
Chin. J. Astron. Astrophys. Vol. 3 (2003), Suppl. , 329{340
(http://www.chjaa.org )

Chinese Journal of
Astronomy and
Astrophysics

High Resolution X-ray Observations of Supernova
Remnants

F. Bocchino ?

INAF-Osservatorio Astronomico \Giuseppe S. Vaiana", Palermo Italy

Abstract The study of supernova remnants (SNRs) in the X-ray band is greatly
bene�ting from the availability of the large collecting are a, high spatial resolution
and good spectral resolution of instruments aboard XMM-Newton and Chandra
satellites. The possibility of performing accurate spatially resolved spectra analysis
is of course of great importance for the study of extended sources. In this review, I
will briey present a few SNR topics which, on my opinion, have greatly advanced
thanks to the current generation X-ray observatories, with the aim to give a general
idea on the quality of the data and the kind of research that people are doing with
them.

Key words: supernova remnants | X-rays: supernova remnants

1 INTRODUCTION

It can be said that the �eld of supernova remnants (SNR) research is living a sort of golden
era. In fact, for the �rst time in history, the sensitivity, s patial and, to a lesser extent, spectral
resolution of the three primary bands for the investigation of SNRs, namely radio, optical and
X-ray are coming closer to each other. Traditionally, the radio band has been the �rst option
when dealing about the study of these objects, and mainstream identi�cation criteria have been
developed in this band. However, the advantage of being una�ected by interstellar absorption
has been counteracted by limited sensitivity for very extended sources (>� 15� 30 arcmin) and
confusion to small angular scale (<� 5 arcmin). The optical band o�ered superb spatial and
spectral resolution, but high resolution studies were limited to the nearest objects for which
the interstellar absorption was not an issue. On the other hand, the X-ray band used to have
a clear gap with respect the radio and optical band. The sensitivity and resolution attainable
were far worse than the correspondent value in other regimes, and X-rays were considered as
\follow-ups" of interesting features already known in other bands. Even so, the observations
made in the seventies, eighties and nineties up to theROSAT satellite opened up the study of
high energy processes in interstellar shocks, which are clearly of fundamental importance in the
comprehension of SNRs.

With the advent of the XMM-Newton and Chandra X-ray observat ories, the study of SNRs
has entered for the �rst time the \high resolution" phase whi ch were already common practice
in radio and optical. The arcsecond spatial resolution scale obtainable with the instruments on
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board these new satellites are comparable with radio and optical observations, thus allowing
for the �rst time detailed multi-wavelength comparison whi ch proved to be so useful even with
more modest resolution. The �ne spatial resolution combined with a large collecting area is
of course going to give as boost to the study of extended sources like the SNRs. Moreover, it
also noteworthy that now many SNRs (or small regions of them), pulsars (PSRs) and pulsar
wind nebulae (PWNe) are �rstly detected in the X-ray band, th us indicating that X-ray SNR
astrophysics is becoming a self-standing discipline, a thing which were not maybe obvious in the
past. This, of course, does not mean that, for example, radiostudy should diverge from X-ray
studies. On the contrary, this situation makes the need for more multi-wavelength approaches
more urgent than ever, a need which the scienti�c community is now becoming to feel also
in other topics, see for instance the forthcoming meeting \X-Ray and Radio Connections"
organized by CXC, NRAO and LANL.

In this review it is my intention to show some of the SNR topicswhich have largely bene�ted
from recent XMM-Newton and Chandra high resolution observations. Given the prosperity
of this �eld and the high number of topics involved, this revi ew will be unavoidably biased.
However, I will try to cover as much aspects as possible.

