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1 Introduction

Galaxies present themselves to our eyes as a grand assembly of stars. Already in
the ancient times, the Milky Way was observed by humans as a bright and broad
band in the sky. It was Galileo Galilei who, in 1610, verified that the Milky Way
consists of numerous stars. A century later, Thomas Wright postulated that the
stars in the Milky Way form a disc (1750, ‘An Original Theory or New Hypothesis
of the Universe’). As we are located in this disc, it is visible to us as a large,
luminous circle across the sky. William Herschel performed a survey of stars
in 1781 and published a drawing of the Milky Way, in which the position of the
Solar system was indicated. Further observations of stars and star clusters by,
e.g., Jacobus Kapteyn, Harlow Shapley, and Robert Julius Trumpler followed and,
finally, revealed the real structure of the Milky Way in the 20th century.

Stars emit light because they generate energy through thermonuclear burning
throughout their lifetime. Hydrogen is first burned into helium in the stellar core,
helium to carbon and oxygen, and ultimately, if the star is massive enough, the
nuclear burning continues up to iron. Stars with high masses have an onion-like
structure consisting of shells of different elements (silicon, oxygen, neon, carbon,
helium, and hydrogen in the outermost layer). At the end of its life, the core of
a massive star with an initial mass higher than ∼8 M"

a collapses, resulting in
an explosion called a ‘supernova’ (SN). A strong shock arises, which ejects the
outer layers outwards. This shock is additionally driven by neutrinos created in
the transformation of protons and electrons to neutrons. In the centre a neutron
star (NS) or a black hole (BH) remains.

Astronomical observations enable us to access the places of stellar birth to
stellar death, as well as the largest structures in the interstellar space to the tiniest
objects in the Galaxy. Observations over the entire electromagnetic spectrum
provide crucial diagnostics for our understanding of the structure and evolution of
our Galaxy and the objects that form it. However, since we are located inside the
Galactic disc, our view is badly compromised by dust and gas, a lack of accurate
distance measurements, and a confusing welter of numerous features along each
line of sight. Thus, to test realistic models for the flow and evolution of matter
through the various components of the interstellar medium (ISM) to stars and
back again, we must look beyond the Milky Way.

The Milky Way, the Andromeda galaxy (M 31), and the Triangulum galaxy
(M 33) are the only spiral galaxies in the Local Group and its most dominant
members. M 31 and M 33, as well as two of our closest neighbours, the Large
and Small Magellanic Clouds (LMC, SMC), are among the best studied external
galaxies, owing to their proximity and modest extinction along the line of sight.
The underlying reason for this is obvious. All of the objects in each of these
galaxies are at approximately the same distances of 48 kpcb, 60 kpc, 760 kpc,
and 860 kpc for the SMC, LMC, M 31, and M 33, respectively (Hilditch et al.,

aSolar mass M" = 1.98892 × 1030 kg
bKiloparsec. 1 Parsec = 3.08567758 × 1016 m
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1 INTRODUCTION

2005; van Leeuwen et al., 2007; Clementini et al., 2011; Sarajedini et al., 2006).
All the sources in each galaxy are subject to roughly the same amount of absorp-
tion. Furthermore, because they are nearby, one can study fainter objects than in
any other galaxy outside the Local Group, and determine their relative location to
other components in the galaxy. Studies of X-ray sources in these galaxies are
essential to our understanding of the X-ray properties of normal galaxies and by
extension, of our own Galaxy.

