. However,∼ 1.5 year later
the nova forward shock penetrates the dense wind bubble and starts to propagate into the
low density cavity formed by the first nova. Consequently, when the forward shock reaches
the cavity it accelerates while the shocked wind shell expands in order to retain the pressure
equilibrium. Then the nova is moving with a constant velocity as the swept up mass of the
nova cavity is negligible. Inevitably, the second nova shell will collide with the first one.
Due to this collision a reflected shock is formed which is propagating inwards - in the free
expanding nova ejecta rest frame - till it will be swept up by the following nova. This process
is repeated for all the subsequent nova explosions. In the final snapshot of our simulation
(bottom right of Fig. 5.7), six of the total nine nova shells have collided and merged with the
edge of the cavity while the remaining three are still evolving in the cavity.

Fig. 5.8 (upper row) shows a more evolved nova cavity in a SyReN system. To test the
dependence of the CSM structure on the recurrence time, we consider three cases:trec =
25, 50 and 200 yr. We advanced the system for 2500, 5000 and 10000 years allowing for the
formation and evolution of 99, 99 and 49 subsequent novae, respectively. The general shape
of the CSM is similar to that of Fig. 5.7. Most of the novae havereached and collided with the
edge of the nova cavity while the rest are still evolving witha constant velocity, into the low
density medium, forming separate shells of shocked-wind material. The densities in between
the nova shells are tenuous - compared to the nova shells - in the order ofn ∼ 10−3−1 cm−3.

The nova recurrence time does not affect the general properties of the CSM. However,



increasing the recurrence time more wind material is entered to the cavity till the next out-
burst will occur. As a result, each nova sweeps up more wind material leading to a CSM
characterized by more massive shells which are moving with lower velocities as compared
to the cases with lower recurrence time. The cavity itself evolves slower due to the high
swept up mass and the more efficient radiation losses from thedense shell material. For these
simulations, the cavities extend from∼ 4.5 × 1017 cm (∼ 0.15 pc), up to∼ 7.5 × 1017 cm
(∼ 0.25 pc). The plasma velocity is ranging from50 km s−1 up to350 km s−1, depending
on the recurrence time of the simulation.

SN evolution in the nova cavity and its X-ray emission

Having established the general structure of the CSM formed by a SyRN progenitor, we in-
troduce the SN Ia ejecta in the inner boundary of the grid depicted in Fig. 5.7 (trec= 100yr).
We choose a small grid size of2 × 1017 cm while we advanced the SyRN system up to one
thousand years. Although the SyRNe phase of Type Ia progenitors last up to105 yr revealing
thousands to tens of thousands novae outbursts (Hachisu et al. 2008d), we show in the previ-
ous section that the CSM properties close to the explosion center are not appreciable affected
by the number of nova explosions and the time of the nova cavity evolution. Thus, without
loss of generality, a small grid size allows us to resolve theinner structure of the supernovae
with sufficient detail without being too computational expensive. The maximum, effective
resolution we get is3× 1012 cm.

The SN Ia ejecta density distribution is described by a powerlaw with indexn = 7,
assuming a chemical composition of C-O at 50% each. As shown in Sect. 5.2, this model
is quite comparable with the DDTc model. Similarly to the models described in section 5.2,
we calculated the expected X-ray luminosity of a SN Ia evolving in such a SyRNe modified
CSM. The outer edge of the SN ejecta is at1× 1014 cm, corresponding to a starting time for
the calculations of∼ 0.7 days after the explosion.

We used two possible CSM structures, representing two extreme cases. For ‘case 1’ we
advanced the SyRN system for 910 yr, and describes the case inwhich the nova explosion
occurred right before the SN Ia. In this configuration, the donor star’s stellar wind had too
little time (10 years) to start filling the cavity and the innermost CSM is described by the
low density nova ejecta . For ‘case 2’, the SyRNe’s outflows were evolving for 1000 yr.
Therefore, the SN explosion occurred just before the subsequent nova explosion. In this case,
the wind has been filling the cavity for 100 years, so the SN Ia will first interact with material
originating from the donor star’s stellar wind. In Fig. 5.9,the initial density distribution for
the two cases is illustrated. For case 1, the SN will first interact with the small wind bubble
of radius3 × 1014cm, and then it will expand in the low dense nova cavity. For case2 the
radius of the wind bubble is3× 1015cm.

The evolution of the SN, for the case 1 and case 2, is shown in Fig. 5.10 and Fig. 5.11
respectivelyFor case 1 (Fig. 5.10), at the time of the SN Ia explosion, the first nova shell
is located at a distance ofr ≃ 5 × 1015 cm, and the SN Ia starts interacting with this shell
at t ≃ 20 days. The collision of the SN Ia blast wave with the nova shell forms a pair of
reflected and transmitted shocks, which are propagating inward and outward respectively in
the local plasma’s rest frame. Att ≃ 75 days, the forward shock of the SN Ia reaches the
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Figure 5.8: Upper row: The density (solid line) and the velocity (dottedline) of the CSM shaped by a SyReN system for three different nova
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Figure 5.11: The same as Fig. 5.10 but for Case 2 (see text for details)

second nova shell, located at distancer ≃ 4×1016 cm. Our simulation ends att = 150 days,
just before the SN Ia interacts with the third nova shell.

For case 2 (Fig. 5.11), the SN Ia occurs just before the last nova explosion (at time
t = 1000 yr of the simulation depicted in Fig. 5.7). The wind has filled the cavity for 100
years and its termination shock is located atr ≃ 3 × 1015 cm. When the SN Ia occurs, it
interacts with this wind bubble density profile, and it overcomes it within 10 days. The first
nova shell is located atr ≃ 3.5×1016 cm. It is reached by the forward shock att ≃ 35 days.
This collision creates a reflected shock that reaches the shocked ejecta shell att ≃ 100 days.

Fig. 5.12 shows the total expected numerical X-ray luminositiesLX as a function of
time, for the case 1 and 2 described above. In order to calculate more precisely the expected
luminosities, we used a smaller time interval than the work that we performed in section
5.2. The luminosities are calculated every 1.5 days, and an interpolation scheme using of
natural smoothing splines has been applied. The total expected numerical X-ray luminosity
derived for a power law SN ejecta profile ejecta evolving in the stellar wind (Sect. 5.2) is also
presented for comparison.

For case 1, the luminosity at the start, is decreasing, fromLX ≃ 1038 erg s−1 down
to LX ≃ 2 × 1037 erg s−1. At time t ≃ 10 days, the luminosity starts to increase, up
to LX ≃ 5 × 1037 erg s−1, reaching a maximum aroundt ≃ 25 days, and then starts to
decrease again, up toLX ≃ 8 × 1036 erg s−1. This transition period at timet ≃ 10 days
until t ≃ 25 days marks the time when the SN blast wave collides with the first nova shell
and the reflected shock formed by this collision propagates inward heating the shocked ejecta
and thus increasing its luminosity.
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Figure 5.12: The time evolution of the total SN X-ray luminosity for a SN evolving in a nova cavity
(Case 1 and Case 2) in comparison with the X-ray luminosity ofa SN evolving in a wind bubble.