2 ASSOCIATION BETWEEN SNRS AND COMPACT OBJECTS

Establishing connections between a SNR and the compact object which is left over the supernova
explosion (if any) has always been a fascinating job, since the discovery of the Crab pulsar and
its association with the nebula M1. However, the lack of compact objects and/or their direct
manifestation, the pulsar wind nebulae (PWNe), inside SNRshas always been an embarrassing
situation for both theoreticians and observers in this �eld. As Helfand & Becker (1984) had
emphasized, after more than 15 year from the discovery of theCrab pulsar, there were only
nine secure association between SNR and PWNe at that time, and in only three cases a pulsar
was indeed detected. Since at that time the total number of galactic SNRs was around 150, the
number of association seemed to be unreasonably low, even taking into account that not all
the SNRs are expected to be generated by core-collapse of a massive star, and that a fraction
of pulsar may be in unfavorable geometrical conditions in order to be e�ectively detected. For
instance, it has been reported (van den Bergh & Tammann 1991)that the fraction of SNRs
generated by Type II SN events (which are expected to leave a compact objects and therefore a
PWN) represents � 85% of the total. Moreover, Tauris & Manchester (1998) argued a beaming
factor of 30%{40% for the youngest pulsars, thus combining in a fraction of 25%� 35% of
detectable compact objects out of the total number of galactic SNRs.

The situation become to change with the availability of ASCA and BeppoSAX observations,
which allowed for the �rst time a moderate spatial resolution and a large bandwidth (� 0:1 �
10 keV), thus making the detection of non-thermal hard X-ray signals (usually from PSR and
PWN) much more easy. At this stage (see Helfand 1998), it was becoming evident that the
PSR-PWN manifestations were numerous but also very di�erent from what expected on the
basis of what can be extrapolated by the prototypes (mostly the Crab). Among other things,
this eventually led to the introduction of the \non Crab-lik e" class of plerions by Woltjer et al.
(1997), i.e. plerionic SNRs which have spectral propertiesdi�erent from the Crab Nebula and
do not show the presence of a central observable pulsar, for which a non-standard evolution
scenario seemed to be required.

Table 1 tries to summarize the recent advances made with (mostly but not only) XMM-
Newton and Chandra observations, showing the number of known and suspect associations in
1998 (Helfand 1998) and 2002 (Kaspi & Helfand 2002), categorized both by type of SNR and
by type of association (going from the most secure \Pulsar+SNR" case to the indirect evidence
yielded by the presence of a \radio nebula only"). Most noteworthy is the large (65%) increase of
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Table 1 Number of Association or Suspected Association Between Compact Objects and
SNRs. In Parenthesis, the Number Reported by Helfand (1998), while the Number Reported
in the Review of Kaspi & Helfand (2002) is Reported Without Pa renthesis. The Comparison
Between the Two Numbers Allow Us to Estimate the Contributio n of ASCA, BeppoSAX,
XMM-Newton and Chandra to the Establishment of PSR-SNR Asso ciations in the Last 5
Years.

Evidence Crab-like Composite Shell Total

Pulsar + SNR (3) 3 (5) 10 (1) 2 (9) 15
Exotic/Possible NS + SNR (1) 1 (2) 4 (9) 11 (12) 16
X-ray and radio nebula (2) 4 (5) 5 (0) 0 (7) 9
Radio nebula only (2) 3 (3) 5 (1) 0 (6) 8
Total (8) 11 (15) 24 (11) 13 (34) 49
N. of known SNRs (11) 11 (40) 42 (169) 178 (220) 231

secure associations and of association including \exotic"objects like anomalous X-ray pulsars,
dim neutron stars and central compact objects, for most of which it is now possible, thanks
to the new observations, to have an idea of their nature (see par. 3.3). Considering the recent
advance, the expected fraction of SNR hosting a PSR-PWN, andconsidering that there is still
evidence that we are missing 50% of the associations (Kaspi &Helfand 2002), the conclusion
is that there seems to be no need anymore to invoke non-standard scenarios (i.e. creation of
invisible NS) to explain the NS-SNR associations.

It would be impossible to cite all the works that has been doneand that is being done on
the fascinating topic about new associations between SNR and PSR-PWNe, and here I will give
only a few selected reference among the most recent, thus apologizing for the many others who
I omit (others can be found in Kaspi & Helfand 2002); Olbert et al. (2003) on 3C396, Claussen
et al. (2002) on W28, Thorsett et al. (2002) on the enigmatic \Flying Duck", Camilo et al.
(2002a) on G54.1+0.3, Camilo et al. (2002b) on G292.0+1.8.