In the following, I will present my recent projects on Galactic and extragalactic
X-ray sources with the aim to study the physical processes in these objects and
the evolution of galaxies. I would like to point out that all the presented publica-
tions, also those for which I am not the first author, are based on projects initiated
by myself and I have contributed significantly to the analysis as well as to the inter-
pretation of the results. The Emmy Noether research group led by myself, which
started its activities in September 2010, has also carried out additional studies.
These projects have also resulted in numerous additional publications. The entire
list of the studies that have been completed so far can be found in the publication
list.
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2 X-ray Source Population in Galaxies
The first X-ray observation carried out with a rocket flight in 1962 led to the dis-
covery of the powerful X-ray source Sco X-1. Further detections of X-ray sources
resulted from satellite missions in the 1970s. Optical observations showed that
the stars associated with the bright X-ray sources are relatively faint in the op-
tical (13th to 15th magnitude) and show a blue continuum without absorption
features, but emission lines of hydrogen and ionised helium. The presence of
ionised helium in the so-called X-ray stars indicates high temperature for the ori-
gin of emission lines. The Uhuru X-ray satellite discovered that some ‘X-ray stars’
show permanent X-ray pulsations with periods of a few seconds and additional
eclipses. They were recognised to be interacting close binary systems, in which
mass is transferred from one component to the other more compact object. Since
the periods of the pulsations are so short, it was concluded that the compact
object is a spinning NS and the sources were hence called ‘X-ray pulsars’.

Satellite observations resulted in the discovery of more X-ray binaries (XRBs)
and established the following classes of interacting binary systems that can be
bright X-ray sources: high-mass X-ray binaries (HMXBs) and low-mass X-ray bi-
naries (LMXBs) mainly differing in the respective mass and type of the companion
star (e.g., Verbunt, 1993; Bildsten et al., 1997). In these systems, a compact ob-
ject, which is a NS or a BH, accretes matter from the companion. X-rays are
generally produced when gravitational energy of the infalling matter is released.
Galaxies like the Milky Way host both old and young X-ray source populations,
similar to their stellar content. The prompt evolution of HMXBs with lifetimes of
∼106−7 yr makes them a good tracer of the very recent star-formation activity in
a galaxy while the LMXBs with lifetimes of ∼108−9 yr reflect the total stellar con-
tent of a galaxy defined by all the star-formation episodes that the galaxy has
experienced during its lifetime. Observations of the distribution of XRBs in our
Galaxy have told us that the HMXBs are mainly found in spiral arms. This is
not surprising, since this is the place where young stars are born. In contrast,
LMXBs are found in the bulge or globular clusters and are associated with the
older population of a galaxy (Verbunt, 1993; van der Klis, 2000).

Luminosity functions of X-ray sources can be used to characterise the X-ray
binary populations in galaxies (review by Fabbiano, 2006). The comparison of
X-ray luminosity functions (XLFs) of different galaxies show that they scale with
the star-formation rate (SFR) or the mass of the galaxy (Zezas & Fabbiano, 2002;
Kilgard et al., 2002). The cumulative luminosity functions of the XRBs in the Milky
Way are well-described by a power law with a high luminosity cut-off for LMXBs.
Grimm et al. (2003) suggest that the XLFs of HMXBs can be described by a
universal luminosity function, i.e., by a power law with a slope of ∼1.6 and a cut-
off at log(LX) ≈ 40.5 with a normalisation that is proportional to the star-formation
rate. Gilfanov et al. (2004) find a correlation of the normalisation of LMXB XLFs
and the stellar mass of the galaxy. Early-type galaxies in general have steeper
XLFs than late-type galaxies with more active star formation (Kilgard et al., 2002;
Colbert et al., 2004).
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2 X-RAY SOURCE POPULATION IN GALAXIES

Figure 1: XMM-Newton image of M 83 with X-ray sources (left) and a zoom-in on the nuclear
region (upper right, both taken from Ducci et al., 2013) with an optical image of the same area
(lower right, ESO/IDA/Danish 1.5 m/Gendler, Guisard, Thöne).

These results indicate that it may be possible to determine the star formation
history from luminosity functions of X-ray sources in a galaxy, which are more
easily measured for distant galaxies than their resolved stellar populations. We
test the XLFs of galaxies in the nearby Universe with well-known star-formation
histories down to fainter luminosities to build a reliable basis for the study of more
distant, less resolved galaxies.

2.1 M 83
DUCCI, SASAKI, ET AL., 2013, A&A, 553, 7

The starburst galaxy M 83 is a barred spiral galaxy oriented nearly face-on and
located at a distance of 4.5 ± 0.3 Mpc. M 83 is experiencing starburst activity
with a present-day star-formation rate of 3−4M" yr−1. Ultraviolet (UV) images of
M83 obtained with the Galaxy Evolution Explorer (GALEX) satellite revealed the
presence of extended spiral arms and a population of young stars (< 400 Myr) in
the outer disc of M83.

