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CHAPTER 1
Introduction

Supernova remnants (SNRs) are beautiful astronomical objects that are of high
scientific interest. They are the remains of supernova (SN) explosions, which
are among the brightest events in the Universe. The study of SNRs concerns a
broad range of topics, ranging from e.g. plasma physics and particle accelera-
tion to dust formation/destruction.
Because of their large brightness, observations of SNe have been significant as-
tronomical events for millennia. There are many written accounts of obser-
vations of SNe recorded by ancient Chinese, Arabian and also European as-
tronomers. SN 185 A.D. is most likely the first written record of a SN related to
a SNR, namely RCW 86 (Clark & Stephenson 1975). Other confirmed examples
of more recent historic SNe associated with SNR counterparts are SN 1006, SN
1054, SN 1572 and SN 1604, of which the latter three are perhaps better known as
the Crab Nebula, Tycho’s, and Kepler’s supernova remnant, respectively. The
term nova we now use for cataclysmic variables derives from Tycho’s book on
the subject, De nova et nullius aevi memoria prius visa stella. It was not until the
1930s that the term super-nova was coined by Fritz Zwicky, to differentiate these
events from their less bright nova counterparts. Fritz Zwicky and Walter Baade
already suggested that a supernova is the transition of a star into a neutron star,



1. Introduction

and they suggested, based on energy arguments, that SNe are the source of cos-
mic rays (Baade & Zwicky 1934).
The first SN was observed thousands of years ago. It was not until the late
1940s, however, that the first supernova remnant was identified as such. The
Crab Nebula had already been discovered in the year 1731, by the amateur as-
tronomer John Bevis. About 200 years later it became clear, from comparing
photographic plates from different years, that the nebula was expanding with
a large velocity (Duncan 1921). Based on the expansion velocity, Edwin Hubble
determined that the nebula must have been expanding for about 900 years to
reach its dimensions (Hubble 1928). In addition, its position matched reason-
ably well with the position of the 1054 event as described by ancient Chinese
astronomers. The idea that the 1054 event was linked with the Crab Nebula was
again mentioned by Mayall (1937), who suggests it might be an old nova based
on its spectral similarities with novae. Walter Baade noted one year later that
the expansion velocity of the nebula ruled out that it was a planetary nebula,
while it was doubtful that ordinary novae could still be visible 900 years after
the original event (Baade 1938), therefore suggesting a supernova as its origin. A
study of ancient Chinese texts by Duyvendak (1942), at the request of Jan Oort,
provided new information on the brightness and duration of the 1054 event,
leaving little doubt on the supernova origin for the nebula.
Since the 1940s, the number of known SNRs has grown considerably; the latest
catalogue (Green 2009) lists 274 known SNRs in our Galaxy. SNe can be seen up
to high redshifts, but the study of their remnants is mostly limited to our Galaxy
and the Magellanic Clouds. Especially the Galactic SNRs Cas A (see Fig. 1.1),
Kepler, Tycho and SN 1006 are very well studied. The most-well studied SNR
in number of publications lies not in our Galaxy, however. SN 1987A, located in
the Large Magellanic Cloud, is record holder with more than 2500 publications.
All wavelength bands take an integral part in the study of supernova remnants.
Optical emission is, for example, used in the study of (non-)radiative shocks, ra-
dio emission is used to characterise the electron population and 𝛾-ray emission
is used to study cosmic ray acceleration. It is in x-rays, however, that SNRs truly
shine. X-rays beautifully show the plasma that has been shocked to tens of mil-
lions of degrees in both the inner and the outer regions of the remnant; X-ray
synchrotron emission highlights regions where particles are being accelerated
to TeV energies; X-ray line emission shows the distribution of elements, which

2



Figure 1.1: RGB image of the Galactic supernova remnant Cassiopeia A. Red = 0.5-1.5 keV
(oxygen, iron, neon and magnesium); Green = 1.5-2.5 keV (silicon and sulphur), and Blue
= 4.0-6.0 keV (synchrotron). Image credit: Chandra archive.

can be directly linked to the nucleosynthesis and the mechanism of the original
explosion. It is the study of SNRs in X-rays to which this thesis is devoted.
In this chapter we aim to provide a theoretical framework with which the scien-
tific results presented in further chapters can be understood. We will describe
the formation, structure and different types of SNRs, the basic physical process-
es they harbour and how we study them. In the final section we will provide an
outline of the rest of the thesis.
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1. Introduction

1.1 Supernova types

Historically, supernovae are observationally classified into two types, type I and
type II, based on wether or not hydrogen absorption is present in their spec-
trum (Minkowski 1941). Since then the classification scheme has become more
extended as classes of SNe were added based on distinctive characteristics in
either their light curves or their spectra (see Fig. 1.2). It is now known that there
are two basic types of explosion: the thermonuclear explosion of a white dwarf
and the collapse of the iron core of a massive star into either a neutron star or
a black hole. The former is observationally classified as a type Ia SN, while the
latter is observed as the other types of SNe (type Ib, Ic, type II, etc).

Type I Type II

No hydrogen hydrogen

Thermonuclear

supernovae

Core Collapse

Supernovae

Type Ia
silicon

Type Ic
no Si, no He

Type Ib
no Si, He

Type IIb
evolves into Ib

Type IIL
linear lightcurve

Type IIP
lightcurve w. plateau

Figure 1.2: Observational classification scheme of SNe based on optical spectroscopy
and light-curve shape.

Of the two types, core collapse SNe occur more frequently (Woosley & Janka
2005, for a review). They mark the endpoint of the life of a massive star (M>8
M⊙). Throughout its life, a massive star goes through successive phases of the
fusion of hydrogen, helium, carbon, neon, oxygen and silicon in its core. Each
time an element is depleted, the core contracts so that it becomes hotter and
more dense, allowing for the fusing of a heavier element. Eventually the star
will consist of ‘onion layers’ of the burning products of the fusion processes, i.e.
from the core outwards the star consists of iron group elements (Fe, Ni), silicon
group elements (Si, S, Ar, Ca), oxygen, neon, carbon, helium and unburnt hy-
drogen. The fusion of silicon into iron group elements marks the final fusion
stage. Without fusion, the core rapidly loses the energy it needs to sustain itself:
it collapses. The collapse of the core is a violent process, which proceeds on a
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timescale of seconds, and the outer layers of the core reach inward velocities of
about 20% of the speed of light. The collapse of the core is eventually halted
by the degeneracy pressure of neutrons. This sudden stalling of the collapse
causes a shockwave travelling outwards, but this shockwave is not what causes
the explosion. It stalls after a few milliseconds and the proto-neutron star starts
accreting the surrounding material at rates of a few tens of solar masses per sec-
ond. If this accretion continues for too long, the NS will further collapse into
a black hole (BH). The proto-neutron star, however, also emits about 3 × 10
erg in the form of neutrinos, which have been created by electron capture in
heavy nuclei. These neutrinos are thought to cause the actual SN explosion. A
SN explosion has a kinetic energy of about 10 erg, so that less than 1% of the
total amount of energy radiated in neutrinos has to be deposited into the mate-
rial surrounding the neutron star to cause the SN to explode. Exactly how this
happens has been a problem for theorists for about 40 years now, and it has still
not been completely solved. The fact that core-collapse SNe are caused by the
collapse of the core of a star into a NS has been observationally confirmed by
the detection of neutrinos emitted during the core collapse of SN 1987A (Hirata
et al. 1987; Bionta et al. 1987).
The composition of the material injected into the surrounding ambient medi-
um, the yield of a SN, depends strongly on the conditions of the explosion; e.g.:
the exact boundary between the material that falls on the NS and the material
that gets expelled, and the explosion asymmetry. Overall the yield is dominat-
ed by nuclear fusion products of the star, namely oxygen, magnesium, silicon
and sulphur. Most of the iron ends up in the NS or BH.

Contrary to core-collapse SNe, the progenitor system for a type Ia explosion
has never been observed. However, the fact that only type Ia SNe are observed
in old stellar populations means their progenitors cannot be massive stars. In
addition, the variation in peak brightness between different type Ia explosions
is much less than for core-collapse SNe, which is in line with the idea that the
objects exploding are very similar. It is therefore generally thought that type Ia
explosions are thermonuclear explosions of C/O white dwarfs (Mazzali 2007),
where the energy of the explosion comes from nuclear fusion rather than from
liberated gravitational energy. The light curve of a type Ia is characterised by a
peak caused by the decay of Ni into Co, followed by a slow, constant decline
caused by the decay of Co into Fe. Even though the peak luminosities of
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type Ia are not the same, there exists an empirical relation between the peak
brightness and the decline rate of the light curve (Phillips 1993). This, combined
with their large brightness, makes type Ia SNe nearly perfect standard candles.
They played a key role in the discovery that the expansion of the universe is
accelerating (Riess et al. 1998; Perlmutter et al. 1999).
A white dwarf with a mass close to the Chandrasekhar limit is an almost ide-
al nuclear fusion bomb (Arnett 1996). The pressure and density in the core are
close to the values required for the onset of carbon fusion, it just needs a trigger.
Once the fusion has been triggered, a chain reaction follows which inevitably
results in the type Ia explosion. There are different models describing how the
explosion proceeds, of which the most important are the deflagration, detona-
tion and delayed detonation models. In deflagration models (Nomoto et al.
1984) the burning front proceeds subsonically through the star, while the nu-
clear fusion in the burning front is sustained by convective motions mixing un-
burnt material into the burning zone. These models produce copious amounts
of intermediate mass elements (IMEs) such as Si, S, Ar and Ca, but fail to repro-
duce the amount of Ni required to reproduce a typical type Ia light curve. Pure
detonation models (Arnett 1969) have an energetic shock wave moving through
the star at supersonic speeds, which compresses and heats the plasma. In these
models almost the complete mass of the WD is transformed into Ni and, subse-
quently, Fe, but it fails to reproduce the amount of high velocity IMEs observed
in type Ia explosions. The model that currently best reproduces the observa-
tional quantities is the delayed detonation model (Khokhlov 1991). In this mod-
el the burning starts as a deflagration and, at some density threshold, turns into
a detonation, which burns the remainder of the WD into IMEs. The differ-
ences in peak brightness of type Ia explosions can be explained by tuning the
deflagration speed and the density at which the deflagration to detonation tran-
sition (DDT) occurs. This DDT model is favoured by observational constraints
obtained with SNRs (Badenes et al. 2006). Compared to core-collapse, type Ia
SNe yield much larger masses of iron, but much smaller masses of oxygen.

Progenitor system

One of the largest standing problems in the study of type Ia SNe is that it is
not clear what the most likely progenitor systems are. There are two canonical
scenarios which can trigger the explosion of a WD: on the one hand there is the

6
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single degenerate (SD) scenario where a white dwarf accretes from a companion
star and on the other hand there is the double degenerate (DD) scenario where
two white dwarfs merge.
Both of these scenarios have their strengths and weaknesses. For a long time the
SD scenario was highly favoured, since it naturally explains the uniform light-
curve of SNe Ia, and it gives an explosion mechanism due to growth through ac-
cretion from a companion. In addition, WD mergers seemed to lead to an accre-
tion induced collapse rather than to an explosion. Now, however, the paradigm
has shifted towards the DD scenario. Their problems have been solved, as it is
not only possible for WD mergers to explode (Pakmor et al. 2010), but the ex-
plosions also reproduce the uniformity in light curves (Pakmor et al. 2012). The
single degenerate scenario on the other hand has gained some problems, as sta-
ble growth of a white dwarf is only possible in a narrow mass accretion range
(Hachisu et al. 1996). In addition, accreting WDs are observable as so-called
supersoft sources, which emit strongly in UV / soft X-rays. A large observa-
tional study of Gilfanov & Bogdán (2010) has shown that there is too little UV
emission present in galaxies for the number of type Ia explosions that we ob-
serve; i.e.: it seems only a minority of all type Ia explosions can be caused by
SD progenitors (although it might be possible to hide this emission (Dimitri-
adis et al. 2014)). Furthermore, SD progenitors should leave a companion star
after the explosion. Despite intense searches, such companion stars have not
been found in SN 1006, Tycho’s and Kepler’s SNR (Kerzendorf et al. 2012, 2013,
2014). It should be noted, however, that these searches rule out peculiar stars,
while there is a large uncertainty as to what a companion star that has survived
the SN explosion should look like (Podsiadlowski 2003).
A distinct difference between the two progenitor types is that DD type Ia ex-
plosions are expected to occur in a ‘clean’ environment, while in SD explosions
the star is often surrounded by circumstellar material left over from e.g. nova
explosions or a stellar wind. Observations of SNe Ia show this interaction with
surrounding material in about 25% of the cases in the form of varying emis-
sion lines in the spectra (Patat et al. 2007). In supernova remnants, there is evi-
dence for interaction with circumstellar material in Kepler (e.g. Blair et al. 1991;
Chiotellis et al. 2012) and Tycho (Chiotellis et al. 2013). In addition, we show in
chapter 4 that RCW 86 is consistent with a SNR, created by a type Ia SN, evolv-
ing in the wind-blown bubble of the progenitor system.

7
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As a final note, the study of delay-time distributions and SNe Ia rates currently
shows that a mix of DD and SD progenitors is needed to explain the observed
rates (Maoz & Mannucci 2012; Claeys et al. 2014). It seems therefore that so far
neither the SD nor DD degenerate scenario can single-handedly account for all
observed SNe Ia. We can only hope that a SN Ia goes off in our Galaxy, prefer-
ably from a previously observed progenitor system such as (possibly) RS Ophi-
uchi (Patat et al. 2011).

1.2 Supernova remnant evolution

Simply put, SNRs are the result of the ejecta of a SN interacting with the sur-
rounding ambient medium. After the ejecta explode, their expansion velocity
is much higher than the local sound speed in the ambient gas, so that the ejecta
are preceded by a shockwave. This shockwave sweeps up the ambient material,
accelerating, compressing, and heating it. In the meantime the ambient medi-
um pushes back on the ejecta, decelerating, and again compressing and heating
it. This happens in the so-called reverse shock (McKee 1974)1, which basically
communicates to the freely expanding ejecta that the outer ejecta have been
shocked. The basic structure of a SNR is shown in Fig. 1.3, left. From the in-
side to the outside, there are the freely expanding ejecta, the reverse shock, the
shocked ejecta, the contact discontinuity, the shocked ambient medium which
is preceded by the forward shock, outside which finally lies the un-shocked am-
bient medium.
With the above in mind, the long term evolution of a SNR can broadly be de-
scribed in four stages: (1) the ejecta dominated phase, where the mass of the
ejecta is greater than the swept-up ambient medium mass, (2) the Sedov-Taylor
phase, where the swept up mass is greater than the ejecta mass, but radiative
losses are not dynamically important yet, (3) the snow-plough phase, where
radiative losses have become dynamically important and the evolution of the
forward shock can be described by momentum conservation, (4) the merging
phase, where the SNR material can no longer be distinguished from ISM in
terms of turbulent velocity and temperature. These stages provide a useful
framework, but it should be noted that reality is more complicated. Different
parts of a SNR may be in different evolutionary states, as can be observed in e.g.

1On August 6 2014 we therefore celebrate the 40 year anniversary of the reverse shock.
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Un-shocked ejecta

Shocked ejecta

Shocked ambient

medium

RS

CD

FS

Figure 1.3: Left: the structure (not to scale) of a supernova remnant. From small to large
radius one finds the freely-expanding ejecta, reverse shock (RS), shocked ejecta, contact
discontinuity (CD), shocked ambient medium, forward shock (FS) and un-shocked am-
bient medium. Right: the evolution of the forward and reverse shock with remnant age.
Top: the forward shock (solid line) decelerates; the reverse shock (dashed line) initially
moves outwards but eventually moves inwards as the pressure in the shocked ejecta ex-
ceeds the ram pressure of the freely expanding ejecta. Bottom: as in top figure, the dotted
line denotes the reverse shock velocity in the frame of the freely-expanding ejecta.

Kepler’s SNR, where some parts are in the radiative phase, while other parts in
the Sedov-Taylor phase. The evolution of a SNR scales both with time and den-
sity. This means that even though SN 1006 is older than e.g. Tycho, the latter is
as (or more) evolved due to having a higher surrounding ISM density.
There are several analytical models which describe the evolution of SNRs. For
the early phase the Chevalier (1982) model describes the freely expanding ejec-
ta, while in the late phase there is the Sedov-Taylor self-similar solution for the
SNR structure (Sedov 1959; Taylor 1950). Here we look at the Truelove and Mck-
ee analytical model, which takes into account both the early and the late phase
of the SNR (Truelove & McKee 1999). They define the following characteristic
length, time and mass-scales:

𝑅 ≡ 𝑀 / 𝜌 / , (1.1)

𝑡 ≡ 𝐸 / 𝑀 / 𝜌 / , (1.2)

9



1. Introduction

𝑀 ≡ 𝑀 , (1.3)

where 𝑀 is the ejecta mass, 𝜌 is the ISM density and E the explosion energy.
𝑅 is the forward shock radius at which the swept-up ambient medium mass is
similar to the ejecta mass. 𝑡 is the time at which𝑅 is reached, i.e. 𝑡 = 𝑅 /𝑣,
with 𝑣 ∼ .

The density structure of the ejecta can be described 𝜌 ∝ 𝑣 , and the sur-
rounding medium with a powerlaw density profile 𝜌(𝑟) ∝ 𝑟 . For core-collapse
SNe, 𝑛 = 9 − 12 is a good approximation, while for type Ia SNe 𝑛 = 7. In ad-
dition, if the surrounding density is a stellar wind, then 𝑠 = 2, while 𝑠 = 0
for a flat ISM structure. In the case of a type Ia explosion expanding into a
flat ISM, the relation between the dimensionless parameters 𝑅∗ = 𝑅/𝑅 and
𝑡∗ = 𝑡/𝑡 is given by 1.06𝑅∗ = 𝑡∗ / for 𝑡∗ < 𝑡 , and 𝑅 = (1.42𝑡∗ − 0.312) /

for 𝑡∗ > 𝑡 . Here 𝑡 = 0.832 marks the transition between the free expansion
and the Sedov-Taylor phase. The evolution of the forward and reverse shock
radii and velocity for this case is shown in Fig. 1.3. The top half shows that the
forward shock velocity slowly decreases over time. The reverse shock initially
moves outwards, until the pressure in the shocked ejecta is higher than the ram
pressure of the un-shocked ejecta, after which it moves inwards. The bottom
half of the figure shows as a dotted line the velocity of the reverse shock in the
frame of the un-shocked ejecta. After the initial decrease, this velocity increas-
es over time so that the inner ejecta are shocked at high mach-numbers. The
result is a SNR with a very hot and tenuous centre, surrounded by a somewhat
cooler shell.
Finally, cosmic-ray acceleration alters the dynamics of SNR shocks. It removes
energy, and therefore pressure, from the shocked ambient medium region,
amongst others moving the contact discontinuity closer to the forward shock.
Precisely which percentage of their energy budget SNRs put into the accelera-
tion of cosmic rays at what age is still an open question (e.g. Helder et al. 2012).
However, comparing the cosmic-ray energy density in the ISM and the loss time
of cosmic rays from the Galaxy, with the power provided by SNRs suggests that
an efficiency of 5-10% over the lifetime of a SNR is needed.

10



1.3. X-ray emission

1.3 X-ray emission

The shock velocities in young SNRs instantly heat a plasma to tens of millions
of degrees. This hot, X-ray emitting plasma is optically thin and has a very low
(typically ∼1 cm ) density. The low density means that the mean free path of
particles in the plasma is long, so that coulomb collisions are rare; the shock is
collision less. This has the effect that many plasma properties are out of equi-
librium, such as the ionization balance and the temperature between different
particle species (see section 1.3). The thermal plasma cools radiatively in X-rays
by line emission from ions excited by electrons, and by bremsstrahlung and
other continuum processes. Accurate knowledge of these processes allows us
to model (fit) the spectra observed from SNRs, in order to gauge their plasma
properties. In X-ray astronomy, spectral fitting is traditionally done by forward-
folding the model with the instrument response, and then comparing it with
the data. Different X-ray spectral fitting programs are used for this, of which
the most popular are SPEX (Kaastra et al. 1996) and xspec (Arnaud 1996). We
will now briefly discuss the emission mechanisms present in the SNR plasmas.

Thermal continuum

There are essentially three different continuum emission processes important
in optically thin X-ray emitting plasmas: bremsstrahlung, free-bound and two-
photon emission. Bremsstrahlung is radiation released when a charged particle
is accelerated in the Coulomb field of another charged particle. It is also called
free-free (ff) emission, because the initial and end state of the electron and ion
that cause the emission is unbound or “free”. The strength of bremsstrahlung
emission is given by:

𝜀 = 2 𝜋𝑒
3𝑚 𝑐

2𝜋
3𝑘𝑚

/
𝑔 (𝑇 )𝑇 / exp − ℎ𝜈

𝑘𝑇 𝑛 𝑛 𝑍 erg s cm Hz ,

(1.4)
where 𝑚 is the electron mass, 𝑔 is the Gaunt factor, which is the quantum
correction factor for the classical formula, 𝑇 is the electron temperature, 𝑛
the electron number density and 𝑛 and 𝑍 are the number density and charge
of ion species 𝑖. At a given 𝑇 , the strength of the bremsstrahlung is therefore
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1. Introduction

governed by the factor 𝑛 ∑ 𝑛 𝑍 . For plasmas of solar abundance, the number
density of hydrogen is much higher than that of other elements, so that this
factor is basically equal to 𝑛 𝑛 . Spectral fitting codes use the emission measure
to characterise the amount of emitting matter present. This emission measure
incorporates the distance to the source and the emitting volume of the plasma.
As an example, xspec uses ∫ 𝑛 𝑛 𝑑𝑉/4𝜋𝑑 .
Free-bound emission occurs when an ion captures an electron into a bound
state n. In this process a photon is released with energy ℎ𝜈 = 𝐸 + 𝐸 , where
𝐸 is the kinetic energy of the electron, and 𝐸 is the ionization energy of level
n. This process is also known as radiative recombination. The spectral features
it produces have a characteristic shape of a sharp edge near the series limit of
the ion, with a width governed by the electron temperature. These radiative
recombination continua (RRCs) can be especially prominent in rapidly cooling
plasmas (see section 1.3)
Two-photon emission occurs when in hydrogen or helium-like ions the 2s
metastable state is populated. It follows from quantum selection rules that this
level cannot be depopulated by the emission of a single photon. It can be de-
populated by interaction with a photon or electron, but at the densities present
in SNR plasmas it can also decay with the emission of two photons. The total
energy of the two photons is equal to the energy level 𝐸 of the transition, and
the spectrum is symmetric around 𝐸 .

Line emission

Line emission is another important coolant for X-ray emitting plasmas. Ions get
excited by collisions with electrons, and de-excite by emitting a photon. The
strength of an emission line depends strongly on plasma properties such as the
electron temperature, the abundance of the element and the electron density.
The modelling of this line emission requires accurate knowledge of the excita-
tion and de-excitation rates of the different ions at different temperatures. The
plasma codes that are used to model these therefore contain huge databases of
atomic data, such as the radiative transition rates, and electron collisional ex-
citation rate coefficients. Work on such plasma codes was pioneered by, a.o.
Mewe (1972); Raymond & Smith (1977) .This work is still ongoing as it is impor-
tant that the atomic databases are as complete as possible. New data is therefore
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1.3. X-ray emission

continuously being added to atomic databases such as AtomDB (Smith et al.
2005) and SPEX (Kaastra et al. 2005).
Early plasma models considered plasma in collisional ionization equilibrium
(CIE), where the ionizations of a certain level are balanced with the recombina-
tions to the level. It has now long been known, however, that low density plas-
mas, when shocked, are found in a non-equilibrium ionization (NEI) state. As
the electron temperature rises, the bremsstrahlung continuum shape immedi-
ately adjusts. Due to the rarity of Coulomb collisions, however, the ionization
state of the plasma lags behind, and it is said to be under-ionized. The plas-
ma will then move to ionization equilibrium on a density-dependent timescale
𝑛 𝑡 ≃10 . cm s, which is also called the ionization age of a plasma. Current
plasma codes calculate the ionization balance as the plasma evolves with 𝑛 𝑡.
The rate of change of the population density 𝑁 , of ion 𝑍 from an element of
atomic number 𝑍 is given by:

1
𝑛

d𝑁 ,
d𝑡 = 𝑁 , 𝑆 , − 𝑁 , (𝑆 , + 𝛼 , ) + 𝑁 , 𝛼 , , (1.5)

where 𝑆 , and𝛼 , are the total ionization and recombination rate coefficients of
ion 𝑍 with charge state z. For a CIE plasma the left-hand side of this equation
equals 0. Typical ionization ages for SNRs are ∼10 cm s for SN 1006, ∼10
cm s for Cas A and 10 . cm s for old SNRs.
Besides being under-ionized the balance can also be skewed in the other direc-
tion, i.e. the ionization state of the plasma is too high for the current electron
temperature. This happens when the cooling rate of the plasma is greater than
the recombination rate of the ions. For this to happen the plasma needs to have
reached ionization equilibrium first. Over-ionized plasmas are mostly found
in mixed-morphology remnants (see Chapter 5), and often show strong cooling
features in the form of RRCs. However, as we demonstrate in Chapter 2, a com-
bination of adiabatic and radiative cooling can lead to overionization, even at
low expansion rates.
A useful framework to characterise the ionization state of the plasma is to use
the ionization temperature 𝑇 . The ionization temperature is determined by
comparing the line ratios of an element to the values of a CIE plasma. If𝑇 < 𝑇 ,
the plasma is under-ionized, if 𝑇 = 𝑇 the plasma is in CIE and if 𝑇 > 𝑇 the
plasma is over-ionized. Figure 1.4 shows how the ionization temperatures of
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Figure 1.4: The ionization temperature of different elements as a function of , for a
plasma cooling from 4.0 to 0.34 keV

different elements develop with 𝑛 𝑡. It is clear from this figure that a plasma in
NEI cannot be characterised by a single ionization temperature (see Chapter 5).
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Figure 1.5: Left: the O VII line triplet as observed in SNR 0506-68. Right: the G-ratio of
O VII as a function of ionization age for different electron temperatures. This G-ratio is
defined as the (forbidden + intercombination) / resonance line (see text).

If the physical process that produces an emission line is sufficiently well-
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1.4. Supernova remnant types

understood, the line can be used as a plasma diagnostic. An example of such
a diagnostic are the triplet lines of He-like oxygen, O VII. This triplet (Fig. 1.5
consists of a resonance line 𝑤 (𝜆 = 21.6 Å), the inter-combination lines 𝑥 and 𝑦
(𝜆 = 21.8 Å) and the forbidden line 𝑧 (𝜆 = 22.1 Å). These can be observed with
high-resolution X-ray instruments, such as the Reflection Grating Spectrome-
ter (RGS) onboard XMM-Newton (see section 1.5). The excited levels that pro-
duce the different emission lines are populated in different ways. The level that
de-excites as the forbidden line, for example, is preferentially populated by re-
combination of He-like O, or inner- shell ionization of Li-like O. The G-ratio,
defined as (𝑥 + 𝑦 + 𝑧)/𝑤, is therefore sensitive to the ratio of He / Li like ions,
and to the presence of overionization in a plasma. The G-ratio as a function of
𝑛 𝑡 for different plasma temperatures is shown in Fig. 1.5.
Another powerful diagnostic is the Fe K line around 6.5 keV. This line can orig-
inate from Fe of any ionization state through inner-shell ionizations of an elec-
tron in the K-shell. The hole in the K-shell will get filled by an electron of a
higher shell, releasing a photon. The energy of this photon depends on the
number of electrons present in the higher shells, so that the centroid of the line
is a diagnostic for the ionization state of Fe (Palmeri et al. 2003). As an example,
the centroid of Fe K found in RCW 86 has is 6.4 keV, indicating it comes from Fe
with an ionization stage < Fe XVII (Chapter 4), while in e.g. Cas A the centroid
lies at 6.6 keV indicating the presence of Fe XX-XXII.

Non-thermal emission

The most important non-thermal X-ray emission in supernova remnants is syn-
chrotron emission. This emission originates from relativistic electrons gyrating
in a magnetic field. The presence of X-ray synchrotron emission requires for-
ward shock velocities in the remnant greater than �2000 km s and a strong
magnetic field. The width of synchrotron emitting filaments depends on the
magnetic field strength (e.g. Vink 2012).

