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Abstract Supernova remnants are beautiful astronomical objects that are also of high
scientific interest, because they provide insights into supernova explosion mecha-
nisms, and because they are the likely sources of Galactic cosmic rays. X-ray obser-
vations are an important means to study these objects. And in particular the advances
made in X-ray imaging spectroscopy over the last two decades has greatly increased
our knowledge about supernova remnants. It has made it possible to map the prod-
ucts of fresh nucleosynthesis, and resulted in the identification of regions near shock
fronts that emit X-ray synchrotron radiation. Since X-ray synchrotron radiation re-
quires 10-100 TeV electrons, which lose their energies rapidly, the study of X-ray
synchrotron radiation has revealed those regions where active and rapid particle ac-
celeration is taking place.

In this text all the relevant aspects of X-ray emission from supernova remnants are
reviewed and put into the context of supernova explosion properties and the physics
and evolution of supernova remnants. The first half of this review has a more tutorial
style and discusses the basics of supernova remnant physics and X-ray spectroscopy
of the hot plasmas they contain. This includes hydrodynamics, shock heating, thermal
conduction, radiation processes, non-equilibrium ionization, He-like ion triplet lines,
and cosmic ray acceleration. The second half offers a review of the advances made in
field of X-ray spectroscopy of supernova remnants during the last 15 year. This period
coincides with the availability of X-ray imaging spectrometers. In addition, I discuss
the results of high resolution X-ray spectroscopy with the Chandra and XMM-Newton
gratings. Although these instruments are not ideal for studying extended sources, they
nevertheless provided interesting results for a limited number of remnants. These
results provide a glimpse of what may be achieved with future microcalorimeters that
will be available on board future X-ray observatories.

J. Vink (X))

Astronomical Institute “Anton Pannekoek”, University of Amsterdam, P.O. Box 94249,
1090 GE Amsterdam, The Netherlands

e-mail: j.vink@uva.nl

@ Springer


mailto:j.vink@uva.nl

Page 2 of 120 Astron Astrophys Rev (2012) 20:49

In discussing the results of the last 15 years I have chosen to discuss a few topics
that are of particular interest. These include the properties of Type Ia supernova rem-
nants, which appear to be regularly shaped and have stratified ejecta, in contrast to
core collapse supernova remnants, which have patchy ejecta distributions. For core
collapse supernova remnants I discuss the spatial distribution of fresh nucleosynthesis
products, but also their properties in connection to the neutron stars they contain.

For the mature supernova remnants I focus on the prototypal supernova remnants
Vela and the Cygnus Loop. And I discuss the interesting class of mixed-morphology
remnants. Many of these mature supernova remnants contain still plasma with en-
hanced ejecta abundances. Over the last five years it has also become clear that many
mixed-morphology remnants contain plasma that is overionized. This is in contrast
to most other supernova remnants, which contain underionized plasmas.

This text ends with a review of X-ray synchrotron radiation from shock regions,
which has made it clear that some form of magnetic-field amplification is operating
near shocks, and is an indication of efficient cosmic-ray acceleration.

Keywords Supernova remnants - Supernovae - X-ray - Cosmic rays

1 Introduction

Supernovae play a central role in modern astrophysics. They are of prime importance
for the chemical evolution of the Universe, and they are one of the most important
sources of energy for the interstellar medium (ISM). Part of that energy is in the form
of cosmic rays, which have an energy density in the Galaxy of 1-2 eV cm™3, thus
constituting about one third of the total energy density of the ISM. Finally, super-
novae, in particular Type Ia supernovae (see Sect. 2), play a central role in present
day cosmology as their brightness allows them to be detected at high redshifts (up
to z ~ 1.7, Riess et al. 2007). Their use has led to the recognition that the expan-
sion of the Universe is accelerating instead of decelerating (Perlmutter et al. 1998;
Garnavich et al. 1998).

Supernova remnants (SNRs) are an important means to study supernovae. Since
supernovae are relatively rare (2-3 per century in a typical spiral galaxy like our
own), SNRs provide the best way to study the local population of supernovae. In
addition, SNRs can reveal details about the explosions that are difficult to obtain
from studying supernovae directly. For example, young SNRs can inform us about
nucleosynthesis yields of individual SNRs and about the inherent asymmetries of the
explosion itself, as revealed by the spatial and velocity distribution of heavy elements.
Moreover, SNRs probe the immediate surroundings of supernovae, which are shaped
by their progenitors.

Another aspect of SNRs concerns the interesting physical process that shape their
properties. SNR shocks provide the best Galactic examples of high Mach number,
collisionless shocks. The physics of these shocks is not well understood, as heat-
ing of the atoms occurs collisionless, i.e. shock heating does not operate through
particle—particle (Coulomb) interactions, but through electro-magnetic fluctuations
and plasma waves. The SNR shocks are also thought to be the locations where part

@ Springer



Astron Astrophys Rev (2012) 20:49 Page 3 of 120

of the explosion energy is converted to cosmic-ray energy. This is supported by ob-
servations that indicate that GeV and TeV particles are present in SNRs through their
radiative signatures: radio to X-ray synchrotron emission from relativistic electrons,
and y-ray emission caused by accelerated electrons and ions.

X-ray observations are one of the most important means to study the many aspects
of SNRs. X-ray spectroscopy is essential to obtain abundances of the prime nucle-
osynthesis products of supernovae, which are the so-called alpha-elements (O, Ne,
Mg, Si, S, Ar, Ca) and iron-group elements (chiefly Fe, Ni, and some trace elements
with 20 < Z < 28). All these elements have prominent emission lines in the 0.5—
10 keV band for temperatures between 0.2-5 keV, which happens to be the typical
electron temperatures of plasma heated by SNR shocks. The hot plasmas of SNRs
are also optically thin, so inferring abundances is relatively straightforward. X-ray
spectroscopy of SNRs, therefore, provide us with a record of alpha- and iron-group
element production by supernovae.

X-ray spectroscopy can also be used to study several aspects of SNR shock
physics. First of all the line emission provides information about the temperature
and ionization state of the plasma, but the absence of lines or weak line emission in
young SNRs usually points toward the contribution of X-ray synchrotron radiation.
Studying X-ray synchrotron radiation offers a powerful diagnostic tool to study elec-
tron cosmic-ray acceleration, as the presence of X-ray synchrotron radiation depends
sensitively on the shock acceleration properties. Moreover, the size of the X-ray syn-
chrotron emitting regions can be used to infer magnetic-field strengths.

One of the major advances in X-ray spectroscopy over the last 15-20 years has
been the emergence of X-ray imaging spectroscopy. Although presently the spectral
resolution offered is limited, it provides a direct way to map the spatial distribution of
elements and temperatures in SNRs. For young SNRs it also helps to separate thermal
from non-thermal (synchrotron) X-ray emission.

The power of X-ray imaging spectroscopy is illustrated in Fig. 1, which shows
Tycho’s SNR (the remnant of the historical SN 1572) as observed by Chandra. The
image shows beautifully the distribution of silicon and iron, but also reveals the syn-
chrotron dominated emission from near the shock front.

Over the last ten years high spectral resolution X-ray spectroscopy has gained
in importance, due to the availability of grating spectrometers on board Chandra and
XMM-Newton. These spectrometers are also used to study SNRs, but the contribution
of grating spectrometers to our understanding of SNRs has been limited. The reason
is that the slitless grating spectrometers are not particularly well suited for extended
sources such as SNRs. Nevertheless, some important studies of SNRs with prop-
erties that make them suitable for grating spectroscopy have been published. With
the emergence of high spectral resolution imaging spectroscopy, as will be possible
with the calorimetric spectrometers on board Astro-H (Takahashi et al. 2008) and
IXO/ATHENA (Bookbinder 2010), high resolution X-ray spectroscopy will become
much more prominent.

Here I review the current status of X-ray spectroscopy of SNRs. Since there is
a lack of good text books or extended reviews on SNRs in general,! the first part

1But see Vink (2006), Reynolds (2008), Badenes (2010) for recent, more topical reviews.
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Fig. 1 Three-color Chandra
image of Tycho’s SNR

(SN 1572/G120.1+1.4). The
color red shows Fe-L-shell
emission, green Si XIII, and
blue continuum (4-6 keV). Note
the very narrow continuum rims
near the shock front
(blueish/purple in this image),
caused by X-ray synchrotron
radiation from electrons with
energies up to 100 TeV (image
made by the author from
Chandra data, see also

Hwang et al. 2002;

Warren et al. 2005)

of this review has a tutorial character, describing our current understanding of the
evolution and physics of SNRs. The second half of the review focusses on the X-ray
observations themselves, with an emphasis on the achievements obtained with data
from the three most recent X-ray observatories: Chandra, XMM-Newton, and Suzaku.

2 Supernovae

Supernovae are divided into two broad categories, reflecting our understanding of
the explosion processes: core collapse supernovae and thermonuclear supernovae.
In addition an observational classification scheme is used (Fig. 2) that goes back
to Minkowski (1941), who observed that some supernovae do not show hydrogen
absorption in their spectra (Type I) and others do (Type II).

Type II supernovae are invariably core collapse supernovae, but Type I super-
novae can be either core collapse or thermonuclear supernovae. The thermonuclear
explosions are associated with spectroscopic class Type Ia (Elias et al. 1985), which
have Si absorption lines in their spectra. Type Ib and Ic supernovae are now un-
derstood to be explosions of stars that have lost their hydrogen-rich envelope as a
result of stellar wind mass loss (e.g. Heger et al. 2003), or through binary interaction
(e.g. Podsiadlowski et al. 1992). For Type Ic the mass loss seems to have removed
even the helium-rich layers of the progenitor. The fact that they are preferentially
found in the most luminous regions of galaxies suggests that they are the explosions
of the most massive stars (e.g. Kelly et al. 2008). Interestingly, also long duration
gamma-ray bursts are associated with Type Ic supernovae (e.g. Galama et al. 1998;
Stanek et al. 2003).

The sub-division of the Type II class in Type IIP (plateau), Type IIL (linear light
curve) and Type IIb is based on a combination of two observational criteria: optical
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spectroscopy and light-curve shape (Fig. 2). Type IIP are the most common type of
core collapse supernovae, and optical studies of potential progenitor stars confirm that
their progenitors have initial masses in the ~8—17 M, range, and that they explode
in the red supergiant phase, while still having a substantial hydrogen envelope (see
the discussions in Smartt 2009; Chevalier 2005). Type IIL progenitors probably have
a substantially less massive envelope, either due to stellar wind mass loss, or due to
binary interaction. Type IIb supernovae are a class intermediate between Type Ib and
Type 11, in that their spectra would initially identify them as Type II explosions, but at
late times their spectra evolve into Type Ib spectra. Also this can be understood as the
result of substantial, but not complete, removal of the hydrogen-rich envelope due
to stellar wind mass loss, or binary interaction. The prototypal Type IIb supernova
is SN 1993J (Podsiadlowski et al. 1993; Woosley et al. 1994). Interestingly, recent
identification and subsequent spectroscopy of the light echo of the supernova that
caused the extensively studied SNR Cassiopeia A (Cas A) shows that it is the remnant
of a Type IIb supernova, as the spectrum shows both hydrogen and weak helium line
absorption (Krause et al. 2008a).

Not listed in Fig. 2 is the Type IIn class. Type IIn supernovae are characterized
by narrow hydrogen emission lines, which are thought to come from a dense circum-
stellar environment, probably caused by substantial mass lost by the progenitor. Its
place in the diagram is not quite clear, as at least one Type IIn supernova, SN 2001ic,
was observed to be a Type Ia supernova whose spectrum subsequently evolved into a
Type IIn supernova (Hamuy et al. 2003).

2.1 Core collapse supernovae

Core collapse supernovae mark the end of the lives of massive stars; that is, those stars
with main sequence masses M = 8 Mg (see Woosley and Janka 2005, for a review).
Just prior to collapse the star consists of different layers with the products of the
different consecutive burning stages. From the core to the outside one expects: iron-
group elements in the core (silicon-burning products), then silicon-group elements
(oxygen-burning products), oxygen (a neon burning product), neon and magnesium
(carbon-burning products), carbon (a helium-burning product), helium (a hydrogen-
burning product), and, finally, unprocessed hydrogen-rich material.
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The creation of the iron-group core, which lasts about a day, is the beginning of
the end of the star, as no energy can be gained from nuclear fusion of iron. The core
collapses into a proto-neutron star, and for the most massive stars into a black hole.
Most of the gravitational energy liberated (E ~ GM?/Rys ~ 1073 erg, with Ry the
neutron star radius) is in the form of neutrinos. This has been confirmed with the
detection of neutrinos from SN 1987A by the Kamiokande (Hirata et al. 1987) and
Irvine-Michigan—Brookhaven (Bionta et al. 1987) water Cherenkov neutrino detec-
tors.

The supernova explosion mechanism itself, which requires that >103! erg of en-
ergy is deposited in the outer layers, is not well understood. The formation of a proto-
neutron star suddenly terminates the collapse, and drives a shock wave through the
infalling material. However, numerical simulations show that the shock wave stalls.
It is thought that the shock wave may be energized by the absorption of a fraction
of the neutrinos escaping the proto-neutron star, but most numerical models involv-
ing neutrino absorption are still unsuccessful in reproducing a supernova explosion
(Janka et al. 2007). The most recent research, therefore, focusses on the role of accre-
tion instabilities for the supernova explosion, as these instabilities help to enhance the
neutrino absorption in certain regions just outside the proto-neutron star. A promis-
ing instability is the so called, non-spherically symmetric standing accretion shock
instability (SASI, Blondin et al. 2003), which may also help to explain pulsar kicks
and rotation (Blondin and Mezzacappa 2007). Alternatively, simulations by Burrows
et al. (2007) suggest that acoustic power, generated in the proto-neutron star due to
g-mode oscillations, ultimately leads to a successful explosion (but see Weinberg and
Quataert 2008). Finally, there have been suggestions that neutrino deposition is not
the most important ingredient for a successful explosion, but that amplification of
the stellar magnetic field, due to differential rotation and compression, may lead to
magneto-centrifugal jet formation, which drives the explosion (Wheeler et al. 2002).

SASI, acoustic power, and magneto-centrifugal models all predict deviations from
spherical symmetry. In the magneto-rotational models one even expects a bipolar
symmetry. Another reason why deviations from spherical symmetry has received
more attention is that long duration gamma-ray bursts are associated with very ener-
getic Type Ic supernovae (hypernovae). Given the nature of gamma-ray burst these
explosions are likely jet driven. This raises the possibility that also more normal
core collapse supernovae have jet components (Wheeler et al. 2002). There is in-
deed evidence, based on optical polarimetry, that core collapse supernovae, especially
Type Ib/c, are aspherical (e.g. Wang et al. 2001). In Sect. 9.1 I will discuss evidence
that also the remnants of core collapse supernovae show deviations from spherical
symmetry.

The ejecta of core collapse supernovae consist primarily of stellar material, ex-
cept for the innermost ejecta, which consist of explosive nucleosynthesis products,
mostly Fe and Si-group elements. These elements are synthesized from protons and
alpha-particles, which are the remains of the heavy elements that have disintegrated
in the intense heat in the innermost regions surrounding to the collapsing core (Ar-
nett 1996). Some of the explosive nucleosynthesis products are radioactive, such as
S6Ni, and **Ti. In particular the energy generated by the decay of “°Ni into °Co,
and finally “°Fe, heats the ejecta, which leaves a major imprint on the evolution of
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Fig. 3 Left: Supernova yields for the most abundant X-ray emitting elements. The squares/black line indi-
cates the mean yield for core collapse supernovae, whereas the circles indicate thermonuclear supernovae
(the W7 deflagration model in red and the WDD2 delayed detonation model in magenta). The model
yields were taken from Iwamoto et al. (1999). Right: Oxygen yield of core collapse supernovae as a func-
tion of main sequence mass. The circles and squares are the predictions of Woosley and Weaver (1995),
the triangles are predictions of Chieffi and Limongi (2004), and the crosses of Thielemann et al. (1996).
In general the oxygen yields obtained by the various groups are very similar, but above 30 Mg one sees
that certain models (Woosley and Weaver 1995, using 1091 erg explosion energies) predict a diminishing
oxygen yield. The reason is that above 30 M stellar cores may collapse into black holes, and part of the
oxygen falls onto the black hole. The amount of fall-back is governed by the explosion energy and the
amount of pre-supernova mass loss, but it is also sensitive to the numerical treatment of the explosion

the supernova light curve. The yields of these elements depend sensitively on the
details of the explosion, such as the mass cut (the boundary between material that
accretes on the neutron star and material that is ejected), explosion energy, and ex-
plosion asymmetry. Since the mass of the neutron star/black hole, the location of
energy deposition and the presence of asymmetries are not well constrained, the ex-
pected yields of these elements are uncertain, and vary substantially from one set
of models to the other (Fig. 3, Woosley and Weaver 1995; Thielemann et al. 1996;
Chieffi and Limongi 2004).

Overall the yields of core collapse supernovae are dominated by carbon, oxy-
gen, neon and magnesium, which are products of the various stellar burning phases
(e.g. Woosley and Weaver 1995; Thielemann et al. 1996; Chieffi and Limongi 2004).
These yields are a function of the initial mass of the progenitor (Fig. 3). It is for this
reason that oxygen-rich SNRs (Sect. 9.1) are considered to be the remnants of the
most massive stars.

2.2 Thermonuclear supernovae

Type Ia supernovae are generally thought to be thermonuclear explosions of C/O
white dwarfs, i.e. the explosion energy originates from explosive nuclear burning,
rather than from gravitational energy liberated during the collapse of a stellar core.
Although there is some variation in peak brightness of Type Ia supernovae,
the variation is much less than that of Type II supernovae. This is in line with
the idea that all Type Ia supernovae are explosions of similar objects: C/O white
dwarfs with masses close to the Chandrasekhar limit (1.38 Mg). Moreover, an
empirical relation exists between their peak brightness and the post peak decline
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rate of the light curve (Phillips et al. 1992), which can be used to calibrate the
absolute peak brightness of each event. This makes Type Ia supernovae excel-
lent distance indicators, on which much of the evidence rests that the expansion
of the Universe is accelerating (Perlmutter et al. 1998; Garnavich et al. 1998;
Riess et al. 2007).

There is no direct observational evidence that Type Ia progenitors are white
dwarfs, but the fact that only Type Ia supernovae can occur among old stellar pop-
ulations indicates that massive stars cannot be their progenitors. Their relative uni-
formity can be best explained by assuming a progenitor type with a narrow mass
range (Mazzali et al. 2007). Moreover, C/O white dwarfs close to the Chandrasekhar
mass limit are very likely Type Ia progenitors, since their high density makes for an
ideal “nuclear fusion bomb” (Arnett 1996): Once a nuclear reaction in the core is
triggered, it will result in an explosion. The trigger mechanism itself is, however, not
well understood.

A more serious problem is that we do not know what the most likely progenitor
systems are. It is clear that C/O white dwarfs have to accrete matter in order to reach
the Chandrasekhar limit, so thermonuclear supernovae must occur in a binary sys-
tem. However, this still leaves several possibilities for the progenitor systems: double
degenerate systems (two white dwarfs), or white dwarfs with either a main sequence
star, or an evolved companion (i.e. single degenerate). Only a limited range of mass
transfer rates, ~4 x 1078-7 x 1077 Mg yr~!, lead to stable growth of the white dwarf
(Nomoto 1982; Shen and Bildsten 2007). Novae, for instance, are relatively slow ac-
cretors, which are thought to blow off more mass than they accrete. The only stable
white dwarf accretors seem to be supersoft sources,” but their population seems too
small to account for the observed supernova rate (e.g. Ruiter et al. 2009). Depend-
ing on the progenitor evolution and accretion scenarios, the progenitor binary system
may affect its circumstellar medium. For example, in the case of wind accretion, not
all the mass lost from the donor will end up on the white dwarf. Hachisu et al. (1996,
1999) proposed a scenario in which Roche-lobe overflow from the donor star is stabi-
lized through a fast, optically thick, wind from the white dwarf, which will also affect
the immediate surroundings of the SNR.

For some time it was thought that Type Ia supernovae were associated with pop-
ulation II stars, in which case they must evolve on time scales >10° yr, but it has
recently been established that also a short “channel” exists, with an evolutionary time
scale of ~108 yr (e.g. Mannucci et al. 2006; Aubourg et al. 2008).

Models for thermonuclear explosions come in three classes: detonation, deflagra-
tion, and delayed detonation models. In detonation models the explosive nucleosyn-
thesis occurs due the compression and heating of the plasma by a shock wave moving
through the star. In deflagration models the burning front proceeds slower than the lo-
cal sound speed. The nuclear fusion in the burning front is sustained by convective
motions that mixes unburnt material into the hot burning zone. The classical defla-
gration model is the W7 of Nomoto et al. (1984).

2Soft X-ray point sources that are thought to be white dwarfs that stably accrete material from a companion
(Kahabka and van den Heuvel 1997).
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Pure detonation models predict that almost all of the white dwarf matter will be
transformed into iron-group elements, whereas optical spectroscopy of Type Ia super-
novae show that the ejecta contain significant amount of intermediate mass elements
(Branch et al. 1982). On the other hand, the pure deflagration models overpredict the
production of >*Fe with respect to *°Fe and predict too narrow a velocity range for
the intermediate mass elements compared to observations. For these reasons, the cur-
rently most popular model for Type Ia supernovae are the delayed detonation (DDT)
models (Khokhlov 1991), in which the explosion starts as a deflagration, but changes
to a detonation wave burning the remainder of the white dwarf into intermediate mass
elements (IMEs), such as silicon. There is observational evidence that the fraction of
C/O that is burned is roughly constant M = 1.1 Mg, but that the variation in peak
brightness is either caused by the ratio of iron-group elements over IME products
(Mazzali et al. 2007), or by the ratio of stable iron over SONi (Woosley et al. 2007).
S6Ni decays into “°Fe, and the heat that this generates determines the brightness of a
Type Ia supernova (see Sect. 6.2).

Figure 3 shows the predicted overall abundance pattern of deflagration and DDT
models. Compared to core collapse supernovae, thermonuclear supernovae produce
much more iron-group elements (~0.6 Mg). The explosion energy, E, of thermonu-
clear explosions is determined by the mass of their burning products (Woosley et al.
2007):

Esi = 1.56My; + 1.74Mge + 1.24Mpyge — 0.46, (1)

with the Es; the final kinetic energy in units of 10°! erg, and the masses of stable Fe,
%6Ni and IME in solar units.

3 The classification of supernova remnants

Given the fact that supernovae can be broadly classified in core collapse and ther-
monuclear/Type Ia supernovae, one would hope that SNRs would be classified as
core collapse or Type Ia SNRs. Although it is possible now to determine the super-
nova origin of a given SNR using X-ray spectroscopy (see Sects. 7 and 8), for many
old SNRs, whose emission is mainly coming from swept-up gas, one has to rely on
secondary indicators for determining their supernova origin. The most reliable indi-
cator is of course the presence of a neutron star inside the SNR, which makes it clear
that the SNR must have a core collapse origin. But even here one has to be aware of
chance alignments (Kaspi 1998), in particular for SNRs with large angular diameters.
A secondary indicator for a SNR to originate from a core collapse event is whether a
SNR is located in a star forming region or inside an OB association (e.g Westerlund
1969). But this does not constitute proof for such an origin. In contrast, a position of a
SNR high above the Galactic plane can be taken as supporting evidence for a Type la
origin. Such is the case for, for example, SN 1006 (Stephenson and Green 2002).
Because the supernova origin of SNRs is often difficult to establish, SNRs have a
classification of their own, which is mostly based on their morphology. Traditionally,
this classification recognized three classes: shell type SNRs, plerions, and composite
SNRs. As the blast wave sweeps through the interstellar medium (Sect. 4) a shell of
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shock heated plasma is created. Therefore, in many cases the morphology of a SNR
is characterized by a limb brightened shell, which classifies the SNR as a shell-type
SNR.

However, in case of a core collapse one may expect the presence of a rapidly
rotating neutron star. It loses energy with a rate of E =128 = 47%1 P/ P3, with
2, the angular frequency, P the rotational period and I ~ 10* gcm? the moment
of inertia. This energy loss produces a wind of relativistic electrons and positrons,
which terminates in a shock, where the electrons/positrons are accelerated to ultra-
relativistic energies. These particles advect and diffuse away from the shock creating
a nebula of relativistic electron/positrons which emit synchrotron radiation from the
radio to the soft y-ray bands, and inverse Compton scattering from soft y -ray to the
TeV band (Gaensler and Slane 2006, for a review). Such a nebula is aptly named a
pulsar wind nebula. The most famous pulsar wind nebula is the Crab Nebula (also
known as M1 or Taurus A), which is powered by the pulsar B0531+21. This nebula
is associated with the historical supernova of 1054 (Stephenson and Green 2002). As
aresult the Crab Nebula, but also similar objects like 3C58, have the status of a SNR.
Since the nebula has a morphology that is bright in the center, and does not show a
shell, they are called filled center SNRs or plerions, with the name plerion derived
from the Greek word for “full”, pleres (Weiler and Panagia 1978).

It is arbitrary whether one should call the Crab Nebula and related objects plerions
or pulsar wind nebula. The radio and X-ray emission from plerions is powered by
the pulsar wind, not by the supernova explosion, and as such the nebula should not
really be referred to as a SNR. To complicate matters, the Crab Nebula does show
optical line emission from supernova ejecta, which could be referred to as a SNR.
Pulsar wind nebulae can be found around both young and old pulsars, even a few
millisecond pulsars have small nebulae around them (Kargaltsev and Pavlov 2008).
Since these older pulsars do not have a connection with recent supernova activity, one
should not call them plerions. So the name pulsar wind nebula is more generic and
informative than plerion, and is, therefore, preferable.

Energetic pulsars with ages less than ~20,000 yr are expected to have blown a
pulsar nebula while they are still surrounded by the SNR shell. One expects then
a radio and X-ray morphology that consists of a pulsar wind nebula surrounded by
a shell. Indeed a few SNRs have this characteristic (Fig. 4c) and are classified as
composite SNRs. In fact, it is still puzzling why a young object like the Crab Nebula
does not show a SNR shell (see Hester 2008, for a discussion).

Since the 1980s the SNR classification has become broader. Due to the imaging
capabilities of X-ray satellites like Einstein and ROSAT it became clear that there
are many SNRs that display a shell-type morphology in radio emission, but whose
X-ray emission mainly comes from the center of the SNR (White and Long 1991;
Rho and Petre 1998), as illustrated in Fig. 4d. In general, these SNRs are relatively
old, and are associated with dense interstellar medium. The X-ray emission from the
center of these SNRs was not powered by a pulsar, but consisted of thermal emission
from a hot plasma. These SNRs are referred to as mixed-morphology SNRs (Rho and
Petre 1998) or as thermal-composite SNRs (Shelton et al. 1999). I will discuss their
properties in Sect. 10.3.

X-ray spectroscopy has greatly enhanced our ability to derive the origin of SNRs
(Sects. 7 and 8). So one now also encounters classifications such as Type Ia SNR.
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Fig. 4 The SNR morphological classification illustrated with examples. From fop left to bottom right:
(a) The Cygnus Loop, a shell-type SNR with a diameter of 3°, as observed by the ROSAT PSPC in-
strument (Levenson et al. 1998), red is very soft emission from ~0.1-0.4 keV, green ~0.5-1.2 keV,
and blue ~1.2-2.2 keV. (b) 3C58, a plerion/pulsar wind nebula, as observed by Chandra (Slane et
al. 2004). The long axis of this object is ~7’. (¢) The composite SNR Kes 75 as observed by Chan-
dra (Helfand et al. 2003) with the inner pulsar wind nebula, which has a hard X-ray spectrum, pow-
ered by the pulsar J1846-0258. The partial shell has a radius of ~1.4’. The colors indicate 1-1.7 keV
(red, Ne and Mg emission), 1.7-2.5 keV (green, Si/S), and 2.5-5 keV (blue, mostly continuum emis-
sion from the pulsar wind nebula). (d) The “thermal-composite” SNR W28 as observed in X-rays by the
ROSAT PSPC (blue) and in radio by the VLA (Dubner et al. 2000). (Image credit: Chandra press office,
http://chandra.harvard.edu/photo/2008/w28/more.html)

Other SNRs show optical and X-ray evidence for enhanced oxygen abundances; these
so-called oxygen-rich SNRs (Sect. 9.1) are likely the remnants of the most massive
stars. Depending on the context these designations are often more helpful than the
morphological classifications.

Note that these new classifications are not mutually exclusive with the traditional
morphological classifications. For example oxygen-rich SNRs such as G292.0+1.8
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and the Large Magellanic Cloud SNR B0540-69.3, also harbor a pulsar wind nebulae.
They can therefore be classified both as composite SNRs and as oxygen-rich SNRs.

4 The hydrodynamic structure and evolution of supernova remnants
4.1 Evolutionary phases

The evolution of SNRs is usually divided in four phases (Woltjer 1972): (I) the ejecta
dominated phase, in which the mass of the supernova ejecta, Mej, dominates over
the swept-up mass Msy,; (II) the Sedov—Taylor phase, for which My, > M., but for
which radiative losses are not energetically important; (III) the pressure-driven, or
“snow-plough” phase, in which radiative cooling has become energetically impor-
tant; the evolution of the shock radius is now best described by using momentum
conservation; (IV) the merging phase, in which the shock velocity and temperature
behind the shock become comparable to, respectively, the turbulent velocity and tem-
perature of the interstellar medium.

Although these discrete phases provide a useful framework to think of SNRs, it
should be kept in mind that it is an oversimplification, and the phase of an individual
SNR is not always that easily labeled. Moreover, different parts of a SNR may be
in different phases. For example, a remnant like RCW 86 has radiative shocks in the
southwest (phase III), whereas in the northeast it has very fast, non-radiative, shocks
(phase I). This is the result of the complexity of the medium it is involving in, which is
probably shaped by the stellar wind of the progenitor that created a cavity, surrounded
by a dense shell, with which part of the shock wave is interacting (e.g. Rosado et al.
1994; Vink et al. 1997).

Phase I is sometimes called the free-expansion phase, and phase II the adiabatic
phase. Both names are somewhat misleading. Free expansion suggests that the shock
velocity is described by Vs = Rg/t, with R, the radius of the outer shock, and 7 the
age of the SNR. However, as described below, even in phase I one has Vg < Rg/t.
Since energy losses are according to standard models not important in both phase I
and II, it is also misleading to call exclusively phase II the adiabatic phase. Moreover,
in the very early evolution of SNRs (almost the supernova phase) SNRs may go
through a short radiative loss phase (e.g. Truelove and McKee 1999; Sorokina et al.
2004). Also escaping cosmic rays may add to the energy losses in phase I and II (see
Sect. 5.1). Despite these shortcomings, the labels have proven to be of some value, as
they provide some framework to characterize the evolutionary phase of a given SNR.