For case 2, the luminosity is initially similar to the wind-only model, as the blast-wave
interacts with the donor wind filling the nova cavity. But theluminosity rapidly decreases as
the blast wave reaches the end of the wind, entering the nova cavity. As a result the luminosity
decreases fromLX ≃ 2× 1039 erg s−1 down toLX ≃ 2× 1037 erg s−1.

In general, the extracted luminosities of the SN Ia/SyRNe models reveal a more complex
and non-monotonous function with time as compared to these of the SN Ia/wind models and
they strongly depends on the time delay between the last novaand the SN Ia. However, for
both case 1 and case 2 - which represent the two extreme case ofthis time delay - the SN
Ia/SyRNe luminosity is at least one order of magnitude lowerthat this of the SN Ia/wind
model. Thus, we conclude that the non-detection of X-rays following SN Ia explosions can
potentially be explained by a relatively low density environment caused by nova outbursts.

5.4 Discussion

In Sect. 5.2, we performed numerical calculations in order to investigate the thermal X-ray
emission due to interaction of the SN Ia blast wave with CSM formed by the donor star’s stel-
lar wind. We found that even though the assumptions made by Immler et al. (2006b) deviate
from the numerical results, eventually the total luminosities extracted from our model are
similar, or higher, depending on the choice of the explosionmodel. Thus, our work verifies
the existing constraints on the mass loss rate of the donor star (Ṁ < 3× 10−6 M⊙ yr−1) or
even imposes stricter limits in the case of the W7 deflagration model. Such a result excludes
an evolved RG/AGB companion stars, in the SD regime, but allows a main-sequence donor
star, which stellar wind is much more tenuous (Ṁ ∼ 10−11 M⊙ yr−1, uw ∼ 1000 km s−1).
Moreover, a double degenerate white dwarf system is also notexcluded, as long as the ejec-
tion of the common envelope (CE) occurred well before the final merger of the two WDs,
leaving a ‘clean’ environment around the explosion center.
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In Sect. 5.3, we simulated the interaction of a SN Ia with the CSM shped by the mass
outflows of a SyRNe system. The motivation for this simulation was the suggestion of Wood-
Vasey & Sokoloski (2006) that a nova explosion that occurredbefore the SN Ia, creates an
evacuated region around the explosion center and thereforecan naturally explain the lack of
X-ray emission at the early SN Ia phase. In addition, SyRNe systems have been proposed
as viable candidates of SNe Ia progenitors (Mikołajewska 2013, Dilday et al. 2012a, Patat
et al. 2011) and thus it is worthwhile to investigate if thesesystems are aligned with the
X-ray observations of SNe Ia. The outcome of our work is that nova outbursts are capable
to create a low dense AM in which the subsequent SN Ia evolution is not detectable in X-rays.

5.4.1 Similarities of SyRNe CSM with observed SNe Ia

Although our intention was not to model any specific SN Ia, andour approach of modeling
a SN Ia explosion in a SyRNe system is somewhat simplified (seeMohamed et al. 2013b,
for a detailed 3D simulation the SyRN RS Oph), the similarities between our SyRNe models
and the recently observed properties of the CSM that appear to surround a number of SNe Ia
justifies a closer comparison.

The idea of an evacuated region around the explosion center shaped by a nova explosion
was first suggested to explain the density variations in the CSM of the remarkable SN Ia SN
2002ic (Wood-Vasey & Sokoloski 2006). SN 2002ic showed no signs of CSM interaction
during the first 5 - 20 days after the explosion (there are no observations prior to day 5).
However, 22 days after the explosion, its brightness increased sharply revealing strongHα-
line emission (Hamuy et al. 2003a). A second brightening occurred around 60 days after
the explosion, implying a second increase in the CSM density. Such a non-monotonous
density distribution suggests the existence of periodic shells around the SN. Wood-Vasey &
Sokoloski (2006) showed that a nova explosion in a symbioticbinary system that took place
∼ 15 years before the SN Ia forms an evacuated region with a radiusof 1.5×1015 cm. Such a
structure can explain brightness evolution during the first22 days of SN 2002ic. Finally, they
interpreted the secondary rise of the SN light curve (at 60 days) is the result of the collision
of the SN blast wave with a second shell, formed by the previous nova explosion. Our SyRNe
simulations reveal a similar multiple-shell structure, while the first two shells are located to
similar radii with these predicted by Wood-Vasey & Sokoloski (2006). For instance for the
‘case 1 model’ (see Fig. 5.10) the first nova shell is placed ata radius of4× 1015 cm, and the
second shell at3.9 × 1016 cm. The interaction of the SN with the first shell takes place for
the model∼ 10 days after the SN explosion, while the interaction with the second shell at 75
days (top right of Fig. 5.10).

Another recent SN Ia that reveals evidence of a multiple shell structure around the ex-
plosion center is the PTF 2011kx (Dilday et al. 2012a). The time variability of the optical
absorption lines detected in the spectra of this SN suggeststhe existence of an inner shell at a
radius of1×1016 cm with an expansion velocity of∼ 100 km s−1, which was surrounded by
a more distant, second shell moving at∼ 65 km s−1. Two other SN Ia, SN 2006X (Patat et al.
2007b) and SN 2007le (Simon et al. 2009), also showed a similar variability of optical absorp-
tion lines during the early SN phase, indicating the presence a dense CSM (n ∼ 105 cm−3,
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needed to satisfy the required recombination timescale) ata distance of1016 − 1017 cm from
the explosion center moving outwards with a velocity of of 50- 100 km s−1.

The results of our hydrodynamical simulations are in accordance with these observations.
The histograms in Fig. 5.8 show the column density distribution as a function of the plasma
velocity for SyRNe CSM, depicted in the same figure. In these plots we took into account
only the plasma with temperaturesT ≤ 5 × 103 K, as only for these temperatures neutral,
absorbing material is expected. In the three cases, the column density distribution is char-
acterized by three components. The low velocity component showing up aroundu ≃ 10
km s−1, corresponds to the stellar wind that has partially filled the cavity, the medium veloc-
ity component corresponds the plasma that has been accumulated at the edge of the cavity,
and the high velocity component is formed by the first 2-3 shells inside the nova cavity, which
are located at radii of(1 − 6) × 1016 cm. The first component should not be observable in
SN Ia, as by the time the SN is detected the blast wave has already reached the end of the
wind bubble. The second component is at a far distance from the SN, and can therefore
not contribute to the variability of the absorption lines, as it will not be ionized by the SN.
Therefore, the component that is most relevant for the absorption lines in SN Ia is the third
one. The velocity range of this component is∼ 50 km s−1 up to∼ 350 km s−1 while the
corresponding column densities are in the range of1018 − 1020cm−3. The velocity range is
in agreement with the observations. As for the column density, Simon et al. (2009) estimated
that the Na column density around SN 2007le is around2.5× 1012cm−2. Considering solar
abundances for Na, this value corresponds to a total hydrogen column density toward the the
explosion center of1.3× 1018cm−2, consistent with our simulations.