1.4 Supernova remnant types

As mentioned above, we broadly distinguish between type Ia and core-collapse
SNe. Supernova remnants, however, have their own classification scheme
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1. Introduction

Figure 1.6: The different supernova remnant types. Left: The shell-type SNR 0509-67.5
with X-ray emission in green and H in red; midddle: the plerion Crab Nebula, with in
blue X-rays and in red optical / infrared emission; right: the mixed-morphology remnant
G532.7-0.1, where the purple emission shows the radio shell, while the blue emission
shows thermal X-rays.

mainly based on their X-ray emission morphology. The different classifications
are shell-type, plerions, and mixed-morphology SNRs. Fig. 1.6 shows an exam-
ple of each type. Shell-type SNRs have a structure which is expected from a nor-
mal Sedov-Taylor evolution where the outer layers are more dense and there-
fore emit more. In addition, it may also arise in young supernova remnants
where the reverse shock has not reached the inner ejecta yet. Limb brighten-
ing in both cases provides the shell-like morphology. Typical examples of these
type of SNRs are SN 1006, RCW 86 and the Cygnus Loop.
Plerions, or centre-filled SNRs, contain a rapidly spinning pulsar in their centre.
The prototypical example of this type is the Crab Nebula. The wind of highly
accelerated electrons coming from the pulsar terminates in a shock with the
surrounding material, and in this shock particles are accelerated to highly rela-
tivistic energies. These radiate synchrotron emission, causing the centre-filled
morphology in hard X-ray emission.
Mixed morphology, or thermal-composite, SNRs are an important sub-class (Rho
& Petre 1998). They are located in regions with high-density surrounding ISM
and are sometimes associated with GeV gamma-ray sources (Uchiyama et al.
2012). In addition, they often show super-solar elemental abundances in their
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Figure 1.7: Chandra ACIS-I spectra of the type Ia remnant Kepler (left) and the core-
collapse SNR MSH-1154 (right). The emission lines are labelled in the spectra. The spec-
trum of Kepler’s SNR in the region 0.7-1.3 keV consists almost solely of Fe L emission,
while the spectrum of MSH-1154 shows stronger lines of O, Ne and Mg, and weak Fe L.

spectra and overionization as a result of rapid cooling of the plasma (e.g. Uchida
et al. 2012, see also section 1.3). Their morphology is characterised by thermal X-
ray emission in their centre, with a radio shell surrounding it. There are several
possible scenarios which could lead to the formation of a mixed morphology
remnant. Perhaps the most simple scenario is the relic X-ray scenario, in which
the remnant expands in a dense environment. The outer layers cool rapidly
below X-ray emitting temperatures, while the inner shocked ejecta cool slower
due to the lower density. In this scenario a large temperature gradient should
be observed from the outside to the inside. Thermal conduction can be added
to this scenario to decrease the temperature gradient, although it is not clear
how important thermal conduction is in the presence of a magnetic field (Cox
et al. 1999) Another scenario is evaporating cloudlet scenario, in which the SN
explodes in an environment surrounded by dense clouds of ISM (White & Long
1991). The blobs are not large enough to affect the dynamics of the shock, but
they increase the density in the centre so that it radiates more in X-rays. Finally,
there is the scenario first advocated by Ohnishi et al. (2011), where the remnant
evolves in a dense stellar wind and the plasma cools rapidly as the shock moves
out of the wind into the rarified ISM. In chapter 5 we argue that the plasma
properties in the mixed-morphology SNR 3C400.2 are such that it most likely
formed through the relic X-ray scenario.

17
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Figure 1.8: Artist impression of the XMM-Newton (left) and Chandra (right) X-ray ob-
servatories.

Due to the advance of telescopes with moderate resolution spectra such as AS-
CA, XMM-Newton and Chandra it is now possible to distinguish type Ia SNe from
CC SNe by doing X-ray spectroscopy. As mentioned in section 1.1, type Ia super-
novae produce more iron than CC SNe, while CC SNe produce more oxygen.
This can clearly be observed in their spectra, as is shown in Fig. 1.7. If the oxy-
gen ejecta mass in a young SNR exceeds 0.2 M⊙ it is a clear indication that the
remnant is the result of a CC explosion. If the iron ejecta mass in a remnant
exceeds ∼0.4 M⊙, the remnant is a likely type Ia explosion. We used the iron
mass of RCW 86 in Chapter 4 to show that the remnant is probably the result
of a type Ia explosion.

1.5 X-ray telescopes

The past 15 years X-ray astronomers have been extremely spoiled by being able
to observe with two excellent instruments: XMM-Newton and Chandra (see Fig.
1.8). The Suzaku X-ray telescope, launched in 2005, is another great observato-
ry. These telescopes are all well-suited for the study of SNRs, and 15 years of
observations have lead to a large, high-quality data archive. In this thesis we
make use of Chandra and XMM-Newton, which both have their strong points.
Chandra has a spatial resolution of ∼0.5” which allows for detailed studies of
shock structures and proper motion, while the XMM-Newton has a larger field
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1.5. X-ray telescopes

of view and greater effective area. Chandra contains the ACIS CCD camera and
the low energy and higher energy transmission grating spectrometers (LETGS,
HETGS). XMM-Newton contains the EPIC MOS and pn CCD instruments and
the reflection grating spectrometer (RGS). The CCD instruments of both tele-
scopes have a moderate spectral resolution of ∼100-150 eV at 6.0 keV, although
the spectral resolution of the EPIC MOS is better at lower energies than the
EPIC pn and ACIS.

Grating Spectrometers

The LETGS, HETGS and RGS are grating spectrometers, which allow for truly
detailed analysis of X-ray emitting plasmas. As an example, compare Fig. 1.9,
which shows the RGS spectrum of Kepler’s SNR with Fig. 1.7, which shows the
ACIS-I spectrum of Kepler’s SNR. While in the ACIS spectrum the Fe L line
complex is smeared out into a semi-continuum shape, the RGS spectrum allows
one to clearly make a distinction between the different emission lines. Besides
the Fe L lines, the spectrum shows clear lines of O, Ne, Mg and Si.
The grating spectrometers onboard both Chandra and XMM-Newton were de-
signed for the study of point sources. Extended sources pose a problem for grat-
ing spectrometers, since photons coming in at a slightly different angles are re-
flected to a slightly different position on the CCD, with the result that emission
lines get smeared out. The RGS instrument is better suited to study extended
sources than the Chandra HETGS and LETGS, since the spectrum is reflected
over larger angles. In the Chandra transmission gratings, each emission line cre-
ates a small image on the detector, which overlap when the source is extended
and the spectrum has closely spaced lines. In the RGS this also happens, but
due to the larger reflection angles the lines are spaced further apart compared
to the width of the line image, making the effect less important. Even at large
source extents the RGS offers improved resolving power over CCD cameras:
Fig. 1.9 was extracted from a source region with angular diameter of ∼8 arcmin
and still offers much better resolving power than CCD cameras. Another ad-
vantage of the RGS over the Chandra gratings is that it works simultaneously
with the EPIC MOS and pn detectors, while the LETG and HETG work at the
expense of the CCD imagers. We use the RGS instrument in chapters 2, 3, 4 and
6.
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Figure 1.9: RGS 2 spectrum of Kepler’s SNR. The most important lines are labelled.
Compare the resolving power of the RGS to the spectrum of Kepler in Fig. 1.7. The
wavelength range of 5-20 Å corresponds to an energy range of 0.6-2.5 keV.

Outlook

Since the launch of the Suzaku telescope in 2005, there have been no new
large X-ray observatories launched for almost 10 years. The future looks some-
what bright, however, as in 2015 the launch is expected of a new X-ray tele-
scope known as Astro-H. This will contain the Soft X-ray Spectrometer: a mi-
crocalorimeter which can perform high-resolution spectroscopy (with a spec-
tral resolution of 7 eV between 0.3-12.0 keV), without the downsides of a grating.
The spatial resolution of this instrument is somewhat low at ∼1 arcmin.
The planned ESA large X-ray observatory known as Athena+ is scheduled for
launch in 2028. It will host the wide field imager, which will have a field of
view of at least 40’×40’, and the X-ray integral field unit (X-IFU), which is a mi-
crocalorimeter. Both of these instruments will have a spatial resolution of about
5”, which is worse than Chandra but better than XMM-Newton. The X-IFU, how-
ever, will be absolutely amazing for the study of SNRs as the spectral resolution
is excellent (2.5 eV at 6 keV) for studying detailed plasma properties.
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1.6 Thesis outline

In this thesis we use the imaging and spectral capabilities of XMM-Newton and
Chandra to study different supernova remnants. In particular we study non-
equilibrium effects such as over- and underionization of thermal plasmas, and
non-equilibration of temperature. We here give a brief summary of the content
of the different chapters.
In chapter 2 we investigate the core-collapse SNR 0506-68, located in the LMC.
We use the EPIC MOS and RGS instruments to derive the plasma properties,
and find that the plasma is best fitted by a model in which one of the NEI com-
ponents is inverted, indicating the presence of overionized plasma. The pres-
ence of an overionized plasma in such an old SNR is somewhat surprising, as it
is usually exclusively found in mixed morphology remnants. We derive condi-
tions in which such overionization can occur, i.e., when the cooling rate of the
plasma set by adiabatic and radiative cooling is greater than the recombination
rate of the plasma. It turns out that these condition are quite easily met even
in old remnants, which means that overionization may be more prevalent than
previously thought.
Chapter 3 discusses the type Ia remnant SN1006. We make use of the resolving
power of the RGS to determine the line broadening for the O VII triplet in an
ejecta bullet located in the northwestern part of the remnant. This ejecta bullet
lies on the edge of the remnant, so that any line broadening present must be due
to thermal broadening, making it a direct probe of the ion temperature. In ad-
dition, we determine the electron temperature with EPIC MOS spectroscopy.
We find that the temperature of the ions is much greater than the temperature
of the electrons, which means that equilibration of temperatures in low-density
shocks is not instant. In addition, we find non-thermal emission in front of this
ejecta bullet, which we show to be X-ray synchrotron emission. Interestingly,
this X-ray emission is found ahead of H𝛼 emission, which is usually the oth-
er way around. The reason is that H𝛼 emission originates from a very small
region right behind the forward shock front, while X-ray synchrotron emission
originates also at the shock front, but these filaments are usually much broader.
We speculate that this unexpected morphology might be due to a higher than
expected neutral hydrogen density in the un-shocked ISM.
The 4th chapter is on the enigmatic SNR RCW 86. The large size of this rem-
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nant, combined with its age and measured shock velocities of∼500 km s , sug-
gest that the shock velocity must have been higher in the past. This suggests
that the remnant is evolving in a low density cavity. We use the RGS to probe
the plasma properties of the shocked ISM, and show that different parts of the
remnant are in different stages of interaction with the cavity wall. In addition,
we use principal component analysis (PCA) to find the location of faint Fe K and
other ejecta emission, and show that the recently shocked ejecta are distributed
in a oblate spheroid shape. The total Fe mass that we find supports an earlier
suggestion that the remnant is the result of a type Ia explosion, and the fact that
the remnant is evolving in a cavity therefore means that the progenitor system
must have actively modified its environment. We show that a single degener-
ate progenitor with typical wind parameters is able to reproduce the dynamical
and morphological characteristics of RCW 86.
In chapter 5 we use Chandra data to study the mixed-morphology remnant
3C400.2. The best-fit models of different regions suggest that the remnant has
a hot, tenuous plasma with super-solar abundances in its centre, surrounded
by a denser, cooler plasma which is overionized. As mentioned in section 1.4,
there are several proposed scenarios through which a mixed-morphology rem-
nant can form. The steep temperature gradient suggests that of these scenarios,
the relic X-ray scenario is most likely. In addition, we use the SPEX spectral code
to show that thermal plasmas out of ionization equilibrium cannot be charac-
terised by a single ionization temperature.
Finally, in chapter 6 we study the type Ia supernova remnant Kepler. We per-
form a principal component analysis on Chandra data to indicate regions which
are interacting with either ISM or CSM. We find interaction with ISM/CSM all
around the remnant, but the strongest interaction with CSM takes place in a
band running from the southeast to the northwest of Kepler’s SN, suggesting
this region has the highest density CSM. The morphological characteristics of
Kepler can be explained by a bipolar, diabolo-like shape, rotated 40∘ with re-
spect to our line of sight. If proven true, this would be the first time that inter-
action of a supernova remnant with a bright circumstellar disk is still visible in
the current remnant morphology.
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CHAPTER 2
The high resolution X-ray
spectrum of SNR 0506-68

using XMM-Newton

S. Broersen, J. Vink, J. Kaastra & J. Raymond
Published in A&A, 535, A11

Abstract
We study the supernova remnant 0506-68 in order to obtain detailed infor-
mation about, among other things, the ionisation state and age of the ionised
plasma. Using the Reflection Grating Spectrometer (RGS) onboard the XMM-
Newton satellite we are able to take detailed spectra of the remnant. In addi-
tion, we use the MOS data to obtain spectral information at higher energies.
The spectrum shows signs of recombination and we derive the conditions for
which the remnant and SNR in general are able to cool rapidly enough to be-
come over-ionised. The elemental abundances found are mostly in agreement



2. The high resolution spectrum of SNR 0506-68

with the mean LMC abundances. Our models and calculations favour the low-
er age estimate mentioned in the literature of ∼ 4000 year.
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2.1 Introduction

Supernova remnants (SNRs) hold important information about the nucleosyn-
thesis and energy of the supernova explosion, its circumstellar matter (CSM)
evolution and the physics of the ionised plasmas. The Large Magellanic Cloud
(LMC) is particularly well suited for the study of SNRs, since the absorption
column to the LMC is low and it is relatively close (50 kpc). Moreover, studying
SNRs in the LMC has the advantage that the distance is known quite precisely,
which is convenient for luminosity and length scale calculations.

Figure 2.1: A smoothed Chandra RGB image of the SNR 0506-68. The RGS field of view
covers the remnant completely. Red corresponds to O VII (0.53-0.61 keV), green to Fe L
(0.79-0.89 keV) and blue to Mg XI (1.25-1.41 keV). The arrows denote the dispersion axis
orientation of the 2000 (upper arrow) and the 2002 (lower arrow) observations.
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SNR 0506-68 (also known as N23) is a small (𝑅 ∼ 10 pc, see Fig. 2.1) remnant
located fairly centrally in the LMC. The X-ray emission of the remnant is char-
acterised by a filamentary structure with some bright spots. There is a gradi-
ent in brightness running from southeast to northwest. The remnant has been
studied by Hughes et al. (2006) with the Chandra telescope. Both Hughes et al.
(2006) and Hayato et al. (2006) report the presence of a compact object and con-
clude that the SNR is a result of a core-collapse supernova explosion (SNe).
They find that the X-ray emission comes largely from the swept-up interstellar
medium and estimate the age of the remnant to be ∼4600 yr. Recently, Someya
et al. (2010) used the XIS instrument onboard the Suzaku telescope to obtain a
more detailed spectrum of SNR 0506-68. They note the presence of a cool (∼0.2
keV) temperature component in addition to a hot (∼0.6 keV) component in the
plasma, and a high ionisation parameter 𝑛 𝑡 (∼10 cm s). From a Sedov anal-
ysis they conclude that the age of the remnant, based on the cool component,
may be as high as ∼8000 yr, but that it may have entered the radiative phase of
its evolution. If the age is indeed as high as 8000 yr that would mean that the
size of the remnant is quite small for its age, suggesting that the explosion took
place in a high density region of the LMC.
It has long been recognized that when a gas is suddenly heated in a shock it is
under-ionised, and requires a density-weighted time scale 𝑛 𝑡 ∼10 cm s to
approach equilibrium (Smith & Hughes 2010). Recently, however, two groups
have reported evidence for over-ionised plasma in the SNRs W49B and IC 443
(Yamaguchi et al. 2009; Ozawa et al. 2009; Miceli et al. 2010a). In this paper we
aim to obtain detailed understanding about the ionised plasma of SNR 0506-68
using the spectral diagnostic capacity of the RGS (Reflection Grating Spectrom-
eter) instrument (den Herder et al. 2001). High resolution spectra of SNRs, ob-
tained with grating spectrometers such as the RGS, hold detailed information
about the ionised plasma. The spectral resolution of the RGS is large enough
to resolve, among others, the OVII He-𝛼 triplet at ∼22 Å and the Fe XVII line
complex around 15-17 Å, provided the source has a small angular extent. The
ratios of different emission lines in these elements provide interesting plasma
diagnostics (e.g.: Porquet et al. 2010).
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2.2 Data

We used the data obtained by the XXM-Newton satellite on July 6, 2000 (obs
ID 0111130101) and July 10, 2002 (obs ID 011130701). The exposure times of the
observations are 18.1 and 19.7 ks. For our spectral study, we made use of the RGS
and EPIC MOS (Turner et al. 2001) data. Although the EPIC pn camera has a
higher sensitivity, the MOS cameras have a higher spectral resolution, which
is important for comparison with the RGS data. All MOS observations were
performed in full frame mode with the medium filter in place.
The 2000 RGS observation was taken with the dispersion direction oriented
27∘ counterclockwise from the celestial north, while the 2002 observation was
rotated 90∘ with respect to this observation, at a dispersion direction orientation
of 117∘ (see Fig. 2.1). This resulted in different line profiles which need separate
responses, as the 2002 observation has a higher effective resolution than the
2000 one. The RGS data were corrected for periods of high background flaring
by creating good time intervals based on the count rate in CCD number 9 of the
instrument. This CCD is closest to the optical axis of the telescope and therefore
affected most by background flaring. The second order spectra have a higher
resolution, but are of lower statistical quality. Since they provide no additional
information they are not presented here.
The RGS is a slitless spectrometer. When using this kind of instruments, the
lines in the spectra get smeared out as a result of the extent of the source. Al-
though the angular size of SNRs observed in the LMC is modest, this smearing
is still present. We corrected for this using the heasoft program rgsrmfsmooth (A.
Rasmussen). This program calculates a brightness profile, based on an image,
in the direction of the RGS dispersion axis. It then uses this profile to adjust
the response matrix to correct for the line smearing. In our analysis a Chan-
dra image was used to create the profile, to obtain maximum precision in the
correction.
The spectra were analysed using the SRON SPEX package (Kaastra et al. 1996).
Before the spectra were fit, we performed the SPEX optimal binning. This is a
binning method which makes use of the statistics of the source as well as the
instrumental resolution. Roughly speaking the bin size is equal to 1/3 ×FWHM,
but depends weakly on the local count rate at a given energy. A higher count
rate means a smaller bin size.
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2. The high resolution spectrum of SNR 0506-68

Figure 2.2: The total 2001 RGS1 and RGS2 spectrum of SNR 0506-68 in the range 5–35 Å.
The best fit two-component NEI model (see text) is plotted in red.

All standard RGS and MOS reduction tasks were done using XMM SAS version
10.0.0.

2.3 Results

Overall spectra

The total RGS spectrum of SNR 0506-68 is shown in Fig. 2.2 and the MOS spec-
trum is shown in Fig. 2.3. As is clear from Fig. 2.2, the spectrum is dominated
by emission lines of highly ionised O, Fe, Ne, N and C . The oxygen emission is
particularly present with the notable O VII line triplet at ∼ 22 Å and the O VIII
lines at ∼19 and ∼16 Å. The fact that both Ne and C are present suggests that
there exist both a cool and hot component in the local plasma. Thus we follow
Someya et al. (2010) in fitting the spectra using two non-ionisation equilibrium
(NEI) models. This model attempts to fit the data with two values of the param-
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Figure 2.3: Plot of the MOS 1 and MOS 2 data of 2002. The model seems to fit the data
well.

eters emission measure 𝑛 𝑛 𝑉 , electron temperature 𝑇 and ionisation age
𝑛 𝑡. We used the standard SPEX absorption model to produce the hydrogen
column 𝑁 to the remnant. Before fitting with the RGS, we first obtained the
high 𝑇 continuum slope by fitting the MOS data. When fitting the RGS data, we
first fixed the abundances at the LMC / ISM abundances found by Hughes et al.
(1998), and we coupled the ionisation parameters of the two NEI components.
When the different temperatures of the models had converged, the ionisation
parameters as well as some of the abundances were released to obtain a better
fit.
For the RGS data, models with different ionisation timescales 𝑛 𝑡 and temper-
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2. The high resolution spectrum of SNR 0506-68

Table 2.1: RGS data C-stat / d.o.f. of the tried models for the different observations.
All models consist of two NEI components which had different kT; one high (0.6-0.85
keV), and one low (0.1-0.25 keV). The different components also have different , high
∼10 cm s and low∼10 cm s. Model B is a cooling model (see text). The param-
eters of models A and B are listed in Table 2.

Model 𝑛 𝑡 (high 𝑘𝑇) 𝑛 𝑡 (low 𝑘𝑇) 2000 2002
A low low 4801 / 3160 4228 / 2684
B low low 4806 / 3161 4218 / 2685
C low high 4820 / 3160 4234 / 2684
D high high 4832 / 3159 4282 / 2683

atures T give more or less comparable fits to the data. The models that were
investigated can roughly be divided in four categories which are listed in Ta-
ble 2.1. The model listed at the bottom row of the table (model D) consists of
two NEI components which are in ionisation equilibrium, i.e: 𝑛 𝑡 ≥10 cm
s. This model is comparable to the best fit model found by Someya et al. (2010).
A lower C-statistic was found for a two component NEI model, in which one
of the components had a somewhat lower ionisation timescale (model C). This
indicates that at least part of the remnant’s plasma is out of ionisation equilib-
rium. The two best-fit models of table 2.1 are a two component NEI model, in
which both components have a low 𝑛 𝑡 (model A) and a cooling model (model
B, explained below). Because the difference in C-statistic between these mod-
els is very minor, considering the amount of degrees of freedom, we listed the
parameters of both the models in table 2.2. The ionisation parameters of model
A and B are comparable to those found by Hughes et al. (2006).
The best fit model of the 2002 RGS spectrum, the cooling model (model B), de-
serves special attention. This is a model in which one of the NEI components
is inverted, i.e.: the initial temperature of this component is higher than the fi-
nal temperature. This cooling model, with an initial temperature of 3.0 keV,
reproduces especially the O VII resonance to forbidden line ratio better than
a non-cooling two temperature NEI model. Furthermore it produces radiative
continua in the higher energy parts of the spectrum, which become important
in the MOS spectra. Physically, the cooling model corresponds to a plasma for
which the cooling rate exceeds the recombination rate, which can cause ove-
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rionisation. As mentioned in the introduction, rapidly cooling plasmas have
been observed before in, among others, the mixed morphology remnants IC
443 and W49B. The fact that the overionisation model works well for SNR 0506-
68 could mean that overionisation is not limited to mature SNRs of the mixed
morphology class alone.
The MOS spectra were also fit with different combinations of 𝑛 𝑡 and 𝑇, similar
to the RGS data. Again, model A and model B gave the best fit to the data. In
contrast to the RGS data, however, the difference in best fit C-statistic between
model A and B is significant for the MOS data, namely 100 𝜎. When compar-
ing the fits of model A and B, it is not immediately clear where the difference
of 100 𝜎 in C-stat comes from. Distinct radiative recombination edges, as have
been observed in e.g. W49B, are not clearly visible in our spectrum. Neverthe-
less, a more detailed inspection reveals statistically significant differences. Fig.
2.4 shows the model fits in the energy range 0.8-1.8 keV. The dashed red line
shows the best fit model, model B, while the black line shows model A. The
bottom part of the figure shows the residuals of the data with model A, with the
difference between model B and A plotted as a dashed red line. This shows that
model B follows the overall shape of the data better than model A. The presence
of the Fe XVII recombination continuum at 1.26 keV, for example, improves the
fit in the 1.2-1.3 keV range by lowering the ΔC-stat ∼ 9.
As said, the abundances were coupled between the different model compo-
nents. However, some parameters were decoupled to check if there were sig-
nificant differences between the hot and cool component. The only signifi-
cant difference occurred when the Fe abundances were decoupled. In all cases
this lead to a significant improvement of the fit (the C-stat/d.o.f. decreased to
4144/2686 for our best fit model). The Fe abundance of the low temperature
component jumped to values of five times solar in case of the RGS data, while
the high temperature Fe abundance decreased to ∼0.1 solar. In addition, the
temperature of the lower 𝑇 component decreased to a value of ∼0.14 keV. It is
possible that there is some cool Fe present in the SNR, as this has been found be-
fore in mature SNRs (e.g. Uchida et al. 2009). However, at a temperature of 0.14
keV the iron emission increases considerably when the temperature is raised
by even a relatively small amount (∼0.1 keV). It is possible that the Fe emis-
sion requires a higher temperature than other elements or that there are small
temperature gradients present, and that the model compensates for this by in-
creasing the Fe abundance. Since we considered a five times solar abundance
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Figure 2.4: A plot of the mos 2 data with model A and model B in the range 0.8 - 1.8
keV. The bottom part of the figure shows the relative error between model A and the
data, while the dashed red line shows model B - model A. It is clear that model B fol-
lows the overall shape of the data better than model A. For example, model A shows a
residual at ∼1.25 keV, whereas model B improves the fit of this region due to the Fe XVII
recombination edge at 1.26 keV.

of Fe non-physical in SNR 0506-68, we kept the abundances between the two
model components fixed. The RGS is less sensitive at higher energies, so the
MOS data were used to constrain the abundances of Mg, Si and S.

Detailed line spectroscopy

As shown above, model B, i.e. a cooling plasma, gives a good fit to our data. If
the plasma is indeed rapidly cooling, there could be some other spectral indi-
cations. Below we will investigate several known plasma diagnostics to obtain
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Table 2.2: Best fit parameters for the 2 NEI and the cooling model. The Anders & Grevesse (1989)
Solar abundances were used.The abundances are comparable between the instruments.

Model A Model B
Parameter RGS MOS RGS MOS
𝑁 (10 cm ) 1.14±0.01 1.14±0.01 1.14±0.01 1.14±0.01
𝑛 𝑛 𝑉 (10 cm ) 20.5±0.5 14.9±0.2 10.5±0.3 11.4±0.1
𝑛 𝑛 𝑉 (10 cm ) 99.6±3.7 103.5±1.6 190±7.5 138.5±1.6
Preshock 𝑘𝑇 (keV) - - 3.0 3.0
𝑘𝑇 (keV) 0.85 (fixed) 0.85±0.01 0.85 (fixed) 0.85±0.01
𝑛 𝑡 (10 cm s) 4.67±0.32 7.20 .

. 2.32±0.13 6.7±0.2
𝑘𝑇 (keV) 0.19±0.00 0.22±0.00 0.15±0.00 0.18±0.00
𝑛 𝑡 (10 cm s) 41.2±6.6 52.1 . 54.5±3.7 99.6±2.7
𝐿 (10 erg s ) 12.5 9.4 14 8.8
C-stat / d.o.f.a - 1170/632 - 1068/633
Element Abundance (wrt solar)
C 0.55±0.08 - 0.18±0.03 -
N 0.06±0.02 - 0.07±0.02 -
O 0.20±0.01 0.19±0.01 0.26±0.01 0.22±0.01
Ne 0.22±0.02 0.22±0.02 0.33±0.03 0.24±0.02
Mg - 0.31±0.02 - 0.27±0.02
Si - 0.25±0.03 - 0.19±0.02
S - 0.33±0.09 - 0.31±0.07
Fe 0.26±0.01 0.29±0.01 0.38±0.02 0.43±0.02

aThe C-stat/d.o.f. of the RGS data can be found in Table 1.