In the literature one also often finds designations for SNRs like “young”, “mature”
and “old” (Jones et al. 1998). These designations do not have a very precise meaning,
but a general guideline is that young SNRs are less than ~1000-2000 yr old, and are
in phase I or early in phase II, mature SNRs are in late phase II, or early phase III,
whereas the label old SNRs is usually given to the very extended structures associated
with SNRs in phase IV. These old SNRs hardly produce X-ray emissions, so in this
review we will only encounter young and mature SNRs.
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4.2 Analytical models

Several analytical models for the shock evolution of SNRs exist. The most widely
used is the Sedov—Taylor self-similar solution (Sedov 1959; Taylor 1950). It assumes
that the explosion energy E is instantaneously injected into a uniform medium with
uniform density pg (i.e. a point explosion), and that no energy losses occur. In that
case the shock radius Ry and velocity V; will develop as

Er2\'/°
RS:(5_> ) (2)
£0
dRs 2(_ E\'° 5 2R
V = = — —_— 1t ~/5=__- 3
T ode 5(5p0> 5t ©)

The dimensionless constant £ depends on the adiabatic index; & = 2.026 for a non-
relativistic, monatomic gas (y = 5/3). An analytical solution exists for the den-
sity, pressure, and velocity profiles inside the shocked medium, which is shown in
Fig. 5. The Sedov-Taylor solution can be generalized to a gas medium with a power-
law density profile p(r) oc r—: Ry o< tP, Vi = BRs/t, with B =2/(5 — s), the ex-
pansion parameter. An astrophysically relevant case is s = 2, corresponding to a
SNR shock moving through the progenitor’s stellar wind (see below); a situation
that likely applies to the young Galactic SNR Cas A (e.g. van Veelen et al. 2009).
This gives B = 2/3, which should be compared to the experimental value found for
Cas A based on the expansion found in X-rays: f = 0.63 = 0.02 (Vink et al. 1998;
Delaney and Rudnick 2003; Patnaude and Fesen 2009).

The Sedov-Taylor solutions do not take into the account structure of the supernova
ejecta itself. This is a good approximation once the swept-up mass exceeds the ejecta
mass. However, in the early phase, only the outer layers of the supernova transfer
their energy to the surrounding medium. As time progresses, more energy is trans-
ferred from the freely expanding ejecta to the SNR shell. This takes place at a shock
separating hot ejecta from freely expanding (cold) ejecta, the so-called reverse shock
(McKee 1974).

Two analytical models exist to describe the structure and evolution of SNRs tak-
ing into account the initial velocity structure of the ejecta. The first one, by Chevalier
(1982), describes the early evolution of SNRs, in which the freely expanding ejecta
have approximately a power-law density distribution pej ve_j”. This is a reason-
able approximation for the outer ejecta structure as found in numerical models of
supernova explosions, with n = 7 a situation that describes reasonably well the ejecta
structure of Type Ia supernovae, whereas n = 9—12 is a valid approximation for the
density structure of core collapse supernovae.

As shown by Chevalier (1982) the SNR evolution can be described by a self-
similar solution of the form:

Ry o tP, 4
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10 E
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1 1.1 12 1.3

r/Ry, r/R,

Fig. 5 The structure of a SNR as given by the self-similar models of Sedov (1959) (left) and Chevalier
(1982) (n =17,s = 2). The values for the parameters have been normalized to the values immediately
behind the forward shock. For the Sedov model the radius is expressed in units of the shock radius, for
the Chevalier model in units of the contact discontinuity R., the border between swept-up and ejecta
material. The solid lines show the density, the dotted lines the velocity, and the short-dashed lines the
pressure profiles. For the Sedov model also the temperature is indicated (long-dashed line). For this model
the temperature goes to infinity toward the center. For the Chevalier model the density goes to infinity for
r = R¢. Note that in the observer frame the velocity drops at the reverse shock

with B the expansion parameter given by>

_n—3

B

. (%)
n—s
For s =0,n =7 this gives 8 = 0.57, and for n =9, s = 2 this gives § = 0.86. The
models describe a self-similar velocity, pressure, and density structure. I will not
reproduce them here, but show as an example the density, pressure, and velocity
structure of a n = 7,5 = 2 model (Fig. 5). It important to realize that the Cheva-
lier solutions describe the early evolution of SNRs, when the reverse shock has not
yet reached the inner most ejecta. Once the inner ejecta are reached by the reverse
shock the expansion parameter will evolve toward the Sedov solution (thus the ex-
pansion parameter evolves from 8 = (n —3)/(n —s) to 8 =2/(5 —s). Itis clear from
the Chevalier solutions that from a very early stage on 8 < 1. There is also observa-
tional evidence for this. For example, the initial expansion parameter of SN 1993J in
the galaxy M81 has recently been determined to be § = 0.85 (Marcaide et al. 2009);
assuming an interaction of the shock with a circumstellar wind (s = 2) this implies
n=8.5.

An analytical model that takes into account the smooth transition from phase I
to phase II was obtained by Truelove and McKee (1999). Their models employ the

3The expansion parameter is often, but not uniformly, indicated with the symbol m, but since the characters
i,...,n have an integer connotation, I opt here for 8. Note that Truelove and McKee (1999) use » (but this
conflicts with its use in acceleration theory, Sect. 5.5), and Chevalier (1982) uses 1/A.
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following characteristic length, time and mass scales:

1/3 —1/3
Reh = Mej/ Po / )
_ 5/6 —1/3
tn=E 1/2Mej/ A (6)
Mch = Mj,

with M,; the ejected mass, E the explosion energy, and pg the circumstellar medium
density. These numbers can be used to construct a set of solutions, which now only
depend on n and s, and the dimensionless variables R* = R/R¢ and t* = t /..
The models are continuous, but consist of two parts; one for the evolution in the
ejecta dominated phase and one for the Sedov—Taylor phase, with fsT the dimen-
sionless transition age. For example, the blast wave trajectory in the n = 7,5 =0
model is R*1.06 = t**/7 for t* < rs and R* = (1.42t* —0.312)%/3 for t* > tsr, with
tst = 0.732. These solutions show that initially the expansion parameter is identical
to the one derived by Chevalier (1982) (Eq. 5), while it asymptotically approaches
the Sedov—Taylor solution, 8 =2/5.

Figure 6 illustrates the evolution of SNR shocks as given by one of the Truelove
and McKee solutions. It shows that the reverse shock initially expands outward, de-
spite its name, with 8§ = (n — 3)/(n — s). But as soon, as the shock heated shell
has more pressure than the ram pressure of the freely expanding ejecta, the reverse
shock will move toward the center; i.e. its velocity in the observers frame will be-
come negative. For the plasma temperature the shock velocity in the frame of the
freely expanding ejecta is important (Sect. 5.1). This is given by

Ryey
Vrev,phys - T - V['eV,ObSa (7)

with Rpey/t the velocity of the freely expanding ejecta just before entering the re-
verse shock, and Viey obs = d Rrev/dt, the reverse shock velocity in the frame of the
observer. Figure 6 shows that initially |Vrev,phys| < Vs, in which case one expects the

Fig. 6 Shock radii and shock 8 —
velocities as a function of time [
according to the
Truelove-McKee n =7,5s =0
model (Truelove and McKee
1999). The solid line represents
the forward shock, whereas the
dashed line represents the
reverse shock. In the bottom
panel the reverse shock velocity
in the frame of the ejecta is
shown as a dotted line. The
dimensionless model was
adjusted to fit the properties of
Kepler’s SNR (Vink 2008c)

ey sy 1
0 500 1000 1500 2000
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shocked ambient medium to be hotter than the shocked ejecta. In later phases this sit-
uation reverses, as | Viey,phys| > Vs, resulting in a hot core enclosed by a cooler shell.
Once the reverse shock has reached the center of the SNR, it consists of a hot shell
surrounding an even hotter, but very tenuous interior.

It is worth mentioning that efficient cosmic-ray acceleration (Sect. 5.5) may al-
ter the hydrodynamics of SNRs, because it alters the equation of state, and because
escaping cosmic rays may result in energy losses. This can result in a reverse shock
radius at any given time that is closer to the outer shock than indicated by models like
that of Truelove and McKee (Decourchelle et al. 2000). I will discuss in Sect. 11.3
the observational evidence for this.

In phase III, the momentum conservation or ‘“snow-plough” phase, radiative
energy losses have become dynamically important. Instead of energy conser-
vation, the radial expansion is governed by momentum conservation, MVy =
47/3 RS podRs/dt = constant. For the constant one can take the momentum at the
time 744, for which radiative losses have become important: f,q = 47 Rfad /300 Viad-
Integration yields the following expression for the age, ¢, of the SNR as a function of
radius (e.g. Toledo-Roy et al. 2009):

t=tad+ —1/. ®)
" 4Vrad Ryad

As can be seen, the expansion parameter in this phase is 8 &~ 1/4. Generally speak-
ing, radiative losses become important when the post-shock temperature falls below
~5 x 10° K, in which case oxygen line emission becomes an important coolant (e.g.
Schure et al. 2009). This occurs when the shock velocity is Vg = Vg = 200 km g1
(Woltjer 1972, see also Sect. 5.1). One can use the Sedov self-similar solution (2)
and (3) to calculate when Vs = Vi,q, thereby estimating Ry,q and #49. Equation (3)
leads to expression for f,q in terms of Ryag: frad = Rrad/ Viad = 2.0 X 1078 Ryaq s.
Equation (2), then provides the following estimate for the age and radius at which the
SNR becomes radiative:

EN/3
trad = 1.5 % 10‘3<5—>

P0
Eo\1/3 Ee\ /3
=1.4x1012<i) s%44,600<i> yI, )
ny ny
E\1/3 Eei\ /3
Rrad=7.0x101°<i) cm%23<i> pe, (10)
ny nH

with ny the pre-shock hydrogen density, & = 2.026, and E5; the explosion energy E
in units of 10°! erg.

4.3 Supernova remnants evolving inside wind-blown bubbles

The structure of the circumstellar medium is usually not as simple as used by the ana-
lytical solutions discussed above. The interstellar medium itself is not homogeneous,
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but also stellar winds from the supernova progenitors impose a specific structure on
the ambient media. For example, a massive O-star will spend ~90% of its life on the
main sequence, during which it blows a fast, tenuous wind with velocity vy ~ 1500-
3000 kms~!, with M ~ 5 x 1077-107> Mg yr~! (e.g. Mokiem et al. 2007). This
wind carves a low density region into the interstellar medium, surrounded by a shock
heated shell containing the swept-up interstellar medium and wind material.

In the subsequent red supergiant (RSG) phase the mass loss rate increases to as
much as M ~ 10~ Mg ylr_1 (e.g. van Loon et al. 2005), which, together with a much
lower wind velocity vy ~ 10 km s~! results in a very dense wind, with a density at
radius r given by

pw(r) = ; (1)

4 r2uy
a relation that follows from mass conservation. Stars more massive than 60 Mg can
even have extremely high mass loss rates, often accompanied by violent bursts of
mass loss. These are so-called Luminous Blue Variables (LBVs). An example is Eta
Carinae (Davidson and Humphreys 1997).

Most massive stars will explode in the RSG phase, but the highest mass stars may
enter the Wolf—Rayet star phase. In this phase the stars have lost all of their hydrogen
envelopes. Their mass loss rates are high, M ~ 1075-10~* Mg yr~!, with a high
wind velocity 1000—-2000 km g1 (Nugis and Lamers 2000). This results in a tenuous
wind, which will sweep up the RSG wind into a dense shell. It is not clear whether
LBVs will become Wolf-Rayet stars, or whether they are the last stage of the stellar
evolution.

Progenitors that were part of a binary system may even have had more compli-
cated mass loss histories. In some cases a common envelope phase may have existed,
which could also have lead to a stellar merger. In these case the circumstellar medium
structure may be rather complex. See for example the binary evolution model that can
explain some of the features of the circumstellar medium of SN 1987A (Morris and
Podsiadlowski 2007, Sect. 9.2).

So core collapse supernovae are, even in the simplest cases, surrounded by regions
with different densities and temperatures, created and shock heated during the various
wind phases (Weaver et al. 1977; Dwarkadas 2005, Fig. 7). As long as the SNR
shock moves through the unshocked stellar wind of the progenitor, the analytical
models are valid, but if this is not the case, then the evolutionary path may differ
quite substantially from the standard SNR evolutionary models discussed above.

These more complicated situations have been studied with numerical simulations.
See for example Tenorio-Tagle et al. (1991), Dwarkadas (2005) and Fig. 7. In the case
that the shell swept up by the wind has a mass that is higher than the ejecta mass, the
shock wave will first move through the low density region without much deceleration
(B =0.87, for an n =9 ejecta density profile, (5)). In this phase the X-ray emission
from the SNR is low, because of the low density inside the stellar wind. Once the
shock reaches the dense shell, transmitted and reflected shocks develop. The trans-
mitted shock heats the shell and pushes it outward, whereas the reflected shock further
heats the interior of the SNR. In this phase, the X-ray luminosity increases rapidly by
a factor ten to hundred, due to the high density in the shell (Dwarkadas 2005).
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Fig.7 Left: The density (solid
line) and pressure (dashed line)
of the circumstellar medium
around a red supergiant. Middle
and right: The evolution of the
shock radius and velocity for a
SNR in a wind-blown cavity
surrounded by a dense swept-up
shell. All figures taken from
Dwarkadas (2005)

@ Springer

Forward Shock Radius (pc) Density (gm/cc)

Forward Shock Velacity (cm/s)

1

Main Sequence Bubble

310

Pressure

40
Radius (pc)

Time (years)

10000

1000

Time (years)

10000



Astron Astrophys Rev (2012) 20:49 Page 19 of 120

5 Collisionless shock heating and particle acceleration
5.1 Shock heating

Shock waves transform part of bulk kinetic energy into thermal energy. Astrophys-
ical shocks are characterized by low densities, which makes that the actual heating
process cannot be established by particle—particle interaction (Sect. 5.2). For SNRs
part of the kinetic energy may not only be used for shock heating the plasma, but also
for cosmic-ray acceleration.

Irrespective of the microphysical details of particle heating and acceleration, the
collisionless shocks still have to obey the conservation of mass, momentum, and en-
ergy flux across the shock (e.g. Zel’dovich and Raizer 1966; McKee and Hollenbach
1980). However, one should realize that SNR shocks are not the idealized, infinitely
narrow temperature transition zones treated in standard physics textbooks. Instead,
collisionless heating, and cosmic-ray acceleration imply that there is a broad tran-
sition zone from the unshocked medium (or upstream) to the shocked (downstream)
region. In the case of efficient cosmic-ray acceleration (Sect. 5.5), this transition zone,
the so-called cosmic-ray shock precursor, has a width of approximately the diffusion
length scale of the cosmic rays with energies near the peak in the energy spectrum
(e.g. Blasi et al. 2005; Vladimirov et al. 2008).

Irrespective of whether cosmic-ray acceleration is important, mass conservation
across the shock remains valid, and for a plane parallel case implies:

vo
POVY = P2V <> Py = v—poEXPo, (12)

with x the shock compression ratio, and vg and v, taken to be in the frame of the
shock. The subscript 2 refers to the downstream plasma, and the subscript O the (far)
upstream medium, thereby symbolically ignoring “region 17, the transition zone con-
taining the cosmic-ray shock precursor.

Cosmic-ray acceleration also hardly affects the conservation of momentum flux:

1
P+ o203 =Py + povg < Pr=Po+ <1 - ;)POVE, (13)

with the second part following from substituting (12), and relating vy to the shock
velocity, vg = —V;. For high Mach number shock waves the pressure far upstream
can be neglected (Pp = 0). And if we make the assumption that the downstream
plasma pressure consists of a thermal and a non-thermal (cosmic-ray) part, with the
parameter w giving the non-thermal (NT) pressure contribution,

P
w=—2N (14)
P14+ PoN1

we find from (13) and (14) that the post-shock plasma must have a temperature
1 1 2
kD=0 —-w)—(1—— Jum,V. (15)
X X
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One of the consequences of efficient cosmic ray acceleration is that the high-
est energy cosmic rays may escape far upstream (i.e. into the unshocked medium),
whereas downstream (in the shock-heated plasma) the dominant flux of cosmic-ray
energy is through plasma transport. This means that conservation of energy flux is
not necessarily valid. A similar situation holds for so-called radiative shocks, for
which radiative energy losses are important, a situation that can occur for shocks
with Vg <200 kms™!.

We can take into account of the energy flux losses, Fesc, by introducing (Berezhko

and Ellison 1999) geqc = p’; 6‘5;‘3 .With this equation the conservation of energy flux can

be written as

1 1
<M2+P2+ EPZU%>U2=(1 _Sesc)EPOU(%UO’ (16)
with u = %P, the internal energy, and y the adiabatic index. Taking for the non-

thermal (cosmic ray) contribution y = 4/3 and for the thermal plasma y = 5/3 we
obtain

3 5
M2+P2=<§w+§)PQEFP2. 17
Using (13), we can rewrite (16) as
1 1
2F<1__>+_=(1_56SC)X» (18)
X X

which has the non-trivial root (e.g. Berezhko and Ellison 1999; Vink 2008a)

o TV = (=)@ - 1)
1 — &esc ’

19)

In most textbooks only the case of a single fluid gas without energy losses is
considered. This corresponds to w = 0 and gesc = 0. This gives a compression ratio
of x =4. Substituting this in (15) gives

kT 3 vZal 2(7‘/5 )2 keV (20)
= —um ~ |. ’
16/ 1000 kms~!

with p the average particle mass (u & 0.6 for a plasma with solar abundances).

I used here kT in order to indicate that this refers to the average temperature,
as different particle species can have different temperatures. The reason is that for
collisionless shocks it is not quite clear whether the microphysics that governs the
actual heating results in temperature equilibration among different, or whether differ-
ent species will have different temperatures proportional to their mass: k7T; miVs2
(Sect. 5.2). The latter can be expected if heating is predominantly governed by scat-
tering isotropization of the incoming particles by plasma waves in the shock region.

Finally, if cosmic-rays contribute substantially to the post-shock pressure (w # 0)
and, if cosmic-ray escape plays an important role, then the compression ratios can be
much higher than x = 4. In this so-called non-linear cosmic-ray acceleration case,
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Fig. 8 The impact of the partial pressure by non-thermal components (cosmic rays) and the fraction of en-
ergy flux escaping as cosmic rays (Vink 2008a; Helder et al. 2009). The black lines indicate constant values
of temperature (15), given as a correction factor with respect to post-shock temperature for the standard
case (i.e. w =0, gesc =0, (20)): B = ﬁ/(%ump VSZ). Also indicated are lines of constant post-shock
compression ratio x. The red line depicts the solution cosmic-ray acceleration with the highest possible
efficiency (Helder et al. 2009; Vink et al. 2010); the combination of w and &eg to the left of this line are
considered unphysical

there is no longer a unique value for k7 and yx, but a range of values is possible.
The possible values of the compression ratio and post-shock plasma temperature as a
function of post-shock cosmic-ray pressure fraction, and escape flux are summarized
in Fig. 8. In this figure the mean plasma temperature k7 is expressed in terms of the
temperature for the w = 0/gesc = 0 case, using g = ﬁ/(3,ump VS2/16).

In all cases non-linear cosmic ray acceleration leads to lower plasma temperatures,
in the most extreme cases perhaps even quenching thermal X-ray emission (Drury et
al. 2009). On a macroscopic level this can be understood by considering that part of
the incoming energy flux is used for particle acceleration. On a more detailed level it
can be understood by considering that directly upstream of the shock the cosmic rays
provide a non-negligible pressure, which pre-compresses and pre-heats the plasma.
The presence of the cosmic-ray precursor results therefore in a lower Mach number
gas-shock.* For a more thorough treatment of the shock equations, including a cosmic
ray precursor, see Vink et al. (2010) for an analytical treatment, or Vladimirov et al.
(2008), Caprioli et al. (2008) for a kinetic approach. In the latter two references also
the effects of non-adiabatic precursor heating is taken into account.

5.2 Collisionless shocks

Shock waves in the interstellar medium (ISM) are characterized by very low densities,
typically n ~ 1 cm™3. In high density shocks, such as in the Earth’s atmosphere,

4This is the actual shock that heats the plasma, but it is often called sub-shock in order to set it apart from
the overall shock structure that includes both the precursor and the gas-/sub-shock.
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the shock-heating process is accomplished by particle—particle interactions. However,
the mean free paths for particle—particle interactions in shocks in the ISM are long
compared to the typical sizes of SNRs. This can be illustrated as follows. For charged
particles the energy exchange is governed by Coulomb interactions. A particle is
deflected by 90° in the center of mass frame, if the following condition for the impact
parameter b is met:

I mmy , Z]Zzez
— V- =
2my +mo b

; 21

with m1, my the masses of the two particles, Zje, Zse their charges, and v their
relative velocity. The cross section for such a deflection by a single scattering is
(oCoutomb = ﬂbz):

(22)

N Z%Z%e4 mi 4+ my 2
OCoulomb ~ 47 .

U4 mimy

The corresponding collision time scale is Tcoulomb = 1/(nov) v3 x E73/2 Tn-
serting for the m and m» the proton mass and a typical velocity of v = 1,000 kms™!,
one finds for proton—proton collisions T, ~ 101211; !'s (about 32,000 n, 'yr), and a
mean free path A, ~ 1020}1; ' e¢m (32 pe). These are much larger than the ages and
radii of young SNRs. As these young SNRs clearly do have shocks and hot, X-ray
emitting, plasma, as beautifully shown by Fig. 1, the formation of the shock and
the plasma heating cannot be the result of Coulomb interactions. Instead “collec-
tive interactions”, occurring through fluctuating electric and magnetic fields, must
be responsible for the plasma heating. Simulations (e.g. Bennett and Ellison 1995)
show that the heating in such shocks takes place over a distance of typically 10-100
times ¢/wpe, With wpe = (4 e*ne/me)'/? the plasma frequency. This corresponds to
a shock thickness of roughly Ax = 107n, 12 cm, 13 orders of magnitude smaller
than the range over which Coulomb collisions operate. For this reason SNR shocks
and shocks in other low density media, such as the interplanetary medium, are called
collisionless shocks.

The heating mechanism is somewhat analogous to the process of “violent relax-
ation” (Lynden-Bell 1967) in the formation of bound gravitational systems, such as
galaxies and clusters of galaxies; i.e. large scale gravitational potential fluctuations
rather than two-body interactions are important for the relaxation of the system.

5.3 Temperature equilibration

It is not a priori clear, whether collisionless shocks will result in temperature equi-
libration of all types of particle immediately behind the shock front (see Bykov
et al. 2008a, for a review). The two opposite cases are (a) complete equilibra-
tion, in which all different particle populations (electrons, protons, other ions) have
the same temperature, which for a strong shock without cosmic-ray acceleration
would mean T ,umpVS2 (15), or (b) full non-equilibration, in which case each
particle species thermalizes the bulk kinetic energy independently and one expects
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T; miVs2 (corresponding to replacing ump with mj in (15) and (20)).5 There are
many plasma instabilities that act to equilibrate the energies of different plasma con-
stituents. Both hybrid simulations (Cargill and Papadopoulos 1988) and particle in
cell (PIC) simulations (e.g. Shimada and Hoshino 2000) show that high Mach num-
ber shocks may substantially heat the electrons, but not completely up to the same
temperature as the protons. So one may expect me/mp < Te/Tp < 1. For example,
Shimada and Hoshino (2000) report 7./ T, ~ 17%. Optical spectroscopy of SNR
shocks show mixed results with indications that full equilibration is important for
Vi <500kms~!, and non-equilibration for higher velocities (Ghavamian et al. 2007;
Helder et al. 2011). In Sect. 11.1 I discuss the implications for X-ray spectroscopy.

Note that these simulations have several limitations. For example, PIC simulations
often have mp/me ~ 0.01-1, for computational reasons. In contrast, hybrid simula-
tions treat the electrons as a massless fluid. Moreover, the amount of equilibration
of electron/proton temperatures may depend on the initial conditions, such as Mach
number, the ratio of magnetic over kinetic pressure and the magnetic-field orientation.
This means that some variation in shock equilibration can be expected in SNRs.

An important ingredient that affects electron heating, and one that is difficult to
model, is cosmic-ray acceleration (Sect. 5.5), because the process of acceleration to
high energies takes place on a longer time scale than the formation of strong shocks,
and longer than the typical time scales that can be modeled with PIC simulations.

Nevertheless, hybrid and PIC simulations (e.g. Bennett and Ellison 1995; Dieck-
mann and Bret 2009) do show evidence for the initial stages of particle acceleration:
often the particle distribution has non-thermal components, i.e. the particles have
roughly a Maxwellian energy distribution at low energies, but a non-thermal, quasi-
power-law distribution at high energies. This non-thermal tail, may be the first stage
of particle acceleration, but part of this non-thermal distribution, may disappear again
further behind the shock, as the particles are slowed down through Coulomb interac-
tions. This is especially relevant for the low energy part of the non-thermal electron
distribution (Sect. 6.3.2, Vink 2008b), and amounts to a source of late time electron
heating.

At the shock front plasma wave coupling between electrons and accelerated ions
may also result in heating of the electrons (Rakowski et al. 2008). Finally, very ef-
ficient particle acceleration by the Fermi process may alter the shock structure alto-
gether, as it results in the formation of a cosmic-ray shock precursor that may pre-heat
both electrons and protons before they enter the main shock (see Sects. 5.5 and 5.1).
In Sect. 11.1 I review the observational measurements concerning electron/ion equi-
libration.

If the shock heating does not immediately lead to equal electron and ion tempera-
tures, Coulomb interactions will slowly equilibrate them. It turns out that (22) is not
a good approximation for the relevant cross sections, as it ignores the contributions
for long range interactions. These result in less energy exchange per encounter, but

S5The latter case corresponds to a velocity distribution that is independent of the particle mass. This is
again similar to the outcome of violent relaxation for bound gravitational systems. For example, in galaxy
clusters the velocity distribution is similar for massive and dwarf galaxies (with the exception of the giant
ellipticals that reside in a large fraction of cluster centers). Also in this case the kinetic energy (“tempera-
ture”) distribution is proportional to the mass of the galaxy.
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they occur much more frequently. The relevant expressions for energy exchange be-
tween charged particles of various mass ratios can be found in Huba (2002), which
gives for the temperature equilibration rate (see also Zel’dovich and Raizer 1966;
Itoh 1984)

(mlm,-)lﬂz%z%e“n,- In Ay;
(mikTy +mkT;)3/2

(kT; —kT)) eVs™!,  (23)

dkTy 19

with label 1 for the particle species of interest, i for all the other species, and kT
measured in units of eV. In A is the Coulomb logarithm, which is roughly similar for
electron—proton interactions and for electron—electron interactions:

-1
12 kTe
InA=309—-1 —_— . 24
n n[”e (1keV> } @4

For electron—proton equilibration (23) implies an equilibration time scale:

N uoif kT N\ ImaAaNT!
Tep 3.1 101y 05) © (25)

with T the mean temperature. Similarly, the electron self-equilibration time, which
determines how fast the electrons can establish a Maxwellian distribution, is

4.9 x 1051 KT P (nayT (26)
Tee ~ 4. n e m— —_— S.
e ¢ \1keV 30.9

Equation (25) shows that it can easily take 10,000 years for electrons and protons
to equilibrate, much longer than the ages of many of the young SNRs that will be
discussed in the second part of this review. Note that the equilibration time is roughly
inversely proportional to n, (% ne). A relevant parameter is, therefore, not so much
the age of the SNR, but the average nt, a parameter that will resurface in Sect. 6.1.2,
where non-equilibrium ionization is discussed. In fact, X-ray spectroscopy provides
a direct way of measuring n.t, thereby providing the means to estimate whether non-
equilibration of temperatures could be important.

The possible absence of full equilibration has important consequences for the in-
terpretation of X-ray observations (see Itoh 1978, for an early discussion), because
in general the X-ray spectra reveal the electron temperature (Sect. 6.1), and not the
mean plasma temperature. The mean plasma temperature is energetically the rele-
vant parameter. It is for example directly related to the shock velocity (Sect. 5.1).
Using the electron temperature, as an estimate for the mean temperature may lead to
a serious underestimation of the shock velocity. But, as shown in Sect. 5.1, efficient
cosmic-ray acceleration will lead to lower mean temperatures. So even having a good
estimate of both the electron and ion temperatures may not be sufficient to estimate
the shock velocity.

Figure 9 illustrates the effects of non-equilibration of temperatures at the shock
front. The equilibration time depends on the density, the mass ratio and the square
of the charge of the particles (23). The ion—ion equilibration, therefore, proceeds
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Fig. 9 Anillustration of the effect of temperature non-equilibration at the shock front for a shock velocity
of V5 = 3000 km s~!. Shown is the temperature of electrons (dotted), protons (solid), helium (dashed-dot-
ted) and oxygen ions (dashed) as a function of net, assuming that heating at the shock front is proportional
to the mass of the particle (Sect. 5.1). The oxygen—proton equilibration is faster than the helium—proton
equilibration, as the cross sections scale linearly with particle mass, but quadratically with charge (22)
(Figure previously published in Vink (2006))

faster than electron—ion equilibration. Interestingly, iron—proton equilibration pro-
ceeds faster than proton—helium equilibration, due to the charge dependence. This be-
comes important for net> 10° cm™> s, when iron has become stripped of all M-shell
electrons. Broadly speaking one can recognize three phases:

1. Full non-equilibration; all species have different temperatures (net < 5 X
1019 ¢m—3 s);

2. Partial non-equilibration; all ions are equilibrated, but without electron—ion equi-
libration (5 x 1010 < ner <102 em™3 s);

3. Full equilibration (net > 10'2 cm ™3 s).

It is worth noting that non-equilibration of electron—ion temperatures may also be
caused by ionization (Itoh 1984): Due to the fact that the cross sections for ionization
peak near the ionization energy, the electrons originating from post-shock ionization
will start relatively cool. The electron—electron equilibration is relatively fast, so this
results in a relatively cool electron population, even if the free electrons that entered
the shock were equilibrated with the ions. This may be an important effect in metal-
rich plasmas, which have been shock heated by the reverse shocks in young SNRs
(Sect. 4), since in that case most of the electrons will originate from ionizations,
rather than from entering the shock as free electrons.

5.4 Thermal conduction
Thermal conduction is a topic that every now and then enters the discussion of SNRs,

as significant thermal conduction may alter the temperature and density structures of
SNRs (see for example Cui and Cox 1992, and Sect. 10.3).
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The role of thermal conduction in SNR structure and evolution, like that of tem-
perature non-equilibration, has never been satisfactory resolved. The reason is that
thermal conduction in a plasma is likely to be anisotropic due to the inhibiting effects
of magnetic fields. Note that the processes of thermal conduction and temperature
equilibration are related, because thermal conduction is a combination of transport
and exchange of heat. Without magnetic fields, or along magnetic fields, thermal
conduction is usually mediated through electrons, because they have higher thermal
speeds and are more strongly coupled to each other. Across magnetic-field lines the
particles with the largest gyroradius, i.e. the ions, will dominate thermal conduction.

The process of thermal conduction is described by Fourier’s law:

Fheat = —k VT. Q7

In the absence of magnetic fields, or along magnetic-field lines, the coefficient
k depends on the typical mean free path for energy exchange, A & Te.vy, With
vih = ~/kTs/m. and 7. the self-equilibration time (26). Numerically, A ~ 0.2(kT/
1 keV)? pc. The amount of heat being transported relates to the energy density u =
3/2nck T, and the transport velocity vy, so that approximately «/ k ~ 3/2nekT Avy, =
3/2nekT Tee vtzh. This is correct up to a small factor that is needed to ensure zero elec-
tric current (e.g. Spitzer 1965). Taking this into account one obtains (Huba 2002)°

kT, kT, \?
Kyk=2332£33=20xm”<—41) em~ s (28)
- TkeV

This shows that thermal conduction is strongly temperature dependent.