We have analysed three archival observations of M 83 taken with the X-ray
telescope X-ray Multi-Mirror Mission XMM-Newton (Jansen et al., 2001; Aschen-
bach et al., 2000) using the European Photon Imaging Cameras (EPICs, Strüder
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Figure 2: Cumulative XLFs of the XMM-Newton sources in M 83 inside (left) and outside (right)
the D25 ellipse in the 2 – 10 keV band. The red (solid) line shows the corrected XLFs with errors
(dashed). Taken from Ducci et al. (2013).

et al., 2001; Turner et al., 2001) in order to study its X-ray source population
(Ducci et al., 2013). In total, 189 sources were detected in the energy range of
0.2 – 12.0 keV (Fig. 1). We performed a spectral analysis, studied the hardness
ratios and X-ray variability, and searched for cross-correlations with catalogues at
X-ray, optical, infrared (IR), and radio wavelengths to constrain the nature of the
X-ray sources. Among the identified sources are background galaxies and active
galactic nuclei (AGNs), Galactic foreground stars, and objects in M 83.

The XLFs were calculated for sources inside and outside the optical D25 ellipse
of M 83, after correcting the total XLF for incompleteness and subtracting the
AGN contribution (Fig. 2). As can be seen in Figure 2 (left), the XLF does not
change significantly after the subtraction of the contribution by the background
AGNs. Therefore, the majority of sources in the D25 ellipse are most likely M 83
sources. Using a relation between the XLF of HMXBs and the SFR in a galaxy
as suggested by Mineo et al. (2012), we calculate a SFR of 3.1 M" yr−1, in
agreement with the SFR derived from data taken at other wavelengths.

In the outer arms outside the disc (Fig. 2, right diagram), there is also a clear
excess above the population of background AGNs (red line), indicating the exis-
tence of XRBs in the outer arms of M 83 (Ducci et al., 2013). The Kosmogorov-
Smirnov test to compare the distribution of the detected X-ray sources with that
of the AGNs, which is assumed to be homogeneous, showed that the population
of the XMM-Newton sources is significantly different from that of the background
AGNs. Therefore, we conclude that a significant fraction of the observed, yet
unidentified X-ray sources are X-ray binaries in the outer disc of M83.

We thus compiled the first complete catalogue of X-ray sources detected with
XMM-Newton in the field of M 83, which is now available on the VizieR On-line
Data Catalogue website (Data Catalogue J/A+A/553/A7) and in the HEASARC
databasec. In addition, we found indications for the existence of X-ray binaries in
the extended arms of M 83 detected in the UV.

chttp://heasarc.gsfc.nasa.gov/W3Browse/all/m83xmm.html
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3 Accreting X-ray Pulsars
If a neutron star accretes matter from a companion in a binary system, the ac-
creted matter, which is ionised gas, is directed along the strong magnetic field of
the NS and eventually falls onto its surface. Energy is released as high-energy
radiation. If the magnetic axis of the NS is not aligned to the rotational axis, the
observer sees pulsed emission. Therefore, these objects are called accreting X-
ray pulsars. In HMXBs, a NS or a BH forms a binary system with a massive star,
i.e., an O or a B star. A large fraction of the companions of NSs in HMXBs are Be
stars, which are B stars that are believed to have enhanced mass loss around the
equator due to the fast rotation of the star. This forms an equatorial ring around
the star. Every time the NS passes through the ring, an outburst is observed in
X-rays, which is called type I outburst. These sources also sometimes show X-
ray outbursts with much higher luminosities, called type II or giant outbursts. The
giant outbursts are thought to be caused by a sudden increase in mass ejection
and thus accretion rate due to instabilities in the companion star.