33



2. The high resolution spectrum of SNR 0506-68
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Figure 2.5: The 2002 RGS1 and RGS2 spectrum of SNR 0506-68 in the range 14-18 Å. The
best fit two-component NEI model (see text) is plotted in solid black. The model has
trouble fitting the 15 and 17 Å Fe XVII as well as the O VIII Ly /Ly line ratio.

detailed information about the spectrum.
An important diagnostic is the ratio of the different lines of the O VII line triplet.
In the 2002 spectrum, the forbidden line at 22.08 Å is underestimated by the
non-cooling model, while the resonance line at 21.6 Å is overestimated. As men-
tioned above, this line triplet was best reproduced by manually tweaking an NEI
model to mimic a recombining plasma. Recombination preferentially popu-
lates the triplet levels that feed the forbidden line, while the resonance line is
populated mainly by collisional excitation. As such, an enhanced forbidden
line suggests the presence of enhanced recombination in the plasma. This will
be discussed in more detail in paragraph 2.3.
All tested models have trouble fitting the Fe XVII 15-17 Å line ratio (see Fig. 2.5).
These lines are formed by the transitions from the 3d and 3s levels of the Ne-like
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Table 2.3: Line fluxes of a number of emission lines calculated with and without hydro-
gen absorption. The fluxes are given in units of 10 ph s .

line 𝜆 (Å) Intrinsic Flux Flux without absorption
Fe XVII C 15.01 1.11 ±0.09 0.76 ±0.06
Fe XVII D 15.24 0.76 ±0.09 0.50 ±0.06
Fe XVII F 16.78 0.52 ±0.08 0.32 ±0.05
Fe XVII GH 17.05 2.21 ±0.16 1.22 ±0.09
O VIII Ly 𝛽 16.01 1.00 ±0.09 0.65 ±0.06
O VIII Ly 𝛼 18.97 7.63 ±0.25 3.88 ±0.13
O VII 𝑟 21.60 5.90 ±0.41 2.30 ±0.16
O VII 𝑖 21.80 1.37 ±0.28 0.55 ±0.10
O VII 𝑓 22.10 4.69 ±0.38 1.69 ±0.14
C VI Ly 𝛽 28.47 0.48 ±0.19 0.19 ±0.06
C VI Ly 𝛼 33.74 5.83 ±0.80 0.71 ±0.10

ion to the ground state. We used the same labeling of the lines that was used
by Gillaspy et al. (2011). The fact that the 17 Å line blend is stronger than the
15 Å line can be another sign of enhanced recombination (Liedahl et al. 1990).
To obtain the Fe XVII line ratios, the best fit overall model was used, while the
contribution to the emission by Fe XVII lines was excluded from this model;
this ensures that contributions from, e.g., higher lines of the O VIII Ly series
are taken into account. The Fe XVII line complex in the range of 14-18 Å was
then fit with five gaussians, with a fixed𝑁 of 1.14×10 cm . The observed line
strengths are listed in table 2.3. We can compare our Fe XVII line ratios with
recent laboratory measurements to obtain more information about the plasma.
Gillaspy et al. (2011) measure the 3s/C and C/D ratios at different electron beam
temperatures, where 3s = F+G+H. Our observed 3s/C ratio of 2.45±0.2 and C/D
ratio of 1.46±0.13 both correspond to an electron beam temperature of ∼ 0.85
keV, which is near the collisional excitation threshold. The observed line ratios
do not show a 3s/3d ratio indicative of the presence of strong recombination.
At 16 Å the O VIII Ly 𝛽 line is underestimated by the model. By fitting the 15-
20 Å region with an absorbed continuum and gaussians, a Ly 𝛽/Ly 𝛼 ratio of
0.13±0.01 is obtained. This value is in agreement with CIE values found for this
ratio at 𝑇 ≃ 4-5 ×10 K (Smith et al. 2001).
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2. The high resolution spectrum of SNR 0506-68

C VI at 33.7 Å also has a strong presence and is detected at a 9 𝜎 level. Because
it is such a strong line, and it is affected heavily by absorption, it can be used
to constrain the absorption column to the remnant. This was done by making
a contour plot (Fig. 2.6) of the 𝑁 and the C abundance after a good fit was
obtained. This resulted in an 𝑁 = 1.14×10 cm , which was used in all our
models. Note that in our model the C VI originates from the coolest compo-
nent only (kT = 0.15-0.20 keV). At these temperatures C is mostly ionized, with
the C VI fraction being as low as 25%. In principle additional C VI emission
could come from an even lower temperature component. However, since the
cooling timescale for such a component is very short a major contribution does
not seem very likely.

G-ratio

Fig. 2.7 shows the 2000 and 2002 observations of the O VII He-𝛼 triplet. This
triplet consists of a resonance, forbidden and intercombination line. F (𝜆 =
22.098 Å) 1𝑠2𝑠 𝑆 → 1𝑠 𝑆 is the forbidden transition, I (𝜆 = 21.804, 21.801 Å)
is the sum of the two intercombination transitions 1𝑠2𝑝 𝑃 , → 1𝑠 𝑆 , and
R (𝜆 = 21.602 Å) is the resonance transition 1𝑠2𝑝 𝑃 → 1𝑠 𝑆 . Both the 2000
and the 2002 observation are well-fit by three gaussians with a fixed 𝑁 . There
are some differences between the two observations, the most notable one being
that the F/R ratio is larger in the 2002 observation. In addition, the lines in the
2000 observation are broader, which is an effect of the orientation of the RGS
dispersion axis. The total flux in the line triplet is approximately equal between
the observations.
An interesting quantity which can be derived from these lines is the so-called
G-ratio; 𝐺 ≡ (𝐹 + 𝐼)/𝑅 (e.g.: Porquet et al. 2010). This quantity equals 0.87±0.09
for 2000 and 1.19±0.09 for 2002, giving a combined ratio of 0.99±0.06. As the
2002 observation has a higher effective resolution, the G-ratio of that observa-
tion may be more reliable. Fig. 2.8 shows a plot of G-ratios for different n 𝑡.
The values of the G-ratio for different temperatures reach a constant value as
the plasma approaches collisional ionisation equilibrium (CIE). If we take the
mean value of the above G-ratios, the calculated G-ratio at high 𝑛 𝑡 and 𝑘𝑇 =0.2
keV lies just within the error bars and is thus as expected. If the 2002 observa-
tion is indeed more reliable, the deduced G-ratio of the plasma lies above this
CIE value and the plasma is over-ionised and could be recombining. In prin-
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Figure 2.6: Contour plot of the carbon abundance and the Hydrogen absorption column
made using model B. The contours represent the 1 and 2 confidence regions.

ciple the excess photons present in the forbidden line should show up as a re-
combination edge at 16.78 Å. A recombination edge in addition to the already
present continuum was not found, however.

2.4 Discussion

We made a detailed spectral analysis of the SNR 0506-68 using mainly the RGS
instrument aboard the XMM-Newton telescope. The best fit to the overall mos
and RGS spectra is model B: a two component NEI model, of which one com-
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Figure 2.7: The 2000 and 2002 observation of the OVII He- triplet. It is clear that the
2002 observation has a higher effective spectral resolution.

ponent is inverted. We investigated the hypothesis that the plasma is cooling
leading to an overionisation, using some known plasma diagnostics. Of those
diagnostics, only the 2002 O VII triplet line ratio confirms the hypothesis. There
are however, several other physical mechanisms which can cause the observed
line ratio.
Resonance scattering can cause photons of resonance lines to be scattered in
the direction of least optical depth, reducing the line flux if the optical depth
along our line of sight is high. This process was suggested to be responsible for
the observed O VII F/R ratio in the SNR DEM L71 (van der Heyden et al. 2003).
The scattered photons are not lost, however, so the remnant must have a specific
geometry, i.e. it cannot be spherically symmetric, or resonance scattering will
have no effect whatsoever. The optical depth in the O VII line equals about
6 in our line of sight, without taking microturbulent velocity into account. The
optical depth equals 1, however, at a turbulent velocity of 80 km/s and decreases
even more at higher values. A high optical depth could result in a significant
reduction of the resonance line flux (Kaastra & Mewe 1995), which means that
resonance scattering could be significant in this remnant.
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Figure 2.8: G-ratio of O VII at different temperatures, as a function of ionisation param-
eter. These curves where calculated using SPEX.

Charge exchange occurs when a highly ionised gas enters a neutral gas region,
such as a molecular cloud. H-like ions collide with the neutral ions to form ex-
cited He-like ions which decay by a radiative cascade. This process enhances
the forbidden line due to the higher statistical weight. There have been no re-
ports of neutral gas regions close to the remnant, so the probability of the charge
exchange scenario occurring remains uncertain.

Cooling

As mentioned above, recombination can influence the observed line ratios. For
recombination to dominate, the plasma must be over-ionised and thus must
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2. The high resolution spectrum of SNR 0506-68

have cooled faster than the recombination process happens. We now investi-
gate if SNR 0506-68 can cool fast enough for this to occur.
The expanding plasma cools in two ways: through radiation and due to adia-
batic expansion. A timescale for radiative cooling can be obtained by dividing
the internal energy of a gas by the luminosity:

𝜏 ≃
(𝑛 + 𝑛 + 𝑛 )𝑘𝑇

𝑛 Λ = 3𝑘𝑇
𝑛 Λ , (2.1)

where Λ is the cooling rate in units of erg cm s , 𝑘 is Boltzmann’s constant, and
𝑛 is the hydrogen/proton number density.
For an adiabatic gas, PV = constant. By the same token, TV = constant. The
following formula for the adiabatic cooling timescale can thus be derived for a
spherical volume:

𝜏 = −𝑇�̇� = 1
𝛾 − 1

𝑅
3�̇� . (2.2)

A total cooling timescale as a result of radiative and adiabatic cooling is now
given by 𝜏 = 𝜏 + 𝜏 . When a plasma cools, the radiative cooling rate
of the remnant is proportional to the density squared. The recombination rate
also increases proportional to the density squared. If adiabatic cooling is not
important compared to radiative cooling, the remnant will stay in ionisation
equilibrium. Radiative cooling is faster than recombination below 10 K or if
the elemental abundances are strongly enhanced. For an over-ionised plasma,
it is required that 𝜏 > 𝜏 . The recombination timescale for O VIII → O VII
in the range 10 ≤ 𝑇 ≤ 10 is approximately equal to (1.3×10 𝑛 ) . Using 2.1,
2.2 with 𝛾=5/3, this leads to:

2�̇�
𝑅 + 𝑛Λ

3𝑘𝑇 < 1
1.3 × 10 𝑛 . (2.3)

Note that the remnant needs to have reached ionisation equilibrium before adi-
abatic cooling causes an over-ionised plasma. For 𝑅 ≃ 10 pc, �̇� ≃ 400 km s ,
Λ = 3 × 10 erg cm s , corresponding to a 0.2 keV plasma at LMC abundances
(Schure et al. 2009) and a density 𝑛 = 10 cm , the recombination timescale (us-
ing the above formula) is about five times lower than the cooling timescale, and
depends strongly on the density.
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To expand the above equation to a larger temperature range, we can rewrite
𝑅/�̇� = 𝛽 𝑡, where𝛽 is the expansion parameter and 𝑡 is the age of the remnant.
Values of 𝛽 vary between about 0.4 for a remnant in the Sedov expansion phase
and 0.25 in the snowplough phase. In addition, we can use the temperature
dependent O VIII → O VII (radiative + dielectronic) recombination rates from
Shull & van Steenberg (1982) as well as the complete O radiative cooling curves
from Schure et al. (2009).
Fig. 2.9 shows this relation between the cooling and the recombination time
using 𝑡 = 10 s and 𝛽 = 0.4. The behaviour at high temperature is dominated
by the adiabatic cooling, while radiative cooling becomes important at 𝑇 < 10
K. An increased density increases the recombination rate, which decreases the
likelihood of plasma in SNRs to become over-ionised at temperatures at which
radiative cooling is unimportant. It should be noted that the above derivation
is a first order estimate. We can however still use it to check if the conditions in
SNR 0506-68 are likely to cause an over-ionised plasma. At a𝑇 ∼10 K and 𝑛 ∼10
cm the cooling timescale is about two times lower than the recombination
timescale. This is a discrepancy with the above calculation, so we can conclude
that either our remnant is not in the Sedov stage of evolution (i.e. 𝛽<0.4), or that
the shock velocity or density estimations are not right.
We can check if the overionisation observed in other SNRs can be explained
using the above relation. In W49B, recombining Fe XXV-XXVI was found. Us-
ing their respective recombination and radiative cooling rates at 𝑇 = 1.5 keV
and 𝑛 = 10 cm , the cooling timescale is indeed lower than the recombination
timescale.
Note that the above derivation for the cooling rate is somewhat conservative,
as we did not take into account dust cooling. This is in particular true for
SNR 0506-68, for which Williams et al. (2006) found an infrared luminosity of
8.7×10 erg s . This is about 60 times higher than the observed X-ray lumi-
nosity. In general dust cooling increases the cooling rate of the plasma, which
makes it easier to reach an over-ionised state.

Explosion parameters

The data obtained from fitting allow us to constrain several interesting param-
eters. For this we need the volume of the plasma, which we obtained using the
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Figure 2.9: A comparison of the oxygen recombination timescale with the cooling
timescale at different densities. Low density favours the appearance of an overionised
plasma, because the recombination timescale lowers proportional to the density, as does
radiative cooling, but radiative cooling only becomes important at log 10 K. These
curves where calculated using LMC abundances. It should be noted that a plasma at
LMC abundances is less likely to reach an over-ionised state at <10 K, because of the
lower radiative cooling rate.
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Chandra data. The radius of the sphere in which the plasma is contained is
about 38”, which corresponds to a radius of 9.1 pc at a distance of 50 kpc. We
therefore estimate the volume of the sphere to be 9 ×10 cm . The fact that the
radiation is distributed anisotropically over the remnant as well as the fact that
the emission does not come from a purely spherical region, can be accounted
for by using a filling factor f. A filling factor within 10-25% seems reasonable.
Using the normalisation factor 𝑛 𝑛 𝑉 of the best fit model to the RGS spectra,
with 𝑛 = 𝑛 /1.2 and 𝑉 the volume, we obtain a density 𝑛 = 11(𝑓 . ) . cm and
𝑛 = 5(𝑓 . ) . cm for respectively the cool and the hot component of the non-
cooling NEI model, where 𝑓 . represents a filling factor of 10%. The density of
the cool component of the cooling model is slightly higher at 14(𝑓 . ) . . The
density of the low T component is somewhat higher than previously found val-
ues. Hughes et al. (2006) find densities of 10-23 cm using X-ray data, Dickel &
Milne (1998) used radio data to find a maximum density of 10 cm and Williams
et al. (2006) found a density of 5.8 cm by modelling dust emission in the rem-
nant. These are mean densities over the whole remnant and it is probable that
at some locations the densities are higher.
With these densities and the ionisation parameters the shock ages of the cool
and hot components are ∼ 1200 and ∼ 115 yr. Different parts of the remnant
were thus shocked at different times, which suggests that there are some den-
sity fluctuations in the surrounding ISM, which is also clear from Fig. 1. It has
already been hinted by Hughes et al. (2006) that the open cluster HS 114 (Hodge
& Sexton 1966), which lies on the brighter, high density side of the remnant,
may be the cause of the observed brightness gradient.
The total swept up mass is given by 𝑀 ∼ 𝑛 𝑚 𝑓𝑉, where 𝑚 is the proton
mass. 𝑀 ∼88 𝑓 . M⊙for the cool component and 𝑀 = 37 𝑓 . M⊙for
the hot component.
Due to the brightness gradient and the fact that a low and high temperature
NEI model are necessary to fit the spectrum of the remnant, an age estimation
is difficult. Using a Sedov model (𝑡 = 4.3 × 10 . ), the age
of the cool component can be estimated at ∼9000 year, while the age of the
hot component equals ∼4000 year. A Sedov model assumes that the remnant
is expanding in a homogeneous medium which, judging from the anisotropic
emission, is not quite valid in the case of SNR 0506-68. Since the hot, less dense
component of the plasma is likely to have expanded relatively undisturbed, the
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age estimation of this component is probably more accurate.

2.5 Conclusions

• The SNR 0506-68 is best fit by a two component NEI model, of which one
of the components is cooling. This suggests that the SNR may be cooling,
but the emission line diagnostics marginally agree with this scenario.

• The most natural explanation for the enhanced G-ratio of the O VII He-𝛼
is that part of the plasma is recombining, although resonance scattering
cannot be ruled out.

• When an expanding plasma reaches near-ionisation equilibrium, adia-
batic cooling can cause it to become over-ionised.

• The abundances of SNR 0506-68 are very similar to the mean LMC abun-
dances. This, coupled with the fact that𝑀 is fairly high, confirms that
the emission is dominated by the emission from the shock heated ISM.

• Overionisation may be more widespread in mature SNRs than usually
thought.

• The age of the remnant is uncertain and model dependent. However our
models and calculations favour the lower age estimate mentioned in the
literature, namely ∼ 4000 year.
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Abstract
We want to probe the physics of fast collision-less shocks in supernova rem-
nants. We are interested in the non-equilibration of temperatures and particle
acceleration. Specifically, we aim to measure the oxygen temperature with re-
gards to the electron temperature. In addition, we search for synchrotron emis-
sion in the northwestern thermal rim. This study is part of a dedicated deep ob-
servational project of SN 1006 using XMM-Newton, which provides us with the
currently best resolution spectra of the bright northwestern oxygen knot. We
aim to use the reflection grating spectrometer to measure the thermal broaden-
ing of the O VII line triplet by convolving the emission profile of the remnant
with the response matrix. The line broadening was measured as 𝜎 = 2.4±0.3 eV,



3. The northwestern ejecta knot of SN 1006

corresponding to an oxygen temperature of 275 keV. From the EPIC spec-
tra we obtain an electron temperature of 1.35±0.10 keV. The difference in tem-
perature between the species provides further evidence of non-equilibration
of temperatures in a shock. In addition, we find evidence of a bow shock that
emits X-ray synchrotron radiation, which is at odds with the general idea that
because of the magnetic field orientation only in the NE and SW region, X-ray
synchrotron radiation should be emitted. We find an unusual H𝛼 and X-ray
synchrotron geometry, in that the H𝛼 emission peaks downstream of the syn-
chrotron emission. This may be an indication of a peculiar H𝛼 shock in which
the density is lower and the neutral fraction is higher than in other supernova
remnants, resulting in a peak in H𝛼 emission further downstream of the shock.
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3.1 Introduction

Supernova remnants (SNRs) have the highest velocity, collision-less shocks that
can be studied in the Galaxy. These shocks are of interest for the physical
processes that are connected to them, including non-equilibrium effects and
cosmic-ray acceleration (see e.g. Vink 2012). The advent of high-resolution X-
ray observatories, such as XMM-Newton and Chandra, gives us a plethora of
high-quality data that allow these studies to be conducted.
The remnant of the historical supernova 1006 A.D. (SN 1006, Fig. 3.1) is one
of the youngest galactic SNRs in terms of its evolution. Due to its high lati-
tude (+14.6), and its long historical lightcurve, it is thought to be a type Ia SNR.
Located at a distance d = 2.2 kpc (Winkler et al. 2003), which will be adopted
throughout this paper, it is expanding in a low-density local medium (≈ 0.15
cm in the northern region, ≈0.05 cm elsewhere, e.g. Acero et al. 2007; Ray-
mond et al. 2007; Miceli et al. 2012). Because of the low surrounding ISM densi-
ty, SN 1006 is in an early evolutionary state and so an ideal remnant for studying
non-equilibrium effects of the temperature and ionisation state of the plasma.
The remnant has a particular morphology, in the sense that X-ray synchrotron
radiation seems to be emitted only in the northeastern and southwestern part
of the remnant, with very little synchrotron emission along the line of sight to-
ward the centre. The most viable explanation is that these synchrotron limbs
are polar caps of the remnant, and the axis of the ambient magnetic field lies
SW–NE (Rothenflug et al. 2004; Völk et al. 2003; Berezhko et al. 2009; Bocchino
et al. 2011). Such a magnetic field parallel to the shock makes injection and thus
acceleration of particles more efficient, creating a higher density of accelerated
particles at the poles (Ellison et al. 1995). In addition, the 𝛾–ray emission shows
the same morphology (Acero et al. 2010).
This study is part of a large observing project on SN 1006 (PI: dr. A. De-
courchelle), which consists of seven XMM Newton pointings that, coupled with
archival data, bring the total observing time to ≈900 ks. Here we focus on the
bright emission knot in the northwestern part of SN 1006. This interesting re-
gion of the remnant has been studied before in detail by Long et al. (2003) with
Chandra. The knot itself has been studied in more detail by Vink et al. (2003),
who used the Reflection Grating Spectrometer (RGS, den Herder et al. (2001)) to
determine the ion temperature based on the thermal broadening of the O VII
line triplet. Since we now have a factor four more observation time, we are able
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3. The northwestern ejecta knot of SN 1006

Figure 3.1: A smoothed image of SN 1006 in the 500-599 eV band. The bright knot in
the northwest is clearly visible. The extraction region of the RGS spectrum of the 2008
observation is shown.

to study the knot in much more detail and with higher precision. Since the knot
is also observed with different roll angles we have better control of systematic
effects.
In their study of the emission knot, Vink et al. (2003) found 𝑇 =
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530 ± 150 keV, while the electron temperature 𝑇 was measured at 1.5±0.2 keV.
A temperature as high as 530 keV suggests that the gas has been shocked with
a velocity in excess of ≈5000 km s , provided that all the shock energy goes
into heating the plasma. The result of Vink et al. (2003) has confirmed earli-
er results in the optical (Ghavamian et al. 2002) and UV (Raymond et al. 1995),
namely that particle species in shocks are heated proportionally to their mass;
i.e., their temperatures are not equilibrated:

𝑘𝑇 = 2(𝛾 − 1)
(𝛾 + 1) 𝑚 𝑣 = 3

16𝑚 𝑣 , (3.1)

where k is Boltzmann’s constant, 𝑇 the temperature of the species, 𝛾 the equa-
tion of state of the plasma (5/3 for non-relativistic matter), 𝑣 the shock velocity
and 𝑚 the species mass. In addition, the result shows that the equilibration of
temperatures behind the shock front in SNRs is a slow process.
In addition to the ejecta knot, we report on the X-ray emission upstream of the
knot that shows evidence of X-ray synchrotron radiation.

3.2 Data analysis

For studying the NW knot we use the three pointings done in 2001, 2008 and
2009, with OBSID’s 0077340101, 0555630501, and 055530401 respectively. Both
the EPIC (MOS and pn) and the reflection grating spectrometer (RGS) were
used for this study.
The RGS1 and 2 data were scanned for soft-proton flaring using CCD nr. 9 of the
detector, which is closest to the optical axis of the mirror and thus most sensitive
to flaring. The total, reduced observation time of the RGS data amounts to 220
ks. For the knot spectrum, we extracted only the part of the CCDs where the
knot emission is present, based on an image in the 500-600 eV band.
The large extent of SNR 1006 creates difficulties in the data analysis in two ways.
Firstly, the background is normally determined by taking an extraction region
from the edges of the CCDs. This is impossible for SN 1006, because the edges
of the CCD also contain emission from the remnant. Since the source is much
brighter than the cosmic background, we take a flaring-corrected blank-sky ob-
servation (OBSID 0500630101, 74.2 ks observation time) from a similar orbit to
account for the background.
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The second problem is that the RGS is a slitless spectrometer. As a result, the
lines get smeared out due to the large angular extent of the source. The source
diameter of 30’ results in a line broadening of≈4 Å. This emission is in addition
to the bright emission of the knot, which has an extent of 0.45’. We used an
updated version of the code used in Vink et al. (2003) to correct for the source
extent. This code convolves the response matrix with the emission profile of
the remnant in the direction of the RGS dispersion axis, taking the vignetting
and off-axis efficiency of the instrument into account. The emission profile was
obtained using a EPIC mosaic. While doing the data analysis, we noticed that
the off-axis emission was not symmetric between the observations, which have
a roll angle difference of 180∘. We corrected for this based on the RGS vignetting
calibrations documented in the tn-cal-98_002 calibration document 1.
For the spectral analysis, we used the SPEX spectral fitting code (Kaastra et al.
1996).

3.3 Results

Overall spectra

We extracted a MOS and pn spectrum (Fig. 3.2) from the knot for the three dif-
ferent epochs. The spectrum is dominated by emission lines of the lower mass
elements such as O VII/VIII and Ne VIII/IX, although there is a significant con-
tribution from Li- and He-like Mg and Si. Because of the low surrounding den-
sity, the ionisation age of SN 1006 is one of the lowest measured in the Galactic
supernova remnants. We used C-statistic to fit the data, which for a progressive-
ly higher number of counts asymptotically approaches the 𝜒 value (Cash 1979).
The best-fit model to the EPIC spectrum of the knot is a single non-equilibrium
ionisation (NEI) model and a basic absorption model. The best-fit 𝑁 we find is
comparable to the values found by (Dubner et al. 2002).
Because the knot is assumed to be an ejecta knot, it is not expected that more
than one temperature NEI component is present. The best fit parameters are
listed in Table 3.1. The ionisation age of 3.1×10 cm s and temperature of 1.35
keV are compatible with the values found by Vink et al. (2003).

1Available at http://www.sron.nl/divisions/hea/xmm/internal/docu-ments/rgs-sron-tn-cal-
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3.3. Results

Figure 3.2: The EPIC MOS and EPIC PN (×10) spectrum of the knot in SNR 1006. For
clarity we only show the spectra of the 0555630401 observation. The dotted line shows
the model without the higher order O VII lines (see section 3.3).

The RGS spectra of the oxygen knot are shown in figures 3.3 and 3.4. The differ-
ence in the spectra due to the 180∘ difference in roll-angle is clearly visible. The
excess emission that results from the extent of the remnant shows on different
sides of the O VII line triplet. The same is true for the emission around the oth-
er O lines at 19 and 18.6 Å. As in the EPIC spectra, O is clearly the dominant
element in terms of emission in the RGS spectra. No other elements have such
prominent emission lines, although there is some Ne IX present at 13.6 Å and
there are hints of emission lines in the higher wavelength part of the spectrum,
above 23 Å. Although the correction described in section 3.2 works well for the

98_002.pdf
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3. The northwestern ejecta knot of SN 1006

Figure 3.3: RGS spectrum of the 2008 observation fit by a single NEI model.

emission lines, there may still be continuum emission from the synchrotron
bright part of the remnant that cannot be disentangled with our method. This
results in a systematically higher continuum emission in the RGS spectrum,
which in turn results in the lower abundances found by fitting the RGS data.
We therefore list only the values found by fitting the EPIC data. The ionisation
age and electron temperature found are consistent with the MOS data.
In previous studies of the spectrum of SN 1006, excess emission (see Fig. 3.2) has
been found in the 0.73-0.8 keV energy range (e.g. Yamaguchi et al. 2008; Miceli
et al. 2009). It has been interpreted as both Fe emission and as higher order
O VII transitions missing in the plasma code. At 0.739 keV a recombination edge
of O VII can also be found. However, since the remnant is in an ionising state,
significant recombination is not to be expected.
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Figure 3.4: RGS spectrum of the 2009 observation fit by a single NEI model.

Of the listed possibilities, the Fe explanation seems the least plausible. Espe-
cially in the ejecta knot, the ionisation age is so low that Fe has not been ionised
enough to emit significantly in the X-ray part of the spectrum (i.e. its ionisa-
tion state is below Fe XVII). In addition, an Fe XVII emission line at this energy
would surely be accompanied by other Fe XVII emission lines (Gillaspy et al.
2011), for which we do not find any evidence.
The missing O VII transitions seem to be the most probable explanation to solve
the excess. Higher order K-shell transitions (He-𝜀, He-𝜁 and up) are indeed
missing in the current version of SPEX. Fitting the spectrum with a preliminary
version of SPEX in which the new lines are included significantly improved the
fit. As opposed to the Gaussians added by Yamaguchi et al. (2008), the ratio be-
tween the lines, i.e. He-𝜁/He-𝜀, in a plasma of this temperature and ionisation
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Table 3.1: Best fit parameters for the EPIC data. The MOS and pn data of the three
observations of the knot were fitted simultaneously. The Anders & Grevesse (1989) solar
abundances were used and the errors denote a uncertainty. Unlisted abundances
were fixed at solar.

Parameter EPIC
𝑁 (10 cm ) 4.16±0.77
𝑛 𝑛 𝑉 (10 cm ) 2.40±0.18
𝑛 𝑡 (10 cm s) 3.10±0.07
𝑘𝑇 (keV) 1.35±0.10
C 0.29±0.08
N 0.57±0.06
O 0.69±0.04
Ne 0.12±0.01
Mg 0.45±0.05
Si 4.75±0.37
cstat / d.o.f. 1603 / 842

age, may be as high as 0.75. The ionisation age and kT of the spectral fit do not
change significantly between the older and the newer versions. As the new ver-
sion of SPEX is still preliminary, we list in Table 3.1 the parameters obtained by
fitting with the current public version of SPEX.
Ejecta knots are expected to have large overabundances of elements. Looking
at the abundances, the expected ejecta products Si and Ca are found to have
higher than solar abundances. The other elements, most notably Fe have abun-
dances below or at solar values. Both the MOS (at 4.4𝜎) and the RGS (at > 10𝜎)
data show statistical evidence for the presence of N. The presence of this ele-
ment can be related to interaction with ISM, as it is not created in type Ia SNe.

