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ABSTRACT
The launch of Chandra and XMM-Newton has led to important new findings concerning the X-ray emission from
supernova remnants. These findings are a result of the
high spatial resolution with which imaging spectroscopy
is now possible, but also some useful results have come
out of the grating spectrometers of both X-ray observatories, despite the extended nature of supernova remnants.
The findings discussed here are the evidence for slow
equilibration of electron and ion temperatures near fast
supernova remnant shocks, the magnetic field amplification near remnant shocks due to cosmic ray acceleration,
a result that has come out of studying narrow filaments of
X-ray synchrotron emission, and finally the recent findings concerning Fe-rich ejecta in Type Ia remnants and
the presence of a jet/counter jet system in the Type Ib supernova remnant Cas A.
Key words: Supernova remnants; shocks; cosmic rays;Xrays.

1.

Figure 1. An illustration of the effect of temperature
non-equilibration at the shock front. Shown is the temperature of electrons (dotted), protons (solid), helium
(dashed-dotted) and oxygen ions (dashed) as a function
of ne t, assuming that heating at the shock front is givenby
Eq. 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
(Zeldovich & Raizer 1966).

INTRODUCTION

Supernovae are the most important sources of kinetic energy and chemical enrichment of galaxies. By studying
supernova remnants (SNRs) we hope to learn about supernova explosion properties and chemical yields. Moreover, because of their energy and large extent, SNRs are
thought to be the principal sources of cosmic rays of energies up to ∼ 1015 eV. Note that the large sizes of SNRs
are also an important ingredient for their ability to accelerate cosmic rays, because astrophysical sources cannot accelerate particles beyond energies for which their
gyro-radii are larger than the sources themselves. This
means that for cosmic ray acceleration high magnetic
fields and/or large objects sizes are required.
Their large sizes, several parsecs, make SNRs also rewarding targets for X-ray imaging spectroscopy. X-ray
imaging spectroscopy made a great leap forward with the
launch of the Chandra and XMM-Newton satellites. It

is now possible to obtain spectra with a spectral resolution of E/∆E ∼ 50 at 6 keV, isolating individual regions with an accuracy ranging from ∼0.500 (Chandra) to
∼500 (XMM-Newton). Before 1999 ASCA and BeppoSAX
already provided imaging spectroscopy, but on arcminutes scales rather than arcseconds scales. The Einstein
and ROSAT imagers on the other hand, had imaging resolution of ∼500 , but without any appreciable spectral resolution.
Chandra and XMM-Newton also have dispersive high resolution spectrometers on board, three transmission gratings for Chandra’s, and two Reflective Grating Spectrometers (RGSs) for XMM-Newton. Due to their dispersive nature, these instruments are not ideal for spectrometry of extended objects. Nevertheless, for objects
of modest extent, < 1 0 , the RGS is still able to obtain
spectra with a resolution of λ/∆λ > 160 at 20 Å.
So what have these instrumental advances brought us, as
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Figure 2. The effects of nonequilibration ionization (NEI) illustrated for oxygen. Both panels look very similar, but the
top 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
function of ne t, and for a fixed
temperature of kTe = 1.5 keV
(based on Shull & van Steenberg 1982). Approximate, mean
ne t values for the plasma in the
SNRs Cas A, Tycho and SN1006
are indicated.

far as our knowledge of SNRs is concerned? The answer
is that we have learned substantially about SNR shocks,
concerning both the shock heating process and cosmic
ray acceleration. Moreover, imaging spectroscopy has
also revealed regions with metal-rich, pure ejecta plasma,
and has provided us with better means to measure SNR
kinematics through X-ray proper motion and Doppler
shift studies.
Another important aspect is the study of supernova explosion through the analysis of kinematics of fresh explosive
nucleosynthesis products. Finally, the high spatial resolution of in particular Chandra has enabled the discovery of
many young neutron stars inside SNRs, such as the still
enigmatic point source in Cas A that was discovered in
the first light image of Chandra (Tananbaum 1999) (see
also R. Petre these proceedings). However, in these proceedings I limit myself to three important topics 1) collisionless shock physics, 2) cosmic ray acceleration, and
3) supernova explosions and nucleosynthesis,

2.
2.1.

COLLISIONLESS SHOCKS PHYSICS
Background theory

SNR shocks typically move through a medium with densities of n ∼ 1 cm−3 . At those low densities Coulomb
(particle-particle) interactions are rare, with typical collision times given by 1/τ = 8.8 × 10−2 /T 3/2 ln Λ (Zeldovich & Raizer 1966). For temperatures of T = 108 K
this gives τ ∼ 12000 yr ( ln Λ, the Coulomb is ∼ 30).
This is must longer than ages of many known SNRs. Nevertheless, we detect X-rays from young SNRs, which indicates that the plasma got heated despite the long collision times. This implies that the heating process takes
place through long range collective effects, i.e. the generation of plasma waves. This is somewhat analogues to

the process of violent relaxation in the formation of gravitational systems, such as galaxies and globular clusters.
The fact that supernova remnant shocks are collisionless
and are also sites of cosmic ray acceleration has two important consequences. First of all, we can no longer assume that different particles species are in temperature
equilibration. The amount of shock heating as a function
of shock speed is obtained by applying energy, momentum and mass conservation to the gas crossing the shock
front (e.g. McKee & Hollenbach 1980). In the extreme
case in which particles of different mass do not interact,
the temperature of each plasma component i (i.e. electrons, protons, other ions) is:
2(γ − 1)
3
mi vs2 =
mi vs2 ,
(1)
2
(γ + 1)
16
where γ is the adiabatic index, mi , is the particle mass,
and vs is the shock velocity. For full equilibration this is
kT = 3/16 < m > vs2 . In case full equilibration is not
established at the shock front, Coulomb interactions will
eventually establish equilibration on a collisional time
scales, which is best characterized by the product of electron density and time ne t (Fig. 1).
kTi =

Secondly, Eq. 1 assumes that cosmic ray acceleration by
the shock is energetically not important. In case the shock
also accelerates an appreciable amount of cosmic rays,
the mean plasma temperature may well be lower, a situation that may have been observed in the supernova remnant 0102.2-7219 (Hughes et al. 2000b).
When measuring the plasma temperatures by means
of X-ray spectroscopy, one usually measures only the
electron temperature, as it determines the shape of the
bremsstrahlung continuum and it governs line intensity
ratios. However, because the electron temperature can be
lower than the average plasma temperature, it is wrong to
infer a shock velocity from measured electron temperatures. This has been known for quite some time (e.g. Itoh
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Figure 3. Above: Two small SNRs in the Large Magellanic Cloud.
The spectra are high resolution XMM-Newton RGS spectra. The
images are multiband Chandra images (see Warren & Hughes
(2004) for SNR 0509-67.5). Although the sizes of the two remnants are similar SNR 0509-67.5 is the youngest of the two (see
text). The lines of SNR 0509-67.5 have an extreme velocity broadening of σv ≈ 6500 km s−1 , as seen in this close up of the O VII
line emission (left, the intrinsic resolution of the spectrum can be
judged from the gray lines).

1977, 1984), but until recently it was ignored, as it was
difficult to assess the amount of temperature equilibration
from the observational data.

Another form of non-equilibration, namely nonequilibration of ionization (NEI), has received more
attention over the last two decades, because its signatures
could be easily discerned in X-ray spectra of SNRs (e.g
Winkler et al. 1981; Gronenschild & Mewe 1982; Jansen
et al. 1988).

The concept of NEI is relatively simple (Itoh 1977; Mewe
& Schrijver 1980; Liedahl 1999). NEI is important in
SNRs, because in plasma that have been relatively recently heated the number of electron-ion collisions has
been limited. Collisional ionization equilibrium (CIE) is
obtained when the number of ionizations is compensated
by the number of recombinations, but for NEI plasmas in
SNRs the number ionization rates still exceed the recombination rate. The effect of NEI is illustrated in Fig. 2.
Observationally NEI gives rise to a mismatch between
the electron temperature derived from ratios of line emission from different ions, and the electron temperature derived from the continuum shape, which reflects the actual
electron temperature. In addition, spectra of NEI plasmas
will display lines that are unique for NEI, and are the result of inner shell excitations and ionizations (e.g. Vink
2004a, see).

2.2.

High resolution spectra of supernova remnants

Although the effects of NEI were already known and
observed in the eighties, the XMM-Newton RGS instruments make it possible to study it in much more detail.
For extended objects the spectra are blurred due to the
spatial extent of the objects, but the dispersion angle of
the RGS is relatively large, allowing for high resolution
spectroscopy of objects that are smaller than 1 0 .1 Even
for larger objects, up to 50 , one can still obtain useful
results with the RGS, especially at long wavelength, as
has been done for the SNRs Cas A (Bleeker et al. 2001),
Tycho (Decourchelle et al. 2001), and G292.0+1.8 (Vink
et al. 2004).
However, the most detailed spectra are obtained for the
various bright remnants in the Magellanic Clouds (Rasmussen et al. 2001; Behar et al. 2001; van der Heyden
et al. 2002, 2003; van der Heyden et al. 2004).
Here I illustrate the capabilities of the RGS by showing two spectra of the Large Magellanic Cloud remnants
0509-67.5 and 0519-69.0. Both remnants have very similar sizes, resp. 2900 and 3200 , but X-ray spectroscopy reveals, which one is the youngest of the two (Fig. 3). The
spectra are dominated by O VII and O VIII line emission
around 18.5 Å and 22 Å and Fe-L shell line emission,
but for 0509-67.5 the Fe-L line emission shows mainly
Fe emission at 15.0 and 17.1 Å, which reveals that the
emission comes from Fe XVII (Ne-like Fe).
1 For an angular extent of ∆φ the degradation in spectral resolution
is ∆λ ≈ 0.12∆φ
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Figure 4. On the left: Map of O VII emission made from several Chandra-ACIS observations. The lines indicate the region
observed by the XMM-Newton RGS instrument. The target was the bright knot in the northeast. Right: Detail of the RGS1
spectrum of the northeastern knot, showing O VII Heα line emission. The dashed line is the best fit model without line
broadening, whereas the solid line shows the model including thermal line broadening (Vink et al. 2003).
SNR 0519-69.0 on the other hand shows also prominent emission lines at 12.0 Å, 13.5 Å, and 14.0 Å, an
indication that Fe has been ionized up to Fe XXI. This
shows that, despite the similarities in size, SNR 051969.0 is in a more evolved state. Spectral fitting indicates that log ne t ∼ 10.1 for 0509-67.5, and ∼ 10.4
for 0519-69.0. More evidence that 0509-67.5 is younger
comes from the line widths. Fig. 3 readily shows that
the lines of 0509-67.5 are much broader than those of
0519-69.0. This is not a result of the spatial extent of
the remnants, because SNR 0509-67.5 is the smallest
of the two. The lines must therefore be broadened by
Doppler broadening. For 0509-67.5 the O VIII Ly-α indicates a Gaussian broadening on top of the spatial broadening of σv = 6500± km s−1 . For 0519-69.0 this is
σv = 1700 ± 100 km s−1 . Using the angular size of
the remnants, and the distance to the Large Magellanic
Cloud is 50 kpc, one obtains rough age estimates of respectively ∼ 500 yr and ∼ 2000 yr, assuming free expansion. For 0519-69.0 free expansion is probably unlikely,
using instead the radius-velocity relation self-similar Sedov solution for a point explosion, vs = 25 rs /t, one finds
∼ 800 yr.

2.3. An X-ray observation of non-equilibration of
temperatures
Was non-equilibrium ionization a concept known and accepted by X-ray astronomers, non-equilibration of temperatures was sometimes mentioned as an annoying complication for interpreting data of SNRs, but for the most
time it was simply ignored. Nevertheless, there were
indications that non-equilibration is likely to be important. For example Eq. 1 predicts plasma temperatures of
kT ∼ 30 keV for shocks velocities of ∼ 5000 km s−1 ,
applicable to young remnants such as Cas A, Tycho and
SN1006. However, no SNR has ever been observed with
temperatures exceeding even 5 keV.

Since 1995, however, more direct measurement of ion
temperatures have indicated the importance of nonequilibration of temperatures. These measurements
rely on the thermal Doppler broadening to measure the
ion temperature. This has been done in the optical
(Ghavamian et al. 2001, 2003), UV (Raymond et al.
1995; Laming et al. 1996; Korreck et al. 2004), and Xrays (Vink et al. 2003). The optical measurements use
the fact that a fraction of the cold neutral hydrogen undergoes charge exchange with shock heated protons behind the shock. This results in Doppler broadened Hα
emission.
The first X-ray measurement of the ion temperature was
made with the XMM-Newton-RGS. It may be surprising
that the target was a rather extended object: SN1006.
This SNR has an extent of 300 . There were, however,
two reasons to pick SN1006. First of all the X-ray spectrum shows that it is very far out of ionization equilibrium
log ne t= 9.5. Secondly, in order to isolate the thermal
broadening from bulk motion from the expanding shell
one has to isolate the edge of the remnant. This cannot be
done with small remnants such as those in the Magellanic
Clouds. For example, for SNR 0509-67.5 the line broadening is likely to be dominated by the shell expansion.
For a large remnant such as SN1006 one can more easily
isolate the outer edge. What made a high resolution Xray spectrum possible despite the large extent of SN1006,
was the fact that at the northeastern edge of the remnant
there is a bright knot with a size of less than 1 0 (Fig. 4).
Nevertheless, the RGS X-ray spectrum of the knot is contaminated by emission from the inside of SN1006. Luckily the northern part of SN1006 is not very bright, and
the X-ray emission from the southern part is attenuated
by the vignetting of the X-ray telescope.
The resulting RGS spectrum of SN1006 consists of lines
that have a sharp rise at the short wavelength side, and a
line wing at the long wavelength side, caused by X-ray
emission from the inside of the remnant. Fig. 4 displays
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Figure 5. A deep Chandra image of Cas A (Hwang et al. 2004) in the 4-6 keV continuum band (left). Note the thin
filaments, marking the border of the remnant (NB the point spread function is not uniform). The remnant has a radius
of about 2.50 . Right: Determination of the maximum 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. The shaded area is excluded,
because the filament width cannot be smaller than the minumum possible diffusion length (c.f. Vink & Laming 2003).
the O VII Heα line triplet spectrum of this knot as observed by the RGS1. The spectrum can only be satisfactorily fitted with lines broadened with a Gaussian distribution with σE = 3.4 ± 0.5 eV, corresponding to an oxygen temperature of ∼ 500 keV (Vink et al. 2003). This
seems to be a very high temperature, but it is in fact what
can be expected for shock velocities of ∼ 4000 km s−1 in
the absence of rapid temperature equilibration (Eq. 1).
M. Markevitch showed at this symposium that the concept of non-equilibration of temperatures is also considered for shocks in clusters of galaxies. Contrary to
SN1006, the Mach number M ∼ 3 shock in the cluster 1E0657-56 is best explained by rapid equilibration of
electron and ion temperatures. Together with SNR results
this may contain important information about the physical conditions that determine the presence or absence of
rapid equilibration:
For supernova remnants it has been observed that the fast
shocks of young supernova remnants such as SN1006
and Tycho appear to have non-equilibrated plasma’s,
whereas the slow moving shocks of the Cygnus Loop (∼
300 km s−1 ) seems to have rapidly equilibrated shocks.
SNRs like Dem L71 and RCW 86 seem to have intermediate equilibration properties (Rakowski et al. 2003). It
is not a priori clear what the physics is behind the different behavior of fast and slow shocks: Is the defining
parameter shock speed, Mach number, or Alfven Mach
number? The observation that the fast shock in 1E065756 does seem to equilibrate rapidly suggests that it is not
the shock velocity as such, which is ∼ 4500 km s−1 for
1E0657-56 (Markevitch et al. 2004). Instead it suggest
that either the Mach number, or the Alfven Mach number
is important for the equilibration process.2
2 The Mach number is low in this case because the sound speed is
very high.

3.

COSMIC RAY ACCELERATION BY SUPERNOVA REMNANTS

Cosmic rays have been discovered by Victor Hess in 1912
(Hess 1912), but the question of their origin has still not
been satisfactorily answered. SNRs are the most likely
candidate sources for the origin of cosmic ray energies
below 1015 eV, where there is a break in the spectrum,
usually referred to as the “knee”. It is clear that SNRs
can provide the energy to maintain the cosmic ray energy density in the Galaxy. However, it was for a long
time very doubtful that SNRs were capable of accelerating particles up to the “knee” (Lagage & Cesarsky 1983),
let alone up to 1018 eV, at which energies the Galaxy becomes “transparent” to cosmic rays, and hence, at which
energies there must be a transition from a Galactic origin
to an extra-Galactic origin.
The last five years our understanding of cosmic ray acceleration by SNRs has changed dramatically, largely due
to new theoretical insights, the coming of age of ground
based TeV gamma-ray astronomy, and last but not least
Chandra.
Cosmic rays are accelerated in supernova remnant shocks
by the first order Fermi process (Malkov & O’C Drury
2001, for a review): Particles are accelerated by repeatedly diffusing across the shock, at each shock crossing
the particles gains energy due to the difference in velocity at either side of the shock. For a high Mach number interstellar shock the compression ratio is 4, from
which follows that the heated plasma behind the shock
moves away from the shock with a velocity v = 1/4vs ,
with vs the shock velocity. The difference in velocity between the unshocked and shocked medium is therefore
∆v = 3/4vs .
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Figure 6. Left: Table with magnetic field determinations for various young supernova remnants (c.f. Bamba et al. 2005;
Völk et al. 2005; Ballet 2005). Right: Magnetic field energy density as a function of ρVs3 , following the suggestion by
(Bell 2004). Note that in most cases velocities are based on radio and X-ray expansion measurements (Moffett et al. 1993;
Vink et al. 1998; Hughes 1999, 2000; Delaney & Rudnick 2003), which introduces a systematic uncertainty for Kepler,
for which no reliable distance estimate exists. Due to the narrow range in Vs and large range in densities, the scaling of
B 2 with ρ is more significant than the scaling with v 3 . (Vink et al. 2006, in preparation).
The diffusion process itself is a result of elastic scattering off magnetic field irregularities. The fastest possible
diffusion, and hence the most efficient cosmic ray acceleration, is possible when δB/B ∼ 1, and is referred to
has Bohm-diffusion.
The cosmic ray population is dominated by ions, but in
X-rays one can only observe the electron population by
means of synchrotron radiation. X-ray synchrotron radiation from a shell type SNR is itself a recent discovery
(Koyama et al. 1995). The contribution of Chandra is
that it resolved for the first time narrow synchrotron filaments near the shock fronts of all young Galactic SNRs,
such as Cas A and Tycho (Gotthelf et al. 2001; Hwang
et al. 2002).
The width of these filaments can be interpreted as the result of advection combined with synchrotron losses: at
TeV energies electron radiation losses are rapid. While
diffusing in the downstream plasma, particles are on average moving away from the shock front with a velocity
∆v. However, after a time τloss they are no longer visible
in X-rays, because they have lost a significant fraction of
their energy. Hence the observed width must correspond
to ladv = ∆v τloss (Vink & Laming 2003). This in itself
makes the width a function of ∆v, particle energy, E,
and average magnetic field, B, since τloss = 635/B 2 E.
In order to separate energy from magnetic field one can
use the observed photon energy , which depends on E
and B as  = 7.4E 2 B⊥ keV. In Fig. 5 shows graphically
what the allowed range of electron energy and magnetic
field is for Cas A: B ≈ 250 − 500 µG (Vink & Laming
2003; Berezhko & Völk 2004). This is much higher than
the shock compress mean Galactic magnetic field. In fact,
it turns out that applying this method to all young SNRs
gives relatively high magnetic fields (Bamba et al. 2005;

Figure 7. Two Chandra-ACIS images of the northeastern
region of RCW 86. The left panel shows the energy range
from 0.5-1.0 keV,which is dominated by thermal emission,
whereas the right panel covers the range of 1.9-6.6 keV,
dominated by synchrotron emission. (Vink et al. in preparation, see also Vink 2004b)

Völk et al. 2005; Ballet 2005).
These higher magnetics confirm the hypothesis of Bell
and Lucek that cosmic ray acceleration gives rise to magnetic field amplification due to non-linear plasma wave
generation (Bell & Lucek 2001; Bell 2004). This in turns
helps to speed up the cosmic ray acceleration process.
The magnetic field determinations of different studies differ in that some (Vink & Laming 2003) have employed
the advection length ladv , while others (Bamba et al.
2005; Völk et al. 2005) have used diffusion length scale,
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ldif f . The diffusion length gives the typical length at
which diffusive particle transport dominates over convection. The diffusion length scale is given by ldif f =
D/∆v = 31 cλ/∆v, with D the diffusion coefficient, and
λ the particle mean free path. For the fastest possible diffusion, Bohm diffusion, λ = E/eB. Bamba et al. (2005)
and Völk et al. (2005) assumed Bohm diffusion in order
to estimate magnetic field strengths. This is not a priori correct. However, the observed filament widths must
at least be larger than the ldif f for Bohm diffusion. In
fact when we take this additional constraint into consideration, we find that the results are consistent with the
advection length method (Fig 5 and 6).
This is not entirely surprising (Vink 2004b): According to shock acceleration theory the acceleration time
to reach an energy E, is given by τacc ≈ D/(∆v)2 .3
For acceleration we need τacc ≤ τloss . However, given
that ldif f = D/∆v and ladv = ∆v τloss , we see that
τacc ≤ τloss is equivalent with ldif f ≤ ladv . So whenever
ldif f ≈ ladv acceleration stops and the two length scales
should give approximately the same answer. However,
this is only the case at the very end of the electron cosmic ray spectrum, where synchrotron losses are important. This is consistent with X-ray observations, which
show steep, loss affected, synchrotron spectra.
Moreover, the fact that the diffusion length method assuming Bohm diffusion is consistent with the advection
length method implies that Bohm diffusion does indeed
take place (see also Markowith, these proceedings, for
more details). This also means that SNRs are more efficient cosmic ray accelerators than previously thought for
two reasons: 1) fast diffusion applies and 2) magnetic
fields are amplified. In fact assuming Bohm diffusion
Cas A must be able to accelerate particles up to energies of ∼ 2 × 1015 eV for protons and ∼ 1017 eV for
iron. Moreover, the magnetic field amplification is predicted by Bell (2004) to scale roughly as B 2 ∝ ρVs3 ,
which seems indeed to be the case (Fig. 6). This means
that the highest energy cosmic rays may by those shocks
that are fast and have a high density. These conditions
are met by remnants of supernovae with red supergiant
progenitors. These progenitors have a slow and therefore
dense wind. Moreover, the shock velocity remains high
for a long period due to the 1/r2 density profile. In fact,
Cas A’s progenitor was probably a red supergiant (Vink
2004).