The pulse profiles of accreting X-ray pulsars are not always sinusoidal, as ex-
pected from an axially symmetric emitter. Instead, most of them have complicated
pulse profiles that differ from object to object and even show changes if the lumi-
nosity of an object changes. The latter is believed to be caused by the change of
structures in the accretion flow. When the accretion rate is low, which is the case
for low-luminosity intervals, the matter falls freely on the magnetic poles of the
NS. If the accretion rate is higher, the accreted matter forms an accretion column
with a structure that is defined by the magnetic field of the NS. In the accretion
column a shock forms above the surface of the NS and the X-ray luminosity is
enhanced. Thus, the luminosity dependence of pulse profiles is indicative of the
change of the emission components and thus the variation of accretion rate.

In the last few decades a wealth of data of accreting X-ray pulsars have been
collected and analysed. However, there is yet no consistent, comprehensive
model that can reproduce the observed emission and provide us with physical
parameters of the X-ray pulsars. We have therefore started to study the pulse pro-
files of accreting X-ray pulsars using the available abundant data taken with the
Rossi X-ray Timing Explorer (RXTE), INTErnational Gamma Ray Astrophysics
Laboratory (Integral), or BeppoSAX, and compare the observed pulse profiles
with those obtained from a set of comprehensive multi-component models (Kraus
et al., 1995, 2003). These models include a number of important physical ef-
fects, like the different types of accretion column/walls, the formation of halo at
the bottom of the accretion flow, or the scattering of radiation in the upper accre-
tion stream. The emitted radiation is calculated by taking relativistic light-bending
around the NS into account. The comparison of the observed pulse profiles with
the simulated profiles allows us to derive parameters like the mass accretion rate
or the inclination angle between the magnetic axis and the rotation axis of the NS,
as well as the configuration of the magnetic fields. This information will also allow
us to estimate the mass and the radius of a NS.
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3 ACCRETING X-RAY PULSARS

3.1 Pulse Decomposition Analysis
Pulsed emission is observed from an accreting X-ray pulsar because the mag-
netic field of the NS, which is primarily believed to be a dipole field, is not aligned
to its rotation axis. If the emission regions are axially symmetric with respect
to the magnetic axis, the observer should see symmetric pulses. However, the
observed pulse profiles have complex structures and are in general highly asym-
metric.

One of the reasons, which have been suggested for the asymmetry of pulse
profiles, is a distortion of the magnetic dipole (Parmar et al., 1989a; Leahy, 1991;
Riffert et al., 1993; Bulik et al., 1995). In this case the two magnetic poles on
the surface of the NS are not antipodal and the superposition of the symmetric
pulse profiles from each of the pole results in an asymmetric total pulse pro-
file. The decomposition method developed by Kraus et al. (1995) is based on
this assumption. Using this method we can find the two symmetric emission
components from the two poles. We have successfully applied the pulse-profile
decomposition method to the pulse profiles of the X-ray pulsars EXO 2030+375
(Sasaki et al., 2010), A 0535+26 (Caballero et al., 2011), 4U 0115+63 (Sasaki
et al., 2012a), and V 0332+53 (Diplom thesis by D. Müller, second part of paper
by Sasaki et al., 2012a) and derived emission patterns and NS geometries, as
presented in the following.

