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Abstract; A review is given of recent observations of the X-
ray emission from supernova remnants carried out on the 
Einstein, Tenma and EXOSAT satellites as well as from a few 
sounding rocket experiments. Our current interpretation of the 
high resolution images, high resolution energy spectra and the 
first few spectrally resolved images is discussed. 

Introduction: Almost five years ago, in 1982 the IAU Symposium No. 101 
on "Supernova Remnants and their X-ray Emission" was held in Venice. The 
proceedings edited by Danziger and Gorenstein include an extensive compi­
lation of papers dealing with observations mainly made with the instru­
ments on board of the Einstein satellite. It was in fact the Einstein obser­
vatory with its imaging and spectroscopic capability through which substan­
tial progress has been made in supernova remnant research. Since then 
further contributions have come from the EXOSAT observatory of the 
European Space Agency, a preliminary account of which has been given by 
Aschenbach (1985), the Japanese Tenma satellite and a few sounding rocket 
experiments. Unlike radio and optical observations X-ray observations can 
be done exclusively from space and therefore substantial observational 
research is limited to the rare opportunities of X-ray astronomy satellites. 
Einstein, EXOSAT and Tenma terminated operation and the next block of 
observations will not come before 1990, when the German satellite ROSAT 
will be launched. 

As of today there are about 150 galactic supernova remnants catalogued 
which have been identified as such by their radio morphology and their 
radio spectrum. From 40 of these objects X-ray emission has been detec­
ted. Thus the vast majority of the alleged supernova remnants have been 
seen only at radio frequencies and their true nature has still to be ex­
plored by future more sensitive observations. Outside the Galaxy 32 rem­
nants have been found in the Large Magellanic Cloud and 6 in the Small 
Magellanic Cloud (respectively Mathewson et al., 1985 and Helfand, 1987). 
X-ray instrumentation has by now evolved to such a state that apart from 
this pure statistical information, which is however relevant to estimate 
supernova rates and supernova remnant lifetimes for instance, detailed 
studies of images, energy spectra and time variability of individual rem­
nants can be made. 

Images: High quality images became available first from the Einstein ob­
servatory with an angular resolution of typically 10 arcsec. The brighter 
remnants have subsequently been imaged by the smaller EXOSAT telescopes 
with poorer resolution. These images have been used to support the view 
of at least two main classes of remnants, which are the Crab-like rem-
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nants and the shell-type remnants. In his review Seward (1985) defines the 
Crab-like remnants as extended objects with a non-thermal X-ray spectrum 
with some evidence for a central energy source like an active pulsar. 
Crab-like remnants may appear as filled shells ("plerions") or as composite 
remnants which show both a radio shell and diffuse or point-like emission 
from the central region (Weiler, 1983). The recent EXOSAT observations 
have been presented by Davelaar and Smith (1986). Clearly, this class of 
remnants is intimately connected to neutron star research and a review on 
this topic has been given by Helfand and Becker (1984). Nomoto and Tsuru-
ta (1986) have summarized the available data and upper limits on bright­
ness and surface temperature of neutron stars in supernova remnants and 
have confronted it with current cooling theories. Clearly, more relevant in 
the context of this IAU Colloquium on the interaction of supernova rem­
nants with the interstellar medium is the second class of remnants which 
is that of shells with a thermal spectrum. Unlike the Crab-like remnants 
which are most likely energized by a central compact object (Pacini and 
Salvati 1973, Rees and Gunn 1974, Aschenbach and Brinkmann 1975, Rey­
nolds and Chevalier 1984, Brinkmann et al. 1986), the shell type remnants 
emit radiation from an optically thin plasma, which has been heated to X-
ray temperatures by a shock wave. This shock wave may either be the 
blast wave associated with the stellar explosion (Heiles 1964), which inter­
acts with the ambient interstellar or circumstellar material, or it may be 
a reverse shock wave (McKee 1974), which propagates inwards from the 
decelerated blast wave and raises the temperature of the stellar ejecta. In 
both cases the X-ray emitting shell (or shells) is expected to be perfectly 
circular and to have no spatial structure in surface brightness except a 
radial gradient for a spherically symmetrical explosion and homogeneous 
media. The X-ray images, however, have revealed quite the opposite with a 
great deal of structure present in all remnants. The young remnants Cas-A, 
Kepler, Tycho and SN1006 are still maintaining an approximate circular 
shape whereas older ones like Puppis-A are hard to reconcile with a 
shell at all (see figure 1). 