Ion temperature

Figure 3.5 shows a close-up of the O VII line triplet for the 2008 and 2009 ob-
servations. The triplet was fit with three Gaussians and the best fit continuum
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Figure 3.5: Zoom of the O VII line triplets of the 2008 and 2009 observations. The mod-
el fitted to the data is identical. The apparent difference in line ratios and model is due
to the 180∘ difference in roll-angles between the two observations. The positions of the
Resonance (21.6 Å), the Intercombination (21.8 Å) and the Forbidden line (22.1 Å) are in-
dicated in the figure.
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from the complete dataset fit. This gives a best fit doppler broadening of 𝜎
= 2.4±0.3 eV for the 2008 and 2009 observations combined, which corresponds
to a 𝑘𝑇 = 275 keV 2. This is substantially larger than measured the elec-
tron temperature of 1.2 keV. The line broadening was significant at a > 7𝜎 level.
The new value of 𝑘𝑇 = 275 is lower than the value reported by Vink et al.
(2003), but the measurements are consistent at the 1.5𝜎 level. Our new measure-
ment is more reliable, not only because the statistics have improved, but also
because the observations were taken with different roll angles, which reduces
the systematic errors. As we experimented with different extractions, and dif-
ferent model assumptions (a NEI model, or a model in which line emission was
modelled with Gaussians in which both intensity ratios and line widths were
not fixed), we were able to estimate that the systematic error is ±45 keV.

Bowshock

Fig. 3.6 shows from soft to hard X-ray bands and H𝛼 emission the region of the
ejecta knot. The O VII and H𝛼 bands clearly show a bow-shock like protrusion
in the shock front, affiliated with the ejecta knot. The 1680-2000 eV band sup-
ports the picture, formed by the abundances, of an almost pure Si ejecta knot
overtaking the shock front. An interesting feature is present upstream of the
H𝛼 filament: an isolated patch of hard X-ray emission that is not visible in the
O band. A MOS spectrum of the contour region that lies exactly on the bright
spot upstream of the knot in the 1680-2000 eV band is shown in Fig. 3.7. The
spectrum shows O VII-VIII and some Ne VIII emission, but there is an absence
of emission lines from higher mass elements, which suggests that the hard X-ray
component upstream of the knot is non-thermal emission.
Contrary to the ejecta knot best fit-model, a single NEI model is not sufficient
to account for the emission in the bow shock. Our best fit model contains a
power-law component, with a spectral index Γ = 2.34±0.06, at a cstat / d.o.f. =
141/131. A power law fit is preferable over a hot NEI component with a signif-
icance >5𝜎. The NEI model has 𝑘𝑇 = 0.80 .

. keV and 𝑛 𝑡 = 1.5 .
. ×10 cm .

The abundances were fixed at solar. The temperature and ionisation age of the
NEI component are lower than those found in the bright emission knot, and are

2Obtained with the formula / ( / ), with = 574 eV and ≊
16 .

58



3.3. Results

Figure 3.6: The emission knot plus the hard X-ray region in front of it seen in the O VIII
(500-599 eV), Si XII-XIII (1680-2000 eV), continuum (2501-6500 eV) and H wavebands.
The 1680-2000 eV band contours are plotted in all regions for comparison. The ring-like
structure in the H image is caused by the removal of a foreground source.

somewhat similar to the ISM spectral component by Miceli et al. (2012). The
spectrum shown in Fig. 3.7 has a similar background region as the spectrum
of the ejecta bullet. To check whether the lower energy emission lines in the
bow-shock spectrum are due to scattered light, however, we also considered a
background spectrum taken from a region located at the same distance from
the bullet as the bow shock. Indeed the lines disappeared in this case, while
the power law remained. Since Fig. 3.1 clearly shows diffuse O emission around
the ejecta knot, but also upstream the northwestern H𝛼 shock front in general,
it remains unclear whether the thermal emission in the spectrum can be fully
attributed to scattered light, or if part of the emission is indeed due to some low
temperature plasma component. For the estimates of the non-thermal flux the
details of the background subtraction do not make much difference, since the
fit to the power-law component was identical in both background cases. In the
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Figure 3.7: Total added MOS spectrum of the hard X-ray region in front of the knot.
The best fit model to the spectrum includes a power law and an NEI component The
powerlaw contribution is shown as a dotted line.

next section we take a more detailed look at the implications of the presence of
the non-thermal emission in a bow shock upstream of the ejecta bullet.

3.4 Discussion

We performed a detailed spectral analysis of both the EPIC and RGS data of
the bright northwestern knot in SN 1006. We found statistical evidence of ISM
interaction due to the presence of N emission. We find that the excess found
around 0.73 keV is very likely caused by missing emission lines in the NEI codes.
We measured the line broadening at the northwestern bright emission knot
of SN 1006 and did a detailed spectral analysis of both the knot and the hard
patch of X-ray emission in front of it. The line broadening was measured at
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𝜎 = 2.46±0.3 eV, which corresponds to an ion temperature of 275 keV. The
electron temperature was measured to be 1.35±0.1 keV, confirming that temper-
atures between species with different mass are not equalised. Our results are
consistent with the previous temperature measurement of Vink et al. (2003).
If Eq. 3.1 holds (i.e. 𝑇 = 𝑇 / ), then 𝑇 /𝑇 = 0.07±0.01. This is similar to
the value found by Ghavamian et al. (2002): 𝑇 /𝑇 < 0.07. However, it should
be mentioned that our X-ray measurement concerns the plasma located more
downstream from the shock front than the optical measurement, and a differ-
ent region of the northern shock front. The timescale for proton and oxygen
equilibration starts to kick in at a shock age of ≈10 cm s, while our mea-
sured ionisation age is 3.1×10 cm s (e.g. Vink 2012). Electrons are, however,
expected to have risen in temperature quite significantly at such a shock age,
from Coulomb interactions alone. From the temperature and using Eq. 1, we
can calculate the velocity at which the plasma in the knot has been shocked,
𝑣 = 3000 km/s. Since it is an ejecta knot, this velocity represents the reverse
shock velocity in the frame of the ejecta knot.
We can calculate the density of the ejecta knot from the EPIC emission measure,
assuming that the knot is shaped as an ellipsoid. Using the already adopted dis-
tance of 2.2 kpc and dimensions of the knot of (4.3×10 ) ×(4.3×10 ) ×(1.1×10 )
cm , we obtain a volume of ≈ 1.0×10 cm . An emission measure of 𝑛 𝑛 𝑉
= 3.0(±0.2)×10 cm gives a density, using 𝑛 = 𝑛 /1.2, of 𝑛 ≊ 2 cm . This
is high compared to the density of the surrounding medium, which is around
0.1 cm . An ejecta knot needs a density enhancement of ≈100 times with re-
spect to the normal ejecta density at the same radius in order to survive the
instabilities caused by its interaction with the reverse shock (Wang & Chevalier
2001). Magnetic field pressure, however, limits the formation of instabilities,
decreasing the density contrast needed for an ejecta knot to reach the forward
shock (Orlando et al. 2012).

X-ray synchrotron emission

The hard X-ray emission found ahead of the knot is interesting in its own right.
The morphology resembles a bow shock, suggesting it may be caused by the
ejecta knot, although a line-of-sight explanation is also possible. The parame-
ters of the NEI model favour shocked ISM plasma as its origin. For the power-
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law component, a different origin than synchrotron emission is not probable.
Both inverse Compton and non-thermal Bremsstrahlung are not significantly
present at the concerned energies (see e.g. Fig. 8 in Acero et al. 2010), even if
their contribution there is underestimated by two orders of magnitude.
We can estimate the magnetic field strength at the bow shock by assuming
that the width of the synchrotron patch is equal to the advection length of
synchrotron-emitting electrons (Eq. 62 in Vink 2012):

𝐵 ≊ 26 𝑙
1.0 × 10 cm

/
𝜂 / 𝜒 − 1

4

/
µG, (3.2)

where 𝜒 is the shock compression in units of 4 and 𝜂 the deviation from Bohm
diffusion, which is of the order of 1. With our observations, we can obtain an
upper limit to the width of the synchrotron emitting region at ≈10.8”, which
corresponds to an 𝑙 = 0.37×10 cm. Taking a shock compression ratio of 4,
we obtain a lower limit to the magnetic field of ≈ 50 𝜇G. This is consistent with
the magnetic field strengths measured in other parts of the remnant (Acero et al.
2010).
Another interesting feature is, as mentioned in section 3.3, that the X-ray syn-
chrotron emission is found ahead of the H𝛼 emission. The H𝛼 emission is usu-
ally found in a narrow (≈10 cm) region behind the shock front, while X-ray syn-
chrotron emission starts behind the shock, but is much broader (10 -10 cm).
That the geometry is different near the knot could be coincidental, i.e. due to a
line of sight effect. In that case the X-ray synchrotron emission is not causally
connected to the knot and the H𝛼 filament. It is unlikely that the H𝛼 emission
and the knot are not causally connected, for the H𝛼 filament shows a clear pro-
trusion where the knot penetrates the shock front. Nevertheless, that the only
clear X-ray synchrotron filament not connected to the bright rims is just ahead
of the ejecta knot, makes it worthwhile to investigate whether they could be
causally connected and what then the origin could be for the peculiar geome-
try, with the X-ray synchrotron emission lying ahead of the H𝛼 filament.
A causal connection between X-ray synchrotron emission and the ejecta knot
(i.e. the synchrotron emission is caused by a bow shock) may provide an expla-
nation for why only in this region outside the bright synchrotron limbs we see
evidence for X-ray synchrotron emission. It is likely that near the knot the shock
velocity is higher than in the immediate surroundings (≈2900 km/s, Ghavamian
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et al. 2002). Given the dependence of X-ray synchrotron emission on the shock
velocity (ℎ𝜈 ∝ 𝑉 , e.g. Zirakashvili & Aharonian 2007; Vink 2012), the high-
er shock velocity may have resulted in a higher synchrotron cut-off frequency,
hence, X-ray synchrotron emission. In addition, the interaction of the knot with
its surroundings may have enhanced the local magnetic field. For example, hy-
drodynamical simulations indicate that the magnetic field strength may be am-
plified upstream of an ejecta knot (Orlando et al. 2012). On the other hand, the
magnetic field estimate provide above indicates that the magnetic field is not
significantly different from the bright synchrotron rims, although the magnet-
ic field may be smaller elsewhere along the northwestern rim.
The presence of X-ray synchrotron emission at this location is unexpected given
the overall evidence that suggests a polar cap geometry for synchrotron emis-
sion, with the polar caps being the two bright X-ray synchrotron emitting re-
gion. The general idea is that the magnetic field is parallel to the shock nor-
mal for these caps, causing more particles to be injected into the acceleration
process. However, this model still applies to the emission of X-ray synchrotron
radiation from the specific spot in the northern region. The reason is that the
X-ray emission and also the radio emission from this region are relatively weak,
implying that the number density of relativistic electrons is low. X-ray syn-
chrotron emission itself, however, informs us that the particles can be accel-
erated to 10-100 TeV energies. For this to happen the shock velocity needs to be
high enough (𝑉 ≳ 3000 km s Aharonian & Atoyan 1999; Vink 2012). Radio ex-
pansion measurements indicate that the northeastern region and southwestern
region have lower expansion velocities (Moffett et al. 2004), so a possible expla-
nation for the lack of X-ray synchrotron emission from the northeastern and
southwestern regions is a generally low velocity, limiting the maximum elec-
tron energy. A possible exception would then be the shock region coinciding
with the knot. The overall radio and X-ray synchrotron morphology of SN 1006
is more determined by the efficiency of acceleration, i.e. the number density of
relativistic electrons, in agreement with the polar cap model (Rothenflug et al.
2004; Bocchino et al. 2011).
A possible causal connection between the ejecta knot and the X-ray synchrotron
emission, raises the question of why the H𝛼 emission is then emitted so far
downstream of the shock. Here we speculate on what could cause the pecu-
liar observed X-ray/H𝛼 geometry. There are several factors that determine the
width of an H𝛼 filament (e.g. van Adelsberg et al. 2008), which are shock veloc-
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ity, neutral fraction and the pre-shock density. The width of the filament be-
comes larger when the velocity 𝑣 or neutral fraction 𝑓 increase and/or when
the pre-shock density n decreases. For example, with 𝑣 = 4000 km/s, 𝑓 = 0.9,
and 𝑛 = 0.01 cm , the distance between the shock front and H𝛼 filament 𝑧 ≊
5×10 cm. This is comparable to the distance between the filament and the out-
er edge of the synchrotron emission 𝑑 ≊ 8×10 cm (taking an expansion rate of
the H𝛼 filament of 0”.3 / year into account). The brightest H𝛼 region could then
correspond to the increased density associated with the contact discontinuity
between the knot and the shocked ISM. This explanation does, however, re-
quire a high neutral fraction coupled with a low density, while the neutral frac-
tion as measured by Ghavamian et al. (2002) equals 0.1, and 𝑛 estimates in the
northern region lie around 0.15 - 0.25 cm . On the other hand, these estimates
are based on a conventional explanation for the H𝛼 emission, and apply to other
regions in the northwestern part of SN 1006. More detailed modelling is nec-
essary to see whether extended H𝛼 emission, owing to a high neutral fraction,
is a viable model for the H𝛼 emission associated with the shock, or whether
the unexpected geometry of H𝛼 and X-ray synchrotron can be attributed to an
accidental superposition of two separate features.

3.5 Conclusions

We have presented here our analysis and interpretation of a deep XMM-
Newton observation of the northwestern region of SN 1006, focussed on a bright
ejecta knot. The analysis concerned both imaging spectroscopy with the EPIC
instrument, and high-resolution spectra of the RGS instrument. We summarise
here the main results of our analysis.

• The line broadening of the O VII ions was measured at 2.46±0.3 eV, which
corresponds to a temperature of 275 keV. The electron temperature
was measured at 1.35±0.10 keV. Our results therefore confirm that the tem-
peratures between species of different mass are not equilibrated.

• We find a bow-shock of X-ray synchrotron emission upstream of the ejec-
ta knot. X-ray synchrotron emission at this location is unexpected and
at odds with the general polar cap model for X-ray synchrotron emission
(Rothenflug et al. 2004).
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• The shock near the ejecta knot has a peculiar geometry, in that the X-ray
synchrotron emission is located upstream of a bright H𝛼 filament.

• This geometry can either be explained by a line of sight effect, where the
knot and the synchrotron emission are not causally connected or, more
speculatively, by H𝛼 emission from a region with a high interstellar medi-
um neutral fraction and a low density.
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The many sides of RCW 86: a
type Ia supernova evolving in

it progenitor’s wind blown
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Abstract
We present the results of a detailed investigation of the Galactic supernova rem-
nant RCW 86 using the XMM-Newton X-ray telescope. RCW 86 is the probable
remnant of SN 185 A.D, a supernova that likely exploded inside a wind-blown
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cavity. We use the XMM-Newton Reflection Grating Spectrometer (RGS) to de-
rive precise temperatures and ionization ages of the plasma, which are an in-
dication of the interaction history of the remnant with the presumed cavity.
We find that the spectra are well fitted by two non-equilibrium ionization mod-
els, 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 with particular spectral properties. We
present evidence that the shocked ejecta, emitting 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 gener-
al 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 us-
ing general wind properties for a single degenerate system. Our data and simu-
lations 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.

4.1 Introduction

Supernovae (SNe) 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
(≈ 10 eV). Type Ia SNe are of interest 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 of Type Ia
supernovae are still a matter of debate (e.g. Maoz & Mannucci 2012).
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 G315.4-2.3
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 is the remnant of an event recored by Chinese as-
tronomers 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). Lo-
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4.1. Introduction

Figure 4.1: A three colour image of RCW 86. The red, green and blue colours denote
0.5-1.0 keV, 1.0-1.95 keV and 2.0-5.0 keV emission, respectively.
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cated at a distance of 2.5 ± 0.5 kpc (Helder et al. 2013)*, RCW 86 is a shell-type
SNR with an angular diameter of approximately 40 armin, making it unusually
large (R ≈15d . pc) for its age, if it is indeed the remnant of SN 185. For the rem-
nant to have reached this size in 1830 years, it must have been expanding with a
mean velocity of around 7800 km s . This high velocity, but also several oth-
er characteristics, have led to the suggestion that the SNR has been expanding
in a low density, wind-blown cavity (Vink, Kaastra, & Bleeker 1997). The mea-
sured expansion velocities of 500-900 km s in the SW and NW (Long & Blair
1990; Ghavamian et al. 2001), and the ≈1200 km s 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 differ-
ent morphologies 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, us-
ing Chandra data, that the hard X-ray emission in the south western part of the
remnant is close to 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. Besides the non-thermal emission in the SW,
there is also synchrotron emission present in the NE (Bamba, Koyama, & Tomi-
da (2000), Vink et al. (2006)) and, somewhat fainter, in the NW (Yamaguchi et al.
2011; Williams et al. 2011; Castro et al. 2013). X-ray synchrotron radiation requires
the presence of 10-100 TeV electrons, the presence of which has been corrobo-
rated since then by the detection of TeV gamma-ray emission from this remnant
(Aharonian et al. 2009; Lemoine-Goumard et al. 2012). In addition, the ampli-
fication as observed by Vink et al. (2006) and Castro et al. (2013) also suggests
efficient particle acceleration at the shock of RCW 86. The measured shock ve-
locities in the optical of 600–1500 km s , however, are too low to explain the
occurrence of X-ray synchrotron emission (e.g. Zirakashvili & Aharonian 2007).
In this regard, RCW 86 differs from the other young Galactic SNRs Cas A, Kep-
ler, Tycho and SN 1006, for which X-ray synchrotron emission is accompanied

* For a long time it was unclear whether RCW 86 is located at a distance of ∼ 2.5 kpc (Wester-
lund 1969; Rosado et al. 1996), or much more nearby at ∼ 1 kpc (Long & Blair 1990; Bocchino et al.
2000). The recent proper motion measurements of Helder et al. (2013), combined with plasma tem-
perature measurements based on the broadline H emission, now clearly indicates that RCW 86
is at a distance of 2.5 kpc, or even further if the plasma temperature is quenched due to cosmic-ray
acceleration.
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by measured shock velocities in the range of 3000–5400 km s . Helder et al.
(2013) argued for the NE region that either the shock velocity was much high-
er in the recent past (and the shock slowed down on a timescale much shorter
than the synchrotron cooling time of the electrons), or, as also argued by Cas-
tro et al. (2013), the shock velocity measured in Balmer line emitting shocks are
lower than those of synchrotron emitting shocks. This is supported by the high-
er shock velocity measurement in X-rays for the northeastern part of the SNR
(𝑉 = 6000 km s Helder et al. (2009)). The latter possibility could arise if the
cavity wall exists of clumpy material, and the H𝛼 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
southwestern 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 emission correlates well with the radio synchrotron
emission. Since radio synchrotron emission originates from regions somewhat
downstream of the forward shock, they conclude that the Fe-K emission must
come from shocked ejecta. In addition, they measured an intrinsic line broad-
ening in this ejecta component of ≈50 eV. Yamaguchi, Koyama, & Uchida (2011)
used additional Suzaku observations to take a more detailed look at the Fe-K
emission in the whole of RCW 86. They confirmed that the line centroid sug-
gests a low ionization state of Fe and suggest a type Ia progenitor based on the
amount of Fe present in 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. (2011) argued strongly that it is the rem-
nant of a type Ia explosion, pointing to 1) the all-around presence of Balmer fil-
aments (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 hydrodynami-
cal simulations, that if RCW 86 is indeed the remnant of SN 185 A.D., the cur-
rently observed ambient medium densities, expansion velocities and size can
only be explained if the remnant expanded in a low-density cavity. If RCW
86 is the remnant of a type Ia explosion, a cavity can be created by a high ve-
locity accretion-wind (Hachisu, Kato, & Nomoto 1996; Badenes, Hughes, Bravo,
& Langer 2007), which requires a white dwarf that accretes material in a rate
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Table 4.1: List of XMM-Newton observations of 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

higher than the critical rate for stable hydrogen burning. A confirmation of the
SN explosion 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 the XMM-
Newton X-ray telescope. We use the high spectral resolution of the RGS instru-
ment 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 de-
tailed 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 interest, which we then further investigate using the EPIC
instrument. Finally, we use hydro-simulations to show that the size, the dynam-
ics and the emission properties of RCW 86 can be well-reproduced by a single
degenerate wind-blown cavity scenario.
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4.2 Data Analysis

XMM-Newton data

For our analysis, we used all XMM-Newton pointings available (see Table 4.1)
for RCW 86. All of the listed EPIC data were used to create Fig. 4.1, using the
extended source analysis software ESAS (Kuntz & Snowden 2008).
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
RCW 86 is an extended source, the edges of the RGS CCDs cannot be used for
background subtraction. We therefore chose blank sky observations of simi-
lar orbit and large observation time as background. The blank sky observation
0106660601 was used for the observations with orbits 126 and 309, 0147511601 was
used for orbits 592 and 757 and 0402530201 was used for the remaining observa-
tions. The often extended angular size of supernova remnants can be a problem
when 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. 2013), which has similar angular diameter.
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 Δ𝜆 = 0.124 Å, where Δ𝜑 is the angular width of
the emitting region, the broadening is limited to a few tenths of Å. We correct
for this effect, as in previous work (Broersen et al. 2013), 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, & Nieuwenhui-
jzen 1996). The errors are 1𝜎 unless otherwise stated.
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Table 4.2: Energy bands of images created as input for the principal component analysis.

Energy spectral
[eV] association

500 – 600 O VII
601 – 700 O VIII
701 – 860 Fe - L
861 – 980 Ne IX He-𝛼 / Fe - L
981 – 1250 Ne IX He-𝛽 / Fe - L
1251 – 1500 Mg XI
1701 – 1999 Si VI-XIII

2000 – 5000 Continuum
6300 – 6500 Fe - K

Principal component analysis

As mentioned above, we used principal component analysis (e.g. Jolliffe 1986,
for an extended description of the subject) to find regions of interest for spec-
tral extraction. Principal component analysis (PCA) is a statistical analysis tech-
nique which was successfully applied by Warren et al. (2005) for the analysis of
Tycho’s SNR.
The general goal of PCA is to reduce the dimensionality of a dataset consisting
of a large number of variables, while preserving as much as possible the varia-
tion (i.e. information) present in the dataset. This is achieved by transforming
a number of 𝑛 original variables, which likely contain internal correlations, to
a new set of uncorrelated variables (principal components, PCs), which are or-
dered based on the amount of variation they represent of the original dataset.
In general the first 𝑚 < 𝑛 PCs will account for most of the variation in the da-
ta set. As input variables we use 𝑛 images in the energy bands listed in Table
4.2. Our output images (or PCs) are linear combinations of the original input
images. If our original images are labeled �̄� , then our output PC images are
�̄� = 𝑎 �̄� , with the coefficients 𝑎 forming an orthogonal basis, with lower
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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 are
extracted.

values of 𝑗 accounting for more of the variance in the original data set. The
technique is blind in the sense that the output PCs do not necessarily have a
straightforward physical interpretation, but nonetheless PCA is useful tool for
finding correlations in the data. We show part of the results of this analysis in
section 4.4, the full results are available online.

4.3 Results

RGS Data

RCW 86 has been observed using XMM-Newton on 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 sud-
denly shocked it is under-ionised, after which it will go to ionization equilibri-
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um on a density dependent timescale 𝑡 ≃ 10 . /𝑛 s, where 𝑛 is the electron
density. The quantity 𝜏 = 𝑛 𝑡 is referred to as the ionization age (Vink 2012).
This ionization age, together with the temperature 𝑘𝑇, are the most important
parameters in non-equilibrium ionization (NEI) models which have been suc-
cessfully applied in describing SNR plasmas. An important plasma diagnos-
tic is the G-ratio, which is a measure of both temperature and ionization age 𝜏
(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, where F (𝜆=22.098 Å) 1𝑠2𝑠 𝑆 → 1𝑠 𝑆 is the forbid-
den transition, I (𝜆 = 21.804, 21.801 Å) is the sum of the two intercombination
transitions 1𝑠2𝑝 𝑃 , → 1𝑠 𝑆 , and R (𝜆 = 21.602 Å) is the resonance transition
1𝑠2𝑝 𝑃 → 1𝑠 𝑆 . A different diagnostic is based on the ratio of O VIII He− 𝛼
/ O VII He − 𝛽, which can be related to the ionization 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 were allowed to
vary, but were coupled for the lines. A similar procedure was used for all emis-
sion lines listed in Table 4.3. This table shows the line strengths of the O lines
and of Fe XVII lines, which can also be used as a diagnostic (Gillaspy et al. 2011).
The line ratios of O can be combined to provide a unique measurement of both
𝑘𝑇 and 𝜏 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 we have 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 ionization age and temperature. The SW and NW regions seem to have
the highest ionization ages and lowest temperatures, while the SE and NE re-
gions have higher temperatures and lower ionization ages. Although it is not
shown in the figure, the G-ratio increases dramatically for high temperatures
at ionization ages below 𝑙𝑜𝑔(𝜏) = 9.6, so that the NE region line ratios are also
consistent with a high 𝑘𝑇, 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 the 𝑘𝑇 / 𝜏 of the O plasma, as confirmed by our spectral modelling (see
Table 4.4).
We fitted the RGS spectrum simultaneously with the EPIC MOS 1 and 2 spec-
tra, extracted from a square region of 5’×5’ lying exactly on the RGS pointing.
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Table 4.3: Important diagnostic line fluxes and ratios from different regions of the rem-
nant. The line strengths were obtained using a bremsstrahlung continuum and Gaus-
sians, with an absorption model with fixed at 4×10 cm .

Wavelength (Å) Flux (10 ph s )
SW NW SE NE

O VII 18.60 2.17 .
. 0.73 .

. 1.14 .
. 0.18 .

.
𝑟 21.60 12.60 .

. 5.16 .
. 6.03 .

. 0.94 .
.

𝑖 21.80 2.89 .
. 1.11 .

. 1.23 .
. 0.00 .

.
𝑓 22.05 8.26 .

. 3.35 .
. 2.85 .

. 0.49 .
.

O VIII 18.96 6.81 .
. 1.73 .

. 1.66 .
. 0.02 .

.

Fe XVII 15.01 1.02 .
. 0.22 .

. 0.34 .
. −

15.24 0.64 .
. 0.16 .

. 0.21 .
. −

16.78 0.98 .
. 0.21 .

. 0.24 .
. −

17.05 1.64 .
. 0.34 .

. 0.60 .
. −

G-ratio 0.88 .
. 0.86 .

. 0.68 .
. 0.52 .

.
O VIII / O VII 3.14 .

. 2.39 .
. 1.46 .

. 0.09 .
.

s / C‡ 2.57 .
. 2.504 .

. 2.48 .
. −

C/ D∗ 1.60 .
. 1.41 .

. 1.64 .
. −

defined as the (see text)
‡As in Gillaspy et al. (2011), defined as s = 16.78 Å + 17.05 Å, C = 15.01 Å
∗C = 15.01 Å. D = 15.24 Å
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Figure 4.3: Grid of temperature and n t ( ) 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 2×10 cm s (Vink 2012), while the O VIII / O VII
ratio keeps decreasing, so that the NE region can also be fit by NEI models with high
and low .
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The reason for this is that with the RGS data alone it is not possible to accu-
rately determine the 𝑘𝑇 of the high temperature model, as the energy range of
the instrument (0.3-2 keV, 5-40 Å), makes it unsuitable to reliably fit continu-
um emission. In order to make simultaneous fits, the MOS spectra were nor-
malised to the RGS spectra, which is needed to take into account the effects of
differences in the size of 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 lower count
rates, and approaches 𝜒 for higher count rates. The RGS and MOS spectra are
shown in Fig. 4.4. We first attempted to fit the spectrum with the hydrogen col-
umn density 𝑁 as a free parameter combined with 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 ac-
count for the presence of a different 𝑘𝑇 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 4.4) 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 abun-
dances, low 𝑘𝑇 and high 𝜏, while the other NEI component has high 𝑘𝑇, 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 fig-
ure 4.1, where the brightest non-thermal emission is visible in the SW part of
the remnant. The elemental abundances of the low 𝑘𝑇 model are significant-
ly sub solar, with a mean value of ∼ 0.2. Borkowski et al. (2001) already found
that the continuum was strong and fixed the abundances at 2/3 of solar value.
Yamaguchi et al. (2011) find abundance values which are also sub solar, with the
exception of Ne in some regions. Given that the NEI component with the higher
temperature and low 𝜏 has elevated abundances, it is likely that this component
is associated with shocked ejecta. The low 𝑘𝑇 component is probably shocked
ambient medium. Our hydrodynamical modelling is consistent with this inter-
pretation (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 in a rich RGS
spectrum (see Fig. 4.4), which contains a plethora of emission lines from many
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Table 4.4: 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 Unit SW NW SE NE
10 cm 4.80 .