Shen et al. (2013) attributes the absorption line variability to shells formed by a sequence
of nova explosions that potentially can take place prior to the final merger of the two white
dwarfs, in the DD regime. In their model, similar ours, a shell of swept up ambient medium
material is formed by the fast moving nova ejecta which at themoment of the SN Ia explosion
has a radius and velocity similar to what it is observed in SN 2006X, 2007le and PTF 2011kx.
However, in this model the nova ejecta are evolving in the interstellar medium, rather than in
a dense wind bubble. Consequently, in the absence of any kindof hydrodynamical instability
or clumpiness, the cooling timescales of the nova shells aremuch higher than the dynamical
ones. As a result, no efficient cooling takes place, and the temperatures of the shells are not
consistent with the presence of neutral, absorbing material. Moreover, this model can only
produce one shell, as any subsequent nova is evolving from the start within the low density
nova cavity, and without sweeping up any appreciable amountof mass, it will collide with
the shell formed by previous novae.,

Recently Soker et al. (2013) suggested that the consecutiveshells around PTF 2011kx can
be also be explained by the violent merger scenario. According to this scenario after common
envelope episode that takes place at the progenitor binary,WD merges with the hot core that
remained from the companion star. The multiple shell structure, in this case, is formed by the
interaction of the wind of the AGB progenitor and the ejectedmass of the common envelope.
However, this recent model is not followed by any simulationand thus no firm conclusions
about it reliability can be drawn.
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5.5 Summary

The results of the present work are summarised as follows:

1. We simulated the interaction of SNe Ia with circumstellarwind bubbles and calculated
the resulting X-ray luminosity. The results differ from thesimple model of Immler
et al. (2006b). We find that Immler et al. (2006b) assumptionsoverestimate the forward
shock velocity, the cooling function and the luminosity of the shocked CSM region,
while the temperature of the forward shock region and the ratio Lrev/Lfor region are
underestimated.

2. The expected total luminosity of our numerical models is almost equal to or even higher
than that of Immler et al. (2006b) analytical predictions, depending on the SN Ia ex-
plosion model used for our simulations. In particular, we note the significantly larger
X-ray luminosity predicted for the W7 explosion model.

3. We confirm the X-ray upper limits of the mass-loss rate of the donor star in a symbiotic
progenitor system, placed by Immler et al. (2006b), and in case of the W7 explosion
model, stricter upper limits should be imposed.

4. We simulated the mass outflows expected from SyRN systems in which the CSM is
shaped by the interaction of a slow stellar wind with periodical nova explosions. The
resulted CSM consists of various nova shells with low density environments in between
them.

5. We simulated the interaction of SNe Ia with this wind-novaCSM. We find that the total
SN X-ray luminosity is at least one order of magnitude less than that of a SN evolving
in a wind bubble. We conclude that SNe Ia originating from SyRNe systems are not
detectable in the X-rays during the early SN phase.

6. Our SyRN models reveal similar characteristics with the CSM of SNe Ia which show
time variable brightness (SN 2002ic) or time variable line abortion features (SN 2006X,
2007le, PTF 2011kx ).
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SAMENVATTING

Dit proefschrift richt zich op de studie van een specifieke groep van supernovae, ge-
naamd type Ia (of thermonucleaire) supernovae. We proberenin het bijzonder informatie te
verkrijgen over hun oorsprong door de interactie van deze supernovae met structuren van cir-
cumstellair materiaal te bestuderen. Deze structuren zijngevormd door het oorspronkelijke
systeem waarin de geëxplodeerde ster zich bevond. Voordat we echter beginnen met het be-
schrijven van het doel en de verschillende delen van dit werk, geven we hier eerst een uitleg
over wat een Type Ia supernova precies is.

Sterren zijn, als mensen, gewend om in paren te leven. Een paar van twee sterren wordt
ook wel eendubbelster systeemgenoemd. En net als bij menselijke relaties zijn sommige
dubbelsterren saai, waarbij er geen interactie is tussen beide leden. Sommige dubbelsterren
beïnvloeden door interactie elkaars evolutie, terwijl in sommige andere gevallen dubbelster-
ren een explosieve interactie hebben. De groep van supernova explosies dietype Ia superno-
vaegenoemd worden behoren tot de laatste categorie. In deze categorie is het explosieve lid
van het dubbelster systeem een witte dwerg (een compact overblijfsel van een ster met een
lage massa), welke bestaat uit koolstof en zuurstof. Door massa overdracht van de begelei-
dende donorster naar de witte dwerg groeit deze in massa, zodat de dichtheid in het centrum
van de witte dwerg toeneemt en waardes bereikt waarbij koolstof nucleaire fusie kan onder-
gaan. Omdat deze nucleaire fusie onderontaarde(waarbij de druk onafhankelijk is van de
temperatuur) condities plaatsvindt is het fusieproces niet gereguleerd, wat leidt tot een ket-
tingreactie waarbij vrijwel de volledige witte dwerg verbrand wordt. De energie die bij deze
thermonucleaire verbranding vrijkomt zorgt ervoor dat de ster met geweld uiteenscheurt, wat
leidt tot een Type Ia supernova explosie. De snelheid waarmee het materiaal van de dode
ster uitgestoten wordt is supersonisch en wordt er dus een schokgolf gevormd die het mate-
riaal dat zich rond de ster bevind opveegt. De overblijvendestructuur van het expanderende
stellaire materiaal samen met het gas dat opgeveegd wordt, heet een supernova restant.

De theorie dat Type Ia supernovae het resultaat zijn van thermonucleaire explosies van in
massa groeiende koolstof-zuurstof witte dwergen kan de voornaamste observaties van deze
groep van supernovae verklaren. Toch blijven er onduidelijkheden over de aard van de bege-
leidende ster, het massa overdracht proces en het explosiemechanisme van de witte dwerg. Er
zijn twee evolutionaire scenario’s gesuggereerd die leiden tot een Type Ia explosie: hetenkel-
voudig ontaardescenario, waarbij de witte dwerg massa overneemt van een normale ster (van
de hoofdreeks of een reus), en hettweeledig ontaardescenario, waarbij de explosie ontstaat
bij het samensmelten van twee koolstof-zuurstof witte dwergen. De vraag is nu welke van
deze scenario’s waar is, of komen ze beide voor in de Natuur?