•% 

Since X-ray emission scales with the square of density it is obvious to 
consider density variations within or across the extent of the remnant as 
the dominant source for the observed X-ray brightness structures. Large 
scale uniform density changes like the interstellar density gradient perpen­
dicular to the galactic plane have been made responsible for the asymme­
try in galactic latitude, observed in Puppis-A for instance (Petre et al. 
1982). The increased density towards the galactic plane as well as,to a 
a smaller extent, the increased slow-down of the blast wave, gives rise to 
to higher X-ray surface brightness in the same direction. If a remnant has 
grown to such a size the blast wave has passed quite a number of indivi­
dual cool, high density interstellar clouds of different sizes, as well as 
their warm, medium density envelopes, which are embedded in the general 
hot, low density intercloud medium (McKee 1981), and these structures will 
directly be imaged in X-rays if heated to the required temperatures. So, 
the interstellar medium structure will be visible in the X-ray images of 
relatively old remnants. Younger remnants show brightness variations as 
well, which are attributed to the dumpiness of the stellar ejecta heated 
by the reverse shock. 
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Fig. 1. EXOSAT soft X-ray image of Puppis-A. 

The detailed X-ray appearance of clouds in a low density medium depends 
on the physics of the interaction with the shock wave. Cowie and McKee 
(1977) and McKee (1981) have considered mass evaporation and hydrodyna-
mic ablation to increase the density in the adjacent intercloud medium, 
thus raising the X-ray emission. An alternative approach to increase the X-
ray emission near dense clouds has been proposed by Hester and Cox 
(1986). Led by an analysis of the X-ray and optical emission of the Cygnus 
Loop, they have proposed an additional compression of the down-stream X-
ray emitting plasma by reflected or bow shocks around dense clouds. High 
resolution X-ray images of such clouds and their surroundings will help to 
discriminate the two effects, in particular if X-ray temperatures can be 
determined, which are supposed to be higher in the bow shock model. It is 
interesting to note (McKee 1981), that evaporation dominated remnants are 
affected on a large scale by the mass transfer from the clouds to the 
intercloud medium. In this case pressure and density will increase radially 
inwards contrary to the classical Sedov solution. Finally, non-thermal con­
tributions to the X-ray emission may be not negligible in regions of elec­
tron acceleration and magnetic field amplification associated with the 
shock waves (Reynolds and Chevalier 1981). 

X-ray images have been compared with optical and radio images, and the 
images of an individual remnant usually match each other quite well. In 
particular, the radio and X-ray images show very similar shapes, the outer­
most contours of which agree in remarkable detail down to the angular 
resolution limit. This indicates that heating of the plasma to X-ray ener­
gies and acceleration of electrons and magnetic field amplification sufficient 
for radio synchrotron radiation occur at least close to the shock front of 
the blast wave and on about the same time scale. Within the remnant the 
correlation is often less good. Radio bright regions sometimes coincide with 
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X-ray bright knots, but are more often slightly offset as in Puppis-A (Pe-
tre et al. 1982). In the majority X-ray enhancements have no radio coun­
terpart and vice versa. The same picture holds for the comparison of X-
ray and optical images, which are dominated by filamentary and knotty 
structure. The fact that some optically bright filaments are embedded in 
X-ray bright regions, for instance in the Vela remnant (Kahn et al. 1985) 
and in the Cygnus Loop (Hester and Cox 1986), indicates that the optical 
emission is due to dense shocked clouds, which either partly evaporate or 
produce bow shocks to enhance the ambient X-ray emission. Beyond this 
the comparison of images taken in the different spectral domains has so 
far not provided deeper insights in the physics of supernova remnants, 
despite the high angular resolution now available in X-ray images. 