4.

EXPLOSIVE NUCLEOSYNTHESIS

Over the last few years the study of supernovae have
become more popular for two reasons: One concerns
Type Ia supernovae, which are likely thermonuclear explosions of white dwarfs. These supernovae have with
great success been used as standard candles in cosmol3 I have ignored here some small numerical factor that reflect the fact
that the particles spend time on both sides of the shock front, and at each
side the magnetic field is different due to magnetic field compression

ogy, which has led to the revival of the cosmological constant. The other reason is that long duration gamma-ray
bursts (GRBs) appear to be associated with special subclass of core collapse supernovae called Type Ib/c supernovae (e.g. Stanek et al. 2003).
It is not always possible to associate SNRs with the
various types of supernovae. However, it is clear that
all SNRs with an associated neutron star must be corecollapse supernovae. Thanks to Chandra it is now also
clear that a number of young SNRs in the LMC are likely
to be Type Ia SNRs. In all those cases the SNRs show
an increase in Fe abundance toward the center. This is
exactly what should be expected as Type Ia supernovae
are thought to produce ∼ 0.5 M of 56 Ni (which decays
into Fe), much more than the average core collapse supernovae.
It is interesting to use existing SNRs to illustrate the evolutionary sequence of Type Ia remnants, showing that
while the reverse shock progresses inward into the ejecta,
more and more of Fe gets heated (see Badenes et al. 2005,
for more sophisticated description of Type Ia remnant
evolution). One could start with 0509-67.5 (Fig. 3 Warren & Hughes 2004), in which the reverse shock seems
to have just reached the Fe layer in the east. The next
one would be 0519-69.0 (Fig. 3) or alternatively Tycho’s
SNR (Hwang & Gotthelf 1997; Hwang et al. 2002), in
which more Fe seems to be shocked, in a shell all around
the remnant. The final stage is represented by DEM L71
(Hughes et al. 2003; van der Heyden et al. 2003), for
which all of ∼ 0.5 M of Fe appears to be shocked by the
reverse shock. In DEM L71 the Fe is no longer in shell,
but seems to fill the whole center of the remnant.
A peculiar case seems to SN1006. The historical supernova is likely to have been a Type Ia explosion, but
both optical/UV absorption (Wu et al. 1997), and in Xray emission (Vink et al. 2000, 2003; Vink 2004a) there
seems to be a lack of Fe. For the X-ray emission the reason could be that the reverse shock has not yet reached the
Fe-layer. Moreover, the plasma is so far out of ionization
equilibrium (Sect. 2.1) that even if Fe is shocked heated
it will still have an ionization state lower than Fe XVII,
producing hardly any emission lines.
The evolution of remnants of core collapse supernovae
are not so easily illustrated by a sequence of SNRs. For
one thing, the presence of a powerful pulsar wind nebula
does in some cases completely dominate the appearance
of a SNR. Moreover, the lack of a well defined sequence
may very well reflect the variety of core collapse progenitors, which is also the reason why they are unsuitable as standard candles. Core collapse explosions seem
also more turbulent than Type Ia explosions, so that the
initial ordering of stellar layers is not preserved during
the explosion. The best evidence for that consists of the
early appearance of 56 Co radio-active line emission from
SN1987A (observations are summarized in Vink 2005),
and the presence of Fe-rich ejecta outside the main, Sirich, shell in the southeast of Cas A (Hughes et al. 2000a;
Hwang & Laming 2003). In the north the Fe is located
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inside the Si-rich shell. However, this appears to be a
projection effect, because the measured Doppler velocities of Fe in the north is higher than Si (Willingale et al.
2002). It is not clear how much of the Fe in Cas A is still
unshocked, but some of the shocked Fe must have been
ejected with velocities of up to 7800 km s−1 .
There is no obvious symmetry to the Fe-rich ejecta, so
their emergence is probably related to hydrodynamical
instabilities close to the core of the explosion (Kifonidis
et al. 2003). Cas A does, however, reveal an intriguing
symmetry when dividing the X-ray map of Si XIII emission by that of Mg XI emission (Fig. 8). It does not only
bring out the long known jet in the East, but also a counterpart symmetrical situated in the West of the remnant
(Vink 2004; Hwang et al. 2004). The spectra of the jet
reveal an apparent absence of Ne and Mg. The dominant
elements seem to be Si, S, and Ar, but some Fe seems
also present. The emission measure of the jet combined
with the average velocity of the plasma suggest quite a
high kinetic energy in the jet, ∼ 5 × 1050 erg, about 25%
of the total explosion energy.
The presence of a jet/counter jet system suggests a connection with long duration GRBs, which are thought to
be the results of beamed emission from jets. In that case
the jets in Cas A could be the result of a similar mechanism, although resulting in lower velocities than for GRB
jets. However, the point source in Cas A seems to be
neutron star, at odds with the currently popular collapsar theory for GRBs, for which the a core collapse into a
black hole is needed(MacFadyen et al. 2001). Secondly,
GRB jets are thought to be generated deep inside the star.
One would therefore naively expect the jet material to
be dominated by core material, i.e. Fe. Still, GRB jets
may be electro-magnetic in nature. Moreover, for the few
promising, but still disputed cases in which line emission
from GRBs has been detected, there seems to be an absence of Fe or Ni emission (e.g. Watson et al. 2003). Note
in this context that Cas A has long been thought to be the
remnant of a Type Ib explosion, the same subclass that
seems to produce GRBs.
Further exploration of the 1 million second Chandra observation of Cas A (Hwang et al. 2004) may reveal more
about the nature of its jet/counter jet system. Moreover,
Cas A is one of two SNRs that is known to contain detectable amounts of the radio-active element 44 Ti (Iyudin
et al. 1994; Vink et al. 2001). This element is synthesized
deep inside the exploding star, in the same layer as 56 Ni,
but the 44 Ti yield is very sensitive to the explosion energy
and asymmetries. The observation of 44 Ti in Cas A is
therefore very important for studying its explosion properties. This is one of the reasons for observing Cas A with
INTEGRAL, the first results of which are promising, but
have allowed us to obtain conclusion regarding the kinematics of 44 Ti (Fig. 9, Vink 2005). Nevertheless, this is
an important goal, since 44 Ti emission comes both from
the shocked and unshocked parts of the ejecta.

Figure 8. Image based on the deep Chandra observation of Cas A, which has been processed to bring out the
jet/counter jet structure (Vink 2004; Hwang et al. 2004).
(Credit: NASA/CXC/GSFC/U.Hwang et al.)

5.

CONCLUDING REMARKS

An overview like this is not much more than summing up
the conclusions of many individual studies. So what can
I add to that, except reiterating that the successful launch
of Chandra and XMM-Newton has given us many new
insights into the shock heating, cosmic ray acceleration,
and composition of SNRs. Many old questions seem to
have been (partially) answered, such as the question of
electron-ion temperature equilibration at the shock front
(electron-ion equilibration is not efficient in fast shocks),
or the question whether cosmic rays can be accelerated
up to the “knee” by supernova remnant shocks (yes they
can). New questions have been raised by the new observational capabilities, such as the nature of the jet/counter
jet system in Cas A.
In that respect the investigation of SNRs is very similar to
other topics discussed at this meeting. So let me therefore
conclude by thanking the organizers for having invited
me to this very interesting and stimulating meeting.
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X-RAY FILAMENTS IN YOUNG SUPERNOVA REMNANTS: LINKS TO COSMIC-RAY PHYSICS
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ABSTRACT
The recent observations of X-ray filaments in young
supernova remnants (SNr) by the satellites Chandra
and XMM-Newton have very deep implications on the
physics of diffusive shock acceleration. The filaments
probably result from synchrotron radiation of relativistic
TeV electrons. Their typical sizes of the order of 10−2
parsec imply a strong amplification of the magnetic field
ahead the shock by the streaming of shock accelerated
cosmic rays. Magnetic fields with strengths about two order of magnitude above the standard interstellar medium
values have been derived in several young SNr. In this article, it is shown that the X-ray observations can also help
us to constrain the properties of the turbulence at work in
collisionless shocks. In case of isotropic turbulence models, we predict maximum cosmic ray energies under the
cosmic ray knee at 3 1015 eV. We also limit the turbulence
index variations between 1 (Bohm regime) and typically
1.5 in the selected sample of SNr; the Kolmogorov-type
turbulence is rejected. This work also discuss more complex and complete modelling of the turbulence spectrum
in SNr as well as alternative scenarii to produce cosmic
ray energies up to the cosmic ray ankle at 3 1018 eV.
Key words: X-rays, particle acceleration, cosmic-ray
physics, supernova remnants.

1. INTRODUCTION
The high spectro-imagery resolution X-ray satellites
ASCA, Chandra and XMM-Newton have recently detected non-thermal X-rays in several young supernova
remnants (or SNr hereafter) like CassiopæA, Képler,
Tycho, G266.2-1.2, SN1006, G347.3-0.5, G28.6-0.1,
RCW86 (see as a non-exhaustive list of references
Koyama et al (1995), Koyama et al (1997), Gotthelf et
al (2001), Slane et al (2001), Rho et al (2002), Hwang
et al (2002), Bamba et al (2003),Long et al (2003),
Vink & Laming (2003), Cassam-Chenaı̈ et al (2004),
Hwang et al (2004)). These observations have a strong
impact on our knowledge of the physics of supernova

nucleosynthesis, on collisionless shock mechanism (see
the review by J.Vink in these proceedings) as well as on
the diffusive shock acceleration (DSA) process of energetic particles. The non-thermal X-ray emission originates from thin filaments associated with the SNr forward
shock and is most probably related to the synchrotron
emission of high energy electrons (Ballet, 2005, references therein and section 2). A series of paper (Berezhko
et al (2003), Vink (2004), Berezhko & Völk (2004),
Völk et al (2005), see also section 3.1), have demonstrated that the magnetic field associated with these Xray filaments could reach amplitudes close to one hundred time above the standard interstellar medium (ISM)
values (of the order of 3 − 6µGauss). However, the previous analyses have assumed a particular regime of particle diffusion around the forward shock; e.g. the socalled Bohm diffusion regime where the particle mean
free path equals its Larmor radius around the total magnetic field RL = E/ZeB (Ze is the particle charge). In
this work, we do not retain any assumption on the diffusion regime and show in section 3.2 that the X-ray observations lead to important constraints on the diffusion
coefficients and then on the properties of the turbulence
around SNr shocks. In the case of Bohm diffusion several
investigations have concluded that magnetic field amplification around the forward shock in young SNr allows to
accelerate cosmic rays up to the cosmic-ray (CR) knee at
' 3 × 1015 eV or in the most extreme cases up to the CR
ankle at ' 3 × 1018 eV supporting the standard galactic
cosmic-ray acceleration scenario (see the recent review
by Hillas (2005) and the references therein). This issue is
treated and questioned in section 3.3. Before concluding
in section 5, we investigate in section 4 more complex
turbulence models one may expect around collisionless
SNr shocks that may change the above conclusions. We
will center our discussion on two effects: the anisotropy
up- and downstream and the relaxation of the turbulence
downstream.

2. X-RAY FILAMENTS IN YOUNG SNR
The non-thermal X-ray emission observed in some SNr in
the above list is probably synchrotron radiation produced
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by relativistic electrons. The non-thermal bremsstrahlung
mechanism which would require densities ≥ 3−10 cm−3
in the environmental medium is not completely ruled-out
(see the discussion in Ballet (2005).) The radiation appear to come from very thin filaments associated with the
forward shock (see for instance the case of Tycho SNr in
Hwang et al (2002).) The typical size of the filaments is
of the order of few arc-seconds (from 4” in CassiopæA
to 20 “ in SN1006, see again Ballet (2005).) Considering
the different SNr distances, the filament physical sizes
range from 5 10−2 to 0.2 pc. However, due to projection
effects, the real size of a filament is reduced by a factor
P. Considering an exponential drop of the brightness behind the forward shock, the FHWM is reduced by P =
4.6. Berezhko et al (2003) comparing the brightness in
the center of the remnant to the outer edge did found a
factor 7. Then, we can safely assume that the X-ray filaments have sizes close to 10−2 pc in the youngest SNr
(CassiopæA, Tycho, and Képler.) and ' 5 10−2 pc in
older SNr (SN1006 and G347.3-0.5.)

3. DIFFUSIVE SHOCK ACCELERATION IN SNR
The previous observations do have several interests in
terms of the modelling of the shock acceleration process in SNr. First, they clearly demonstrate the presence
of ultra-relativistic electrons around the forward shock.
The diffusive shock theory predicts that particles with the
same rigidity E/ZeB are accelerated in the same way in
shocks. Then, one may expect for instance acceleration
of protons up to energies at least of a few 1013 eV in
SNr. This argument is supported by the recent HESS telescope detection of SNr in the galactic plane, particularly,
the gamma-ray radiation emitted in RXJ1713-3946 (Aharonian et al , 2004) seem to be produced through neutral pion decay itself produced by the interaction of protons (and/or heavier nuclei) with the material of a dense
molecular cloud. The spatial extension of the X-ray filaments (as well as the gamma-ray radiation in RXJ17133946) map the spatial extension of the relativistic particles and the magnetic field (or the dense interstellar targets.) As we shall see now, the X-ray observations appear to be rather constraining for the different processes
involved in shock acceleration (advection, diffusion or
shock modification) and for the turbulence around the
shock.

3.1. Magnetic field amplification in the shock precursor
It known for a long time that cosmic ray can produce
magnetic field fluctuations through their streaming motion in the interstellar medium (Wentzel, 1969) or upstream a super-Alfvénic shock (Skilling , 1975). At low
frequencies, the particles produce resonantly hydromagnetic waves (Alfvén waves, magnetosonic waves) moving in the same direction. The waves carrying a fraction of the momentum of the particles tend to reduce the

streaming velocity. Ahead a shock, the matter and the
preexistent magnetic field are both compressed by factor
r (= 4 in strong non-relativistic shocks.), see for instance
(Drury , 1983). One can thus expect, the magnetic field
just downstream Bd to be significantly enhanced compared to the upstream magnetic field Bu . The drop of the
magnetic field upstream explains why most of the synchrotron radiation produced by the relativistic electrons
is coming from the downstream medium (Berezhko et al
, 2003). Downstream the shock, the particles suffer from
two different kind of transport: they are advected with the
flow towards the SNr interior and they scatter off of the
magnetic field fluctuations. We will assume here that the
magnetic field downstream drops over a scale ' RSNr
and can be supposed to be constant over the scales explored by the relativistic electrons; we say that the observed outer rims are limited by the radiative losses.
With the above statements, it is now possible to link the
observed size of the X-ray filaments with the downstream
magnetic field. Within a synchrotron loss timescale
τsync ∝ E −1 Bd−2 , the radiating electrons of energy E
cannot move farther than the maximum of the advective
distance ∆Radv = Vd τsync and the diffusive distance
∆Rdiff = (D(E, Bd )τsync )1/2 . Here, D(E, Bd ) is the
downstream diffusion coefficient of relativistic particles
of energy E. The X-ray observations have been made at
a particular synchrotron photon frequency Eph leading to
one to one relationship between the particle energy and
1/2
the magnetic field: E ∝ B −1/2 Eph−obs . The condition
∆Rrim ≥ Max(∆Radv , ∆Rdiff ), leads to a lower limit
on the downstream magnetic field once the form of the
diffusion coefficient have been specified (see Berezhko et
al (2003), Vink (2004), Berezhko & Völk (2004), Völk
et al (2005), Ballet (2005).) If the Bohm scaling is assumed; e.g. D = 1/3(RL c) ∝ EB −1 , the magnetic field
strength is found to be two orders of magnitude above the
standard ISM values. These results are difficult to conciliate with a simple magnetic field compression. The compression factor in that case should be much larger than
10 and is difficult to explain with the shock Mach and
Alfvénic Mach numbers expected in a standard interstellar medium (Bykov , 2004). Such a high magnetic field
amplification in the shock precursor has recently been
modelled by Bell and collaborators (see Bell & Lucek
(2001), Lucek & Bell (2001)) using analytical estimates
and particle-in-cell and magnetohydrodynamical simulations.
In fact, within the loss-limited rim hypothesis, it is possible to derive a self-consistent magnetic field strength
through a combination of both the above defined advective and diffusive lengths. This estimate assumes that
the particles loose their energy on timescales short compared to other energy transport timescales (Berezhko et
al , 2003). In that case, the loss term in the diffusionconvection transport equation can be simplified and the
observed rim size can be directly related to the two
lengthscales. This calculation will be generalised in the
next section.
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3.2. On the turbulence in young SNr shocks
All the previous magnetic field estimates have been made
assuming a particular law of diffusion: the Bohm scaling.
It corresponds to a particle mean free path equals to its
Larmor radius and is the minimum diffusion coefficient
one may expect in an isotropic turbulence (if the fluctuations are equally reparted in all direction around the
mean magnetic field.) Different recent modelling have
suggested that the tangled character of the magnetic field
implies a cosmic ray mean free path of the order of its
Larmor radius. For instance Lucek & Bell (2001) in their
simulations did reported evidences of particle isotropisation over a Larmor radius in a magnetic field amplified
by the streaming of cosmic ray. However, the previous
theoretical work suffer from various limitations: cosmicray streaming amplifies forward waves at the same time
as it damps backward waves, and the transfer of energy
between these two types of waves has not been modelled
by Bell & Lucek (2001). The numerical simulations using coupled particle-in-cell and magnetohydrodynamics
codes suffer from limited wave number dynamics and
a crude modelling of the acceleration mechanism. This
questions the value obtained for the non-linear saturation
level of the magnetic field. The argument in favor of a
Bohm diffusion regime is also phenomenological since
no MHD theory has rigorously predicted a Bohm regime
yet (see Casse et al (2002) and references therein), Finally, the non-resonant instability mechanism uncovered
by Bell (2004) has not been taken into account in previous studies. We shall come back on the last point in
section 4.2.
3.2.1. Constraints on isotropic turbulence models
The diffusion coefficient entering in the particle accel2
is an essential ingredieration timescale τesc ∝ D/Ush
ent of the theory of diffusive shock acceleration. Unfortunately, as discussed above, no theory of strong turbulence in collisionless shock does exist that allow a firm
derivation of the diffusion coefficient D. The Bohm scaling appears solely as a possible conjecture. It should be
stressed here that even if the Bohm scaling gives diffusive
lengths downstream quite consistent with observed X-ray
filament size, the law of diffusion followed by the relativistic particles around a SNr shock could be quite different and produce a diffusion coefficient close to the Bohm
one at the energy of the electrons radiating the observed
synchrotron photons. In the view of accounting for these
uncertainties we decided to use a general form for the
diffusion coefficient: D(E) = k DBohm (E) (E/E0 )α−1
and to constrain the parameters k, α and E0 using the Xray observations. In the above formula, k is a coefficient
eventually dependent on the particle energy and is related
to the level of the magnetic field fluctuations, E0 is a normalisation energy which can be related to the maximum
scale of the turbulence and α is an index related to the
turbulence index β = 2 − α.
We now choose E0 = EeMax , the maximum energy of
the electrons. This last quantity is fixed by balancing