3 PULSARS AND PLERIONS

3.1 Is the Crab Really the Prototype?

As I already mentioned in the previous section, the Crab nebula seems to inexorably lose its role
of plerion prototype, as more and more PSR and PWNe are discovered. It seems now established
that the high activity of the Crab pulsar and its nebula are th e results of a particular choice
of initial conditions and evolutionary scenario (not to mention the environment in which the
nebula expands) which are probably not the most probable values for the plerion population.
This can be more quantitatively asserted by noting the the Crab initial spin period is 19 ms
while the range of the same quantity for other PWNe is 16� 424ms. Moreover, the Crab nebula
magnetic �eld is � 3 � 1012 G, while the range for other PWNe is 1� 50� 1012 G.

The Crab is the target of a large observational project whichinvolves Chandra and HST.
The nebula was monitored with coordinated X-ray/optical observations which span almost a
year and the �rst results were reported by Hester et al. (2002). Fig. 1 show one observation of
the series. The nebula is clearly a dynamical structure, which close correlation between optical
and X-ray even at small angular scales. Outward moving wispsemerging form the inner ring
are clearly detected, as well as a jet. The inner ring has beentemptatively interpreted as the
quasi-stationary shock in the pulsar wind, but the wealth of information which can be drawn
from these impressive data and the accurate comparison withthe ourishing world of Crab
theoretical models (e.g. Gallant & Arons (1994) a model for the wisp in Crab; Amato et al.
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Fig. 1 HST ( left) and Chandra ( right ) Images of the Central Part of the Crab Nebula (Hester
et al. 2002).
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Fig. 2 Left: MOS1+2 Image of 3C58 Smoothed at 600. Overlaid Are Contours Representing
the Weakest (3� = 0 :15 Jy beam� 1) 1446 MHz Radio Contour (Bocchino et al. 2001). Right:
EPIC PN image of G21.5-0.9 (Bocchino & Bandiera 2003).

2000 the plerions \inhomogeneous model" for their surface brightness at di�erent wavelength;
Bucciantini et al. (2003) relativistic magneto-hydrodynamical simulations of pulsar of PWNe;
Arons (2002) a review of theory of pulsar winds) are still at their beginning.

3.2 Where Are the Shells of Pulsar Wind Nebulae?

The study of the interaction between the PWNe and their environment is potentially very in-
teresting because it may provide constraints on the PWN evolutionary scenario. Unfortunately,
the region of interaction with ISM or SNR ejecta seems to be not very active in many cases and
it is often undetected. Some notable exceptions are represented by fast PSR-PWN for which a
strong bow-shock is developed in the interaction region with ISM/ejecta, yielding nebulae with
characteristical shapes, like in IC 443 (Bocchino & Bykov 2001).

Another interesting case is 3C58 for which a sort of con�nement of radio emission is apparent
(Reynolds & Aller 1988). An XMM-Newton observation has shown a remarkable coincidence
between the soft X-ray emission of the nebula and its radio emission (Bocchino et al. 2001,
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Fig. 3 Left: Chandra ACIS Color Composite Image of Cas A (Hughes et al. 2000). Right:
XMM-Newton PN spectra of compact source inside G296.5+10 (M ereghetti et al. 2002b).

Fig. 2), which is not expected since the short lifetime of electron emitting in the X-ray band.
Interestingly, the outer rim of the nebula show traces of soft thermal X-ray emitting, which has
been interpreted in terms of the nebula sweeping up moving ejecta, like Sankrit & Hester (1997)
did for the [O III] emission detected at the edge of the Crab. This model, originally developed
by Reynolds & Chevalier (1984), may explain the small amountof limb brightening and it is
also in agreement with the slow shock speed measured in X-rays. It is noteworthy to mention
that the long quest for the 3C58 pulsar ended last year, when it was detected for the �rst time
by Chandra, which also revealed its high initial spin rate (Murray et al. 2002).

