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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
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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
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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.
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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.
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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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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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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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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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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.
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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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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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