the diffusive shock acceleration timescale with the synchrotron loss timescale and using the relation EeMax ∝<
1/2
B >−1/2 Eph−cut . The magnetic field entering in the
previous relation is the mean magnetic field experienced
by a relativistic electrons during one Fermi cycle (moving from downstream to upstream and back) around the
shock. It can easily be linked to the downstream magnetic field and the shock compression ratio through the
Rankine-Hugoniot conditions at the shock front. Finally
Eph−cut is the observed cut-off frequency of the synchrotron spectrum (typically around 1 keV in the young
SNr considered here.) Once, the X-ray filament size has
been related to the two transport lengths at the frequency
of the Chandra observations (at 5 keV), we formally have
enough relations to eliminate both k (supposed to be identical up- and downstream as it should be in the isotropic
turbulence hypothesis), EeMax and to derive an expression relating α with Bd , r, and the observables Eph−cut,
Eph−obs , ∆Rrim , and Ush . For instance, in case of
Kolmogorov-type turbulence with α = 1/3 we obtained
magnetic field strengths of the order of 300-400 µGauss
in the youngest SNr (400 µGauss for Tycho) and ' 100
µGauss in the older SNr (110 µGauss in SN1006.) The
magnetic field values are similar, however slightly higher,
in case of Bohm diffusion (α = 1). The coefficient k is
found between 1 and 10 and the maximum electrons energies are of the order of a few tens of TeV. Our results are
very similar to the previous derivations (see Berezhko et
al (2003)), however we have demonstrated that the Bohm
scaling is not the unique solution consistent with the Xray observations of the SNr outer rims.
Another condition can be added that can further constrain the characteristics of the turbulence. The maximum cosmic-ray energy EpMax can be directly derived in
terms of α either by calculating an escape limit; e.g. the
cosmic ray diffusion coefficient upstream Du (EpMax ) =
Rsh Ush or balancing the integrated acceleration timescale
with the SNr age. It should not be forgotten at this point
that we use an isotropic turbulence model, this means
that the diffusion coefficient at EpMax has to be larger
than DBohm (EpMax ). This constraint allows us to reject low values of α (typically lower than 0.5). Figure
3.2.1 displays a sketch of the above procedure: Two different diffusion laws are presented, the first one corresponds to a Bohm diffusion regime (α = 1) and the
second one represents a diffusion regime with α < 1.
The diffusion coefficients cross each other at an energy
value close to Eobs > Ecut (Eobs and Ecut are the energies of the electrons producing synchrotron radiation
at Eph−obs and Eph−cut respectively), this explains that
the diffusion coefficient found at Eobs is close to the
Bohm value. Two cases for the maximum cosmic-ray energy are also displayed: if EpMax = EpMax1 then the
value of α < 1 is authorised, if EpMax = EpMax2 then
D(EpMax2 ) < DBohm (EpMax2 ) and the corresponding
α value is rejected (see also 3.3.1). All the calculations
discussed above can be found in Parizot et al (2005).
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Figure 1. Sketch of the procedure presented to select the
α parameter. See text for details
3.3. Maximum cosmic ray energies
Maximum cosmic-ray energies derived using the procedure described in the previous section for different diffusive transport laws are displayed in the figure 3.3.1.
The circles shows the maximum cosmic-ray energies expected in isotropic turbulence models. The dashed lines
show the rejected α values as they produce diffusion coefficients at the highest cosmic ray energies lower than the
Bohm diffusion coefficient. For all SNr considered, one
can see that the maximum cosmic ray energies are under
the cosmic ray knee at 3 1015 eV. In fact, the four observables mentionned above have some uncertainties, and in
the most optimistic cases the maximum cosmic ray energies can get closer (within a factor 2) to the cosmic-ray
knee, but in any cases beyond.
3.3.1. The CR ankle: alternative scenarii
Acknowledging for the previous results, it seems reasonable to explain the production of cosmic rays close to
the knee in the forward shock of young SNr with enhanced magnetic fields produced by the streaming instability. However, it also seems still difficult even with such
an huge magnetic field amplification to reach the cosmic
ray ankle three order of magnitude in energy above the
knee (see the discussion in (Drury et al , 2001) and references therein). Actually, two alternatives can be pushed
forward to circumvent this difficulty and to save the standard galactic cosmic-ray scenario. The first one considers the acceleration of very high energy particles during the very early stages of a core-collapsed supernova,
when the forward shock propagates in the wind of the
massive star. The shock velocity can reach values of
the order of 0.1c leading to faster acceleration and a fast
waves growth through the non-resonant streaming instability (see Ptuskin & Zirakashvili (2003), Ptuskin & Zirakashvili (2005) and Bell (2004) respectively). The
second one considers that most of the supernova explode
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Figure 2. Maximum cosmic-ray energies in Pev (=1015
eV) versus the index of the diffusion coefficient α (see text
for details, and Parizot et al (2005))
in localised regions of the interstellar medium; the socalled OB association. These associations blow hot and
low density cavities in the interstellar medium known as
superbubbles (SB). The interaction of the supersonic stellar winds each other or with dense clumps in the SB interior, the interaction of strong SN shocks with both winds
and clumps must transfer a substantial fraction of their
kinetic energies into thermal and turbulent energies (see
the case of Doradus 30 in the LMC discussed in Cooper et
al (2004), see also Nakajima these proceeding for other
investigations.) Magnetic field amplification through turbulent dynamo can be as well expected in these media. A
higher magnetic field, and a larger size of the acceleration
regions (a few hundred parsec) can help to produce very
high energy cosmic rays (see Bykov (2001), Parizot et al
(2004) and references therein).

4. MORE COMPLEX AND COMPLETE MODELLING
The procedure to derive the magnetic field in young SNr
from the X-ray filament observations presented in section
3.1 relies essentially on two assumptions: The magnetic
field downstream does have a relaxation scale ∼ Rsh and
the turbulence up- and downstream is isotropic. Let us
now discuss these two points in more details.

4.1. Turbulently limited rims
Downstream the shock, the magnetic field fluctuations
can drop towards ISM values over a scale `r (E) (see Pohl
et al (2005)) due to various non-linear (wave-wave interactions) turbulent transfer processes. The diffusion
coefficient downstream may then be written as: Dd =
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Dd (`r → ∞) × exp((αx/2`r )), with Dd (`r → ∞) being the diffusion coefficient for a relaxation scale ' Rsh .
Relaxation scales `r  Rsh have an average effect of increasing the particle residence timescale downstream and
then the acceleration timescale. It is expected that acceleration through a relaxed turbulence is less efficient
in producing high energy particles compared to the loss
limited case. The typical magnetic field downstream can
be expected to be higher. A detailed investigation of this
effect however requires numerical simulations (as the relaxation may depends on the particle energy) and will be
treated in a future work (Marcowith & Casse (2006) in
preparation.)

4.2. Anisotropic turbulence modelling
Anisotropy does not appear to be an exceptional feature of the turbulence in the interstellar medium. Recent theoretical and numerical developments of magnetohydrodynamical turbulence demonstrated that the energy
cascade proceeds mostly in the perpendicular direction
to the mean magnetic field due to kinematics of Alfvén
waves interaction (see Galtier et al (2000) and references
therein.) This non-linear transfer tends to fix the spectrum
in the perpendicular direction, whereas the streaming instability builds the spectrum in the parallel direction to
the magnetic field, either due to the reaction to the cosmic ray current in the case the non-resonant regime (small
wavelengths) or due to the resonant interaction between
cosmic rays and Alfvén waves in the resonant regime at
large wavelengths (see Bell (2004) and Pelletier et al
(2005).) Thus, one may expect substantial anisotropy
to be produced in the shock precursor. Downstream,
the magnetic field is compressed in the direction parallel to the shock front. This produces a compression of the
modes parallel to the magnetic field leading to a differentiation of the maximum scale of the turbulence in the
parallel direction and in the perpendicular direction (the
shock is assumed to be quasi-parallel here.) Basically, we
can conclude that two different anisotropic effects shape
the turbulence around collisionless shocks and then modify in a sizable way the diffusion coefficients up- and
downstream in regards to the isotropic case. These effects have been treated in details in Pelletier et al (2005),
Marcowith et al (2005a) and Marcowith et al (2005b).

5. CONCLUSION
X-ray detection of very thin filaments in several young
SNr are efficient tools to constrain the physics involved in
the diffusive shock acceleration process. If interpreted as
synchrotron radiation of relativistic electrons, the X-ray
radiation can only been produced in magnetic fields with
strengths about two orders of magnitude above the standard interstellar medium values. It seems that a strong
amplification by the different regimes of the streaming
instability is the most viable mechanism to explain such
high magnetic fields. Considering isotropic turbulence,

and accounting for the estimated cut-off frequency of the
synchrotron spectrum, we have shown that the maximum
cosmic ray energies are in all the SNr selected, under (but
close) the cosmic-ray knee at 3 1015 eV. We were able to
define values of the energy dependence index α in the
range 1/2-1 leading to maximal possible cosmic ray energies. In order to explain the cosmic-ray knee and ankle
three orders of magnitude in energy above, the standard
galactic cosmic-ray model has to be improved. We have
discussed two different possible scenarii. The first one
locates the production of the highest energy cosmic rays
either during the very early stages of a core-collapsed supernova explosion or in OB association and Superbubbles. However, one should pay attention to various subtle
effects that may change the above conclusions. We think
that the relaxation of the magnetic field downstream the
shock through non-linear effects and an anisotropic turbulent spectrum are two important issues to investigate in
greater details. Furthermore, the detection of non-thermal
X-ray radiation at very early SN expansion phases, other
observations at other wavelengths of the forward shock
and detailed investigations of the high energy emission
produced in massive star forming regions in our Galaxy
or in the Magellanic clouds could distinguish between the
above issues and questions.
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ABSTRACT
We report on the morphological and spectral evolution of
SNR 1987A from the monitoring observations with the
Chandra/ACIS. As of 2005, the X-ray-bright lobes are
continuously brightening and expanding all around the
ring. The softening of the overall X-ray spectrum also
continues. The X-ray lightcurve is particularly remarkable: i.e., the recent soft X-ray flux increase rate is significantly deviating from the model which successfully
fits the earlier data, indicating even faster flux increase
rate since early 2004 (day ∼6200). We also report results
from high resolution spectral analysis with deep Chandra/LETG observations. The high resolution X-ray line
emission features unambiguously reveal that the X-ray
emission of SNR 1987A is originating primarily from
a “disk” along the inner ring rather than from a spherical shell. We present the ionization structures, elemental
abundances, and the shock velocities of the X-ray emitting plasma.
Key words: supernovae; supernova remnants; X-rays.

1. INTRODUCTION
The continuous development of optically bright spots
around the inner ring of supernova (SN) 1987A indicates
that the blast wave shock is approaching the dense circumstellar material (CSM) that was produced by the massive progenitor’s equatorial stellar winds. In such a case,
the blast wave shock front should decelerate by interacting with the dense CSM, and may produce significant soft
X-ray emission. We have been monitoring the evolution
of SN 1987A with the Chandra X-Ray Observatory since
1999, and found that the soft X-ray flux from SN 1987A
has indeed been rapidly increasing (Burrows et al. 2000;
Park et al. 2002;2004). The significant interaction of the
blast wave with the dense CSM therefore signals the birth
of a supernova remnant (SNR) 1987A. We successfully

described the composite soft X-ray (0.5−2 keV) light
curve, obtained with the ROSAT and the Chandra between 1990 and 2003, using a simple model that assumes
a constant-velocity shock interacting with an exponential
ambient density profile (Park et al. 2004;2005a). We report here the latest development of the X-ray light curves
of SNR 1987A, in which we find a significant deviation
of the soft X-ray flux from the previous model predictions
since day ∼6200.
In addition to the regular monitoring observations, we
have performed two deep Chandra gratings observations
of SNR 1987A. The early observations with the High
Energy Transmission Gratings Spectrometer (HETG) indicated a high-velocity shock (v ∼ 3400 km s−1 ) in
which the X-ray emitting plasma is in electron-ion nonequilibrium (Michael et al. 2002). SNR 1987A was,
however, faint and the detected photon statistics were
limited. Recently, we performed follow-up deep observations of SNR 1987A with Low Energy Transmission
Gratings Spectrometer (LETG) (Zhekov et al. 2005a).
With the SNR being ∼8 times brighter and the exposure
∼3 times deeper than the early HETG observations, the
new LETG data provide good photon statistics and allow
us, for the first time, to measure the individual line profiles and line ratios from SNR 1987A. We present here
some first results from these LETG data.

2. OBSERVATIONS

As of 2005 July, we have performed a total of eleven
monitoring observations of SNR 1987A with Advanced
CCD Imaging Spectrometer (ACIS) aboard Chandra (Table 1). We also have performed two deep gratings observations in 1999 October and 2004 August-September
(Table 1). The data reduction of these observations have
been described in literatures (Burrows et al. 2000; Park
et al. 2005c; Michael et al. 2002; Zhekov et al. 2005a).
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Table 1. Chandra Observations of SNR 1987A.
Date (Age1 )
1999-10-6 (4609)
2000-1-17 (4711)
2000-12-07 (5038)
2001-4-25 (5176)
2001-12-12 (5407)
2002-5-15 (5561)
2002-12-31 (5791)
2003-7-8 (5980)
2004-1-2 (6157)
2004-7-22 (6359)
2004-8-26∼9-5
(∼6400)
2005-1-12 (6533)
2005-7-14 (6716)

Observation ID
124+13872
122
1967
1044
2831
2832
3829
3830
4614
4615
4640+4641+5362
+5363+60992
5579+61782
5580+63452
1
2
3

Instrument
ACIS-S + HETG
ACIS-S3
ACIS-S3
ACIS-S3
ACIS-S3
ACIS-S3
ACIS-S3
ACIS-S3
ACIS-S3
ACIS-S3
ACIS-S + LETG

Exposure (ks)
116.1
8.6
98.8
17.8
49.4
44.3
49.0
45.3
46.5
48.8
289.0

Counts
6903
607
9030
1800
6226
6427
9277
9668
11856
17979
16557 3

ACIS-S3
ACIS-S3

48.3
44.1

24939
27048

Day since SN.
These observations were splitted by multiple sequences which were combined for the analysis.
Photon statistics are from the zeroth-order data.

N

1 arcsecond

E

(a) 2000−1−17 (4711)

(b) 2001−4−25 (5176)

(c) 2002−5−15 (5561)

(d) 2003−7−8 (5980)

(e) 2004−7−22 (6359)

(f) 2005−7−11/16 (6716)

Figure 1. The 0.3−8 keV band ACIS images of SNR 1987A. These images have been deconvolved with the detector PSF
and then smoothed for the purpose of display following methods described in literatures (Burrows et al. 2000; Park et al.
2002). Darker gray-scales are higher intensities.
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model (Borkowski et al. 2001). The detailed description
of the two-shock spectral modeling of SNR 1987A can
be found elsewhere (Park et al. 2005c).
2005 July

2000 January

Figure 2. X-ray spectrum of SNR 1987A as taken with
the ACIS-S3 in 2000 January and 2005 July. The best-fit
two-shock models are overlaid on each spectrum.

In the spectral fits, we fix some elemental abundances
(relative to solar) at the values appropriate for the inner
ring and the LMC ISM because contributions of the line
emission from those species in the observed energy range
are negligible: i.e., He (= 2.57), C (= 0.09) (Lundqvist
& Fransson 1996), Ca (= 0.34), Ar (= 0.54), and Ni (=
0.62) (Russell & Dopita 1992). For other species of N (=
0.76), O (= 0.094), Ne (= 0.29), Mg (= 0.24), Si (=0.28),
S (= 0.45), and Fe (= 0.16), we use the abundances measured with the spectral analysis of our deep LETG observations (Zhekov et al. 2005b), because we believe that
the high resolution dispersed spectrum obtained from the
deep LETG observations provides the best information
on the elementral abundances. The best-fit models then
indicate the electron temperatures of kT = 0.22−0.31
keV and 2.2−3.2 keV for the soft and the hard components, respectively. The soft component is most likely
in collisional ionization equilibrium (ionization timescale
ne t ∼ 1013 cm−3 s), while the hard component is in nonequilibrium ionization condition (ne t ∼ 2 × 1011 cm−3
s). The best-fit total foreground column is NH = 2.35 ×
1021 cm−2 .

3. X-RAY IMAGES
X-ray images of SNR 1987A from the ACIS observations are presented in Figure 1. Figure 1 shows images
from six epochs which are separated roughly by ∼1 year
from each other. The continuous brightening of the X-ray
emission from the SNR is evident. The significant brightening of the remnant makes the X-ray morphology now a
complete ring. This X-ray morphology suggests that the
blast wave shock is now engulfing the entire inner ring
rather than small clumps of the dense CSM.

4. X-RAY FLUX
Figure 2 shows the ACIS spectrum of SNR 1987A from
two epochs of 2000 January and 2005 July. The overall
increase of the X-ray flux in the last 5.5 years is evident.
Previous works reported that the electron temperature of
the X-ray emitting plasma, measured by a single shock
model, was decreasing from kT ∼ 3 keV (day ∼4600)
to kT ∼ 2.2 keV (day ∼6200) (Park et al. 2004;2005a).
Our latest data indicate an electron temperature of kT ∼
1.6 keV as of 2005 July (day ∼6700), which confirms the
overall spectral softening of SNR 1987A. As the overall
spectral shape changes with the photon statistics significantly improving, the single-shock model, however, became unable to adequately fit the recently obtained data.
A two-shock model is more useful approximation than
a single-shock model in order to describe the observed
spectrum by characteristically representing the decelerated and the fast shock components (e.g., Park et al.
2004). We thus fit the X-ray spectrum observed in each
eleven epoch with a two-component plane-parallel shock

Based on the two-shock model, we present the X-ray light
curves of SNR 1987A in Figure 3. The soft X-ray light
curve shows that the observed flux significantly deviates
from the extrapolation of the simple model used in previous works (the short-dashed curve) after day ∼6200. We
interpret that this up-turn of the soft X-ray flux is caused
by the shock recently beginning to interact with the entire inner ring rather than only with small protrusions of
the CSM. In fact, the modified model (the solid curve),
which considers the X-ray flux separately before and after the shock interacts with the dense CSM in order for a
better description of such a condition, can successfully fit
the overall soft X-ray light curve (Park et al. 2005b).
The light curves of the fractional contributions from the
soft and the hard components to the observed 0.5−2 keV
flux are presented in Figure 4. The contribution from
the soft component was small and then continues to increase for the last five years to become dominant since
day ∼6200. This long-term change in the fractional light
curves suggests that the decelerated portion of the shock
front by the interaction with the dense CSM has continuously increased and now the shock front is for the most
part decelerated by the dense inner ring. The soft X-ray
light curve and the fractional flux variations thus consistently support that the blast wave shock began to interact
with the entire inner ring since day ∼6200.

5. RADIAL EXPANSION RATE
The radial expansion of the overall X-ray remnant of SN
1987A has been reported (Park et al. 2002;2004). The
expansion rate was estimated to be ∼4200 km s−1 un-
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Figure 3. Composite light curves of SNR 1987A (as presented in Park et al. 2005b). The ROSAT data are taken from
Hasinger et al. (1996). The radio fluxes were obtained with the Australian Telescope Compact Array (ATCA) (provided by
L. Staveley-Smith) and arbitrarily scaled for the purpose of display. The solid curve is the best-fit model to fit entire soft
X-ray (0.5−2 keV) light curve (Park et al. 2005b). The short-dashed curve is the best-fit model from Park et al. (2004),
which is extrapolated after day 6000. The long-dashed line is a linear fit to the ROSAT data (Burrows et al. 2000), which
is extrapolated to day 7000. The inset is the same light curve plot in a log-scale.
til day ∼5800 (Park et al. 2004). With the latest data,
we perform X-ray measurements of the radial expansion
rate of SNR 1987A using a more sophisticated image
modeling than that by Park et al. (2002;2004). The detailed description of our image analysis for the expansion measurements can be found elsewhere (Racusin et
al. 2005). We find a “break” in the radial expansion
rate at around day 6200 where the rate becomes significantly lower from ∼3800 km −1 to ∼1600 km s−1 (Figure 5). The deceleration of the radial expansion rate of
SNR 1987A is perhaps expected considering our picture
of the blast wave everntually entering the dense CSM all
around the inner ring. It is remarkable that the predicted
deceleration of the expansion rate occurs at day ∼6200
which is coincident with the results from the soft X-ray
light curves. The radial expansion rate of SNR 1987A is
thus self-consistently supportive of the shock beginning
to interact with the entire inner ring at day ∼6200.

1
0.8
0.6
0.4
0.2
0
5000

6000

7000

Figure 4. The 0.5−2 keV band fractional light curves of
SNR 1987A based on the two-shock model (as presented
in Park et al. 2005b).

v = 3824 +/− 190 km/s

The dispersed X-ray spectrum of SNR 1987A obtained
with deep LETG observations is presented in Figure 6.
The fine structures of X-ray lines are clearly resolved
with good photon statistics. The detailed discussion of
the results from these LETG data can be found in Zhekov
et al. (2005a;2005b). We note that we chose the rollangle of the observations in order to align the dispersion
axis in the north-south direction. With this observation
setup, assuming that the bulk of X-ray emission originates from the interaction between the blast wave and the
inner ring, we expected that the Doppler shifts due to the

Radius (arcsec)

6. DISPERSED SPECTRUM
v = 1559 +/− 399 km/s

Days since SN

Figure 5. The radial expansion rate of SNR 1987A.
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Figure 6. The first-order (+1, solid line) and the zerothorder (dashed line) spectrum of SNR 1987A from the
LEGT observations (as presented in Zhekov et al. 2005a).
Some identified lines from key elemental species are
marked.
the orientation of the inner ring (an inclination angle of
∼45◦ with the north side toward the Sun) would result
in systematic distortions of the dispersed images of SNR
1987A: i.e., the overall SNR image should be compressed
in the negative (m = −1) arm while it is stretched in the
positive (m = +1) arm. The measured line widths indeed
reveal systematically larger broadenings in the positive
arm than those measured in the negative arm (Figure 7).
These line profiles provide the first direct evidence that
the X-ray emission is originating from a “plane” containing the inner ring rather than from a spherical volume.
These line broadenings imply shock velocities of v ∼
340−1700 km s−1 .