Yet more puzzling, the extension of the X-ray plerion G21.5-0.9 was found to be larger
then the radio, as reported by Warwick et al. (2001) using an XMM-Newton observation of this
object. In this case, the anomaly may be explained invoking the prominent dust scattering of
X-ray photons by the interstellar dust, which seems to be consistent with the extracted X-ray
pro�les (Bocchino & Bandiera 2003). However, a bright spot in the halo remains unexplained
(\North Spur" in Fig. 2).

3.3 AXPs, SGRs and other \exotic" objects

The increasing number of compact object detections in the X-ray band has revealed the large
variety of manifestations of neutron stars at high energies. An emerging classi�cation scheme
include, beside the \normal" NSs which shows pulsations, the Anomalous X-ray Pulsars (slow
rotators with P = 6 � 12 s, strong magnetic �eld B > 1014 G, large characteristic times � c =
104 � 105 yr, L X � 1035 erg s� 1), the Soft  -ray Repeaters (SGR, which shows burst activity
and a quiescent X-ray counterpart similar to AXPs) and Central Compact objects in SNRs
(CCOs, with a black-body spectrum, no pulsation andL X � 1033 erg s� 1).
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Among the most enigmatic example in these classes there is the CCOs in Cas A, discovered
in the spectacular and famous image of this object made by Chandra. The CCO has been
studied by Chakrabarty et al. (2001) and also by Mereghetti et al. (2002c) with XMM-Newton,
both concluding that the overall properties of this object are di�cult to explain in terms of a
rapidly spinning neutron star with a canonical magnetic �el d of � 1012 G, one of the problem
being the black-body temperature too high for standard NS cooling models. There are neither
radio nor optical counterparts.

One important results in NS studies came with Chandra and XMM-Newton observation of
the compact object inside G296.5+10, an old thermal SNR shell. The object is a radio-quiet
NS with a long period (424 ms) and a so high� cc<

� 400 kyr to be inconsistent with the shell
age as derived in the X-ray band (< 20 kyr). Sanwal et al. (2002) discovered for the �rst
time absorption feature in its thermal spectrum and Mereghetti et al. (2002b) showed that the
features are phase-dependent. Subsequently, Bignami et al. (2003), using a longer XMM-Newton
observation, interpreted the observed feature as resonantcyclotron absorption, and measured
for the �rst time the magnetic �eld of an isolated NS.

A good review of AXPs, SGRs and CCOs is given by Mereghetti et al. (2002a), which also
summarizes possible theoretical models of this kind of objects, among which the uni�ed scenario
proposed by Alpar (2001) seems particularly appealing. According to this model, isolated NS
with ordinary magnetic �elds experience a mass inow from fallback ejecta, and this causes an
evolutionary phase in the propeller regime (CCOs) before the NS turns on as a radio pulsar or
as an AXP. The alternative class of models invokes highly magnetized active NS (magnetars,
Duncan & Thompson 1992, Thompson & Duncan 1995), but it seemsthat data cannot yet
discriminate unambiguously between the two (Perna et al. 2001).

4 YOUNG SHELLS

4.1 Metal abundances of stellar ejecta

The young SNR shells are usually very bright X-ray objects which shows prominent line emis-
sion due to the ISM or circumstellar medium (CSM) interaction with the main or reverse shock.
Abundances measures derived from �tting line uxes and widths may be compared to nucle-
osynthesis models as well as model of metal mixing in the outer stellar layers. Decourchelle
et al. (2001) used XMM-Newton MOS CCDs to derive maps of the SiK, Fe L and Fe K lines
(Fig. 4) detecting the FeL-FeK displacement due to the reverse shock and the FeL-SiK spatial
variations suggesting an incomplete mixing of the iron and silicon layers.