Energy spectra: The thermal origin of the emission from shell type super­
nova remnants was for the first time established unambiguously by the 
detection of the Fe-K emission line in the spectrum of Cas-A (Serlemitsos 
et al. 1973). However, the clear detection of additional emission lines at 
lower energies from other atomic species was severely hampered by the 
low spectral resolution of the collimated proportional counter detectors. 
This changed with the advent of the solid state spectrometer (SSS) which 
was used in the focus of the Einstein observatory X-ray telescope. With an 
improved resolution of about 160 eV over the nominal 0.5-4.5 keV detec­
tion band, numerous emission lines from highly ionized Mg, Si, S, Ar, and 
Ca have been measured in the spectra of young supernova remnants inclu­
ding Cas-A, Kepler and Tycho (Holt 1983). Additional lines from highly 
ionized N, O and Ne, as well as from Fe XVII have been discovered with 
the Einstein Bragg Focal Plane Crystal Spectrometer (FPCS) in the older 
remnant Puppis-A. With a resolving power of 100-1000, the forbidden, 
intercombination and recombination lines of the He-like triplets from O VII 
and Ne IX have been resolved for the first time (Winkler et al. 1981). The 
spectral survey of emission lines from Puppis-A, which is the most detailed 
result of non-solar X-ray spectroscopy so far, is displayed in figure 2. 
Winkler et al. (1983) have pointed out in a very clear way how the various 
line ratios can be used to perform detailed plasma diagnostics in deter­
mining electron temperature, ion population, ionization temperature and 
ionization time. 

ENERGY ( iV ) 

Fig. 2. Einstein FPCS spectra of Puppis-A (from Winkler e t al. 1981). 

The Einstein energy band extended up to about 4.5 keV and therefore the 
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Fe-K l ine emission as wel l as the high energy continuum, the existence of 
which was known f rom previous experiments, could not be covered s imul­
taneously. Energy spectra over the 2-10 keV range w i th a spectral resolu­
t ion better than the col l i mated proport ional counter by typical ly a factor 
of 2 have become available f rom the non-imaging gas scint i l lat ion propor­
t ional counters (GSPC) f lown on board of the EXOSAT and Tenma satel ­
l i tes. Figure 3 shows the EXOSAT GSPC spectrum of Tycho (Smith et a l . 
1987). The emission lines f rom transit ions of He-l ike S, Ar, Ca and Fe ions 
are clearly resolved. The spectrum above about 5 keV is dominated by the 
Fe-K line and the continuum, the lat ter of which has been used to deter­
mine the electron temperature. Simil iar spectra are available for Cas-A, 

EXOSAT 
TYCHO 

Fig. 3. EXOSAT GSPC spectrum 
of Tycho. The f i t assumes a 
thermal bremsstrahlung con­
t inuum of kT=6.5 keV and emis­
sion lines of S, Ar, Ca and Fe 
superimposed ( f rom Smith et a l . 
1987). 
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Fig. k. Tenma GSPC spectrum of Cas-A and Tycho. The best f i t assumes a 
single continuum spectrum and emission f rom 8 lines. The relat ive con t r i ­
bution of each component is shown in the lower histograms ( f rom Tsunemi 
et a l . 1986). 
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Kepler, RCW 103 and W49B and a detailed account of the EXOSAT spectra 
is given by Smith (1987). Tsunemi et al. (1986) have published the Tenma 
GSPC energy spectra of Cas-A and Tycho which extend to some lower 
energies to include the Si-K lines (see figure *f). 

The emission from shell type remnants is considered to originate from an 
optically thin plasma, which has been heated to X-ray temperatures by 
shock waves. Model fits to the measured spectra attempt to determine X-
ray temperature, total emission measure and elemental abundances, from 
which the density of the pre-shocked interstellar medium, the total swept-
up mass and the explosion energy of the supernova can be derived using 
some 3-dimensional geometry and hyrodynamical solution for the expansion. 
If the contributions from the interstellar medium and the stellar ejecta can 
be disentangled, density and mass of the ejecta can be determined. In this 
way a link from the remnant to the progenitor star and the supernova type 
can be established in addition to the shock wave physics research. Early 
fits to the spectra have been based on the following assumption: 

1. the emitting plasma is in collisional equilibrium ionization; 
2. there is thermal equilibrium between ions and electrons implying the 

same temperature for both; 
3. the electrons have a Maxwellian velocity distribution; 
k. the plasma parameters including temperature, abundances, ionization 

stages, etc. are homogeneous over the entire remnant, at least over 
the field of view of the instrument; 

5. the hydrodynamical evolution of the remnants can be described by the 
self similarity Sedov solution, and 

6. the remnant expands into an ambient homogeneous medium. 