Figure 7. Measured line widths (FWHM) for the “+1”
(diamonds) and the “−1” (squares) LETG arms (as presented in Zhekov et al. 2005a). The solid curve presents
the resolving power of the LETG. The dashed and dotted curves are best-fit line-broadening parameters for the
cases with and without shock stratification, respectively
(see Zhekov et al. 2005a for the details).
ported by several observations.

7. DISCUSSION

(1) A simple model assuming a single shock propagating
into ambient medium with an exponential density profile
has successfully described the soft X-ray light curve for
the previous ∼13 years. However, an up-turn of the soft
X-ray flux since day ∼6200 cannot be described with the
simple constant-velocity shock model. A significant contribution from the decelerated shock needs to be considered in order to adequately fit the data (Park et al. 2005b).
(2) The fractional contribution to the observed 0.5−2 keV
flux from the soft component of the two-shock model
has continuously increased. The soft component represents the X-ray emission from the decelerated shock and
becomes dominant since days ∼6000−6200 (Park et al.
2005b). (3) The X-ray radial expansion rate significantly
reduces since day ∼6200 (Racusin et al. 2005). (4)
The shock kinematics obtained by the LETG observations (at day ∼6400) indicate velocities of ∼340−1700
km s−1 for the X-ray emitting plasma (Zhekov et al.
2005a). These velocities are significantly lower than
those estimated from earlier X-ray and radio images (v ∼
3000−4000 km s−1 ). (5) The soft X-ray images indicate
that the brightening has become global since day ∼6000
(Park et al. 2005b). (6) The optically bright spots become
prevailing over the entire inner ring by day ∼6000 (e.g.,
Plate 1 in McCray 2005).

The bulk of soft X-ray emission of SNR 1987A most
likely originates from the interaction between the blast
wave shock and the clumpy structure of the pre-existing
(before the SN) dense equatorial CSM. The emergence
of the first optical spot in day ∼3700 indicated the beginning of such interactions. Days ∼6000−6200 appear
to mark another important milestone in the evolution of
SNR 1987A: i.e., the blast wave reaches the dense CSM
around the entire inner ring. This interpretation is sup-

On the other hand, the hard X-ray light curve shows significantly lower flux increase rate (Figure 3). It is remarkable that the hard X-ray light curve is similar to that of the
radio data. The radio emission appears to primarily originate from the synchrotron emission behind the reverse
shock (Manchester et al. 2005). The similarity between
the radio and hard X-ray light curves might suggest that
the hard X-rays originate from the same population of
electrons to produce radio synchrotron emission. However, a better correlation of the radio image with the hard

The deep LETG observations allow us to directly measure the line flux ratios from various X-ray lines of SNR
1987A (Zhekov et al. 2005a). In Figure 8, we present the
ranges of the electron temperature (kT ) and the ionization timescale (ne t) derived from the plane-parallel shock
model, which agree with the measured “G-ratios” of the
Heα triplets (G = [f + i]/r, where f, i, and r are the
forbidden, intercombination, and resonance line intensities, respectively) and the Heα/Lyα ratios from O and Si.
Broad ranges of the electron temperature (kT ∼ 0.1−2
keV) and the ionization timescale (ne t ∼ 1011 −1013
cm−3 s) are consistent with the measured line ratios.
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Figure 8. Allowed kT vs. ne t ranges to match the measured G-ratios (dotted curves) and Heα/Lyα ratios (dashed curves)
of O (left panel) and Si (right panel) lines from SNR 1987A (as presented in Zhekov et al. 2005a). The three curves for
each ratio correspond to the measurement and ±1σ uncertainties, respectively.
X-ray image than with the soft X-ray image is not clear
(Park et al. 2005b). Thus, the lower flux increase rate in
the hard X-ray band might simply be caused by the continuous softening of the X-ray spectrum due to the shock
interaction with the dense CSM. Follow-up monitoring of
the light curve, the morphology, and the spectral properties in the hard X-ray band will be essential to unveil the
true origin of the hard X-ray emission of SNR 1987A.
With the recent deep LETG observations, we for the first
time measure the individual X-ray line profiles from SNR
1987A (Zhekov et al. 2005a). The systematic difference
in the line broadening between the positive and negative
dispersion arms provide direct observational evidence for
the X-ray emission originating in the equatorial plane of
the inner ring. More surprisingly, the derived velocity
(v ∼ 340−1700 km s−1 ) of the X-ray emitting plasma
is significantly lower than the average shock velocities
estimated with the previous X-ray and radio data (v ∼
3000−4000 km s−1 ). The low velocity suggests that the
blast wave has been significantly decelerated by the dense
inner ring, which is consistent with the results from the
X-ray light curve and image analyses.

by SAO under Chandra grants GO4-5072A, GO4-5072B,
and GO5-6073X.
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ABSTRACT
We report the results of the XM M -N ewton Observation of N44, one of the brightest Superbubble (SB) in Xrays in the Large Magellanic Cloud. There is a significant
X-ray emission inside the main shell, blowout regions,
and supernova. We discovered the spatial structure of inner hot gas; The inner hot gas consists of high temperature (∼1.8 keV) and low temperature (∼0.6 keV) components. This value is exceedingly high compared with
other SBs. Because the former shows significantly lower
ionization parameter than the latter, this component is due
to recent supernovae. In the vicinity of OB-type stars,
abundance of hot gas is significantly higher than other regions and temperature is consistent with typical plasma
surrounding OB-type stars. These features strongly support that we detect the contribution from stellar winds to
the hot gas inside the bubble.
Key words: individual(N44); Superbubble; X-rays.
1. INTRODUCTION
Massive stars are formed in groups by the collapse of
molecular clouds. Because of their short lifetimes of 3–
20 Myr (Schaller et al., 1992) and small dispersion velocities of 4–6 km s−1 (Blaauw , 1991; Mel’nik & Efremov, 1995), supernova (SN) progenitors remain and explode close to their birth place. Following SN explosions may occur in the cavity formed by preceding ones
and/or strong stellar winds from OB-type stars. Large hot
cavities formed by these process is called Superbubbles
(SBs).
In an SB, successive SN re-heat and changes the chemical evolution of of the hot gas and swept ISM (soft thermal X-rays). The study of soft thermal X-rays provides
key information on the hot (≥ 106 K) shock-heated gas in
the SB. An excess of diffuse X-ray emission in SBs indicates the presence of interior supernova remnants (SNRs)
shocking the inner walls of the SB shell (Chu & Mac

Low , 1990; Wang & Helfand , 1991; Dunne et al., 2001).
Young massive stars in the OB association are also known
to be moderately bright X-ray sources. Therefore X-ray
observations on SBs provide valuable information on the
overall structure and evolution of them.
We also expect that accelerated particles in the shock
drive into molecular clouds, depositing energy (hard nonthermal X-rays). The discovery of power-law (nonthermal) X-rays from SN 1006 (Koyama et al., 1995) indicate the existence of extreme high energy charged particles accelerated up to the knee energy by the first order Fermi process. These breakthrough studies of cosmic
ray origin from shell-like SNRs lead a successive discovery of new class of shell-like SNRs (hereinafter, we call
those SNRs as “SN 1006-like SNRs”, or “SN 1006s” in
short), such as G347.3−0.5 (Koyama et al., 1997; Slane
et al., 1999; Muraishi et al., 2000), RCW 86 (Bamba
et al., 2000; Borkowski et al., 2001), G266.2−1.2 (Slane
et al., 2001), and G28.6−0.1 (Ueno et al., 2003). Furthermore even in the typical shell-like SNRs which are
dominated by thermal X-rays also emit non thermal Xrays (e.g. Cas A, Tycho). Thus virtually all the young
(less than 1000 years) shell-like SNRs, more or less, may
emit non-thermal X-rays. It is conceivable that SBs also
emit non-thermal X-rays, because SBs are created by the
combined action of stellar winds and SN explosions of
massive stars in an OB association.
Systematic X-ray observations on SBs have only been
made by Einstein, ROSAT , and ASCA. The energy
band of the formers is limited only in the soft band and
the data of the latter has a poor statistics, hence soft Xray spectrum/morphology as well as the question whether
or not the SBs have hard X-ray tail is not yet available.
Unresolved X-ray peaks superposed on the diffuse X-ray
emission may also indicate the existence of stellar X-ray
sources in the SBs.
The Large Magellanic Cloud (LMC) is an ideal laboratory for the observation of SBs in the X-ray band. Because we know the distance to the LMC as 50 kpc with
small uncertainty (Feast , 1999), we are able to derive diameter of SBs (1 pc = 4 arcsec). Since the LMC is a face-
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on galaxy located at high galactic latitude, the absorption
through the Galaxy and in the LMC can be small in the
relevant X-ray band. Furthermore, the LMC has numbers of SBs. The systematic study in the X-ray band has
been done with ROAST (Dunne et al., 2001). Including
the archive data sets with ASCA and high resolution Hα
images, we can do systematic X-ray study with less bias
than in other galaxies.
N44 is one of the brightest HII regions in the LMC, consisting of three OB associations (Henize , 1956; Lucke
& Hodge , 1970). and a SB with a size of ∼100 pc
× 75 pc. Meaburn & Laspias (1991) detected the expansion of the two large shells DEM L140 and DEM
L152, confirmed that these are SBs. In the X-ray band,
the diffuse X-ray emission from N44 is detected by
EinsteinObservatory (Chu & Mac Low , 1990; Wang
& Helfand , 1991). With the following ROSAT observation (Chu et al., 1993; Magnier et al., 1996; Dunne et al.,
2001), diffuse X-ray emission well correlated with Hα
emission was detected. The temperature of inner hot gas
was higher than other SBs (Dunne et al., 2001), by which
we’ve been expected the detection of non-thermal X-rays
from N44.
In this paper, after describing the observation and data
reduction (Section 2), we report the results of the image
and spectral analysis of the main shell (Section 3). Then
we discuss the energy balance and some other features
(Section 4) and summarize this paper (Section 5).

2. OBSERVATION AND DATA REDUCTION
N44 was observed with The European Photon Imaging
Camera (EPIC) onboard XM M -N ewton on the 2004
December 4–5. The exposure time was ∼50 ks. The
telescope optical axis position on the EPIC was R.A.
= 05h 22m 20.s 00, Decl.= −67◦ 560 40.00 0 (J2000). Thanks
to the large FOV (300 of diameter), whole region of N44
including nearby SNR was covered. We used the ODF
data provided by the XM M -N ewton Science Operations Centre.
For the data reduction, we used emchain and epchain
in the analysis software SAS version 6.5.0 with the bad
pixel finding algorithm on. Then we cut the events in
the duration of background flare with the following way.
First we made light curves of the Pattern 0 events in the
energy band of 10–15 keV with the 100 sec binning and
made histogram of the count rate. Then we fit the distribution of count rate with gauss function and cut the duration in which the count rate is higher with 2σ significance
than the gaussian peak. Second we did the same cutting
but using the events detected in the region of >120 from
the center of FOV in the energy band of 1.0–5.0keV and
Pattern <12 for MOS and <4 for pn chip. Then the effective exposure time was then ∼23 ks for MOS and ∼17
ks for pn chip.
Hereafter, we used those events that has Pattern < 12 for

MOS, <4 for pn chip in order to eliminate the events due
to charged particles and hot and flickering pixels.
3. DATA ANALYSIS
3.1. Image Analysis
Figure 1 shows soft (0.2–2.0 keV) and hard (2.0–7.0 keV)
band X-ray image of N44. As is is proved in the past
X-ray observation, the distribution of the X-ray emission has clear correlation with that of Hα (Magnier et al.,
1996).
In the soft band, there is an almost uniform X-ray emission from entire region of main shell, some blowout regions, and the nearby SNR 0523–67.9. However in the
hard band, there seems to be no significant diffuse emission in the main shell and blowout regions. This feature
is obviously different from that was seen in 30 Dor C
(Bamba et al., 2004).
We conducted the point source search with eboxdetect
and emldetect command in SAS 6.5.0 in the soft (0.2–
2.0 keV) and hard (2.0–7.0 keV) energy band. The detection minimum likelihood was 6 for eboxdetect and 10
for emldetect. In the hard band, we detected 13 sources
from the surrounding region of the main shell (1). Although we detected many sources in the soft band from
entire region of the main shell uniformly, it is unreasonable to confirm them as real point sources, then we rejected them.
3.2. Spectral Analysis of main shell
The Galactic absorption column was estimated using the
H I data by Dickey & Lockman (1990) as NH,HI = 6.35
× 1020 cm−2 . Arabadjis & Bregman (1999) reported that
the value of NH , measured in the X-ray band, is twice that
of NH,HI in the case of |b| > 25deg; and NH > 5 × 1020
cm−2 . Therefore, we fixed the galactic absorption column to be NH = 1.27 × 1021 cm−2 ; we used the cross
sections of Morrison & McCammon (1983) and the solar
abundances of Anders & Grevesse (1989). The absorption column in the LMC was, on the other hand, treated
as a free parameter with the mean LMC abundance (Russel & Dopita, 1992; Hughes et al., 1998).
Figure 2 shows the spectrum of MOS 1 and 2 chip extracted from the entire main shell region. We tested
thin thermal and composite (thermal and non-thermal)
plasma model in the spectral fit. In the case of the latter model, fit result was statistically rejected (χ2 /d.o.f. =
314.80/161) while the former model well reproduce the
spectrum (χ2 /d.o.f. = 188.24/161). The fitting parameters are shown in Table 1.
We then further divide main shell into three regions:
northwest, southeast, and the region in which OB-type
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Figure 1. Soft (0.2–2.0 keV) and hard (2.0–7.0 keV) band X-ray image of N44. The regions from which we extracted
photons are shown in the soft band image. The main shell are divided into northwest and southeast regions. Hereafter we
concentrate our study on the main shell. In the hard band image we show the point sources detected in the band.

Figure 2. Background-subtracted spectrum extracted
from entire main shell region. We fit this spectrum with
thin thermal plasma model with two temperature. Al fluorescence line is also considered.
stars are concentrated like Figure 1. The energy spectra from formers are shown in Figure 3 and their fitting
parameters are presented in Table 1. Northwest region
shows the high temperature feature seen in Figure 2 and
significantly low ionization parameter than southeast region.
The plasma temperature seen in the northwest region is
exceedingly high compared with other SBs (Naze et al.,
2004; Cooper et al., 2004; Bamba et al., 2004). This feature suggests that N44 is the most active, that is, experienced the latest SN among these SBs.
3.3. Spectral Analysis of vicinity of OB-type stars
Oey & Massey (1995) and Will et al. (1997) have observed OB associations LH47, which is located inside the
main shell and its surrounding regions with optical light.

Figure 3. Background-subtracted spectrum extracted
from northwest and southeast region of main shell (upper and lower panel, respectively). Al fluorescence line
is also considered.
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√
2.62×1051  ergs (where the  is filling factor). Furthermore we also derived the flux and thermal energy from
blowout region and western another shell (Figure
1). The
√
sum of the thermal energy is 2.15×1051√  ergs. Then
the total thermal energy is 4.77×1051  ergs, which
reaches to the total injected energy.

Figure 4. Background-subtracted spectrum extracted
from vicinity of OB-stars association LH 47. Al fluorescence line is also considered.
Oey & Massey (1995) investigated spectroscopic data of
the 62 bluest stars (> 10M )in the LH47/48, and derived
the spectral types of 54 stars in LH 47. Will et al. (1997)
also took spectra of V band brightest 14 stars and got
almost consistent spectral types of them. On the whole,
OB-type stars are concentrated at center of main shell, inside the westside shell, HII region N44B and N44C which
are located at southwestern outside of the main shell.
Hence we defined the regions from which we extract the
photons like in Figure 1 and got the spectrum shown in
Figure 4 and fitting parameters presented in Table 1. Furthermore in the case of this region, we set the abundance
of O, Ne, and Mg to be free. Then we got the abundance
of 0.46 (>0.10), 1.15 (>0.26), 0.91 (>0.21), respectively.
4. DISCUSSION
4.1. Energy Balance of N44
Utilizing the thermal energy derived in 3.2, we investigate
the energy balance in the case of N44.
For the amount of energy injection to SB, the combined
action from SN and stellar winds from OB-type stars
must be considered. Oey & Massey (1995) derived the
approximate age of LH 47 from the initial mass function
of members to be ∼10 Myr, then the integral of mechanical luminosity of stellar wind from OB stars and SN explosion are ∼3×1051 ergs and ∼1–4×1051 ergs respectively.
On the other hand, the amount of energy ejection can be
estimated by measuring the thermal energy of hot gas in
the SB and kinetic energy of HI and HII shell. Kim et al.
(1998) estimated the latters to be ∼2.4×1050 ergs and
∼5.0×1049 ergs respectively, which is negligible compared with SN explosion energy. Thermal energy inside the main shell, which can be calculated from flux, is

This feature shows a clear contrast against N51D, another
SB in the LMC. In the case of N51D, approximately two
third of the injected energy is missing (Cooper et al.,
2004) which means a significant fraction of the stellar
mechanical energy must have been converted into other
forms of energy. The X-ray spectrum of the diffuse emission from N51D requires a power-law component to explain the featureless emission at 1.0–3.0 keV. The origin
of this power-law component is unclear, but it may be responsible for the discrepancy between the stellar energy
input and the observed interstellar energy in N51D. In the
case of N44, no significant diffuse non-thermal emission
possibly corresponds to the negligible amount of missing
energy. The case dependency of the amount of the missing energy have to be investigated more detail comparing
our X-ray dataset with data of other bands.
4.2. The contribution from OB-type stars to the hot
gas?
In the typical case of X-ray emission from OB-type stars,
the temperature of hot plasma is <1.0 keV and the solar
abundance. The hot plasma in the vicinity of OB-type
stars shows quite a similar feature; the abundance of Ne
and Mg is similar to the solar value, while other region inside the main shell show consistent results with the mean
LMC value of 0.3. According to the catalog in the Oey
& Massey (1995), there are at least 4 O-type stars and
5 B-type stars in this region. On the other hand the absorption corrected flux in the energy band of 0.2–2.0 keV
is 1.49×10−13 ergs cm−2 s−1 which corresponds to the
luminosity of 4.50×1034 ergs s−1 . Considering the luminosity of galactic O-type stars (Babel & Montmerle,
1997), this value is not too large because there must be
some contamination from diffuse hot gas which fills entire shell. Hence we possibly first detect the contribution
from OB-type stars to the hot gas in an SB separately
from that of SNRs.

5. CONCLUSION
We report the results of the XM M -N ewton Observation
of N44, one of the brightest Superbubble (SB) in X-rays
in the Large Magellanic Cloud. There is a significant Xray emission inside the main shell, blowout regions, and
supernova as seen in the past X-ray observations. We
summarize our new results as follows.
(1)We detected several point sources inside blowout regions and western shell, which is to be further investigated.
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Table 1. Fitting parameters for each region.
Region
Entire Main Shell
(low kT component)
(high kT component)
North-West
South-East
Vicinity of OB-stars

NH † (×1021 Hcm−2 )

kT † (keV)

τ † (×1010 sec cm−3 )

flux‡

χ2 /d.o.f.

2.92 (2.42–3.46)
–
2.40 (1.51–3.03)
1.00 (0.73–1.19)
1.81 (<2.20)

0.6(0.4–0.8)
2.2(1.5–2.5)
1.8 (1.7–1.9)
0.40 (0.39–0.43)
0.40 (0.32–0.64)

2.5 (1.9–3.8)
5.3 (4.6–7.0)
1.4 (1.1–1.7)
9.1×10 1 (6.8×101 –2.4×102 )
8.2×10 2 (4.8×101 –5.0×103 )

3.51
–
1.30
0.35
0.12

188.24/153
–
180.94/139
72.37/95
21.72/20

†

The 90% confidence regions are in the parentheses.

‡

Absorption corrected flux in the 0.5–7.0 keV band (×10−12 ergs cm−2 s−1 ).