Een manier om deze vraag te lijf te gaan is om ons voor te stellen dat we een soort
astro-detectives zijn. Ons doel is om een vermoedelijkecrime passioneltussen een paar van
sterren, bekend onder de codenaam ‘Type Ia supernova’, te onderzoeken. Het eerste dat we
kunnen bedenken is op zoek gaan naar getuigen. Helaas zijn deze er niet, omdat we tot op
heden geen enkel dubbelster systeem hebben geobserveerd dat tot een Type Ia supernova heeft
geleid. Vervolgens gaan we op zoek naar bewijsmateriaal datachtergebleven is op de locatie
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van de misdaad. De theorie van dubbelsterevolutie voorspelt dat verschillende voorgangers
van Type Ia supernovae gekarakteriseerd worden door de manier waarop ze massa uitstoten.
De massa die wordt uitgestoten (bijvoorbeeld in de vorm van een sterwind) gaat interactie
aan met het materiaal dat zich al rond die ster bevond. Verschillende soorten dubbelster
systemen die leiden tot een type Ia supernova vormen hun omringende materiaal dus op
verschillende manieren. Hierdoor worden vervolgens zowelde interactie van de schokgolf
van de supernova met dit materiaal, als de eigenschappen vanhet uiteindelijke supernova
restant beïnvloed. We kunnen dus sporen vinden van de aard enevolutie van de voorgangers
van Type Ia supernovae in de observaties van supernova explosies en supernova restanten.

Deze methode van onafhankelijke informatie vinden over de oorsprong van Type Ia su-
pernovae is de rode draad van dit proefschrift. In het bijzonder voeren we hydrodynamische
simulaties uit en we bestuderen de effecten van de interactie tussen het uitgestoten materiaal
van de supernova met het omringende materiaal, welke interactie de morfologie, de dynami-
sche eigenschappen en de stralingseigenschappen van type Ia supernovae en hun restanten
beïnvloeden. Door het in oogschouw nemen van verschillendemogelijke massaverlies sce-
nario’s van het oorspronkelijke systeem en state-of-the-art modellen voor Type Ia explosies
te gebruiken, modelleren we Type Ia supernovae en restantenwaarvan veel observationele in-
formatie beschikbaar is. Met dit modelleren bepalen we de mogelijke oorsprong en evolutie
die geleid kunnen hebben tot de eigenschappen die we nu observeren.

Het Type Ia supernova restant dat het meest grondige bewijs laat zien van interactie van
het materiaal van de supernova met het omringend materiaal,is het restant van supernova SN
1604 (ook bekend als Keplers supernova). Observaties in verschillende golflengte gebieden
tonen dat in een noordwestelijk gebied het restant interactie ondergaat met een dichte schil
van minimaal een zonsmassa aan stikstofrijk materiaal. De dichtheid en de chemische sa-
menstelling van deze schil kunnen niet toegeschreven worden aan locale dichtheidsvariaties
van het interstellair materiaal, wat wijst op een circumstellaire oorsprong van de schil. In
Hoofdstuk 2 beargumenteren we dat het materiaal rond Keplers supernova gevormd is door
een reuzenster met een initiële massa van 4-5 M⊙. De motivatie voor deze suggestie is dat
sterren van deze massa en in deze evolutionaire fase gekarakteriseerd worden door sterke,
stikstofrijke sterwinden. Gebaseerd op deze aanname voeren we tweedimensionale hydrody-
namische simulaties uit. De resultaten van deze simulatieszijn in goede overeenkomst met de
geobserveerde kinematische en morfologische eigenschappen van Keplers supernova restant.

Sporen van interactie tussen supernova en circumstellair materiaal zijn niet altijd zo dui-
delijk zichtbaar als in Keplers supernova. Een ander Galactisch supernova restant, SN 1572
(ook bekend als Tycho’s supernova) laat geen direct bewijs zien voor zo’n interactie. De dy-
namische eigenschappen en röntgenstraling afkomstig van deze remnant kunnen echter niet
beiden worden gereproduceerd onder aanname dat het restantevolueert in een onveranderd,
homogeen medium. In Hoofdstuk 3 hebben we Tycho’s supernovarestant gemodelleerd on-
der de aanname dat deze een interactie heeft gehad met een kleine, dichte sterwind-bel, welke
gevormd is door het voorganger systeem van de supernova. De dynamische en röntgene-
missie eigenschappen van onze modellen komen beter overeenmet de observaties dan een
homogeen, onveranderd omringend medium dat in de bestaandeliteratuur gesuggereerd is.

Het Galactische supernova restant RCW 86 is veel eigenaardiger dan de twee hierboven
genoemde objecten. De morfologie wijkt substantieel af vaneen bolvorm (het lijkt meer op
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een doos) en zijn eigenschappen tonen grote ruimtelijke variatie. Het voorganger systeem
van deze supernova is nog onduidelijk, hoewel recente observaties een Type Ia oorsprong
suggereren. In Hoofdstuk 4 onderzoeken we de eigenschappenvan dit restant door gebruik
te maken van de röntgen telescoopXMM-Newton. We vinden dat zowel de emissie eigen-
schappen als de grote ruimtelijke variatie in eigenschappen verklaard kunnen worden door
een supernova die geëxplodeerd is in een niet-sferisch symmetrische holte. Zo’n holte kan
gecreëerd worden door een snelle wind die uitgaat van het oppervlak van de witte dwerg.
Dit scenario is consistent met een enkelvoudig ontaarde oorsprong van RCW 86. Daarnaast
hebben we hydrodynamische simulaties uitgevoerd om te onderzoeken of zo’n scenario de
dynamische en emissie eigenschappen van dit restant kan verklaren. De resultaten van het
modelleren komen overeen met de globale eigenschappen van RCW 86, terwijl de grote ruim-
telijke variatie verklaard kan worden doordat verschillende delen van het supernova restant
in verschillende stadia van interactie zijn met de dichte muur die de holte omringd.

Een andere dimensie van dit proefschrift is de studie van röntgenstraling afkomstig van de
vroege fase van supernovae (binnen 150 dagen na de explosie), in verschillende omgevingen
waarin een Type Ia kan exploderen (Hoofdstuk 5). We voeren hydrodynamische numerieke
technieken uit waarin we de verwachte röntgenstraling afkomstig van de interactie van de
schokgolf van de supernova met het omringende medium in tweeverschillende scenario’s
bekijken. In het eerste scenario is het omringende materiaal een sterwind-bel, gevormd door
een langzame sterwind van een begeleidende reuzenster. In het andere scenario is het om-
ringend materiaal gevormd door de interactie van een langzame wind met snel bewegend
materiaal afkomstig van periodieke explosies op het oppervlak van de witte dwerg, zoge-
naamde nova explosies. De systemen die deze novae in combinatie met massa uitstoot in
de vorm van een sterwind laten zien, staan bekend als symbiotische novae. Het doel van dit
onderzoek is om de resultaten van deze simulaties te vergelijken met de huidige observaties
van de röntgenstraling tijdens de vroege fase van type Ia supernovae, om op die manier beper-
kingen op te leggen aan de mogelijke omringende massastructuren rond het explosiecentrum.
We vinden dat het gebrek aan röntgenstraling in de vroege fase van type Ia supernovae een
bovenlimiet stelt aan het massaverlies van de donorster van3 × 10−6 M⊙ yr−1. Ook is het
gebrek aan röntgenstraling in overeenstemming met een symbiotisch dubbelster systeem als
oorsprong van de supernova. Interessant genoeg vinden we inonze simulaties tevens dat de
eigenschappen van circumstellair materiaal gevormd door symbiotische novae intrigerende
overeenkomsten laat zien met omringend materiaal dat geobserveerd is in een aantal Type Ia
supernovae, waaronder SN 2006X en PTF 2011kx.