The general results of these early analyses, which hold for almost any well 
studied remnant, can be summarized as follows: 

1. The spectrum is well described by the superposition of the emission 
from a two component plasma characterized by a low temperature of 
about 0.2 - 0.5 keV and a high temperature of about a few keV; 

2. a third, very high temperature component of about 30 keV has been 
suggested to be present in Cas-A (Pravdo and Smith 1979) which is, 
however, inconsistent with the EXOSAT data (Jansen et al. 1987). For 
Tycho, Pravdo and Smith derive a similarly high temperature compo­
nent which could not be confirmed by EXOSAT because of inadequate 
sensitivity (Smith et al. 1987); 

3. elemental abundances from oxygen burning nucleosynthesis products 
including Si, S, Ar and Ca are largely overabundant compared with 
solar or cosmic values, whereas Fe tends to be less than solar; 

k. even young remnants contain a large X-ray emitting mass. For in­
stance, Fabian et al. (1980) have found more than 15 solar masses 
in Cas-A, and Reid et al. (1982) estimate 15 solar masses for Tycho 
as well. 

The validity of each of the six assumptions listed above was ques­
tioned, very early on, mainly from theoretical arguments. Now, there is 
growing observational evidence supporting more or less substantial modifi-
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cations of the assumptions with subsequent revision of the parameters de­
rived, the amount of which depends on age and environment of the indivi­
dual remnant. 

As pointed out by Gorenstein et al. (197*) the plasma in supernova rem­
nants may not be in collisional ionization equilibrium because the time 
scale to ionize the heavy elements to the equilibrium level by electron 
collisions is of the order of 10^/ne years (Canizares 198*). For electron 
densities ne of about 1 - 1 0 cm"2, this is large compared with the age of 
young remnants and has the effect that the heavy elements are under-
ionized compared with their equilibrium population. Direct observational 
evidence for non equilibrium ionization (NEI) has been obtained from the 
analysis of the high resolution FPCS spectra of regions in Puppis-A (Cani­
zares et al. 1983, Winkler et al. 1983, Fischbach et al. 1987) and in Cas-A 
(Markert et al. 1987). The NEI conditions are derived from the weakness of 
the forbidden lines relative to the resonance lines of OVII and NelX (see 
figure 2). Vedder et al. 1986 has recently published the FPCS spectrum 
taken in the northern bright region of the Cygnus Loop (figure 5). From a 
3a upper limit of the forbidden to resonance line ratio of OVII they con­
clude that even in a remnant as old as the Cygnus Loop at least sections 
exist within which collision equilibrium ionization has not been reached. 
However, Gabriel et al. (1985) have pointed out that fast electrons in an 
otherwise thermal plasma can mimic NEI conditions because they tend to 
excite preferentially the resonance line, and therefore a weak forbidden-to-
resonance line ratio may not be conclusive. They compute that 20 keV 
electrons having a proportion of 1 % of the total number of electrons are 
sufficient to explain the OVII lines as observed in Puppis-A. 

Fig. 5.Portions of the X-ray spectrum 
of the northern bright region of the 
Cygnus Loop measured with the FPCS 
(from Vedder et al. 1986). 

Further evidence for NEI conditions in Tycho and Cas-A has been obtained 
from the EXOSAT (Jansen et al. 1987, Smith et al. 1987) and Tenma 
(Tsunemi et al. 1986) observations of the Fe-K line. Both experiments have 
measured consistently a line energy significantly lower than the value 
expected from CEI which is based upon a temperature derived from the 
high energy continuum. Applying NEI models both experiments agree that 
Tycho is substantially more underionized than Cas-A, which is plausible 
from the higher density in Cas-A. 

