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Abstract. A review of the main issues in the field of particle acceleration in Supernova

Remnants is provided in the context of future X-ray observations with Simbol-X. After a
summary of the nonthermal acceleration mechanisms at work, I briefly review the observations of supernova remnants in hard X-rays and in gamma rays. Open issues are discussed
in this framework.
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1. Introduction
Supernova remnants (SNRs) are expected to
be the main source of cosmic rays with energies up to the knee at ' 3 1015 eV (see for
a discussion Drury et al., 2001). The ejection
of high velocity material during the explosion
gives rise to a shock that both heats the ambient medium to millions degrees and accelerates
particles.
While the millions degrees gas emits thermal
X-rays below 10 keV, the accelerated charged
particles produce non-thermal emission over
the entire electromagnetic spectrum through
four main emission mechanisms. First, the accelerated electrons produce synchrotron emission when spiraling in a magnetic field. This
emission, extending from the radio to X-ray
domains, corresponds to a population of GeV
and TeV accelerated electrons, respectively.
The population of TeV electrons, observed in
Send offprint requests to: A. Decourchelle

X-ray synchrotron, gives also rise to Inverse
Compton emission: they communicate a large
part of their energy to low energy photons
(from the Cosmic Microwave Background or
from the local optical and infrared environment), which then reach gamma ray energies.
Non-thermal bremsstrahlung is produced by
the population of supra-thermal and relativistic
electrons when their trajectory is deflected by
the electrical field of positive ions: their emission extends from hard X-rays to gamma rays.
Finally, the interaction of accelerated protons
with those of the ambient medium produces
pions. The neutral π0 decays almost instantaneously and produces gamma rays in the GeV
- TeV range.
Supernova remnants are well known to be
sources of radio synchrotron emission. The
first suggestion of such an association dates
from 1954 (Hanbury Brown, 1954), and was
rapidly confirmed by Baldwin & Edge (1957).
The observed radio shell morphology supports
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the view that particles (notably electrons) have
been accelerated to GeV energies at the shock
of SNRs.

2. Previous X-ray observations
While radio synchrotron emission is observed in most SNRs (in 203 over the 217
observed Galactic SNRs, Green 2004), X-ray
synchrotron emission is observed only in a
few remnants up to now. The first evidence
of such emission in a shell-like supernova
remnant was obtained in SN1006 with ASCA
(Koyama et al., 1995). ASCA was the first
X-ray satellite able to resolve the spectra of
the two bright bilateral rims of SN 1006.
This provided the first proof that shocks in
supernova remnants were able to accelerate
particles (electrons) up to TeV energies. This
discovery was followed by the detection
with ASCA of X-ray synchrotron emission
in RX J1713.7-3946 (Koyama et al., 1997;
Slane et al., 1999), Vela Junior (Slane et al.,
2001), and RCW 86 (Bamba et al., 2000).
Since then, these sources have been observed
in X-rays in much more details with XMMNewton and Chandra (Uchiyama et al., 2003;
Cassam-Chenaı̈ et al., 2004b; Iyudin et al.,
2005; Bamba et al., 2005; Vink et al., 2006),
and in the gamma rays with the H.E.S.S.
and CANGAROO-II Cherenkov telescopes
(Katagiri et al., 2005; Aharonian & al., 2006;
Aharonian et al., 2007). Apart from these
synchrotron-dominated shell SNRs, X-ray
synchrotron emission has been detected
as well in the younger ejecta-dominated
SNRs, mainly in Tycho (Hwang et al., 2002),
Cas A (Vink & Laming, 2003) and Kepler
(Cassam-Chenaı̈ et al., 2004a; Reynolds et al.,
2007). For Cas A, there is also evidence for
TeV emission (Aharonian et al., 2001). Above
10 keV, a number of young SNRs show a
hard X-ray tail observed with RXTE, BeppoSax and INTEGRAL: Cas A (Allen et al.,
1997; Renaud et al., 2006), Tycho, Kepler,
SN 1006 and RCW 86 (Allen et al., 1999).
However, as no spectro-imagery is available
above 10 keV, the nature of the emission
there is still unknown. Different origins
may be invoked: Thermal emission from
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a very high temperature shocked ambient
interstellar medium ? Synchrotron emission
from relativistic electrons accelerated at the
forward shock ? Non-thermal bremsstrahlung
from suprathermal electrons accelerated at
the contact discontinuity (interface between
shocked ejecta and shocked ambient medium)
?
Spatially resolved spectroscopy above 10 keV
is required to observe, to distinguish and to
quantify the different contributions of the nonthermal X-ray emission in SNRs. We need
Simbol-X to study the nature of the emission
and to answer a number of pending questions
on shock physics and particle acceleration.