SUMMARY

This thesis is focused on the study of a specific class of supernovae, named Type Ia (or
thermonuclear) supernovae. In particular, we attempt to gain information about their origin
through the study of the interaction of these supernovae with circumstellar structures that
have been shaped by their progenitor systems. But before we start the description of the aim
and the parts of this work, let’s take things from the beginning by clarifying what is a Type Ia
supernova.

Stars, like people, are used to live in pairs. A pair of two stars is calledbinary system.
And as it is happening with the human relationships some binaries are boring and there is no
interaction between the two components, some other interact influencing the evolution of each
member while, finally, in some other cases the interaction ofthe two members is explosive.
In the last category belongs the class of supernovae named asType Ia supernovae. In this
case the explosive member of the binary is a white dwarf (the compact remnant of a low mass
star) composed of carbon and oxygen. Through mass accretionfrom the companion star the
white dwarf increases its mass whereas the density in the itscenter goes up to levels capable
to ignite the carbon. As the nuclear fusion of carbon occurs under degenerate conditions (the
pressure is independent of the temperature) the burning process is not regulated, leading to
a runaway fusion which burns almost the entire white dwarf. The energy released from this
thermonuclear burning disrupts the star creating a Type Ia supernova explosion. The velocity
with which the material of the dead star is expelled is supersonic and thus a shock wave is
formed and it sweeps up the material that surrounds the star.The resulting structure of the
expanding stellar material together with the swept up gas iscalled asupernova remnant.

Although, the idea that Type Ia supernovae are the result of the thermonuclear explosions
of mass accreting carbon-oxygen white dwarfs can explain the main observational features
of this class of supernovae, the nature of the companion star, the mass transfer process and
the explosion mechanism itself remain unclear. Two main binary evolution paths that lead to
a Type Ia explosion have been suggested: The so calledsingle degenerate scenarioin which
the white dwarf accretes mass from a normal star (main sequence star or a giant) and the
so calleddouble degenerate scenariowhich suggests that the explosion is triggered by the
merging of two carbon- oxygen whited dwarfs. The question iswhich of these scenarios is
true, or do both of them occur in Nature?

A way to start thinking how to approach this issue is to imagine that we are a kind of
astro-inspectors. Our aim is to investigate a crime of passion between a pair of stars, known
with the code name ‘Type Ia supernova’. The first thing that wecan think to to look for
witnesses. Unfortunately there are no witnesses, as till nowadays we have not observed any
binary that ended up as a Type Ia supernova. Then the second thought is to search for traces
that were left behind at the crime scene. The theory of binaryevolution predicts that different
progenitors of Type Ia supernovae are characterized by different mass outflows. These mass
outflows are expelled out of the system and interact with the surrounding material. Thus,
different types of binaries that lead to a Type Ia supernovae, shape differently their ambient
medium. Subsequently, the interaction of the supernova shock wave with these modified
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circumstellar structures will affect the properties of thesupernova explosion as well as these
of the resulting supernova remnant. In this sense, traces ofthe nature and evolution of Type Ia
progenitors progenitors will be reflected in the observed properties of the Type Ia supernovae
and supernova remnants.

This method of gaining independent information on the origin of Type Ia supernova is the
backbone of this thesis. In particular, we perform hydrodynamic simulations and we study
the effects of the interaction between the supernova ejectaand circumstellar medium, which
affects the morphology, the dynamics and the emission properties of the Type Ia supernovae
and their remnants. Considering possible mass outflows of the progenitor system and using
current models for Type Ia supernova explosions, we model well observed Type Ia supernovae
and supernova remnants and inferring from that their possible origin and evolution that would
be able to reproduce their observed characteristics.

The Type Ia supernova remnant that shows the most profound evidence of such a super-
nova ejecta - circumstellar medium interaction is the Galactic remnant of the supernova SN
1604 (also known as Kepler’s supernova). Observations in several bands reveal that in the
north-west region the remnant interacts with a dense shell which contains at least one solar
mass of nitrogen rich material. The density and the chemicalcomposition of the shell cannot
be attributed to local density gradients of the ISM and pointtoward a circumstellar origin.
In Chapter 2, we argue that the ambient medium around Kepler supernova has been shaped
by an giant donor star with an initial mass of 4- 5 M⊙. The motivation for this suggestion is
that stars with this mass, in this evolutionary phase are characterized by strong nitrogen rich
stellar winds. Based on this assumption we performed two-dimensional hydrodynamic sim-
ulations. The results are in good agreement with the observed kinematic and morphological
properties of Kepler’s supernova remnant.

Traces of supernova- circumstellar medium interaction canbe less obvious as they are in
the case of Kepler’s supernova. Another Galactic supernovaremnant this of SN 1572 (also
known as Tycho’s supernova) reveals no straightforward evidence for such an interaction.
However, its dynamics and its emission in the X- ray band cannot be reproduced at the same
time under the assumption that the remnant is evolving in a non- modified, homogeneous
medium. In Chapter 3 we modeled Tycho’s supernova remnant under the assumption that it
had an interaction history with a small, dense wind bubble, formed by the progenitor system.
The dynamic properties and synthetic X-ray spectra of our models provide a better match
with the observations, than the case of the homogeneous ambient medium model that has
been suggested in the existing literature.

The Galactic supernova remnant named RCW 86 is much more peculiar than the two
aforementioned objects. Its morphology deviates substantially from a spherical shape (it
looks more like a box-shaped remnant) and its properties show a large spatial variation. The
type of this supernova is still unclear. However, recent observations favor a Type Ia origin.
In Chapter 4, we investigate the properties of this remnant using the observations of the X-
ray telescope XMM- Newton. We find the emission properties ofthe remnant as well as the
large differences that it reveals in different regions, which can be explained by a supernova
exploding in a non- spherical symmetric cavity. Such a cavity can by created by fast winds
which emanate by the surface of the white dwarf. This scenario is consistent with a single
degenerate origin of RCW 86. In addition, we performed hydrodynamical simulations to
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investigate if such a scenario can reproduce the dynamics and emission properties of the
remnant. The results of the modeling are in agreement with the overall properties of RCW
86, while its anisotropy of observables can be explained by the different time that has passed
since the interaction with the dense wall surrounding the cavity.