Less direct but nonetheless evidence for NEI is deduced from the fact that 
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NEI models f i t the observed X-ray spectra better than CEI models. NEI 
models have been constructed by numerous authors to describe t ime depen­
dent ionization (Itoh 1977, 1979, Gronenschild and Mewe 1982, Shull 1982, 
Hamil ton et a l . 1983, Hami l ton and Sarazin 1984, Nugent et a l . 1984). The 
gross e f fec t of NEI is an enhanced emission f rom lower ionization stages, 
which mimics a separate low temperature CEI plasma in addit ion to the 
temperature indicated by the high energy continuum. This is the reason 
that early X-ray spectra could be approximated by two temperature CEI 
models. However, w i th increasing better spectral resolution and broader 
energy coverage the f i ts became increasingly poorer. In order to explain 
the strong line emission f rom heavy elements observed in young remnants, 
a signif icant overabundance compared to solar values had to be adopted. 
Furthermore high emission measures implying high densities were needed to 
explain the high level of soft X-ray emission, which in turn led to high 
masses for the remnants. NEI models have recently been applied to some rem 
nants w i th the result that the CEI based estimates about the to ta l X-ray 
emi t t ing mass have been ref ined. Using NEI emission to model the surface 
brightness distr ibut ion observed w i th the Einstein HRI , Gorenstein et a l . 
(1983) derive a to ta l of about 4 solar masses for Tycho shared one to one 
by the ejecta and swept up matter . This has to be contrasted w i th the 
result of about 15 solar masses which Reid et a l . (1982) deduced f rom the 
Einstein IPC image and a CEI model. An even lower value of only 0.6 
solar masses for the X-ray emi t t ing mass of Tycho has been presented by 
Tsunemi et a l . (1986), which they conclude f rom a NEI analysis of the 
Tenma energy spectrum. Figure 4 b shows the excellent f i t . Although the 
mass has come down signif icant ly the heavy elements are s t i l l a factor of 
6-15 overabundant - but including iron - compared wi th solar values. The 
Tenma spectrum of Cas-A has also been f i t t ed acceptably wi th a single 
component NEI model w i th a remarkable low value of 2.4 solar masses and 
element abundances very close to solar values. The Tenma analysis, how­
ever, is in conf l i c t w i th the EXOSAT results analyzed by Smith et a l . 
(1987) and Hansen et a l . (1987) who cla im that the spectra cannot be ex­
plained by a single component but require a two component NEI model. This 
disagreement is most evident in the values given for the continuum 
temperature, which unfortunately af fects the elemental abundances and 
masses strongly. Thus, Smith et a l . quote 3.3 solar masses for the swept 
up mass in Tycho. I t remains to be seen how this conf l ic t w i l l be resolved 
in the future. This is interest ing, since the Tenma results, for the f i rs t 
t ime , are clearly in l ine wi th respect to element abundances and mass wi th 
what is current ly predicted f rom supernova explosion models advocating a 
type I for Tycho and type II for Cas-A. 

Hamil ton et a l . (1986 b) have recently re-analysed a col lect ion of spectra 
of Tycho which have been obtained w i th the instruments preceding Tenma 
and EXOSAT. They assume a two component NEI model, one each for the 
blast wave and the reverse shock. The composition is taken to be solar for 
the uni form interstel lar medium and of pure heavy elements for the ejecta 
which are s t ra t i f ied according to atomic number. From the spectra which 
are shown in f igure 6 they conclude that the X-ray emission is dominated 
by the shocked ejecta wi th an important contr ibut ion f rom the blast wave 
at high energies. The to ta l ejected mass is 1.4 solar masses out of which 
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0A solar masses have not yet been shocked, and the mass shocked by the 
blast wave amounts to 1.3 solar masses. This is close to the results of 
Gorenstein et al. but significantly higher than the Tenma data analysis has 
shown. Hamilton et al. (1986 a) have successfully used this type of model 
to reproduce the featureless power-law like spectrum of SN1006 by putting 
SN1006 into a much lower ionization age than Tycho. 
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Fig. 6. Best fit of the two component NEI models of Hamilton et al. 
(1986) to low resolution (left) and high resolution (right) spectra of Tycho's 
supernova remnant. 

The NEI models discussed above assume that the hydrodynamic evolution of 
the remnant can be described by the self similarity solutions of the Sedov 
type. Hughes and Helfand (1985) have instead used a numerical hydrodyna­
mic shock code into which the time dependent ionization equations have 
been incorporated. Thus, the time dependent ionization structure can be 
computed simultaneously in both the blast wave heated ambient plasma as 
well as the reverse shock heated ejecta. Interestingly, they have found that 
the surface brightness distributions and the spectra of Kepler's supernova 
remnant as measured with the Einstein observatory instruments can be 
equally well reproduced if the emission originates predominantly either 
from the heated interstellar medium with the remnant in the Sedov phase 
or from the heated ejecta. Figure 7 shows the best fit to the Einstein SSS 
spectrum which is achieved with over-solar abundances of Si and S but 
under-solar abundance of Fe. The over-abundance is more pronounced for 
the reverse shock case but it is lower, by a factor of 2 to 3, than the 
results of two temperature CEI models of Becker et al.(1980). Whereas the 
Sedov case is compatible with a type I supernova event, the reverse shock 
heated ejecta model requires an ejecta mass of about k.5 solar masses, 
which implies a massive progenitor star. It would certainly be useful to 
further constrain the model and include into the analysis the high energy 
spectrum to beyond the Fe-K line, which is now available from EXOSAT. 
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Fig. 7. Best fit of the hydrody-
namic shock NEI model of 
Hughes and Helfand (1985) to 
the Einstein SSS spectrum of 
Kepler's supernova remnant. 
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In summary, spectral modelling has made progress in recent years by invol­
ving NEI in particular and better fits have been obtained with generally 
lower masses and lower elemental abundances have been obtained compared 
with CEI models. However, there seems to be no conclusion on the number 
of temperature components present in young remnants. It is striking that 
the analysis of relatively narrow band spectra like that by Tsumeni et al. 
for Tycho and Cas-A and that by Hughes and Helfand for Kepler favour a 
dominant single component. In contrast to this, the analysis of broad band 
spectra like that of Jansen et al. for Cas-A and Smith et al. for Tycho 
and that of Hamilton et al. for Tycho as well clearly require two NEI 
components which are associated with plasma heated by the blast wave and 
the reverse shock. 