The dispersive X-ray spectrometers aboard Chandra and XMM-Newton o�ered the possi-
bility to resolve groups of lines from single ions, thus accurately deriving the plasma ionization
stage using the Lyman and helium series for light elements, or the temperature using the (i + f )=r
value of helium-like triplets (O VII and Ne IX), as done for in stance by Rasmussen et al. (2001).
Unfortunately, spatial-spectral confusion is an important issue for extended sources observed by
X-ray dispersive spectrometers, unless the SNR is very small or unless there is a bright X-ray
spot in the shell.

4.2 Equipartition between ions and electron behind shocks

It is well known that the temperature at which particles are heated by strong SNR shocks is
proportional to their mass, so electron gets a much lower temperature then ions. Eventually,
ion-electron equilibration is slowly attained by Coulomb collisions in � 1012=ne s, but this time
is longer then the typical SNR age. The topic is extremely important, since X-ray observation
allows only the electron temperature to be measured, while the ion temperature does not a�ect
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Fig. 4 Left: The Tycho SNR imaged by XMM-Newton MOS in the FeL band (Decour chelle
et al. 2001). Right: The O VII line triplet emitted by a small bright know in SN1006 as seen
by the XMM-Newton RGS (Vink et al. 2003).
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Fig. 5 XMM-Newton PN mapping of the large SNR IC 443 at 0 :5� 2 keV (left) and at 2 � 10
keV (right , Bocchino & Bykov 2003).

the continuum and the ionization balance. Fast equilibration mechanisms have been proposed
(e.g. Cargill & Papadopoulos 1988) which may lead to same electron and ion temperature at
small distances behind the shock, but were traditionally di�cult to verify. The CCD and grating
data of a bright knot in SN 1006 obtained by XMM-Newton (Vink e t al. 2003) shows that kTe

is substantially lower then the fully equilibrated value, but still higher than that expected from
Coulomb equilibration alone. Doppler broadening of the O VII triplet lines measured with
the RGS con�rm the results (Fig. 4). Interestingly, Rakowsk i et al. (2003) have measured a
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decreasing level of equilibration with increasing shock speed, at least in the LMC SNR DEM
L71, by performing X-ray spectroscopy of the shell and �tting of the H� optical line pro�le,
which is the typical method to measure both the electron and ion temperature.

4.3 The Surprises of IC 443

The hard X-ray emission from the large thermal shell IC 443 has been studied in detail only re-
cently and has shown to have a complete di�erent morphology from the long studied soft X-ray
component. Keohane et al. (1997), using the ASCA X-ray observatory, mapped for the �rst time
the hard X-ray emission of IC 443, concluding that most of the2{10 keV photons came from an
isolated emitting feature and from the southeast elongatedridge of hard emission. BeppoSAX
observations in the hard X-ray band resolved the two ASCA sources into two compact sources
of hard emission up to 10 keV (1SAX J0617.1+2221 and 1SAX J0618.0+2227) and a harder
component up to 100 keV, indicating that a synchrotron origin is unlikely, and suggesting
electron acceleration by a slow shock in a molecular cloud (Bocchino & Bykov 2000). While re-
cent observations of 1SAX J0617.1+2221 with Chandra (Olbert et al. 2001) and XMM-Newton
(Bocchino & Bykov 2001) have established the plerionic nature of this source, the debate is still
open about the nature of 1SAX J0618.0+2227. An X-ray mappingof the whole remnant by
XMM-Newton has been presented by Bocchino & Bykov (2003), who show that hard emission
from the �eld is dominated by 12 isolated source, six of whichare located in a relatively small
150 � 150 region where there is strong 2.2� m infrared emission, indicating interaction with a
molecular cloud (Fig. 5). Possible interpretations of someof the discrete sources are in terms of
interaction between the SNR and the molecular cloud, possibly via bremsstrahlung of electron
accelerated by slow shock in the MC (Bykov et al. 2000) or by bow shocks of fast moving ejecta
in the MC (Bykov 2002).