Equation (27) is only valid when the temperature scale height is larger than the
mean free path for energy exchange. If this is not the case then the heat flux is de-
scribed by the so-called saturated heat flux (Cowie and McKee 1977):

2%T.\ /?
Foat = 0.4 nekTe. (29)

TMe

In this case heat is transported by electrons streaming away from hot regions, but heat
exchange between electrons is not taken into account, i.e. the electron distribution
will not be Maxwellian. The factor 0.4 takes into account that the heat flux should be
electrically neutral, reducing the heat flow. Unlike the classical heat flux, the saturated
heat flux is density dependent. The ratio of the classical over saturated heat flow,
involving a temperature scale height parameter R is (cf. Cowie and McKee 1977)

7.2%ce/kTo/Me s 1( RS)1< kT, )2<hh4>‘
—Z.I’le .

R lkeV 30.9

o (30)

The saturated heat flux is, therefore, dominant for small scale sizes (Ry < 1 pc).

6Correc:ting for a slightly different definition of Tee.
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The thermal conduction across field lines, which is predominantly mediated by
ions (protons), is (Spitzer 1965; Huba 2002)

2.8npkT, .( B 1 -1
ki/k=—75—=14x10"( ——)em s, (31
Mp®E, Tpp 10uG

with wep = e B/(mpc) the proton gyrofrequency, and T, the proton self-equilibration
time scale. This shows that there is a very large difference in conduction parallel
and across field lines. Only for B ~ 10715 G does the perpendicular and parallel
conduction become comparable (for n = 1 cm™3).

To get an order of magnitude estimate for the importance of thermal conduction
one should compare the advective enthalpy flux Fg =v %nkT (cf. (16)) with the ther-
mal conduction flux, approximating the temperature gradient with k7 / Rs and assum-
ing a typical flow speed v:

Fz  5nRv R, v kT, \ /2
~ = 0.4n( == , (32)
Freat 2K 1 pc/\ 1000 kms—1 /\ 1keV

where for « the value along the magnetic field has been used. The fact that the nu-
merical value is around one suggests that in SNRs the issue of thermal conduction
is critical. This in turn makes the regularity of the magnetic field a crucial param-
eter. Note that the advected over conductive heat flow ratio (32) is proportional to
(kT)’S/ 2. if in addition one assumes v ox ~/kT, this ratio will be proportional to
(kT)?. This means that thermal conduction is more important for hotter plasmas.
However, there are indications that the magnetic fields in young SNRs, which have
hotter plasmas, are more turbulent (Sect. 11.3), reducing the thermal conductivity. On
the other hand little is known about the magnetic fields in the ejecta components of
SNRs. This may, as we see be of interest for the interior components of some mature
SNRs (Sect. 10.3).

5.5 Cosmic-ray acceleration by supernova remnant shocks

SNRs are considered to be the prime candidate sources for cosmic rays (e.g. Ginzburg
and Syrovatskii 1969), at least for energies up to 3 x 103 eV, at which energy the
cosmic-ray spectrum steepens from a power law with slope —2.7 to a slope of —3.1.
This spectral feature is often referred to as the “knee”. There is evidence that around
the “knee” the composition changes (Horandel 2008, for a review), suggesting a rigid-
ity’ dependent maximum cosmic-ray energy at the source, with more massive parti-
cles having their spectral breaks at higher energies. It is thought that only cosmic rays
above ~10'8 eV may have an extra-galactic origin.

The main reason to consider SNRs as the dominant sources of Galactic cosmic
rays is that the inferred Galactic cosmic-ray energy density (~1-2 eV cm™3, Webber
1998), combined with the inferred time an average cosmic ray spends in the Galaxy,

"The rigidity of a particle is R = p/q, with p the momentum and ¢ = Ze the charge. Massive particles,
having a higher charge, will have a smaller gyroradius, and will therefore less easily diffuse away from the
shock.
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requires a Galactic cosmic-ray production with a total power of about 10*! ergs™!

(e.g. Ginzburg and Syrovatskij 1967). Supernovae are the only sources known to
provide such a power: with their average explosion energy of ~103! erg and an
inferred Galactic supernova rate of 2-3 per century, they provide a total power of
~10*? ergs~!. This requires that on average about 10% of the initial explosion en-
ergy is used for accelerating cosmic rays. Note, however, that the cosmic-ray energy
density is very much dependent on the lowest energy part of the cosmic-ray spec-
trum, of which is little known, as low energy cosmic rays are shielded from the solar
system by the solar wind.

Although supernovae are the most likely energy source for cosmic-ray acceler-
ation, there is a debate on how and when their kinetic energy is used to acceler-
ate cosmic rays. The general view is that cosmic rays are mostly accelerated in
the (early) SNR stage. An alternative view is that the collective effects of multiple
SNR and stellar wind shocks inside star-forming regions are responsible for most
of the Galactic cosmic-ray acceleration, and that this provides a mechanism to ac-
celerate cosmic rays up to energies of 10'® eV (e.g. Bykov and Fleishman 1992;
Parizot et al. 2004).

A long standing argument to consider the SNRs as the main source of Galactic
cosmic rays is that non-thermal radio emission from SNRs provides clear evidence
for particle acceleration, although strictly speaking this only provides evidence for
electron acceleration, whereas the cosmic-ray spectrum observed on Earth consists
for 99% of protons and other ions. Over the last 10-15 years the evidence for cosmic-
ray acceleration in SNRs has been reinforced by the detection of X-ray synchrotron
radiation (discussed in Sect. 11.2), and TeV y -rays from several SNRs. See Sect. 11.4
and the reviews by Hinton and Hofmann (2009) and Reynolds (2008).

The acceleration of particles in SNRs is likely the result of the so-called first order
Fermi process, also often referred to as diffusive shock acceleration (Axford et al.
1977; Bell 1978a; Blandford and Ostriker 1978; Krymskii 1977). In this process some
charged particles repeatedly scatter back and forth across the shock front. On either
side of the shock the particles scatter elastically, due to the presence of a turbulent
magnetic field. After each crossing the particles will be pushed along with the plasma,
resulting in a net energy gain given by

ﬂgiu:i(x 1)& (33)

E 3 ¢ 3\ x c’

with vg and v, the plasma velocities upstream and downstream, seen in the frame of

the shock, and v; = V5 = x vy (12). The particles downstream will be advected away
from the shock by the plasma with a rate ncrvy = ncrVs/x, but the rate at which
particles scatter back into the upstream medium is %nCRc for an isotropic particle

distribution,” with ¢ the velocity of the particle. The ratio of these two rates gives the

8To be more precise: if there is a cosmic-ray precursor one should write v(x) — vy with v(x) the velocity at
coordinate x within the precursor, and vy < v(x) < vy, with subscripts as defined in Sect. 5.1. So particles
of a given energy may not sample the total change in shock velocity over the shock structure, but only a
fraction of it.

91 /4c is the projected velocity to the shock normal for particles diffusing upstream.
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chance that the particles escape downstream:

NCRV2 (%] Vi
Pese=7—— =4—=4—. (34)
FNCRC c cx

The chance that a particle will be scattered up and down at least k-times is P(n >
ky=(1- P o)k A particle that has crossed the shock k time will on average have an
energy E ~ Eo(1 + AE/E)F. Eliminating k gives

In(E/Eo)

The integrated probability function is therefore a power law with slope —q + 1:

dIn P In(1 — Pege) 4Vs/(cx) 3
_q+1 = = ~ — = — . (36)
dlnE In(l14+ AE/E) 4/3(x — 1)/ x Vs/c x—1

The differential distribution function then is

2
W(E)dE x E1dE, q=2%1=. (37)

x —1

In order to give an idea about how many shock crossings are needed to reach 10" eV,
assume that a proton is accelerated by a shock with Vy = 5000 kms™!, starting with
an initial energy of 100 keV, and assuming a shock compression ratio of x = 4.
According to (33) the gain per shock crossing is 1.7%, therefore the number of scat-
terings is log(10'> eV /103 eV)/log(1.017) ~ 1400.

One of the outstanding uncertainties is how charged particles are injected into
the Fermi acceleration process, i.e. how do they reach sufficient velocity to make it
back to the unshocked medium. It is often assumed that these are the particles in the
high velocity tail of the Maxwellian distribution, but computer simulations show that
immediately behind the shock a non-thermal distribution of particles is present that
may act as seed particles for further acceleration by the Fermi process (e.g. Bykov
and Uvarov 1999; Riquelme and Spitkovsky 2011, for the case of electrons).

The typical time accelerate a particle from an initial momentum p; to a final mo-
mentum p ¢ is (e.g. Malkov and Drury 2001)

3 Pf Doy Dy
tace = —+—, (38)
v—voJp \vo v

with p the momentum (E = pc for ultra-relativistic particles), D the diffusion coeffi-
cient, and v the plasma velocity, with subscripts 0 and 2 referring to the upstream and
downstream regions. The diffusion coefficients are usually parameterized in terms of
the so-called Bohm-diffusion coefficient, for which the particle mean free path cor-
responds to the gyroradius:

Ec
3eB’
with n expressing the deviation from Bohm diffusion.

D=n (39)
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This suggests a typical acceleration time scale of (Parizot et al. 2006)

D> 3x? V. -2 E 2
Tuee 18373 =124n3‘i< : 1) < ) S yr o)
Vex—1 5000 km's™ 100TeV / 54 — 1

with B_4 the downstream magnetic field in units of 100 UG and x4 the overall
compression ratio in units of 4. The factor 1.83 comes from taking into account
the difference in diffusion coefficient between the upstream (ahead) and downstream
(post-shock) region, under the assumption that upstream the magnetic field is highly
turbulent and isotropic, whereas the downstream magnetic field is determined solely
by the compression of the magnetic-field component perpendicular to the shock nor-
mal. Note that a higher compression ratio corresponds to a longer acceleration time,
but that a high compression ratio itself is a result of efficient acceleration (Sect. 5.1).

The typical length scale over which diffusion dominates over advection'” is given
by lgiff & 2D /v, which for the downstream (post-shock) region becomes

Do) 17 p—1 Vs -1 E
la~222% =53 %108 . @l
72 x ~41%4 5000 kms—! l00Tev ) €™ @D

The diffusion length scale gives approximately the region from which particles situ-
ated in the downstream (shock-heated) region are still able to cross the shock front.

Equation (37) shows that a compression ratio of 4 corresponds to a particle index
of g = 2. Note that this result is independent of the diffusion properties (slow or fast)
as long as the diffusion is isotropic. This slope is close to what is needed to explain the
cosmic-ray spectrum observed on Earth (¢ = 2.7), provided one takes into account
that cosmic rays with higher energies escape faster out of the Galaxy than low energy
cosmic rays. Note that for ¢ = 2 each decade in particle energy contributes the same
amount of energy to the overall cosmic-ray energy budget. For g < 2 the highest
energy particles contain most energy, whereas for ¢ > 2 the lowest energy particles
contain most of the energy. For the lower energy limit one can take the particle’s rest
mass energy, as around that energy a break in the cosmic-ray spectrum is expected
(Bell 1978D).

Diffusive shock acceleration becomes more complicated when particle acceler-
ation becomes very efficient and the accelerated particles contribute a significant
fraction to the overall pressure. This situation is usually referred to as non-linear
cosmic-ray acceleration. As explained in Sect. 5.1 this results in a lower downstream
plasma temperature and an overall compression ratio x > 4. The main shock (sub-
shock) will have a compression ratio xg,s < 4. The compression ratio sampled by
a diffusing particle may therefore depend on its energy/diffusion length scale. The
highest energy particles experience a compression ratio of xi,; and the low energy
particles xgas. As a result the spectrum at low energies is steep, with g > 2 and flat-
tens at higher energies. For very efficient acceleration (37) is not valid, but instead
the spectrum approaches the limit ¢ = 1.5 (Malkov 1997).

10Ty see this consider that the length scale associated with diffusion over a time ¢ is lgiff = +/2D2t,
whereas for advection /4y = vot. These two are equal for [ =2Dj /vp =2D7x / Vs.
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There is observational evidence that the particle spectrum is indeed steeper at low
energies than at high energies (Sect. 11.2). However, there is no proof yet that the
spectrum at high energies becomes as flat as ¢ = 1.5. Some physical processes may
prevent that, such as a possible tendency for Alfvén waves to move away from the
shock, reducing the velocity gradient that the particles experience (Zirakashvili and
Ptuskin 2008). Alternatively, an additional pressure term in the precursor, for exam-
ple caused by amplified magnetic fields and cosmic ray induced heating, may prevent
very high compression ratios in the precursor, thereby limiting the overall compres-
sion ratio to y &~ 4—7 (Morlino et al. 2007).

6 X-ray radiation from supernova remnants
6.1 Thermal X-ray emission

The hot, X-ray emitting, plasmas created by SNR shocks have two characteristic
properties: they are to a very good approximation optically thin, and the ionization
distribution of atoms is often out of equilibrium.

Optically thin, X-ray emitting, plasmas are also found in a clusters of galaxies
(Bohringer and Werner 2009), colliding stellar winds, and the coronae of cool stars
like our Sun (hence the name coronal plasmas, see Mewe 1999, for details on emis-
sion processes). In some cases, when the lines are not too much broadened by thermal
or turbulent motion, line emission may be affected by optical depth effects, caused
by resonant line scattering (Kaastra and Mewe 1995). The overall spectrum will not
be affected by this process, as resonant line scattering does not destroy photons, but
merely changes the direction of photons. In coronal plasma’s excitations and ion-
izations are caused predominantly by the electrons colliding with the ions. Most of
the spectral characteristics of the thermal emission (continuum shape, emission line
ratios) are determined by the electron temperature, which, as explained in Sect. 5.2
is not necessarily the same as the proton/ion temperature. The most important spec-
troscopic effect of the ion temperature is thermal line broadening, which is difficult
to measure with the current generation of X-ray spectroscopic instruments (but see
Sect. 11.1).

Because SNR plasmas are optically thin for X-rays, X-ray spectroscopy is a pow-
erful tool for measuring abundances in SNRs, as no detailed radiative transfer mod-
els are needed. For old SNRs this can be used to reliably measure the abundances
of the interstellar medium (e.g. Hayashi et al. 1998), whereas for young SNRs X-ray
spectroscopy is an important tool for measuring abundances, and connect them to
supernova ejecta yields for the various types of supernova. Here I discuss the basic
radiation mechanisms. In depth reviews of thermal X-ray emission are provided by
Mewe (1999), Kaastra et al. (2008).

6.1.1 Thermal continuum emission

Thermal X-ray spectra consist of continuum emission caused by bremsstrahlung
(free—free emission), recombination continuum (free-bound emission), and two-
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photon emission, the latter caused by the radiative electron transition from a meta-
stable quantum level. For a Maxwellian energy distribution of the electrons, the emis-
sivity is given by

257186 2 172 (T)T,]/z hv
= ——=\ —— ex R
ff 3mec3 \ 3kme gffife)le P kT,

) Ne Zn,-Zl-2 erg s_lcm_3HZ_1,
l

(42)
with gg &~ 1, the gaunt-factor, which has a frequency dependence (e.g. Rybicki and
Lightman 1979). The subscript i denotes the various ion species, each with charge
eZ;. The emissivity at a given temperature is therefore determined by the factor
Ney ;N Zl.z. For solar or sub-solar abundances, bremsstrahlung is dominated by elec-
trons colliding with protons and helium ions. In spectral codes one therefore usually
parametrizes the normalization factor in (42) (ne ) ; niZiz) with neny or ng Since
one observes the emission from plasma of a given volume, spectral fitting codes usu-
ally use as a normalization factor for the plasma [ nengdV or [ ng dV . This quantity
is called the emission measure or EM . Of course one should also take into account
the distance, in order to convert to flux units. A popular X-ray spectral fitting code
like xspec uses, therefore, the normalization factor f nenudV/ (4md?).

Using this type of normalization is valid as long as the helium to proton ratio is
close to the cosmic ratio, and the continuum contribution for elements beyond Z = 2
can be neglected. However, for shocked supernova ejecta electrons colliding with
heavy ions can also be an important or even dominant source of continuum radiation.
If one does not take this into account one can derive erroneous density and mass
estimates from the bremsstrahlung emissivities (e.g. Vink et al. 1996). Note that the
higher emissivity of a metal-rich plasma is not only caused by the factor Zt.z, but
also by the effect that ionized metals produce more free electrons. For example, each
hydrogen atom contributes only one electron, whereas fully ionized oxygen produces
eight electrons.

Free—bound and two-photon emission are not always mentioned as sources of con-
tinuum radiation, but they can be a dominant source of continuum emission (Kaastra
et al. 2008), in particular for the metal-rich plasmas in young SNRs. Free—bound
emission arises as an electron is captured into one of the atomic shells. The energy
of the emitted photon is then kv, = E. + x,, with E. the energy of the free electron,
and y, the ionization potential for an electron in level n. An electron is more likely to
be captured in a shell with high principal quantum number 7, due to the high statisti-
cal weights of these shells. As the energy difference for levels with high n are small,
free—bound emission shows a sharp edge near the series limits. For a given energy
level the emissivity is given by

(2)1/2 g
Efp = — nenz_,_l—
T 8i+1

hv X2 32 (hv — xn) 1 _
h — ) = - H 1, 43
X co ( v)(xn > (mecsz) exp< T ) ergs cm V4 43)

with n,4 the density of a ion with charge z + 1, g;+1, g; the statistical weights of
the ion before and after recombination, and o (hv) the photo-ionization cross section
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Fig. 10 The emissivity of a 105
pure silicon plasma out of
ionization equilibrium

(kTe =1 keV,

net =5 x 1010 cm_3s). Shown
are the contributions of
two-photon emission (red solid
line), free—bound continuum
(red dashed line) and
bremsstrahlung (free—free
emission, red dotted line). The
total emissivity is also shown,
including Si-L- and Si-K-shell
line emission (based on
calculations made with the
spectral code SPEX, Kaastra et 0.01
al. 2003)
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of the ion in its final state. Since o (hv) o< v—3, the spectral shape for hv > x, re-
sembles that of thermal bremsstrahlung. However, if kT < hv, a situation that will
occur in photo-ionized or overionized plasmas, free-bound emission results in nar-
row emission peaks near the series limits of lines. These line-resembling features are
called radiative-recombination continua, which is usually shortened to RRCs. RRCs
have recently been identified in the X-ray spectra of a few mature SNRs, suggesting
the presence of overionized plasmas (Sect. 10.3).

Two-photon emission results from electrons in metastable states, such as the 2s
state of a hydrogen-like atom. Since decay to the 1s level is forbidden (because As =
0), it can either be collisionally de-excited (unlikely in the rarified plasmas of SNRs),
or it can de-excite by emitting two photons, with the associated energy distributed
over two photons.

The different types of thermal continuum process are illustrated in Fig. 10 for the
case of a silicon-rich plasma out of equilibrium with k7. = 1 keV.

6.1.2 Non-equilibrium ionization

The discussion of thermal emission so far pertains to all coronal plasmas, whether
they are found in clusters of galaxies, SNRs, or cool stars, with the additional com-
plication that young SNRs can have very metal-rich plasmas. But there is another
important difference between the optical emission from SNRs and other hot astro-
physical plasmas: SNR plasmas are often out of ionization equilibrium. This is usu-
ally indicated with the term non-equilibrium ionization, or NEI. The plasmas of cool
stars and clusters of galaxies are referred to as collisional ionization equilibrium, or
CIE.

The reason that SNR plasmas are in NEI is simply that, for the low densities
involved, not enough time has passed since the plasma was shocked, and per ion
only a few ionizing collisions have occurred for any given atom (Itoh 1977).
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The number fraction of atoms in a given ionization state F; is governed by the
following differential equation:

1 dF;
ne dt

=a;_|(T)Fi—i — [ai(T) + Ri—1(T)|F; + Ri(T)Fi11, (44)

with «; (T) being the ionization rate for a given temperature, and ion i, and R; the
recombination rate.!!

For CIE the ion fraction of a given state remains constant, thus d F; /dt = 0. For
NEI dF;/dt # 0, and the ionization fractions have to be solved using the coupled
differential equations of all ion species i as a function of time, or as indicated by (44)
as a function of n.t. To complicate matters, in reality neither kT¢., nor n, are expected
to be constant in time. The parameter n¢? is often referred to as the ionization age of
the plasma.

Equation (44) can be solved by direct integration, but this is CPU intensive and
not very practical when it comes to fitting X-ray spectral data. A faster approach
(Hughes and Helfand 1985; Kaastra and Jansen 1993; Smith and Hughes 2010) is to
rewrite (44) in matrix notation,

1 dF
——=A"F, (45)
ne dt

determine the eigenvalues and eigenvectors of A and then solve for the uncoupled
equations

—— =\-F, (46)

with A the diagonal matrix containing the eigenvalue, and F' = V~!F, with V con-
taining the eigenvectors.

The main effect of NEI in young SNRs is that the ionization states at a given
temperature are lower than in the CIE situation. In Fig. 11 the effect of NEI in young
SNRs is illustrated. As an example consider the presence of O VIII in Fig. 11a, which
peaks in CIE at k7. = 0.2 keV. Seeing a plasma in a SNR with most of the oxygen
in O VIII may lead to the conclusion that the plasma is relatively cool. However,
as Fig. 11b shows, the temperature may very well be k7, = 1 keV, but with a low
ionization parameter of net ~ 8 x 10° cm™3 s. For temperatures relevant for young
SNRs (kT, = 0.5-4 keV) the time needed to reach CIE is around n.t ~ 10'2 eV.
Typical values for nt in SNRs are between 10°=5 x 10> cm™3s, i.e. the plasmas
of most SNRs are not in CIE. Note that the relevant time scales for reaching CIE is
similar to that for reaching electron—proton temperature equilibration (Sect. 5.3).

Once a plasma has reached CIE one can have a reversal of the NEI situation; i.e.
the plasma can become overionized instead of underionized, if the cooling rate is
faster than the recombination rate. This will be discussed in connection to mixed-
morphology SNRs in Sect. 10.3.

UFor this equation it is assumed that the fractions only increase by ionization from a lower ionization state
or recombination from a higher ionization state. This may not be strictly true, if one takes into account inner
shell ionizations, which may result in multiple electrons being liberated.
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Fig. 11 The effects of non-equilibration ionization (NEI) illustrated for oxygen. Both panels look very
similar, but the fop panel shows the oxygen ionization fraction as a function of electron temperature for
collisional ionization equilibrium (CIE), whereas the bottom panel shows the ionization fraction as func-
tion of net, and for a fixed temperature of k7= 1.5 keV (ionization/recombination rates based on Shull
and van Steenberg 1982). Approximate, mean net values for the plasma in the young SNRs Cas A, Tycho
and SN 1006 are indicated. (Figure earlier published in Vink (2006))

NEI models as found in X-ray spectral codes can have various levels of refinement,
both concerning the atomic data (a strong point of the SPEX NEI code Kaastra et al.
2003), or in the additional physics taken into account, such as non-equilibration of
electron and ion temperatures (Sect. 5.2), and the ensuing gradients in the electron
temperature behind the shock front (e.g. the vpshock model in XSPEC, Borkowski
et al. 2001a). Some models (e.g. Hamilton et al. 1983; Kaastra and Jansen 1993;
Borkowski et al. 2001a) also take into account the temperature structure within a
SNR in the Sedov-Taylor phase of its evolution (Sect. 4).

6.1.3 Line emission diagnostics

In SNRs line emission results from collisional excitation of ions, a process dominated
by electron—ion collisions. This is either direct excitation or through recombination,
which usually results in an ion in an excited energy level. Since the density is very
low, most ions can be assumed to be in the ground state; and, once an excitation
occurs, collisional de-excitation or further excitation or ionization can be neglected.
This also means that the ionization balance can be treated independently of the line
emission properties (see Mewe 1999, for a full treatment).

An important aspect of line emission that is characteristic for NEI plasma (and un-
der certain circumstances photo-ionized plasmas: Liedahl 1999; Kallman et al. 2004)
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is inner shell ionization. In this process an electron from an inner shell, for example
the K-shell (n = 1) is removed, whereas higher level atomic shells (L- or M-shells,
n =2,n = 3) are still filled. This results in an ion with a hole in the K-shell, but
plenty of electrons around from L-, or M-shells. The ion can then either de-excite
without radiation, by filling the hole, and using the energy from that transition for
further ionization (called Augér transitions), or it can adjust radiatively, which is
called fluorescence. The likelihood for a radiative transition is called the fluorescence
vield, and is higher for atoms with larger nuclear charge. For example the fluores-
cence yield for a K-shell ionization of neutral iron (Fe I) for a K-shell transition is
34%, for neutral silicon it is 5% and for neutral oxygen it is only 0.8% (Krause 1979;
Kallman et al. 2004). Because the radiative transition occurs in the presence of L-shell
and M-shell electrons, the effective charge of the nucleus is reduced as compared to
a K-shell transition in the helium-like state. As a result the K line energy is smaller,
and rises slowly as a function of ionization state (Fig. 12).

Iron line emission is an important diagnostic tool for the state of a SNR plasma,
i.e. the average electron temperature and ionization age, net. This is even true for
medium energy resolution spectroscopy as provided with the CCD instruments on
board Chandra, XMM-Newton, and Suzaku. Because of its high fluorescence yield
and high abundance, Fe-K-shell emission can be observed for all ionization states
of iron, provided that the electron temperature is high enough (k7. 2 2 keV). The
average line energy of the Fe-K-shell emission provides information about the domi-
nant ionization state (Fig. 12). For ionization states from Fe I to Fe XVII the average
Fe-K-shell line is close to 6.4 keV.

Fe has also prominent Fe-L-shell transitions in the 0.7-1.12 keV range. These tran-
sitions occur for ionization states with electrons present in the L-shell (n = 2), i.e. Fe
XVII to Fe XXIV, with each ionization state having its own specific line transitions,
which increase on average in line energy for higher ionization states. Fe-L line emis-
sion occurs for lower temperatures/ionization ages than Fe-K, i.e. kT, = 0.15 keV.
Taken together, Fe-L- and Fe-K-shell emission can be used to accurately determine
the ionization state of the plasma. For example, Fe-K emission around 6.4 keV could
be caused by Fe XVII-XIX, or by lower ionization states, but in the latter case no
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Fe-L emission should be present. The presence of Fe-K line emission around 6.7 keV
indicates the presence of Fe XXV (He-like Fe), and around 6.96 keV Fe XXVI (H-
like). High resolution X-ray spectroscopy greatly improves the value of Fe-line diag-
nostics, as it allows one to resolve the Fe-L-shell emission in individual lines. And
for Fe-K-shell emission it is possible to detect different ionization stage individually
instead of relying line emission centroids.

It is worth mentioning that Ko line emission from low ionization states of iron
can be the result of dust grains embedded in hot SNR plasmas (Borkowski and
Szymkowiak 1997). Hot electrons can penetrate dust grains, giving rise to inner
shell ionizations inside the grains, whereas the emitted photon can escape from small
grains. In addition, dust grains are slowly destroyed in hot plasmas due to dust sput-
tering, on a time scale of ~1013 /ne s. This results in a slow release of near neutral
iron into the hot plasma. This should give rise to the presence of a broad range of
ionization stages of Fe inside the plasma.

Another line diagnostic, available for high resolution spectroscopy (E/AE 2
200), is provided by the “triplet” line emission from He-like ions, consisting of three
prominent (blended) lines designated w (resonance), x 4+ y (intercombination), and
z (forbidden) (Fig. 13, see Gabriel and Jordan 1969; Mewe 1999; Liedahl 1999;
Porquet et al. 2010).!? The ratio G = (z + x + y)/w = (f +i)/r is of interest for
SNRs, as it is sensitive to the temperature and ionization state of the plasma (Mewe
and Schrijver 1978; Liedahl 1999). For example, inner shell ionization of the Li-like
state, which has ground state configuration 1s22s, will result in an excited He-like
ion in the 152538 state. Since de-excitation to the ground state is forbidden for elec-
tric dipole radiation (Al = 0), this gives rise to forbidden, magnetic dipole, radiation.
Thus, inner shell excitation enhances the forbidden line transition, and acts as a mea-
sure for the fraction of Li-like ions. This can be seen in Fig. 13, showing that the
G-ratio is high for net <3 x 10° cm™3 s for oxygen and net < 2 x 101 cm™3 s for
silicon. This figure also shows that for higher n.t values G-ratio may fall below the
CIE values. The reason is that Li-like ions are no longer present, but at the same time

12The word “triplet” denotes here the presence of three closely spaced lines, and is not used in the usual
sense indicating a mixed quantum state.
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Fig. 14 Left: The G-ratios G = (f +i)/r for He-like oxygen and silicon. Three different temperatures
are show 0.5 keV (solid line), 1 keV (dotted) and 2 keV (dashed). Right: 1dem, but now for the R-ratios
R = f/i. Note that these ratios are based on pure He-like ion lines only, in reality some blends may occur
with L-like satellite lines (e.g. Vink et al. 2003), which tend to increase the G-ratio at low net values. In
these figures the effects of blends with line emission from Li-like ions are not taken into account. These
enhance the G-ratio and R-ratio at low net (This figure is based on calculations by the author using the
SPEX code, Kaastra et al. 2003)

the recombination rate to the He-like state is low, because the atoms are still unde-
rionized, and collisions are more likely to result in ionizations than recombinations.
Only when net > 10''em™3 s are the G-ratios similar to those for CIE at the same
temperature.

Another potential influence on the G-ratio is resonant line scattering. Resonant
line scattering only influences the intensity of the resonant line, as it scatters the
resonant photon out of the line of sight. A very high G-ratio (i.e. relatively strong
forbidden line emission) may therefore help to diagnoze resonant line scattering, and
its importance can be estimated, if net and k7, can be estimated independently from
the G-ratio. Note that, since resonant line scattering does not destroy the photon,
from the other parts of the SNR, in particular from the edges, there may be enhanced
resonant line emission.

The ratio R =z/(x + y) = f/i is for CIE plasmas a sensitive diagnostic tool to
measure electron densities, if the densities are in the range ne = 103-103 cm™3,
which is much higher than encountered in SNRs. For SNRs it is of more interest that
the R-ratio is also sensitive to the ionization age, and to a lesser extent on tempera-
ture (Fig. 14, right). The reason is that the R-ratio in SNRs is mainly determined by
inner shell ionization, which enhances the forbidden line emission for low n¢f. Once
the fraction of Li-like ions is negligible, and inner shell ionizations are therefore no
longer important, the R-ratio becomes relatively flat. Note that the R-ratio may help
to disentangle resonant line scattering effects from pure NEI effects; resonant line
scattering does not influence the R-ratio.

6.2 Line emission associated with radioactivity
Apart from collisional processes one may also have line emission caused by radioac-

tivity. Radioactive elements are produced during the lifetime of stars, and, of partic-
ular interest here, during the supernova explosion. The most important radioactive
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Table 1 Decay chains of the

most important radioactive Decay time  Process Lines (keV)
explosive nucleosynthesis
products and some of their hard SONi — 8.8d EC 158, 812
X-ray and y-ray signatures 56Co — Fe 111.3d EC, et (19%) 847,1238
STNi — 52 hr EC 1370
STco— TFe  390d EC 122
4Ty 86.0 yr EC 67.9,78.4
Mg —» Mca 57hr et, EC (1%) 1157

element is °Ni, which decays in 8.8 days'? into **Co, which subsequently decays
into S°Fe (see Table 1 for the details, and Diehl and Timmes 1998, for a review).
This decay chain forms the dominant source of energy for the expanding supernova
ejecta during the first year after the explosion. It has a significant imprint on the light
curves of supernovae. Moreover, its final product, 56Fe, is the most abundant Fe iso-
tope in the Universe. A large part of the production comes from Type Ia supernovae
(Sect. 2.2), which produce typically 0.6 M per explosion.