Spectrally resolved images: Spectrally unresolved images obtained with the 
Einstein HRI or IPC, or the EXOSAT CMA instrument, or even the earlier 
collimated scanning counters demonstrated a great deal of spatial structure 
to be present in many remnants. Structure like this may originate from 
different kinds of variations across the remnant, such as those of emission 
measure, i.e. density and depth of line of sight within the remnant, tem­
perature, ionization structure, and even interstellar absorption column 
density towards remnants of significant extent. Clearly, these effects are 
important to be considered when determining elemental abundances and X-
ray emitting mass, and therefore a spectrum spatially integrated over the 
whole remnant or over substantial portions of the remnant is of limited 
information (see for instance Brinkmann and Fink 1987). 

Spectral variations across the remnant of Cas-A were first discovered in 
the Einstein IPC data, which show significantly different pulse height 
spectra in the south-west and the north- east section (Murray et al. 1979). 
Using the brightness distribution observed with the HRI, a two-circular-
shell geometry and assuming pressure equilibrium, Fabian et al. (1980) has 
constructed a CEI temperature and density map revealing considerable 
variations within the remnant. In collaboration with the Naval Research 
Laboratory, the MPI group has obtained a spectrally resolved image on a 
sounding rocket flight (Aschenbach 1985). Using CEI emission and the 

https://doi.org/10.1017/S0252921100102180 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100102180


Supernova Remnants and the Interstellar Medium 109 

element abundance of Becker et al. (1979), a temperature map has been 
derived, which confirms and expands the Einstein IPC results. The faint 
south-west region has a temperature in excess of k keV, whereas the 
bright northeast part is between 0.3 and 1 keV. The overall temperature 
distribution shows two distinct peaks a t 0.5 keV and 5A keV. The hot 
component forms an almost complete shell along the outermost boundary 
at a radial distance of about 3 arcmin from the centre. The interior is 
rather uniform at the low temperature level. Assuming two spherical shells 
for the emission region, density and pressure maps have been constructed 
and the remnant is not found in pressure equilibrium, but with the highest 
pressure occurring along the outer boundary. Interestingly, the interior 
which seems to be in pressure equilibrium is separated from the outermost 
annulus by an about 30 arcsec wide pressure minimum, indicating a decele­
ration of the blast wave. 

The EXOSAT imaging telescopes have been used to take very long expo­
sures of Cas-A and to measure the spectral variations with high statistical 
accuracy, but with proportional counter type resolution (Jansen e t al. 
1987). They also find significant CEI temperature variations with the 
highest temperatures occurring in an outer annulus about 3 arcmin from 
the centre. Analysing the temperature distribution in radial sectors, the 
high temperature component is most pronounced in the smooth and faint 
regions whereas in the clumpy and bright regions the high temperature 
component appears reduced. Figure 8 shows two examples of temperature 
profiles reproduced from the paper of Jansen et al. 
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Fig. 8. CEI temperature profiles of the smooth and faint west south-west 
portion of Cas-A (left) and the clumpy and bright east south-east portion 
of Cas-A (right) as deduced from the EXOSAT PSD images by Jansen et 
al. (1987). 

The Einstein IPC, the MPI rocket and the EXOSAT PSD results largely 
agree on the gross temperature distribution and demonstrate two tempera­
ture components in Cas-A one of which is apparently associated with the 
blast wave indicated by its high temperature, its outermost location and 
the underlying smooth and faint brightness distribution. As expected the 
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low temperature component is associated with the reverse shock, which has 
heated the clumpy ejecta located more inside the remnant. So even in a 
remnant as young as Cas-A significant emission from heated ejecta has 
been found and this has independently been established by the remnant 
integrated spectra like those from the SSS, EXOSAT and Tenma as well as 
the spectrally resolved, but low energy images. 