(2)We discovered the spatial structure of inner hot gas;
The inner hot gas consists of high temperature plasma
of kT = 1.8 (1.7–1.9) keV and low temperature plasma
of kT = 0.40 (0.39–0.43) keV. This value is exceedingly high compared with other SBs. Because the former
shows significantly lower ionization parameter than the
latter, this component is due to recent supernovae.
(3)In the vicinity of OB-type stars, abundance of hot gas
is significantly higher than other regions and temperature
is consistent with typical plasma surrounding OB-type
stars. These features strongly support that we detect the
contribution from stellar winds to the hot gas inside the
bubble.
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X-RAY COUNTERPARTS OF TEV SOURCES NEWLY DISCOVERED WITH H.E.S.S.
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Landessternwarte Heidelberg, Königstuhl 12, D-69117, Heidelberg, Germany

ABSTRACT
The High Energy Stereoscopic System (H.E.S.S.) is a
second generation array of four Imaging Cherenkov Atmospheric Telescopes situated in Namibia, with unprecedented sensitivity compared to past gamma-ray experiments. H.E.S.S. has tripled the number of Galactic
sources detected at TeV energies. Some of them do not
have a firm identification yet. The search for possible
counterparts at other wavelengths is fundamental for both
a correct identification and a physical description of the
new TeV sources. Here we present the new Galactic
sources detected by H.E.S.S. during its first year of operations and we discuss their possible X-ray counterparts.
Key words: Gamma-rays; supernova remnants; pulsar
wind nebulae.
1. INTRODUCTION
The study of astrophysical sources above ∼ 1011 eV,
in the TeV range (1 TeV = 1012 eV), is the domain of
Very High Energy (VHE) astronomy. At these energies, the most effective way to detect gamma-rays is on
the ground, through the Imaging Atmospheric Cherenkov
Technique. This method is based on the detection of the
Cherenkov light emitted by showers of secondary particles generated by the interaction of a primary gamma-ray
with the molecules of the upper atmosphere (see Fig. 1).
The use of several telescopes provides a multiple view of
the same shower and allows to reconstruct the photon’s
direction with good precision. The big advantage of such
a technique is the large collecting area of ∼ 105 m2 at 1
TeV. As a comparison, gamma-ray satellites have typical
detection areas of the order of square metres, too small
to be able to collect a sufficiently large number of VHE
photons given their very low flux. For this reason VHE
astronomy in space remains unpractical at present.
The main goals of VHE astronomy, for the purposes of
these proceedings, are the identification of the sites of
particle acceleration and of the acceleration mechanisms,
as well as the determination of the nature of the emitting particles (hadrons or leptons). VHE photons are ex-

pected to be produced at the sites where particles are accelerated up to TeV energies by different possible mechanisms: decay of neutral pions produced in hadronic interactions, Inverse Compton scattering of electrons, nonthermal bremsstrahlung and synchrotron emission from
ultra-high energy particles. Therefore VHE photons can
be used as tracers of the acceleration sites because, as opposed to the particles, they are not affected by magnetic
fields and they retain directional information.
The High Energy Stereoscopic System (H.E.S.S.) is a
TeV instrument situated in the Khomas Highlands in
Namibia at an altitude of 1800 m. It consists of a
square array of four Imaging Atmospheric Cherenkov
Telescopes (IACTs) with a side length of 120 m, a value
chosen to maximize the sensitivity above ∼ 100 GeV.
Each telescope has a mirror area of ∼ 107 m2 and is
equipped with a camera constituted by 960 fast photomultiplier tubes. H.E.S.S. is sensitive to the energy range
from ∼ 100 GeV up to a few tens TeV. The large field of
view of 5◦ is especially suited for the study of extended
sources and for surveys. The angular resolution is of the
order of a few arcminutes. The sensitivity is about an
order of magnitude higher than that of previous TeV instruments and reaches 1% of the Crab flux for a 5σ detection in 25 hours. H.E.S.S. works in stereoscopic mode,
meaning that a photon is recorded only when at least two
telescopes are triggered at the same time, which allows a
considerable reduction of hadronic background. The system has been fully operational since January 2004. For
more information about H.E.S.S. see for example Hinton
(2004).
2. THE NEW H.E.S.S. GALACTIC SOURCES
Galactic TeV astronomy before the beginning of H.E.S.S.
activities was limited to a handful of objects (see e.g.
Weekes 2003). Among these, only a few were detected
by more than one instrument and were considered as firm
sources, whereas the majority was still waiting for independent confirmations. After about one year of observations with the full H.E.S.S. array the situation has dramatically changed. Table 1 lists all the Galactic sources detected by H.E.S.S. up to September 2005. Some of them
are well known sources, previously detected at TeV ener-
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Figure 1. Sketch of the Imaging Atmospheric Cherenkov
Technique as implemented by H.E.S.S.
gies by other instruments, but the majority have been discovered during a survey of the inner part of the Galactic
Plane (Aharonian et al. 2005a, Aharonian et al. 2005b).
One should note that some earlier claimed TeV sources
(SN 1006 and PSR 1706-44) could not be confirmed by
H.E.S.S. and thus are not included in Table 1. Only upper limits could be determined for these sources and the
results are reported elsewhere (Aharonian et al. 2005c,
Aharonian et al. 2005d).
At present, there are twenty-four H.E.S.S. Galactic
sources, but this number will very likely increase in the
near future. All the sources are detected above a 4σ significance level (post-trials, i.e. accounting for the number
of grid points in the sky map tested for the presence of a
source) and most of them appear to be considerably extended. The Galactic latitudes of the sources (Table 1,
Col. 3) show that all of them cluster along the Galactic Plane. Typical systematic errors on the photon fluxes
listed in Table 1 are of the order of 30%.

3. X-RAY COUNTERPARTS
Given the above results a search for possible counterparts
of the new Galactic sources has been undertaken. Since
gamma-ray instruments in the MeV-GeV ranges, like
e.g. EGRET, do not allow to establish firm associations
with the H.E.S.S. sources due to their poor angular
resolutions, the most natural band where one would look
for counterparts of TeV sources is the X-ray band. Based
on their X-ray counterparts we have qualitatively divided
the TeV sources into four groups (see Table 1). The
first one includes the firm X-ray/TeV associations; as an
example, in this group we find the two shell-like SNRs
RX J1713.7-3946 and Vela Junior (RX J0852.0-4622).
Their TeV emission is spatially well resolved and reveals
a shell structure which correlates very well with that seen
in the X-ray band (Aharonian et al. 2004, Aharonian
et al. 2005e). In the second group we have the likely

associations, such as, for example, the plerion of the
pulsar PSR J1826-1334 (see Fig. 4). For this object
the association is based on both spectral arguments
and considerations on the relative extents and positions
of the X-ray and TeV emission regions (Aharonian et
al. 2005f), although in this case we do not see highly
spatially correlated morphologies as in the two SNRs
discussed above. In the third group we have placed
sources for which a good positional coincidence is found
between the TeV emission and an X-ray source, but for
which no other strong argument exists in favour of the
association. Some of these sources might eventually
turn out to be spurious identifications. The fourth group
includes all the sources for which no X-ray counterpart has been found so far. For some of the sources
(“dark” sources) no counterpart could be found at any
wavelength. However, it is not clear yet whether the
absence of X-ray counterparts is due to an intrinsic X-ray
weakness of the sources or just to the lack of X-ray
observations covering their entire TeV emission regions.
Deeper investigations on these objects are under way.
We will consider from now on only the first two groups
of reliable associations and we will show some examples
in more detail. As the majority are plerions, in the
following we will concentrate mainly on these sources.
However, for completeness, we will also show the case
of the shell-like SNR RX J1713.7-3946, which is a
beautiful example of the imaging capabilities of H.E.S.S.
Vela X. Figure 2 shows a smoothed excess map of
the Vela X region with ROSAT contours overlaid on
it. The TeV emission of HESS J0834-456 is clearly
elongated and extends to the south-west of the Vela
pulsar (Khélifi et al. 2005). It overlaps very well with
the X-ray emission as seen by ROSAT, which is believed
to originate from a pulsar jet (Markwardt & Ögelman
1995). The analysis of this source is still in progress
(Aharonian et al. 2005g, in preparation).
MSH 15-52. Figure 3 shows a smoothed excess map of
the SNR MSH 15-52 as well as ROSAT contours from
Trussoni et al. (1996). The centroid of the TeV emission
is indicated by the black star on the left, whereas the
pulsar’s position is given by the black dot on the right.
As one can see the TeV excess is significantly extended
and roughly centered on the pulsar’s location. The TeV
emission region is well compatible with the extension
of the X-ray emission from a diffuse PWN surrounding
the pulsar. This represents the first resolved image of
a PWN at TeV energies (see also Aharonian et al. 2005h).
HESS J1825-137. Figure 4 is an unsmoothed excess
map of the PWN associated with the Vela-like pulsar PSR
J1826-1334. Also shown in the figure are the XMM contours, the 95% confidence region of a closeby unidentified EGRET source which might be associated with the
H.E.S.S. source, the best fit position of the TeV excess
and its best fit size (see caption of Figure 4). The X-ray
emission is asymmetric with respect to the pulsar’s posi-
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Table 1. List of Galactic sources detected by H.E.S.S. during its first year of operations. Col. 1: H.E.S.S. name; Col.
2: Galactic longitude; Col. 3: Galactic latitude; Col. 4: photon flux above the threshold energy shown in parentheses;
Col. 5: counterpart, or possible counterpart (in italic); Col. 6: type of counterpart; Col. 7: division of the sources into
different groups according to their X-ray counterparts.
H.E.S.S. Name

l (◦ )

b (◦ )

J1713-397
J0834-456
J1514-591
J1747-281
J1745-290
J1826-148
J1825-137
J1813-178
J1837-069
J1713-381
J1640-465
J1634-472
J1632-478
J1804-216
J1303-631
J1834-087
J1745-303
J1708-410
J1702-420
J1616-508
J1614-518

347.28
266.28
263.86
320.33
304.19
-5.78
0.87
359.95
16.90
17.82
12.81
25.18
348.65
338.32
337.11
336.38
8.40
304.23
23.24
358.71
345.67
344.26
332.39
331.52

-0.38
-1.24
-3.07
-1.19
-0.99
19.1(>1)
0.08
-0.05
-1.28
-0.74
-0.03
-0.11
0.38
-0.02
0.22
0.19
-0.03
-0.36
-0.32
-0.64
-0.44
-0.22
-0.14
-0.58

Fph (> ETeV )
(10−12 cm−2 s−1 )
14.6(>1)
19.0(>1)
14.5(>1)
22.6(>0.28)
<2-6(>0.38)
Crab
5.5(>0.2)
18.2(>0.17)
5.1(>0.25)
39.4(>0.2)
14.2(>0.2)
30.4(>0.2)
4.2(>0.2)
20.9(>0.2)
13.4(>0.2)
28.7(>0.2)
53.2(>0.2)
12.0(>0.38)
18.7(>0.2)
11.2(>0.2)
8.8(>0.2)
15.9(>0.2)
43.3(>0.2)
57.8(>0.2)

tion, extending towards the south. It has been attributed to
synchrotron emission from a PWN (Gaensler et al. 2003).
The TeV emission extends further to the south and covers a larger area with respect to the X-rays. Aharonian
et al. (2005f) argue that this emission is also associated
with the PWN by interpreting both the offsets of the emission regions observed in the X-ray and TeV bands and the
corresponding spectra in terms of longer lifetimes of the
TeV emitting electrons compared to those of the X-ray
electrons.

RX J1713.7-3946. This is a well-known shell-like SNR.
Figure 5 shows a smoothed excess map with ASCA contours (1-3 keV) overlaid on it. The TeV emission clearly
shows a shell morphology which traces very well that observed in the X-ray band (Aharonian et al. 2004). The
quality of the TeV image is such that it allows to perform,
for the first time at these energies, a spatially resolved
spectral analysis (Aharonian et al. 2005i, submitted).

Possible counterpart

Type

RX J1713.7-3946
Vela Junior
Vela X
MSH 15-52
PSR B1259-63
plerion
G 0.9+0.1
Gal. Center
LS 5039
PSR J1826-1334
G 12.82
G 25.5+0.0
CTB 37B
G 338.3-0.0
IGR J16358-4726?
IGR J16320-4751?
G 8.7-0.1
G 23.3-0.3
3EG 1744-3011
PSR J1617-5055
-

SNR shell
SNR shell
plerion
plerion
“binary plerion”
plerion
BH/SNR?
Microquasar
plerion
SNR shell/PWN
SNR/PWN?
SNR?
SNR
Unid.
Unid.
SNR/PWN?
“Dark”
SNR
Unid.
“Dark”
“Dark”
PWN?
“Dark”

Group

Firm X-TeV
associations

Likely X-TeV
associations

X-TeV positional
coincidences

No X-rays

4. PROPERTIES OF THE SOURCES
The increasing number of newly discovered TeV sources
allows for the first time to carry out population studies at
very high energies. It is now possible to start to answer
questions such as whether the TeV spectra are correlated
in any way with those in the X-ray band or in other bands,
or with any other properties of the objects. The aim of
these studies is eventually to understand the physics behind particle acceleration and this requires a multiwavelength approach. As an initial attempt in this direction in
Table 2 we have summarized the TeV results and the Xray data from the literature for the plerions for which a reliable association between the emission in the two bands
has been established (i.e. first two groups in Table 1).
Basically all of the sources show X-ray and TeV photon indices falling in the range 2-3, with the exception of
the rather flat ΓX of PSR B1259-63. This is, however,
a rather peculiar system with a pulsar orbiting a massive
Be star and interacting periodically with the companion’s
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Table 2. X-ray and TeV data for plerions with a reliable association between the X-ray and TeV emission. Col. 1: name
of the source; Col. 2 and 3: monochromatic fluxes at 1 TeV and 1 keV, respectively; Col. 4: ratio of these two fluxes; Col.
5 and 6: gamma-ray and X-ray photon indices; Col. 7: age of the source.
F1 TeV
(10−12 erg s−1 cm−2 TeV−1 )
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MSH 15-52
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Fig. 1. Smoothed excess map from MSH 15-52 in arbitrary units (a.u.). The map is smoothed with a Gaussian of
σ=0.04◦ and only events with image sizes above 400 p.e. are used in order to improve the H.E.S.S. angular resolution.
The white contour lines denote the X-ray (0.6–2.1 keV) count rate measured by ROSAT (Trussoni et al. 1996). The
black point and black star lie at the pulsar position and at the excess centroid, respectively. The right-bottom inset
shows the simulated PSF smoothed identically.

after standard cuts. Fig. 3 shows the reconstructed spectrum from these events. The data are consistent with a
power law (dN/dE∝E −Γ ) up to ∼40 TeV with a photon
index of Γ=2.27±0.03 stat±0.20 syst and a differential flux
at 1 TeV of (5.7±0.2 stat ±1.4 syst )×10−12 TeV−1 cm−2 s−1 .
The χ2 /d.o.f. of the fit is 13.3/12. The corresponding integral flux above 280 GeV represents ∼15% of the Crab
Nebula flux above the same threshold. The flux distribution, as measured on a run by run basis, is compatible
with steady emission (the χ2 /d.o.f. is 47.0/51).
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Figure 2. Smoothed excess map of Vela X with ROSAT
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2. H.E.S.S. Observations and Results
The first H.E.S.S. observations of this region occurred as part
of a systematic survey of the inner Galaxy from May to July
2004 (with 4.2 hours of exposure within 2◦ of HESS J1825–
137). Evidence for a VHE γ-ray signal in these data triggered
re-observations from August to September 2004 (5.1 hours).
The mean zenith angle of the observations was 31◦ and the
mean offset (ψ) of the source from the pointing direction of the
system was 0.9◦ . The off-axis sensitivity of the system derived
from Monte-Carlo simulations has been confirmed via observations of the Crab Nebula (Aharonian et al. 2005c). The data
set corresponds to a total live-time of 8.4 hours after application of run quality selection based on weather and hardware
conditions.
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ABSTRACT
Bright BL Lac objects are used as calibration targets
for X-ray instruments because of their relatively simple
power-law type spectra. EPIC spectra with their very
high statistical quality provide not only information about
the shape (curvature) of the intrinsic source spectra themselves but also constrain the properties of the absorbing
interstellar matter in the Galactic foreground.
In the XMM-Newton EPIC spectra of bright, lowabsorbed sources like Mkn 421, PKS 2155–304 and
H 1426+428 the oxygen absorption is dominated by instrumental effects. We present results from a spectral
analysis of higher absorbed objects which shows that the
EPIC spectra are very sensitive to oxygen, iron and neon
abundances in the absorbing interstellar medium (ISM).
While the oxygen abundance is consistent with that given
by (Wilms et al. 2000) there are indications for a higher
iron abundance. EPIC observations can be used to constrain the abundances in the ISM for fainter sources complementary to high spectral resolution spectra from bright
BL Lac objects.
Key words: galaxies: active – ISM: abundances – X-rays:
ISM.
1.

INTRODUCTION

Within the 0.5 – 2 keV X-ray band where the sensitivity of the XMM-Newton EPIC instruments (Strüder et al.
2001; Turner et al. 2001) is highest, photo-ionization of
the ISM causes absorption edges in the X-ray spectra,
mainly by oxygen, iron and neon (Wilms et al. 2000).
The depth of the edges can be used to constrain the abundances of the elements involved. In particular high resolution spectrographs as the XMM-Newton RGS (den
Herder et al. 2001) and Chandra LETG (Brinkman et al.
2000) allow a detailed study of the oxygen K-edge (de
Vries et al. 2003; Juett et al. 2004; Kirsch et al. 2005).

BL Lac objects (or blazars) are a class of active galactic nuclei (AGN) characterized by non-thermal emission
which is believed to originate in a jet oriented close to
the line of sight. In the X-ray band the spectra are usually
represented by a single power-law, a broken power-law
or a continuously curved continuum which is attenuated
only by absorption in the Galactic ISM (e.g. Donato et al.
2005). Some blazars are very bright X-ray sources and
together with their featureless spectrum they are ideally
suited for the study of absorption edges with high spectral resolution.
Although the EPIC instruments with their medium energy resolution of ∼100–140 eV (full width half maximum) can not resolve absorption edges they can be used
in a complementary way. Due to their unprecedented sensitivity modeling of spectra (by taking into account the
structure of edges measured with high resolution) is possible for much fainter sources.

2.

EPIC CALIBRATION USING BLAZARS

The EPIC as well as the high resolution instruments suffer from absorption by oxygen intrinsic to the detector.
The detector intrinsic edges can be separated from the interstellar contribution by comparing spectra from sources
with high and low absorption (de Vries et al. 2003). Fig. 1
shows the current status of the EPIC-pn calibration using the archival data of PKS 2155–304 and H 1426+428,
two bright blazars with relatively low Galactic absorption. Some residuals at the few % level close to the instrumental edges are caused by small gain shifts. Overall, the fits are acceptable with reduced χ2 values of 1.16
(a total of 4481 degrees of freedom, dof, from 13 spectra
of PKS 2155–304) and 1.22 (2864 dof from 6 spectra of
H 1426+428). The absorption in the spectra is modeled
using the abundance table of Wilms et al. (2000) (see below), however, due to the low column density the fit is not
very sensitive to the oxygen abundance. Column densities in the fits to blazar spectra are fixed to the Galactic
value as they are derived from HI measurements and are
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Table 1. A sample of elemental abundance tables.
Element
H
He
Li
B
Be
C
N
O
F
Ne
...
Fe
...

angr
1.00
9.77·10−2
1.45·10−11
1.41·10−11
3.98·10−10
3.63·10−4
1.12·10−4
8.51·10−4
3.63·10−8
1.23·10−4

feld
1.00
9.77·10−2
1.26·10−11
2.51·10−11
3.55·10−10
3.98·10−4
1.00·10−4
8.51·10−4
3.63·10−8
1.29·10−4

aneb
1.00
8.01·10−2
2.19·10−9
2.87·10−11
8.82·10−10
4.45·10−4
9.12·10−5
7.39·10−4
3.10·10−8
1.38·10−4

grsa
1.00
8.51·10−2
1.26·10−11
2.51·10−11
3.55·10−10
3.31·10−4
8.32·10−5
6.76·10−4
3.63·10−8
1.20·10−4

wilms
1.00
9.77·10−2
0.00
0.00
0.00
2.40·10−4
7.59·10−5
4.90·10−4
0.00
8.71·10−5

lodd
1.00
7.92·10−2
1.90·10−9
2.57·10−11
6.03·10−10
2.45·10−4
6.76·10−5
4.90·10−4
2.88·10−8
7.41·10−5

loddp
1.00
9.64·10−2
2.24·10−9
3.02·10−11
7.08·10−10
2.88·10−4
7.94·10−5
5.75·10−4
3.39·10−8
8.91·10−5

4.68·10−5

3.24·10−5

3.31·10−5

3.16·10−5

2.69·10−5

2.95·10−5

3.47·10−5

angr: Anders & Grevesse (1989) (default in XSPEC v11.3)
feld: Feldman (1992)
aneb: Anders & Ebihara (1982)
grsa: Grevesse & Sauval (1998)
wilms: Wilms et al. (2000)
lodd: Lodders (2003), solar photospheric
loddp: Lodders (2003), proto-solar (not in XSPEC v11.3)

Figure 1. Broken power-law fits to the EPIC-pn spectra of PKS 2155–304 and H 1426+428. The absorption column
density is fixed at the Galactic value derived from HI measurements (1.43·10 20 cm−2 for PKS 2155–304 and 1.36·1020
cm−2 for H 1426+428). Intensity and power-law slopes vary with time for both sources.
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taken from Lockman & Savage (1995), Elvis et al. (1989)
or Dickey & Lockman (1990).

3.

ELEMENTAL ABUNDANCES IN THE ISM

Since the commonly used elemental abundance table by
Anders & Grevesse (1989) was compiled, many updates
were published (examples can be found in Table 1). It
was noted that photospheric abundances are not equal to
the abundances representative for the whole solar system due to possible heavy-element settling in the sun
(Lodders 2003). These proto-solar abundances might be
more appropriate to use for modeling the X-ray absorption along the line of sight at least towards nearby X-ray
sources. However, abundance gradients may exist in the
Galaxy and the study of X-ray absorption in the spectra
of blazars at various positions on the sky is important to
constrain line of sight averaged abundances of the most
abundant elements like oxygen and iron.
3.1.