. 3.64 .
. 3.81 .

. 3.67 .
.

ISM
10 cm 1.17 .

. 0.16 .
. 0.16 .

. 0.50 .
.

keV 0.19 .
. 0.34 .

. 0.32 .
. 1.16 .

10 cm s 90.5 .
. 62.5 .

. 29.1 .
. 4.28 .

.

C 0.65 .
. 0.42 .

. 0.57 .
. 0.2

N 0.40 .
. 0.05 .

. 0.19 .
. 0.2

O 0.42 .
. 0.12 .

. 0.19 .
. 0.2

Ne 0.84 .
. 0.22 .

. 0.26 .
. 0.2

Mg 1.16 .
. 0.13 .

. 0.18 .
. 0.2

Si 0.40 .
. 0.08 .

. 0.34 .
. 0.2

Fe 0.35 .
. 0.02 .

. 0.06 .
. 0.2

Ejecta
10 cm 1.98 .

. (×10 ) 6.76 .
. (×10 ) 2.0 .

. (×10 )
keV 3.23 .

. 2.43 .
. 3.46 .

.

10 cm s 15.5 .
. 2.00 .

. 2.69 .
.

C 1 1 1
N 1 1 1
O 17.9 .

. 0.71 .
. 1.61 .

.

Ne 3.54 .
. 0.26 .

. 0.00 .
.

Mg 1 1 0.39 .
.

Si 1.78 .
. 0.85 .

. 1.37 .
.

Fe 3.38 .
. 23.8 .

. 7.53 .
.

Power law
norm 10 ph s keV 1.45 .

. (× ) 0.69 .
.

‡ 3.82 .
. 2.67 .

.

C-stat / d.o.f. 3336 / 1021 1961 / 986 2031 / 902 1172 / 709

The abundances are in terms of / , , where is the number of particles of the
element in question.

‡ The photon number index, i.e.: ( ) ∝ .
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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 solid red line represents the best
fit model with the parameters shown in Table 4.4 , which consists of a low (green,
long dash) and a high (blue, dotted) NEI component, and in the SW and NW region
a powerlaw (magenta, dashed).
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different elements, including C, N, O, Ne, Mg, Si and Fe. The best-fit model of
this region includes two NEI models with ionization age and 𝑘𝑇 as mentioned
above, and a power law. The figure shows that the model spectrum gives a
qualitatively good fit. However, the C-stat / degrees of freedom (d.o.f.) is in
some cases above 2, which is formally unacceptable. The good statistics and
high spectral resolution of the instrument make that the C-stat is more sen-
sitive to systematic errors of instrumental nature and small inaccuracies and
incompleteness of the atomic database. Although the remaining instrumen-
tal cross-calibration problems affect the C-stat, they do not affect the overall
best fit parameters. This is illustrated by the fact that 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, with only minor differences
in the best fit parameters compared to the joint fits. Overall, the main discrep-
ancies between the model and the spectra appear to be the Fe XVII lines at 15
and 17 Å (1.21-1.37 keV), a region between 10 and 12 Å (1.24 - 1.03 keV) and the
region between 19–21 Å (1.53-1.69 keV). The difference between fit and model
of the Fe XVII 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
lines in the current plasma codes (e.g. Bernitt et al. 2012). The good statistics of
this spectrum give us the opportunity to identify which lines exactly are missing
in this case. The data require two additional Gaussians with wavelengths 10.04
and 10.4 Å (0.81 and 0.84 keV, see Fig. 4.5). According to the NIST database there
are several possible ions which could be responsible for these lines, including
Ni XXI and Fe XXI, or higher charge states of these elements. There are, how-
ever, 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 re-
gion than observed. The Fe-K emission in this region, as elsewhere in the SNR,
has a centroid consistent with 6.4 keV, consistent with 𝜏 < 2×10 cm s, but in
our model it is fit with a component with a 𝜏 = 1.5×10 cm s. Likely the two
component model for this region is an oversimplification, but unfortunately a
three-component model is ill-constrained.
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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 1 and RGS
2 data and model are shown. Note that the RGS 1 region has a defect CCD, due to which
it cannot detect emission in the 10–14 Å range.

For the NW and SE region, the fit parameters of the ISM, low 𝑘𝑇 component are
very similar, with the exception of the ionization age. The high 𝑘𝑇 NEI compo-
nent accounts for most of the Fe and Si and some of the O VII emission. The
centroid energy of the Si-K line is a direct measurement of the ionization 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 am-
bient medium NEI component, because its ionization age is too high. The cen-
troid energy and ionization age make it likely that the the Si-K and the Fe-K
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. The 𝑘𝑇 and 𝜏 of the ambient medi-
um component are a bit different than expected from Fig. 4.3, which is caused
by a significant contribution to the O VII emission by the hottest component
(Fig. 4.4).
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The NE region of the remnant is mostly dominated by non-thermal emission
and therefore the RGS spectrum shows weak lines only 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 emis-
sion associated with ejecta components. As is already apparent from Fig. 4.3,
there is a degeneracy in the model for the NE region, in that the data can be fit
both by a high 𝑘𝑇, low 𝜏 model, or a low 𝑘𝑇, 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 high 𝑘𝑇 model fits slightly bet-
ter. This model seems most likely in the framework of a cavity explosion. Since
there is synchrotron emission coming from this part of the remnant, and the for-
ward shock velocity is about 1200 km s based on H𝛼 emission, the shock must
have slowed down due to contact with the cavity wall 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 timescale in
which dense material got shock-heated, we expect for a density of 1 cm an ion-
ization age of 5.7×10 cm s. This number agrees quite well with the ionization
timescale that we find in this region.

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 feature
associated with the ejecta is the Fe-K line at 6.4 keV which arises in Fe I-XVII
(Palmeri, Mendoza, Kallman, Bautista, & Meléndez 2003). 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 analy-
sis. 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.
The PCA gives 𝑛 different components, which all account for part of the
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Figure 4.6: Inverted color image of the third principal component (see text).

variation in the data. As the first PCs account for most of the variation in the
original dataset, they often have a clear physical interpretation. For example,
the second principal component (available in the online material) distinguishes
between thermal- and non-thermal emitting regions, which have already been
identified using standard analyses.
The complete results of this analysis are available online. We list here only the
most interesting component with regards to Fe-K ejecta distribution, which is
the third most significant PC, shown in Fig. 4.6. Fig. 4.7 shows the PC coeffi-
cients of this component. The positive values in Fig. 4.6 shows regions expected
to have strong Fe-K and the Fe-L, Mg, and Si bands, but weak hard X-ray contin-
uum, O, and Ne line emission. This is illustrated in the spectrum shown in Fig.
4.8, where the red line shows a spectrum taken from the negative regions, while
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Figure 4.7: PC coefficients 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.

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 shows clear Fe-K and little O emission.
The overall morphology of the white region in Fig. 4.6 has a striking resem-
blance to an ellipse with parts in the SE and the West missing. An ellipse shape
is more or less the expected emission pattern 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 princi-
pal component indeed selects for its presence by making masks of the white
regions. We then used these to extract the spectra which are shown in Fig. 4.9.
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 parame-
ters to model the Fe-K line. The presence of the Fe-K line is significant in the
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Figure 4.8: Spectrum of a negative (red) and positive (black) PC score as 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 coefficients is clearly
present in the spectrum, where the red spectrum shows a lot less O and Ne emission, but
has a presence of Fe-K, while the black spectrum shows no Fe-K, but has strong O and
Ne lines.
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Figure 4.9: 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.

SW, NW and eastern regions. The Fe-K line was not significantly detected in
the southern part (below the ‘ellipsoid’ shape).
The pointing (0110010701) covering the most southern white area in this PC
component (see 4.6) has one of the lowest observation times of all pointings,
which could be there reason that Fe-K emission is not significantly detected in
this region. We will verify this with planned future XMM-Newton observations.
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 ionization 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 of ionization. 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, cor-
responding to 𝜎 = (4.0±0.6)×10 km s ). The other spectra show no significant

88



4.4. Principal Component Analysis

Table 4.5: Fit parameters belonging to the spectrum shown in Fig. 4.9.

SW NW E
power law (10 ph/s/keV) 0.53 .

. 3.92 .
. (×10 ) 0.21 .

.
Γ 2.92 .

. 3.84 .
. 3.08 .

.
Gaussian (10 ph/s/keV) 1.26 .

. 0.06 .
. 0.11 .

.
centroid (keV) 6.41 .

. 6.41 .
. 6.44 .

.
FWHM (keV) 0.14 .

. 0.001 .
. 0.00 .

.
C-stat / d.o.f. 206 / 159 357.60 / 139 190.67 / 138

broadening, although this may be due to poorer statistics. The broadening of
the Fe-K line in the SW can have different causes: it can arise from a mixture
of different ionization states in the plasmas, to different line of sight velocities,
or it may arise from thermal Doppler broadening. We revisit this subject in the
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 pres-
ence 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 of 1.93 .

. ×10 ph/s. The cen-
troid is 7.07 .

. 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 of 0.15±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 emis-
sion, but there is a significant Si-K line emission present in a region co-located
with the Fe-K emitting plasma, with a low ionization age. Fig. 4.10 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 con-
centrated on the pn data for the analysis of the Si-K line emission. As we have
discussed above, using only the Fe-K line emission we cannot accurately con-
strain the properties of the Fe plasma for charge states Z<12. However, since we
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Figure 4.10: EPIC-pn spectrum of the NW region, where there is an ISM plasma com-
ponent (dotted), a power law (small dash) and an ejecta component (large dash) which
shows the Si line at 1.80 keV. This line is mainly produced by Si VIII-X.

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 ionization 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 (i.e. a fair amount of Fe can be
found at radii larger than Si, see for example Cas A (Hughes et al. 2000)), but in
the case of type Ia supernovae, where ejecta seem stratified (Kosenko, Helder,
& Vink 2010), the Si is likely located in a layer outside of Fe and therefore the
best fit 𝜏 is an upper limit to the Fe 𝜏.
The spectrum identified by the third principal component is best fit by a three
component model: one NEI component for the low 𝑘𝑇 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. 4.10 and Table 4.6). The ISM compo-
nent 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 like-
ly accounts for the shocked ejecta plasma. Notice that the temperature of this
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component is not well constrained, but is possibly very high. Such high temper-
atures 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 cou-
pled with lower Fe abundance, or a lower normalisation coupled with high-
er Fe abundance. This is caused by the fact that the ejecta consist of almost
pure Fe and Si, and contains few hydrogen atoms that can contribute to the
bremsstrahlung emission. The continuum is mainly bremsstrahlung caused by
electron-Fe collisions. To account for the degeneracy we fixed the Fe abundance
at 10000, which means that Fe and Si are the main sources of free electrons.
This is well known as a pure Fe plasma (Kosenko et al. (2010), Vink, Kaastra, &
Bleeker (1996)). Note that the exact value at which we fix the Fe abundance is
not important, as long as it is high enough for the Fe to be the dominant source
of electrons. The best-fit ionization age of the ejecta component is mainly con-
strained by the centroid of the Si line, and by the absence of prominent Fe-L
emission, which arises at 𝜏 ≥ 2×10 cm 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.

4.5 Simulations

In order to obtain further insight into the structure and evolution of RCW 86,
we perform one dimensional (1D) hydrodynamic simulations. We retain the
idea that the historical remnant was the result of a single degenerate (SD) ex-
plosion in a cavity shaped by the mass outflows of the progenitor WD, as argued
by Williams et al. (2011). We aim to reproduce its general observational proper-
ties, namely: a) The remnant has a large diameter of ∼ 29±6 pc but at the same
time rather low expansion velocities of ∼ 500-900 km s in the SW/NW and ∼
1200 km s in the SE/NE; b) the X-ray spectra reveal two emitting plasma com-
ponents, with the first characterised by a high ionisation age and low tempera-
ture, which is associated with the shocked ambient medium (AM), whereas the
second component is characterised by a low ionisation age and high tempera-
tures, which likely corresponds to the shocked ejecta, and which is responsible
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Table 4.6: The parameters of the best-fit model of the northern inner region.

Parameter Unit Value
ISM
𝑁 10 cm 3.60 .

.
𝑛 𝑛 𝑉 10 cm 5.17 .

.
𝑘𝑇 keV 0.46 .

.
𝜏 10 cm s 15.7 .

.

Ejecta
𝑛 𝑛 𝑉 10 cm 1.24 .

.
𝑘𝑇 keV 15.0 .
𝜏 10 cm s 1.75 .

.
Si 4156
Fe (fixed) 10.000
Power law
𝑛𝑜𝑟𝑚 10 ph s keV 1.02 .

.
Γ 2.72 .

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

for the Fe K line emission around 6.4 keV; c) the Fe-K emission, which traces the
hot component, is distributed in a shell, relatively close to the forward shock,
as indicated by the PCA.
The morphological, dynamical and emission properties of RCW86 deviate sub-
stantially from spherical symmetry and therefore the remnant as a whole can
not be represented well by a single 1D model. Lacking a clear indication of what
the origin is of the asymmetry of RCW 86, we instead model the two extreme
parts in terms of dynamics and emission properties, the SW and NE regions,
with two separate 1D models. Nevertheless, we discuss how the asymmetry
could have arisen, and how the two 1D models together constitutes a reason-
able model for the overall characteristics of the SNR.
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Method

We employ the AMRVAC hydrodynamic code (Keppens et al. 2003; Chiotel-
lis et al. 2013, the latter for an example of SNR modeling with AMRVAC) to
simulate the cavity formed by the progenitor system and the evolution of the
subsequent supernova explosion in it. We perform our calculation on a one-
dimensional grid considering spherical symmetry in the other two. Our simu-
lation size corresponds to 9×10 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 becomes 5.9×10 cm.
We simulate the WD’s accretion wind (e.g. Hachisu et al. 1996) and the forma-
tion of the cavity that surrounds the explosion centre by creating a mass inflow
at the inner boundary of the grid with a density profile of 𝜌 = �̇�/(4𝜋𝑢 𝑟 ) and
momentum per unit volume of 𝑚 = 𝜌 ∗ 𝑢 , where �̇� is the mass loss rate of
the wind, 𝑢 is the wind’s terminal velocity and 𝑟 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 and thus they should be in the range of 10 -10 M⊙ 𝑦𝑟
and 10 -10 yr, respectively (e.g. Fig 1 in Badenes et al. 2007), while the wind’s
terminal velocity is of the order of 1000 km s (Hachisu et al. 1996). Finally,
the density of the ISM should be around 0.1-1 cm to be consistent with the in-
ferred AM densities of RCW86 obtained from infrared observations (Williams
et al. 2011).
Subsequently, within this wind-blown cavity we introduce the supernova ejec-
ta and we let the SNR develop. During the SNR evolution we keep track of the
position of its forward shock (FS), contact discontinuity (CD) and reverse shock
(RS) in order to study the dynamical properties of the remnant. The initial den-
sity and velocity profile of the SN ejecta were taken from 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 distri-
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bution 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 intermedi-
ate mass elements compared to other DDT and deflagration models (see Table
1 of Badenes et al. 2003). Such a chemical composition of the SN ejecta seems to
be consistent with what we observe in RCW86 (see also section 4.6). The total
Fe and Si mass of the DDTa explosion model is 1.03M⊙ and 0.09M⊙ respective-
ly, and the ejecta mass are that of a Chandrasekhar mass WD (𝑀 = 1.37 M⊙)
and the explosion energy is 1.4×10 erg.

Results

NE region

The NE region of the remnant reveals the highest expansion velocities and 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. Intriguingly, this region reveals a discrepancy
between the plasma velocity as it is measured from its X-ray and H𝛼 emission.
In particular, the former shows a high expansion velocity of 6000±2800 km s
(Helder et al. 2009), which is consistent with the synchrotron emission observed
in this region, whereas the H𝛼 emission from the NE filaments reveals a much
lower mean velocity of 1204 ±575 km s (Helder et al. 2013). The properties of
this SNR portion become more complicated, as the nearby SE region reveals a
similar expansion velocity, 1240 ±374 km s , but no signs of synchrotron emis-
sion.
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 propa-
gating in the shocked or unperturbed ISM. Both of these scenarios seem to con-
tradict the observations. On the one hand, if the forward shock is currently in
the cavity, no H𝛼 emission is expected as the upstream medium is represented
by the hot (𝑇 ∼ 10 K) shocked wind (see Fig.4.11, left) and no neutral mate-
rial 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 sub-
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Figure 4.11: Top left: The density (solid line) and temperature (dashed line) radial struc-
ture of the wind cavity at the moment of the SN explosion, for the situation modeling
the NE part of RCW 86. Top right: The SNR evolving in this cavity at the age of RCW
86, here the dashed line indicates the plasma velocity. 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 pan-
el’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).
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stantially 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 the X-ray synchrotron emis-
sion observed in the NE region is not expected, as it can only be produced in fast
moving shock waves (𝑉 ≥ 2000 km s ). Furthermore, a prompt collision of the
SNR with the density wall would have triggered a fast moving reflected shock,
which would have shocked the ejecta when it was still dense. Thus, in this sce-
nario 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 ob-
served properties, 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 start-
ed to interact with the density wall 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 is evolving in the rather cold (T = 10 -10 K) shocked ISM. There-
fore, under this scenario, the existence of moderate velocity H𝛼 filament is also
feasible.
Assuming an ISM density of 0.3 cm , the cavity size that is consistent with
the properties of the NE region is formed by a wind with a mass loss rate of
1.6×10 M⊙ yr , and a terminal wind velocity of 900 km s , outflowing for
1.0 Myr (Fig. 4.11, top left). Fig. 4.11 illustrates the density and temperature struc-
ture of the subsequent SNR at the age of RCW 86 (𝑡 = 1830 yr), 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 ×10 km s . After the collision,
the FS velocity drops to ∼500 km s in 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
in agreement with the H𝛼 observations. Note that although the shock velocity
must have slowed down considerably in recent times, the plasma velocity in-
side 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
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Chandra (Helder et al. 2009), which is sensitive to a combination of plasma and
shock velocity.
Furthermore, according to this scenario X-ray synchrotron radiation 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 of 𝐵 ∼26 𝜇G
(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 deceler-
ation occurred 70 years ago, therefore the NE region is expected to still be bright
in X-ray synchrotron radiation, even though the FS may be slow. Note also that
given the short time scale for deceleration of the shock velocity, there may be
quite some differences in shock velocities along the NE edge of the remnant, as
it is unlikely that the whole shock encountered the cavity wall at the same time.
Future observations may reveal whether the X-ray synchrotron emission is due
to >TeV electrons accelerated in the past, or whether parts of the shock are still
fast enough for acceleration to very high energies.
Based on this physical principle, also the transition from the synchrotron emit-
ting NE region to the synchrotron quiescent SE region can be explained by
relating the existence/absence of these non-thermal radiation to the different
times where the SNR - density wall collision occurred. Fig. 4.11 (bottom right)
shows two curves of FS velocity evolution: The black/solid refers to the afore-
mentioned model in which the SNR/density shell interaction took place 1760
yr after the explosion, whereas the red/dashed line represents a case where the
SNR-wind bubble collision took place at 𝑡 = 1680 yr. These two simulations may
well represent the 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)
have been reported to be rather similar (Helder et al. 2013), the different times
that have passed since the interactions with the dense shell, may be the reason
that the NE region does display X-ray synchtrotron emission, and the NE region
shows only thermal X-ray emission.

SW region

The SW region of RCW 86 is characterised by the highest emissivity and ioni-
sation ages (both of the AM and ejecta component), compared to other regions
of the remnant. This indicates that the shocked AM/ejecta shell in the SW
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contains the densest plasma, and/or was the first to be shocked by the blast
wave. We suggest 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 denser SNR structure. This scenario is possible for a non-
spherically symmetric wind cavity around the remnant. Deviations from spher-
ical 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 progen-
itor system. Figure 4.12 (left) shows the resulting density structure of the 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 re-
duced 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 cm .
Note that invoking a shorter wind phase is an approximation needed to mod-
el a 2D/3D asymmetry using 1-dimensional hydrodynamical simulations. For
a sketch of how such an asymmetry may arise see Fig. 7 of Weaver et al. (1977).
Full modeling of such an asymmetric cavity requires 2D simulations, and tak-
ing into account the proper motion of the progenitor system. In addition, quite
some fine tuning is needed to obtain the right characteristics, as the shape of
the cavity depends on the ISM density, wind speed, mass loss rate, wind loss
time scale, and the proper motion of the system.
The subsequent SNR reaches the density wall 600 years after the explosion and
the FS velocity decreases rapidly from ∼12000 km s to ∼400 km s within 50
yr. In the snapshot that corresponds to the age of RCW86 (Fig. 4.13, right) the
FS is propagating through the shocked ISM shell surrounding the wind bub-
ble and has reached a radius of 12.0 pc. Its current velocity is 630 km s , 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 dur-
ing the whole evolution of SNR inside the cavity. Nevertheless, the collision of
the SNR with the shocked ISM shell resulted in the formation of a strong, re-
flected shock, which then propagated inward, 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, hav-
ing shocked 1.1M⊙ of ejecta, among which is 0.85M⊙ of Fe and 0.09 M⊙ of Si
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(see Fig. 4.12, right). The structure of the SNR at this time is characterised by
a very hot (10 -10 K, Fig. 4.13), tenuous ejecta surrounded by a much colder
but denser shocked AM shell. Such a structure is in agreement with the X-ray
observations, which show that the plasma component that corresponds to the
shocked AM reveals a higher ionisation age and lower temperature compared
to the shocked ejecta plasma. The shocked ejecta plasma is very hot, which
may be the reason that the Fe-K emission is intrinsically broadened as a result
of thermal Doppler broadening. The reported width for the Fe-K emission in
the SW of RCW 86 is 𝜎 = (4 ± 0.6) × 10 km/s, which suggests Fe temperature
of 𝑘𝑇 = 𝑚 𝜎 = 10±3 MeV or 1.1±0.3×10 K. This corresponds to an equivalent
hydrogen temperature of 2×10 K, if one assumes non-equilibration of temper-
atures. It is this equivalent hydrogen temperature that is indicated in Fig. 4.11
and 4.12. This model could be further tested with high resolution X-ray spec-
troscopy made possible with the Astro-H satellite (Takahashi 2013).

4.6 Discussion

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. With the parameters ob-
tained in section 4.4 there are two ways to determine the mass of Fe in the oblate
spheroid shell. The first method uses the emission measure 𝑌 = 𝑛 𝑛 𝑉. This
can be converted to an iron mass using two parameters that can be extracted
from SPEX, 𝑛 /𝑛 and 𝑛 /𝑛 , as follows (e.g. Kosenko et al. 2010):

𝑀 = 𝑌
𝑛 /𝑛

𝑛
𝑛

1
𝑉 × 56𝑚 × 𝑉 (4.1)

The part underneath the square root equals the number density of Fe particles
𝑛 . 𝑉 is the volume corresponding to the region from which the spectrum is
extracted, 𝑚 is the proton mass and 𝑉 is the volume of the oblate spheroid
shell in which we assume the shocked Fe ejecta is distributed. Using a distance
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of 2.5 kpc, 𝑉 = 1.2×10 cm and𝑉 = 7.1×10 cm . Using the parameters listed
in table 4.6 we obtain from SPEX: 𝑛 /𝑛 = 5.78 and 𝑛 /𝑛 = 0.326. This leads
to 𝑀 = 1.4 .

. 𝑀⊙. This value is very close to the amount of Fe that is expected
in type Ia explosion models. The assumptions we used here are that the model
we use to describe the ejecta is correct, and that the ejecta are distributed as an
oblate spheroid shell described earlier.
The second method involves using the ionization age 𝜏 = 𝑛 𝑡. 𝑀 can be writ-
ten as:

𝑛 = 𝑀
𝑉 56𝑚 , (4.2)

where 𝑉 is again the volume corresponding to the oblate spheroid shell. From
𝑛 /𝑛 and 𝑛 /𝑛 listed above we obtain 𝑛 = 𝑛 /17.7, so that:

𝑀 = 𝑛 𝑡
𝑡

56𝑚 × 𝑉
17.7 . (4.3)

Using 𝑛 𝑡 = 1.75 × 10 cm , 𝑡 = 1000 yr and 𝑉 listed above, we obtain 𝑀 =
10.3 .

. M⊙. This calculation assumes a plasma where Fe ions are the sole source
of free electrons. This is then the Fe mass needed to reach an ionization age of
1.75×10 cm s in a time t. The amount of Fe is too large for either a type Ia or CC
progenitor for RCW 86. However, this method has a number of uncertainties.
First of all, 𝜏 ≡ ∫ 𝑛 (𝑡)𝑑𝑡 is a time integrated quantity. Using it to estimate the
current value of 𝑛 introduces uncertainty, because at the time it was shocked
the plasma had a higher density than the present day density. On the other
hand the electron density 𝑛 that we use is based on the current ionization state
of the plasma, which was less ionized in the past. Secondly, Fe is not the sole
source of electrons in the shell of ejecta, as Si also contributes greatly. This
leads to an overestimation of the mass with a factor of ∼ 1.6. Finally, there is an
uncertainty in the shock age.
In the calculations above we assumed that the particles are distributed homo-
geneously in space, while matter in SNR ejecta in reality is probably clumped
(e.g. Orlando et al. 2012). If the matter is clumped, this means that the calcu-
lations above are an overestimation of the true Fe mass, for the emissivity and
𝑛 𝑡 are higher when clumped, for the same amount of particles. This clump-
ing can be approximated by assuming a filling fraction 𝑓, so that the matter is
effectively distributed over a smaller volume 𝑓𝑉. The emission measure and
the 𝑛 𝑡 method have a square root and a linear dependance on 𝑓, respective-
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ly. Using a reasonable filling fraction 𝑓 = 0.1 brings the mass estimates much
closer, at 0.44(𝑓 . ) . M⊙ and 1.03𝑓 . M⊙. In addition, using the emission mea-
sure method above with the same filling fraction, we can calculate 𝑀 , =
0.15(𝑓 . ) . 𝑀⊙. Assuming constant density from the Fe ejecta shell to the cen-
tre, M , ≃ 1 (𝑓 . ) . M⊙. The high Fe mass that we find supports the idea
that RCW 86 is the result of a type Ia explosion.