The first spectrally resolved images of the middle-aged remnant Puppis-A 
have been reported by the MPI group from a sounding rocket experiment 
(Pfeffermann et al. 1980). The CEI temperature map with a resolution of 3 
arcmin shows a rather uniform temperature of 2-5.1 O^K for the interior, 
which agrees fairly well with the results from the Einstein high resolution 
FPCS CEI analysis (Winkler et al. 1981 a, b). In a subsequent paper, how­
ever, Canizares e t al. (1983) showed that the spectrum taken with the 3 
arcmin by 30 arcmin aperture of the FPCS cannot be explained by a CEI 
plasma but by a still ionizing plasma of an electron temperature in excess 
of 5.1 O^K. The MPI rocket experiment revealed a second high temperature 
component of more than lO^K which has been found earlier in spatially 
unresolved counter spectra. Unlike in Cas-A this component is not asso­
ciated with the outer periphery but shows up in some pixels a t the north 
eastern rim, along some filaments in the interior, but predominantly in the 
faint western parts, which is plausible since the region is presumably of a 
lower density of the interstellar medium and thus heated to a higher tem­
perature by the blast wave. Furthermore it was found that the area of the 
bright eastern knot was by far the coolest part of the remnant, although 
the statistics were not sufficient to resolve the temperature of the knot 
itself. Significant spectral variations have also been detected among the 8 
fields in Puppis-A observed with the 6 arcmin wide aperture of the SSS 
(Szymkowiak 1985). These variations are most obvious in the equivalent line 
widths from the He-like ions of heavy elements and in the soft X-ray part 
of the spectrum below 1 keV. The at tempt to fit two temperature CEI 
models to the data failed and even fits with a single component NEI plas­
ma are not convincing. Also, the pointings of the high resolution FPCS to 
various different fields in Puppis indicate spectral variations and possibly 
different temperatures (Fischbach et al. 1987). 

A significant improvement in counting statistics and angular resolution has 
become possible with the EXOSAT absorption filter spectroscopy. Since the 
broad band transmission of the Lexan and boron filters used, is X-ray 
energy dependent, the ratio of the two X-ray fluxes depends on the source 
spectrum. In case of a CEI plasma of cosmic abundance the filter ratio 
scales approximately with log T and thus by dividing the two images a CEI 
temperature map of Puppis-A has been produced with a resolution of 1-
arcmin and better (Aschenbach 1985). The map shows a great deal of 
temperature structure on scales even as small as the angular resolution 
limit and with temperatures between 5.9 £ log T _< 7.1. Beyond the upper 
limit the filter ratio is insensitive to temperature. There are 3 distinct 
regions forming the coolest parts within the remnants, which include the 
two bright eastern and northern knots, clearly resolved this time, and the 
outer section of the south-east elongated patch. It is interesting to note 
that the CEI X-ray temperature of the bright eastern knot is not uniform 
but varies between 6.0 and 6.4 for log T. Teske and Petre (1987) have 
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reported CCD images of the region of the eastern knot in the forbidden 
red and green coronal iron lines, and under the assumption that the knot, 
which is supposed to be an interstellar cloud, is in CEI at a temperature 
of log T = 6.35 they derive a minimum mass of about 0.1 solar masses 
with a density in the range of 23 to 49 crrr^. The EXOSAT results show 
that there is significantly cooler gas in the knot region, and thus they do 
not support Teske's and Petre's view that the visible FeXIV emission is 
from cooler inclusions in a still hotter medium. A comparison of the EXO­
SAT CEI temperature map with the 6 arcmin diameter fields observed with 
the SSS and the 3 arcmin by 30 arcmin rectangular fields observed with 
the FPCS clearly reveals that the spectrum within each of the Einstein 
fields is not uniform but varies spatially (Jansen, Aschenbach and Bleeker, 
1987), although these fields are already small compared with the extent of 
the remnants. 

Spectrally resolved images have been taken also from the old Vela super­
nova remnant and the Cygnus Loop with the Einstein IPC. For the Cygnus 
Loop, Ku et al. (1984) have pointed out that CEI best fits show lower 
temperatures along the limb compared with the centre, and that tempera­
tures anticorrelate with intensity as expected for approximate pressure 
equilibrium. This view has been supported by Charles et al. (1985) by a 
detailed spectral study of two 1° wide fields located at the southern and 
western boundary of the remnant. Temperature and emission measure varia­
tions on scales as small as k arcmin have been found, favouring the pre­
sence of an inhomogeneous cloudy interstellar medium. Similar results have 
been obtained for the Vela remnant by Kahn et al. (1985), although the 
two remnants different significantly in their overall morphological appear­
ance. However, the observations do not preclude pressure variations as 
large as a factor of 10. 