Another dimension to this thesis involves the study of X-rayemission at the early su-
pernova phase (first 150 days after explosion) from the different environments that surround
the Type Ia supernova (Chapter 5). We performed hydrodynamic numerical techniques and
we calculated the expected X-ray emission from the supernova’s shock wave with ambient
medium for considering two possible progenitor scenarios:The case in which the ambient
medium is a wind bubble formed by the slow wind of a giant donorstar and the case cir-
cumstellar medium is shaped by the interaction of a slow stellar wind with a fast moving
material emanating from periodical explosions at the surface of the white dwarf, known as
nova explosions (the system that reveal the novae plus stellar wind outflows are known as
symbiotic novae). The aim of this research is to compare the results of these simulations with
the current observations of the X-ray emission during the early phase of Type Ia supernovae,
imposing possible constraints on the ambient medium aroundthe explosion center. We find
that the lack of X- ray emission during the early phase of TypeIa supernovae places an upper
limit on the mass loss rate of the giant donor star equal to2 × 10−6 M⊙ yr−1, while it is
in agreement with a symbiotic binary progenitor. Interestingly, in our simulations, we also
found that the properties of the circumstellar medium formed by symbiotic novae reveals in-
triguing similarities with the ambient media observed in the optical in a number of Type Ia
supernovae such as SN 2006X and PTF 2011kx.





Περίληψη

‘Λείψανα παλιών άστρων και γωνιές αραχνιασμένες τ΄ ουρανού σαρώνοντας
η καταιγίδα που θα γεννήσει ο νους του ανθρώπου.’

Ο. Ελύτης (΄Αξιον Εστί)

Η διατριβή αυτή επικεντρώνεται στη μελέτη της κλάσης υπερκαινοφανών εκρήξεων
με το όνομα υπερκαινοφανείς εκρήξεις τύπου Ια (ή αλλιώς θερμοπυρηνικές υπερκαινο-
φανείς εκρήξεις). Ειδικότερα σκοπός αυτής της διατριβής είναι η εξαγωγή πληροφορίας
όσον αφορά την προέλευση των υπερκαινοφανών τύπου Ια μέσω της μελέτης της αλ-
ληλεπίδρασης αυτών, με το μέσο που περιβάλει τον υπό έκρηξη αστέρα. Προτού όμως
αρχίσουμε τη περιγραφή του σκοπού και της δομής αυτής διατριβής, ας απόσαφηνίσουμε
τι είναι μια υπερκαινοφανής έκρηξη τύπου Ια.
Τα άστρα, όπως και οι άνθρωποι, συνηθίζουν να ζουν σε ζεύγη. ΄Ενα ζεύγος άστρων,

ονομάζεται στην αστροφυσική διπλό σύστημα. Και όπως συμβαίνει και με τις ανθρώπι-
νες σχέσεις, σε κάποια διπλά συστήματα υπάρχει απαξίωση και μηδενική αλληλεπίδραση,
κάποια άλλα αλληλεπιδρούν έντονα μεταξύ τους επηρεάζοντας ο ένας τη ζωή και την
εξέλιξη του άλλου, και τέλος σε κάποιες άλλες περιπτώσεις η σχέση μεταξύ του ζεύγους
οδηγεί σε εκρήξεις. Οι υπερκαινοφανεις αστέρες τύπου Ια είναι απότέλεσμα της τελευτα-
ίας κατηγορίας διπλών αστέρων. Σε ένα τέτοιο διπλό σύστημα, το εκρηκτικό μέλος είναι
ένας λευκός νάνος (το συμπαγές υπόλειμμα ενός νεκρού άστρου μικρής μάζας) απότελο-
ύμενο από άνθρακα και οξυγόνο. Σε κάποια φάση της εξέλιξης του διπλού συστήματος
ο λευκός νάνος αρχίζει να τρώει το συνοδό του με απότελεσμα η μάζα του να αυξάνει
συνεχώς. Η αυξηση της μαζας συνεπάγεται αύξηση της πυκνότητας στο εσωτερικό του
λευκού νάνου, η οποία φτάνει σε επίπεδα ικανά να ξεκινήσει η ανάφλεξη του άνθρα-
κα στον πυρήνα του. Καθώς ο άνθρακας του λευκού νάνου υπόκεινται σε διαδοχικές
θερμοπυρηνικές αντιδράσεις κάτω από εκφυλισμένες συνθήκες (δηλαδή η πίεση είναι α-
νεξάρτητη της θερμοκρασίας), η καύση του άνθρακα είναι μη ελεγχόμενη, και ακολουθεί
μια διαδικασία αλλεπάλληλων πυρηνικών συντήξεων σε ολόκληρο τον λευκό νάνο. Η
ενέργεια που απελευθερώνεται από αυτές τις θερμοπυρηνικές καύσεις είναι τόσο μεγάλη
που τινάζει κυριολεκτικά στον αέρα τον λευκό νάνο. ΄Ετσι δημιουργείται μια υπερκαινο-
φανής έκρηξη τύπου Ια. Η ταχύτητα με την οποία το ανατιναγμένο υλικό κινείται είναι
υπερηχητική, με αποτέλεσμα τη δημιουργία ενός ωστικόύ κύματος το οποίο σαρώνει το
περιβάλλον υλικό. Η προκύπτουσα δομή αποτελείται από το υλικό του λευκού νάνου και
το αέριο που σαρώθηκε από το ωστικό κύμα και ονομάζεται υπόλειμμα υπερκαινοφανούς.
Παρόλο που η κεντρική ιδέα της προέλευσης των υπερκαινοφανών τύπου Ια από τις

θερμοπυρηνικές εκρήξεις λευκών νάνων, είναι ικανή να εξηγήσει τις βασικές παρατηρο-
ύμενες ποσότητες αυτής της κλάσης υπερκαινοφανών, η ακριβής φύση των προγεννη-
τόρων τους, η διαδικασία με την οποία μεταφέρεται μάζα στο λευκό νάνο, και ο καθ΄
αυτός μηχανισμός έκρηξης παραμένουν ασαφείς. Στη σύγχρονη βιβλιογραφία έχουν
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προταθεί δύο κύριες εξελίχτηκες διαδρομές, οι οποίες εν δυνάμει μπορούν να οδηγήσουν
σε μία έκρηξη υπερκαινοφανούς τύπου Ια. Η αποκαλούμενη υπόθεση μονού εκφυλισμού
σύμφωνα με την οποία η ύλη που προσπίπτει στον λευκό νάνο προέρχεται από ένα άστρο
(είτε κύριας ακολουθίας, είτε αστέρας γίγαντας), και η αποκαλούμενη υπόθεση διπλού
εκφυλισμού η οποία προτείνει πως η έκρηξη υπερκαινοφανούς οφείλεται στην σύγκρου-
ση και συγχώνευση δυο λευκών νάνων αποτελούμενων από άνθρακα και οξυγόνο. Το
ερώτημα που προκύπτει είναι ποια από τις δύο αυτές υποθέσεις είναι αληθής·
’Ενας τρόπος για να αρχίσουμε να προσεγγίζουμε τον τρόπο απάντησης αυτής της