An element that is less abundantly produced is **Ti, with typical expected yields in
core collapse supernovae of 107°-10~* Mg, (e.g. Prantzos 2011). Type Ia supernovae
probably produce less, unless the explosion is triggered by an explosion at the surface
of the white dwarf (the so-called double detonation sub-Chandrasekhar model, e.g.
Fink et al. 2010). **Ti has a much longer decay time than Y°Ni, namely 85 yr (Ahmad
et al. 2006). This makes it of interest also for the SNR phase. **Ti is an alpha-rich
freeze-out product, which means that its yield is determined by the amount of «-
particles left over after the initial stages of explosive nuclear burning (Arnett 1996).
It is therefore sensitive to the speed of expansion of the inner layers of the ejecta,
as this determines how rapidly the density drops, which prevents further build up to
more massive elements like *°Ni. In addition, the **Ti yield is sensitive to the mass
cut (the boundary between what is accreted onto the proto-neutron star and what
will be ejected) and explosion asymmetries (Nagataki et al. 1998). This sensitivity to
explosion conditions explains the astrophysical interest in **Ti.

The most unambiguous, direct signature of radioactivity are the y-ray lines as-
sociated with their decay (as predicted by Clayton and Silk 1969). The daughter
products of radioactive elements are usually not in their nuclear ground states, but
rapid de-excitation occurs through the emission of y-ray lines (Table 1). The nuclear
decay lines of Y°Co at 847 keV and 1238 keV have been detected from SN 1987A
by several balloon and satellite experiments (Cook et al. 1988; Mahoney et al. 1988;
Sandie et al. 1988; Teegarden et al. 1989, see also Sect. 9.2). Kurfess et al. (1992)
later report the detection of 122 keV line emission from 3’ Co by the Oriented Scintil-
lation Spectrometer Experiment (CGRO-OSSE) on board the Compton Gamma Ray
Observatory (CGRO). No supernova Type Ia has exploded near enough in modern
times to firmly detect y-ray lines, but there was a hint of 3°Co emission in CGRO-

13The decay time 7 is the e-folding time, as opposed to the half-life 7, = 7 In2.
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Fig. 15 The decay chain of
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Comptel observations of the bright Type Ia supernova SN 1991T (Morris et al. 1997),
which had a distance of about 13.5 Mpc.

Apart from y-ray line emission, the decay chain of **Ti also results in hard X-ray
line emission at 67.9 keV and 78.4 keV, which are caused by the nuclear de-excitation
of *4Sc (Fig. 15). This line emission, and the 1157 keV y-ray line of **Ca, have
been detected for the young SNR Cas A (Sect. 9.1) with the CGRO-Comptel, Beppo-
SAX-PDS, and INTEGRAL-IBIS instruments (respectively, Iyudin et al. 1994; Vink
et al. 2001; Renaud et al. 2006b). The flux per line of (2.5 40.3) 107> cm s~ 'cm ™3
implies a rather large “*Ti yield of (1.6 & 0.3) 10~* My, (Renaud et al. 2006b). This
yield is comparable to what has been inferred for SN 1987A, based on the late time
light curve of SN 1987A (Jerkstrand et al. 2011). A **Ti detection was also reported
for the SNR RX J0852-4622 (“Vela jr”’), based on measurements of the 1157 keV
line with CGRO-Comptel (Iyudin et al. 1998). But INTEGRAL-IBIS measurements
of the 68 keV and 78 keV lines are inconsistent with this detection (Renaud et al.
2006a).

The radioactive processes in the decay chains of 56N, 3Ni and #*Ti are electron
capture (EC) or beta-decay (e in Table 1). The beta-decay process is a source of
positrons and may be partially responsible for the 511 keV electron—positron anni-
hilation line emission from the Galaxy (Prantzos et al. 2011). Most of the positrons
released by the decay of 3°Co probably do not survive the supernova phase, but in the
subsequent SNR phase not many positrons may annihilate due to the low densities
and high plasma temperature. No 511 keV line emission has yet been detected from
a SNR (Kalemci et al. 2006; Martin et al. 2010).

Apart from nuclear decay line emission, radioactivity also gives rise to X-ray line
emission. The reason is that electron-captures results in a daughter product with a
vacancy in the K-shell. This vacancy may result in a K-shell transition that could be
detected using more sensitive future X-ray telescopes such as IXO/ATHENA (Book-
binder 2010). Leising (2001) lists in total 17 radioactive elements, but the most
promising of them are »Fe (—>Mn, 7 = 3.9 yr, Ka energy 5.888 & 5.899 keV),
HTi (->*Sc, T =85 yr, 4.086 & 4.091 keV), 3Ni (—=>?Co, T = 108 kyr, 6.915 &
6.930 keV) , and >>Mn (—>3Cr, 7 = 5.4 Myr, 5.405 & 5.415 keV).

For SNRs, Ko line emission of **Ti and *°Ni is of particular interest, since the
decay times are compatible with the lifetimes of SNRs. For **Ti the K-shell transi-
tions form a complement to the nuclear decay line emission. The advantage of the
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K-shell transition measurements is that the spatial resolution of soft X-ray telescopes
is in general superior to hard X-ray or y-ray telescopes. But it should be noted that
the line transitions are not unique. In principle, other Sc isotopes may also produce
the K-shell lines. But stable Sc is not a very abundant element. A more severe prob-
lem is that the K-shell transitions are also a function of the ionization state of the
atom (Sect. 6.1.3), which may not be a priori known, complicating the search for line
emission. Nevertheless, future more sensitive telescopes are expected to detect these
lines (Leising 2001; Hughes et al. 2009). And one may then be able to determine the
ionization state of the radioactive elements, which allows one to position the “Ti in
the shocked or unshocked parts of the ejecta.

Borkowski et al. (2010) reported the detection of velocity broadened Ko line emis-
sion from **Ti (or technically speaking from its daughter product Sc) for the youngest
known Galactic SNR G1.9+0.3 (~100 yr Carlton et al. 2011). The measured flux
of (0.35-2.4) x 1078 phem™2s~! implies a **Ti production of (1-7) x 107> M.
G1.9+0.3 is possibly a Type Ia SNR (Sect. 8), but the **Ti yield is consistent with
either a core collapse or Type Ia origin. A search for **Ti associated Ke line emission
from Cas A (Theiling and Leising 2006) and SN 1987A (Leising 2006) did not yet
result in detections.

6.3 Non-thermal emission
6.3.1 X-ray synchrotron radiation

Relativistic electrons gyrating in a magnetic field emit synchrotron radiation
(Ginzburg and Syrovatskij 1967).!% In most cases encountered in astrophysics, syn-
chrotron radiation is caused by a non-thermal population of electrons, which often
well approximated over a large energy range by a power-law distribution, certainly
if first order Fermi acceleration is responsible for the production of the relativistic
electron populations.

Sources of synchrotron radiation usually produce this radiation over a very wide
range in frequency, from the low frequency radio bands (~10 MHz) up to X-rays
(~10'8 Hz). Most SNRs are radio synchrotron sources, with synchrotron radiation
coming from the SNR shell, but for composite SNRs also from the embedded pulsar
wind nebulae.'> X-ray synchrotron emission from SNRs was traditionally associated
with the presence of a pulsar wind nebula, but only relatively recently has X-ray
synchrotron emission from young SNR shells been established (Koyama et al. 1995,
see Sect. 11.2).

A relativistic electron with energy £ moving in a magnetic field with strength
B will emit synchrotron radiation with a maximum emission at the characteristic
frequency v given by (Ginzburg and Syrovatskii 1965)

14For more massive charged particles synchrotron radiation is still emitted, but at a much lower efficiency.

155¢e for example the catalogue by Green (2009), ‘A Catalogue of Galactic Supernova Rem-
nants’, Astrophysics Group, Cavendish Laboratory, Cambridge, United Kingdom (available at
http://www.mrao.cam.ac.uk/surveys/snrs/).
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with B| ~ /2/3B the magnetic-field component perpendicular to the motion of the
electron. For the typical magnetic fields inside SNRs, B = 10-500 uG, the emitting
electrons have energies of 10-100 TeV. These electrons may therefore also be re-
sponsible for many of the detected TeV gamma-ray emission (e.g. Aharonian et al.
2001, 2004). However, pion production by high energy ions also gives rise to TeV
gamma-ray emission, and there is an on going debate on which radiation mechanism
dominates the TeV emission from SNRs (see Sect. 11.4, and Hinton and Hofmann
2009, for a review).
An electron emitting synchrotron radiation suffers radiative losses with a rate:

dE 4 E \’B? E \?>/ B 2
& o L 4.05%x 1077 =) ergs,
dt 3 mec2 ) 87 100 TevV } \ 100 uG

48)

with oT the Thomson cross section. Usually one includes into B; a term to in-
clude the effect of losses due to inverse Compton scattering, replacing B by
Besz = Brzad + BJZ_, with Byg = 3.3 UG, the value for which the magnetic-field energy
density equals the radiation energy density of the cosmic microwave background.!®
This corresponds to a synchrotron loss time scale of

E E L By \ 72
Toyn = —— = 12.5( ——— yr. (49)
dE/dt 100 TeV 100 uG

For a population of relativistic electrons with a power-law energy distribution, the
spectral index, «, of the synchrotron flux density spectrum is related to the spectral in-
dex of the electron energy distribution, g, as @« = (g — 1) /2. The typical spectral radio
index of young SNRs is o ~ 0.6, indicating that electrons have an energy distribution
with g ~ 2.2, close to the predictions from first order Fermi acceleration (Sect. 5.5).
For X-ray emission it is more common to use the photon index, I" =« + 1.

Typically, X-ray synchrotron spectra of young SNRs have rather steep indices,
I' = 2-3.5, indicating a rather steep underlying electron energy distribution. This
steepness indicates that the synchrotron X-ray emission is caused by electrons close
to the maximum energy of the relativistic electron distribution. This maximum is usu-
ally for energies at which acceleration gains are comparable to the radiative losses,
the so-called loss-limited case. Alternatively, the electron energy spectrum breaks
off, because the shock acceleration process has not acted for long enough time for the
electrons to reach higher energies. This is the so-called age-limited case (Reynolds
1998). In the age-limited case the underlying electron spectrum has an exponential
cut-off in energy o exp(—E/Emnax), whereas in the loss-limited case the cut-off is

(47)

16 Brzad

/®7) =ucmp =4.2 x 10713 ergem 3.
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expected to be steeper x exp(—{E/ Emax}z) (Zirakashvili and Aharonian 2007). Be-
cause the synchrotron emissivity function for a given electron energy has a rather
broad spectral profile (Ginzburg and Syrovatskii 1965), the rather steep cut-off in
electron energies results in a much more gradual roll over of the synchrotron spec-

trum:
12
nUw)a(hw_me{—( hv ) } (50)

hVeutoft

The cut-off photon energy for the loss-limited case can be calculated by combining
(40) and (49), which gives

_ Ber \ /2 V. xa—3\"?
s 1001V 203207 (15055 ) (g0 ) (1) O
4

Inserting this in (47) shows that the cut-off photon energy, A vcucoff, is independent of
the magnetic field (Aharonian and Atoyan 1999):

X4 — 1 V. 2
hveutoff = 1.4 4 i )kV. 52
Veut-off n ( Xf )(5000kms_1 c (52)

See Zirakashvili and Aharonian (2007) for a more detailed derivation. This equation
indicates that X-ray synchrotron emission requires the relatively high shock velocities
(>2000 kms~!) only encountered in young SNRs. Moreover, the detection of X-ray
synchrotron emission from SNR shells suggests that the diffusion coefficients cannot
be too large compared to the Bohm-diffusion case (Sect. 5.5), i.e. n < 10.

6.3.2 Non-thermal bremsstrahlung

Apart from synchrotron radiation, non-thermal X-ray emission can also result from
lower energy electrons through bremsstrahlung and inverse Compton scattering. In-
verse Compton scattering is for SNRs important in GeV-TeV y-ray band (Hinton
and Hofmann 2009), but for the magnetic fields inside SNRs, B & 5-500 UG, it is
generally not expected to be important in the soft X-ray band.

Bremsstrahlung caused by the presence of a non-thermal electron distribution has
been considered as a possible source of X-ray continuum emission for some time
(e.g. Asvarov et al. 1990; Vink et al. 1997; Bleeker et al. 2001; Laming 2001b). Since
the electrons that produce X-ray bremsstrahlung have non-relativistic, to mildly rela-
tivistic energies, identifying non-thermal bremsstrahlung would help to obtain infor-
mation about the low energy end of the electron cosmic-ray distribution. This relates
to the poorly known electron cosmic-ray injection process (Sect. 5.5). However, it is
unlikely that non-thermal bremsstrahlung contributes enough radiation to identify it
with the current generation of hard X-ray telescopes. The reason is that the Coulomb
interactions between thermal and non-thermal electrons thermalizes the low energy
tail of the electrons on a relatively short timescale, net ~ 1019 ¢m~3s, so that non-
thermal bremsstrahlung can only be expected in a narrow region close the shock front
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(Fig. 16, Vink 2008b), or for those SNRs that have an overall low ionization age. Such
a low ionization age is for example encountered in SN 1006, but here the X-ray con-
tinuum is overwhelmed by synchrotron radiation (Sect. 11.2). The low ionization age
is caused by a low density of the plasma, which also makes that the bremsstrahlung
emissivity is not very large (42).

7 X-ray spectroscopy with Chandra, XMM-Newton, and Suzaku

Before reviewing the most recent results obtained by the current generation of X-ray
missions capable of either high resolution spectroscopy and/or imaging spectroscopy,
Chandra, XMM-Newton, and Suzaku, I describe some of the characteristics of these
telescopes and their instruments in the context of studying SNRs.

All the aforementioned X-ray telescopes have multiple instruments on board, with
the CCD-detectors being the work horses for all three missions. X-ray detecting
CCDs were first used by the Broad Band X-ray Telecsope (BBXRT, Petre et al.
1993), flown for ten days on the space shuttle Columbia, but only with the launch
of the ASCA satellite (Tanaka et al. 1994) did the results of CCDs imaging spec-
troscopy become available to the broad community of X-ray astronomers. X-ray
CCD-detectors are suitable for imaging spectroscopy with medium spectral resolu-
tion (R = E/AE =~ 10-43 FWHM for 0.5-6 keV) and imaging resolution close to
the telescope resolution.!” The Chandra telescope provides the highest spatial res-
olution, which is slightly undersampled by the CCD pixel size of 0.49”. The CCDs
themselves come in various types, even within one instrument. The CCD-detectors
used in current observatories go by the names ACIS (AXAF CCD Imaging Spec-
trometer) on board Chandra, EPIC (European Photon Imaging Camera) behind the
XMM-Newton telescopes, with EPIC-MOS (Turner et al. 2001) behind two of the

17A predecessor of the CCD-detectors was the Solid State Spectrometer (SSS) on board the Einstein
satellite, which did not provide spatial information, but an energy resolution similar to present day CCD-
detectors (Joyce et al. 1978).
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telescopes, and EPIC-pn behind the third (Striider et al. 2001), and XIS (X-ray Imag-
ing Spectrometer) for Suzaku. XIS consists also of four separate detectors behind four
independent telescopes.

CCD-detectors are excellent for studying the spatial distribution of elemental
abundances inside SNRs, or identifying regions with likely synchrotron radiation
contributions. They cannot be used to resolve Fe-L complexes, or the He-like triplets
(Sect. 6.1.3), which offer more precise diagnostic power to measure temperatures and
ionization parameters. They are also not good enough to measure Doppler shifts for
velocities below a few thousand kms™!.

In addition to CCD camera’s, Chandra and XMM-Newton carry grating spectrom-
eters,'® which give high spectral resolution for point sources, but, compared to the
CCD instruments, have a smaller effective area.

XMM-Newton has a Reflection Grating Spectrometer (RGS, den Herder et al.
2001), consisting of two gratings behind two of the X-ray three telescopes. It cov-
ers the soft part of the X-ray spectrum from 6-38 A (0.32-2 keV). About 50% of
the X-rays go through the gratings, and the remaining fall on the EPIC-MOS instru-
ments. As a consequence, the RGS gathers data simultaneous with EPIC. The spectral
reflection angle for the RGS is large (~4.8°) compared to those of the transmission
spectrometers of Chandra. As a result an extended source in a monochromatic line
gets distorted (squeezed) in one direction. The design of the RGS is such that the
spectrum is stretched over a large detecting area, with the spectrum being detected
by nine CCDs for both RGS1 and RGS2.'° The CCDs’ intrinsic energy resolution
are used to separate spectra of different spectral orders. The large physical size of
the spectral extraction region has as a disadvantage that the background induced by
energetic particles is relatively large. But it has the advantage that the RGS is less
sensitive to the source extent, with the additional line width caused by source extent,
A¢, given by

AL =0.124(Ap/1') A. (53)

So RGS spectra from typical young SNRs in the Magellanic Clouds, which have
A¢ ~ 0.5, are only mildly deteriorated compared to those of point sources with an
additional broadening of AA = 0.06 A. This is comparable to the intrinsic resolution
of the RGS, A% = 0.06 A. Adding these numbers quadratically shows that the spec-
tral resolution for those SNRs is A /AL = E/AE ~ 265 at A = 22.5 A (i.e. around the
O VII triplet, Sect. 6.1.3). Even for a source extent of 4’, one still obtains a spectral
resolution of 40, outperforming CCDs at long wavelengths and comparable to the
spectral resolution of CCD-detectors at 6 keV. If the extended object is dominated by
some particularly bright regions, the spectral resolution may be very good, as illus-
trated with the O VII triplet line emission of SNR G292.0+1.8 in Fig. 18. The gain in
spectral resolution obtained by using the RGS compared to the CCD data is illustrated
in Fig. 17.

18 Suzaku has another high resolution X-ray spectrometer on board, XRS, which is based on the calorimet-
ric detection method. Unfortunately this instrument failed shortly after the launch of Suzaku.

19Both for RGS1 and RGS2 there is one CCD not working, luckily intended to cover different wavelengths.
So the current number of CCDs is 8 per grating.
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Fig.17 CCD (XMM-Newton-MOS) and Reflective Grating Spectrometer (XMM-Newton-RGS) spectra of
an oxygen-rich (1E0102.2-7219) and a Type Ia SNR (0519-69.0). The figure illustrates the gain in spectral
resolution of the RGS instrument over CCD-detectors, even for mildly extended objects; both SNRs have
an extent of about 30”. The figure also illustrates the differences between Type Ia spectra and core collapse
SNR spectra, with the former Type Ia SNR being dominated by Fe-L emission (See Sects. 8 and 9.1)

Fig. 18 The O VII triplet G292.0+1.8 (East)
(Sect. 6.1.3) as observed with T
the XMM-Newton RGS in the
oxygen-rich SNR G292.0+1.8
(Sect. 9.1). The RGS still offers
a good resolution despite the
fact that G292.0+1.8 has an
angular size of nearly 8'. In this
case the presence of a bright,
narrow, bar-like feature helped
to obtain a good spectral
resolution. The red line indicates
the emission from the resonance
line, magenta the
intercombination line, and green
the forbidden line (Figure first
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The Chandra transmission gratings come in two varieties, the High Energy Trans-
mission Grating Spectrometer (HETGS, Canizares et al. 2005) and the Low Energy
Transmission Grating Spectrometer (LETGS), which provide spectral coverage in the
range 1.5-30 A (HETGS) and 1.2-175 A (LETGS). The gratings for both instruments
can be put into the optical path of the mirror assembly. The HETGS consists of two
grating arrays, a Medium Energy Grating (MEG) and High Energy Grating (HEG),
placed at a small angle with respect to another. This results in an X-shaped disper-
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Fig. 19 An overview of
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sion pattern on the detectors, with the zero order image in the center of the X. Since
they are transmission gratings, the HETGS and LETGS have plus and minus order
spectra. Only one order is shown in Fig. 19. The detectors onto which the spectra are
dispersed are the normal imaging detectors of Chandra, i.e. either the ACIS (CCD)
instrument or the High Resolution Camera (HRC), a microchannel plate detector. For
the HETGS the ACIS-S is the instrument of choice as it allows for the separation of
different spectral orders. The LETGS is either used with the ACIS-S array, if the long
wavelength range is not of interest, or with the HRC, which offers a longer wave-
length range and smaller pixel size, but does not offer an intrinsic energy resolution
and has lower quantum efficiency.

The dispersion angles of the HETGS and LETGS are much smaller than those
of the XMM-Newton-RGS. As a result lines are much more narrowly spaced on the
detector, with smaller detector pixels to match. However, for extended sources this
means that the monochromatic image of a source in a given line will easily start
overlapping with the images from nearby lines. This is even true for moderately ex-
tended sources, such as the already mentioned Magellanic Cloud SNRs. In numbers:
the degradation in spectral resolution is (53) 0.67 A/’, 1.33 A/’, and 3.33 A/’ for the
HEG, MEG and LETGS, respectively, (Dewey 2002). The effect of source extent on
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the spectra is illustrated for the HETGS in Fig. 19, which gives an impression of the
challenges faced when analyzing HETGS SNR data. Note that the complications are
more severe for Type Ia SNRs (Sect. 8), because they have bright Fe-L lines, which,
due to the richness of the line emission, easily blend together for extended sources.
This is illustrated for N103B in Fig. 19 (see also Dewey 2002). The situation is much
better for the spectrum of the core collapse SNR 1E0102.2-7219, whose intrinsic
spectrum is less complex (cf. Fig. 17).

Given that small SNRs are already difficult to analyze, one would assume that
the situation is almost hopeless for large SNRs. However, HETGS observations of
a large SNR like Cas A (5’) still provide important results. But instead of obtaining
high resolution spectra of the SNR as a whole, one can obtain spectral properties of
small, X-ray bright spots, embedded in a background of diffuse emission from other
parts of the SNR (Dewey et al. 2007). In general, for extended sources, the RGS
performs better for obtaining high resolution spectra of the SNR as a whole, whereas
the HETGS will provide spectral information that relates to spectral properties in
localized regions of the SNR.

The problems of obtaining high resolution X-ray spectra of extended sources will
be over once the next generation of spectrometers will be put into space. These will
in all likelihood be based on the calorimetric principle; an X-ray photon heats a small
metal element, and the increase and subsequent decrease in temperature is measured
with high sensitivity, using, for example, Transition Edge Sensors (TESs). TESs
are superconducting devices operated near the critical temperature, where a small
change in temperature leads to a strong response in conductivity. The spectral reso-
lution can be as good as AE =2 eV at 6 keV. The small elements can be built into
arrays, thereby allowing for imaging, high resolution spectroscopy. Currently, mi-
crocalorimeters are planned for the Japanese/US Astro-H mission (Takahashi et al.
2008) and the proposed ESA mission Athena.2’

8 Type Ia supernova remnants
8.1 X-ray spectroscopy of Type Ia supernova remnants

As discussed in Sect. 2.2, thermonuclear or Type Ia SNRs produce about a factor ten
more mass in Fe-group elements than core collapse supernovae. This is the reason that
Type Ia SNRs are often characterized by strong Fe-L-shell emission, which cannot
be resolved with CCD instruments, but it can be partially resolved by the current
grating instruments (Sect. 7, Fig. 17, and Hughes et al. 1995). Many SNRs are now
identified as Type Ia remnants based on the prominence of the Fe-L emission (see
Table 2 for a list of likely Type Ia SNRs and relevant references). In the case of two
SNRs, Tycho/SN 1572 (Fig. 1) and SNR B0509-67.5 the Type Ila identification has
been confirmed by optical spectra of the light echoes (Krause et al. 2008b; Rest et al.
2008, truly spectacular results).

20 Athena is a simplified version of the International X-ray Observatory (IXO, Bookbinder 2010).
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Table 2 Likely Type Ia supernova remnants

Name Location Distance Radius High Res. Spec. Other studies
(kpe) (po)

G1.9+1.3% MW 8(M 2 (1,2,3)

Kepler (SN 1604/G4.5+6.8) MW 6(4,5,6) 3 (7,8,9,10,5)

Tycho (SN 1572/G120.1+1.4) MW 3 3.8 (11,12) (13,14, 15, 16, 12)

SN 1006 (G327.6+14.6) MW 20(17) 93 (18,19) (20,21, 22,23, 24,25)

B0509-67.5 LMC 50 (25) 3.6 27) (28,29)

N103B LMC 50 3.6 (30) (€2))]

B0519-69.0 LMC 50 3.9 (32)

DEM L71 LMC 50 8.6 (33) (34)

B0548-70.4 LMC 50 12.5 35)

DEM L316A¢ LMC 50 15 (36,37)

B0534-69.9 LMC 50 16 (35)

DEM L238 LMC 50 21 (38)

DEM L1249 LMC 50 23 (38)

B0454-67.2 LMC 50 27 39)

IKT 5 (B0047-73.5) SMC 60 (26) 15b (40)

IKT 25 (B0104-72.3) SMC 60 18 (40,41)

DEM S128 (B0103-72.4) SMC 60 26 (38)

MW = Milky Way, LMC = Large Magellanic Cloud, SMC = Small Small Magellanic Cloud

References: (1) Reynolds et al. (2008); (2) Borkowski et al. (2010); (3) Carlton et al. (2011); (4) Sankrit
et al. (2005); (5) Vink (2008c); (6) Chiotellis et al. (2011); (7) Kinugasa and Tsunemi (1999); (8) Cassam-
Chenai et al. (2004); (9) Badenes et al. (2007); (10) Reynolds et al. (2007); (11) Ghavamian et al. (2001);
(12) Hayato et al. (2010); (13) Hwang and Gotthelf (1997); (14) Decourchelle et al. (2001); (15) Hwang et
al. (2002); (16) Tamagawa et al. (2009); (17) Ghavamian et al. (2002); (18) Vink et al. (2003); (19) Vink
(20044a); (20) Long et al. (2003); (21) Yamaguchi et al. (2007); (22) Acero et al. (2007); (23) Yamaguchi et
al. (2008); (24) Katsuda et al. (2009); (25) Miceli et al. (2009); (26) Schaefer (2008); (27) Kosenko et al.
(2008); (28) Warren and Hughes (2004); (29) Badenes et al. (2008b); (30) van der Heyden et al. (2002a);
(31) Lewis et al. (2003); (32) Kosenko et al. (2010); (33) van der Heyden et al. (2003); (34) Hughes
et al. (2003a); (35) Hendrick et al. (2003); (36) Nishiuchi et al. (2001); (37) Williams and Chu (2005);
(38) Borkowski et al. (2006); (39) Seward et al. (2006); (40) van der Heyden et al. (2004); (41) Lee et al.
(2011)

Notes:

4Type la origin debatable, and largely based on morphology (Borkowski et al. 2010)

bOnly the Fe-L emitting interior is visible in X-rays, so the radius is not necessarily the shock radius for
IKT 5

°DEM L316A is part of two associated SNRs. Shell A is given its Fe abundance most likely a Type Ia

SNRs, whereas B is most likely a core collapse SNR (Williams and Chu 2005). The two shells are likely
not physically connected (Toledo-Roy et al. 2009)

Not all Type Ia SNRs display prominent Fe emission. For example the X-ray
spectra of SN 1006 show hardly any evidence for Fe-L emission (Vink et al. 2003),
although recently Fe-K emission has been reported based on Suzaku observations
(Yamaguchi et al. 2007, 2008). For SN 1006 the lack of Fe-L emission is partially
due to the low ionization age (net & 2 x 102 cm 3, e.g. Vink et al. 2003), which
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makes that the dominant Fe ionization stage is below that of Fe XVII. In that case
hardly any Fe-L line emission is produced, but some Fe-K fluorescence line emission
is still to be expected (Sect. 6.1.3). However, optical/UV spectroscopy of a bright UV
star behind SN 1006 also shows a lack of absorption features from cool, unshocked,
Fe (Hamilton et al. 2007). This is somewhat discomforting, but it may indicate that
SN 1006 produced a relatively large amount of intermediate mass elements and rel-
atively small amounts of iron-group elements. This would still fit in with the optical
results for Type Ia supernovae of Mazzali et al. (2007), which allows for the occur-
rence of fainter, Fe/Ni-poor supernovae. It is, however, more difficult to explain the
lack of Fe with the models of Woosley et al. (2007) that suggest that the total mass of
all Fe-group elements does not vary much among Type Ia SNe, but that there is only
a variation in the relative amounts of radioactive ®Ni and stable Fe. This is clearly
of interest, and both models and the observational data should be scrutinized further.

Another reason why a Type Ia SNR may not be very bright in Fe-L or Fe-K line
emission is that the Fe-rich layers has not yet been completely shock heated by the
reverse shock. For example, Tycho/SN 1572, although far from devoid of Fe-L and
Fe-K emission, shows less Fe-L emission with respect to Si XIII emission than most
other Type Ia SNRs (cf. Hwang and Gotthelf 1997; Decourchelle et al. 2001; Hughes
et al. 1995).

The effects of the progression of the reverse shock into the ejecta is nicely il-
lustrated using the Large Magellanic Clould (LMC) Type Ia SNRs in Fig. 20. For
SNR B0509-67.5 (Warren and Hughes 2004; Kosenko et al. 2008; Badenes et al.
2008b) the Fe-L emission is confined to a small, partial shell that is most pro-
nounced in the west. This is the youngest LMC remnant (Rest et al. 2005), and
the one with the largest X-ray line Doppler broadening, oy ~ 5000 kms~!, as
measured using XMM-Newton-RGS high resolution spectra (Kosenko et al. 2008).
These spectra also indicate that the Fe-L emission is mainly coming from Fe
XVII. In SNR B0519-69.0 (Kosenko et al. 2010) and N103B (Lewis et al. 2003;
van der Heyden et al. 2002b) the Fe-L line emitting shell is more pronounced.
The XMM-Newton-RGS spectra of B0519-69.0 show less line broadening, oy &
1900 kms~!, and Fe-L emission is now also coming from the higher Fe ionization
stages Fe XVII-Fe XXI. The Chandra data show that the lower Fe ionization stage,
Fe XVII, is located closer to the center. This is expected, because this is the location
of the most recently shock-heated Fe (Kosenko et al. 2010, see Fig. 21).

Concerning the more mature SNRs DEM L71 (Hughes et al. 2003a; van der Hey-
den et al. 2003) and B0534-69.9 (Hendrick et al. 2003), one observes that Fe-L
emission is coming from the whole center of the SNR, indicating that (almost) all
ejecta have been shock-heated. There is a clear indication from recent X-ray data
from both Galactic and LMC SNRs that the shocked ejecta of Type Ia remnants
are well stratified; from the outside in one first encounters oxygen, then a silicon-
rich layer, and finally the iron-group elements (Fig. 21), testifying of a more or
less spherically symmetric explosion. This is clearly the case in SNR B0519-69.0
(Kosenko et al. 2010) and in the southwestern region of Kepler’s SNR (Cassam-
Chenai et al. 2004), whereas the more mature SNR DEM L71 has an Fe-rich core
(van der Heyden et al. 2002b; Hughes et al. 2003a). Only Tycho’s SNR seems
less stratified (Decourchelle et al. 2001). Note that the radial X-ray line emission
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Fig. 20 Chandra X-ray images of LMC Type Ia SNRs. These are three-color images, and in all cases red
represents the O VII/O VIII band (0.5-0.7 keV), the color green represents Fe-L emission line (~1 keV).
From left to right, top to bottom: B0509-67.5 (Warren and Hughes 2004), B0519-69.0 (Kosenko et al.
2010), N103B (Lewis et al. 2003), DEM L71 (Hughes et al. 2003a), and B0534-699 (Hendrick et al. 2003).
The order of the figures is approximately indicative of the relative dynamical age (Images generated by the
author using the Chandra archive)
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Fig. 21 The stratification of O VII-VIIIL, Si XII, and Fe XVII-XVIII (Fe low), Fe XIX-XXI (Fe high)

in SNR B0519-69.0, based on Chandra data. The left panel shows the radial surface emission profile,
whereas the right panel shows the deprojected (emissivity) profile (figure taken from Kosenko et al. 2010)
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is also influenced by ionization age differences in different layers, as indicated
by ASCA and XMM-Newton observations of Tycho (Hwang and Gotthelf 1997;
Decourchelle et al. 2001), Kepler (Cassam-Chenai et al. 2004), and the already dis-
cussed SNR B0519-69.0.