Future prospects: Since the early years of proportional counters much 
progress has been made in supernova remnant research due to the availabi­
lity of high resolution imaging, high resolution spectroscopy and broad band 
energy coverage. High resolution imaging made visible the cloudy interstel­
lar medium and the clumpy ejecta, and it made possible the first compara­
tive investigations between X-ray, optical and radio morphology; in particu­
lar the first detailed observational studies of shocked clouds and possible 
thermal evaporation. The Einstein FPCS and SSS have shown that non-
equilibrium ionization may be present in many remnants, even as old as 
the Cygnus Loop. However, it seems that the present generation of NEI 
models does not explain the broad band, high energy spectra as observed 
by EXOSAT for instance, unless multi NEI models with a sufficient number 
of free parameters are used. In order to better understand the images and 
spectra, hydrodynamical shock codes coupled with time dependent ionization 
are needed with an improved knowledge of the electron energy distribution 
which determines the ionization structure. These model calculations should 
take into account the results from the supernova explosion simulations 
including velocity, density and elemental abundances of the debris to pre­
dict in detail the effects of the progenitor star. Similarly, the ambient 
medium into which the remnant expands has to be considered, including a 
stellar wind of the progenitor star, and a multi-component medium. 
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A key issue for further progress from an observational point of view is the 
future availability of spectrally resolved images which cover the energy 
region from 0.3 to about 10 keV. An energy band as broad as this is 
needed to disentangle the emission from the low temperature ejecta as 
well as from the high temperature interstellar medium heated by the blast 
wave and to determine independently elemental abundances for each com­
ponent. A spectral resolving power of about 50 is adequate. The spatial 
resolution required is of course a small fraction of the remnant size. 
Hydrodynamical NEI model calculations of Brinkmann and Fink (1987) sug­
gest that for a young remnant like Tycho a resolution of about 20 arcsec 
is adequate to resolve the ionization structure. Taking the degree of dum­
piness, even lower values are indicated. For older remnants like Puppis-A, 
Vela or the Cygnus Loop, an angular resolution approaching the small 
structural scales present in the cloudy interstellar medium is appropriate. 
The bright eastern knot in Puppis-A for instance has a size of about 1-
arcmin. 

At present there are 5 missions being planned which carry imaging teles­
copes, i.e. the German ROSAT (1990) and Spectrosat (1993) missions, the 
Italian SAX (1992) mission, NASA's AXAF (1995) and XMM (1998) of the 
European Space Agency. The numbers in parenthesis give the currently 
envisaged launch dates. Except ROSAT, all other four missions await final 
approval. ROSAT will take images with high angular resolution (5 arcsec), 
and extremely high contrast due to the steep telescope point spread func­
tion and almost vanishing scattering. This will allow a search for compact 
objects within remnants at an significantly increased level of sensitivity 
compared with Einstein. With a throughput about 8 times greater than the 
Einstein HRI and a comparable background level, remnants can be studied 
to lower surface brightness within and outside our galaxy. Spectrally re­
solved images with an angular resolution of 20 arcsec and a spectral resol­
ving power of about 2.5 will be taken with the position sensitive propor­
tional counter in the energy band 0.1 - 2.2 keV. This spectral resolution is 
insufficient to resolve individual lines and to perform detailed plasma 
diagnostics but it will establish spectral variations across many remnants at 
an unprecedented level of angular resolution, and it will constrain the non­
thermal component in Crab-like and composite remnants. Spectrosat will be 
a ROSAT follow-up modified by a transmission grating which will increase 
the resolving power to about 50-100. 

At present, SAX will be the first mission which will carry imaging teles­
copes working up to 10 keV, with a spatial resolution of about 1 arcmin 
and a resolving power of about 10 at the Fe-K line. Very few years before 
the turn of the millenium, hopefully, the two great observatories AXAF 
and XMM will be launched into orbit. Both observatories cover the energy 
band from 0.1 to 10 keV. With AXAF sub-arcsecond imaging will become 
possible and very high spectral resolution as well, although at moderate 
throughput. XMM will perform low to high spectral resolution observations 
with high throughput but at the expense of angular resolution (30 arcsec). 
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