Higher absorbed blazars

We have started to investigate a sample of higher absorbed (NH ∼1021 cm−2 ) blazars in order to constrain the
oxygen abundance along their lines of sight. Deeper absorption edges are more easily to measure with medium
resolution instruments. The first two blazars appropriate for our study and available in the XMM-Newton
archive are H 0414+009 (observed during satellite revolution 683) and 1ES 1959+65.0 (revolutions 568 and 580).
The model fit using an absorbed broken power-law with
the “angr” (see Table 1) abundance table results for both
sources in residuals around the O-edge. The residuals
are similar in shape to a “negative” absorption edge (see
Figs. 2 and 3), which suggests that the assumed oxygen
abundance is overestimated. This is confirmed by allowing the oxygen abundance to vary in the fit which results
in a lower oxygen column density. Using other abundance tables which involve a lower oxygen abundance
in the first place yield improved fits, but there is indication for an even somewhat more reduced O abundance for
both sources. Table 2 summarizes the results for the oxygen abundances derived from fits to the EPIC-pn spectra
for a sample of available abundance tables. For the line
of sight to H 0414+009 the oxygen abundance appears to
be lower than the minimum value from the different values found in Table 1. Moreover, there is indication for
different O abundances towards the two sources with a
somewhat lower value found from 1ES 1959+65.0.
3.2.

Galactic sources

In principle also Galactic sources with simple continuum spectra can be used for our study. The equivalent
hydrogen column density is an additional free parameter in the spectral fits. As example we show the EPIC

spectra of the anomalous X-ray pulsar 1E2259+586 in
Fig. 4. The equivalent hydrogen column density of ∼1022
cm−2 is so high that most of the emission below the
O-edge is absorbed away. Similar to the blazars investigated above, a reduced O-abundance improves the fit
significantly (Table 2). Further, there is evidence for an
Fe abundance lower than that included in the “angr” table (0.839±0.095), but higher than in the “wilms” table
(1.396±0.177). There may be also potential to constrain
neon abundances, however, the calibration of the EPIC
instruments needs to be improved around 1 keV as the
discrepancy between pn and MOS shows.
4.

A NARROW ABSORPTION LINE

The EPIC-pn spectra of PKS 2155–304 and H 1426+428
show evidence for a narrow absorption line at 1.8 keV,
just below the Si-K edge. Investigations of spectra of
other AGN confirm the presence of the feature and revealed differences in the depth of the line for various
sources. The strongest line was found at 1823±7 eV in
the spectrum of MCG-6-30-15 (Fig. 5, left) which is also
attenuated by the largest Galactic absorption in our sample of investigated sources, while there is only marginal
evidence for such a line in the spectrum of Mkn 421
(Fig. 5, right). The different line equivalent widths argue
against a detector-intrinsic Si feature and the line is also
indicated in EPIC-MOS of MCG-6-30-15 although with
lower significance due to the larger Si absorption edge.
5.

CONCLUSIONS

The analysis of EPIC spectra of blazars has demonstrated the possibility to measure oxygen abundances
along various lines of sight throughout the Galaxy. First
results derived from X-ray spectra of H 0414+009 and
1ES 1959+65.0 show that oxygen is less abundant than
given by older abundance tables (e.g. Anders & Grevesse
1989; Feldman 1992). Newer tables by Wilms et al.
(2000) and Lodders (2003) include reduced (∼60%) oxygen abundances more consistent with our measurements,
although we find evidence for even lower oxygen abundances at least in the directions of the two blazars. In addition we find evidence for different oxygen abundances
in the two directions. Clearly more X-ray spectra of
sources at different positions in the sky need to be investigated to constrain abundance gradients in the ISM.
A narrow absorption line near 1.82 keV is observed in
the spectra of several AGN, the strongest case we found
being MCG-6-30-15. We identify this line with the 1.821
keV line transition of Fe XXIV which exhibits its highest emissivity in the temperature range of 1.5 to 2.5 keV.
Another Fe XXIV line transition at 1.164 keV was identified in RGS spectra of MCG-6-30-15 together with lines
from other Fe ions (XVII-XXII) by Turner et al. (2004).
All the measured line energies are consistent with their
rest energies strongly suggesting an origin in the Milky
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Figure 2. Broken power-law fits to the EPIC-pn and EPIC-MOS spectra of H 0414+009. The absorption column density
is fixed at the Galactic value of 9.15·1020 cm−2 . Left: Abundances “angr”, right: “loddp” with free oxygen abundance.

Figure 3. Broken power-law fits to EPIC-pn spectra of 1ES 1959+650. The absorption column density is fixed at the
Galactic value of 9.89·1020 cm−2 . Left: Abundances “angr”, right: “wilms” with free oxygen abundance.

Figure 4. Two component (bremsstrahlung+power-law) fits to the EPIC spectra of 1E2259+566 using different abundance
tables. Left: “angr”, right: “wilms” with O and Fe abundance as free parameters.
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Table 2. A sample of elemental abundance tables.
oxygen abundance
relative
relative/H
H 0414+009
angr
wilms
lodd
loddp

fix
fix
fix
fix

χ2

dof

χ2r

493
319
352
327

308
307
307
307

1.600
1.040
1.148
1.065

315
313
334
312

306
306
306
306

1.029
1.024
1.091
1.019

1351
1187
1267
1194

1010
1009
1010
1010

1.600
1.040
1.148
1.065

1.0 fix
1.0 fix
1.0 fix
1.0 fix

8.51·10−4
4.90·10−4
4.90·10−4
5.75·10−4

angr
wilms
lodd
loddp
1ES 1959+65.0
angr
wilms
lodd
loddp

0.599±0.054
0.865±0.090
0.714±0.099
0.801±0.079

5.10·10−4
4.24·10−4
3.50·10−4
4.61·10−4

1.0 fix
1.0 fix
1.0 fix
1.0 fix

8.51·10−4
4.90·10−4
4.90·10−4
5.75·10−4

angr
wilms
lodd
loddp
1E2259+566
angr
wilms

0.528±0.066
0.709±0.118
0.541±0.118
0.671±0.100

4.49·10−4
3.47·10−4
2.65·10−4
3.86·10−4

1144
1170
1219
1161

1008
1008
1008
1008

1.029
1.024
1.091
1.019

1.0 fix
1.0 fix

8.51·10−4 fix
4.90·10−4 fix

1194
1129

980
980

1.218
1.153

angr
wilms

0.574±0.087
0.625±0.209

4.88·10−4
3.06·10−4

1077
1076

978
978

1.101
1.111

fix
fix
fix
fix

Figure 5. Left: Power-law fit to the merged EPIC-pn spectrum in the 1-4 keV band obtained in satellite revolutions
301, 302 and 303. A highly significant feature at 1.8 keV is visible in the residuals which can be modeled by a narrow
absorption line. Right: Equivalent width of the 1.8 keV absorption line for a sample of extra-galactic sources. There is
some evidence that the line is deeper for sources with higher Galactic column density.
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Way in hot (up to ∼2.5 keV) gas. Such temperatures in
the interstellar gas can easily be reached by supernova explosions and the interaction of supernova remnants with
the ISM.
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ABSTRACT
We report on an XMM-Newton observation of the supernova remnant (SNR) DEM L241 in the Large Magellanic Cloud. In the soft band image, the emission
shows an elongated structure, like a killifish (Head
and Tail), with a central point source, named as
XMMU J053559.3 673509 (Eye). The Eye’s spectrum is well reproduced with a power-law model with
the
photon
index of 1.57 and the intrinsic luminosity of
 
 
ergs s  in the 0.5–10.0 keV band. The source
has neither significant coherent pulsations nor time variabilities. Its luminosity and spectrum remind us that
the source might be a pulsar and/or a pulsar wind nebula in DEM L241. The spectra of Head and Tail are
well reproduced by an non-equilibrium ionization plasma
model of  = 0.4–0.6 keV. The over-abundant Ne and
under-abundant Fe might suggest that the progenitor of
DEM L241 is a very massive star.
Key words:
supernova remnants, X-rays:
individual (DEM L241),
X-rays:
individual
(XMMU J053559.3 673509) .
1. INTRODUCTION
Supernovae and supernova remnants (SNRs) shape and
enrich the chemical and dynamical structure of the interstellar medium and clouds. Moreover, SNRs are believed to be cosmic ray accelerators around their pulsar
and pulsar wind nebula (PWN), and/or shock fronts. The
Large Magellanic Cloud (LMC) is the best galaxy for the
systematic study of SNRs, thanks to the known distance
(50 kpc; Feast, 1999) and small absorption column. In the
LMC, we pointed out DEM L241 (0536 67.6), which
was identified by Mathewson et al. (1985) and reported
hard X-ray emission with ASCA (Nishiuchi, 2001), implying that this SNR is a cosmic-ray accelerator. How-

ever, Nishiuchi (2001) could not conclude that due to the
lack of spatial resolution. Therefore, we observed this
SNR with better spatial resolution of XMM-Newton. The
total exposure is 45 ks for MOS and 43 ks for pn, respectively. The datails analysis and discussions are in Bamba
et al. (2005).

2. RESULTS
Figure 1 shows the XMM-Newton MOS 1+2 images of
DEM L241 in the (a) 0.5–2.0 keV and (b) 2.0–9.0 keV
bands. In the soft band image, we can see a diffuse
structure elongated
southeast to northwest
from

 with the
size of 
, corresponding to 22 pc 44 pc at
50 kpc. The shape is like a killifish, with double peaked
feature on its “Head” and “Tail”. In addition to the body
of the fish, there is a point source like an “Eye” of the
fish. On the other hand, only Eye can be seen in the
hard band image. We found no candidate of the counterpart of Eye in the SIMBAD database, and named it
as XMMU J053559.3 673509. The possibility is only
0.11% that Eye is a background AGN accidentally in
the SNR region following the  —"! relation of
AGNs derived by Hasinger et al. (1998). Therefore, we
concluded that the Eye is in DEM L241. The upper-limit
of the source size is 1.0 pc with the assumption that the
distance to Eye is 50 kpc.
The spectrum of Eye is hard and has no line-like structure, and well fitted with an absorbed power-law model.
The best-fit photon index
( # %
) is& 1.57
and the
 $
')( (1.51–1.62),
*
,+-+. in the 0.5–
intrinsic luminosity is
10.0 keV. The central position and hard spectrum may
indicate that Eye is a pulsar and/or a pulsar wind nebula
(PWN) of DEM L241. We searched for but could not find
any coherent pulsations and time variabilities. If Eye is
a pulsar and/or a PWN, it belongs to the bright and hard
class (Gotthelf & Olbert , 2002).
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Table 1. Best-fit parameters for the Head and Tail
Parameters
Head
Tail
.
.
.
.
.
.
.
.
.
0.54
(0.46–0.57)
0.43
(0.38–0.50)
0/ [keV]
1 /3254 [ & ' cm  s] . .
2.4 (1.9–4.3)
3.4 (2.1–5.2)
6 7 (98;:=<
6 >? 8;:=< . . . . . . . . . . . . 0.64 (0.60–0.69) 0.58 (0.54–0.63)
( @ 0.05)
( @ 0.07)
6 A (98;:=< . . . . . . . . . . . . .
.
.
.
.
.
.
.
.
.
.
.
.
0.09
(0.08–0.10)
0.08
(0.07–0.09)
B  CD   E

[
cm
]
.
.
2.5
(2.2–3.0)
2.1
(1.4–2.8)
 H
H
GF [ 3I.JK ] . . .
4.2 (3.3–5.2)
1.6 (0.6–2.3)
M 
M&
Flux L . . . . . . . . . . . . .
3.2
3.6
0
H 
L : In the unit of ergs s  cm  in the 0.5–10.0 keV.

(10 -4counts arcsec -2s -1)

(a) 0.5 - 2.0 keV
-67°30′

Tail

The Head and Tail emission have, on the other hand,
soft and line-rich spectra. Both are well fitted with a
non-equilibrium ionization collisional plasma emission
model (Borkowski et al., 2001) ver. 2.0 as seen in Table 1. The temperature is 0.4–0.6 keV, typical value of
thermal SNRs. The over-abundant Ne and less-abundant
Fe relative to the average LMC value (0.3: Russell & Dopita , 1992) indicate that the progenitor of DEM L241
is a very
star. The estimatedPtotal
mass
R
Q  plasma
,COmassive
N
) and the thermal energy (
ergs) also
(
suggest the massive star origin, together with the existence of the hard and bright central point source, Eye,
and the OB star association, LH 88 (Chu & Kennicutt,
1988).
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ABSTRACT
Bubbles blown by massive stars should contain shocked
fast winds at temperatures ≥ 106 K that emit diffuse
X-rays. Only two Wolf-Rayet bubbles have shown detectable diffuse X-rays – NGC 6888 and S 308. We
have obtained Chandra and XMM-Newton observations
of these two bubbles to study their hot interior gas. We
further use the results to suggest an explanation for the
lack of detectable diffuse X-ray emission from other bubbles blown by massive stars.
Key words: Bubbles; Stellar Winds; Wolf-Rayet Stars;
X-rays.
Hot Gas in Wind-Blown Bubbles
Massive stars with fast stellar winds are expected to blow
bubbles and the bubble interiors are expected to be filled
with shocked fast winds that emit in X-rays (Weaver et
al. 1977). However, no main sequence O stars are seen
in visible bubbles. Only evolved massive stars, such as
Wolf-Rayet (WR) stars and luminous blue variables, are
frequently seen in visible bubbles. Most of the welldefined bubbles consist of stellar material and are called
“circumstellar bubbles,” while the irregular ones are dominated by interstellar material and are called “interstellar
bubbles”. Of all known single-star bubbles, only two WR
bubbles show detectable diffuse X-ray emission: S308
and NGC 6888. Both are circumstellar bubbles.
We have obtained Chandra ACIS-S observations of
NGC 6888 and XMM-Newton EPIC observations of
S 308. Figure 1 compares these X-ray images with optical
[O III] λ5007 images and show the spectra of diffuse Xray emission. These images confirm the presence of limbbrightened X-ray emission with high angular resolution,
and reveal a noticable offset between the X-ray and optical shell rims in S 308, but not in NGC 6888. Both show
soft X-ray spectra consistent with plasma temperatures of
2-3×106 K in NGC 6888 and 1×106 K in S 308.
Why are S 308 and NGC 6888 different? We have used
high-dispersion Hα and [O III] spectroscopic observa-

tions of S 308 to study its bubble dynamics. The kinematics of S 308’s dense shell show (1) a shell of sweptup red supergiant wind, (2) an outer envelope of undisturbed red supergiant wind, and (3) an outermost shell
of shocked red supergiant wind. This structure indidates
that S 308 is a textbook example for a circumstellar bubble in an early evolutionary stage with the hot gas from
shocked fast winds confined within a shell of swept-up
red supergiant wind. NGC 6888, on the other hand, has
swept-up all the red supergiant wind into a shell that has
fragmented and allow the fast wind to break out. This
corresponds to a later evolutionary stage than S 308.
Why Is Diffuse X-ray Emission Rarely Seen in Bubbles?
ROSAT, Chandra, and XMM-Newton have been used
to make deep observations of Anon(MR16), M 1-67,
NGC 2359, NGC 3199, NGC 6164-5, NGC 7635, and
RCW 58; however, no diffuse X-ray emission has been
detected. This is most likely caused by a combination of
large absorption columns and low plasma temperatures
that produce easiy-absorbed soft X-ray emission.
With a distance of 1.5 kpc and a galactic b = −10◦,
S 308 has the smallest absorption column density among
all known bubbles (Chu et al. 2003). If it were located at
the position of any other Galactic WR star, the foreground
absorption would have prohibited its detection. Therefore, if the other bubble interiors have interior gas as cool
as S 308, interstellar absorption will prevent the detection
of their X-ray emission. NGC 6888 has a slightly higher
plasma temperature, so its X-ray emission is harder and
can be detected through a larger absorption column. If
the other bubbles emit like NGC 6888, then RCW 58 and
NGC 6164-5 should have been detected by their XMMNewton observations (see Table 1).
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Figure 1. Top: [O III] λ5007 image and Chandra ACIS-S image and spectrum of NGC 6888. Bottom: [O III] image and
XMM-Newton EPIC image and spectrum of S 308.

Table 1. Bubbles Blown by Single Massive Stars
Nebula
Name
Anon (WR16)
M 1-67
NGC 2359
NGC 3199
NGC 6164-5
NGC 6888
NGC 7635
RCW 58
S 308

1

Star
Name
HD 86161
209 BAC
HD 56925
HD 89358
HD 148937
HD 192163
BD+60 2522
HD 96548
HD 50896

Spectral
Type
WN8
WN8
WN4
WN4
O6.5f
WN6
O6.5III
WN8
WN4

Distance
(kpc)
2.4
3.4
3.7
2.2
1.3
1.3
3.5
2.3
1.5

CSB - circumstellar bubble, ISB - interstellar bubble.

Bubble 1
Type
CSB
CSB
ISB
ISB
CSB
CSB
ISB
CSB
CSB

Angular
Size
80
1.40
4.40
200
0
6.3 ×3.60
180
30
9.40
400

Diameter
(pc)
5.6
1.4
4.7
12.8
2.4×1.4
6.8
3.0
6.3
17.5

Emitting Like S308
XMM-Newton EPIC/pn
(cnt s−1 arcmin−2 )
8.6 × 10−5
5.0 × 10−6
5.3 × 10−5
2.7 × 10−5
8.6 × 10−5
1.0 × 10−4
7.3 × 10−5
1.7 × 10−4
1.2 × 10−3

Emitting Like NGC 6888
XMM-Newton EPIC/pn
(cnt s−1 arcmin−2 )
1.1 × 10−2
1.5 × 10−3
7.6 × 10−3
4.7 × 10−3
1.1 × 10−2
1.2 × 10−2
9.5 × 10−3
1.7 × 10−2
6.6 × 10−2
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ABSTRACT
We report on new radio observations of the central nebula
in the SNR G0.9+0.1 at 4.8 GHz and 8.6 GHz. These
data unveil a highly clumpy structure of the radio nebula.
Most of the radio features are uncorrelated with the X-ray
emission. Not any point-like radio source is detected at
the position of CXOU J174722.8-280915, the proposed
neutron star. On the contrary, the X-ray source seems to
lie within a small minimum in the radio emission.
Key words: X-rays; Radio continuum; Supernova remnants; G0.9+0.1.

1. INTRODUCTION

, dec= -28   , J2000)
G0.9+0.1 (RA=17
is a composite supernova remnant (SNR) which consists
of a shell and a spectrally distinct inner nebula (Fig. 1),
presumably a pulsar wind nebula, powered by the wind
of relativistic e  /e  pairs from a central pulsar (Helfand
& Becker , 1987; La Rosa et al., 2000). In X-rays, the
central pulsar wind nebula (PWN) was first detected with
BeppoSAX (Mereghetti et al., 1998; Sidoli et el., 2000).
These early detections suggested the presence of a young
neutron star, although no coherent pulsations were observed. Based on ACIS Chandra 0.2-10.0 keV observations of the PWN, Gaensler et al. (2001) identified a faint
semicircular arc, which they suggested to be part of a
torus-like, and a jet-like feature. XMM-Newton observations in the 1.5-12.0 keV interval, show an amorphous
nebula with a bright maximum towards the east of the
PWN (Porquet et al., 2003). The faint, point-like hard
X-ray source CXOU J174722.8-280915, detected at energies above 3 keV (shown as a white plus sign in the figures), is the best candidate for a central pulsar that would
be powering the nebula.

We have conducted high resolution and high sensitivity interferometric radio observations to investigate the
structure of the central nebula in the SNR G0.9+0.1,
looking for correspondences with the associated X-ray

emission. In addition, we have searched for the radio
counterpart of the hard X-ray point-like source CXOU
J174722.8-280915.

2. OBSERVATIONS
The radio continuum emission associated with the PWN
in G0.9+0.1 was simultaneously observed at 4.8 GHz and
at 8.6 GHz using the Australia Telescope Compact Array
(ATCA) during 12 hours on 15/16 January 2004. The
array was used in the 6B configuration, which records
visibilities from baselines 214m to 6km. The 4.8 GHz
ATCA data were combined with VLA archive data and
with single dish data extracted from the Green Bank 4850
MHz Survey (Condon et al. , 1991) to produce a radio
image with all spatial frequencies recovered. The
 angular resolution of the final images are 2      and
1      and the rms noise are 0.085 mJy/beam and
0.15 mJy/beam at 4.8 GHz and 8.6 GHz, respectively.

3. RESULTS AND CONCLUSIONS
The new high-resolution radio images of the central nebula in G0.9+0.1 have revealed interesting internal structures at different spatial scales, including arcs, maxima
and holes. Although fainter in general and with a poorer
signal-to-noise ratio, the general appearance of the nebula
at 8.6 GHz is very similar to that at 4.8 GHz.
Fig.2 shows the radio image of G0.9+0.1 at 4.8 GHz (in
greyscale) with overlapping contours corresponding to
XMM-Newton X-ray emission in the range 6.0 and 12.0
keV as taken from Porquet et al. (2003). From this figure it can be noticed that the morphology of the PWN
in both spectral regimes is quite different, being the correspondence between radio and X-ray emissions poor in
general. The brightest part of the X-ray nebula lies in
the easter half of the radio nebula. The point like source
CXOU J174722.8-280915 do not have any counterpart in
the radio band. On the contrary, the X-ray source seems
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Figure 1. VLA image of the SNR G0.9+0.1 at 330 MHz
(from Nord et al. 2004). The plus sign indicates the location of CXOU J174722.8-280915.
to lie within a small minimum in the radio band. The eastern radio maximum in the PWN is shifted to the north
from the X-ray maximum by about 3   . A radio maximum observed near the southeast border of the nebula is
the only one that coincides with one X-ray feature. Such
feature was suggested by Gaensler et al. (2001) to be the
termination of a jet.
In summary, the high resolution radio image of the central nebula in G0.9+0.1 reveals the existence of internal
structures at different scales. The brighter central band
of radio emission could be part of the torus-like feature
early suggested based on Chandra X-ray data. The existence of a jet-like feature, however, is not evident in the
radio image.
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ABSTRACT

We report on new VLA radio and XMM-Newton X-ray
observations of the SNR G352.7-0.1. These high sensitivity, high resolution data reveal that G352.7-0.1 belongs
to the thermal composite morphological class. Small
scale structures in radio and X-ray emission are not always correlated and are different for the different X-rays
bands examined. The distance to G352.7-0.1 can be constrained between 6.6 and 8.4 kpc. The study of the HI
suggests that G352.7-0.1 is located within a cavity probably created by the stellar wind of the precursor star.
Key words: X-rays; Radio continuum; Supernova remnants; G352.7-0.1; ISM.