Progenitor type

We have shown that the Fe mass of RCW 86 is indeed consistent with a ther-
monuclear 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
the SNR evolves is well reproduced by a continuous outflow with a mass loss
rate of 1.6×10 M⊙ yr , a wind terminal velocity of 900 km s , 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
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 pro-
cesses that are characterised by high accretion rates (�̇� ≥10 -10 M⊙ yr ,
depending on the WD mass; Hachisu et al. (1996); Hachisu, Kato, & Nomoto
(1999)).
As shown by Badenes et al. (2007), if indeed RCW 86 is expanding in a wind
blown cavity, then it is the only known type Ia SNR for which the dynamical
and emission properties are in agreement with the progenitor models that pre-
dict 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 on-
ly 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 ma-
terial ejected from the progenitor system. This, in combination with the fact
that at least 0.3 solar masses of material should have been 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 envelope mass deposit of 1.9 M⊙.
Based on the semi empirical WD initial-final mass relationship (Salaris et al.
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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 & Podsi-
adlowski 2004). We also showed that the progenitor system had a ∼30% offset
with respect to the geometrical centre in 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 modelling 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 wind
of a red giant donor star or successive nova explosions (Chiotellis 2013). How-
ever, all of these processes most likely fail to provide the energy budget needed
to excavate a cavity with diameter ∼30 pc. In our modelling, the cavity which
was able to reproduce the properties of RCW 86 was formed by a wind outflow
with mechanical luminosity of 5×10 erg s emanating for 1 Myr, depositing a
total energy of 1.5×10 erg. Red-giant winds have typical mass loss rates of 10 -
10 M⊙ yr and have wind terminal velocities of∼50-70 km s . The lifetimes
of the red-giant phase are 0.1 - 1 Myr. As a result, red-giant wind luminosities
are ∼10 -10 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
(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 is 2×10 erg (Orlando & Drake 2012). In
order to provide enough energy to blow a cavity the size of RCW 86, 10 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. 2008).
Interestingly, the formation of low densities cavities are also predicted from the
double degenerate regime. These can be either a wind cavity shaped by contin-
uum radiation driven winds during the thermal evolution of the merger (Shen
et al. 2012) or a planetary nebula formed by the envelope ejection of the sec-
ondary star (Kashi & Soker 2011). Nevertheless, even if both scenarios predict
similar wind properties as those used in our model (�̇� ∼ 10 − 10 M⊙ yr ,
𝑢 ∼ 10 km s ) they fail to reproduce the CSM around RCW 86 due to the
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timescales involved. In both cases the fast wind lifetime is of the order of 10 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) and
an AM density of 0.3 cm 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 expect-
ed 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 planetary nebulae are ∼0.2 pc

4.7 Conclusion

We presented the most complete X-ray view of RCW 86 so far, using all XMM-
Newton pointings currently available. We fitted the combined RGS and MOS
spectra of four quadrants of the remnant, thus obtaining detailed plasma pa-
rameters of both the shocked ambient medium and ejecta plasma components
for a large part of the remnant. The large differences in ionization ages between
the shocked ejecta and shocked ISM are most naturally explained by a super-
nova 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 ionization ages compared to the shocked ISM.
From the ambient medium ionization ages, we can construct an interaction his-
tory 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, which
could explain the presence of synchrotron emission at he FW shock in this re-
gion while the H𝛼 shock velocity is ≈1200 km s . Using principal component
analysis, we obtained the highest resolution map of the location of ejecta emis-
sion (most prominently Fe-K), thus far. The ejecta seem located in an oblate
spherical shell, close to the forward shock. We obtain an Fe mass of around
1 (𝑓 . ) . M⊙, consistent with a type Ia progenitor.
In addition, we used hydrodynamical simulations to show that the current size
and 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.
(2007); Williams et al. (2011). Our work further strengthens the notion that RCW
86 had a single degenerate progenitor system, which actively modified its envi-
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ronment.
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Abstract
We present an analysis of archival Chandra observations of the mixed-
morphology remnant 3C400.2. We analysed spectra of different parts of the
remnant to observe if the properties of this remnant provide hints on the ori-
gin of the mixed-morphology class. These remnants often show overioniza-
tion, which is a sign of rapid cooling of the thermal plasma, and super-solar
abundances of elements which is a sign of ejecta emission. Our analysis shows
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that the thermal emission of 3C400.2 can be well explained by a two compo-
nent non-equilibrium ionization model, of which one component has a high
temperature (𝑘𝑇 ≈3.9 keV) and super-solar abundances, while the other com-
ponent has a much lower temperature (𝑘𝑇 = 0.14 keV), solar abundances, and
shows signs of overionization. The temperature structure, abundance values
and density contrast between the different model components suggest that the
hot component comes from ejecta plasma, while the cooler component has so-
lar abundances. In addition, the non-ionization equilibration plasma compo-
nent associated with the ejecta is confined to the central, brighter parts of the
remnant, whereas the cooler component is present mostly in the outer regions.
Therefore our data can most naturally be explained by an evolutionary scenario
in which the outer parts of the remnant are cooling rapidly due to having swept
up high density ISM, while the inner parts are very hot and cooling inefficiently
due to low density of the plasma: the so-called relic X-ray scenario.
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5.1 Introduction

An important and not well-understood class of supernova remnants (SNRs) are
the so-called thermal composite or mixed-morphology remnants (MMRs, Rho
& Petre (1998); Lazendic & Slane (2006); Vink (2012)). These remnants are char-
acterised by thermal X-ray emission that is centrally peaked whereas the radio
emission has the familiar shell-type morphology. They have several other inter-
esting characteristics: they are often associated with GeV gamma-ray emission
(e.g. Giuliani et al. 2010; Uchiyama et al. 2012), there is evidence for enhanced
metal abundances in some of them (Lazendic & Slane 2006) although they are
usually mature remnants, and they often show spectral features associated with
strong cooling in the form of radiative recombination continua (RRCs) or strong
He−𝛼/Ly−𝛼 X-ray line ratios of alpha-elements such as Si, S and Ar (Kawasaki
et al. 2005).
The centrally peaked X-ray emission of MMRs poses a problem for SNR evo-
lution models. They typically have an age on the order of 20.000 years and
are therefore expected to have a shell-like density structure with a hot, tenuous
plasma in the centre, based on a Sedov evolutionary scenario. A flat interstel-
lar matter (ISM) structure is therefore unsuited to create the centre-filled X-ray
morphology that is observed, if the temperature is relatively uniform across the
remnant. Rho & Petre (1998) mention two possible scenarios for the formation
of the emission structure typical for MMRs, the relic X-ray emission and the evap-
orating cloudlet scenario (White & Long 1991). The former scenario is the most
simple scenario in which the supernova takes place in an environment with
a high surrounding density. The outer layers of the remnant sweep up a large
amount of material, and become radiative. They cool strongly so that they hard-
ly emit in the X-ray band, whilst the centre consists of hot plasma that has not
yet cooled below 10 K. White & Long (1991) give a self-similar solution for a
supernova that exploded in an environment where it is surrounded by a large
number of small, dense clouds. Due to the large filling fraction and small size
of the clouds they do not alter the dynamics of the forward shock, and they sur-
vive the passage of the forward shock due to their large density. The clouds
then slowly evaporate due to heating by thermal conduction, which increas-
es the density and decreases the temperature in the centre of the remnant. Of
these two scenarios, the relic X-ray emission scenario was preferred by Harrus
et al. (1997) to explain the morphology of W44. One year later, Cox et al. (1999);
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Shelton et al. (1999) used a similar scenario as Harrus et al. (1997) to model the
characteristics of the MMR W44, but added a density gradient and thermal con-
duction. Thermal conduction in the model by Cox et al. (1999) smoothes the
temperature gradient from the centre to the outer layers, thereby reducing the
pressure in the centre. A lower central pressure reduces the need to expand,
which allows for a higher density to remain in the centre of the remnant. A
problem with the scenarios using thermal conduction is that it is not a priori
clear whether it can be important in SNRs, since it is strongly suppressed by
magnetic fields (Spitzer 1981; Tao 1995).
Clear evidence for overionization of thermal SNR plasmas is almost exclusive-
ly found in MMRs. Thermal plasmas in supernova remnants are often found
in an underionized state, and reach ionization equilibrium on a density depen-
dent timescale 𝑡 ≃ 10 . /𝑛 s. Due to their ages and their frequent associa-
tion with high density regions, MMRs are expected to have a plasma that is in
ionization equilibrium. The fact that there is ample evidence for overioniza-
tion, means the cooling rate of the plasma was faster than the recombination
rate. How the rapid cooling proceeds is still unclear. Efforts have been made
to localise regions in MMRs which are cooling rapidly, as an association with
a high density region may mean that thermal conduction is important. For ex-
ample: Miceli et al. (2010b); Lopez et al. (2013) find that the amount of cooling
increases away from a molecular cloud for W49B, suggesting adiabatic cooling
as the dominant cooling mechanism. Uchida et al. (2012) suggest the cooling
timescale of the plasma cannot be explained by thermal conduction, and that
adiabatic expansion is probably the dominant cause for cooling there. In addi-
tion Broersen et al. (2011) have shown that even at small expansion rates, simple
adiabatic cooling combined with cooling through X-ray radiation can lead to a
cooling rate of the plasma larger than the recombination rate. So far observa-
tional evidence for strong thermal conduction is lacking.
The ionization state of a thermal plasma can be determined by using both the
electron temperature 𝑇 and the so-called ionization temperature 𝑇 (Masai
1997). The ionization temperature is the electron temperature that one would
deduce from the ionization state of X-ray emitting elements alone, which may
be different from the thermodynamic temperature in case the plasma is not
in ionization equilibrium. When 𝑇 < 𝑇 , the plasma is underionized, when
𝑇 = 𝑇 the plasma is in collisional ionization equilibrium (CIE) and when
𝑇 > 𝑇 the plasma is overionized. There are different ways in which 𝑇 can
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be determined. Kawasaki et al. (2002) determine 𝑇 by comparing the observed
Ly−𝛼 / He−𝛼 ratio of a certain element to the ratios of CIE plasmas of different
temperatures. The temperature of the CIE plasma that produces the observed
ratio is then 𝑇 . A different method was used by (Ohnishi et al. 2011), who de-
termined 𝑇 by using the CIE model in SPEX to fit the plasma. This model has
an additional parameter 𝜉, compared to the XSPEC CIE model. This parameter
can be used to simulate a non-equilibrium plasma so that 𝑇 = 𝜉 × 𝑇 . Finally
there is the method used by Broersen et al. (2011) and Uchida et al. (2012), who
fit a plasma using the SPEX NEI model with initial temperature 𝑘𝑇 > 𝑘𝑇 . 𝑘𝑇
has a similar function as the ionization temperature, as it describes the overi-
onization, but it has a slightly different physical meaning, as it describes the
initial ionization state, but then follows the ionization state as a function of ion-
ization age, assuming a rather sudden drop of electron temperature. Note that
although using the He−𝛼 / Ly−𝛼 line ratios of alpha elements can show that a
plasma is overionized, it has quite a large systematic error in determining the
𝑇 (Lopez et al. 2013). This is the result of the fact that there are emission lines of
other elements which contaminate the He−𝛼 /Ly−𝛼 ratio. The strengths of the
contaminating lines are 𝑇 dependent, so that the systematic error is 𝑇 depen-
dent as well. This can be taken into account by calculating the CIE line ratios
including the contaminating lines.
The difference in ionization temperature between the line ratio and NEI mod-
el methods is displayed in Fig. 5.1. This figure shows the evolution of the ion-
ization temperature as a function of ionization age, for an NEI plasma that is
cooling abruptly from 4 keV to 0.2 keV. It is clear from the figure that different
elements show different ionization temperatures as the plasma evolves, so that
a plasma cannot be characterised by a single ionization temperature. This also
explains why different elements in SNR plasmas often show different ioniza-
tion temperatures, as found by Lopez et al. (e.g. 2013). On the other hand the
NEI model is not a perfect model for a cooling plasma, as it assumes the elec-
tron temperature instantly drops to a certain value. In reality the electron tem-
perature will drop more gradual, so that the plasma evolution will be slightly
different as a result of different recombination and ionization rates.
Here we present the first analysis of a Chandra X-ray observation of 3C400.2
(also known as G53.6 – 2.2), which is an important member of the MMR class.
This remnant has centrally peaked X-ray emission, as shown by Einstein IPC
and ROSAT observations (Long et al. 1991; Saken et al. 1995). The radio mor-
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Figure 5.1: The ionization temperature of a plasma versus the ionization age. The NEI
plasma starts at an electron and ionization temperature of 4.0 keV, and it evolves after
the electron temperature instantly drops to 0.2 keV. The figure shows the difference in
methods of determining the ionization temperature. At certain ionization ages, different
elements may have different ionization temperatures due to n t effects.

phology can be described as two overlapping circular shells of diameters 14’
and 22’ (Dubner et al. 1994). This has led to the speculation that 3C400.2 might
be two supernova remnants in contact with each other, which would make it
a rare event. Yoshita et al. (2001) conclude however, based on ASCA observa-
tions, that the remnant is the result of a single supernova explosion, based on
the similar plasma properties found in the two shells. Hydrodynamical simula-
tions, including thermal conduction, show that the morphology of the remnant
can be explained by a supernova exploding in a cavity, where the larger shell
is a part of the remnant expanding into a lower density region than the smaller
shell (Schneiter et al. 2006). This is consistent with HI observations performed
by Giacani et al. (1998), who find a denser region to the northwest of the remnant
where the smaller shell is located. In the optical, the remnant is characterised
by a shell-like structure with a smaller radius (about 8’) than the radio shell
(Winkler et al. 1993; Ambrocio-Cruz et al. 2006). The optical emission is locat-
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ed in regions of low X-ray emissivity. Optical emission suggest that those parts
of the remnant contain radiative shocks, and are therefore cooling efficiently.
Distance estimates to 3C400.2 range from 2.3 – 6.9 kpc (Rosado 1983; Milne 1979;
Dubner et al. 1994; Giacani et al. 1998). However, the distance estimates based
on radio data are obtained with the uncertain Σ − 𝐷 relationship, and the kine-
matic estimate of Rosado (1983) is based on interferograms of a small part of the
remnant. We therefore consider the most recent distance estimate of 2.3±0.8
kpc (Giacani et al. 1998), which is based on HI measurements, as the most reli-
able one and we will use a round value of 2.5 kpc for the distance throughout
this paper.
MMRs and in particular overionization of plasmas have gathered increasing
attention over the past few years. In this work, we therefore aim to characterise
the plasma properties of 3C400.2 in order to increase our understanding both
of overionized plasmas, and the possible evolutionary scenarios of MMRs. We
start with the data reduction and spectral analysis of different regions of the
remnant, which is followed by a discussion on the measured plasma properties.
We end with the conclusions.

5.2 Data Analysis and results

Data reduction

In this paper we report on the analysis of a 34 ks archival Chandra observa-
tion (ObsID 2807) taken on August 11, 2002 with Chandra observing in imaging
mode with the ACIS-I CCD array. The total number of counts in the 0.3-7.0 keV
band in the full spectrum is ∼58000. We extracted spectra using the default
tasks in the Chandra analysis software ciao version 4.5, using the task specex-
tract to create spectra and weighted responses (RMF and ARF). We removed
point sources from the spectral extraction regions. The spectra where grouped
so that each bin contained a minimum of 15 counts. The remnant covers the
whole area of the ACIS-I chips (see Fig. 5.2), and there was no region available
for background extraction. We therefore used the standard ACIS-I background
files to create background spectra. We used SPEX version 2.03 (Kaastra et al.
1996) for the spectral modelling.
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Figure 5.2: Rosat PSPC image in an inverted grey scale, with NRAO VLA Sky Survey
contours overlaid, The Chandra ACIS-I field of view is indicated in red.

Spectral analysis

The Chandra ACIS-I field of view covers the part of the remnant that is most-
ly associated with the smaller radio shell. It includes the brightest part of the
remnant in X-rays, as can be deduced from the ROSAT image in Fig. 5.2. With
our spectral analysis, we aim to find differences in plasma properties between
different parts of the remnant, and to investigate if this remnant conforms to
the general properties of MMRs mentioned in the introduction, with regards to
overionization and abundances.
We fitted the spectra using absorbed non-equilibrium ionization (NEI) mod-
els, of which the parameters are the ionization age 𝜏 = 𝑛 𝑡, the electron tem-
perature 𝑘𝑇 , the elemental abundances and the normalisation 𝑛 𝑛 𝑉. A CIE
plasma is identical to an NEI plasma when 𝜏 ≥ 10 . cm s. In addition to
the above listed parameters, the SPEX NEI model has the initial temperature
of the plasma, 𝑘𝑇 , as an optional parameter. As mentioned in the introduction
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Figure 5.3: Chandra image in the 0.3 - 7.0 keV band with NVSS radio contours. The
extraction regions of the spectra are labelled in yellow.

putting 𝑘𝑇 > 𝑘𝑇 makes the NEI model mimic an overionized plasma, where
the ionization state of the plasma is determined by 𝑘𝑇 and 𝜏, while the contin-
uum shape is determined by the electron temperature 𝑘𝑇 = 𝑘𝑇 . The method
to check for overionization using 𝐿𝑦−𝛼 and𝐻𝑒−𝛼 line strengths is not feasible
for 3C400.2, since elements with isolated emission lines such as Si and S show
no significant 𝐿𝑦 − 𝛼 lines in this remnant.
We aimed to first find a satisfactory fit for the region covering almost the full
area of the ACIS-I chips (see Fig. 5.3), were we initially tried to fit the spectrum
with an absorbed, single, underionized NEI model with fixed abundances, free-
ing abundances only when it led to a significant improvement in C-stat / degrees
of freedom (Cash 1979). A single absorbed NEI model was not sufficient to ob-
tain an acceptable C-stat / d.o.f. in any of the extracted spectra, however.
The next step was to try to fit the spectrum with a double NEI model. Although
the C-stat / d.o.f. improved significantly with respect to a fit with a single NEI
model, the fit was still not acceptable. The only way the fit of the double NEI
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models became acceptable, was by allowing the 𝑘𝑇 of the cooler NEI compo-
nent to vary, so that 𝑘𝑇 > 𝑘𝑇 , and therefore the NEI plasma is overionized.
Fig. 5.4 shows the spectrum of the full region. The best-fit model for this region
consists of a high 𝑘𝑇 plasma with super-solar abundances plotted as a green
dashed line, combined with a low 𝑘𝑇, overionized NEI component which is
plotted as a blue dot-dashed line. The parameters of the model are listed in
Tab. 5.1. It is clear from the figure that the high 𝑘𝑇 model accounts for the
bulk of the Fe-L (0.7-1.2 keV), Si (1.85 keV) and S (2.46 keV) emission, while the
low 𝑘𝑇 model accounts for the O VII-VIII (0.56 and 0.65 keV) line emission, and
continuum emission in the form of O VIII, Ne X and Mg XI RRCs. The super-
solar abundances of Si, S and Fe in the hot NEI component suggest an ejec-
ta origin for the plasma. The abundances of the high 𝑘𝑇 component as well
as the emission measure have quite large errors. This is caused by the fact
that the continuum shape at energies larger than 2.5 keV is not well defined by
the data. An ill-defined continuum strength causes large formal errors in the
abundances, since the strength of the continuum and the height of the abun-
dances are anti-correlated. The abundances are significantly super-solar, how-
ever, which means that 3C400.2 belongs to the group of MMRs with super-solar
abundances. Overionization is found only in the lower 𝑘𝑇 plasma, and not in
the high 𝑘𝑇 plasma. Making the initial temperature a free parameter in the
hot NEI component did not improve the fit. There is therefore no evidence for
overionization in the ejecta component, which is further corroborated by the
lack of strong 𝐿𝑦 − 𝛼 lines of Si and S. The abundances of the low 𝑘𝑇 NEI com-
ponent are sub-solar in the case of NE and O and solar for all other elements,
which suggest a swept-up ISM origin for this plasma.
Overall the fit is acceptable at a C-stat / d.o.f. of 257 / 227, although there are
some significant residuals. The most notable residual feature is found at the
position of the Si XIII-XIV line at 1.85 keV. The model fits this line partly with
the Mg XI RRC from the cool NEI component, and partly with Si emission from
the hot component. It seems that the ionization state of Si in the hot component
is somewhat too high. This may be caused by the fact that this spectrum was
taken from a large region of the remnant, in which in different parts the Si may
be in different ionization states. The parameters obtained from this spectral fit
will be used in the discussion to determine the overall physical parameters of
the remnant.
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5. Chandra X-ray study of 3C400.2

Our best-fit model differs significantly from results obtained previously. The
most recent X-ray observations of 3C400.2 were performed by Yoshita et al.
(2001), using the GIS instrument onboard ASCA X-ray telescope. The 𝑁 that
we find is quite similar to theirs, but they find an acceptable fit for this region
using a single NEI model with 𝑘𝑇 = 0.8 keV and 𝑙𝑜𝑔(𝜏) = 10.7 − 11.2 cm s.
We have tried to fit our data with a single NEI model like this, but this gives an
unacceptable C-stat / d.o.f. = 606.23 / 229, even when allowing multiple abun-
dances to vary. The differences in best-fit parameters most likely stem from the
fact that the Chandra ACIS instrument has a higher spectral resolution than
the GIS instrument, allowing for better constraints on plasma parameters.

Overionization

Although overionization is a common feature of MMRs, it is not immediately
clear that the plasma is overionized in 3C400.2, due to the lack of strong, isolat-
ed RRC features. Overionization in this remnant seems to have a more subtle
presence, which we illustrate in Fig. 5.5. This figure shows a close-up of the full
spectrum in the energy range 0.5 - 1.6 keV, where the red line represents the best-
fit model without overionization, and the blue line the best-fit overionized mod-
el. The bottom panel of the figure shows the residuals of the non-overionized
model, with plotted as a blue line the two models subtracted and divided by the
error. It is clear from the figure that the overionized model fits the data much
better, especially in the 0.7-1.0 and the 1.3-1.7 keV region. In the 0.5-1.7 keV range,
the best-fit single absorbed NEI model has a C-stat / d.o.f. = 334/72, a double ab-
sorbed NEI model has C-stat / d.o.f. = 119/64, and the overionized model with the
parameters shown in table 5.1 has a C-stat / d.o.f. = 92/70. The overionized mod-
el therefore fits the data significantly better than any combination of a single or
double absorbed underionized NEI or CIE model. We have performed such a
fitting routine where we first attempted a single underionized NEI model, then
a double underionized NEI model, then allowing the initial temperature of the
lower kT NEI model to vary for every spectrum shown, allowing in every case
the abundances to vary only if the fit improved significantly. The𝑁 was always
allowed to vary. The C-stat / d.o.f. for the different fitting attempts are listed in
table 5.2
In the 0.8-1.0 keV energy range, the strongest emission feature is present at 0.87
keV which is not well-fit by the non-overionized model. There are two main
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5.2. Data Analysis and results

Figure 5.5: A spectrum showing the effects of overionization in 3C400.2. The red solid
line shows the best fit model without using cooling, while the blue line shows the best fit
cooling model for this region. The bottom panel shows the residuals of the non-cooling
model with plotted in green the difference between the cooling and non-cooling model
divided by the error. This shows that the cooling model fits the spectral features around
0.87 keV and 1.4 keV much better than the non-cooling model.

spectral emission options which could account for the emission feature at 0.87
keV; Fe XVIII emission, which has mainly emission lines at 0.77 and 0.87 keV,
and the radiative recombination continuum (RRC) of O VIII. Fe-L emission in
general is often not well predicted by plasma models, as there are many differ-
ent emission lines of which the strengths are not entirely known or understood
(e.g. Bernitt et al. 2012). Of the different ionization states of Fe which produce
Fe-L emission, the Fe-L lines produced by Fe XVII are often the most prominent
in the hot plasmas found in SNRs, but they have a weak presence in 3C400.2.
Therefore, for a plasma to show strong Fe XVIII emission unaccompanied by
Fe XVII emission, the ionization state of the Fe plasma needs to be high, with
most of the Fe in Fe XVIII-XX ionization states. We have tried to fit this fea-
ture solely with a highly ionized Fe plasma, but due to other Fe emission lines
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5. Chandra X-ray study of 3C400.2

this always resulted in an unacceptable fit, as the higher ionization states of Fe
produce too much emission around 1.2 keV. The non-overionized NEI model at-
tempts to fit the feature at 0.87 keV using a combination of the Ne IX𝐻𝑒−𝛼 line
and Fe XVIII emission. The Ne line has a centroid of 0.92 keV, however, which
results in a bad fit. The overionized model fits this feature much better due to
the addition of the O VIII RRC. In the 1.3 - 1.5 keV range, the non-overionized
model also shows large residuals, where it attempts to fit continuum emission
using lines of Mg XI-XII, which has He- and H-like emission lines with cen-
troids of 1.35 and 1.47 keV respectively. The overionized model fits this region
much better, using a Ne X RRC at 1.36 keV, which improves the fit with respect
to the non-overionized model.
The above example shows that although the presence of overionization in
3C400.2 is indeed subtle, the overionized models provide a significantly better
fit to the data due to the presence of RRCs.

Spectra

In this section we apply a cooling model to several regions of the remnant,
which show significant differences in their plasma properties.

Region 1: southern part of the remnant

This spectral extraction region coincides with the part of the remnant that is
weak in X-ray emission, as is apparent from Fig. 5.3, but is the brightest in terms
of optical emission (Winkler et al. 1993). This means that these parts of the rem-
nant either show radiative shocks, where the shock velocity is lower than 200
km s for which the post-shock plasma cools efficiently, or the plasma has oth-
erwise cooled to below 10 K. This region is the only part of the remnant where
the best fit model requires two overionized NEI components, of which the cool-
er one shows the very low temperature of 𝑘𝑇 = 0.07 keV (see Tab. 5.2). The
spectrum is shown in Fig. 5.6 top left. The hotter component is plotted as a
blue dash-dotted line, while the cooler component is plotted as a green dashed
line. The emission of the cool component is almost completely dominated by
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5.2. Data Analysis and results

Table 5.1: The best-fit model parameters of the spectrum covering the whole area of the
ACIS-I chips. We used the solar abundances from Anders & Grevesse (1989). Note that
the hot ejecta plasma is underionized, while the ISM component is overionized.

Component Parameter Unit value
Ejecta 𝑁 10 cm 6.08 .

.
𝑛 𝑛 𝑉 10 cm 2.31 .
𝑘𝑇 3.86 .

.
𝜏 10 cm 2.02 .

.
Si 3.11 .

.
S 6.09 .

.
Fe 16.6 .

.
Luminosity 10 erg s 68

ISM 𝑛 𝑛 𝑉 10 cm 1.17 .

𝑘𝑇 0.42 .
.

𝑘𝑇 0.14 .
.

𝜏 10 cm s 26.4 .
.

Ne 0.40 .
.

Luminosity 10 erg s 4.5
C-stat / d.o.f. 257.84 / 228

the combination of O VII-VIII RRCs at 0.74 and 0.87 keV. In addition it shows
a Ne IX RRC at 1.2 keV. There is virtually no line emission present in this com-
ponent. The hotter component, with 𝑘𝑇 = 0.26 keV shows the O VIII emis-
sion line coupled with an RRC, but otherwise again very little line emission.
Since the width of an RRC scales with the electron temperature of the plasma,
the O VIII RRC of the hot component is a very important source of continuum
emission in this model.
The abundances of both components are mostly solar, with only O being over-
abundant in the hotter component. Contrary to the full spectrum and spec-
tra of other extraction regions, there is no super solar abundance of Si, S or Fe
present in the hot component for this region. The Fe abundance is sub-solar
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5. Chandra X-ray study of 3C400.2

in the hotter component, while in the cooler component the temperatures are
such that Fe has an ionization state <Fe XVII, which does not show significant
emission in the X-ray band. The fact that there is practically no line emission
from elements with higher mass than Mg is not unexpected in a plasma that
is cooling rapidly, since the recombination and ionization rates of an element
depend strongly on its charge.

Region 2: brightest part of the remnant

This region was extracted from the brightest part of the remnant in X-rays
(see Fig. 5.3). The spectrum is shown in Fig. 5.6, top right. The best fit mod-
el again contains a hot underionized NEI component with super-solar abun-
dances, plotted as a green dashed line, and a cooler NEI component that is ove-
rionized, plotted in a blue dot-dashed line. As expected, the best fit model is
very similar to the model of the full region since the full spectrum is dominated
by emission from the brightest part of the remnant. The plasma parameters of
the hot component are identical to the full region within the errors, but the 𝑁
is significantly higher. In addition, the initial temperature 𝑘𝑇 for the cooler
model is somewhat higher in this region than for the central region while the
electron temperatures are identical within the errors. In general the electron
temperatures for the cool component are very similar throughout the remnant,
while the initial temperature shows significant variation.

Region 3: The northwestern part of the remnant

This region was taken from the utmost NW part of the Chandra FOV, which
overlaps with the radio shell. The spectrum is shown in Fig. 5.6 bottom left.
The hydrogen column of the best-fit model of this region is 9.7×10 cm . Al-
though equal within the errors to the 𝑁 of region 2, it is significantly higher
than the rest of the remnant. An increasing 𝑁 towards the NW of the remnant
is consistent with the notion of the remnant expanding into a dense ISM cloud
in the NW, where it is expected that the emission from the outer parts of the
remnant travel through a larger amount of material than the emission from the
inner parts. Significant variation in foreground absorption cannot be ruled out,
however.
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5. Chandra X-ray study of 3C400.2

Figure 5.6: From left to right, top to bottom: spectra of region 1, region 2, region 3 and
region 4. The models are described in the text. In general the green dashed line rep-
resents the cooler NEI component, while the dash-dotted blue line represent the hotter
NEI component. The total model is plotted as a solid red line. Note that
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The best-fit model again has a somewhat hotter, underionized NEI component
with super-solar abundances combined with a cooler, overionized NEI compo-
nent. However, the 𝑘𝑇 of the hotter component is significantly smaller than
those of the full spectrum and region 2, while the 𝜏 is significantly larger at
∼2×10 cm s. And while the abundances are significantly super solar for Si
and S, the Fe abundance is lower. It seems, therefore, that the Fe emission is
confined to the central parts of the remnant.