3. Shock physics and particle
acceleration
3.1. Shock physics
SNRs produce very high Mach number shocks,
that propagate generally in a low density ambient medium (< 1 cm−3 ). In such conditions, collective plasma processes play a nonnegligible role compared to Coulomb collisions (Ghavamian et al., 2007) and this directly
affects the degree of temperature equilibration
at the shock between the electrons and the ions.
Quantifying with Simbol-X the contribution of
the thermal emission above 10 keV provides
strong constraints on the presence of a high
electronic temperature in the shocked ambient medium. If the thermal emission appears
to be important, this will impose an efficient
heating of the electrons at the shock through
collision-less processes, as well as constraints
on the supernova kinetic energy. However, the
faint level of thermal emission observed below
10 keV in Tycho (Cassam-Chenaı̈ et al., 2007)
and SN 1006 (Acéro et al., 2007) does not favor a thermal origin of the hard X-ray emission.

3.2. Electron acceleration
Electrons are only about 2 % of cosmic rays
(Ferrière, 2001), but they can reveal a lot on
the mechanism of diffusive shock acceleration,
as they are accelerated like protons.
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3.2.1. What is the maximum energy of
accelerated particles ?
A key question for understanding particle acceleration in SNRs lies in knowing the maximum energy of accelerated particles. This can
be obtained through the measurement of the
cut-off frequency of the synchrotron emission,
observable in X-rays, and knowing the magnetic field. Typical values are in the order
of 80 TeV assuming a 10 µG magnetic field
(Reynolds & Keohane, 1999).
Another important issue on particle acceleration is its dependence to the magnetic
field orientation. In SN 1006, very strong azimuthal variations of the maximum energy
of electrons have been observed with XMMNewton (Rothenflug et al., 2004), whose amplitude cannot be explained by variations
of the magnetic compression alone as proposed by Reynolds (1996). As detailed in
Rothenflug et al. (2004), the very low synchrotron brightness in the interior of SN 1006
favors a geometry, where the bright nonthermal limbs are polar caps rather than an
equatorial belt. In addition, the maximum energy of accelerated particles is higher at the
bright limbs than elsewhere. If the magnetic
field is amplified at the limbs, the maximum energy is certainly much larger there (>
1000 TeV) than outside the limbs (E ' 25 TeV
if B ' 10 µG). The X-ray synchrotron geometry of SN 1006 favors cosmic-ray acceleration
where the magnetic field was originally parallel to the shock speed.
There are thus two main objectives on this issue well designed for Simbol-X:
- to get a precise determination of the cut-off
energy using the full extent of the synchrotron
spectrum above 10 keV.
- to measure the azimuthal variations of
the maximum energy using spatially resolved
spectroscopy including energies above 10 keV.

3.2.2. How large is the magnetic field ?
The comparison of the radio and X-ray
synchrotron morphologies provide constraints on the downstream magnetic field.
In a number of SNRs, the X-ray syn-

chrotron emission exhibits a filamentary
emission just behind the blast wave. This
is observed in historical (Hwang et al.,
2002; Vink & Laming, 2003; Bamba et al.,
2005)
and
in
synchrotron-dominated
(Uchiyama et al., 2003; Bamba et al., 2005)
remnants.
Two explanations have been proposed to
interpret that: either the magnetic field is
large enough (' 100 µG) to induce strong
radiative losses in the high energy electrons (Vink & Laming, 2003; Ballet, 2006), or
the magnetic field is damped at the shock
(Pohl et al., 2005).
These models predict distinct morphology
and spectral shape in X-rays and radio
(Cassam-Chenaı̈ et al., 2007), but the spectrum
must be observed over a broad band extending
to hard X-rays to tell one from the other. While
the expected spatial resolution of Simbol-X is
not relevant for studying arcseconds wide filaments, its sensitivity above 10 keV is perfectly
suited for constraining the shape of the hard Xray spectrum in the post-shock region.

3.3. Proton acceleration
Is there observational evidence for ion acceleration in SNRs ? How efficient is cosmic-ray
acceleration ? What fraction of the shock energy can be tapped by the cosmic rays ? To answer these questions, we can search both for
a possible modification of the hydrodynamics
and for a direct spectral signature of the accelerated protons.

3.3.1. Back-reaction of the accelerated
particle on the shock and
hydrodynamics
For an efficient ion injection, a large fraction
of the shock energy go into accelerated particles. The back-reaction of the accelerated particles modifies the shock structure (Ellison,
2000). The overall shock compression ratio
gets larger (above a value of 4) and the postshock temperature gets lower. Such a case was
observed in the remnant 1E 0102.2-7219 in
the Small Magellanic Cloud. With an observed
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Fig. 1. Simulated Simbol-X image of Cas A in 30
ks for energies above 20 keV. The field of view is
10 × 10 arcmin2 .

Fig. 3. Simulated Simbol-X image above 10 keV
of the north-eastern synchrotron rim in SN 1006
for a 30 ks observation. The field of view is 10 ×
10 arcmin2 .