ερώτηση είναι να φανταστούμε το ότι είμαστε κάποιο είδος άστρο-επιθεωρητές. Ο σκο-
πός μας είναι να διερευνήσουμε ένα έγκλημα πάθους μεταξύ δύο αστέρων που ακούει στο
κωδικό όνομα ὺπερκαινοφανής έκρηξη τύπου Ια΄. Το πρώτο πράγμα που μας περνάει από
το μυαλό είναι να αναζητήσουμε τυχόν μάρτυρες που είδαν το συμβάν. Δυστυχώς δεν
υπάρχουν, καθώς μέχρι σήμερα δεν έχουμε παρατηρήσει κάποιο διπλό σύστημα αστέρων
που κατέληξε σε έκρηξη υπερκαινοφανούς τύπου Ια. Με αυτό το δεδομένο περνάμε
στη δεύτερη σκέψη και αναζητούμε ίχνη και στοιχεία που έμειναν πίσω στον τόπο του
εγκλήματος. Τέτοια ίχνη υπάρχουν. Η θεωρία της εξέλιξης των διπλών αστέρων μας
βοηθά στο να χρησιμοποιήσουμε αυτά τα ίχνη ώστε να εξαγάγουμε συμπεράσματα όσον
αφορά τους ενόχους και τις συνθήκες κάτω από τις οποίες η δολοφονία του αστεριού
έλαβε χώρο. Συγκεκριμένα, η θεωρία αυτή προβλέπει πως διαφορετικοί προγεννήτορες
των υπερκαινοφανών τύπου Ια, χαρακτηρίζονται από διαφορετικές εκροές ύλης κατά τη
διάρκεια της εξέλιξης του διπλόύ συστήματος. Αύτες οι εκροές ύλης αλληλεπιδρούν
με τον περιβάλλοντα χώρο προσδίδοντας σε αυτόν διαφορετικά χαρακτηριστικά. Κατά
συνέπεια εκρήξεις υπερκαινοφανών που προέρχονται από διαφορετικούς προγεννήτορες,
περιβάλλονται από μέσα με διαφορετικά χαρακτηριστικά. Η αλληλεπίδραση του ωστικού
κύματος του υπερκαινοφανούς με το περιβάλλοντα χώρο επηρεάζει άμεσα την εξέλιξη και
τα χαρακτηριστικά της έκρηξης και του υπολείμματος υπερκαινοφανούς. Υπό αυτή την
έννοια, τα ίχνη του περιβάλλοντα χώρου, και κατά συνέπεια του προγεννήτορα, κρύβον-
ται πίσω από τις παρατηρούμενες ποσότητες των υπερκαινοφανών και των υπολειμμάτων
υπερκαινοφανών.
Η μέθοδος αυτή εξαγωγής πληροφοριών για τους προγεννήτορες των υπερκαινοφα-

νών τύπου Ια αποτελεί τη ραχοκοκαλιά της διατριβής αυτής. Συγκεκριμένα, εκτελούμε
υδροδυναμικές προσομοιώσεις και μελετούμε τα αποτελέσματα της αλληλεπίδρασης με-
ταξύ του εκτιναγμένου υλικού των υπερκαινοφανών και του περιβάλλοντα μέσου, στη
μορφολογία, στη δυναμική και στην εκπομπή ακτινοβολίας του προκύπτοντα υπερκαινο-
φανούς και υπολείμματος υπερκαινοφανούς. Λαμβάνοντας υπόψη, δυνατές εκροές ύλης
από το διπλό σύστημα του προγεννήτορα και χρησιμοποιώντας υπάρχουσα μοντέλα υπερ-
καινοφανών εκρήξεων, μοντελοποιούμε καλά παρατηρούμενες υπερκαινοφανείς εκρήξεις
και υπολείμματα υπερκαινοφανών. Από τη μοντελοποίηση αυτή εξάγουμε συμπεράσματα
για την πιθανή τους προέλευση και εξέλιξη.
Το υπόλειμμα υπερκαινοφανούς το οποίο παρουσιάζει τα ποια εμφανή στοιχεία αλ-

ληλεπίδρασης με περιαστρικές δομές, διαμορφωμένες από τον προγεννήτορα, είναι το
Γαλαξιακό υπόλειμμα του υπερκαινοφανούς SN 1604(επίσης γνωστό με το όνομα υ-
περκαινοφανής του Κέπλερ). Παρατηρήσεις σε διάφορα μέρη του ηλεκτρομαγνητικού
φάσματος αποκαλύπτουν ότι η νοτιοδυτική πλευρά του συγκεκριμένου υπολείμματος υ-
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περκαινοφανούς αλληλεπιδρά με ένα κέλυφος που περιέχει υλικό πλούσιο σε άζωτο και
μάζας τουλάχιστον ίση με αυτή του ήλιου. Η πυκνότητα και η χημική σύσταση του
κελύφους δεν μπορούν να εξηγηθούν από τοπικές διακυμάνσεις το μέσου που βρίσκε-
ται στη ευρύτερη περιοχή. Το πιο πιθανό είναι να διαμορφώθηκε από εκροές ύλης του
διπλού συστήματος υπεύθυνο για τον υπεκαινοφανή. Στο Κεφάλαιο 2 αυτής της διατρι-
βής, διατυπώνουμε την άποψη ότι ο χώρος που περιβάλει τον υπερκαινοφανή του Κέπλερ
διαμορφώθηκε από το συνοδό αστέρα του λευκού νάνου ο οποίος ήταν ένας γίγαντας με
μάζα 4 - 5 φορές μεγαλύτερη αυτής του ήλιου. Κίνητρο αυτής της υπόθεσης είναι ότι
οι γίγαντες αστέρες, με την προαναφερθείσα μάζα, παρουσιάζουν έντονες εκροές, με τη
μορφή αστρικού ανέμου, υλικού πλούσιου σε άζωτο. Βασιζόμενοι σε αυτή την υπόθε-
ση εκτελέσαμε υδροδυναμικές προσομοιώσεις. Τα αποτελέσματα των προσομοιώσεων
αυτών αναπαράγουν τις παρατηρήσιμες ποσότητες που αφορούν την κινηματική και τη
μορφολογία του υπερκαινοφανούς του Κέπλερ.
Σε κάποιες περιπτώσεις τα ίχνη αλληλεπίδρασης του υλικού του υπερκαινοφανούς