2. RADIO AND X-RAY OBSERVATIONS
The radio image at 4.8 GHz was produced from VLA
archival data corresponding to observations carried out in
its DnC configuration. The data were processed under the
Miriad software package following standard procedures.
The angular resolution of the final image is 1200 × 900 and
the noise is 0.2 mJy/beam.
X-ray images and spectra were obtained from EPIC
data of an XMM-Newton observation of G352.7-0.1 performed on October 3, 2002. The public data were extracted from the XMM-Newton Science Archive and processed using version 6.5.0 of the XMM-Newton Science
Analysis System. The MOS and pn cameras were operated in FULL FRAME mode with the Medium filter. Net
exposure times were 25 ks and 20 ks for the MOS and
pn cameras, respectively. The astrometry of the resulting
images was confirmed to be accurate to about 5 arcsec.

1. INTRODUCTION
3. RESULTS
G352.7-0.1 is a supernova remnant (SNR) classified as
a shell-like type, with a size of 80 × 60 . The high resolution VLA image at 1.4 GHz obtained by Dubner et al.
(1993) shows the presence of two overlapping ring structures and an unresolved bright spot over the eastern limb,
whose origin is unclear. Kinugasa et al. (1998) presented
an ASCA X-ray image that is described as a shell which
roughly coincides with the inner radio shell. They proposed that G352.7-0.1 is a middle-age (2200 years) SNR
located at 8.5 kpc, evolving in a pre-existing cavity.
We present the comparison between high spatial resolution radio data and XMM-Newton X-ray data of G352.70.1, carried out to investigate the origin of the observed
morphologies, analysing also their X-ray spectra. In addition, based on HI data taken from the SGPS survey
(McClure-Griffith et al., 2001) and CO data from the CfA
CO survey (Dame & Thaddeus, 2001) we investigate the
atomic and molecular gas in the direction to G352.7-0.1
to set constraints on its distance.

Fig.1 (Left) shows G352.7-0.1 at 4.8 GHz. The overall
appearance of this image resembles that at 1.4 GHz, but
the higher angular resolution of these data reveal clumpy
structures on small scales. The largest angular scale
structures, however, have not been fully recovered because of the incomplete sampling in the visibility plane.
Fig. 1 (Right) shows the broadband (0.15 - 8.0 keV) EPIC
image of G352.7-0.1 overlaid with the VLA radio contours at 1.4 GHz as taken from Dubner et al. (1993).
The X-ray emission is confined within the inner radio
shell, filling it almost completely. The emission is characterized by the presence of several knots of emission.
The brightest radio spot has not counterpart in the Xray range and vice-versa. These new observations reveal
that G352.7-0.1 belongs to the composite morphological
class, i.e. shell-like in radio, filled- centre in the X-ray
regime. Narrowband images centered at the Si, S, Ar and
Fe emission lines are displayed in Fig. 2 (a), (b), (c) and
(d) respectively. The distribution of the emission in the
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Figure 1. Left: Gray-scale and contour image of G352.70.1 at 4.8 GHz. Right: XMM-Newton X-ray data in the
range 0.15 to 8.0 keV (gray-scale) overlaid with the VLA
radio contours at 1.4 GHz (from Dubner et al. 1993).

DECLINATION (J2000)

17 28 00

10

10
17 27 55

50

45

40
35
30
RIGHT ASCENSION (J2000)

25

20

17 27 55

50

25

20

energy bands centered at Si and S lines are quite similar
to the broadband image. The image centered in the Ar
line, instead, outstands only near the southeastern X-ray
maximum. The distribution of the Fe emission line band
is more clumpy and anti-correlated with the other bands.

Figure 2. XMM-Newton EPIC images in the bands centered in: (a) the Si XIII/XV line (1.7-2 keV), (b) the S
XIII/XV line (2.3-2.6 keV), (c) the Ar XVII line (3.1-3.3
keV) and (d) the Fe Kα line (6.3-6.7 keV).

EPIC X-ray spectra were obtained from a circular region
with a radius 2.50 and were background subtracted using an annular region surrounding the SNR. The data
were simultaneously fit in the 0.5 -7.5 keV band with
a non-equilibrium ionization collisional plasma model
(Borkowski et al., 2001), assuming a constant temperature and single ionization parameter, combined with
ISM absorption. The best fit requires significant overabundance of Si, S, Ar and Ca with respect to the solar
values of Anders & Grevesse (1989). An additional component is needed to model the Fe Kα emission at 6.4 keV.
The values obtained are kT ∼ 1.7 keV, τ ∼ 4.7 × 1010 s
cm−3 and NH ∼ 2.6 × 1022 cm−2 .

G352.7-0.1 and its environs it can be concluded that: (a)
This SNR belongs to the thermal composite morphological class; (b) the bright radio spot seen to the east of the
SNR has not counterpart in the X-ray emission; (c) the
distance to G352.7-0.1 is set between 6.6 and 8.4 kpc; (d)
G352.7-0.1 is located within a cavity, probably created
by the stellar wind of its precursor star.

To estimate the distance to G352.7-0.1, we analized HI
profiles in the direction to the bright eastern spot in
G352.7-0.1. These profiles reveal an absorption HI feature around VLSR ∼ -85 km/s. A flat rotation curve of
the Galaxy produces for this radial velocity a near distance of ∼ 6.6 kpc and a far distance of ∼ 10.2 kpc. Since
no absorption features are observed at more negative velocities, 6.6 kpc can be confidently set as the lower limit
for the distance. An upper limit is the tangent point at ∼
-189 km/s, corresponding to the kinematical distance of
8.4 kpc. Based on CO and HI observations we estimated
the cumulative absorbing column density in direction to
G352.7-0.1. The obtained value is in good agreement
with the NH derived from the XMM-Newton spectrum if
the SNR is located at a distance between 6.6 and 8.4 kpc.
On the other hand, the analysis of the distribution of the
HI emission near 7 kpc reveals the presence of an open
shell surrounding G352.7-0.1. It is possible that this shell
represents the walls of the wind-blown cavity suggested
by Kinugasa et al. (1998).
In summary, from the radio and X-ray study of the SNR
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ABSTRACT
We present here our analysis of XMM-Newton observation of the Supernova Remnant (SNR) W44 and its associated pulsar PSR 1853+01. The remnant was observed
with XMM-Newton in two separate observations for a total of 36 ks. We have also added to our analysis a short
observation (7ks) centered on the pulsar position. Our observation was conducted with the MOS 1 in timing mode
and the MOS2 and PN in full window mode. We present
here the spectral analysis of all the full window mode
data available. There is no trace of pulsed X-ray emission from PSR 1853+01 in the available data.
Key words: Supernova remnants; W44 ; X-rays.
1.

Figure 1. XMM-Newton MOS2 image of W44 in the 1.2
to 2.0 keV energy band. The circles marked with dotted
lines defines regions used in the spectral analysis below.

INTRODUCTION

W44 (Westerhout, 1958) shows highly polarized nonthermal radio emission (Kundu & Velusany, 1972). OH
and H I absorption measurements ((Knapp & Kerr, 1974)
and references herein) have resulted in a mapping of the
heavily obscured surroundings of the SNR and lead to
the accepted distance to the remnant of 3 kpc. A 20 cm
VLA image (Jones, Smith, & Angellini, 1993) shows
a roughly elliptical limb-brightened radio shell (a total
flux of about 200 Jy) with major and minor semi-axes of
170 and 11.450 . In X-rays. the remnant is quite bright,
a total flux of about 6×10−11 erg cm−2 s−1 derived
from our ASCA analysis (Harrus et al., 1997) between 0.4
and 2.0 keV, and centrally peaked. A radio pulsar, PSR
B1853+01, associated with W44 was discovered in 1991
(Wolszcan, Cordes, & Dewey, 1991) and its X-ray counterpart was detected in 1996 using ASCA data (Harrus,
Hughes, & Helfand, 1996). It is quite weak, its luminosity accounting for only about 3% of the total X-ray
luminosity of the remnant in the 0.4–2.0 keV band.
Here we report on an XMM-Newton observation of the
remnant. The initial observation (36 ks) was split into two
observations which suffered from contamination from
soft protons to a different extent. This contamination
does not affect the analysis of PSR B1853+01 (because

the source’s extent is smaller than 3000 ) but only about
one-thirst of the data were usable for analysis of the extended emission from the SNR.
2.

SNR DIFFUSE EMISSION

All the observations were reprocessed from the raw data
(ODF) using the most recent version of the SAS software (version SAS 6.5). The MOS1 data are in timing mode and not used in this analysis. After standard
cleaning procedures, cuts for the soft protons contamination and merging of all the observations, we end up
with a total of 69894(135564) events in the MOS2 (PN).
Events from a region of 3000 around PSR B1853+01 were
excluded. As expected, the spectrum from the entire
SNR is thermally dominated. We find that its principal characteristics can be described by a simple thermal
model with absorption (tbabs*mekal) associated with a
column density and a temperature compatible with our
previous ASCA analysis, i.e. a column density, NH ,
of (1.7±0.6)×1022 cm−2 and an emissivity-weighted
temperature kT , of (0.6±0.3) keV. The unabsorbed total fluxes computed in this case (neglecting the pulsar
contribution) are 8×10−10 erg cm−2 s−1 , 1.8×10−11

2
erg cm−2 s−1 , and 6.1×10−13 erg cm−2 s−1 between
[0.5-2.0], [2.0-4.0], and [4.0-10.0] keV respectively. We
analyzed the spectra from two different regions in the
remnant. One is defined as the brightest knot in the center
and the other is the extended faint emission in the northern part of the remnant (see Fig. 1). The emission in the
bright knot can be best characterized by a mekal model
with variable abundances (associated with absorption). In
our analysis, any element for which the error on its abundances included its solar value was kept at its solar abundance. We find an absorption just above 1.2×1022 cm−2
and the same emissivity-weighted temperature as in the
general case (kT ∼ 0.6 keV). Only Ar (about 25% solar) and Fe (less than 15% solar) are clearly depleted (in
agreement with previous studies). Si and S are marginally
depleted (80% and 60% solar respectively) and we cannot
draw any definite conclusion for any other elements. Our
analysis of the PN data yields the same results. The analysis of both the MOS2 and the PN data from the second
region reveal that both the column density and the temperature stay roughly the same but the abundances vary.
In this region, it seems that Ne, Mg, Si, S, Ar and Fe
are all depleted compared to solar abundances and significantly lower than in the bright region defined above.

our ASCA analysis in which we found a photon index of
about 2.3, but much lower than the value of 1.29±0.45
found by a more recent Chandra analysis (Petre, Kuntz, &
Shelton, 2002).This is not so surprising considering that
Chandra can isolate the emission at a much smaller level
while the XMM-Newton point spread function results in
a larger portion of the outer emission to being included in
our analysis. This explanation is confirmed by comparing
our result to the Chandra-derived variation of the spectral
index as a function of the radial distance to the PSR (see
Fig. 2 right). We find that the unabsorbed flux from the
central source is about 2.6×10−13 erg cm−2 s−1 between
2.0 and 10 keV. At a distance of 3 kpc, this translates to a
total luminosity of 6.5×1032 erg s−1 , which, along with
the Ė of 4×1035 erg s−1 measured for the PSR B1853+0,
gives us a LX /Ė of 0.0016. This is much smaller than
the measured values for the Crab Nebula (0.05) or 3C58
(0.006).
4.

UV EMISSION FROM W44 REGION

We used the Optical Monitor with the UVW1 filter
(2000 Å to 4000 Å). The data are recombined at the
end of the processing in one image per filter both at low
and high resolution. We kept all of the observation because the OM data are largely unaffected by the flares
(soft protons) that wreak such a havoc in the X-ray data
analysis. However, the effective area of the OM for the
UVW1 filter is quite small (peaking at about 20 cm−2
around 3000 Å). We find that both the remnant and the
PSR B1853+01 are undetected.
ACKNOWLEDGMENTS

Figure 2. (Left) W44 between 2 and 8 keV. The image
is background subtracted, exposure corrected and adaptively smoothed. PSR B1853+01 is detected as the emission in the lower part of the remnant. (Right) Photon
index as a function of the distance from the PSR. The
graph is from Petre, Kuntz, & Shelton (2002). This XMMNewton analysis is marked at 1000 and 2.2.
3.

ANALYSIS OF THE PULSAR EMISSION

PSR B1853+01 is clearly detected in our observation (see
Fig. 2 left panel). We extracted the spectrum from a
radius of 2000 centered at 18h 56m 11s , 1◦ 130 2400 (J2000).
This is about 600 away from the catalogued position of
PSR B1853+01 and 400 away from the Chandra identification of the PSR. The background is extracted from an annulus between 4500 and the chip border at 8700 . The background extraction region is chosen so to be outside the
PSR emission region but inside the SNR to subtract as
much as possible of the SNR emission. The spectrum
extracted contains 600 photons. We find that the emission from the PSR region can be best described by a
power law of spectral index 2.2+0.49
−0.42 , associated with a
slightly lower column density than the entire remnant (
NH = (0.6±0.2)×1022 cm−2 ). This is in agreement with
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ABSTRACT
It has been known for decades that the Local Bubble (LB)
is a very important contributor to the diffuse soft x-ray
background. The exact contribution of the LB in different
directions of the sky is still unknown. With the advent of
the new generation of x-ray satellites, like XMM-Newton
and Chandra, we can performed on a systematic study
of the spatial structure of the LB. We present a spectral
study of the LB contribution to the soft x-ray background
emission in the direction of Hyades and Ophiuchus.
Key words: Soft X-ray Diffuse Background; Local Hot
Bubble; Galactic Halo :ISM: Hyades.

1. INTRODUCTION
For more than 30 years it is known that the solar system
is surrounded by a hot and tenuous plasma emitting soft
x-ray photons. With the discovery that this x-ray emission anti correlates with the neutral hydrogen density the
Local Bubble (LB) model was put forward (Sanders et
al., 1977; Tanaka & Bleeker, 1977). Comparing the average density of neutral material, of the normal interstellar
medium (ISM), this low neutral density forms a cavity
that has an average radius of 100 pc and is elongated in
the poles directions. In the past, due to the medium spectral resolution, the LB spectra have been modeled using
a plasma in collisional ionization equilibrium. An ongoing study of the 3D structure of the LB is being performed. Both spatial and spectral variations of the LB
are investigated. In this study, we make use of the powerful capabilities of the XMM-Newton satellite to study the
contribution of the LB in several lines of sight. Of prime
importance is the use of x-ray shadows experiments on
dense molecular clouds, such as Ophiuchus (Mendes et
al., 2005), to disentangle the contribution of the LB, e.g.
in direction of the galactic center. The present communication is a report on the contribution of the LB to the diffuse soft x-ray background in direction ofthe Hyades star
pc and its age
cluster. The distance to the Hyades is


is about
Myr (Perryman, M. et al., 1998).

The
 galac
tic column density in this direction is
cm  .
2. DATA REDUCTION
For this particular study we have used XMM-Newton
data. The data (ID 0094810301) were obtained with the
EPIC-PN camera in full frame mode with thin filter. This
field was observed for 10.0 ks from which only 6.0 ks, of
low background, were used for scientific purposes. All
data reduction was performed using the standard tasks in
SAS v.6.1.0. Since we are mainly interested in studying
the weak diffuse soft x-ray emission, by nature an extended source of x-ray photons, it is important to use all
the field of view from the EPIC-PN camera. To avoid the
contribution of x-ray emission due to point sources to the
diffuse soft x-ray emission spectrum, a source detection
was performed. A total of 23 detected point sources were
removed for the present analysis. Two of the sources
were strong enough to produce significant out of time
events. In these cases several columns had to be removed
from the events file in order
 to avoid contamination. From
the remaining area (
arcmin ) a spectrum, to study
the diffuse soft x-ray emission, was extracted.
3. SPECTRAL ANALYSIS
Besides the extraction of a spectrum, appropriate response and ancillary files were created for spectral analysis. A closed filter observation was used to produce a
detector background spectrum for subtraction. The spectral fitting has been performed in XSPEC v.11.3.1. The
spectrum was binned to have at least 50 counts per energy
channel.
3.1. The Model
The first assumption that was made, when fitting the extracted x-ray spectrum, was that this x-ray emission could
be successfully explained using two plasmas, one representing the LB and one the hot galactic halo, and the extragalactic power law. However, such a simple model was

2
Table 1. Results from the best fit to the model.
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Figure 2. In this figure we compare two spectra, one from
the Hyades field (grey-dotted) and one from the region
of Ophiuchus molecular cloud with the highest column
density (black-solid). As can be seen there is a significant
difference in the 0.5 - 0.7 keV band.

Figure 1. In this figure the best fit to the data is shown.
Also shown are the various model components: the LB,
the galactic hot halo, a very hot plasma and the extragalactic power law.
not sufficient to explain the observed spectrum. Another
plasma had to be added to the previous model in order to
account
 (*)+for
 the unexpected high flux on the energy range
of
keV. The model used during the fitting procedure consists of three Raymond-Smith plasmas, a power
law representing the extragalactic background, presumably due to a population on unresolved AGN’s, and two
Gaussian lines which were added just for fit purposes.
The power law spectral index and the normalization values were fixed to the ones)/that
expect
from
  one should
 +0

,.
21 phoLumb et al.
and
 (2002),

 tons cm  s  keV  . In Tab. 1 the results from the best
fit to the model are presented. In Fig. 1 the plot of the fit
is shown. Due to the low statistics the errors from the fit
are high. The 3 red of the fit is 1.03 with 144 degrees of
freedom.
4. HYADES VERSUS OPHIUCHUS
In Fig. 2 we compare two spectra, one from the Hyades
field and one from the Ophiuchus field (ID 0112480101).
To make this comparison we used a Ophiuchus spectrum,
extracted from the region with the highest column density. This high column density efficiently blocks the soft
x-ray radiation ( 4 1 keV) from the background of the
cloud producing a x-ray shadow. The observed soft x-

ray emission is produced in the foreground. Both spectra
were extracted in a region with a radius of 5.833 arcmin.
The spectra were binned to have 50 counts per energy
channel. In the case ofthe
Ophiuchus
spectrum the emis% )5
6
sion in the interval of
keV is higher than in the
Hyades spectrum. The opposite occurs around 1.0 keV
and at 1.7 keV, where the emission is lower than in the
Hyades spectrum.
5. CONCLUSIONS
We briefly summarize the preliminary results from this
study. The LB, the galactic halo and the extragalactic xray background are not enough to explain the observed
spectrum. A very hot plasma
 (7)8is needed to account for the
flux on the interval of
keV. There is an unidentified emission line in the spectrum, that cannot be explained. This is still work in progress, and a more detailed
investigation of these discrepancies are underway.
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ABSTRACT

2.

METHOD

A numerical model is presented which calculates the Xray emission from radiative shocks in supernovae. Type
IIL and Type IIn supernovae generally have a sufficiently
dense circumstellar medium for the interaction between
the supernova ejecta and circumstellar medium to be
strong, leading to substantial X-ray emission already a
few days after the explosion. Assuming the flow is stationary, our model combines hydrodynamic calculations
with time dependent ionization balance and multi-level
calculations. We find large differences between the selfconsistent, hydrodynamic model and simple one- or twotemperature fits. The dependence of the resulting spectrum on shock velocity and chemical composition are
discussed, as well as the difference between spectra produced by this model and single-temperature spectra. The
applicability of our model for various types of supernovae
is discussed, and examples of applications to observations are given.

Our model combines hydrodynamic calculations for a
stationary flow with time-dependent ionization balance
and multi-level calculations. The main input parameters
to the hydrodynamic code are the reverse shock temperature and the chemical composition, and for the normalization of the spectrum, the mass loss rate of the progenitor
and the ejecta and wind density gradients. The output is
the density and temperature structure in the cooling region.
For the spectral code we take as input the density and
temperature from the hydro-code and use this for computing the time-dependent ionization structure in the cooling region. Multi-level calculations are done which then
yield the line emission. The cooling is the sum of line
emission and continuum emission, and couples back to
the hydrodynamic equations to give the size of each cooling zone. The model is described in detail in Nymark,
Fransson & Kozma (2005).

Key words: supernovae: general – stars: circumstellar
matter – X-rays: supernovae – hydrodynamics .
3.
1.

ONE TEMPERATURE VERSUS MANY

INTRODUCTION

The X-ray emission from most Type IIL and Type IIn
supernovae is dominated by the interaction between the
ejected material and the circumstellar gas. During a supernova explosion the ejected material collides with and
sweeps up the circumstellar gas. This creates two shocks;
one moving into the circumstellar medium and one reverse shock, moving backward into the ejecta. The latter
is often radiative, creating strong line emission, mostly in
X-rays due to the high temperatures involved.