3.1.1 EXO 2030+375
SASAKI ET AL., 2010, A&A, 517, 8

The source EXO 2030+375 is a Be/X-ray binary showing pulsations in X-rays
with a period of ∼42 s (Parmar et al., 1989b). An orbital period of 46 days has
been measured (Wilson et al., 2002). It shows normal outbursts at almost every
periastron passage of the NS (Wilson et al., 2005). In 2006, EXO 2030+375
underwent a giant outburst, which was the first since the discovery of the source
in 1985 (Corbet & Levine, 2006; Krimm et al., 2006; McCollough et al., 2006).
During this giant outburst, it was monitored by RXTE and also observed with
Integral. We have analysed the pulse profiles of EXO 2030+375 during its giant
outburst using the pulse-profile decomposition method of Kraus et al. (1995) for
different luminosities of the source. Data were divided into several spectral bands
to study the energy dependence of the pulse profiles and their changes between
different energies for varying luminosities. We used the RXTE data in the energy
bands of 2 – 9 keV, 9 – 14 keV, 14 – 20 keV, 20 – 30 keV, and 30 – 115 keV.
For Integral, we used the pulse profiles published by Klochkov et al. (2008) in the
energy bands of 3 – 9 keV, 9 – 14 keV, 14 – 20 keV, 20 – 23 keV, 23 – 26 keV,
26 – 30 keV, 30 – 34 keV, 34 – 39 keV, 39 – 45 keV, 45 – 55 keV, 55 – 70 keV,
and 70 – 120 keV. In total, we analysed 26 pulse profiles from Integral and RXTE
observations. As can be seen in Figure 3, the pulse profiles before the maximum
and after the maximum of the giant outburst taken when the source had similar
luminosities are almost identical.
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Figure 3: Pulse profiles of EXO 2030+375 during the rise (left) and the decay (right) of the giant
outburst in 2006 observed with RXTE. The source had similar luminosities at the times when the
data were taken. Taken from Sasaki et al. (2010).
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3 ACCRETING X-RAY PULSARS

The pulse-profile decomposition method is a backward analysis of the ob-
served emission, based on the assumption that i) the emission arises from the
magnetic poles of the NS and the accretion flow forming a symmetric pattern
and ii) the magnetic field is distorted resulting in an asymmetric geometry of the
NS. We model asymmetric pulse profiles as superposition of two symmetric pulse
profiles based on Fourier analysis. We thus obtain two symmetric functions f1,2,
symmetry points Φ1,2 for each function, and their offset ∆. The symmetry point
corresponds to the pulse phase when the magnetic pole is either closest to or
most distant from the observer on the observer’s line of sight. Once we have
found the two symmetry points, their offset, and the two functions, we can cal-
culate the location of the emission regions and the beam pattern of the emission
around each pole.

Based on the decomposition analysis of EXO 2030+375 we have shown that
the magnetic field of the NS is indeed distorted and that the observed emission is
a composition of that of the two emission regions. For this source only a part of
the emission of each region is visible. The origin of the main peak at phase 0.2 in
the observed pulse profile seems to be the harder pencil beam from the magnetic
pole when it is closer to the observer (see Fig. 4). In addition, a fan beam from the
pole on the other side is also observed at this phase owing to gravitational line
bending. Fan beam is most likely caused by the halo on the surface of the NS
and emission from the wall of the accretion column. Our analysis indicates that,
due to the distorted configuration, both poles are located on the back side of the
NS between phase ∼0.5 and ∼0.7, resulting in a sharp minimum seen at phase
0.6. The observer never looks on the second pole. However, its harder emission
component can be observed as an additional maximum at phase 0.95, which is
more pronounced at lower luminosities.

3.1.2 4U 0115+63
SASAKI ET AL., 2012, A&A, 540, 35 (part 1)

The object 4U 0115+63 was detected in the early years of X-ray astronomy with
the satellites Uhuru (Forman et al., 1976), Vela 5B (Whitlock et al., 1989), SAS
3 (Cominsky et al., 1978), and HEAO-1 (Johnston et al., 1978). It is a binary
system consisting of a NS and a Be star. An orbital period of 24.3 d and a pulse
period of 3.61 s were measured. A giant outburst of 4U 0115+63 was observed in
1999. We analysed its pulse profiles obtained from observations with RXTE and
BeppoSAX, which show strong energy and luminosity dependence (see Fig. 5).

The decomposition of the pulse profiles allowed us to find the symmetric pulse
profiles of two single emission regions. By putting the two emission profiles to-
gether, we then reconstructed the total observed beam pattern of the source. We
removed the effect of the gravitational light deflection to obtain the intrinsic beam
pattern by assuming a standard NS with RNS = 10 km and MNS = 1.4 M". Two of
the resulting intrinsic beam patterns are shown in Figure 6 in polar diagrams.