Region 4: The centre of the remnant

Region 4 was taken from the SW part of the Chandra FOV, which is situated
more or less in the centre of the total remnant, as can be deduced from the
ROSAT image. The spectrum of this region has again similar parameters as
the spectra from the full remnant and region 2. It is plotted in Fig. 5.6 bottom
right, where the hot NEI component is plotted in a green dashed line, while the
blue dot-dashed line represents the cooler NEI component. The 𝑁 of the best-
fit model for this region confirms the trend of increasing 𝑁 towards the NW
part of the remnant. The plasma parameters of the hot component are equal
within the errors to the temperatures of the full spectrum and the spectrum of
region 2. Overall the model for this region confirms the notion of hot ejecta
being confined to the central, brighter part of the remnant.

5.3 Discussion and Conclusion

From our spectral modelling we obtain the following. The overall spectrum is
well-fitted by a two component NEI model plasma, of which one is underionized
with a high 𝑘𝑇 and super-solar abundances of Si, S and Fe, while the other
NEI component has a lower 𝑘𝑇, is overionized and has more or less solar abun-
dances. The central parts of the remnant show higher abundances than the
outer parts, which is apparent in region 1, where no super-solar abundances
are found. This part of the remnant coincides with the optically emitting re-
gion, and shows the lowest electron temperatures. Although different parts of
the remnant show slightly different plasma properties in terms of initial tem-
perature 𝑘𝑇 and electron temperature 𝑇 , the parameters are consistent with
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5. Chandra X-ray study of 3C400.2

a hot ejecta plasma confined to the central part of the remnant, which is sur-
rounded by a rapidly cooling, overionized swept up ISM plasma.

Shocked mass

Using the parameters listed in Tab. 5.1, we can estimate of the amount of X-ray
emitting mass, both in ejecta and ISM, present in the SNR. The emission mea-
sure of the cool component is 1.2±0.2×10 cm . We use a distance of 2.5 kpc
and a spherical volume of the emitting region. The spectral extraction region
has a radius of 6.67 arcmin (4.85 pc), which corresponds to 𝑉 = 1.4×10 𝑑 .
cm . If we assume that the hot and the cool component are two separate plas-
mas, which both occupy part of the total emitting volume and which are in
pressure equilibrium, we can get a unique solution for the density and shocked
mass of the different components. The reason is that if 𝑃 = 𝑃 then al-
so 𝑛 𝑘𝑇 = 𝑛 𝑘𝑇 , where 𝑛 is the number density. For 𝑛 = 1.2 n , the
number density 𝑛 of a component is given by (𝐸𝑀/1.2/𝑉) / , so that:

𝐸𝑀
1.2𝑉 (𝑥)

/
𝑘𝑇 = 𝐸𝑀

1.2𝑉 (1 − 𝑥)

/
𝑘𝑇 , (5.1)

where EM = 𝑛 𝑛 𝑉, 𝑉 = (1−𝑥)𝑉 and 𝑉 = 𝑥𝑉 . The above equation
is equal for x = 0.4, so that𝑛 = 1.3(𝑑 . ) / cm and𝑛 = 0.05(𝑑 . ) / cm .
The respective masses are 𝑀 = 8.7(𝑑 . ) / M⊙ and 𝑀 = 0.46(𝑑 . ) / M⊙.
The total emitting volume is uncertain, since the line of sight depth of the rem-
nant is unknown and therefore the emitting volume might be a factor of two
greater. Note that the total mass in the remnant is larger, since the Chandra
FOV covers about half of the total area of 3C400.2, and we only estimate the
mass of the plasma with T>10 K.
The total mass of ejecta and ISM is quite similar to the mass found by Yoshita
et al. (2001), who found a mass of 6.7±1.2 𝑑 /

. M⊙ for the whole remnant. This
is surprisingly small for a mature remnant like 3C400.2, even if the remnant
would be located at twice the assumed distance. However, it should be noted
that this is only the X-ray emitting mass. Most of the mass may in fact be hiding
in the plasma cooled below 10 K. The hot component, with super-solar abun-
dances, only makes up a small fraction of the mass, and seems very low if it is
the ejecta component of a massive star. However, here it should be noted that
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only the inner regions of a massive star have enhanced metallicity. The total
metallicity is also a function of stellar mass, with stars around 13 M⊙ produc-
ing only 0.3 M⊙ of oxygen (Vink 2012). So a low mass of ejecta-rich material is
consistent with a relatively low mass for the exploding massive star. This does,
however, also suggest that the cooler plasma, which we designated ISM, may
partially or completely consist of the hydrogen-rich envelope of the star. An
explanation for why, in particular, ejecta material remains hot needs to be ad-
dressed by detailed hydrodynamical simulations, which should incorporate the
effects of the stellar wind of the progenitor.
The low mass of the metal-rich component is also consistent with a Type Ia ori-
gin for the remnant. In that case the cooler component could be solely shocked
ISM. The enhanced iron abundances may indeed hint at a Type Ia origin, al-
though the total mass of Fe at an abundance of 15 times solar is still much lower
than the H mass. In addition, the association with the HI regions in the NW
part of the remnant makes a core-collapse origin more likely. To settle on the
origin of the remnant, it would be important to reconfirm the distance estimate
of 2.5 kpc by Giacani et al. (1998), as a larger distance estimate would favour a
core collapse origin. It would also be helpful to identify a stellar remnant in
3C400.2. The Chandra image does not show any evidence for a bright point
source that could be the cooling neutron star.

Evolutionary scenario

The above densities suggest a hot, metal enriched, tenuous plasma surrounded
by a dense, cooler plasma which is cooling rapidly. This is consistent with the
shell-like density structure expected from a Sedov evolutionary scenario. This
is not the only MMR remnant in which such a temperature and density gradient
is observed as Kawasaki et al. (2002) also find a two temperature best-fit model
and overionization.
In the introduction we mentioned three different evolutionary scenarios that
might explain the centrally peaked X-ray emission: the evaporating cloudlet
scenario (White & Long 1991), the Cox et al. (1999) scenario with high surround-
ing density including thermal conduction, and the relic X-ray emission sce-
nario. Our observations show that the plasma is best explained by a low density,
hot interior surrounded by a high density, lower temperature plasma. The total
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X-ray emitting mass is relatively low, for a mature remnant. But this is likely an
indication that most of the remnant mass is not emitting in X-rays. In addition,
overionization is only present in the cool plasma, suggesting that it is cooling
more efficiently than the hot plasma. Our results are perhaps most natural-
ly explained by the simplest evolutionary scenario of the three: the relic X-ray
emission scenario. The outer layers have cooled below temperatures capable of
emitting in X-rays and the interior is still hot but has a low density and is there-
fore not cooling efficiently. We cannot rule out the presence of thermal conduc-
tion, but we do not find evidence for overionization as a result of rapid cooling
for the hot centrally confined plasma. Moreover, the X-ray emitting plasma in-
side the remnant is clearly not isothermal, as indicated by the model of Cox et al.
(1999). As a final note, thermal conduction has mainly been introduced to mod-
els explaining the evolutionary scenarios of MMRs based on the then current
observations of generally lower spectral and spatial resolution, which showed
little to no temperature gradient in the remnants. However, more modeling is
needed to understand whether local density alone determines if a remnant will
evolve into a MMR, or whether some other conditions, such as pre-supernova
evolution or ejecta structure, are important as well.
The overionization of thermal plasmas can quite naturally occur in MMRs. The
high initial ISM density allows the plasma to reach CIE on a timescale smaller
than the age of the remnant, after which a combination of adiabatic and radia-
tive cooling can make the cooling rate of the plasma higher than the recombina-
tion rate, as shown in Broersen et al. (2011). The higher surrounding ISM density
of MMRs might then be the determining factor for the occurrence of overion-
ization compared to non-MMRs, as already noted in Vink (2012). Indeed, all
remnants cool adiabatically and by radiation, but not all remnants expand in a
high enough ISM density to reach CIE and then overshoot to overionization.

5.4 Summary

We have analysed an archival Chandra observation of the mixed morphology
remnant 3C400.2. Our results can be summarised as follows:

• The plasma of the mixed-morphology SNR 3C400.2 is best fitted by a
combination of a hot, underionized plasma with low density, and a cool-
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er, overionized plasma with high density.

• The hot plasma shows significant overabundances of Fe, Si and S, sug-
gesting an ejecta origin, with Fe enhanced in the central part.

• Overionization is significantly present in all parts of the remnant covered
by the Chandra field of view.

• The X-ray emitting masses of the plasma components are 𝑀 =
8.7(𝑑 . ) / M⊙ and 𝑀 = 0.46(𝑑 . ) / M⊙.

• This low overall mass suggests that most of the X-ray emitting mass is
from mix of metal-rich and hydrogen-rich (envelope) ejecta from a not
too massive core collapse supernova, or the remnant has a Type Ia origin.

• The observations are best explained by a scenario in which the centrally
peaked X-ray emission is caused by a hot, metal enriched, tenuous plas-
ma. Due to the high surrounding ISM density the outer parts of the rem-
nant have cooled efficiently towards a temperature below which they do
not radiate in observable X-ray emission.

• The overionization can be naturally explained by efficient cooling due to
a high ISM density in combination with adiabatic expansion.
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Abstract
The Galactic supernova remnant Kepler is an ideal testcase for the interaction
of a type Ia supernova with circumstellar medium. A better understanding of
the characteristics and the morphology of this shocked circumstellar medium



6. The CSM morphology of Kepler

can provide constraints on the progenitor system of the supernova. We per-
formed a principal component analysis on Chandra data of Kepler’s supernova
remnant, in order to characterise the different emitting plasmas. Three princi-
pal components select strongly for the presence of shocked ambient medium.
We find the presence of shocked ambient medium across the whole bound-
ary of the remnant, with the strongest concentration in the band orientated in
the southwest-northeast direction, which has also prominent optical emission.
Based on the locations of the CSM components combined with the distribution
of the X-ray synchrotron emission, we propose a 3d, diabolo-like morphology
for the remnant. This morphology is probably the result of a dense disk-like
CSM structure surrounding the progenitor system. This has implications for
searches for the location of the putative companion star.
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6.1 Introduction

Type Ia supernovae (SNe Ia) in their role as cosmological standard candles
played a crucial part in the discovery of the accelerating expansion of the Uni-
verse (Riess et al. 1998; Perlmutter et al. 1999). The fact that their origin is still
unclear has therefore been a pressing problem for some time. There is an agree-
ment that a SN Ia explosion is the result of a thermonuclear combustion of a
carbon oxygen white dwarf (CO WD). Two main paths have been suggested
which potentially lead to the runaway nuclear fusion in the core of a WD: The
so called single-degenerate (SD) scenario, in which the CO WD accretes materi-
al from a non-degenerate companion star, and the so called double degenerate
(DD) scenario, in which the explosion is triggered by the merging of two CO
WDs (see Maoz & Mannucci 2012, for a review).
In the case of the DD scenario no large scale circumstellar medium effects are
expected. However, in the case of a non-degenerate companion star, the CSM is
formed by outflows from the secondary star, which will leave an imprint in the
supernova remnant (SNR). Therefore by identifying the characteristics of the
CSM around a Type Ia SNR, we get important information on the nature and
the evolution of its progenitor system.
The remnant of the historical supernova SN 1604, to which we will refer to as
Kepler from here on, is an important test case to study such an ejecta/CSM in-
teraction. Kepler reveals a bright optical nebulosity with prominent N II emis-
sion lines in its northeastern region. This indicates that in this portion of the
remnant, the ejecta interacts with dense, nitrogen rich material which origin is
most likely circumstellar Blair et al. (1991); Reynolds et al. (2007). Based on the
X-ray kinematics of the interacting region of Kepler Vink (2008) estimated the
mass of this CSM to be at least 1 M⊙.
The presence of this nitrogen-rich shell originally led to the belief that Kepler
was the result of a Type Ib SN, where the CSM was shaped by the ejection of
the outer envelope of its progenitor star (Bandiera 1987). However, recent obser-
vations suggest that Kepler has a Type Ia origin. The main arguments for this
are: 1) the chemical composition of the spectrum which reveal prominent Fe L
emission and weak oxygen emission (Kinugasa & Tsunemi 1999; Reynolds et al.
2007) 2) the lack of an X-ray emitting neutron star and/or pulsar wind nebula
(Reynolds et al. 2007) 3) the presence of Balmer-dominated shocks characteris-
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tic of type Ia SNRs 4) its high galactic latitude.
Within the framework of a Type Ia single degenerate model, (Chiotellis et al.
2012) performed 2D hydrodynamical simulations and found that the morphol-
ogy and dynamics of Kepler can be explained, assuming that the WD explod-
ed in a bow-shaped wind bubble blowed by an AGB donor star. Burkey et al.
(2013) isolated the shocked CSM from the SN ejecta using a Gaussian mixture
model with Chandra spectral data and found substantial concentrations of CSM
in the bright northern rim and central bar of the remnant. This central bar is
also a prominent feature in the optical emission of Kepler, which is another
hint that it originates from CSM. Retaining the idea of an AGB donor star, they
interpreted the central CSM concentration as evidence for a disc distribution
around the explosion center formed by a non-isotropic stellar wind. Finally,
Patnaude et al. (2012) simulated the southern region of Kepler and found that
the X-ray spectrum of this portion is consistent with a wind shaped CSM as long
as a small cavity is introduced around the explosion center. A major problem
for the aforementioned models is the absence of such a bright giant companion
star in the central region of Kepler’s SNR (Kerzendorf et al. 2014). An alternative
model, which is essentially a DD model, but which can explain CSM around
Type Ia, is the so-called core-degenerated model (Tsebrenko & Soker 2013). In
this scenario prior to the explosion the WD and its companion have a common
envelope phase, which removes the outer layers of the companion star, creat-
ing a planetary nebula-like nebula. The degenerate core of the companion star
and the primary WD will later merge, while the nebula is still present. Whether
Kepler has a SD or DD origin, it remains an intriguing object since, while the
majority of Type Ia SNRs are consistent with evolution in a homogeneous am-
bient medium (Badenes et al. 2007; Yamaguchi et al. 2014), it reveals such a re-
markable interaction with high density CSM. It is therefore a unique laboratory
in which, by revealing the properties of the surrounding CSM, we can provide
strict constraints on its progenitor system. In addition, detailed information on
the morphology of the CSM provides crucial input for hydrodynamical simu-
lations of Kepler.
For the study of the interaction of a SNR with its environment, X-ray is a very
suitable wavelength band. In general X-ray emission of SNRs highlights regions
where the ejecta and ambient medium plasmas are shocked to tens of millions
of degrees. The plasmas are optically thin, which allows for the detection of
emission from both outer and inner parts of the remnant. In addition, X-ray
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Figure 6.1: Chandra RGB image of Kepler. Red = 0.4-1.4 keV, green = 1.7-3.2 keV, blue =
4.5-6.1 keV. The scaling is square root and no smoothing was applied.

spectroscopy allows one to distinguish between different elements and plasma
conditions in the remnant. As such, interaction of the SN blast wave with the
surrounding material will leave a clear imprint in the observed plasma prop-
erties, which we can then use to determine the ambient medium properties.
The X-ray morphology of Kepler (see Fig. 6.1) is characterised by a bright arc
of emission in the north of the remnant, and a bright band across the center in
the southeast-northwest direction. The X-ray synchrotron filaments (blue) are
clearly distinguishable, and the intermediate mass elements Si, S, Ar and Ca
are present across the remnant as well (green).
In this paper we perform a principal component analysis (PCA) on Chandra X-
ray data of Kepler with the aim to localise and characterise the different emit-
ting plasmas in the remnant, in order to isolate the shock-heated CSM compo-
nent and study its morphology.
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6.2 Data Analysis

Kepler has been observed by Chandra on numerous occasions. The long to-
tal observing time and resulting good statistics in combination with the high
spatial resolution of Chandra make this an ideal dataset to study the detailed
shock and plasma physics in SNRs. Such a high quality and large dataset, in
general, increases the usefulness of statistical techniques, especially in extend-
ed sources. Examples where advanced statistical techniques were successfully
applied to SNRs are the PCA used by Warren et al. (2005); Broersen et al. (2014)
and the Gaussian mixture method used by Burkey et al. (2013). The PCA tech-
nique (Jolliffe 1986) we use here is a statistical technique which is used to reduce
the dimensionality of a dataset, while retaining as much as possible of the infor-
mation in the dataset. The output of a PCA consists of several principal compo-
nents (PCs), which are essentially eigen vectors with which the data set can be
described. The PCs are sorted based on the amount of variance they represent
in the data, so that the first PCs account for the largest amount of variance. The
technique is described in more detail in previous work (Broersen et al. 2014).
As input for the PCA we created images in different energy bands (see Tab. 6.1),
which each contain a spectral feature, so that the resulting PC can be physical-
ly interpreted. In order to create the images, we used the Chandra data analysis
software package ciao version 4.5 to merge the observation IDs 6714-6718 and
7366 together into one large event file with a total observation time of ∼ 740 ks,
from which we extracted the images. Note that PCA is a purely statistical tech-
nique, but that the relevant search parameters that go into the analysis come
from selecting the right energy bands.

6.3 Results

As mentioned in the introduction, we aim to determine the properties of the
CSM emitting plasma in Kepler. Emission from shocked ambient medium
is characterised by emission from elements which are not produced in large
amounts in SNe Ia nucleosynthesis, i.e.: O, Ne and Mg (Maeda et al. 2010). Si,
S, Ar, Ca and Fe on the other hand are produced in copious amounts in the SN
itself, and large concentrations of these elements are an indication of the pres-
ence of ejecta emission. Our PC analysis gives us a number of images which
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Table 6.1: The energy ranges of the the images created as input for the PCA.

Energy Spectral Energy Spectral
range (eV) characteristic range (eV) characteristic

500-600 O VII 1980-2119 Si XIV
600-719 O VIII 2120-2269 Si XIII He-𝛽
720-949 Fe L 2270-2749 S XV

950-1049 Ne IX / Fe L 2750-2979 S XVI
1050-1259 Ne X / Fe L 2980-3299 Ar XVII
1260-1439 Mg XI 3300-3599 Ar XVIII
1440-1599 Mg XII 3600-4099 Ca XIX-XX
1600-1699 Continuum 4300-5199 Ca XIX He-𝛽
1700-1849 Si XIII, red 5200-6099 Continuum
1850-1979 Si XIII, blue 6100-6700 Fe K

show regions which have enhanced emission in certain energy bands, and re-
duced emission in others. Although the first principal components by defini-
tion accounts for most of the variance in the data, the resulting correlations and
variations in the data do not always have a straightforward physical interpreta-
tion. Here we analyse the results of those PCs that clearly correspond to the
shocked CSM in Kepler, namely PC 2, 3 and 9. In the appendix we provide an
overview of the remaining PCs from 0 to 9. We start here with the first and most
prominent shocked CSM related PC, PC 2.
The scores of PC 2 are shown in Fig. 6.2, bottom left. As mentioned above, the
top PC image can be reconstructed by adding all wavelength band images to-
gether multiplied with their corresponding score (save some normalisation fac-
tor). As such, we expect from this figure that the positive pixels in the resulting
PC show enhanced emission in the He-like Si (1.85 keV) and S (2.46 keV) energy
range, while the negative pixels show mainly enhanced Fe L/Ne X and Mg XI
(1.35 keV) emission. The resulting spectra are shown in Fig. 6.2, bottom middle.
The red spectrum was extracted from positive pixels with values >0.007, while
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6. The CSM morphology of Kepler

the black spectrum was extracted from negative pixels with values < −0.008.
The expected emission pattern is clearly visible, as the red spectrum shows
strong Si and S emission (even compared to Fe L), indicating ejecta emission,
while the black spectrum shows enhanced Ne X and Mg XI, indicating shocked
ambient medium. Morphologically, the Si and S enhanced ejecta regions are
located in a layer around Fe-rich ejecta. This can be seen by comparing the
bright, Si-rich region in PC 2 to the bright, Fe L rich, region in PC 3 below. This
is an additional clue that ejecta in type Ia SNRs are stratified (Kosenko et al.
2010). Interestingly, the Si and S rich regions are very closely correlated to the
radio morphology (e.g. Matsui et al. 1984), note especially the filaments in the
northeastern ‘ear’ of the remnant. The negative, CSM related, regions have a
more complicated and asymmetric morphology, in the sense that they are lo-
cated in a filament in the middle and in a filament in the northern part of the
remnant. However, even though the negative pixels are related spectrally, there
can still be differences between them, since each location is characterised by
several PCs. In PC 2, there is an ambiguity in the sense that the emission band
which is strong in the negative pixels can be both from Fe-L and from Ne emis-
sion. It is possible to distinguish between Ne and Fe L at ACIS spectral resolu-
tion, although the difference is subtle. Fe L emission has the most prominent
lines at 0.73 and 0.83 keV, while Ne IX-X have centroids of 0.92 and 1.02 keV.
In order to distinct between these two possibilities we extracted spectra from
the negative pixels with value < −0.003 from different regions of the remnant,
indicated with white boxes in Fig. 6.2, top. The brightest, red, spectrum was
extracted from the northeastern region, the black spectrum from the centre,
the green spectrum from the north and the blue spectrum from the small blob
in the eastern part of the remnant. Of these spectra, the red and black ones
show CSM related emission in the form of prominent Ne, Mg and also O lines,
the green and blue ones, however, show mainly strong emission from Fe L. We
therefore conclude that CSM emission is present most strongly in the black fil-
aments in the center and northeastern part of the remnant.
PC 3 is the next PC which shows shocked ambient medium related emission,
and is shown in Fig. 6.3. From the bottom left figure we obtain that the pos-
itive pixels show strongly enhanced Fe L emission, while the negative pixels
show enhanced O VIII, Mg XI and lowly ionized Si. This is clear from the spec-
trum shown in the bottom right corner, of which the black spectrum was ex-
tracted from pixels with value < −0.003, while the red spectrum was extracted
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6. The CSM morphology of Kepler

from pixels with value > 0.003. The red spectrum is completely dominated
by Fe L emission, which, contrary to PC 2, is stronger than Si. Interestingly,
the continuum emission in the red spectrum is low compared to the emission
line strengths, which suggest that the plasma consists purely of metals and lit-
tle hydrogen is present. The black spectrum indeed shows enhanced O VIII
and Mg XI, and also shows the presence of Ne IX-X, again indicating shocked
ambient medium emission. This component therefore creates a clear distinc-
tion between shocked ejecta and shocked ambient medium, which is also evi-
dent from the “fingers” located in the northern part of the remnant. These fin-
gers, which probably result from Rayleigh-Taylor instabilities, generally mark
the location of the contact discontinuity, which separates the shocked ambient
medium from the shocked ejecta. Both PC 2 and PC 3 are indicative of locations
of shocked ambient medium emission, but their properties are slightly differ-
ent. In PC 2 the Mg XI line is stronger relative to Si XIII than in PC 3, and the
Ne X line is also stronger. This stronger Ne X line indicates a higher ionisation
timescale in the plasma, which in turn suggests a higher density. We therefore
conclude that PC 3 shows shocked ambient medium in general around the rem-
nant, while PC 2 shows purely shocked CSM in a central band in Kepler, which
has probably the highest density.
The final PC we show here related to shocked ambient medium is PC 9 (see
Fig. 6.4). PC 9 shows strongly enhanced O VII emission compared to O VIII,
as is clear from the bottom left figure. A spectrum of the pixels with values
< −0.006 is shown in the bottom right in black, this time not combined with
a spectrum of the positive pixels, but with the shocked ambient medium spec-
trum of PC 3 plotted in red for reference. The black spectrum shows a subtle,
but significant, enhancement in O VII emission at ∼0.54 keV, while the rest of
the spectrum is largely similar. This image clearly shows the power of a PCA,
as even at the spectral resolution of Chandra’s ACIS instrument, it is still possi-
ble to distinguish between O VII and O VIII emission! The morphology of PC
9 shows an almost perfect correlation with optical H𝛼 emission images (Blair
et al. 1991), with its enhancement in the northern rim and the central region of
the remnant. Interestingly, there are also weak traces of O VII enhanced plas-
ma tracing the outer boundary of the complete remnant, where H𝛼 has, as of
yet, not been detected.
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Discussion

We have shown three different PCs which all trace shocked ambient medium
or ejecta emission. The three shocked ambient medium related PCs show dif-
ferent morphologies. With PC 2 we showed that there is a strong presence of
shocked CSM in a band across the remnant in the southwest - northeast di-
rection. Given the location and correlation with dense, optically emitting, N
knots, this component selects for the most dense CSM. PC 3 shows a presence
of shocked ambient medium over the whole remnant, and overlaps with PC 2
in the central region. PC 3 selects for less dense CSM. PC 9 shows enhanced
O VII emission in the central part of the remnant, but also around the outer
edges. This component correlates almost perfectly with the H𝛼 morphology in
the North and central parts of the remnant.
From this we conclude that, although there is shocked ambient medium present
in all outer parts of the remnant, the strongest concentration of shocked CSM is
present in the central region of the remnant. Burkey et al. (2013) also show that
CSM emission is present in this part, but our results differ slightly from theirs,
as they also claim the presence of strong CSM emission in a northern region of
the remnant which we do not find (see PC 2). They propose that there runs a
band of dense CSM material of which the plane lies directly in our line of sight,
which impedes the expansion of ejecta in certain directions. They perform
hydrodynamical simulations which show the resulting morphology of such a
CSM distribution. We agree with the idea of a disc-like CSM structure around
the remnant and the resulting morphology, but would like to propose a differ-
ent orientation. We illustrate this in Fig. 6.5, top, which shows an image of
Kepler in the 4.3-6.1 keV band. This band shows no meaningful line emission
(since the Ca XIX He-𝛽 emission is generally weak) and therefore is a good trac-
er of X-ray synchrotron emission, which in turn is a tracer of the forward shock
in the remnant. The reverse shock in supernova remnants may also acceler-
ate particles as observed in Cas A (Helder & Vink 2008). However in this case
the non-thermal filaments also trace filaments associated with shocked ambi-
ent medium, so that we take the synchrotron filaments to be the location of the
forward shock.
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6. The CSM morphology of Kepler

Figure6.5:Top:Kepler in the 4.3-6.1 keV
energy band,which shows X-ray synchrotron em

ission.The arrows denote X-
ray synchrotron filam

ents which are indicative of an em
pty region in the rem

nant.The top arrow shows a filam
ent which

crosses the edge of the rem
nant and goes ‘inward’ into the em

pty region (shown in orange in the figures below).The
bottom

 arrow shows a point where a filam
ent which runs across the western boundary term

inates,suggesting a sharp
boundary in the surface of the rem

nant (shown in light green in the figures below).Bottom
 left:schem

atic proposed
m

orphology for Kepler.A
band of CSM

em
ission around the explosion center im

pedes the expanding ejecta,form
ing

the depicted shape.The band is rotated 40
∘with respect to the line of sight,and the m

odel is also tilted 35 ∘towards us.
M

iddle:sam
e as the left im

age,but now the m
odel is rotated so that the inner part of the rem

nant is facing toward us.
Right:Kepler continuum

 im
age.The coloured bands denote corresponding regions between the m

odel and the rem
nant.

144



6.3. Results

The continuum image shows several interesting features, marked with white
arrows. The left arrow shows a small synchrotron filament which runs over
the edge of the remnant and continues ‘inward’ towards the center. The bot-
tom white arrow shows the point at which a filament which runs from east to
west across the remnant suddenly terminates. Both of these features in the syn-
chrotron morphology can be explained if this region in the eastern part of the
remnant is ‘empty’. An empty region in this part of Kepler has been noted be-
fore, and has been attributed to, among others, the companion star blocking
part of the ejecta (Burkey et al. 2013). Although this is certainly an interesting
possibility, we suggest here a 3D morphology that is shaped by the immediate
CSM of the progenitor. We schematically show the morphology in the bottom
part of Fig. 6.5. We propose that the bright central emission band of Kepler
(shown in pink) has a surface normal pointing outward through the empty re-
gion and that this empty region is therefore created by a band of dense CSM
impeding the expanding SN ejecta. The plane of the disc is rotated ∼40∘ with
respect to the line of sight, and the is tilted with ∼35∘ towards us. The overall
morphology of Kepler could then be similar to a shape which is often seen in
planetary nebulae, and which we show in an exaggerated fashion in the bottom
middle figure. In planetary nebulae open hourglass like shapes are observed,
which are the result of a dense disc of material which impedes the outflowing
stellar wind. A similar disc of material may have shaped Kepler which would
provide the depicted morphology. The right figure illustrates which filaments
of the remnant correspond to which location in this particular morphology.
Obviously the situation in Kepler is more complicated than the schematic that
we show, in particular since the remnant has a bulk motion towards the north,
and different parts of the remnant may break through the dense disc of CSM on
different timescales. Further deviations from this morphology may arise from
asymmetries in the surrounding ambient medium. Overall, however, the dif-
ferent emitting plasmas are well-reproduced by the proposed morphology.
The complexity of Kepler and asymmetries in surrounding material and explo-
sion make it difficult to test the hypothesis of this morphology. It could be test-
ed theoretically with hydrodynamical simulations. These simulations should
be performed in 3D, since the proper motion of Kepler and the proposed CSM
disc structure have different axes. Observationally, future high-resolution X-
ray telescopes such as Astro-H may be able to test the proposed morphology,
as their resolution allows one to obtain line of sight velocity information of the
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shocked X-ray emitting plasma.
An interesting implication of the proposed morphology is that searches for a
possible remnant companion star should be aimed more towards the south
than has been done so far, as the explosion center is ill-determined by the outer
edges of the X-ray emission.