The more or less layered structure is unlike that of core collapse SNRs (Sect. 9.1),
where in some cases plasma with more massive elements seems to have overtaken
plasma with less massive elements. In addition, the morphologies of Type Ia SNRs
are more symmetric than those of core collapse remnants (more on this in Sect. 9.1).
The reason for this may be a more spherically symmetric explosion and that the cir-
cumstellar medium (CSM) has been less disturbed, possibly because Type Ia SNe
occur more frequently outside turbulent starforming regions. Nevertheless some im-
prints of CSM interaction can be found in Type Ia SNR (see next section).

Both for core collapse and for Type Ia SNRs the variation of elemental abundances
inside the remnant poses a problem in modeling the overall X-ray spectra of SNRs.
The reason is that one cannot realistically expect to fit the spectra with one or two NEI
(Sect. 6.1.2) plasma models. On the other hand, adding many more NEI components
leads to unconstrained results. Imaging spectroscopy offers some help, as one can
extract spectra from distinct regions and apply single or double NEI components to
these individual spectra. But projections effects play a role as well. Recently Kosenko
et al. (2010) stretched the capabilities of multi-component fitting of SNR B0519-69.0
to the maximum, by using seven NEI components, each corresponding to a layer
that could also be identified in the stratification inferred from narrow band Chandra
imaging (Fig. 21): an O-rich layer, a Si/S-rich layer, a Ar/Ca layer, a low ionized
Fe layer, and a highly ionized Fe layer. The continuum component was constrained
by setting the abundance pattern to that of the LMC. Such a procedure works better
for the radially stratified Type Ia SNRs than for the more chaotic spatial abundance
distribution of core collapse SNRs.

An alternative method that has already given interesting results is to model the
whole hydrodynamical evolution of the SNR, from the explosion to the SNR phase,
including the temperature/ionization evolution and X-ray emission, using the theoret-
ically predicted initial stratification and velocity distribution of the ejecta (Badenes
et al. 2003, 2005, 2008b; Sorokina et al. 2004; Kosenko 2006; Kosenko et al. 2008,
2011). This procedure works relatively well for Type Ia SNRs, because the explo-
sion properties of thermonuclear supernovae are much better constrained and allow
for less variation than for core collapse supernovae. The grid of explosion models
for Type Ia SNe is, therefore, much more limited. The method has been applied to
Tycho/SN 1572 (Fig. 22, Badenes et al. 2006; Kosenko 2006) and SNR B0519-69.0
(Badenes et al. 2006; Kosenko 2006). For the latter, Badenes et al. (2008b) found that
the most energetic Type Ia explosion models, which synthesize more Fe, fit the data
best. Kosenko et al. (2008) reported for this SNR a very high plasma velocity based
on the Doppler broadening measured with the XMM-Newton-RGS instrument. In ad-
dition, the RGS detected N VII line emission, which helps to constrain the amount
of shocked CSM, because nitrogen is not a Type la nucleosynthesis product. In this
case the inferred circumstellar density is ny = 0.4-0.8 cm ™.

An uncertainty in modeling the combined hydrodynamics/X-ray emission from
Type Ia SNRs is the influence of efficient cosmic-ray acceleration, as discussed
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Fig. 22 XMM-Newton MOS1 10%E
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in Sects. 4 and 5.5. Kosenko et al. (2008) incorporated the cosmic-ray accelera-
tion effects by altering the equation of state of the shocked plasma, which gave a
good fit to the XMM-Newton (EPIC-MOS) spectra for a cosmic-ray energy den-
sity that is about 40% of the gas density (see also Decourchelle et al. 2000;
Kosenko et al. 2011).

Abundance studies of SNRs in X-ray are usually confined to the alpha-elements
(C,0, Ne, Mg, Si, S, Ar, Ca) and Fe-group elements (Fe/Ni). These elements are the
most abundant elements in the Galaxy, and are the dominant nucleosynthesis prod-
ucts of supernovae (Sect. 2), and all have prominent line transitions in the X-ray band.
Other elements, for example those with uneven atom number, are usually too rare to
detect in X-rays. However, recently Tamagawa et al. (2009) reported the detection of
chromium (Cr, Z = 24) and manganese (Mn, Z = 25) K-« line emission from the
Tycho SNR using Suzaku data (Fig. 23, see also Yang et al. 2009). The nucleosyn-
thesis of Mn is influenced by the presence of the neutron rich element 2’Ne, whose
abundance is determined by the metallicity of the white dwarf progenitor. An expla-
nation for the relatively high flux ratio of Mn/Cr is, therefore, that SN 1572 had a
white dwarf progenitor that started as a main sequence star with solar or supersolar
metallicity (Badenes et al. 2008a). In other words, SN 1572 was not the explosion of
a Population II star.
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Fig. 23 Detail of the Suzaku
spectrum of Tycho/SN 1572,
showing Ko emission from Cr,
Mn and Fe (Reprinted from
Tamagawa et al. 2009)
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8.2 Evidence for Type Ia progenitor imprints on the circumstellar medium

As explained in Sect. 2.2, there is little doubt that Type la supernovae are thermonu-
clear explosions of white dwarfs, but there is much uncertainty about the binary sys-
tem that leads to the growth of a C/O white dwarf close to the Chandrasekhar limit.
The mass transfer from the companion of the white dwarf can occur during various
phases in the evolution of the companion; during the main sequence, red giant (RG),
or asymptotic giant branch (AGB) phase, or when the companion itself is a white
dwarf. The mode by which the mass transfer occurs may shape the CSM of the sys-
tem. For example, Roche-lobe overflow is considered to lead to unstable mass trans-
fer, but it may be stabilized by a fast, ~1000 km s~ wind emanating from the white
dwarf (Hachisu et al. 1996, 1999). This fast wind will created a large (>10 pc), low
density bubble surrounded by a dense shell. Evolved stars, like RG and AGB stars,
have slow winds (~10 kms™!) which result in a rather dense CSM with a density
profile scaling as r 2 (Sect. 4).

The specific characteristics of the binary are, therefore, expected to have an im-
portant imprint on the CSM, and, as a result, on the evolution, morphology and X-ray
spectra of the SNR. Models for Type Ia usually ignore the possible effects of pre-
supernova evolution, and instead assume a uniform CSM (i.e. an s = 0 model, in the
notation of Chevalier (1982), see Sect. 4).

One important constraint on the progenitor system provided by SNRs comes from
optical observations. These show that many of the SNRs mentioned in Table 2 have
so-called Balmer-dominated shocks (e.g. Smith et al. 1991; Sankrit et al. 2005). Op-
tical spectra from their shock regions show He line emission, without [NII] line. This
is caused by collisional excitation of neutral hydrogen entering the shock region. In
addition, broad Ho emission arises from charge transfer of neutral hydrogen with
shock heated ions (Chevalier et al. 1980; van Adelsberg et al. 2008). The presence
of Balmer shocks is only possible when the neutral fraction in the CSM is relatively
high. It is therefore of interest that most of the SNRs with Balmer-dominated shocks
are Type Ia SNRs.?! The reason for this is that progenitors of core collapse super-
novae create large Stromgenspheres (>10 pc Chevalier 1990). And even if they ex-
plode as red supergiants the bright flash of ionizing photons when the shock reaches
the surface, creates a large ionized region (Chevalier 2005). Type la supernovae, on

2l The only exceptions are the large SNRs the “Cygnus Loop” and RCW 86, which are both likely core
collapse SNRs (Ghavamian et al. 2001), but see Williams et al. (2011) for an alternative view on RCW 86.
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the other, do not produce a UV flash at shock break-out bright enough to ionize a
large region.

The presence of neutral hydrogen within a couple of parsecs from the explosion,
therefore, is easy to explain for Type Ia SNR, provided that the progenitor itself was
not a powerful source of ionizing photons. This excludes, therefore, an important
class of Type Ia candidate progenitors, namely the so-called supersoft sources. These
are soft X-ray sources that probably consist of a white dwarfs accreting material from
a companion at a rate close to the Eddington limit, and burn the accreted material in
stable way at the surface (Li and van den Heuvel 1997). But because supersoft sources
are luminous UV/X-ray sources, 1037-108 ergs~!, they will easily ionize a region
of 30 pc in radius. Many of the Balmer-dominated Type Ia SNRs, including Tycho,
Kepler, B0509-67.5, B0519-69, DEM L71, can, therefore, not have had supersoft-
sources progenitors (Ghavamian et al. 2003).

There are several other recent studies that cast a light on the structure of Type Ia
SNRs. In one of them Badenes et al. (2007) investigates whether Galactic and LMC
Type Ia SNRs show any evidence for having evolved inside large, tenuous cavities, as
implied by the fast-wind model of Hachisu et al. (1996). This study shows that this is
not the case, as the radii of the SNRs are too small and their ionization age, n.t, too
large compared to model predictions that incorporate the effects of fast progenitor
winds. Possible exceptions are SN 1006 and RCW 86. However, SN 1006 is located
high above the Galactic plane, where the density is expected to be low irrespective of
the progenitor model, and RCW 86 is not a bona fide Type Ia SNR, as it is located
in an OB association (Westerlund 1969), in a region with a high star forming rate,
as indicated by outbreaks of gas from the Galactic plane region (Matsunaga et al.
2001).%2

Another study that may be revealing something about Type Ia progenitor systems
concerns an analysis of Chandra/XMM-Newton of two old, ~10% yr, LMC SNRs,
DEM L238 and DEM 1249 by Borkowski et al. (2006). These two SNRs are rather
faint in X-rays, but are both characterized by a relatively bright interior dominated
by Fe-L emission, somewhat similar to DEM L71 and SNR B0534-699 displayed
in Fig. 20. The most surprising result of the analysis is that of the spectra from the
interior indicate high values for the ionisation parameter, ¢, ~10'? cm ™3 s for DEM
L.238 and ~4 x 10'! cm~3 s for DEM L.249. Such high values require relatively high
densities in the interior. This is in contrast to the low densities implied by the X-
ray spectra of the shell, and, indeed, the overall faintness of these SNRs in X-rays.
Borkowski et al. (2006) argue that in order to account for the high central density
the blast wave must have encountered a high density CSM early during the SNR
evolution. Such a dense medium is usually a signature of a slow wind outflow, instead
of the fast winds implied by the models of Hachisu et al. (1999), or a simple, uniform
density medium.

Finally, evidence that winds from Type Ia progenitors affect the CSM is pro-
vided by the historical SNR of SN 1604 (also known as Kepler’s SNR, or Kepler
for short). Kepler is located high above the Galactic plane, with latitude b = 6.8°,

2ZHowever, recently Williams et al. (2011) argued, nevertheless, for a Type Ia origin, because there is no
evidence for a neutron star inside the SNR, and there is evidence for large amounts of Fe.
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which translates to 446 pc for a distance of 4 kpc (Sankrit et al. 2005).%> This high
latitude would make Kepler an obvious Type Ia SNR, if it were not for the presence
of dense, nitrogen-rich material, mostly in the northern part of the remnant, which
indicates the presence of a circumstellar shell (van den Bergh and Kamper 1977;
Bandiera 1987). During the 1990s a core collapse origin for SN 1604, was therefore
preferred. X-ray spectroscopy, first with ASCA (Kinugasa and Tsunemi 1999) and
later with XMM-Newton (Cassam-Chenai et al. 2004) and Chandra (Reynolds et al.
2007), revealed that the spectrum is dominated by Fe-L emission around 1 keV, and
bright Fe-K-shell emission around 6.7 keV, characteristic for Type Ia SNRs. Addi-
tional evidence for a Type Ia origin is the low oxygen content, and the lack of an
obvious X-ray point source that may be the neutron star that should in most cases
result from a core collapse supernova (Reynolds et al. 2007).

The idea that the SNR encounters a dense shell in the north is reinforced by two re-
cent X-ray studies (Vink 2008c; Katsuda et al. 2008c), which confirm an earlier radio
measurement (Dickel et al. 1988) that the expansion of this SNR in the north is rela-
tively slow with a small value for the expansion parameter (5) of 8 & 0.35, whereas
the average value is ~0.5. The value for the north is unusual in that it falls below the
value 0.4 for a SNR in the Sedov phase of is evolution. On the basis of expansion
measurements, Vink (2008c) estimated that the mass in the swept-up, nitrogen-rich
shell must have been ~1 Mg

This result, and the morphology of Kepler, resembling a bow shock in the north
(Fig. 24), is used by Chiotellis et al. (2011) to argue that the progenitor system was
a binary consisting of a C/O white dwarf with an asymptotic giant branch (AGB)
star as a companion. Such a system would be labeled as a symbiotic binary. Part of
the slow wind (~15 kms~!) of the AGB star was accreted onto the white dwarf,
until it exploded. In order to account for the nitrogen enrichment of the shell one
has to assume a main sequence mass for the secondary star of 4-5 M. The bow-
shock shape of Kepler, and its height above the Galactic plane (~400-700 pc), can
be explained by a proper motion of the system with about 250 kms~! (cf. Bandiera
and van den Bergh 1991; Borkowski et al. 1994). Nevertheless, within a Type Ia
scenario, it is not quite clear, why a binary system was ejected with such a high
velocity, as usually interaction of two binaries leads to the ejection of fast single
stars (Leonard and Duncan 1990). But it does occur, see for example the relatively
high velocity (~130 kms~!) of the AGB star Mira A and its companion (Martin et
al. 2007). Hydrodynamical simulations of Kepler’s SNR that take into account the
high space velocity and wind of the progenitor show a good agreement with both the
current morphology and expansion of the SNR (Fig. 25).

9 Core collapse supernova remnants
9.1 Oxygen-rich supernova remnants

As explained in Sect. 2, the nucleosynthesis yields of core collapse supernovae
peaks for the element oxygen. The oxygen yield itself is strongly correlated with

B0r 670 pe for a distance of 6 kpc, the distance preferred based on modeling the explosion, if the kinetic
energy is > 107! erg (Aharonian et al. 2008a; Vink 2008c; Chiotellis et al. 2011).
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Fig. 24 Left: Chandra image of Kepler’s SNR, with red indicating Si-Kow emission (1.75-1.95 keV),
green Fe-L emission (0.8-1.6 keV), and blue continuum emission (4-6 keV). The image is based on a
deep, 750 ks, Chandra observation (Reynolds et al. 2007). Right: raw count rate spectrum from Kepler’s
SNR, based on the same observation. Note the dominant Fe-L emission between 0.7-1.5 keV (cf. Fig. 17
(lower-left panel))
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the main sequence mass of the progenitor, although for masses 230 Mg the poorly
known fraction of material that falls back onto the central object (neutron star or
black hole) may reverse this trend. An important class of SNRs are the so-called
oxygen-rich SNRs (Table 3). As the name suggests, these SNRs show large over-
abundances of oxygen, indicating that these are remnants of the most massive stars
(Mwms Z 18 Mp). Initially these sources were mainly identified based on their optical
oxygen line emission properties ([OIII], e.g. Goss et al. 1979; Mathewson et al. 1980;
Lasker 1979; Dopita et al. 1981), but in many cases the X-ray spectral properties
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Table 3 Oxygen-rich supernova remnants

Name Location Distance Radius High Res. Spec. Other studies
(kpe) (po)

Cas A (G111.7-2.1) MW 34 (1) 2.6(2) 3.4 (5,6,7,8,9)
MSH 11-54 (G292.0+1.8) MW 26(10) 2.5 (11) (12,13)
Puppis A (G260.4-3.4) MW 2.2(14) 17.6 (15) (16, 17)
B0540-69.3 LMC 50 (18) 8.4 (19) (20,21)
N132D LMC 50 11 (22,23) (24)

1E 0102.2-7219 (IKT 22) SMC 60 (18) 59 (25,26) 27)
B0049-73.6 (IKT 6) SMC 60 21.2 (28,29)
B0103-72.6 (IKT 23) SMC 60 26.1 (28) (30)

MW = Milky Way, LMC = Large Magellanic Cloud, SMC = Small Small Magellanic Cloud

Selected references: (1) Reed et al. (1995); (2) Gotthelf et al. (2001); (3) Bleeker et al. (2001); (4) Lazen-
dic et al. (2006); (5) Willingale et al. (2002); (6) Hwang and Laming (2003); (7) Hwang et al. (2004);
(8) Maeda et al. (2009); (9) DeLaney et al. (2010); (10) Gaensler and Wallace (2003); (11) Vink et
al. (2004); (12) Gonzalez and Safi-Harb (2003); (13) Park et al. (2007); (14) Reynoso et al. (1995);
(15) Winkler et al. (1981); (16) Hwang et al. (2008); (17) Katsuda et al. (2008a); (18) Schaefer (2008);
(19) van der Heyden et al. (2001); (20) Hwang et al. (2001); (21) Park et al. (2010); (22) Behar et al. (2001);
(23) Canizares et al. (2001); (24) Borkowski et al. (2007); (25) Rasmussen et al. (2001); (26) Flanagan et
al. (2004); (27) Gaetz et al. (2000); (28) van der Heyden et al. (2004); (29) Hendrick et al. (2005); (30) Park
et al. (2003)

confirm the elevated oxygen abundances, in particular for young remnants like Cas A
(Vink et al. 1996; Willingale et al. 2002), 1E0102.2-7219 (Hughes and Singh 1994;
Gaetz et al. 2000; Rasmussen et al. 2001; Flanagan et al. 2004), and G292.0+1.8
(MSH 11-54, e.g. Park et al. 2007). Even for some of the more mature oxygen-rich
SNRs, like N132D and Puppis A, it is still possible to identify regions with oxygen-
rich ejecta (Behar et al. 2001; Borkowski et al. 2007; Katsuda et al. 2008a).

The neon and magnesium yields of core collapse supernovae trace the oxygen
yield (Fig. 3), one therefore expects also that the Ne and Mg abundances of oxygen-
rich SNRs are high. This appears to be indeed the case for young oxygen-rich SNRs
like 1E0102.2-7219 (Rasmussen et al. 2001; Gaetz et al. 2000, Figs. 17, 26, 28) and
G292.0+1.8 (Hughes et al. 2001; Gonzalez and Safi-Harb 2003; Park et al. 2007;
Vink et al. 2004). But an important exception to this rule is Cas A, which has Ne/Mg
abundances a factor 5-10 below the expected values (Vink et al. 1996). In general,
the most striking feature of the X-ray spectrum of Cas A is the very bright silicon
and sulfur emission. It is usually assumed that the Cas A ejecta are dominated by
oxygen, which is almost fully ionized (Vink et al. 1996; Hwang and Laming 2003),
but Dewey et al. (2007) has argued that the most abundant element in the ejecta is
silicon.

If the ejecta indeed are almost devoid of hydrogen, this greatly affects the ejecta
mass estimates (Sect. 6.1, (42)). For example, for Cas A it implies a rather low ejecta
mass of 2-4 Mg, with about 1-2 Mg of oxygen (Vink et al. 1996; Willingale et
al. 2003). This oxygen mass is consistent with a progenitor main sequence mass of
18 £ 2 Mg. This led Chevalier and Oishi (2003) to the conclusion that Cas A must
have been a Type IIb SNR, given the similarity between the apparent mass loss and
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Fig. 26 Multi-color Chandra X-ray images of four oxygen-rich SNRs (see Table 3 for the sizes). Top left:
Cas A, with red indicating O VIII Ly-§ emission, green SiXIII Heo., and blue Fe XXVIHea (based on
the 1 Ms observation Hwang et al. 2004). Top right: A different view of Cas A, based on a combination of
radio (blue), X-ray Si XIII emission (green), and the ratio of Si XIII over Mg XI emission (red). The latter
brings out the jet—counter-jet system, which protrudes the radio/X-ray shell in the northeast-southwest
region (Vink 2004b; Hwang et al. 2004; Schure et al. 2008). Bottom left: G292.0+1.8, with red O VIII Ly-o.
emission, green is Ne X Lyo., and blue Si XIII HEo emission. Image based on a 516 ks long observation
(Park et al. 2007). Bottom right: The Small Magellanic Cloud SNR 1E 0102.2-7219, with red O VII and
O VIII emission, green Ne IX and Ne X emission, and blue emission above 1.27 keV, which includes Mg
XI, Mg XII, and Si XVIII emission (see also Figs. 17 and 28)

main sequence mass of the Type IIb supernova SN 1993J and Cas A. This conclusion
has been spectacularly confirmed by the optical light echo spectrum of the Cas A
supernova (Krause et al. 2008a).

Another property of Cas A is the strong bipolarity of the silicon/sulfur-rich ejecta,
as indicated by optical (Fesen et al. 2006), X-ray (Vink 2004b; Hwang et al. 2004),
and infrared observation (Hines et al. 2004). These observations show the presence of
Si/S-rich material outside the radius of the main shock in the northeast and southwest.
The presence of ejecta outside the shock in the northeast was already known for a
long time, and its optical feature has long been referred to as “the jet”. In X-rays the
presence of two opposite jets is best shown by mapping the ratio of Si XIII over Mg
XI Ko emission (Vink 2004b; Hwang et al. 2004, Fig. 26b), or the equivalent width
of the Si XIII emission (Hwang et al. 2000; Yang et al. 2008).
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The hydrodynamical simulations by Schure et al. (2008) show that these jets can-
not have survived the interaction with a circumstellar shell. Such a shell would be
present if there has been a fast Wolf—Rayet star wind ploughing through a red su-
per giant wind (Sect. 4.3). This strongly suggests that the Cas A progenitor exploded
while in the red supergiant phase. This is consistent with a main sequence mass be-
low ~25 Mg, for which stars do not go through a Wolf—Rayet star phase. Since there
was likely no high mass loss Wolf—Rayet star phase, the low ejecta mass is best ex-
plained with a binary star scenario, in which a high mass loss is caused by a common
envelope phase (Young et al. 2006; van Veelen et al. 2009). A similar scenario was
proposed for the Type IIb supernova 1993J (Woosley et al. 1994), whose optical spec-
trum closely resembles that of the light echo spectrum of Cas A (Krause et al. 2008a).
There is no candidate secondary star in Cas A, so the common envelope phase may
have led to a merger of the cores of the two stars.

The apparent bipolarity of the Cas A explosion may be related to the mass loss
history of the progenitor, which may have included a common envelope phase. It is
not clear whether all core collapse supernovae develop strong bipolarities either due
to the accretion process onto the collapsing core, or perhaps due to rapid rotation
(Sect. 2). In more massive progenitors, these bipolarities may be smothered while the
explosion ploughs through the extended envelope of the star. Indeed, for supernovae
the amount of asphericity indicated by optical polarimetry seems to depend on how
much of the hydrogen-rich envelope was removed (Wheeler et al. 2002). It may also
be related with the common envelope merger, as it may have increased the rotation
of the stellar core.

A puzzling property of the jets in Cas A is their silicon richness. If the jets re-
ally come from the core one expects the jets to contain more iron-rich plasma.
Cas A does contain many iron-rich knots, but not so much in the jets, as well as
at the outer edge of the southeastern part of the main shell (Hughes et al. 2000;
Hwang and Laming 2003); see the blueish colored regions in Fig. 26 (upper-left
panel). The projected radius of these iron knots, together with the inferred age of
Cas A ~330 yr (Thorstensen et al. 2001), indicate that the mean velocity of these
iron knots are higher than 7,000 kms~!. This is very high indeed, as core collapse
simulations by Kifonidis et al. (2006) show iron-group elements with velocities only
up to 3,300 km s L

The morphology of Cas A as seen in Fe-line emission does not have an obvious
axis of symmetry. As Fig. 26 (upper-left panel) shows iron-rich regions can be found
in the southeast, the north, inside the silicon-rich shell, and in the west. Although
in the northern part the Fe-rich ejecta seem to be on the inside of the Si-rich shell,
Doppler measurements using XMM-Newton EPIC-MOS data show that in this region
the velocity of iron is higher, ~2,500 km s~ ! than that of silicon, ~2,000 kms™!
(Willingale et al. 2002). It is therefore likely that also in the northern part the Fe-rich
ejecta are outside the Si-rich shell. The study by Willingale et al. (2002) also showed,
by combining Doppler information with the spatial structure, that the overall mor-
phology of the Si-rich resembles more closely a donut-like structure than a spherical
shell (Fig. 27), as already suggested by Einstein Focal Plane Crystal Spectrometer
data (Markert et al. 1983) and ASCA data (Holt et al. 1994).

Finally, it is worth pointing out that Cas A is special in the sense that the detection
of **Ti y-ray and hard X-ray lines from this SNR suggest a rather large produc-
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Fig. 27 Left: Doppler maps of Cas A in the bands of He-like silicon, sulfur and iron, based on XM-
M-Newton-MOS data. Right: Reconstructed “side view” of Cas A, based on the Doppler maps, using a
combination of north-south position and Doppler velocity to reconstruct the third dimension. Red repre-
sent silicon, green silicon, and blue iron. Note that in the North iron is in front of the silicon-rich layer.
Both figures are based on figures from Willingale et al. (2003)

tion of this element (1.6 x 10™* Mg, see also Sect. 6.2, Renaud et al. 2006b). This
is much higher than model predictions, but consistent with what has been inferred
for SN 1987A. This higher than expected yield may be related to the fact that the
Cas A explosion was asymmetric (Nagataki et al. 1998). Something that may also
apply to SN 1987A. On the other hand, Prantzos (2011) shows that the solar ratio
of #Ca/’®Fe, the stable products of, respectively, **Ti and *°Ni, is more consistent
with the inferred yields for Cas A and SN 1987A than with model predictions. This
suggests that asymmetric explosions are more common than assumed, or that the
production processes of these elements is not yet well understood.

High resolution X-ray spectroscopy with the Chandra HETGS suggest that the
SMC SNR 1E0102.2-7219, has a similar, “donut-like” structure (Flanagan et al.
2004). This has been established using a special property of transmission gratings,
namely that the plus and minus orders are each others mirrors in terms of wave-
lengths, whereas the projection of the object in a single wavelength is not mirrored
between the plus and minus orders. If for example one side of the object has on av-
erage a redshift and the other side a blueshift, this results in the blueshifted side to
be shifted toward the center (zeroth order) and the redshifted side to be shifted away
from the center. The monochromatic images in the plus or minus orders are, there-
fore, squeezed in one order and a stretched in the opposite order. 1E(0102.2-7219
shows exactly this behavior as shown in Fig. 28 for the Ne Ly-a line.

If we now turn the attention to another well studied oxygen-rich SNR G292.0+1.8
(MSH 11-54) one also sees a non-spherical distribution of elements (Park et al. 2002,
2007, Fig. 26 (lower-left panel)). There is the enigmatic bar, running from east to
west, first seen in X-ray images taken with the Einstein satellite (Tuohy et al. 1982).
The origin of this structure is not so clear, but may be a pre-existing feature in the
CSM that was overtaken by the forward shock. The idea that the bar is of CSM
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Fig. 28 Chandra-HETGS spectrum of the oxygen-rich SNR 1E 0102.2-7219. The top panel shows part of
the spectrum in the negative order (m = —1) as seen with the Medium Energy Grating of the HETGS. The
SNR in individual emission lines shows up as images ordered by wavelength. Botfom panel: a comparison
between Ne X Lyo images in the negative, zeroth order, and positive order. Differences in radial velocities
over the face of the SNR result in distortions of the image with respect to the zeroth order images. Devia-
tions from spherical symmetry show up as distortions of the images that are different in the negative and
positive orders, as can be clearly seen here (Figure taken from Flanagan et al. (2004))

origin is supported by the lack of evidence for enhanced metal abundances, as deter-
mined by Chandra X-ray imaging spectroscopy (Park et al. 2002). The overall metal
abundance distribution shows a striking asymmetry between the northwest, which
contains more Si-group elements, and the southwest, which contains more oxygen,
neon, magnesium. There is no evidence that this asymmetry is caused by an asymme-
try in the CSM. Thus an asymmetric explosion seems to have taken place (Park et al.
2007). Gonzalez and Safi-Harb (2003) analyzed Chandra X-ray spectra and came to
the conclusion that the abundance pattern matches that of a star with a main sequence
mass of 30—40 Mg,

If there is one thing that one that can be concluded from X-ray observations of core
collapse SNRs, it is that their explosions are very irregular, with their SNRs show-
ing large deviations from spherical symmetry and a lack of elemental stratification.
Material from the core (Fe-group elements) can be ejected with speeds in excess of
those of layers higher up in the star. This behavior is markedly different from that of
the well stratified Type Ia SNRs.

Recently, Lopez et al. (2009, 2011) made a quantitative analysis of the morpholog-
ical differences between core collapse and Type Ia SNRs, using a multipole statistical
analysis of the X-ray surface brightness distribution of SNRs. Deviations from circu-
lar symmetry show up as large values for P3/ Py (normalized third moment), whereas
a mirror symmetry gives large values for P>/ Py. As Fig. 29 shows, Type Ia SNRs
are on average rather more spherical than core collapse SNRs; their mean values for
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both P,/ Py and P3/ Py are smaller. In addition, there is the trend that if an individual
Type Ia SNR shows deviations from spherical symmetry (large P3/Pp) it tends to
have less mirror symmetry. These difference makes that Type Ia and core collapse
SNRs occupy different areas in the P3/ Py versus P,/ Py diagram.

That there is a structural difference between core collapse and Type Ia SNRs is not
too surprising, since the energy of Type Ia SNRs comes from explosive nucleosyn-
thesis, and requires a regular burning front to propagate through the white dwarf.
Core collapse supernovae are driven by a the gravitational energy from the collapsing
core, and much of that energy is deposited in the inner regions. Irregularities will not
impair the explosion of the rest of the star.

However, there are some signs of aspherical structures that may reveal us some-
thing about the explosion process: there are the donut-like morphologies of Cas A
and 1E0102.2-7219, and, in particular, the bipolar Si-rich jets in Cas A. Currently
there is no theory to explain these features, but it is tempting to relate the jets of Cas
A to those of long duration gamma-ray bursts. In fact, the less energetic gamma-
ray bursts, the X-ray flashes, have properties rather similar to what has been in-
ferred for Cas A. For example, for the X-ray flash SN 2006aj (Mazzali et al. 2007;
Laming et al. 2006) the inferred explosion energy is 2 x 10°! erg, and the inferred
main sequence mass is ~20 Mg with an ejecta mass of ~2 Mg.

9.2 The X-ray emission from SN 1987A

The Type II supernova SN 1987A was discovered on February 23, 1987 in the LMC.
Due its proximity, it remains, to date, the best studied supernova. The detection of
~20 neutrinos during a short interval of ~13 s by Kamiokande II (Hirata et al. 1987)
and IMB (Bionta et al. 1987) confirmed beautifully the theory that Type II supernovae
are the result of the collapse of a stellar core into a neutron star, and that most of
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Fig. 30 Left: The evolution of the X-ray flux of SN 1987A (Racusin et al. 2009). Right: Two frames
taken from Fig. 1 of Park et al. (2006), showing Chandra images of the SN 1987A, which indicate that
it did not only substantially brighten, but also changed morphology as the shock heated more parts of the
circumstellar ring. The first regions to be heated were in the northeast, but by 2009 most of the ring is lit
up in X-rays, although the brightest region is still the northeast. In addition the radius of X-ray bright torus
has increased from 0.6” to 0.78” (Racusin et al. 2009)

the energy is released through a cooling population of neutrinos. The detection of
neutrinos also meant that the collapse of the core was very accurately timed, and that
the core collapse preceded the optical detections by about 3 hr (see Arnett et al. 1989,
for a review).