It is important to note that IC 443 is associated with the EGRE T source 3EG J0617+2238
(Esposito et al. 1996), but the relation between the remnantand the  -ray source is not yet clear.
In fact, the 95% error circle of the most recent-derived sky position of 3EG J0617+2238, reported
by Hartman et al. (1999), does not include the plerion (see Fig. 5), and the other compact X-
ray sources. Further hard X-ray studies are therefore of great importance to understand this
complicated object, also in the light of the recent discovery by Uchiyama et al. (2002) of very
similar features in the hard X-ray emission of the SNR Cygni observed by the ASCA X-ray
satellite. Compact sources with hard emission spectra in both IC 443 and in  Cygni could be
of similar nature, and therefore a systematic study of SNR interacting with molecular clouds is
eagerly anticipated.

5 MIDDLE-AGED SNR SHELLS

These kind of SNR, whose prototypes are Vela and the Cygnus Loop, are less \active" with
respect to their younger fellows, since usually are undetected above� 2 keV, most of their emis-
sion being due to the interaction between their slow main shock and the ISM (except of course
the Vela pulsar region). However, these remnant are among the brightest extended soft X-ray
sources in the sky, and provides valuable information on thestructure, thermal characteristics
and composition of the di�erent phases of ISM, which otherwise would be very di�cult to be
directly derived. The gross mechanism responsible for the X-ray and optical emission of the
middle-aged SNRs is well-understood: optical �laments arise from slow radiative shocks prop-
agating in a dense and cool environment (typical density andtemperature values aren > � 1
cm� 3 and T<� 105 K), whereas X-ray emission originates from zones with higher temperature
(T > 105 K) and lower density (usually < 1 cm� 3). However, the proper interpretation of what
we see in high spatial resolution observations is still not straightforward, essentially because
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the presence of clumps in the ISM disrupts the idealized spherical symmetry of the supernova
explosion and its remnant, and determines local variationsof the thermodynamical parameters.

For this reason, the data can be subject to several interpretations. The �rst scenario points
out the importance of evaporation of ISM cloudlets engulfedby the main blast wave. The
evaporation is caused by thermal conduction between the cooler cloud and the hotter intercloud
medium (ICM) behind the shock. The second interpretation, based on cloud \bow-shocks",
invokes a complete di�erent scenario which emphasizes the role of the overpressured regions
in the post-shock ows. A third interpretation is based on th e propagation of a transmitted
shock inside an ISM cloud overrun by the primary blast wave. These shocks, whose presence is
con�rmed by numerical simulations, can be strong enough to produce X-ray emission, especially
if the cloud contrast is low and/or the primary shock is fast.

5.1 The ISM shocked by the Vela SNR

The Vela SNR is the nearest object of its kind, located at a distance of � 250 pc (Cha et al.
1999), and it is � 11 kyr old. For these reasons, the Vela SNR is a privileged laboratory for
the study of the interaction between the shell and the environment at a very small angular
scale; each arcmin correspond to only 0.08 pc at the distanceof the remnant. In particular, the
North Rim of the Vela SNR has all the prototypical features of an X-ray shell expanding in a
complex environment, as pointed out in several works (Bocchino et al. 1994, 1997, 1999, 2000).
Two observations carried out with the ROSAT satellite in the 0.1{2.4 keV band have detected
a weak background emission coming from a region not yet shocked by the blast-wave, a region
with low X-ray surface brightness, and several regions withstrong X-ray enhancements, both
at large (� 1

�
) and small (few arcmin) spatial scales.

Bocchino et al. (2003) have reported the results of the analysis of an XMM-Newton obser-
vation of the Vela SNR North rim (Fig. 6), already studied in X -rays with ROSAT by Bocchino
et al. (1999) and optically by Bocchino et al. (2000). The description of the X-ray emission of the
plasma at all the investigated locations seems to require two distinct temperature components,
and this seems to be di�erent to the regions studied in CygnusLoop by Levenson et al. (2002),
Patnaude et al. (2002) and Levenson et al. (2003). Surprisingly, the value of the temperature
of both components does not show signi�cant variations in the �eld of view, unlike the case
of Cygnus Loop. Therefore, the large variation of the surface brightness is due to variations
of the relative weights of the two components, which in turns is due to di�erence in the line
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of sight extension of the emitting plasma. An estimation of the timescales of radiative losses
and thermal conduction in the detected features shows that the high temperature plasma is
conduction dominated, whereas the low temperature component is radiatively dominated and
both are the results of the secondary shock transmitted in a large ISM dishomogeneity.