We conclude that the emission of 4U 0115+63 during the giant outburst can

10



D

N
or

m
al

is
ed

 F
lu

x

Phase

Phase

A B CPhase Phase

Figure 5: Pulse profiles of 4U 0115+63 during the giant outburst in 1999 observed with RXTE
for the observations A (during the rise before the maximum), B (at the maximum, L3−100keV =
1.5 × 1038 erg s−1), C (during the decay), and D (at the end of the decay). We analysed two
additional data taken after the observation D at the very end of the decay (E and F), when the
luminosity of the source was L3−100keV ≤ 2 × 1037 erg s−1. Energy bands are soft to hard from
top to bottom for each observation. The numbers in the plots indicate the bands (lower energy –
upper energy in keV). The dotted and dashed lines show the ranges in which the symmetry points
Φ1, Φ2 are found. Taken from Sasaki et al. (2012a).

 1.5

 1

 0.5

 0

 0.5

 1

 1.5

 1.5  1  0.5  0  0.5  1  1.5

0

9090

180

B - maximum

solid: < 5 keV, minus
dotted: 20 - 30 keV, minus

Θ0 = 60

 1.5

 1

 0.5

 0

 0.5

 1

 1.5

 1.5  1  0.5  0  0.5  1  1.5

0

9090

180

E - end of decay

solid: < 5 keV, minus
dotted: > 15 keV, minus

Θ0 = 60

Figure 6: Polar diagrams of the intrinsic beam patterns of 4U 0115+63 for the observations
B (maximum) and E (end of decay) for the softest band (red solid) and the hard band above
∼20 keV (blue dotted). Up (0◦) is the direction straight up from the magnetic pole, 90◦ and 270◦

are the directions tangential to the neutron star surface at the magnetic pole. Taken from Sasaki
et al. (2012a).

11



3 ACCRETING X-RAY PULSARS

be explained as that of an accretion stream that has a column and a halo at
the bottom. The halo emission dominates the softest bands and has a broad
feature at an intrinsic angle of ∼30 – 45◦ with respect to the magnetic axis (see
Fig. 6, left, solid line). This component is less prominent for higher energies and
becomes also fainter when the luminosity of the source drops. The emission from
the accretion column and the upper accretion stream is seen at higher angles
(rather perpendicular to the magnetic axis).

For this source we clearly detect the transition from higher to lower accre-
tion states, since the decomposition of the pulse profiles at the end of the giant
outburst suggests that the emission from the halo and accretion column has dis-
appeared. When the source becomes fainter the observer sees the pencil beam
from the hot spot at the magnetic pole (at lower angles) and radiation scattered
in the upper accretion stream (at > 90◦).
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4 Supernovae
Before massive stars end their lives in supernovae (SNe) they have undergone
phases of mass loss. Not only does the evolution of a star strongly depend on its
mass loss rate but also the evolution of the SN is predetermined by the density
distribution around the progenitor star. After the SN shock wave breaks out of
the stellar surface it propagates into the surrounding stellar wind and creates an
expanding hot region. While the hot plasma emit X-ray emission, electrons, which
are accelerated in the shock front, produce radio synchrotron emission. No SN
was observed in the Milky Way since the advent of X-ray Astronomy. However, a
large number of SNe are detected in nearby galaxies, which allow us to study the
X-ray emission during the early phases after an SN explosion.

4.1 SN 2011dh
SASAKI & DUCCI, 2012, A&A, 546, 80

SN 2011dh SN 2011dh

Figure 7: XMM-Newton EPIC-PN images ∼7 d (left) and
∼11 d (right) after the SN explosion in the colours red (0.3
– 1.0 keV), green (1.0 – 2.0 keV), and blue (2.0 – 8.0 keV).
Taken from Sasaki & Ducci (2012).

On May 31, 2011, a supernova
occurred in the nearby galaxy
M 51 (Silverman et al., 2011)
at a distance of 8.4±0.7 Mpc
(Vinkó et al., 2012) and was
classified as a type IIb SN
(Arcavi et al., 2011a). The
SN was monitored with the
X-ray telescope (XRT) of the
Swift satellite (Gehrels et al.,
2004). Furthermore, two ob-
servations with XMM-Newton
were performed 7 and 11
days after the detection of
SN 2011dh (see Fig. 7).