In many respects SN 1987A was a peculiar supernova. Its maxifmum luminosity
was unusually low, corresponding to Mg = —15.5, compared to ~ —18 for typical
Type II supernovae. This low luminosity is the result of the compactness of the pro-
genitor star at the moment of explosion: the progenitor was not a red supergiant, but
a B3 I supergiant, identified as the star Sanduleak —69°202. Such an evolved, blue
giant is expected to have a fast, tenuous wind, creating a low density cavity within
a red supergiant wind of a previous mass loss phase. Instead, optical spectroscopy
(Fransson et al. 1989) provided evidence for dense (ne ~ 3 X 10* cm—3) circum-
stellar material enriched in nitrogen. Later optical imaging revealed the presence of
three rings (Crotts et al. 1989; Wampler et al. 1990), which was later confirmed by
a Hubble Space Telescope image that has now iconic status (Burrows et al. 1995).
The fact that the progenitor exploded as a blue supergiant, the chemical abundances
(Podsiadlowski 1992), and the triple-ring system may be explained by the merging
of a 15-20 Mg star with a 5 Mg star, about 20,000 yr prior to explosion; see the
hydrodynamical simulations of Morris and Podsiadlowski (2007, 2009).

SN 1987A is of great importance, since it is the first supernova for which one has
been able to follow the evolution from supernova to SNR. Moreover, our knowledge
about the supernova type and progenitor is much more detailed than for any other
SNR. One can say that the supernova stage has given way to the SNR stage, when the
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emission is no longer dominated by radiation from the cooling ejecta, but by radiation
from shock-heated CSM/ejecta.>*

A few months after the explosion SN 1987A was detected in hard X-rays (Sun-
yaev et al. 1987; Dotani et al. 1987). The hard X-ray emission was probably the
result of multiple Compton scatterings of y-rays generated by the decay of radioac-
tive material. Nuclear decay line emission from >Co was detected surprisingly early
on, indicating considerable mixing of inner ejecta toward the surface of the su-
pernova envelope (e.g. Leising and Share 1990, and references therein). Moreover,
the nuclear decay lines were redshifted (Sandie et al. 1988; Teegarden et al. 1989;
Tueller et al. 1990). This is an indication for an asymmetric explosion, bringing to
mind the evidence for an asymmetric explosion of the Cas A supernova in the form
of jets and high velocity iron knots (Sect. 9.1).

The onset of the SNR stage of SN 1987A, as far as the X-ray emission is con-
cerned, was marked by the gradual increase of the soft X-ray emission as seen early
on by ROSAT, starting in February 1991 (Hasinger et al. 1996). Since then all major
X-ray observatories have observed SN 1987A on a regular basis, following the X-ray
evolution of the SNR in considerable detail (Fig. 30).

The X-ray observations show that after an initial phase, in which the outer shock
wave was moving through the, relatively tenuous, medium associated with the pro-
genitor’s fast wind, between 1995-1999 the shock wave started to interact with the
central dense ring seen in the optical. This ring has a size of 1.7” by 1.2”, consis-
tent with a ring of radius 0.19 pc seen under an angle of ~45°. The dense ring itself
has considerable small-scale structure, with regions of different densities, and fingers
sticking inward (McCray 2007, Fig. 31). As a result the ring is not lighting up all at
once, but several “hot spots” turned on; first in the northeast (Burrows et al. 2000),
later also in other regions. By now all along the ring one can find X-ray emitting
regions (Racusin et al. 2009, see Fig. 31).

The complexity of the interaction of the blast wave with the dense inner ring do
not fit into the simplified description of SNR hydrodynamics as sketched in Sect. 4
(Borkowski and Szymkowiak 1997; Michael et al. 2002; McCray 2007). The basic
structure of a blast wave heating the CSM, and a reverse shock heating of the ejecta
is still valid. But a range of shock velocities must be considered, as the encounter of
the blast wave with the density enhancements in the ring and its protrusions lead to a
system of transmitted and reflected shocks. The transmitted shocks heat the material
of the ring, whereas the reflected shocks go back into the plasma behind the blast
wave. These reflected shocks are low Mach number shocks, as they go through al-
ready shock-heated plasma, and result in additional heating and compression of the
already hot plasma. The transmitted shocks will have a range of velocities, depend-
ing on the density of the material and the obliquity with which the blast wave hits
the protrusions. The slowest transmitted shocks (Vs < 200 km s) become radiative
(Sect. 4.1), resulting in the bright optical radiation that accounts for the bright knots
that lie as beads all along the optical ring as observed by the Hubble Space Telescope
(Kirshner 2007, Fig. 31).

24Note that strictly speaking this means that radio supernovae (Weiler et al. 2009), should be considered
SNRs, as their radio emission is due to interaction of the ejecta with the dense CSM.
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Fig. 31 Left: Composite optical/X-ray image (Credit: X-ray: NASA/CXC/PSU/S.Park & D.Burrows.;
Optical: NASA/STScI/CfA/P.Challis). Right: Illustration of the interaction of the blast wave of SN 1987A
with the circumstellar ring. The blast wave shock heats the “fingers” on the inside of the ring, and as a
result both in X-rays and in the optical the emission comes from discrete bright spots rather than smooth
structures (Source: NASA/CXO/M.Weiss)

Because the blast wave reached the ring in about 5-10 yr, the average blast wave
velocity was initially ~15,000-30,000 km s~!. In contrast, recent expansion mea-
surements indicate an expansion velocity of ~4,000 kms~! in the radio (Ng et al.
2008) and 1,800 &+ 600 kms~! in X-rays (Racusin et al. 2009). Until 2004 (6,000
days after the supernova) the expansion velocity in X-rays was similar to that in
the radio, indicating that the blast wave reached the denser region of the inner rings
around that time. The X-ray emission also became brighter around that time (Park
et al. 2005). Currently, the light curve has flattened again (Racusin et al. 2009, see
Fig. 30). The strong deceleration of the blast wave from 15,000-30,000 km s to
1,800-5,000 kms~—! means that a strong reverse shock must have developed with
shock velocities in the frame of the ejecta of ~10,000 km s~!. Note that the differ-
ence between the radio and X-ray expansion may be partially due to the fact that the
X-ray emission depends on density as ng (Sect. 6.1), whereas the radio synchrotron
emission scales probably as « n. (with some uncertainty, because synchrotron radi-
ation also depends on the electron acceleration properties of the shock and on the
magnetic-field strength, see also the discussion in Zhekov et al. 2010). The X-ray
expansion may, therefore, be more skewed toward higher density regions, than the
radio expansion measurements.

From 2000 to 2010 SN 1987A was observed several times with both the CCD and
grating spectrometers on board Chandra and XMM-Newton. The CCD spectra are
well fitted with a two component model, a soft component with k7. = 0.2-0.3 keV,
which is close to CIE, and a harder component with k7, = 2-3.5 keV and net ~
3 x 10 ecm—3s (Park et al. 2006; Zhekov et al. 2010). The soft CIE component
is associated with the densest regions, heated by the transmitted shock, whereas the
hotter, NEI component is generally attributed to the plasma heated by reflected shocks
(Park et al. 2006; Zhekov et al. 2010). However, it is not clear whether also reverse
shock heated plasma is responsible for some of the harder X-ray emission.
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Fig. 32 Combined Chandra HETGS count spectrum of SN 1987A, based on a total exposure of 360 ks
(Dewey et al. 2008). The positive grating order is colored red, the negative order blue (Credit: D. Dewey)

Note that even the reflected/reverse shock heated plasma must be relatively dense
as the ionization parameter indicates n ~ 950 tl_o1 cm™3, with £ the time since the
plasma was shocked in units of 10 yr. As the SNR ages, the low temperature com-
ponent is becoming hotter (k7. ~ 0.2 keV in 1999 versus k7. =~ 0.3 keV in 2005),
whereas the high temperature component is becoming cooler (k7. =~ 3.3 keV and
kT. =~ 2.3 keV, respectively), see Park et al. (2006), Zhekov et al. (2009, 2010).

SN 1987A is an ideal target for the grating spectrometers of Chandra, due to its
small angular extent and its brightness (Burrows et al. 2000; Michael et al. 2002;
Dewey et al. 2008; Zhekov et al. 2009, Fig. 32), which allows for resolving the
He-like triplets (Sect. 6.1.3). The earliest high resolution spectrum, taken with the
Chandra HETGS, dates from 1999 (Burrows et al. 2000). It reveals prominent emis-
sion lines from H-like and He-like transitions of O, Ne, Mg, and Si, and line widths
consistent with an expansion of ~4,000 kms~!. Recent HETGS and LETGS spectra
indicate a line broadening ranging from 1,000-5,000 km s~! (FWHM), but with a
bulk velocity that is surprisingly low, ~100-200 kms~!, consistent with the radial
velocity of the LMC (Dewey et al. 2008; Zhekov et al. 2009). This is a strong indi-
cation that the hottest component is not due to the main blast wave, for which the
plasma velocity should move with %VS, but must result from either reflected shock
(Zhekov et al. 2009) or from the reverse shock heated plasma. This would reconcile
the large line widths and hot temperatures, indicating large shock velocities, with a
relative low velocity in the observers frame (see Sects. 4 and 5.1).

X-ray spectra taken with different instruments do not agree in all details. For ex-
ample the Chandra CCD spectra indicate a cool component consistent with CIE (Park
et al. 2006), whereas the high spectral resolution HETGS/LETGS spectra indicate a
plasma with a higher electron temperature, 0.55 keV, and out of ionization equilib-
rium, with net =4 x 10" cm=3 s (Zhekov et al. 2009). The best fit RGS model gives
a solution that lies somewhere in between ner ~ 8 x 101! cm™3's (Heng et al. 2008).

In reality a range of temperatures and n.t values are expected, given the com-
plexity of the ring structure. Even the lowest net values reported, imply densities in
excess of 1, & 2,000 cm~3. Nevertheless, these differences in fit parameters may also
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result in differences in abundance determinations. In general the abundance determi-
nations from various studies are in good agreement (Heng et al. 2008; Zhekov et al.
2009), indicating LMC abundances except for oxygen, which seems underabundant,
and nitrogen, which is mildly overabundant. The RGS and LETGS/HETGS mainly
disagree on the iron abundance, which is underabundant according to fits to the RGS
data (Heng et al. 2008).

SN 1987A will remain an important object for X-ray astronomy in the coming
decennia. It will brighten in the coming years as the transmitted shock will penetrate
deeper and deeper into the ring. The main blast wave, which will pass around the ring,
will at some point encounter the shell that separates the tenuous wind of the progen-
itor from the dense red supergiant wind. This shell is likely to have a complicated
shape, as indicated by the triple-ring system seen in the optical, and the hydrody-
namical simulations of Morris and Podsiadlowski (2007). The SNR will brighten as
a result of encountering the shell, first just outside the equatorial region, later also in
the polar regions. As the reverse shock penetrates deeper into the ejecta one will be
able to probe the composition of the inner ejecta of SN 1987A.

The evolution of SN 1987A has already shown us that the early evolution of SNRs
can be much more complicated than described by the standard evolutionary models
described in Sect. 4. SN 1987A may be a special case, with its triple-ring system
and the possibility that its progenitor was the result of a recent common envelope
merging of a binary system. However, such mergers are far from unique; even for the
text-book shell-type SNR Cas A it has been argued that its progenitor was a merger
product (Sect. 9.1).

9.3 Core collapse supernova remnants and neutron stars

Core collapse SNRs are apart from their abundance patterns, also distinguished by
the presence of a neutron star. In the past it was assumed that this would automat-
ically imply the presence of a pulsar wind nebula (PWN, see Helfand and Becker
1984, for an early review on neutron stars in SNRs), but over the last 20 years it has
become clear that not all neutron stars manifest themselves through the creation of a
PWN (Gaensler and Slane 2006, for a review). There is good evidence that 5-10%
of all neutron stars are born as magnetars, neutron stars with very high magnetic
fields (10'4~10"> G), which emit predominantly in the soft and hard X-ray bands
(Mereghetti 2008, for a review), and whose emission is not powered by pulsar spin-
down, but by magnetic-field decay. These magnetars rotate slowly (P = 2-12 s),
presumably due to a very rapid initial spin-down. As a result, their spin-down power
is currently too low to drive the creation of a PWN.>

Some neutron stars merely seem to manifest themselves as unresolved X-ray
sources. By lack of a better name, they are usually called Compact Central Ob-
jects (CCOs, de Luca 2008, for a review). By definition they are associated with
SNRs. It is not quite clear whether CCOs form a real class on their own. The

Z5There is evidence that the most rapidly spinning magnetar (1E1547.0-5408 P = 2), located inside a faint
SNR (G327.24-0.13 Gelfand and Gaensler 2007) is surrounded by a faint PWN (Vink and Bamba 2009),
but this is disputed by Olausen et al. (2011).
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lack of associated PWNe around them argues either for low surface magnetic
fields, hence small period derivates P, or long rotational periods, as the pulsar
wind luminosity scales as E =47%]P /P3 (see Sect. 3). It seems that at least
some of the CCOs are characterized by an unusual low magnetic field (“anti-
magnetars” Gotthelf and Halpern 2008). Examples are PSR J1210-5226 in SNR
PKS 1209-51/52 (P =0.42's, B, <3.3 x 10'! G, Gotthelf and Halpern 2007), PSR
J1852+0040 in SNR Kes 79 (P =0.10 s, B, < 1.5 x 10'! G, Gotthelf et al. 2005;
Gotthelf and Halpern 2008), and PSR RX J0822-4300 in the oxygen-rich SNR Pup-
pisA(P=0.11s, B, <9.8 x 10'!" G, Gotthelf and Halpern 2009). Apart from their
low magnetic fields these stand out because of their relatively slow rotation period,
which implies that they are born slowly rotating.

No pulsation period has yet been found for the point source in Cas A, but since it
seems not surrounded by a PWN, it must either be a magnetar or an anti-magnetar,
and given its stable, but declining (Heinke and Ho 2010), X-ray emission, it is likely
to be an anti-magnetar.

Another interesting CCO is 1E161348-5055 in RCW 103. This source stands out
because it is highly variable (Gotthelf et al. 1999) and has an unusually large pulsa-
tional period of 6.7 hr (Garmire et al. 2000; De Luca et al. 2006). This long period,
either suggests that its is not the neutron star spin period, but instead the orbital pe-
riod of the neutron star and an, as yet undetected, low luminosity companion, or the
neutron star is magnetar-like and has been slowed down due to magnetic braking in
the presence of supernova fall-back material.

So what can SNRs tells us about the birth properties and progenitor stars of the
various types of neutron star? In particular, (a) what is the reason that neutron stars
have a wide variety of properties, and (b) how SNRs can help to infer the initial
birth properties of neutron stars? These are questions for which observational data
are scarce, as we know little about neutron star progenitors, and the birth of neutron
stars is hidden to us by the supernova event itself, with the exception of the detection
of neutrinos from SN 1987A, which marked the birth of the neutron star (Sect. 9.2).
Strangely enough, no neutron star has yet been detected in SN 1987A.

From a theoretical point it is not clear what kinds of progenitor produce different
types of neutron star or of black hole (Heger et al. 2003), and what the initial spin
periods of neutron stars are (Ott et al. 2006). Heger et al. (2003) and Nomoto et al.
(2010) have argued that less massive progenitors (Mys < 25 M) produce neutron
stars, whereas more massive progenitors result in the creation of a black hole, either
directly or due to late time supernova material fall-back. Heger et al. (2003) stress that
this situation is modified by strong stellar winds, which reduce the massive hydrogen
envelope. As a result very massive stars may create again neutron stars. This also
depends on the initial metallicity of the star, as wind loss increases with metallicity.
Indeed, there is evidence that magnetars are associated with very massive stars, based
on the young ages of the stellar cluster in which they are found (Figer et al. 2005;
Gaensler et al. 2005; Muno et al. 2006). But the evidence for this is not unambiguous
(Davies et al. 2009) and one should also keep in mind that even if some magnetars
are associated with the most massive stars, this does not necessarily imply that all
magnetars are.
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The timing properties of pulsars can be used to determine their characteristic age,

1P s4
Tc = 2P (54)
which is, however, only a reliable age estimator if the initial spin period Py < P,
and if the spectral braking index is n = 3,26 which is the value for braking due to
a rotating magnetic dipole. The presence of neutron stars in SNRs helps to verify
these assumptions as 7. can be compared with age estimates of the SNR. This helped
establish that for the neutron star in Puppis A Py =~ P (Gotthelf and Halpern 2009).

The presence of a SNR surrounding a PWN can also be used to constrain the
initial period in another way, namely by considering the pressure confinement of
the PWN by the shock heated SNR shell (van der Swaluw and Wu 2001; Chevalier
2005). The total pressure inside the PWN is determined by the integrated energy
loss of the pulsar, which in itself is mostly determined by the initial spin period.
A surprising result of these studies is that there is a large range in initial spin periods,
which is theoretically not well understood (e.g. Ott et al. 2006). Moreover, and this
brings us to the above formulated question (a), there is no clear relation between the
initial period of a neutron star and the type of supernova as determined from the SNR
characteristics (Chevalier 2005).2

The same conclusion can be drawn when also considering the other classes of
neutron stars, CCOs and magnetars. First of all, the discovery of these neutron stars
owe much to the fact that unresolved X-ray sources were discovered in SNRs. Most
CCOs and magnetars that are more than a million year old are very difficult to dis-
cover. The CCO will not be surrounded by a SNR anymore (and hence no longer
deserve their name), and will have cooled substantially. Magnetic-field decay makes
that old magnetars become radio-quiet dim X-ray sources. Neutron stars in SNRs are
therefore important to estimate the neutron star birthrate, especially of radio-quiet
neutron stars, and to estimate the initial spin-period and magnetic-field distributions.

As for the characteristics of the SNRs with CCOs and magnetars. At least two
CCOs are found in oxygen-rich SNRs (Sect. 9.1), the remnants of the most massive
stars. For one of them (in Puppis A) we know that the neutron star has a low magnetic
field. For the other one (Cas A), no pulsation has yet been found, and its nature is still
unclear. For magnetars, there is so far only circumstantial evidence linking them to
the core collapse of the most massive stars. There is also evidence that a perfectly
normal neutron star can be created from a very massive star: The oxygen-rich SNR
G292.0+1.8, has a pulsar with P ~ 0.135 s (Hughes et al. 2003b), and B ~ 10'* G
(Chevalier 2005). So the conclusion must be that the most massive stars make neutron
stars with any type of magnetic field (low, normal, or magnetar-like).

This SNR/neutron star combination of G292.0+1.8 (Fig. 26, Sect. 9.1) stands out
for another reason as well. Its X-ray spectrum has been used to determine an abun-
dance pattern that suggests that G292.0+1.8 is the result of the explosion of a star with
an initial mass of M = 30-40 My (Gonzalez and Safi-Harb 2003). This is the mass

265 is defined as £2 = —k£2".
273ee also Chevalier (2010).
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range for which theorists have argued that core collapse should lead to the creation of
a black hole, instead of a neutron star. Clearly this is important for our understanding
of neutron star and black-hole formation, but the evidence needs to be further studied.

In contrast, no neutron star has yet been found in the Cygnus Loop (Fig. 4, see
Sect. 10.1). If this means that the event did not produce a neutron star but a black
hole, we have an example of a less massive core collapse event (Mys ~ 15 Mg,
Sect. 10.2) that did not produce a neutron star. But the Cygnus Loop is very big and
perhaps a neutron star is inside or in the vicinity of the SNR and has not yet been
identified.

As for magnetars, the origin of their magnetic fields is not clear. An interesting
hypothesis is that the magnetic fields result from a dynamo mechanism in rapidly
rotating proto-neutron stars (Duncan and Thompson 1992). This requires rather
short initial spin period of Py =~ 1-3 ms. Since the rotational energy of such a
rapidly rotating neutron star is Ero = 21022 ~ 3 x 1052(%)’2 erg, one expects
that a large part of the rotational energy will power the supernova (Arons 2003;
Allen and Horvath 2004). But an X-ray study of SNRs with magnetars by Vink
and Kuiper (2006) shows that the SNRs are consistent with typical explosion en-
ergies of 103! erg. This is more consistent with the alternative hypothesis concerning
the origin of magnetar fields, namely that magnetars are born from the core col-
lapse of stars with very large magnetic fields (the fossil field hypothesis Ferrario and
Wickramasinghe 2006). There is another, albeit non-conclusive, argument against
the idea that magnetars are born rapidly rotating. As explained above, there is a large
spread in initial spin periods of normal neutron stars. In fact there is very little ev-
idence for pulsars born with periods Py < 10 ms (van der Swaluw and Wu 2001;
Chevalier 2005). How likely is it then that 5-10% of the neutron stars are born with
extremely short periods, Py ~ 1-5 ms?

The debate on the origin of magnetar magnetic fields has not yet settled, but it is
clear that SNRs play an important role in this debate (e.g. Durant and van Kerkwijk
2006; Horvath and Allen 2011).

10 Supernova remnants in or approaching the radiative phase
10.1 From non-radiative to radiative shocks

A couple of thousand years after the explosion SNRs have swept up considerably
more mass than the supernova ejected. SNRs in this phase of their evolution are often
referred to as “mature SNRs” (Sect. 4). Once their shocks have slowed down to below
Vs <200 km s~ ! the shocks are becoming radiative, and the SNR evolution can no
longer be described by the Sedov model (2). Slowing down even more results in a
post-shock region that is too cool to emit substantially in X-rays. Nevertheless, some
SNRs with slow shocks have bright interior X-ray emission, as will be discussed in
Sect. 10.3.

The prototypical “mature” SNRs are the Cygnus Loop (Fig. 4a) and the Vela SNR,
which are on the border between phase II and phase III (Sect. 4). They are both
considered to be core collapse SNRs, as I will describe below. They have earned their

@ Springer



Page 72 of 120 Astron Astrophys Rev (2012) 20:49

prototypical status predominantly by being nearby examples of mature SNRs. Their
small distance also means that their X-ray emission can be studied on very small
physical length scales. And because the absorption column is low, one can also study
their soft X-ray and UV emission.

The Cygnus Loop is at a distance of 540 & 100 pc (Blair 2005), and has an angular
radius of 1.4°, corresponding to 13 pc, with a break-out region in the south. Its age
has been estimated to be 8,000 to 14,000 yr (Levenson et al. 1998, 2002; Katsuda et
al. 2008c), and its shocks have velocities in the range of 150—-400 km s~ (Levenson
et al. 1998, 2002; Blair 2005; Salvesen et al. 2009). This range in shock velocities
indicates that the Cygnus Loop has both radiative and non-radiative shocks. In fact,
the Cygnus Loop derives part of its fame from the beautiful optical nebula associated
with the radiative shocks, the so-called Veil Nebula. The large contrasts in shock
properties are best explained by the idea that the Cygnus Loop is evolving in a wind-
blown cavity (McCray and Snow 1979; Charles et al. 1985; Levenson et al. 1998;
Miyata and Tsunemi 1999). Earlier in its evolution the SNR must have expanded
rapidly within the tenuous medium inside the wind-blown bubble. But currently most
of the shock is interacting with the dense shell swept up by the progenitor’s wind
(see also Sect. 4). In such a case parts of the shock may reach the radiative phase at
a relatively young age. Another example is the probably even younger SNR RCW
86 (probably SN 185, Stephenson and Green 2002), which also shows a mixture
of radiative and non-radiative shocks (e.g. Smith 1997; Ghavamian et al. 2001), and
whose plasma ionization ages and emission measures testify of large density contrasts
(Vink et al. 1997; Bamba et al. 2000; Bocchino et al. 2000; Rho et al. 2002; Vink et
al. 2006). As a “cavity SNR” the Cygnus Loop may therefore not deserve its status as
a prototypical mature SNR. On the other hand, all SNRs when investigated in detail
appear to have some unique features.

X-ray spectroscopy of the Cygnus Loop has provided some peculiar results. One
example is that imaging spectroscopy with ASCA, Suzaku, Chandra and XMM-
Newton has revealed that the abundances of the bright X-ray shell are sub-solar,
with typical depletion factors of ~5 (Miyata et al. 1994, 2007; Katsuda et al. 2008b;
Nemes et al. 2008).28 The low abundance of the inert element Ne shows that this is
not due to dust depletion. In contrast, Katsuda et al. (2008b) found that near the rim
of the bright shell there are abundance enhancements of about a factor 2. The same
team later attributed these enhanced abundances at the very edge of the SNR to charge
exchange reactions between unshocked neutral hydrogen and shock ionized O VIII
(Katsuda et al. 2011). However, as they point out, further investigation is clarify the
possible role of resonant line scattering on the line equivalent widths. As discussed in
Sect. 6.1.3, this process results in scattering of photons with energies corresponding
to resonant lines out of the line of sight. As the photons will eventually escape the
SNR, it will result in enhanced line emission at the edges of emission regions, and
an attenuation of resonant line emission from the regions projected toward the inte-
rior. Indeed, there is some evidence for resonant line scattering (Miyata et al. 2008),
but currently it is not clear whether charge exchange and/or resonant line scattering

28Although this is not confirmed by Levenson et al. (2002), who only analyzed a small portion of the SNR
with Chandra.
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can explain the X-ray line emission from the rim of the Cygnus Loop, or whether
the metallicity of the plasma is really depleted. Future high resolution X-ray spec-
troscopy may be needed to clarify this issue, as it is needed to resolve the resonant
lines from forbidden lines. Resonant line scattering will boost the G-ratio toward the
center of the SNR, and lower it at the edge of the rim. Charge exchange will only
enhance the G-ratio at the edge of the rim, but without affecting the G-ratio in the
rest of the shell. In Sect. 10.2 I will discuss the X-ray spectroscopic results of inner
regions of the Cygnus Loop.

One striking feature of mature SNRs like the Cygnus Loop is the complexity
of the emission, which is caused by the interactions of the shocks with density in-
homogeneities (clouds, or cloudlets), and by a variety of shock velocities giving
rise to both radiative and non-radiative shocks. Moreover, these shock-cloud inter-
actions lead to the creation of reflected and transmitted shocks (Levenson et al. 1996;
Patnaude et al. 2002), not unlike the situation described in connection with SN 1987A
(Sect. 9.2).

A SNR that has been used quite extensively to investigate the interaction of the
blast with the inhomogeneous CSM is the Vela SNR. The Vela SNR contains a pul-
sar with a rotational period of 89 ms, which is surrounded by a pulsar wind nebula
(Helfand et al. 2001). Its characteristic age is ~11,000 yr. The actual age of the pulsar
and SNR may be older, ~20,000 yr (Aschenbach et al. 1995). VLBI parallax mea-
surements of the pulsar show that its distance is 287 &£ 19 pc (Dodson et al. 2003),
at which distance the angular size of the SNR, 4°, corresponds to a physical radius
of 20 pc. The SNR is located in a complex, star-forming region, which also con-
tains the y2-Velorum massive stellar binary. Both of them are embedded within the
hot bubble/HII region that is known as the Gum-nebula (Aschenbach et al. 1995;
Sushch et al. 2011).

ROSAT and XMM-Newton X-ray imaging spectroscopy of isolated regions, in
combination with optical narrow filter imaging show a complex structure (Bocchino
et al. 2000; Lu and Aschenbach 2000; Miceli et al. 2005) that is best described in
terms of three components: (1) a tenuous inter-cloud medium, which is difficult to
characterize in X-rays due to its diffuse nature and low surface brightness, (2) soft
X-ray emission from cloud cores, heated by slow transmitted shocks, and with tem-
peratures around k7 = 0.1 keV, and (3) hotter regions surrounding the clouds, con-
sisting perhaps of plasma evaporated from the clouds (cf. Kahn et al. 1985); this
plasma could be heated by thermal conduction from the hot inter-cloud medium, but
may otherwise cool by radiation and thermal conduction with the cool cloud cores.
The cloud cores have a moderately high densities of n ~ 5 cm™>.

10.2 Enhanced metal abundances mature SNRs

One striking result of imaging X-ray spectroscopy of mature SNRs has been the iden-
tification of metal-rich plasmas even within mature SNRs. In Sects. 8 and 9.1 a few
mature SNRs were mentioned that could be identified as Type Ia (e.g. DEM L71)
or core collapse/oxygen-rich SNRs (e.g. N132D and Puppis A) based on their abun-
dances. However, even older SNRs such as Vela and the Cygnus Loop have regions
with high metal abundances.
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Fig. 33 The emission pattern of oxygen (left) and iron line emission (right) from the Cygnus Loop as
a function of position within the SNR, following a track from roughly northeast to southwest. The green
symbols are taken from Tsunemi et al. (2007) and black and red points were determined by Uchida et al.
(2008) (Figure from Uchida et al. 2008)

Despite its large angular size, a significant fraction of the Cygnus Loop has
now been mapped with Suzaku and XMM-Newton CCD-detectors (Uchida et al.
2009). This has revealed that metal-rich plasma is associated with the low surface
brightness interior of the SNR, which has a temperature that is considerably hotter
(kT = 0.6 keV, Tsunemi et al. 2007) than the bright shell (kT =~ 0.2 keV). Even
within this hotter region there is some variation in abundance patterns, with O, Ne,
and Mg, more abundant in the outer regions, and Si, S, and Fe more abundant in the
central region (Fig. 33, Tsunemi et al. 2007; Uchida et al. 2008). Recently also the
detection of Ar lines was reported, indicating high Ar abundances (8-9 times solar,
Uchida et al. 2011). This suggests a layered explosion, with the more massive ele-
ments situated in the center. This is in contrast to Cas A, for which the Fe-rich ejecta
has (partially) overtaken the Si-rich ejecta (Sect. 9.1).

The overall abundance pattern of the inside of the Cygnus Loop is consistent
with that expected from a core collapse supernova with an initial progenitor mass
of M ~ 15 M, but with 5-10 times more Fe than predicted by supernova explosion
models (Tsunemi et al. 2007). As noted in Sect. 2 the predicted Fe yield has consid-
erable uncertainty. The idea that the Cygnus Loop progenitor was not a very massive
star (M > 20 M) is also consistent with the radius of the stellar wind bubble of
13 pc, which is more in line with an early type B-star than with an early type O-star
(Chevalier 1990).

It is tempting to speculate that the more layered metallicity structure of the Cygnus
Loop, as opposed to the more radially mixed metallicity of Cas A, has to do with the
different progenitor types. The Cygnus Loop progenitor, with its relatively low initial
mass, probably exploded as a red supergiant, but may still have had a significant
fraction of the hydrogen envelope at the time of explosion. The Cas A progenitor
was almost completely stripped of its hydrogen envelope at the time of explosion
(Sect. 9.1), which made it perhaps easier for convective motions inside the supernova
explosion to affect the layering of the ejecta. Indeed the simulations of Kifonidis et
al. (2003) show a qualitative difference in core ejecta velocities between Type II and
Type Ib (i.e. stripped progenitor) supernovae.
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Fig. 34 False color map of the
Vela SNR as observed in X-rays
with ROSAT (Aschenbach et al.
1995). The figure points out the
location of the “shrapnels” and
their designations

The metal-rich plasma in the Vela SNR is not associated with the interior, but
rather with a number of protruding plasma clouds, usually referred to as the Vela
“bullets” or “shrapnels” (Fig. 34, Aschenbach et al. 1995; Strom et al. 1995). The
name shrapnels is justified by their high abundances (Tsunemi et al. 1999), which
indeed suggest that the clouds consist of supernova ejecta. Although it is not clear
whether this also means that the clouds were ejected as such by the supernova, or
whether they were formed due to some hydrodynamical instabilities at the contact
discontinuity in the early SNR phase. The morphology of the SNRs are suggestive
of clouds surrounded by bow shocks, whose opening angles indicate Mach num-
bers M ~ 3—4. For the hot, tenuous environment of the Vela SNR (n ~ 0.01 cm™3,
Strom et al. 1995), this corresponds to velocities of V 2 300-700 kms~!. The av-
erage shrapnel densities are n. ~ 0.1-1 cm™> with masses for shrapnel A and D of,
respectively, 0.005 Mg and 0.1 Mg (Katsuda and Tsunemi 2005, 2006).