The reverse shock is often modeled with a single temperature. While this is a good approximation for an adiabatic
shock, it is not sufficient to reproduce the emission from a
radiative shock. The total emission will be overestimated,
and many lines from low-temperature regions will not be
present in the synthetic spectrum. In combining hydrodynamic calculations with an emission code, our model
traces the cooling region better (Fig. 1).

4.
Our goal has been to develop a model which can reproduce the X-ray emission from the reverse shock by taking into account the contributions from all cooling zones.
We have applied the model for the radiative shocks of
SN 1987A (Gröningsson et al), as well as to Type IIP
SNe (Chevalier et al). In the future we hope to model the
spectra of especially SN 1993J and SN 1998S.

EFFECTS OF COMPOSITION

As the reverse shock travels backwards into the ejecta, it
passes through regions of different composition reflecting
the different burning zones in the progenitor. This affects
the emitted spectrum, as elements normally rare come to
dominate both line and continuum emission. We have

2
emission from the reverse shock increases. The observed
spectrum is the sum of the absorbed spectrum from the
reverse shock and the contribution from the circumstellar
shock.

Figure 1. Comparison between a single temperature
spectrum with T=1.0 keV (thin line) and a cooling shock
spectrum created by our model, with initial temperature
T=1.0 keV (thick line), both with solar composition. The
spectra are normalized to have the same total flux in the
range 1-10 keV.
computed three models to correspond to the most important burning zones, as well as a solar composition model
(Fig. 2). We see that both line and continuum emission
are strongly affected by the composition.

Figure 3. Total spectrum (solid line) for V=10,000 km/s,
T=1 keV, t=100 days and solar composition, created by
adding the emission from the circumstellar (dashed line)
and reverse (dotted line) shocks, assuming an absorbing
column density of 1022 cm−2 in the cool shell.
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Figure 2. X-ray spectra produced by four models with
different composition. All models have V=10,000 km/s
and T=1.0 keV.

5.

TOTAL SPECTRUM

At early times most of the energy emitted by the cooling gas is absorbed in the cool shell close to the contact discontinuity. At first only the most energetic emission passes through, while lower energies are completely
absorbed. As the emitting region expands, the optical
depth in the cool shell drops. The absorption decreases,
first at high energies, later at lower energies. As time
passes, more of the low-energy emission emerges, so that
even though the total emission decreases, the emerging
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ABSTRACT
We have undertaken a series of studies of Magellanic
Cloud (MC) supernova remnants (SNRs), utilizing the
high spatial and spectral resolution and sensitivity of instruments aboard Chandra and XMM-Newton, as well
as supplemental observations at optical and radio wavelengths. Here we present the findings of some of our
recent work using these X-ray observatories. Our study
has focused on older, well-evolved remnants, allowing us
to examine the later stages of SNR evolution. The sensitivity and depth of our observations have enabled us
to detect previously unseen X-ray emission from large,
faint shells. In addition, the superior spatial resolution
of these instruments has allowed us to distinguish particular X-ray features, including two new candidates for
pulsar-wind nebulae (PWNe), and to perform spatially resolved spectroscopy for these SNRs. Using these data,
we study several SNRs in which X-rays generated at the
shock front no longer dominate the emission, leading to a
central brightening in X-rays typical of ”mixed morphology” SNRs. Further, we investigate regions where two or
more SNRs exist in close proximity, with the possibility
of multi-SNR interactions. In each case, we analyze the
physical properties and progenitor types of the SNRs.
Key words: Supernova Remnants;X-rays.
1. THE MIXED-COMPOSITE SNR B 0532-71.0 IN
N206
Radio observations of N206 revealed a “linear feature”
projected outward from the SNR center (Klinger et al.,
2002). The high spatial resolution of Chandra reveals
a point-like X-ray source at the outer tip of this radial
feature. This source and its surroundings have nonthermal X-ray spectra (Γ ∼ 2), with the ratio of thermal to

nonthermal flux increasing with distance from the source.
The characteristics of the surrounding emission suggest
a bow-shock structure around a moving pulsar and its
PWN, making this a “composite” SNR. The presence of
the probable pulsar, and the high O/Fe ratio found elsewhere in the SNR, indicate that the SNR is the result of a
Type II SN.
As well as emission from the PWN, there is also thermal
X-ray emission central to the SNR, brighter than at the
SNR limb. This, combined with the shell-like radio and
optical structure, is the signature of “mixed-morphology”
SNRs. The morphology indicates that the SNR shock has
slowed to a speed insufficient to generate strong X-ray
emission at the limb, so the SNR is dominated by “fossil”
emission – gas heated to high temperatures by the shock
in earlier, more energetic stages. This work is published
in Williams et al. (2005a).

2. DEML316: A TALE OF TWO SHELLS
DEML316 shows two overlapping shells, A (NE) and B
(SW), at radio and optical wavelengths. We use Chandra and XMM-Newton X-ray data to study the nature of
the hot gas this system. The two shells show markedly
different characteristics.
• The Shell A spectrum is best fit by a thermal plasma
model (kT ∼ 1.4 keV) with abundance ratios characteristic of Type Ia SNR (O/Fe of 1.5 and Ne/Fe
of 0.2). We do not find significant spectral differences across the SNR, suggesting substantial equlibration through thermal conduction and/or turbulent
mixing.
• Most of Shell B is well described by a thermal plasma
model (kT ∼ 0.6 keV) with abundance ratios characteristic of Type II SNR (O/Fe of 30–130 and
Ne/Fe of 8–16). However, a bright knot within Shell
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Parameter
NH (1021 cm−2 )
kT (keV)
O/Fe
ne (cm−3 )
Mg (M )
P (10−10 dyn cm−2 )
Eth (1050 erg)

N206
2.2
0.45
29
0.4
270
3.3
6

Table 1. A Summary of SNR Properties
DEM316A DEM316B
N9
3.6
2.2
2
1.4
0.6
0.34
1.5
30-130
1.3
0.16
0.14
0.15-0.66
50
110
160
6.8
3.4
1
3.0
4.2
3

0046.6
5.5
0.31
55
0.21
440
2.2
7

0047.2
5.5
1.2
38
0.17
110
5.0
5

0047.5
5.1
0.85
47
0.05
290
1.2
11

B requires the addition of a high-energy spectral
component consistent with a power-law spectrum
of photon index 1.6–1.8. This feature and the suggested Type II origin of the SNR suggest the presence of an embedded PWN.

• SNR J 0047.5-7308: This SNR candidate was originally only associated with bright X-rays overlapping
with SNR J 0047.5-7308. New Chandra observations show faint X-rays extending over a region of
faint radio emission, suggesting a much larger SNR.

The difference between the SNR progenitor types, first
reported by Nishiuchi et al. (2001) makes it less probable
that these SNRs are interacting with one another, as suggested by Williams et al. (1997). This work is published
in Williams et al. (2005b).

Spectral fits to each of the three SNRs show abundance
ratios consistent with a Type II SN origin. Analysis of
the stellar content indicates that the combined action of
stellar winds and these SNRs will probably produce a superbubble as the SNRs merge.

3. SNR B 0454-67.2 IN N9: A HOT FOSSIL

5. SUMMARY

The SNR on the southwest side of the N9 H II region
has X-ray emission primarily distributed along a “ridge”
along the SNR interior. As in N206, the SNR seems to be
a product of “fossil” radiation from earlier stages. Unlike
N206, the N9 SNR lacks any sign of a pulsar or PWN,
and its spectrum is dominated by iron lines. The O/Fe
abundance ratio ≤ 1.3), indicating that significant iron
ejecta is present, which in turn types to a Type Ia origin.
This is an unexpected result, as the SNR’s position at the
edge of an H II region indicates a massive-star SN to be
more likely. This work will be published in Seward et al.
(2005).

We have outlined four examinations of X-ray emission
from SNRs in the Magellanic Clouds, supplemented by
observations at other wavelengths. Physical properties
derived from spectral fits to the X-ray data for these remnants are summarized in Table 1. These studies are part
of an overall program to quantify the characteristics of
the SNR populations of the Magellanic Clouds, in order
to evaluate SNR contributions to their host galaxy.

4. A NASCENT SUPERBUBBLE IN THE N19 H II
COMPLEX
The N19 H II complex is host to several regions which
display SNR signatures (X-ray emission, high [S II]/Hα
ratios, and nonthermal radio emission), but it has been
difficult to separate the various components observationally. Using Chandra’s resolution in combination with observations at other wavelengths, we identify three distinct
objects:
• SNR J 0046.6-7308: While previous X-ray observations detected the brightest southern segment of the
SNR shell, our deep Chandra exposure showed the
entire SNR limb, matching the radio morphology.
• SNR J 0047.2-7308: This is the brightest SNR in the
radio and optical regimes. It also has a probable
X-ray point source embedded in a central region of
emission which is harder than that at the SNR limb
- another PWN candidate.
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relativistic multi-component disk) with a power law. We
used the Wilms, Allen, & McCray (2000) abundances and
absorption models (tbabs and tbvarabs). The tbabs absorption model was set to the Galactic value as obtained
from the nH FTOOL in HEASARC, in order to account
for Galactic absorption. We allowed the hydrogen column density, oxygen abundance, and iron abundance to
remain free parameters within the tbvarabs model. As in
Baumgartner & Mushotzky (submitted to ApJ), we found
that the oxygen absorption values from the three EPIC
detectors yielded different values. Thus, we followed the
procedure of Baumgartner & Mushotzky (submitted to
ApJ) in adding an edge model to account for the differences. We added an extra edge component to the MOS1
and MOS2 detectors at an energy of 0.53 keV with optical depths of 0.22 and 0.20 respectively. The sources
and spectral fit parameters will be available in Winter,
Mushotzky, & Reynolds (in preparation).

1. INTRODUCTION

3. HYDROGEN COLUMN DENSITIES

We determined oxygen and iron abundances of the interstellar medium (ISM) using K-shell (O) and L-shell
(Fe) X-ray photo-ionization edges towards Ultra luminous X-ray sources (ULXs). We determine the hydrogen
column densities (n ) towards the ULXs from XMMNewton archival spectra of 14 ULX sources. We compare our X-ray values with those obtained from radio HI
observations for 8 of the sources. The X-ray model n
values are in good agreement with the HI n values, implying that the hydrogen absorption towards the ULX is
not local to the source, with the exception of M81 X-1.
Oxygen abundances and iron abundances are roughly solar for the host galaxies.

Within our Milky Way, X-ray binaries have been used as a
background through which to observe the 542 eV absorption edge produced by photoionization of the inner Kshell electrons of oxygen (Juett, Schulz, & Chakrabarty,
2004). For the first time, we attempt to extend this type
of X-ray absorption study to external galaxies through the
use of ultraluminous X-ray sources (ULXs).

2. SPECTRAL FITTING
We analyzed EPIC MOS and PN data from the XMMNewton archive for 14 bright ULX sources. We required
the X-ray spectra to have atleast 5000 counts for this
study. A majority of the sources were examined in Winter, Mushotzky, & Reynolds (submitted to ApJ), where
the sources were fitted with simple absorbed blackbody
and power law models. In this study, we fit all of the
sources with a base model of the grad model (general

We compared column densities obtained from the X-ray
spectral fits with HI column densities for Holmberg II
X-1, NGC 4559 X-7. NGC 4559 X-10, NGC 5204 X1 (courtesy the WHISP catalog; Swaters et al. 2002)
and NGC 247 X-1, M81 X-1, and Holmberg IX X-1
(Braun 1995). These are represented as circles in Figure
1. We also compare our values with columns obtained
from the E  values for M33 X-8 Long, Charles, &
Dubus (2002) and M81 X-1 (Kong et al., 2000) using
the relationship derived by Predehl & Schmitt (1995):

n    cm  E  . These are represented
as triangles. The X-ray values correspond to the alternate
measurements, with the exception of M81 X-1. For this
source the X-ray column is greater, indicating the possibility of extra absorption surrounding the source.
This result is interesting considering that the X-ray measured column densities are along a direct line of sight
to the ULXs while the HI measurements are an average
over a larger beam area. The agreement between the two
measurements implies that the ULX sources lie within

2
roughly normal areas of the galaxy (i.e. not in regions of
higher column density such as a molecular cloud).

4. O/H RATIOS
We compare the oxygen abundance values obtained from
the X-ray spectral fits with those from studies of HII regions in Figure 2. The circles are a comparison with

a study by Pilyugin, V lchez, & Contini (2004) (Pmethod). Their method was based on spectrophotometric studies of HII regions in the host galaxies. We include with the circle symbols the O/H value obtained by
Miller (1995) for Holmberg IX X-1 from an optical study
of the surrounding HII region as well as the O/H value for
NGC 1313 (8.4) obtained separately by Calzetti & Kinney (1994) and Walsh & Roy (1997). The triangle symbols represent a comparison with values obtained by Garnett (2002) using an alternate method (R23-calibration
method). Our values are in better agreement with those
of Garnett (2002).
We found that the ratio of Fe/H to O/H obtained through
the X-ray spectral modeling (tbvarabs) was roughly the
solar value. The iron abundance (from the iron L-shell
edge located at 851 keV) was less well-constrained than
the oxygen abundance. For the sources with greater number of counts (  20000 counts) and thus better constraints
on abundances, the values for iron and oxygen do not deviate significantly from solar values. The values O/H and
Fe/H correspond to: O/H = 12 + log(O 0.00049); Fe/H
= 12 + log(Fe      ), where O and Fe are the
abundances derived from the spectral fits using the Wilms
solar values.

Figure 1. Comparison of the hydrogen column density
obtained through the X-ray spectral fits with values from
HI radio studies. The X-ray values are in good agreement with the radio measurements. The HI values are an
average of the columns over a larger beam area while
the X-ray values are a direct measurement along the line
of sight to the ULX. This suggests that the sources have
average column densities and therefore do not lie within
special areas of the galaxy (such as a molecular cloud).
The exception is M81 X-1 (the four outlying points) which
may show evidence for extra absorption intrinsic to the
source.
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Figure 2. Comparison of the X-ray derived O/H ratios
with those from optical/UV studies (see text). The values
are in good agreement with those obtained by Garnett
(2002). We note that the obtained oxygen abundances are
roughly the solar Wilms values for all of the ULX sources.

1

CHANDRA OBSERVATION OF RCW 89 AT TWO EPOCHS

Y. Yatsu1 , N. Kawai1 , J. Kataoka1 , T. Tamura2 , and W. Brinkmann3
1

Department of Physics, Tokyo Institute of Technology, 2-12-1 Oookayama Meguro Tokyo 152-8551, Japan,
yatus@hp.phys.titech.ac.jp
2
Department of Physics, Nagoya University, Chikusa-ku, Nagoya 464-8602, Japan
3
Max-Planck-Institut für Extraterrestrische Physik, Postfach 1603, 85740 Garching, Germany

ABSTRACT
We presented a Chandra observation of the HII region
RCW 89 in Dec 2004. RCW 89 is part of the radio shell
supernova remnant MSH 15-52 which contains a 150 ms
young pulsar PSR B1509-58. Comparing with the X-ray
image taken by Chandra in Aug 2000, we found that each
plasma clouds in RCW 89 have moved outward from the
SNR center. The velocity of the radial motion is 5800
± 2300 km s−1 . This result agrees with the scenario in
which the plasma clouds in RCW 89 are the SN ejecta
from the progenitor of the pulsar.
Key words: ISM, pulsars, supernova remnants.
1. INTRODUCTION
PSR B1509-58, a 150 ms radio, X-ray, gamma-ray pulsar is one of the youngest pulsars ever known. From the
spin parameters, a characteristic age τc = 1700 yr, a spindown luminosity Ė = 1.8 × 1037 ergs s−1 , and a surface
magnetic field Bp = 1.5 × 1013 G have been obtained
(Kaspi et al. 1994). Since the pulsar has a visible crablike pulsar wind nebula (PWN) containing a torus and
jets, this object have been observed many times as a precious sample to study the PWNs.
In radio band, a 30 arcmin diameter radio supernova remnant (SNR) MSH 15-52 exists around the pulsar and is
believed to associate with the central pulsar (Caswell et
al. 1981). HI absorption measurements confirm the distance to the SNR as 5.2 ± 1.4 kpc (Gaensler et al. 1999).
From the distance the kinetic age of the SNR is constrained as 6∼20 kyr assuming standard parameters for
the ISM and for the supernova explosion (Seward et al.
1983). But this age is an order of magnitude larger than
the characteristic age of the pulsar.
The HII region RCW 89 discovered by Rodgers et al.
(1960) is an unique feature of the pulsar-SNR system. In
optical the nebula shows complicated filaments lying on
the north radio shell. From optical and IR spectroscopic
observations, the number density of nebula is measured ,
ne ∼ 5 × 103 − 5 × 104 cm−3 (Seward et al. 1983).

Past radio observations showed that the nebula emits nonthermal continuum radio from the clumpy structures in
RCW 89 (Gaensler et al. 1999). In X-rays, RCW 89
has a spectrum with several line features and non-thermal
continuum (Tamura et al. 1996). The Chandra observation revealed that the thermal components are mainly due
to the clumps in RCW 89 which coincide well with the
non-thermal radio structures (Gaensler et al. 2002).
Since the pulsar has jet which seems to flow into the
nebula, one may propose that the thermal plasma nebula is powered by the pulsar jet (Manchester et al. 1987;
Tamura et al. 1996; Brazier et al. 1997). Yatsu et al.
(2005) reported that the temperature and ionization age
(ne t cm−3 s) depend on the position and vary along the
horse-shoe shape. Although the plasma seems not to be
heated simultaneously, this results are insufficient to conclude that the energy source of RCW 89 is the pulsar jet.
The SNR system MSH 15-52 is a visible and precious
sample to study the physics of SNRs and pulsars. However there still remain some questions to be resolved. One
is the discrepancy in age between the pulsar (1700 yr)
and the SNR (∼ 20 kry). Moreover the RCW 89 is still
mysterious, we have not understood the energy source,
origin of the matter and the process of formation. These
problems are important to understand the physics of supernovae, pulsar wind nebulae, and interactions between
the pulsar wind and ISM. In this paper we report a Chandra observation aiming to RCW 89 and discuss about the
dynamics of the RCW 89 by comparing the observation
with past data.
2.

OBSERVATIONS AND RESULTS

RCW 89 was observed on 2004 Dec 31st with Advanced
CCD Imaging Spectrometer (ACIS) aboard Chandra. A
30 ks exposure was made in the “time exposure” mode
with “VFAINT” data format. We carried out the data processing for VFAINT mode using “acis event process” in
CIAO version 3.2. The obtained X-ray image (0.4-8.0
keV) is shown in Fig 1. For comparison, we show Hα
image observed by UKST in Fig 2. The Chandra observation revealed filament structures which seem to be
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Figure 1. X-ray image by Chandra. The energy range is
0.4-8.0 keV. Arrow labels present the secular motions of
the plasma clouds.

Figure 2. Hα image by Super COSMOS H-alpha Survey (http://www-wfau.roe.ac.uk/sss/halpha). The contour
lines represent Chandra data. The central box drawn by
dashed line corresponds to the FOV of the X-ray image.

associated with the optical filaments.
In order to study the dynamics of RCW 89, we measured
the position of each plasma cloud in RCW 89. The past
radio observations show that the proper motion of the pulsar is very small, less than 190 marcsec yr−1 (Kaspi et al.
1994; Gaensler et al. 1999). We therefore used the pulsar
as a reference point. The positions are determined by two
dimensional Gaussian fit using Sherpa. In the calculation
we used the PSF images created by CIAO as the convolution kernel. Then we compared the new observation with
the image taken in Aug 2000. The arrow labels in the
Figure 1 show the moving directions of plasma clouds.
Lengths of arrows are the travel distances elongated by
a factor of 50. The cross labels represent position uncertainties with 1σ confidences. We see that the clouds
moved radially from the pulsar. The average of the radial velocity is 0.2400 ± 0.09 yr−1 , which corresponds to
∼ 5800 ± 2300 km s−1 assuming a distance 5.2 kpc.
3.
3.1.

What accelerates the clouds?

There are two possibilities which accelerates the plasma
clouds up to 5800 km s−1 , the pulsar wind and the Supernova. We evaluate the variation in speed by the pressure
of pulsar wind,
Z

t

t0

S Ė(t)
dt = 0.87
M 4πR2 c

3.2. Transverse time
Assuming uniform motion of the emission region in
RCW 89, we constrain the transverse time as,
∆t =

R
∼ 1800
5800 km s−1

yr.

(2)

This timescale corresponds to the pulsar’s characteristic
age 1700 yr and is consistent with the scenario in which
the SNR and the pulsar are originated in the same progenitor star. The rapid expansion of the SNR requires the
low density ISM or the unusual powerful SN explosion
as suggested by Seward et al. 1983.
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∆v =

smaller than observed velocity 5800 km s−1 . We therefore conclude that the plasma clouds are accelerated by
SN explosion.

km s−1

(1)

where R(∼ 50 )is the distance between the pulsar and the
plasma cloud, r(∼ 500 ) the typical radius of the cloud,
S the cross section of the cloud, and M (∼ 1031 g) the
mass of the cloud. We set the time t0 , when the pulse period was 20 ms. The obtained velocity variation is much
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