We analysed the two XMM-Newton observations and Swift observations taken
3 to 30 days after the SN explosion to study possible changes in the X-ray spec-
trum of SN 2011dh (Sasaki & Ducci, 2012). Since the X-ray emission of the SN
was very faint, only the EPIC-PN spectra have high enough statistics and are
useful. Hereafter, we call the EPIC-PN spectra of 2011/06/07 and 2011/06/11
spectrum XMM1 and XMM2, respectively. We merged the data taken with the
Swift XRT from 2011/06/03 to 10 and extracted a spectrum (called spectrum
Swift1) that represents an average spectrum of before 2011/06/10. Similarly, we
extracted an average spectrum taken with Swift XRT after 2011/06/11 (spectrum
Swift2). We thus have four spectra with the following chronological order: Swift1,
XMM1, XMM2, and Swift2, with Swift1 and XMM1 being spectra taken at similar
times.

The spectra were analysed using the X-ray spectral fitting package XSPEC.
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Figure 8: Left: Merged Swift spectrum of SN 2011dh for t < 10 d (Swift1, black) and XMM-
Newton EPIC-PN spectrum taken at t = 7 d (XMM1, red). Right: XMM-Newton EPIC-PN spectrum
taken at t = 11 d (XMM2, black) and stacked Swift spectrum for 11 < t < 30 d (Swift2, red). The
fitted model in the left diagram is a combination of a power-law and a Bremsstrahlung spectrum.
For the spectra in the right diagram, only a power-law spectrum was used. The Swift spectra
appear at a lower countrate per energy bin due to the lower effective area of the detector. Taken
from Sasaki & Ducci (2012).

The first two spectra Swift1 and XMM1 (before 2011/06/11) can be fitted with a
single power-law model with a photon index of Γ = 1.1 (1.0− 1.3)d with a reduced
χ2 = 1.1 and degrees of freedom (d.o.f.) = 33. The spectra XMM2 and Swift2
(after 2011/06/11) are also fitted well with a power-law spectrum but with a higher
index of Γ = 1.8 (1.5 − 2.0) with red. χ2 = 1.1 and d.o.f. = 23. It is obvious that
the spectra taken on the first ∼10 days after the SN differ significantly from the
spectra thereafter.

If we used a single thermal Bremsstrahlung model instead, the temperature is
unconstrained for the first two spectra (t < 10 d) with kTbrems,Swift1 > 9 keV and
kTbrems,XMM1 > 22 keV, respectively. For the two later spectra we get temperatures
of kTbrems,XMM2 = 3(1 − 18) keV and kTbrems,Swift2 = 3(2 − 8) keV (red. χ2 = 1.1 at
d.o.f. = 56).

4.1.1 Spectral Components

X-ray observations of SNe in the last decades have shown that the X-ray spec-
trum seems to become softer days to months after the SN event (e.g., Immler
& Kuntz, 2005, and references therein). Possible causes for the softening are
changes in the number spectrum of electrons, resulting in a change in the slope
of the inverse-Compton (IC) emission of relativistic electrons, or changes in the
emission of the forward and the reverse shock due to the propagation of the shock
through the circumstellar medium. A change in the slope of the power-law spec-
trum on a timescale of days is rather unlikely for IC emission. Therefore, the
spectral change in the X-ray emission of SN 2011dh seems to indicate a change
in the underlying emission components.

dAll errors given in brackets are at 90% confidence level.
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After the shock breaks out of a star, it runs into the circumstellar medium.
The interaction of the shock with denser parts of the stellar wind will form a re-
verse shock that propagates back inwards. Right behind the SN blast wave, the
shocked gas has high temperatures of 100 keV or higher. On the contrary, the
gas behind the reverse shock is believed to be cooler (1 – 10 keV, Immler, 2003).
Therefore, a softening of the X-ray spectrum is probably observed if the reverse
shock emission becomes brighter.