Given their projected distance from the main shell of ~1°, corresponding to
[ =5 pc, the shrapnels must have survived passage through the hot bubble for quite
some time. Even for a mean average velocity difference between shock and shrapnels
of Av~ 1,000 kms™!, the travel time is tiray ~ [/ Av ~ 5,000 yr. This should be
compared to the typical cloud-crushing time 7., (Klein et al. 1994):

172 1/2 ~1

Xx'*R X vp R )
oo = —ogo( ) (— ) (2 )y 55
“T T <100> (1,000kmsl> (lpc Y (>3)

with x the density contrast between the shrapnel and its ambient medium. Compar-
ison of these time scales, assuming v, ~ Av, shows that the apparent survival of
the shrapnels indicates that the density contrast between the shrapnels and the ambi-
ent medium must be high x ~ 1,000. A higher average velocity does not help, as it
lowers both the travel time and the destruction time. A higher density contrast could
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either mean that the initial density of the knots was higher than it is now, or that the
ambient density is lower, ~0.001 cm~3. Either way, the Vela shrapnels may owe their
survival to the low density of the ambient medium and a fortuitous timing concerning
the phase in which we happen to observe the Vela SNR. There is some morpholog-
ical evidence for hydrodynamical instabilities occurring in shrapnel D (Katsuda and
Tsunemi 2005), which will lead to the destruction of this cloud.

As already indicated, imaging spectroscopy with ASCA (Tsunemi et al. 1999),
Chandra (Miyata et al. 2001), and XMM-Newton (Katsuda and Tsunemi 2005, 2006)
have shown that the clouds represent supernova ejecta. These studies also indicate
that the shrapnels originate from different layers inside the supernova, with Shrapnel
A being more rich in the oxygen-burning product Si, and shrapnel D more rich in Ne
and the carbon-burning products O, Ne, Mg (with enhanced abundances by a factor
5-10 with respect to solar). The shrapnels are apparent due to their projected distance
from the Vela SNR. However, more shrapnels may be projected unto the main SNR
shell. Indeed, Miceli et al. (2008) found various regions observed by XMM-Newton
that have overabundances of O, Ne, Mg and Fe, which may be either indicative of
other shrapnels, or which may be regions containing the remains of destroyed shrap-
nels.

10.3 Mixed-morphology supernova remnants

Among the mature SNRs, one class of objects sticks out: the mixed-morphology (or
thermal-composite) SNRs (Sect. 3). They are characterized by centrally dominated,
thermal X-ray emission, whereas their radio morphology is shell-like. But apart from
the curious radio/X-ray morphology they have a number of other characteristics in
common (e.g. Cox et al. 1999). They tend to be older SNRs (20,000 yr) and are
associated with the denser parts of the ISM. Many of them are associated with OH
masers, which is an indication of interactions between the SNR shocks and molec-
ular clouds (e.g. Claussen et al. 1997; Frail and Mitchell 1998, Table 4). Several of
them are also sources of GeV and even TeV y-ray emission (Table 4), which likely
arises from cosmic ray nuclei*® interacting with dense gas in the SNR shell, or from
escaping cosmic rays interacting with unshocked parts of molecular clouds. These
interactions produce pions, of which the neutral pions decay into y-ray photons.
Finally, imaging X-ray spectroscopy of mixed-morphology SNRs shows that their
X-ray emitting plasmas have more or less homogeneous temperatures.

The morphology of these SNRs is difficult to explain with standard SNR evolu-
tion models (Sect. 4). There have been severals models to explain both the centrally
enhanced X-ray emission, which contrasts with their shell-type radio appearances
(Fig. 4d). The model of White and Long (1991) assumes that the central thermal
emission is caused by dense cloudlets that have survived the passage of the forward
shock, but are slowly evaporating inside the hot medium due to saturated thermal
conduction. They found a self-similar analytical model for the evolution of thermal-
composite SNRs, which in addition to the Sedov solutions (Sect. 4) has two additional
parameters, namely C, the ratio between the mass in the clouds and the mass in the

s opposed to electrons. See also the discussion in Sect. 11.2.
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Table 4 Mixed-morphology SNRs

SNR Name Size R ar  Dist Enh. RRC GeV TeV OH
metals Maser

arcmin Jy kpc

G0.0+0.0 Sgr A East 35%x25 1007 08? 8 X ? ? X (v)

G6.4-0.1 w28 48 310 03 19 X)) X(g XM

G31.9+0.0 3C391 7x5 24 049 85 X (k) X (n)

G33.6+0.1  Kes 79 10 22 05 78

G34.7-04 W44 35 x27 230 0.37 X X (e) X (n)

G41.1-0.3 3C397 45x%x25 22 048 75 X

G43.3-0.2  W49B 4 38 048 10 X X(¢s) X@ X@O

G49.2-0.7  WSIC 30 160 03 6 X (a) X (0)

G53.6-2.2 3C400.2 33 x 28 8 075 2.8

G65.3+5.7  G65.3+5.7 310 x 240 52?  0.6? 0.8

G82.2+5.0 W63 95 x 65 120 035 X

G89.0+4.7 HB21 120x90 220 048 08 X

G93.7-0.2 CTB 104A 80 65 065 1.5

G116.9+0.2 CTB1 34 8 0.61 X

G132.7+1.3 HB3 80 45 06 22 X X (b)

G156.2+5.7 GI156.2+5.7 110 5 0.5 X

G160.9+2.6 HBY9 140 x 120 110 0.64 <4

G166.0+4.3 VRO 42.05.01 55 x 35 7 037 45 X(@)

G189.1+3.0 IC443 45 160 036 1 X@G X X@ X3G X(@m)

G272.2-32  G272.2-3.2 15? 04 06 22 X(v

G290.1-0.8 MSH 11-61A 19 x 14 42 04 7 X X (b)

G327.4+0.4 Kes 27 21 30 05 5 XD

G357.1-0.1  Tornado 8§x3 37 04 >8

G359.1-0.5 G359.1-0.5 24 14 0.4 X X (r) X (q)

This list is based on the list by Lazendic and Slane (2006). Sizes, distances, and radio properties (radio flux
FR, and spectral index R ) were obtained from Green D. A., 2009, “A Catalogue of Galactic Supernova
Remnants (2009 March version)”, Astrophysics Group, Cavendish Laboratory, Cambridge, United King-
dom (available at http://www.mrao.cam.ac.uk/surveys/snrs/. The column names indicate: Enh. metals, the
presence of plasma with overabundances (Lazendic and Slane 2006, unless indicated otherwise); RRC, the
presence of radiative-recombination line continua; GeV, the detection in the GeV band (Fermi); TeV the
detection of associated sources in the TeV band with Cherenkov telescopes; OH Maser, the detection of
associated OH masers. The letters in parentheses refer to the following references: (a) Abdo et al. (2009);
(b) Abdo et al. (2010a); (c) Abdo et al. (2010b); (d) Abdo et al. (2010d); (e) Abdo et al. (2010e); (f) Abdo
et al. (2010f); (g) Aharonian et al. (2008b); (h) Albert et al. (2007a); (i) Bocchino et al. (2009); (j) Brun et
al. (2011); (k) Castro and Slane (2010); (1) Chen et al. (2008); (m) Claussen et al. (1997); (n) Frail et al.
(1996); (o) Green et al. (1997) (p) Koralesky et al. (1998a); (q) Lazendic et al. (2002); (r) Ohnishi et al.
(2011); (s) Ozawa et al. (2009); (t) Park et al. (2009); (u) Yusef-Zadeh et al. (1995); (v) Yusef-Zadeh et al.
(1996); (w) Yusef-Zadeh et al. (1999); (x) Yamaguchi et al. (2009)
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inter-cloud medium, and 7, the ratio between the evaporation time of the clouds and
the SNR age.

An alternative model proposed by Cox et al. (1999) concentrates on the con-
trast between the radio and X-ray morphology. According to their model the SNRs
evolve inside medium density CSM. The forward shock has decelerated to veloc-
ities below ~200 kms~!, resulting in a strongly cooling shell that is too cool
to emit X-ray emission. Because the shocks are radiative, the shock compres-
sion factors are large, giving rise to strongly compressed magnetic fields, and
enhanced cosmic-ray electron densities. As a result the radio synchrotron emis-
sion from the shells is strongly enhanced.’® The electrons are either accelerated
by the SNR, or are simply ambient relativistic electrons swept up by the radia-
tive shock. The X-ray emission from the interior has a homogeneous temperature
due to thermal conduction (Cui and Cox 1992) and turbulent mixing (Shelton et
al. 2004a). Numerical hydrodynamical models based on the model of Cox et al.
(1999) indeed show centrally enhanced X-ray morphologies (Shelton et al. 1999;
Velazquez et al. 2004).

Although the nature of mixed-morphology SNRs is still debated, there has been
considerable progress in our knowledge of them over the last ten years. Shelton et
al. (2004b) showed that SNR G65.2+5.7, which is clearly in the radiative evolution-
ary stage,>! shows an X-ray filled morphology. Due to the low absorption column
toward this SNR, ROSAT was also able to reveal a shell-like outer part in X-ray emis-
sion below 0.3 keV. These two characteristics are in qualitative agreement with the
explanation for mixed-morphology remnants by Cox et al. (1999).

Due to progress in X-ray imaging spectroscopy over the last 15 year, several
other clues about the nature of mixed-morphology SNRs have appeared. Many of
the mixed-morphology SNRs show evidence for metal-rich plasmas in the inte-
rior: Lazendic and Slane (2006) list 10 out of a sample of 23 thermal-composite
SNRs with enhanced abundances. Examples are W44 (Shelton et al. 2004a), HB 21,
CTB 1 and HB 3 (Lazendic and Slane 2006; Pannuti et al. 2010b), IC 433 (Troja
et al. 2008) and Kes 27 (Chen et al. 2008). Kawasaki et al. (2005) noted another
feature that may be generic for this class of SNRs: their ionization state is close
to ionization equilibrium (Sect. 6.1.2), unlike young SNRs and old SNRs like the
Cygnus Loop. Moreover, the thermal-composite SNRs IC 443 (Kawasaki et al. 2002;
Yamaguchi et al. 2009), W49B (Ozawa et al. 2009),32 and G359.1-0.5 (Ohnishi et al.

30This explanation for synchrotron emission from SNRs is called the Van der Laan mechanism (van der
Laan 1962). Uchiyama and Aharonian (2008) recently proposed that the radio emission may be addition-
ally enhanced by the presence of secondary electrons/positrons, i.e. the electrons/positrons products left
over from the decay of charged pions, created due to cosmic ray nuclei colliding with the background
plasma. The presence of secondary electrons/positrons may also explain the flat spectral radio indices ar
in Table 4. Finally, Bykov et al. (2000) discusses the possibility of electron acceleration by magnetohydro-
dynamic turbulence behind high density shocks.

31gee for example the well defined shell in optical [OIII] emission (Boumis et al. 2004).

32W49B is a young ejecta dominated SNR, and it is not clear whether it belongs to the class of thermal-
composite SNRs. However, apart from its age it has three characteristics of thermal-composite SNRs:
a high ambient density, centrally enhanced X-ray emission (Rho and Petre 1998), and y-ray emission
(Abdo et al. 2010d).
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Fig. 35 Suzaku SIS spectrum r ¥ T
of G359.1-05 (Ohnishi et al. 3

2011), showing in green the Si
and S Lyo line and in blue the
radiative-recombination
continua
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2011) show signs of overionization, in the form of radiative-recombination continua
(RRCs, Sect. 6.1.2) associated with metals like Si, S, and Fe (Fig. 35).

It is not clear whether metal-richness is a generic feature of mixed-morphology
SNRs, but it seems at least to be a common feature. There are several ways in
which metal-richness helps to explain the characteristics of thermal-composite SNRs.
Firstly, the uniform temperatures in their interiors are often attributed to thermal con-
duction (e.g. Cox et al. 1999). A problem for this explanation is that magnetic fields
limit thermal conduction across field lines (Sect. 5.4). However, if the interiors consist
predominantly of supernova ejecta, then the magnetic fields may be very low, simply
because the stellar magnetic field has been diluted by the expansion. Magnetic flux
conservation gives B = B, (R,/ R)z, with R, the stellar radius, and R the radius of the
SNR interior. Taking typical values of R, ~ 1013 ¢cm, R ~ 10%° cm, B, =1 G, shows
that the interior magnetic field may be as low as 10~!* G, approaching the value
where conduction across field lines becomes comparable to conduction along field
lines. Hence, the conditions are optimal for thermal conduction, but only up to the
boundary between ejecta dominated and swept-up matter, where Rayleigh—Taylor in-
stabilities at the contact discontinuity may have enhanced the magnetic-field strengths
and may have made the magnetic fields more tangled, preventing strong thermal con-
duction across the contact discontinuity.

Secondly, metal-rich plasma emits more X-ray emission, further increasing the
contrast in X-ray emission between metal-rich interior and the cool shell of swept-
up matter. An important additional aspect to consider here is whether the interiors
consist of enhanced metal abundances, i.e. a mix of ejecta and swept-up matter, or of
pure ejecta. For SNR W49B, a rather young member of the mixed-morphology class,
a pure metal abundance seems likely, but for older SNRs the plasma is probably
best described by hydrogen/helium dominated plasma with enhanced abundances.
One can illustrate the key features of the cool-shell/hot-interior scenario for mixed-
morphology SNRs with some simple numerical calculations, ignoring for the sake of
argument the more rigorous analytical treatment of the SNR evolution by Cox et al.
(1999).
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Firstly, most mixed-morphology SNRs appear to be in the snowplough phase of
their evolution, with Vg < 200 km s~!, which results in cool, X-ray dim, but opti-
cal/UV bright regions immediately behind the shock front. The interior, presumably
consisting of supernova ejecta, is more or less homogeneous in temperature and, be-
cause of pressure equilibrium also reasonably homogeneous in density. Given the age
of the SNR and the relatively high sound speed in the interior, one can assume ap-
proximate equilibrium between the ram pressure at the forward shock and the interior
(cf. Cui and Cox 1992). This gives

Ninteriork Tinterior ~ 00 Vsz s (56)

with Ainerior the total interior plasma density. If we use the values for W44 listed
by Cox et al. (1999), Vg = 150 km s™1 kTipterior = 0.6 keV and po = 1.0 x
1072 g cm~3, we find a density of nipgerior ~ 2.3 cm~3, which translates into an elec-
tron density of no ~ 0.8 cm™3, in rough agreement with X-ray measurements (Cox et
al. 1999). W44 has a radius of R ~ 10 pc, for an estimated distance of 2.5 kpc, but the
X-ray emitting interior has a radius of Riperior & 6 pc, corresponding to an interior
volume of Vipterior ~ 2.7 X 10° ecm~3. This means that the total internal energy is
U = nkT Vigterior ~ 0.9 x 100 erg (about 10% of the explosion energy). The X-ray
emitting mass is Mineerior = 28 M ; somewhat higher than the expected ejecta mass
of a Type II supernova, but not too far off, given the crudeness of the approximation.
At least it suggests that a substantial fraction of the interior plasma consists of ejecta,
and that the interior magnetic field may be low due to large expansion of the ejecta
material, or early shocked swept-up material.

Note that if we assume that the interior consists of metals only, this does not lead to
a consistent result. For example, if we assume O VII to be the dominant ion, then we
have noyr =n/8 ~ 0.29 cm 3 and Mingerior =~ 100 Mg . This is clearly much more
oxygen than a massive star can produce. So pure metal abundances seem unlikely,
although perhaps there are some regions in the interior that have unmixed ejecta. For
a discussion on the metal abundances in W44, see Shelton et al. (2004a).

A SNR will reach the snowplough phase when its age is larger than t,q ~
44,6000(E51/nH)1/3 yr. For W44 (ng =6 cm’3), this corresponds to ~25,000 yr.
Hence, an ionization age of 4 x 10'! ecm™3s is expected (Sect. 6.1.2). This is rel-
atively high, but below the ionization age for ionization equilibrium (10" cm~3s).
However, the situation is more complex, as the interior density and temperature may
have been higher in the past, and, therefore, the degree of ionization may be higher
than indicated by the simple multiplication of the present day age and electron den-
sity. This could explain the observation by Kawasaki et al. (2005) that most mixed-
morphology SNRs are near ionization equilibrium. Note that the high density in the
interior of W44 and other mixed-morphology SNRs is a direct consequence of the
high ISM density (56) and the thermal conduction, which results in a more uniform
interior density with medium hot temperatures, rather than very high temperatures
with very low interior densities.

In the context of mixed-morphology SNRs, it is of interest to show why some old
SNRs are expected to have RRCs. As noted by Ohnishi et al. (2011), one may expect
RRCs whenever the plasma cools faster than the recombination time, for example
due to thermal conduction (Kawasaki et al. 2002) or adiabatic expansion (Itoh and
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Masai 1989; Yamaguchi et al. 2009). Yamaguchi et al. (2009) calculated that the time
scale for cooling by conduction is too long, so adiabatic expansion is probably the
appropriate explanation. The time scale for adiabatic expansion can be calculated

from the thermodynamic relation 7 VY ~1 = constant, which means that the adiabatic
cooling time scale is given by (Broersen et al. 2011)
T 1 Vv 1 R 1R 1 __,
Tad=—| = == =—— =871, (57)
T/ l—-yvV 31—y)R 2R 2

with B the expansion parameter (Sect. 4.2), y =5/3, and ¢ the age of the SNR. For
SNRs in the snowplough phase we can use 8 = 0.25 (8). This suggests that t,g & /8.
For overionization to occur it is first required that the ionization age of the plasma
must be large enough (otherwise there could underionization). The second condition
is that the timescale for recombination is longer than the adiabatic cooling time scale:

1

9
Ureclle

(58)

Tad < Trec =

with ayec the recombination rate. The mixed-morphology SNRs show evidence for
overionization of Si XIII, for temperatures around k7 = 0.2-0.7 keV. For these
temperatures the recombination rate for Si XIV to Si XIII is approximately oyec =
5.9x 10~ cm? s~! (Shull and van Steenberg 1982). Using now that ne = 0.5nin¢erior
and (56) the condition for overionization in mixed-morphology SNR is:

8 . 8k Tinterior
Oreclle 0.50rec 0o Vsz

14 2 ( kTinter @ -
— 2 106 —1 N mterior rec i
* (150 kms~! 0.5keV /\ 6 x 1014 cm3s~! .

(59)

t <

with ny the pre-shock density. This equation shows that overionization should be
common, as most SNRs are much younger than a few million year. More impor-
tant is whether the average plasma ever reached ionization equilibrium, i.e. whether
[nedt 2 10'2 cm~3s. The discovery of RRCs in mixed-morphology SNRs has been
relatively recent. Given (59), one expects that many more SNRs, with relatively dense
interior plasmas, should have RRCs in their X-ray spectra.

Finally, some word of caution considering the interpretation of mixed-morphology
SNRs. The explanation of their properties sketched above is relatively simple, but
nature is often not that simple. For example, one may ask how it comes that SNRs
with maser emission, and which are interacting with molecular clouds, have densities
of only ng =5 cm™3. This is relatively high, but not nearly as high as the dense
molecular clouds usually associated with maser emission, ng > 1,000 cm™3 (Frail
and Mitchell 1998). But in fact, millimeter-wave and near infrared observations of
W44 and W28 by Reach et al. (2005) reveal the presence of dense molecular gas.
However, this dense gas has only a small filling factor. Reach et al. (2005) even note
that some of the dense clumps may survive the shock passage, which brings us back
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to the scenario proposed by White and Long (1991). The interclump densities, which
applies to 90% of the volume are, however, consistent with the estimates of Cox
et al. (1999), nyg ~ 5 cm—3. These infrared observations show that old SNRs have
a complex structure, which, for a proper understanding, requires multi-wavelength
observations.

11 Shock heating and particle acceleration: observations
11.1 Electron-ion temperature equilibration

As explained in Sect. 5.3, from a theoretical point of view collisionless shocks do
not naturally lead to equilibration of electron and ion temperatures in the immedi-
ate post-shock region. The degree of post-shock temperature equilibration by SNR
shocks is therefore an important observational issue. Unfortunately, X-ray measure-
ments of plasma temperatures usually refer only to the electron temperature, as it is
the electron temperature that determines X-ray line ratios (Sect. 6.1.3), and the shape
of the thermal X-ray continuum (Sect. 6.1).

A first indication that the electron temperature is not equal to proton tempera-
ture, or at least that (20) (Sect. 5.1) does not hold for young SNRs, is the fact that
for young SNR no X-ray temperatures above kT, ~ 5 keV have been reported.’
This is in contrast to the expected temperatures for some young SNRs with high
shock velocities. For example, Cas A and Tycho have shock velocities of, respec-
tively, Vg & 5100 km s~! (Vink et al. 1998; Koralesky et al. 1998b; Delaney and Rud-
nick 2003; Patnaude and Fesen 2009) and Vs ~ 4000 km g1 (Reynoso et al. 1997;
Katsuda et al. 2010a). They should, according to (20), have plasma components
with kT, > 19 keV. Even though part of the X-ray continuum of those two SNRs
is due to X-ray synchrotron emission (Sect. 11.2), plasmas as hot as 20 keV should
easily be detectable as they give rise to relatively flat spectra with power-law in-
dices around 1.5. In contrast, the observed spectral indices in the 4-6 keV con-
tinuum dominated band are typically =3 (e.g. Helder and Vink 2008). Also the
hard X-ray spectra do not show signs of thermal X-ray emission from plasmas
with kT = 5 keV (Allen et al. 1997, 1999; Favata et al. 1997; Vink et al. 2001;
Renaud et al. 2006b).

Apart from non-equilibration of electron-ion temperatures there may be another
reason for the low electron temperatures in young SNRs: non-linear cosmic-ray ac-
celeration may be so efficient that the overall plasma temperatures are very low
(Sect. 5.1, Drury et al. 2009; Helder et al. 2009; Vink et al. 2010).

In order to estimate the profon or ion temperature, as opposed to the electron
temperature, one needs to measure the thermal Doppler broadening. Thermal Doppler

330ne of the highest temperatures reported is kTe = 4.3 keV for the SNR IC 131 in M33 (Tiillmann et al.
2009).
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broadening gives rise to a Gaussian line profile with line width>*:

E kT;
(=)

The line width is often given in terms of Doppler velocities, in which case oy =
/kT;/mj. In order to measure the thermal Doppler broadening one best uses a spec-
trum of a region that is expected to be devoid of bulk line of sight motions. This
is expected at the edges of SNRs, where the expansion of the shell only results in
velocities in the plane of the sky.

Most measurements of thermal Doppler broadening are based on optical and
UV observations of Balmer and Lyman lines of hydrogen. A comprehensive list
of these measurements is given by Ghavamian et al. (2007). Balmer and Lyman
emission lines from SNR shocks require that the shocks move through (partially)
neutral gas. As the neutral hydrogen penetrates the shock heated region the neutral
atom may get excited, giving rise to narrow line emission in the optical/UV. In ad-
dition to excitations also charge transfer reactions may occur, i.e. a shock heated
proton may pick up an electron from a neutral particle. This process gives rise to
thermally broadened Balmer or Lyman line emission (e.g. Chevalier et al. 1980;
Heng 2010) from which the hydrogen temperature immediately behind the shock can
be measured (van Adelsberg et al. 2008). The ratio between the narrow and broad
line emission is a function of shock velocity and the degree of electron—proton tem-
perature equilibration.

Ghavamian et al. (2007) presented evidence that for low shock velocities the
proton and electron temperatures are equilibrated, whereas for shock speeds above
~ 500 kms~! the temperatures become increasingly non-equilibrated, with a rough
dependency of T. /T, oc 1/ Vsz. The work by van Adelsberg et al. (2008) and Helder
et al. (2011) does not corroborate the dependency, but does confirm that slow shocks
produce thermally equilibrated plasmas, whereas fast shocks do, in general, not. Note
that the work of Helder et al. (2011), and earlier work of Rakowski et al. (2003), is
based on electron temperatures measured using X-ray spectroscopy, whereas proton
temperatures were measured from broad He line emission. Helder et al. (2011) used
the SNR RCW 86, which has large density and shock velocity contrasts (Vink 2006;
Helder et al. 2009), and may be efficient in accelerating cosmic rays (Helder et al.
2009; Aharonian et al. 2009). Rakowski et al. (2003) measured temperature equilibra-
tion in the LMC SNR DEM L71 with inferred shock velocities of 500-1,000 kms—!.
For DEM L71 the T/ T o< 1/ VS2 relation seems to be valid.

In addition to the hydrogen lines, also lines from other ions can be used to measure
ion temperatures. A noteworthy example is the UV line emission from the northwest-
ern region of SN 1006 as measured by the Hopkinson Ultraviolet Telescope (HUT),
which shows that the lines from H I, He II, C IV, N V, and O VI all have the same
width of ~2,300 km s~! (FWHM, Raymond et al. 1995). This indicates that the ions

34The lack of a factor 2 in the equation may be confusing. Note that Rybicki and Lightman (1979)
show that the profile is proportional to exp[fmicz(E - Eo)z/(ZEOkTi)]. Comparing this to a Gaussian
exp[—(x — xo)z/(Zaz)] shows the correctness of (60).
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Fig. 36 Left: Map of O VII emission made from several Chandra-ACIS observations (see also Fig. 37).
The lines indicate the region observed by the XMM-Newton RGS instrument. The target was the bright
knot in the northeast inside the RGS region. Right: Detail of the RGS1 spectrum of the northeastern knot,
showing O VII Hea line emission. The dotted line is the best fit model without line broadening, whereas
the solid line shows the model including thermal line broadening (Adapted from Vink et al. 2003)

are not equilibrated, since there is no dependency of the line width on the mass of the
ion (see (60)).

Thermal Doppler broadening measurements in X-rays are rare, as one needs high
resolution spectroscopy of a region very close to the shock front, and the current
grating spectrometers do not easily allow to isolate particular regions of an extended
object. But Vink et al. (2003) measured the line broadening of the O VII Hea line
emission from a bright knot that stands out at the northeastern rim of SN 1006. The
size of the knot is approximately 1’. This measurement was possible for SN 1006,
because this remnant is rather large for a young SNR (30’). As a result only a small
amount of the overall X-ray emission from the rest of the SNR is contaminating
the XMM-Newton RGS spectrum. The expected line profile for a narrow line con-
sists of a sharp rise, as for a normal point source, but it has a long tail, caused by
emission from the interior of SN 1006 (Fig. 36). The shape of the short wavelength
side of the line profile is, therefore, sensitive to the thermal line broadening. Vink
et al. (2003) reported a line profile with a width of o0 = 3.4 £ 0.5 eV, correspond-
ing to oy = 1,777 km s~L Using (60), this translates into a temperature for O VII of
kTo vir = 528 & 150 keV. This seems extremely hot, but using (20), with m; = 16m,,
instead of ump, shows that it corresponds to a shock velocity of ~4,000 km s~1
provided that oxygen has not been equilibrated with protons. The high O VII tem-
perature should be compared to the electron temperature as measured with the EPIC
instruments on board XMM-Newton, kT, ~ 1.5 keV. This is a clear indication that in
this electrons and oxygen ions are not equilibrated.

The nature of the X-ray emitting knot in SN 1006 is not quite clear. It seems to have
enhanced O and Si abundances, and may therefore be an ejecta knot, in which case
it was heated by the reverse shock. Another important issue is whether non-thermal
components, such as accelerated particles may have influenced the thermal balance
of the shock, as discussed in Sect. 5.1. The northeastern part of SN 1006 seems, in
that sense, a relatively good place to measure equilibration processes in the absence
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of cosmic rays, as this region shows no evidence for X-ray synchrotron emission (see
also Sect. 11.2).

Although the RGS observations of SN 1006 are perhaps the most direct measure-
ments of thermal Doppler broadening in X-rays, thermal Doppler broadening is im-
portant to take into account when using the overall line broadening of SNRs. An
example is the Doppler line broadening of LMC SNRs like 0509-67.5 (Kosenko et
al. 2008) and 0519-69.0 (Kosenko et al. 2010) as measured with the XMM-Newton
RGS. Thermal line broadening may even affect the line width as measured with CCD
instruments. Furuzawa et al. (2009) reported that Fe-K line broadening of X-ray line
emission from Tycho’s SNR, and its spatial distribution, cannot be easily modeled
with bulk velocities alone, but that thermal Doppler broadening is needed as well.
From this they infer an iron temperature of (1-3)10'9 K (860-2600 keV)! So there
are several pieces of evidence that electrons and ions may indeed have different tem-
peratures. In X-rays, however, the evidence seems at the moment to pertain to plasma
heated by the reverse shock. The evidence for non-equilibration of temperatures of
plasma heated by the forward shock is mostly based on He measurements. For these
measurements the amount of equilibration is based on the narrow to broad line flux
ratio, but the interpretation is model dependent and does not always give consistent
results (van Adelsberg et al. 2008). Moreover, current models do not take into account
the effects of cosmic-ray precursor physics, which is likely important for the correct
interpretation of the line ratios (van Adelsberg et al. 2008; Rakowski et al. 2008;
Helder et al. 2011; Raymond et al. 2011).

It could be that the dichotomy between equilibrated shocks below 500 kms™!,
and unequilibrated shocks above 500 km s~! is somehow related to cosmic-ray ac-
celeration, possibly due to an increased role of plasma waves (e.g. Rakowski et al.
2008). However, this different equilibration behavior between slow and fast shocks
may also have another origin: as pointed out by Bykov (2004), electrons have thermal
velocities larger than the shock velocity for Mach numbers M < ,/mp/me = 43. The
velocity with which the electrons are therefore scattered behind the shock is largely
determined by the pre-shock temperature rather than by the shock velocity. This may
lead to additional electron heating mechanisms. A Mach number of ~43 corresponds,
for a typical sound speed of 10 kms™!, to a shock velocity of 400 kms~'. Interest-
ingly, low Mach numbers may also occur for high shocks speeds in the presence of
cosmic rays. This happens when the cosmic-ray precursor significantly pre-heats the
incoming plasma. The different equilibration properties of the TeV source RCW 86
(Helder et al. 2011) and DEM L71 (Rakowski et al. 2003) may be explained by the
more prominent role of cosmic-ray acceleration in RCW 86. This is suggestive of an
intimate relation between cosmic-ray acceleration and temperature equilibration at
the shock.

In the future, with the availability of microcalorimeter spectrometers on Astro-H
and IXO, it will be possible to routinely obtain line broadening measurements from
regions close to SNR shock fronts. The advantage that X-ray measurements have
over Ho. measurements is that no neutral hydrogen is needed upstream of the shock.
Right now the sample of young SNRs with thermal Doppler broadening measure-
ments is skewed toward Type Ia SNRs, as they seem to be more likely to have Ho
emission from the shock region (Sect. 8). The problem with this is that the presence
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of a large fraction of neutral atoms may dampen Alfvén waves. This may result in
different shock-heating properties and may also quench efficient cosmic-ray acceler-
ation (Drury et al. 1996). X-ray measurements of ion temperature, therefore, provides
a more unbiased probe of shock-heating properties. The disadvantage is that on aver-
age the X-ray emission comes from further behind the shock front than Ho emission.