με το περιαστρικό μέσο είναι λιγότερο έκδηλες από ότι είναι στην περίπτωση του υπερ-
καινοφανούς του Κέπλερ. ΄Ενα άλλο Γαλαξιακό υπόλειμμα του του υπερκαινοφανούς
SN 1572,επίσης γνωστό ως υπερκαινοφανής του Τύχο, δεν παρουσιάζει καμία προφανή
ένδειξη μια τέτοιας αλληλεπίδρασης. Ωστόσο, η δυναμική και οι ιδιότητες εκπομπής του
στις ακτίνες Χ δεν μπορούν να αναπαραχθούν από μοντέλα τα οποία υποθέτουν ότι ο ο
υπερκαινοφανής του Τύχο διαστέλλεται σε ένα ομογενές και αδιατάραχο μέσο. Στο Κε-
φάλαιο 3 μοντελοποιήσαμε το συγκεκριμένο υπόλειμμα υπερκαινοφανους, υποθέτοντας
ότι στο παρελθόν είχε αλληλεπιδράσει με μια μικρή αλλά πυκνή φούσκα, αποτελούμενη
από το υλικό του αστρικού ανέμου του προγεννήτορα. Η δυναμική και το φάσμα του
υπερκαινοφανούς που προέκυψε από τα μοντέλα μας βρήσκεται σε μεγαλύτερο βαθμό
συμφωνίας με τις παρατηρήσεις, σε σύγκριση με τα μοντέλα της βιβλιογραφίας, τα οποία
υποθέτουνε ένα ομογενές περιβάλλοντα μέσο.
Το Γαλαξιακό υπόλειμμα υπερκαινοφανούς με το όνομα RCW 86παρουσιάζει πολύ πιο

αξιοπερίεργα χαρακτηριστικά από τα δύο προαναφερθέντα αστρικά σώματα. Η μορφολο-
γία του αποκλίνει σημαντικά από τη σφαιρική συμμετρία (μοιάζει πιο πολύ με ορθογώνιο
κουτί) ενώ τα χαρακτηριστικές του ιδιότητες παρουσιάζουν μεγάλη χωρική διακύμανση.
Ο τύπος αυτού του υπολείμματος υπερκαινοφανούς παραμένει αδιευκρίνιστος. Ωστόσο
πρόσφατες παρατηρήσεις συνηγορούν σε μια τύπου Ια προέλευση. Στο Κεφάλαιο 4 με-
λετούμε τα χαρακτηριστικά αυτού του υπολείμματος υπερκαινοφανούς χρησιμοποιώντας
τις παρατηρήσεις του τηλεσκοπίου ακτίνων Χ, XMM - Newton. Από τις παρατηρήσεις
αυτές διαπιστώνουμε ότι οι ιδιότητες σε διάφορες περιοχές του υπολείμματος υπερκαινο-
φανούς μπορούν να εξηγηθούν αν η υπερκαινοφανής έκρηξη έλαβε χώρα εντός μίας μη
σφαιρικής κοιλότητας χαμηλής πυκνότητας. Μία τέτοια κοιλότητα μπορεί να διαμορφω-
θεί από τις εκροές ύλης που πηγάζουν από την επιφάνεια του λευκού νάνου. ΄Ενα τέτοιο
σενάριο δηλώνει ότι ο υπερκαινοφανής προέρχεται από ένα σύστημα μονού εκφυλισμού.
Συνακολούθως, εκτελέσαμε υδροδυναμικές προσομοιώσεις με σκοπό να ερευνήσουμε
εάν πράγματι ένα τέτοιο σενάριο είναι ικανό να αναπαράγει την παρατηρούμενη δυναμική
και τις ιδιότητες ακτινοβολίας του συγκεκριμένου σώματος. Τα αποτελέσματα της μο-
ντελοποίησης συμφωνούν με τα γενικά χαρακτηριστικά του RCW 86. ΄Οσον αφορά την
ανισοτροπία του σώματος αυτή μπορεί να εξηγηθεί από τη χρονική διαφορά κατά την
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οποία διάφορα μέρη του υπολείμματος συγκρούστηκαν με το πυκνό τοίχωμα που κείται
στην άκρη της κοιλότητας.
Μια άλλη διάσταση του θέματος με την οποία ασχολήθηκε η συγκεκριμένη διατριβή

είναι η μελέτη της εκπομπής των ακτίνων Χ κατά την πρώιμη φάση (πρώτες 150 μέρες)
του υπερκαινοφανούς (Κεφάλαιο 5). Εκτελέσαμε διάφορες τεχνικές υδροδυναμικών προ-
σομοιώσεων και υπολογίσαμε την αναμένουσα εκπομπή ακτίνων Χ από το ωστικό κύμα
του υπερκαινοφανούς για δύο περιπτώσεις προγεννητόρων: Την περίπτωση κατά την ο-
ποία ο περιβάλλον χώρος έχει διαμορφωθεί από τον αργό αστρικό άνεμο ενός αστέρα
γίγαντα και την περίπτωση όπου το περιαστρικό μέσο διαμορφώνεται από την αλλη-
λεπίδραση ενός αστρικού ανέμου με ένα ταχέως κινούμενο υλικό που προέρχεται από
διαδοχικές εκρήξεις στην επιφάνεια του λευκού νάνου, γνωστές ως καινοφανείς εκρήξεις.
Το σύστημα που παρουσιάζει αυτές τις εκρήξεις σε συνδυασμό με εκροές αστρικού α-
νέμου, ονομάζεται συμβιωτικό σύστημα καινοφανών. Σκοπός αυτής της μελέτης είναι
η σύγκριση των αποτελεσμάτων αυτών των προσομοιώσεων με τις σύγχρονες παρα-
τηρήσεις της εκπομπής ακτίνων Χ κατά την πρώιμη φάση των υπερκαινοφανών τύπου
Ια. Με το τρόπο αυτό μπορούμε να θέσουμε περιορισμούς στις ιδιότητες του χώρου
που περιβάλει την έκρηξη. Βρίσκουμε ότι η έλλειψη εκπομπής που παρατηρείται κατά
την πρώιμη φάση των υπερκαινοφανών τύπου Ια επιβάλει ένα ανώτατο όριο στο ρυθμό
απώλειας μάζας του γίγαντα αστέρα ίσο με 3 × 10−6 Μ⊙ yr−1, ενώ η έλλειψη αυτή
αναμένεται από προγεννήτορες με χαρακτηριστικά συμβιωτικών συστημάτων καινοφα-
νών. ΄Ενα επιπλέον αποτέλεσμα των προσομοιώσεων μας είναι ότι τα χαρακτηρικά του
περιβάλλοντα μέσου, που διαμορφώθηκε από ένα συμβιωτικό σύστημα καινοφανών, πα-
ρουσιάζει ιδιαίτερες ομοιότητες με τον περιβάλλοντα χώρο που έχει παρατηρηθεί στο
οπτικό φάσμα ενός αριθμού υπερκαινοφανών εκρήξεων τύπου Ια όπως οι SN 2006Xκαι
PTF 2001kx.
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