6.4 Conclusion

We have used Chandra X-ray data to perform a PCA on Kepler’s SNR. From this
analysis we show three principal components which can be readily interpreted
to show shocked CSM / ISM related material. These PCs clearly correspond
to optical emission from N-rich material, but also point to regions at the outer
edges for which not yet optical emission has been reported. We find traces of
shocked ambient medium across the whole boundary of Kepler, but find that
the strongest presence of shocked CSM is in a band running from the south-
west to the northeast. Based on the shocked ambient medium and synchrotron
morphology we propose that Kepler has a ‘diabolo’-like morphology, in which
a band of CSM emission with an angle of 40∘ with respect to the line of sight
impedes the expanding ejecta. We see the direct result of this impediment in
an empty region in the southwest of the remnant, and in the morphology of the
X-ray synchrotron emitting filaments.
Our results have implications for searches for the possible companion star of
the WD, which location should be sought more towards the south of the rem-
nant.
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Figure 6.6: PC 0 selects for the presence of Fe. In this figure there are no negative pixels,
since the flux in the Fe L bands is always higher than the flux in the rest of the energy
range. Brighter regions are brighter in the Fe L band.
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Figure 6.7: PC 1 shows an anti correlation between low (negative pixels) and high (posi-
tive pixels) ionized Fe. The lower ionized Fe is found at smaller radii.
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Figure 6.8: PC 4 shows a correlation between O VIII and highly ionized Fe L emission in
the negative pixels, while the positive pixels show stronger Fe xvii emission. 147
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Figure 6.9: PC 5. This component selects strongly for Fe L.
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Figure 6.10: PC 6 shows an anti correlation between the red and the blue wing of the 1.85
keV Si line. Positive pixels show stronger flux in the blueshifted wing, while the negative
pixels show stronger emission in the redshifted wing. It is unclear if this is due to velocity
or ionization age effects.
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Figure 6.11: PC 7 is a noisy PC which shows an anti correlation between emission in the
blue wing of the Si line, and S emission.
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Figure 6.12: Finally PC 8 shows an anti correlation between the two magnesium bands.
Interestingly the positive pixels in the image correspond perfectly with X-ray syn-
chrotron emission shown in Fig. 6.5. This can be explained by the fact that the Mg XII
line region falls between the bright Fe L line complex and the bright Si at 1.85 keV.
Stronger emission in this band therefore means the continuum is stronger, which cor-
responds to synchrotron emission.
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Summary

Supernovae and their remnants

When looking up at the night sky, preferably while being at a nice dark place (for exam-
ple a beach in Greece), you can see thousands of stars. There are bright and faint stars,
blue, red and yellow in colour. Often there are planets visible, and if it’s dark enough
you can see even the Milky Way. It is a fascinating and beautiful sight at which you can
stare for hours without growing bored.
Staring at stars is therefore something that people have been doing for a very long
time*. Ancient sources have been found of Arabian, European and Chinese astronomers,
which show that astronomers have been studying the night sky for millennia. When
viewed with the naked eye, nothing much really happens in the sky. The moon changes
phase, planets move and sometimes a falling star is visible. The old sources show, how-
ever, that every once in a while a new star, a nova, appeared in the sky. Depending on
wether the observing astronomer wanted to make a promotion, or wanted to be behead-
ed, the new stars where interpreted as good or bad omens. The novae shone for times
ranging from weeks to years, and were in very rare cases as bright as the full moon.
In the 1920s it became clear that these novae could be divided in two different events,
based on their intrinsic brightness. Ordinary novae are, for a few days, about 20.000
brighter than our sun. So called supernovae, however, on which we will focus our atten-
tion, radiate for a short time about as much light as the entire galaxy they are in. They
are caused by some of the most massive explosions known in the Universe, and due to
their large brightness they can be seen even at very large distances. The high amount of
energy released in the explosion allows for the fusion of lighter elements, such as silicon,
into heavier elements such as iron and nickel.

*Until the year the tv was invented
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Supernovae are subdivided into two main classes, depending on the type of object
that explodes: core-collapse and thermonuclear supernovae. Core-collapse supernovae
mark the end of a star with a mass about 5 times the mass of the sun. During the lifetime
of a star, two forces are continuously in equilibrium. On the one hand there is gravity,
which wants to collapse the star, and on the other hand there is the force of the light that
is produced by the fusion of hydrogen to helium in the core of the star. Due to this fusion,
the amount of hydrogen in the core of the star grows smaller, so that less energy can be
produced to halt the gravitational collapse. The core shrinks, and as it shrinks it grows
hotter which for a short time allows the core to gain energy from the fusion of heavier
elements such as helium, oxygen and silicon. Inevitably, however, gravity wins, and the
core collapses to a neutron star or a black hole. In this violent process, which lasts a few
seconds, enormous amounts of energy are liberated which blow away the outer layers
of the star: the supernova explosion.
The other type of supernovae, thermonuclear (also: type Ia) supernovae, are the result
of a nuclear explosion in the center of a white dwarf that consists of oxygen and car-
bon. These white dwarfs can explode if their mass grows so large that the pressure and
temperature in the center are high enough for the onset of nuclear fusion. Once nucle-
ar fusion starts in the white dwarf, there is no stopping it and a chain reaction follows
which burns up the whole star. This process releases such a large amount of energy
that the white dwarf is blown apart in a supernova explosion. The white dwarf can only
grow heavy enough to explode if mass is transferred to it from a companion star, or by
merging with another white dwarf.
In both types of supernovae the material from which the star consists, hot gas containing
different elements, is ejected with high velocities into space. An expanding ball of hot gas
forms, which shocks and sweeps up the surrounding material. In these shocks the gas is
heated up to millions of degrees celsius, after which it will keep glowing for thousands of
years: a supernova remnant. Supernova remnants of a few hundred years old are already
many lightyears in diameter, which allows us to study their structure in detail even at
distance of thousands of lightyears. These expanding en glowing supernova remnants
are the objects I have been studying for the past 4 years.

X-ray radiation

Supernova remnants radiate light in a large range of wavelengths, from low-energetic
radio to high-energetic gamma-ray radiation. The hot gas they contain, however, is best
studied by looking at the X-ray radiation it emits. Obviously we cannot observe X-ray ra-
diation with the naked eye, and besides that it doesn’t penetrate the atmosphere. There-
fore we use satellites which are sensitive to it. X-ray astronomy has thrived for the past
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X-ray radiation

Figure 6.13: RGB Image of the supernova remnant Cassopeia A. Red corresponds to
emission coming from oxygen, iron, neon and magnesium, groen with silicon and sul-
phur and blue with synchrotron radiation coming from highly-energetic electrons.

15 year, due to the launch of two great satellites: the European XMM-Newton and the
American Chandra satellites. Fig 6.13 was created using the Chandra satellite, and shows
how the young Galactic supernova remnant Cassopeia A looks in X-ray radiation. The
different colours correspond to different wavelength areas of X-ray radiation. From theo-
retical work and laboratory experiments on earth we know that different wavelengths of
X-ray radiation correspond to emission from different elements and radiation processes.
The red color in the figure corresponds to emission from oxygen, iron, neon and mag-
nesium, the green color with emission from silicon and sulphur, and the blue emission
with synchrotron radiation coming from highly energetic electrons.
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Figure 6.14: A spectrum from Kepler’s supernova remnant. The most important emis-
sion lines are labelled.

An important tool to understand the physical conditions present in a supernova remnant
is the spectrum, of which one is shown in Fig. 6.14. In such a spectrum, the x-axis shows
the wavelength or energy of the radiation we receive, while the y-axis shows the amount
of radiation we receive at the particular wavelength. The black points in the figure are the
data, obtained this time with XMM-Newton. As mentioned before, emission at different
wavelengths corresponds to emission from different elements, but it also corresponds
to emission from different ionization states of the same element. In the figure different
emission lines are indicated. The label Fe XVIII for example, indicates that the emission
is coming from iron atoms which have only 10 electrons, Fe XVIII indicates emission
from iron with 9 electrons and O VII indicates emission from oxygen with two electrons.
These kind of ionization states, in which atoms have only a few electrons, can only occur
at very high temperatures.
The red line in the figure is a model which has been fitted to the data. In such a mod-
el, we calculate what kind of emission we expect from a gas at different temperatures,
densities, ionisation states and of different chemical composition, and match the result-
ing expected emission with the data. If the model provides a good match to the data, as
it does in this case, we know with high precision the physical conditions present in the
supernova remnant. If you think about it, it is kind of impressive that we know what is
going on in a supernova remnant thousands of lightyears away, just from looking at the
X-ray radiation!
The study of supernova remnants is a very diverse field, which contains many differ-
ent topics of physics and astronomy. Typical topics are shock physics, the acceleration
of high energy cosmic rays, the nucleosynthesis of elements and the formation of dust.
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Overionisation in a mature supernova remnant

Below I will briefly describe the contents of each scientific chapter in this thesis.

Overionisation in a mature supernova remnant

In chapter 2 we study the ‘mature’ supernova remnant SNR 0506-68, which is the result
of a core-collapse explosion. The remnant is located in the Large Magellanic Cloud,
at a distance of approximately 160 000 lightyears. In the spectrum of this source we
find indications of the presence of overionisation, which indicates that the gas has cooled
strongly in a short time. This is surprising, since overionisation is normally not found
in these types of remnants. We therefore derive the physical conditions under which
overionisation can occur, and it turns it that it may be more important in these kinds of
supernova remnants than previously thought. We calculate that the age of the remnant
is about 4000 years.

A bullet of supernova ejecta

Chapter 3 discusses the Galactic supernova remnant SN 1006, which was already ob-
served by Chinese Astronomers in the year 1006. In this remnant of a type Ia supernova,
a bullet of ejecta material is present, which is currently shooting out of the remnant at
high velocity. This bullet emits very strongly in X-rays, which allows us to use a specific
analysis tool with which we can determine the temperature of the oxygen atoms. We find
that the temperature of these atoms is about 300 times higher than the free electrons in
the gas, and this confirms that particles of the different mass gain different temperatures
when shocked at high velocities.
In addition, we find slightly ahead of the ejecta bullet highly energetic synchrotron and
so-called H emission. The particular morphology of this emission, where the syn-
chrotron emission is located ahead of the H emission, has not been observed before.
We therefore discuss different possibilities which would allow such a morphology to
form.

RCW 86, a type Ia supernova expanding in a low-density
bubble

In chapter 4 we investigate one of the largest unsolved questions in the current study
of type Ia supernovae, namely which kind of progenitor system they have. Are they all
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fusing white dwarfs or are they single white dwarfs accreting mass from a companion
stars?
To gain further insight into this question we look at the Galactic type Ia supernova rem-
nant RCW 86, which was (again observed by Chinese astronomers in the year 185. This
particular remnant is very large for its age, which indicates it has been expanding in a
very low density bubble. In this chapter we first calculate the amount of iron the rem-
nant contains, and the amount we find of about 1 solar mass confirms that it was indeed
a type Ia explosion. Next, we investigate which type of progenitor system of the explo-
sion can create such a cavity. It turns out that a single white dwarf accreting mass from
a companion star is the best candidate for this. The low-density bubble has then been
blown by the stellar wind of the companion star. This shows not only that these kind
of systems indeed explode as a type Ia supernova, but that they can also actively modify
their environment before the explosion.

A mixed-morphology remnant

In chapter 5 we look at Chandra data of the mixed-morphology remnant 3C400.2. Rem-
nants belong to the mixed-morphology class if their morphology in radio strongly dif-
fers from their X-ray morphology. How these remnants are formed exactly is still an
unsolved question.
In our data analysis, we find that the remnant has properties typical for a mixed-
morphology remnant: it shows overionized gas and a concentration of ejecta material
such as iron and silicon in its center. Our data suggests that this particular remnant has
most likely formed due to high density material surrounding the original explosion. The
remnant then expands into this material, which allows the outer layers of the remnant to
cool fast, while the inner parts of the remnant remain hot due to the low density present
there.

Kepler, a type Ia explosion into a disk of material

The final chapter investigates the type Ia supernova remnant Kepler. The supernova ex-
plosion which formed this remnant was first observed in the year 1604. It is named after
the famous astronomer Johannes Kepler, who wrote a whole book on the supernova.
Kepler is the archetype of a type Ia supernova remnant which shows a strong interaction
with surrounding material. A large amount of surrounding material suggests that the
origin of the supernova is a single white dwarf accreting from a companion star, which
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Kepler, a type Ia explosion into a disk of material

makes this source important to answer the type Ia progenitor question. In this chapter
we use a statistical technique called principal component analysis to locate the parts
of the remnants which show interaction with surrounding material. We find that such
interaction takes place around the whole remnant, but is most strongly present in a band
running from the northeast to the southwest of the remnant. This suggests that at time
of explosion the white dwarf was surrounding by a band of high density material. We
propose a morphology of Kepler that can explain the current emission properties of the
remnant.
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Samenvatting

Supernovae en hun restanten

Als je ’s nachts omhoog kijkt, het liefst terwijl je op een mooie donkere plaats bent (bi-
jvoorbeeld op de camping in Frankrijk), zijn er duizenden sterren te zien. Er zijn heldere
en zwakke sterren, blauw, rood en geel van kleur. Vaak zijn er planeten te zien en mits
het donker genoeg is, is zelfs de melkweg zichtbaar. Het maakt een fascinerend en mooi
geheel, waarnaar je uren kunt staren zonder dat het gaat vervelen.
Naar de sterren kijken is dan ook iets dat mensen door de geschiedenis heen al lange tijd
doen†. Er zijn bronnen gevonden van Arabische, Europese en ook Chinese astronomen,
waaruit blijkt dat astronomen al millennia lang nauwkeurig de sterrenhemel in de gat-
en houden. Over het algemeen gebeurt er aan de hemel, voorzover met het blote oog te
zien, niet veel. De maan veranderd van fase, de planeten bewegen en om de zoveel tijd is
er een vallende ster zichtbaar. Heel soms echter, zo blijkt uit overgeleverde geschriften,
verscheen er aan de hemel een nieuwe ster, een nova. Deze werden, afhankelijk of de
astronoom promotie wilde maken of onthoofd wilde worden, aan hun leiders overge-
bracht als voortekenen van voor- of rampspoed. Deze sterren schenen voor periodes
van weken tot jaren, en waren soms zo helder dat men zelfs ’s nachts voorwerpen kon
onderscheiden.
Rond de twintiger jaren van de vorige eeuw werd duidelijk dat deze novae in twee
groepen zijn onder te verdelen, afhankelijk van hun intrinsieke helderheid. Gewone
novae zijn gedurende een aantal dagen ongeveer 20.000 keer zo helder als onze zon.
Zogenaamde supernovae echter, waarop we ons verder zullen concentreren, stralen ko-
rte tijd ongeveer net zoveel licht uit als het hele sterrenstelsel waarin ze zich bevinden.
Ze worden veroorzaakt door de sterkste explosies die we kennen in het heelal, en door

†Ongeveer tot het jaar van de uitvinding van de tv.
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hun grote helderheid zijn te zien tot op enorm grote afstanden. Door de grote hoeveel-
heid energie die vrijkomt in zo’n explosie worden zware elementen, zoals ijzer en nikkel,
gevormd uit lichte elementen als silicium.
Supernovae worden onderverdeeld in twee verschillende typen, afhankelijk van het
soort object dat explodeert: thermonucleaire en kern-ineenstorting supernovae. De
kern-ineenstorting markeert het einde van het leven van sterren die zwaarder zijn dan
ongeveer 5 zonsmassa’s. Tijdens het leven van een ster zijn er twee krachten steeds in
evenwicht, de zwaartekracht die de ster ineen wil laten storten, en de lichtkracht die
in de kern vrijkomt bij de kernfusie van waterstof tot helium. Naarmate het leven van
de ster vordert wordt de hoeveelheid waterstof in zijn kern minder, waardoor de kern
steeds minder energie kan produceren om de zwaartekracht tegenstand te bieden, hij
krimpt. Naarmate de kern krimpt, wordt deze heter, en kan nog eventjes energie krijgen
uit de kernfusie van helium, zuurstof en silicium. Uiteindelijk wint de zwaartekracht het
echter, waarna de kern in een paar seconden ineenstort tot een neutronster of een zwart
gat. Bij deze ineenstorting komt enorm veel energie vrij, waardoor de buitenlagen van
de ster met grote snelheid worden weggeblazen: de supernova explosie is een feit.
Het andere type supernova explosie, thermonucleaire (ook wel: type Ia) supernovae, zi-
jn het gevolg van een nucleaire explosie in het centrum van een witte dwerg die bestaat
uit koolstof en zuurstof. Deze witte dwergen kunnen exploderen als hun massa zo groot
wordt, dat de druk en de temperatuur in het centrum ervoor zorgen dat er een kettin-
greactie van fusiereacties plaatsvindt. Deze kernfusiereacties gaan de hele witte dwerg
door, en hierbij komt zoveel energie vrij dat deze explodeert. De witte dwerg kan alleen
zwaar genoeg worden om te exploderen als er massa overdracht plaatsvindt tussen een
begeleidende ster en de witte dwerg, of als twee witte dwergen met elkaar fuseren.
Bij beide typen supernovae wordt het materiaal waaruit de ster bestond, heet gas
bestaande uit verschillende elementen, met snelheden van duizenden kilometers per
seconde de ruimte ingeslingerd. Er vormt zich een uitdijende bol van gas die het omrin-
gende materiaal schokt en opveegt. Bij deze schokken wordt het gas verhit tot miljoenen
graden Celsius, waarna het vervolgens duizenden jaren lang blijft nagloeien. Supernova
restanten van een paar honderd jaar oud zijn al snel vele lichtjaren in doorsnede, waar-
door we hun structuur zelfs op afstanden van duizenden lichtjaren ver weg nog goed
kunnen bestuderen. De studie van deze uitdijende en nagloeiende supernova restanten
is waar ik mij vier jaar lang bezig heb gehouden.
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Röntgenstraling

Figure 6.15: RGB figuur van het supernova restant Cassopeia A. Rood correspondeert
met emissie afkomstig van zuurstof, ijzer, neon en magnesium, groen met silicium en
zwavel, en blauw met synchrotron straling afkomstig van hoog-energetische electronen.

Röntgenstraling

Hoewel supernova restanten licht uitzenden in een groot bereik van golflengtes, van
laag-energetische radiostraling tot en met hoog-energetische gammastraling, is het hete
gas dat ze bevatten het beste te bestuderen door te kijken naar de röntgenstraling die
het uitzendt. Met het blote oog kunnen we deze straling uiteraard niet waarnemen, en
bovendien komt de straling de atmosfeer niet door. We gebruiken dan ook satellieten die
gevoelig zijn voor röntgenstraling om de supernova restanten te bestuderen. De röntge-
nastronomie kende de afgelopen 15 jaar een periode van grote bloei, voornamelijk door
de lancering van de grote Europese XMM-Newton en Amerikaanse Chandra satellieten.
Fig. 6.15, gemaakt met data van de Chandra satelliet toont hoe de jonge supernova restant
Cassiopeia A er uitziet in röntgenstraling. De verschillende kleuren corresponderen met
verschillende golflengtegebieden van de röntgenstraling. Door proeven in een laborato-
rium op aarde is achterhaald dat verschillende golflengtegebieden corresponderen met
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Figure 6.16: Een spectrum afkomstig van het supernova restant Kepler. De belangrijkste
emissielijnen zijn gemarkeerd.

straling afkomstig van verschillende elementen en stralingsprocessen. Zo correspon-
deert de rode kleur in de figuur met straling afkomstig van zuurstof, ijzer, neon en mag-
nesium, groen met silicium en zwavel, en blauw met synchrotron straling afkomstig van
hoog-energetische electronen.
Een belangrijk gereedschap om te begrijpen wat voor condities er in een supernova
restant bestaan is een spectrum, waarvan er een is getoond in Fig. 6.16. In een spectrum
wordt op de x-as de golflengte, of energie, getoond van het ontvangen licht, en op de y-as
de hoeveelheid licht die we op de bepaalde golflengte ontvangen. De zwarte punten in
de figuur zijn de data afkomstig van de satelliet. Zoals hierboven al genoemd correspon-
deren verschillende golflengtes met licht afkomstig van verschillende elementen, maar
ze corresponderen ook met verschillende ionisatietoestanden van een element, d.w.z. ele-
menten met verschillende hoeveelheden electronen. In de figuur zijn de afkomst van de
belangrijkste emissielijnen gemarkeerd. Een lijn gemarkeerd als Fe XVII in de figuur is
emissie afkomstig van ijzer met 10 electronen, terwijl Fe XVIII ijzer is met 9 electronen
en O VII zuurstof met 2 electronen. De rode lijn in de figuur is een model dat gepast
is aan de straling. In zo’n model berekenen we de straling die afkomstig is van een gas
van verschillende chemische samenstelling, temperatuur, dichtheid en ionisatie toes-
tand, en bekijken we welke samenstelling het beste overeenkomt met het spectrum dat
we van de supernova hebben. Op deze manier kunnen we nauwkeurig de samenstelling
bepalen van het materiaal waaruit de supernova bestaat, alleen uit het licht dat we ervan
ontvangen!
De studie van supernova restanten is erg veelzijdig en houdt zich bezig met veel verschil-
lende onderwerpen binnen de sterrenkunde. Typische onderwerpen zijn bijvoorbeeld
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schokfysica, de versnelling van hoog energetische kosmische straling, nucleosynthese
van elementen en de vorming van stof. Hieronder zal ik in het kort beschrijven wat we
in verschillende hoofdstukken onderzocht hebben.

Overionisatie in een volwassen supernova restant

Hoofdstuk 2 richt zich op de ‘volwassen’ supernova restant SNR 0506-68, die het re-
sultaat is van een kern-ineenstorting supernova explosie. Hij bevindt zich in de grote
Magelhaense wolk, een klein sterrenstelsel dat op ongeveer 160.000 lichtjaar afstand
staat. In het spectrum van deze bron vonden we aanwijzingen voor de aanwezigheid
van overionisatie, wat er mogelijk op wijst dat het gas in korte tijd sterk is afgekoeld.
Dit is verassend, aangezien overionisatie normaal gesproken niet in dit soort superno-
va restanten voorkomt. We leiden daarom condities af waarin dit soort overionisatie
kan ontstaan, en hieruit blijkt dat het belangrijker kan zijn in volwassen supernova
resten dan tot nu toe gedacht. Op basis van onze berekeningen is het supernova restant
ongeveer 4000 jaar oud.

Een kogel van supernova materiaal

In hoofdstuk 3 onderzoeken we de Galactische supernova restant SN 1006, welke in het
jaar 1006 al door Chinese astronomen is waargenomen. In dit supernova restant bevindt
zich een ‘kogel’, of klont, van supernova materiaal, die ongeveer zo groot is als Jupiter en
met grote snelheid het supernova restant uitbeweegt. Deze kogel zendt zeer veel licht
uit, waardoor we een speciale analysetechniek erop los kunnen laten waarmee we de
temperatuur van zuurstofatomen kunnen meten. Het blijkt dat de temperatuur van deze
zuurstofatomen ongeveer 300 keer zo hoog ligt als die van de electronen in het gas, en
dit bevestigt dat deeltjes van verschillende massa verschillende temperaturen verkrijgen
als ze op hoge snelheid geschokt worden.
Daarnaast vinden we iets voor de kogel hoog-energetische synchrotron emissie en zoge-
naamde H emissie. De morfologie van deze schokstructuren, de synchrotron emissie
bevind zich voor de H emissie, is iets dat nog niet eerder is waargenomen. We
speculeren in de discussie over mogelijke oorzaken van deze morfologie.
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RCW 86, een type Ia supernova die uitdijt in een
lage-dichtheid bel

In hoofdstuk 4 houden we ons bezig met één van de grootste onopgeloste vragen in de
studie van supernova explosies, namelijk wat precies de oorsprong is van type Ia su-
pernovae. Zijn het fuserende witte dwergen of witte dwergen die massa overgedragen
krijgen van een andere ster?
Om deze vraag te beantwoorden onderzoeken we de Galactische supernova restant
RCW 86, welke in het jaar 185 A.D. (wederom) door Chinese astronomen is
waargenomen. Deze supernova restant is erg groot voor zijn leeftijd, wat erop duidt
dat hij expandeert in een grote bel (holte) waarin een zeer lage dichtheid van materiaal
heerst. In het hoofdstuk berekenen we allereerst welke hoeveelheid ijzer zich bevind
in het supernova restant, en de gevonden hoeveelheid van ongeveer 1 zonsmassa duidt
erop dat dit inderdaad waarschijnlijk een type Ia explosie was. Vervolgens berekenen
we wat voor soort systeem de holte kan creeëren waarin de supernova geëxplodeerd is.
Het blijkt dat een witte dwerg die massa overgedragen krijgt van een begeleidende ster
de beste kandidaat is hiervoor. De lage-dichtheid holte is dan ‘geblazen’ door de ster-
wind van deze begeleidende ster. Dit is een belangrijk puzzelstukje om bovenstaande
vraag te beantwoorden, omdat het laat zien dat de voorgangers van type Ia supernovae
hun omgeving flink kunnen veranderen.

Een gemengde-morfologie supernova restant

Hoofdstuk 5 richt zich op de gemengde-morfologie supernova restant 3C400.2. De mor-
fologie is gemengd, omdat deze er in radiostraling volledig anders uitziet dan in röntgen-
straling. We vinden dat dit supernova restant typische kenmerken heeft die vaak gezien
worden bij gemengde-morfologie restanten. Hij bevat namelijk sterk koelend gas, en een
hoge dichtheid van ijzer, zwavel en silicium in het centrum. Een probleem bij dit type
restanten is dat het niet precies duidelijk is hoe ze kunnen vormen. Onze data wijzen
erop dat het supernova restant waarschijnlijk is gevormd doordat de explosie plaatsvond
in een omgeving met een hogere dichtheid dan normaal. De supernova restant dijt uit
in dit materiaal, waardoor het snel kan afkoelen, terwijl de kern van het restant nog heet
blijft doordat deze een lage dichtheid heeft.
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Kepler, een type Ia explosie in een circumstellaire schijf

Het laatste hoofdstuk houdt zich bezig met de type Ia supernova restant Kepler. De su-
pernova explosie die deze restant heeft gevormd werd waargenomen in het jaar 1604. Hij
is vernoemd naar de beroemde wetenschapper Johannes Kepler, die indertijd een heel
boek aan de supernova explosie heeft gewijd.
Kepler is het archetype van een type Ia supernova restant die een sterke interactie heeft
met omringend materiaal. Hierdoor is deze bron zeer belangrijk voor bovenstaande
vraag over de oorsprong van type Ia supernova explosies. In dit hoofdstuk gebruiken we
een statistische analysetechniek genaamd principal component analysis, om de gebieden
in het restant in beeld te brengen die zo’n sterke interactie met omringend materiaal
ondergaan. We vinden dat zo’n interactie in het gehele restant plaatsvindt, maar het
sterkste is in een band rond het centrum van de restant. Dit wijst erop dat zich daar een
grote hoeveelheid materiaal bevindt die afkomstig is van het oorspronkelijke systeem
van witte dwerg en begeleidende ster. We stellen een bepaalde morfologie voor van dit
materiaal, die de huidige gegevens van het supernova restant goed kan verklaren.
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