High resolution X-ray spectroscopy may also be used to gather information on
the post-shock equilibration process itself, because different plasma ionization ages
should also correspond to different degrees of equilibration (i.e. full/partial non-
equilibration and equilibration, see Sect. 5.2).

11.2 X-ray synchrotron emitting filaments

Although SNRs are thought to be the main sources of Galactic cosmic rays (Sect. 5.5),
until 1995 the observational evidence for this consisted mostly of the detection of ra-
dio synchrotron radiation from SNRs. The electrons responsible for radio emission
have energies in the GeV range. So radio synchrotron radiation informs us that SNRs
can accelerate electrons, but does not proof that they can accelerate particles to ener-
gies comparable to the “knee” in the cosmic ray spectrum (~3 x 103 eV).

In 1995 it was for the first time convincingly demonstrated that a SNR, SN 1006,
emitted X-ray synchrotron radiation (Koyama et al. 1995). That the X-ray spectrum of
this source was unusual was already clear from observations with the solid-state spec-
trometer on board the Einstein X-ray observatory (Becker et al. 1980). The spectrum
appeared featureless, and was completely different from the line-rich X-ray spectra of
a young SNRs like Tycho or Cas A. This was interpreted by Reynolds and Chevalier
(1981) as the result of synchrotron emission from shock accelerated electrons. How-
ever, Hamilton et al. (1986) proposed an ingenious interpretation in which most of the
emission was coming from carbon-rich, shocked ejecta, which would provide a large
thermal bremsstrahlung emissivity (42) without much line radiation in the 0.5-7 keV
range. The case for X-ray synchrotron radiation by Koyama et al. (1995) was settled
thanks to the spectral-imaging capabilities of ASCA, which established that thermal
radiation was being emitted from all over the face of SN 1006, but that the thermal
emission was overwhelmed by non-thermal continuum emission coming from two re-
gions close to the forward shock (Fig. 37). This had important consequences for the
idea that SNRs can accelerate particles, as X-ray synchrotron emission implies that
electrons are accelerated up to energies of 10—100 TeV. This requires rather small
diffusion coefficients (see (52) for the loss-limited case). If indeed maximum elec-
tron energies are limited by radiative losses, then ions can in principle be accelerated
to even higher energies, possibly even beyond 10'> eV. But the X-ray synchrotron
radiation does not proof that this is the case.

Around the same time that X-ray synchrotron radiation from SN 1006 was es-
tablished non-thermal hard X-ray emission was detected from the young SNR Cas
A by the CGRO-OSSE (The et al. 1996), RXTE-HEXTE (Allen et al. 1997) and
Beppo-SAX-PDF (Favata et al. 1997) instruments. This hard X-ray emission is likely
caused by synchrotron radiation as well, although other explanations have been
proposed (e.g. Allen et al. 1997; Vink et al. 1999; Laming 2001a; Vink 2008b;
Helder and Vink 2008). Moreover, ASCA observations also established that two
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Fig. 37 Chandra image of SN
1006 based on a mosaic of
several observations. The three
colors correspond to the

0.5-0.6 keV band (O VII He-«,
red), 1-1.7 keV (continuum
with some Mg XI emission,
green), and 2-5 keV (continuum
dominated, blue). SN 1006 was
the first SNR for which imaging
spectroscopy with the ASCA
showed a clear spatial separation
of continuum emission,
identified as synchrotron
emission mostly from near the
rims of the SNR, and thermal
emission (dominated by O VII),
which dominates the emission
from the interior (Koyama et al.
1995)

newly discovered SNRs RX J1713.7-3946 (G347.3-0.5, Pfeffermann and Aschen-
bach 1996) and RX J0852.0-4622 (G266.2-1.2, Aschenbach 1998) were similar to
SN 1006 in that their X-ray emission was completely dominated by synchrotron emis-
sion (Koyama et al. 1997; Slane et al. 1999, 2001). In fact, no thermal X-ray emission
from these SNRs has yet been detected (e.g. Hiraga et al. 2005; Acero et al. 2009;
Slane et al. 2001; Pannuti et al. 2010a).

The spatial resolution of Chandra helped to establish that not only rather large
SNRs are source of X-ray synchrotron radiation (SN 1006, RX J1713.7-3946, and
RX J0852.0-4622 are all larger than 30’). Also Cas A (Gotthelf et al. 2001), Tycho
(Hwang et al. 2002) and Kepler (Reynolds et al. 2007) have regions close to the shock
front that are continuum dominated. These regions are, however, very thin (1-2"). Tt
was soon shown that the narrowness of these filaments must be the result of relatively
large magnetic fields (~100-600 uG, Vink and Laming 2003; Berezhko et al. 2003;
Bamba et al. 2004, 2005; Volk et al. 2005; Ballet 2006; Parizot et al. 2006).

Vink and Laming (2003) determined a high magnetic field for Cas A by assuming
the width of the filament is determined by the radiative loss time of X-ray synchrotron
emitting electrons. As the plasma is advected away from the shock front, a radiative
loss time also corresponds to a physical length scale. The plasma velocity with respect
to the shock front is given by v, = V;/x (cf. (12)), whereas the synchrotron loss time
is given by (49). The synchrotron loss time, therefore, corresponds to an advection
length scale of

Vs Tsyn

lagy = V2Tsyn = . (61)
X

Since 74y depends on both the magnetic field and electron energy (teyn  B—2E 1),
one needs additional information to determine B and E separately. For that one can
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Fig. 38 Left: The maximum cosmic-ray electron energy versus magnetic-field strength for the region just
downstream of Cas A’s shock front, as determined from the thickness of the filaments (Vink and Laming
2003). The shaded area is excluded, because the filament width cannot be smaller than the minimum pos-
sible diffusion length (cf. Vink and Laming 2003). (These figures were published before in Vink (2006).)
Right: The power slope of the X-ray continuum in the 4-6 keV band based on the 1 MS Chandra obser-
vation of Cas A (Helder and Vink 2008). The color scale indicates the slope difference with respect to
the mean slope of I" = 3.2. Brighter color mean harder spectra, and signify a larger contribution of syn-
chrotron radiation. Note that there seem to be two general regions of synchrotron radiation, the outer edge
and the inner region near the reverse shock. A high resolution Chandra X-ray image of Cas A is shown in
Fig. 26, where the X-ray synchrotron can be seen as a faint blue wisp at the edge of the SNR

use the dependence of the typical photon energy on the magnetic-field strength and
electron energy (ox E2B, (47)). This is graphically depicted in Fig. 38, showing that
for Cas A B ~ 100 uG near the shock front. This method is not the only way to
determine the magnetic field. One can also assume that the width of the synchrotron
emitting filaments are equal to the diffusion length scale (/gifr o B~LE, (41) appro-
priate for the energies of the synchrotron emitting electrons (Berezhko et al. 2003).

Both methods give roughly the same magnetic-field estimates (Ballet 2006). In
principle, the X-ray synchrotron rims should be always wider than, or compara-
ble to, the diffusion length scale, as this is the width of the region from which
electrons are actively being accelerated (indicated by the shaded region in Fig. 38
(left)). But the diffusion length scale is always comparable to the advection length
scale for electrons with energies close to the maximum energy (Parizot et al. 2006;
Vink et al. 2006). This is easily demonstrated using the basic condition for determin-
ing the maximum electron energy, i.e. the acceleration time equals the synchrotron
cooling time, Taee A Teyn (51). The acceleration time scale is within an order of
magnitude given by Taec & D/ v% (cf. (40)). Using (61) one can rewrite the condi-
tion for reaching the maximum electron energy, Tacc & Tsyn, i Tace ~ ladv/v2. Equa-
tion (41) shows that lgitt ~ D /v2 & Taccv2. Hence, the condition Taeec & Tsyn also im-
plies lgiff A lagy-

By combining (49) and (51) one obtains a relation between the typical width of
the X-ray synchrotron emitting region, assumed to be /4y, and the magnetic-field
strength, under the assumption that we observe synchrotron emission from electrons
near the cut-off energy (cf. Parizot et al. 2006; Vink et al. 2006):
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Lg -2/3 L
82%26<#) n”3<><4——) uG, (62)

1.0 x 1018 cm 4

with B the average magnetic field in the shocked plasma, x4 the total shock com-
pression ratio in units of 4, and 7 as defined in (39). Note that this magnetic-field
estimate is independent of the shock velocity and depends only weakly on the shock
compression ratio and 7. Since the actual width is determined by a combination of
diffusion and advection the actual observed width is larger than either l,gy or /gift, and
one can take [yps & leadv.

It is worth mentioning that not all X-ray synchrotron radiation may come from
loss-limited spectra. For large SNRs like RX J1713.7-3946, with a rather broad X-ray
synchrotron emitting shell, one may wonder if the magnetic field is not so large that
the X-ray synchrotron spectrum is age limited. Also for the youngest known Galac-
tic SNR, G1.9+0.3 (Reynolds et al. 2008; Borkowski et al. 2010), it is not clear
whether the X-ray synchrotron emission is age or loss limited. One possible way
to test this is too monitor the non-thermal X-ray emission for some time. For ex-
ample, recently it has been shown that the X-ray synchrotron brightness of Cas A
has declined between 2000 and 2010. At the same time the spectrum has softened
(Patnaude et al. 2011). This can be understood assuming a loss-limited spectrum,
as the exponential cut-off energy depends solely on VS2 (52). Since the shock is de-
celerating the cut-off energy will decrease, thereby making the spectral index larger
(corresponding to a softer spectrum) and the brightness smaller. For an age-limited
synchrotron spectrum the cut-off photon energy depend on the age of the SNR. Thus
the cut-off energy will increase with time. Depending on the magnetic-field evolu-
tion in the shock region this could in principle make the X-ray synchrotron spec-
trum harder (Carlton et al. 2011). The secular evolution of the X-ray synchrotron
emission does, however, also depend on other variables, such as the number of elec-
trons accelerated as a function of age, but the evolution of the exponential cut-off is
likely to be the dominant contribution to the spectral evolution (Patnaude et al. 2011;
Katsuda et al. 2010b).

11.3 X-ray based evidence for efficient cosmic-ray acceleration

One of the surprises that came out of the magnetic-field determination was that
the magnetic fields were typically 100600 uG, larger than might be expected,
if they were merely caused by the compression of the interstellar magnetic field
(Bism ~ 5 UG). Additional evidence for these high magnetic fields is that the
X-ray synchrotron emitting regions seem to vary on time scales of several months
to years, which may be indicative of the synchrotron cooling time scales, and,
hence high magnetic fields (Patnaude and Fesen 2007; Uchiyama et al. 2007
Uchiyama and Aharonian 2008).> The high magnetic fields suggest that some
magnetic-field amplification mechanism is operating near the shocks of young SNRs.

There are several theories that link magnetic-field amplification to efficient
cosmic-ray acceleration. A particular promising mechanism is that discovered by

35However, an alternative explanation may be varying magnetic fields due to passages of large scale plasma
waves (Bykov et al. 2008b).
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Bell (2004), in which cosmic rays streaming outward result in an electron return
current. These electrons are then deflected by the magnetic field, thereby creat-
ing a very turbulent, amplified magnetic field. This mechanism is expected to give
up ~ Viler X pVS, with up and u,, respectively, the magnetic field and cosmic-ray
energy density, and po the ambient plasma density.

Combining the magnetic-field estimates of several young SNRs shows that there
is indeed a clear trend that SNRs evolving in low density environments seem to have
lower magnetic fields than those evolving in high density media (Bamba et al. 2005;
Volk et al. 2005; Ballet 2006; Vink 2008a). This also explains the trend that the
wider X-ray synchrotron emitting regions, hence lower magnetic fields, are found in
larger SNRs: these SNRs have a combination of high shock velocity and large radius,
because they evolve in a low density region (Ueno et al. 2006).

The relation between magnetic-field energy density and shock velocity is less
clear. The reason is that for X-ray synchrotron emitting SNRs the dynamic range
in velocity is relatively small (~2,000-6,000 km s~1). Vélk et al. (2005) find that
B?  po VSZ, but they used an outdated measurement of the shock velocity of Cas A
(~2,500 kms~!). Vink (2008a) instead favors a dependency of B2/(87) x ,oOVS3,
but noted that the dynamic range makes the dependency on Vi uncertain. Including
the magnetic-field determination for SN 1993J (V; & 20,000 km s~!, and B~ 64 G,
Fransson and Bjornsson 1998; Tatischeff 2009) indicates that B? x Vs3 seems more
likely (Fig. 39). But it should be noted that it is not quite clear whether the magnetic-
field amplification mechanism in SN 1993]J has a similar origin as in young SNRs.

There has been some concern that amplified, turbulent magnetic fields dampen
rapidly, even to the point that the width of the narrow X-ray synchrotron filaments in
young SNRs may not be determined by the advection or diffusion length scale, but by
the magnetic-field damping time scale (Pohl et al. 2005). However, this would affect
the radio and X-ray synchrotron profile similarly, and this does not appear to be the
case (Cassam-Chenai et al. 2007; Gotthelf et al. 2001).

The X-ray synchrotron emission from SN 1006 has another characteristic that may
be of importance for a better understanding of cosmic-ray acceleration: it appears that
the synchrotron radiation is coming from just two regions of the SNR, i.e. there seems
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to be very little synchrotron emission from the center of the SNR (Willingale et al.
1996; Rothenflug et al. 2004; Cassam-Chenai et al. 2008). A likely explanation is that
this is due to initial the magnetic-field configuration. Given the inferred polar geome-
try, the implication is that X-ray synchrotron radiation is favored by a magnetic field
that is parallel to the shock normal. On the other hand, the presence of X-ray syn-
chrotron radiation requires a turbulent magnetic field. This seems a contradiction, but
the two conditions can be combined by assuming that efficient cosmic-ray accelera-
tion favors a parallel magnetic field to start, but once it has started it creates its own
turbulent magnetic field (Volk et al. 2003). SN 1006 may be special in that its back-
ground magnetic field was much more regular than that of other X-ray synchrotron
emitting SNRs.

One question that may be raised is whether the magnetic fields in young SNRs are
caused by amplification, or that even creation of magnetic fields is possible. There is
at least some indication for magnetic-field creation, because Helder and Vink (2008)
showed, on the basis of a spectral analysis of Chandra X-ray data (Fig. 38 (right)),
that most of the X-ray synchrotron emitting filaments are not associated with the for-
ward shock, but with the reverse shock (see also Uchiyama and Aharonian 2008).
Since these filaments are also narrow, the local magnetic fields must be of the order
of 100-500 uG. A problem with this is that the ejecta, due to their large expansion
must have very low magnetic fields. So this suggests that Bell’s mechanism, or any
other amplification mechanism, even operates for very low seed magnetic fields, or
perhaps does not even require a seed magnetic field. Alternatively, cosmic rays dif-
fusing from the forward shock to the reverse shock may have provided a seed pop-
ulation of cosmic rays that resulted in magnetic field amplification through Bell’s
mechanism (Schure et al. 2010). Note that there are also suggestions that the reverse
shock regions of RCW 86 (Rho et al. 2002) and RX J1713.7-3946 (Zirakashvili and
Aharonian 2010) are sources of X-ray synchrotron radiation.

Irrespective of the exact magnetic-field dependence on shock velocity, the evi-
dence for magnetic-field amplification in young SNRs has important consequences.
The presence of amplified magnetic fields imply large cosmic-ray energy densities.
This makes it likely that cosmic rays are indeed being efficiently accelerated, i.e.
a large fraction of the shock energy may be transferred to cosmic rays. This in turn
suggests that the post-shock temperatures are expected to be low and the shock com-
pression ratios should be larger than four (Sect. 5.1).

As argued in Sect. 11.1, the lack of very hot electron temperatures in young
SNRs may be caused either by a lack of electron—proton temperature equilibra-
tion, or by efficient acceleration. Proton temperatures are less affected by equili-
bration effects, and can be determined from Hea line widths. Using this technique
Helder et al. (2009) showed that in the northeastern part of RCW 86 the proton
temperature is kT = 2 keV, much lower than the expected kT > 10 keV. They de-
rived from this a post-shock cosmic-ray pressure contribution of >50%. Note that
RCW 86 is a TeV source (Aharonian et al. 2009) and that the northeastern part
emits X-ray synchrotron radiation (Bamba et al. 2000; Borkowski et al. 2001b;
Vink et al. 2006). A similar study of the rapidly expanding LMC SNR B0509-67.5
(Sect. 8.1) indicates that there in the southwest the post-shock pressure is for >20%
provided by cosmic rays (Helder et al. 2010). This method can also be employed us-
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Fig. 40 Radio to X-ray ' ' S '
synchrotron spectrum of the q=2.2 (no bend)
northeastern part of RCW 86
(Vink et al. 2006). The models
show that a curved synchrotron
spectrum is needed. A simple
synchrotron spectrum with a
spectral radio index a = 0.6
(corresponding to an electron
particle index of ¢ =2.2,

Sect. 11.2) and an exponential
cut-off in electron energy cannot
simultaneously fit both the radio
and X-ray data points
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ing X-ray spectroscopy once high resolution, non-dispersive, spectrometers will be
available.

Another effect of efficient cosmic-ray acceleration is high shock compression ra-
tios (Sect. 5.1). There is indeed evidence for high shock compression ratios in Tycho
(Warren et al. 2005; Cassam-Chenai et al. 2007) and SN 1006 (Cassam-Chenai et al.
2008). Although the compression ratio cannot be measured directly, X-ray imaging
spectroscopy of both SNRs shows that the ejecta that are located very close to the
forward shock, which is an observational consequence of a high compression ratio
(Decourchelle et al. 2000).

Efficient acceleration should also lead to a curvature of the relativistic electron
spectrum. The reason is that particles of different energies experience different com-
pression ratios during the acceleration process, depending on whether they experience
the overall shock compression ratio, the gas-shock (sub-shock) compression ratio, or
something in between (see Sect. 5.5). Radio spectra of a few SNRs do indeed show
evidence for spectral hardening with increasing frequencies (Reynolds and Ellison
1992). For X-ray spectroscopy the consequence of spectral curvature is that the X-ray
synchrotron brightness cannot be simply estimated from an extrapolation of the radio
synchrotron spectrum, but it should be brighter than expected. This has indeed been
demonstrated to be the case for the northeastern rim of RCW 86 (Vink et al. 2006,
Fig. 40) and SN 1006 (Allen et al. 2008).

11.4 The relation between X-ray synchrotron and y-ray emission

The field of GeV and TeV y-ray astronomy has made tremendous progress over
the last decade, thanks to technical progress in building sensitive TeV Cherenkov
telescopes (see Hinton and Hofmann 2009, for a review) and, very recently the launch
of the NASA Fermi satellite, which is sensitive to ~0.1-100 GeV y-rays. Together
these telescopes have greatly expanded the number of y -ray sources, and, over the last
decade have resulted in the first firm detections of continuum y-ray emission from
shell-type SNRs. The first such detection in the TeV band was Cas A with HEGRA
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(Aharonian et al. 2001), but the list of TeV detected telescopes has greatly expanded
since then.®

The 0.1-100 GeV band was sampled by y-ray satellites since the 1970s, but the
first evidence for associations between GeV y-ray sources and SNRs were found
with CGRO-EGRET, and concerned mature SNRs interacting with molecular clouds
(Esposito et al. 1996). Fermi has confirmed these early associations, and greatly en-
hanced the number of y -ray sources among mature SNRs interacting with molecular
clouds (Sect. 10.3). In addition, also a number of younger SNRs have now been de-
tected. The first catalog of Fermi listed 41 sources as possibly associated with SNRs
(Abdo et al. 2010a) and this list is still expanding.’

The great importance of GeV and TeV y-ray astronomy is that it can give us a
direct view of the accelerated cosmic-ray nuclei,*® which make up 99% of the cos-
mic rays observed on Earth. These nuclei produce y-ray emission if they collide
with atomic nuclei, thereby creating, among others, neutral pions, which decay in
two y-ray photons. However, two other important y-ray radiation processes origi-
nate from relativistic electrons: interactions with background photons result in in-
verse Compton up-scattering, whereas interactions with ions in the SNR result in
bremsstrahlung. X-ray observations are crucial for disentangling all these contribu-
tions. The thermal X-ray emission is important for determining the local plasma den-
sity, which determines the y-ray non-thermal bremsstrahlung and pion-decay contri-
butions. The X-ray synchrotron emission can be used to determine the local magnetic
field. The combination of magnetic field and radio and X-ray synchrotron flux can
then be used to infer the inverse Compton contribution to the y-ray emission.

Although X-ray observations seem to indicate that cosmic-ray acceleration is ef-
ficient in young SNRs, the recent observations of SNRs in GeV and TeV y-rays
provide a more ambiguous story. Although many SNRs have been detected in TeV
y-rays with TeV telescopes like HEGRA (Aharonian et al. 2001), HESS (e.g. Aharo-
nian et al. 2004), MAGIC (Albert et al. 2007b) and Veritas (e.g. Acciari et al. 2011)
and the Fermi satellite, the y-ray observations do not provide clear evidence that
cosmic rays are being accelerated efficiently, nor that they SNRs accelerate ions to
beyond “the knee”.

There has been a strong debate about the nature of TeV emission X-ray syn-
chrotron radiation dominated SNRs. A central role in this debate concerns the bright-
est TeV emitting SNR, RX J1713.7-3946. For example Berezhko and Volk (2010)
advocates a dominant pion-decay contribution to the TeV y-ray emission, whereas
Katz and Waxman (2008) and Ellison et al. (2010) argue that the y-ray emission is
dominated by inverse Compton scattering. The lack of thermal X-ray emission is an
important ingredient in this debate, as to some it indicates low densities, and hence
low pion-decay luminosities, whereas others (notably Drury et al. 2009) have argued

36At the moment of writing 13 shell-type SNRs are now claimed to be TeV sources, see
http://tevcat.uchicago.edu.

37Note that the y-ray may not necessarily come from the SNR shell, but in some cases from an embedded
pulsar wind nebula.

38protons and other ions. These are often named “hadronic cosmic rays”, as opposed to leptonic cosmic
rays, which are mostly electrons and positrons.
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Fig. 41 Left: y-ray excess count map of RX J1713.7-3946 as observed by HESS. Overlayed are 1-3 keV
X-ray (ASCA) intensity contours (Aharonian et al. 2007). Right: A comparison of the X-ray flux (1-10 keV,
XMM-Newton) and HESS y-ray integrated flux (1-10 TeV band, figure taken from Acero et al. 2009)

that it could be the result of extremely low temperatures caused by efficient cosmic-
ray acceleration (see Sect. 5.1). An argument in favor of an electron origin for the
y-ray emission of RX J1713.7-3946 is the close resemblance between the TeV y-ray
and X-ray brightness distribution, which suggests that both originate from the same
population of particles: electrons (Fig. 41, Acero et al. 2009).

However, there are two arguments in favor of pion decay. Namely the relatively
hard spectrum in TeV, which extends up to 100 TeV, and the inferred high magnetic
field in the SNR, >mG (Uchiyama et al. 2007). Higher magnetic fields imply lower
relativistic electron densities for a given X-ray synchrotron flux. Hence, the electron
contribution to the TeV flux is expected to be low, and pion decay becomes the most
likely dominant source of TeV y -rays. The high magnetic-field estimates are based on
the observation of rapid X-ray flux changes and comparing them to the synchrotron
loss time scales (see (49)). But the fluctuations may also originate from fluctuations
of due to long wavelength Alfvén waves (Bykov et al. 2008b). Another argument in
favor of relatively high magnetic fields are the small widths of the X-ray synchrotron
rims (Sect. 11.2). But for this measurement the problem is what region one should
measure the width of: the whole shell or just a bright filament? For example, one
can take the overall shell size of RX J1713.7-3946 to be the size of the filament
(since for this SNR the whole shell seems to emit synchrotron emission), or use some
filamentary sub-structures. This problem is illustrated in Fig. 42. If one takes the
whole shell region, at best one comes up with a length scale of 100" corresponding
to 25-30 uG.

The most serious challenge to the pion-decay model for RX J1713.7-3946 comes
from recent observations by Fermi (Abdo and Fermi LAT Collaboration 2011), which
show that the shape of the broad band y -ray spectrum is more consistent with inverse
Compton scattering than pion decay. The implication of this result is surprising, be-
cause RX J1713.7-3946 was often used as a key object in the argument that SNRs
can accelerate ions to very high energies.
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Fig. 42 X-ray emission profile - ' ' T . T T 1
of the southeastern part of RX r
J1713.7-3846 (extracted by the ~ | R=1631.2" a -
author from the XMM-Newton | AR=115.9" .

image reduced by Acero et al.
2009). It illustrates the difficulty
in determining for this SNR
what the width of the X-ray
synchrotron emitting region is.
The red line indicates a simple
model of a projected sphere with
a uniform emissivity with a shell
width of 116”. For a distance of
1 kpc this corresponds,
according to (62), to 25 uG
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An important result of Fermi (Abdo et al. 2010c) is the detection of GeV y-ray
emission from Cas A, which indicates that the total cosmic-ray energy content is less
than 4% of the total explosion energy. This is disappointing if one thinks that young
SNRs should be able to accelerate cosmic rays efficiently, and convert >10% of the
explosion energy to cosmic rays (Sect. 5.5). The case for pion decay as origin for
the y-ray emission is stronger for Tycho’s SNR, given the recent detection with the
Veritas TeV telescope (Acciari et al. 2011).

The apparent lack of evidence for a high cosmic ray acceleration efficiency for
Cas A is also somewhat surprising, given the high magnetic field of Cas A, as argued
in Sect. 11.2, which is suggestive of efficient cosmic-ray acceleration. It could be that
a large part of the energy in cosmic rays has already escaped the SNR. Since Cas
A evolves inside the wind of its progenitor, the background plasma that the escaped
cosmic rays are in likely has a lower density than the SNR shell.

Indeed, several theories about non-linear cosmic ray acceleration point toward the
importance of cosmic ray escape (Blasi et al. 2005; Vladimirov et al. 2008; Reville et
al. 2009; Vink et al. 2010). Future very sensitive TeV telescopes like the Cherenkov
Telescope Array (CTA Consortium T 2010) could in principle be used to search for
“cosmic-ray haloes” around young SNRs. Hopefully, the improvement in sensitivity
in TeV astronomy can be met with a similar improvement in sensitivity and spectral
resolution in X-ray spectroscopy, which will help to detect thermal X-ray emission
and provide temperatures for X-ray synchrotron emitting plasmas.

Interestingly enough, the case for a pion-decay origin of the y-ray emission is
most unambiguous for some of the mature SNRs that are interacting with or are
near molecular clouds. An example is W44 (Abdo et al. 2010e, see also Sect. 10.3),
for which it is argued that inverse Compton scattering, or bremsstrahlung do not
provide an adequate description of the spectrum. But the y-ray spectrum of this
source steepens around 10 GeV, which is consistent with the idea that cosmic rays
with energies above 10! eV are present. This break in the spectrum could be ev-
idence that cosmic rays with larger energies have already escaped the SNR in the
past. This is also consistent with several SNRs that have y -ray sources nearby, which
could be caused by cosmic rays that escaped from the SNR and are now interacting
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with the high density medium of molecular clouds. The GeV/TeV sources associ-
ated with SNR W28 is an example for such an association (Aharonian et al. 2008b;
Abdo et al. 2010b).3°

12 Concluding remarks

Our understanding of SNRs has greatly increased over the last decade due to the
X-ray observatories Chandra, XMM-Newton, and Suzaku. The second half of this
review essentially summarized the advances in SNR research made with these obser-
vatories. I think that a number of these results deserve more recognition outside the
field of SNR research. I will summarize some of them here.

X-ray spectroscopy has proven to be a promising tool to separate young Type Ia
(Sect. 8) from core collapse SNRs (Sect. 9.1). X-ray emission for Type Ia SNRs has
given us important clues toward the nature of the progenitor systems: the progeni-
tors did not produce fast winds, and delayed detonation models seem to explain the
abundance patterns well. Type Ia SNRs are also well stratified, unlike core collapse
SNRs.

An important question concerning core collapse supernovae is what drives the
explosion (neutrino absorption, or other mechanisms?) and what types of massive star
produce neutron stars and what types make black holes. X-ray observations show that
the core collapse process is chaotic, with pure metal plasma obtaining high velocities
in seemingly random directions. But for one SNR, Cas A, there is evidence for an
ejecta jet/counter jet. These are in Si-group material, not in Fe-rich material. With
future observations we may learn more about rare elements, which may indicate the
neutron content of the inner most ejecta. This may help us to identify the role of
neutrino absorption in the explosion.

As for the question what determines the creation of a black hole. There is at least
one SNR, G292.0+1.8, for which there is an indication that it produced a neutron
star, but had nevertheless a progenitor mass above 30 Mg, (Sect. 9.3). It is important
to confirm this results with further X-ray studies, as a popular hypothesis is that stars
above 25 M, leave behind a black hole.

Another uncertainty in the theory of core collapse supernovae is how much iron
they produce. The iron yield is greatly affected by the details of the explosion, such
as explosion asymmetries and fall-back on the neutron star. There is evidence that the
Cygnus Loop (Sect. 10.2) contains more iron than predicted by explosion models.
Whereas for Cas A, iron seems to have obtained a higher velocity than predicted by
explosion models.

One surprising result of X-ray imaging spectroscopy is that even mature SNRs
still have regions with enhanced metal abundances. This is true for the Cygnus Loop
(Sect. 10.2) and many mixed-morphology SNRs (Sect. 10.3). For the Vela SNR X-ray
imaging spectroscopy confirmed that the bullets outside the main shock are indeed
ejecta “shrapnels” that have enhanced abundances.

39http://tevcat‘uchicago.edu/ lists 6 SNRs/Molecular Cloud associations as TeV sources.
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Finally, X-ray imaging spectroscopy has played an important role in increasing
our understanding of cosmic-ray acceleration. A role it shared with the rapidly evolv-
ing fields of TeV astronomy with Cherenkov telescopes, and GeV astronomy with
the Fermi satellite. In particular, X-ray detections of narrow width synchrotron fil-
aments have provided evidence for magnetic-field amplification near SNR shocks
(Sect. 11.2). This implies that SNRs are efficiently accelerating cosmic rays. How-
ever, the overall interpretation of both X-ray and y-ray observations is still ambigu-
ous, in particular concerning the total energy in cosmic-rays contained in young SNRs
(Sect. 11.4).

As is clear from the above, our understanding of SNRs has greatly benefitted from
the coming of age of X-ray imaging spectroscopy. The impact of high resolution
X-ray spectroscopy has been more modest, as Chandra and XMM-Newton have grat-
ing spectrometers, which are not ideal for observations of extended sources as SNRs.
Nevertheless, for bright sources of small angular extent important results have been
obtained.

In the near future high resolution X-ray spectroscopy of SNRs will likely become
much more important as microcalorimeters will become operational. These will have
a spectral resolution of AE =~ 5 eV at 6 keV (R ~ 1,200) and also have some lim-
ited spatial resolution. The first opportunity to use them will start after the launch of
Astro-H.*0 After Astro-H the next step forward will hopefully be ATHENA, a mis-
sion concept for an European X-ray observatory that will offer a large effective area
(>1m? at 1 keV) and a spatial resolution of <10”, which should be compared to 1’
for Astro-H.

The tantalizing glimpse of high resolution X-ray spectroscopy of SNRs offered by
Chandra and XMM-Newton, shows that SNR research beyond 2014 will enter a new
era.
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