Fig. 2. Simulated Simbol-X spectrum of a region of

1 arcmin2 in the west of Cas A for 30 ks observation.
In green the XMM-Newton EPIC PN spectrum, in
black and red the Simbol-X MPD and CZT spectra,
respectively.

shock velocity of about 6200 km/s, the expected mean post-shock temperature is 45 keV.
However, the electronic temperature measured
with Chandra is less than 1 keV. Even in the
case of complete non-equipartition between
the electrons and the ions, namely T e /T i =
1/1836 at the shock, the Coulomb collisions
predict a temperature larger than 2.5 keV. This
is interpreted as a signature of efficient pro-

ton acceleration at the shock (Hughes et al.,
2000). In case of efficient proton acceleration,
not only the shock structure is modified, but
also the overall hydrodynamics giving rise to a
narrower shocked region (Decourchelle et al.,
2000; Ellison et al., 2004). This morphological feature of proton acceleration is observable in X-rays through the measurement of
the ratio between the shock and contact discontinuity radii. In Tycho and Kepler’s SNRs,
this radii ratio is observed to be less than
1.1, while models without particle acceleration
predict radius ratio of ' 1.18 (Decourchelle,
2005). Using a deep Chandra observation of
Tycho’s SNR, Warren et al. (2005) provided a
measurement of the radii ratio as a function
of azimuth and confirmed a smaller radii ratio than expected in the test-particle case, featuring efficient acceleration of protons at the
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shock. One of the uncertainty in the measurement arises from the determination of the contact discontinuity radius which is affected by
the development of Rayleigh-Taylor instabilities (Blondin & Ellison, 2001). This complicates the interpretation of the observed radii ratio.

3.3.2. Pion decay and TeV observations
A direct signature of accelerated protons is
expected through pion decay emission in
the GeV-TeV gamma ray range. However at
these energies, a contribution of the Inverse
Compton emission is expected as well and requires to be correctly estimated for a proper
determination of contribution of the pion decay emission. This can be done by characterizing the population of TeV accelerated electrons
responsible for the Inverse Compton emission
through their synchrotron emission observed in
the X-ray range and by estimating the magnetic
field intensity (see sect. 3.2.2). Combining Xray and gamma-ray observations is thus a fruitful way to estimate the pion decay emission
in the TeV energy range. Ultimately, an unequivocal signature of accelerated protons is
expected through gamma ray observations of
the spectral feature associated to the pion decay. GLAST, to be launched early 2008, is expected to provide such observations.

3.4. Acceleration by secondary shocks
As discussed in section 2., a number of young
SNRs do exhibit a hard X-ray tail (Allen et al.,
1999). However, its origin is still unknown,
due to the absence of spatially resolved spectroscopy above 10 keV. Only Cas A supernova remnant has been mapped above 10
keV, thanks to XMM-Newton (Bleeker et al.,
2001). Its hard X-ray tail observed up to 40
keV was first interpreted as synchrotron emission (Allen et al., 1997). However, the XMMNewton image in the 8-15 keV band revealed
that the emission was mostly coming from the
interface between the shocked ejecta and the
shocked ambient medium, and not from the
main blast wave. This finding is inconsistent
with a synchrotron interpretation as it requires

to have high energy TeV electrons in the regions which have been shocked at earliest in
the history of the remnant. This is impossible as the losses affecting the TeV electrons
are very efficient and confine them close to the
shock. Vink & Laming (2003) proposed that
the emission at the interface was non-thermal
bremsstrahlung due to particle acceleration at
secondary shocks. The origin of these hard
X-ray tails is still an open issue, for which
Simbol-X is awaited.

4. Contributions of SIMBOL-X
In the field of supernova remnants, the major expected contributions of Simbol-X concern particle acceleration. It will be the first instrument with a full spectro-imaging capability
above 10 keV, and a broad energy range covering at a good spatial resolution both the thermal
and the non-thermal regimes. It is only with
such a spectro-imaging capability that the contribution of each potential emission processus
can be distinguished and quantified: thermal
emission from a high temperature plasma, nonthermal bremsstrahlung from a population of
suprathermal electrons, or synchrotron emission from TeV accelerated electrons. With its
broad energy range, Simbol-X is well suited
to investigate the coupling between thermal
and non-thermal populations through the backreaction of accelerated protons on the shock
structure and on the overall hydrodynamics.
With its spatially resolved spectroscopy capability above 10 keV, Simbol-X can study the
physics of the acceleration of electrons, the
physics at the interface between the ejecta and
the ambient medium, as well as the physics at
the shock through the heating of the electrons.
The observation of the 44 Ti gamma ray lines is
also an objective for Simbol-X, as discussed in
these proceedings by Renaud et al.
The best potential SNR sources for SimbolX are :
- the young ejecta-dominated Galactic SNRs.
They are relatively bright sources, well adapted
to the field of view. They do exhibit thermal
and non-thermal emission, as well as a pronounced hard X-ray tail (see Cas A in Figs. 1
and 2).
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- the specific sites of particle acceleration in
synchrotron-dominated SNRs. They are relatively bright sources of hard X-ray emission
(see SN 1006 in Fig. 3), showing strong spectral variations (below 10 keV).
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