6 COSMIC RAY ACCELERATION

The emerging class of non-thermal shell SNRs has been expanding in the past decade. Since
these objects may play a very important role for a deeper understanding of the Galactic cosmic-
ray origin, its study is of great importance. The �rst case was that of SN 1006, in which ASCA
observations showed that the bulk of the X-ray emission has apower-law spectrum (Koyama
et al. 1995 and Willingale et al. 1996). Further evidence of the presence of high-energy electrons
came from the detection of TeV  rays (Tanimori et al. 1998 and Aharonian et al. 2001),
naturally explained in terms of inverse-Compton scattering. Recent more accurate modeling
were allowed by detailed X-ray observations. Dyer et al. (2001) have derived a consistent model
for spatial and spectral distribution of X-ray emission (based on emission models of Reynolds
1998), including NE-SW symmetry and deriving a current electron-acceleration e�ciency of
about 5%. Long et al. (2003) presented deep images of SN 1006 with the ACIS instrument
on Chandra, �nding no �rm evidence for a halo of X-ray emission outside the shock to the
northeast, as predicted by the Fermi shock-acceleration picture, and suggesting that bright
rims are attened sheets nearly perpendicular to the plane of the sky.

The shell G347.3-0.5 remarkably lacks of any signature of thermal emission, showing a
featureless power continuum at any location (Slane et al. 1999), and has sometimes been referred
to as the prototype of non-thermal shells. A Chandra observation reported by Uchiyama et al.
(2003) has revealed a �ne structure of the shell's �laments,which is typical of large SNR shells,
yet con�rming the extreme homogeneous character of their non-thermal X-ray emission (Fig. 7).
The author conclude that this characteristic may challenge the perceptions of the standard
di�usive shock-acceleration models concerning the production, propagation and radiation of
relativistic particles in supernova remnants.

Fig. 7 Left: Chandra ACIS image of a non-thermal �lament in G347.3-0.5. Right: Result of
spectral �tting of several �laments in the same SNR (Uchiyam a et al. 2003).
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It is still not clear if all the SNRs may explain the observed cosmic ray energy spectrum
up to the observed \knee" around 1000 TeV. Reynolds & Keohane(1999) have taken a sample
of SNRs with high radio surface brightness and with ASCA data available and have shown
that electron acceleration seems to be active up to (at most)80 TeV only, which seems to be
con�rmed by the recent studies.

So far we have reported on studies about the electron component of cosmic rays, because it
is the component whose resulting emission is most easily detected. However, most of the cosmic
rays are protons and there is no reason to think that the same acceleration mechanism valid
for electron cannot accelerate protons as well. The signature of such a process would be the
decay of pions (� 0), which are generated when the protons collide with atoms and molecules in
an interstellar cloud: pion decay results in -rays with a particular spectral-energy distribution.
However, the predicted uxes are not much greater then the sensitivity of current  -ray detector
and spectral analysis is di�cult. Enomoto et al. (2002) have reported the detection of optical
photons resulting from  -rays at energies of� 1012 eV hitting Earth's upper atmosphere, in the
direction of the supernova remnant RX J1713.7-3946, claiming a good match to that predicted
by pion decay. However, the analysis of the multi-band spectrum of this remnant made by
Reimer & Pohl (2002) showed that the model adopted by Enomotoet al. (2002) is in conict
with the existing GeV data.

7 CONCLUSIONS

We may say that the study of SNRs is now a mature �eld where excellent high resolution
data may be routinely compared with well-developed theoretical models, and it is not anymore
only the source of nice press release images. Very low and very high densities, very strong and
very weak �elds, shock physics, non-linear processes are daily encountered in SNRs. However,
accurate modeling requires time and in the X-ray band it has just started.
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