The fits of the XMM-Newton EPIC-PN and Swift XRT spectra have clearly
shown that the X-ray spectrum changes at around 10 d after the SN. If the longer
persistent X-ray emission can be ascribed to thermal Bremsstrahlung, the tem-
perature is ∼3 keV after t ≈11 d, i.e., ∼ 3× 107 K. This temperature corresponds
to a shock velocity of 1 500 km s−1, which is much lower than the velocity of
10 000 km s−1 measured from optical spectra (Arcavi et al., 2011b). Therefore,
we conclude that this component is most likely reverse shock emission.

The additional hard component observed only until ∼10 d after the SN can
be interpreted as emission from shocked circumstellar gas. The temperature, if
Bremsstrahlung emission is assumed for this hard component, is not well con-
strained. As the XMM-Newton and Swift spectra do not extend to energies higher
than ∼10 keV, we only obtain a lower limit of kTbrems > 42 keV for the hard com-
ponent of the early spectra, corresponding to a lower limit for the shock velocity:

vs =
√

16kTbrems

3m̄ > 9 800 km s−1, (1)

with a mean mass per free particle for fully ionised plasma of m̄ = 0.61 mp. From
radio and X-ray observations Soderberg et al. (2012) estimated vs ≈ 0.1 c, which
is about three times higher than this lower limit. If we use a shock velocity of
vs ≈ 0.1 c, the shock must have reached a radius of Rs ≈ vst ≈ 1.8 × 1015 cm at
t = 7 d. From the flux derived from the spectra, we can estimate the down-stream
density to be n = 6.4 ×107 cm−3 at Rs ≈ 1.8× 1015 cm. We have thus shown that
the hard emission component is consistent with the picture in which the shock
has propagated into the stellar wind extending up to a distance of ∼ 1015 cm.
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5 Supernova Remnants
In supernova explosions, a large amount of energy is released and transferred to
its surroundings. Stellar matter is expelled with a velocity of ∼10 000 km s−1, and
the initially spherically expanding shock wave produces a cavity filled with low-
density, high-temperature (106−7 K) gas called the supernova remnant (SNR).
First, the SNR expands more or less freely through the circumstellar and inter-
stellar medium. As soon as the forward moving blast wave has swept-up as much
mass as the ejecta mass, the expansion of the SNR becomes adiabatic (Sedov,
1946a,b; Taylor, 1950a,b). Due to the pressure difference between the shocked
ISM and the hot ejecta a second shock wave is formed that propagates inward,
which is called the reverse shock (Ardavan, 1973; McKee, 1974; Mansfield &
Salpeter, 1974). The reverse shock makes the expanding ejecta decelerate. The
forward and the reverse shocks are responsible for the heating of the ISM and
the ejecta to X-ray emitting temperatures. Typically after ∼10 000 years, radia-
tive cooling in the outer-most shell of the SNR becomes non-negligible and forms
a thin shell of colder gas. From then on, the SNR continues to expand as a
‘pressure-driven snowplow’ and optical line emission can be observed from the
radiative shell. Finally, the temperature inside the remnant becomes also so low
that radiative cooling cannot be neglected any more in the whole interior. The
SNR is now in the ‘momentum-driven snowplow’ phase and in the end merges
with the ISM. The low-density cavity of the SNR persists for ∼ 105−6 yr radiating
X-rays with a luminosity of LX = 1035−37 erg s−1. The remnant is also visible in
radio during almost the entire lifetime, since electrons that are accelerated in the
shock fronts of the SNR and interact with the magnetic fields, emit synchrotron
emission.

A SN explosion releases energy and matter into the ISM almost instanta-
neously. Due to interactions between the blast wave and dense clouds in the
ISM small clouds may be destroyed, while in larger clouds star formation can be
triggered owing to the shocks that are driven into the dense medium. Bubbles
formed by stellar winds of massive stars and multiple SNRs can merge with other
bubbles and form superbubbles and shells of hundreds of parsecs in diameter. In
addition, particles can be accelerated to energies up to 1015 eV or higher in the
shock waves of SNRs (Bell, 1978a,b; Blandford & Ostriker, 1978; Hillas, 2005).
Therefore, SNRs, together with pulsars, are believed to be sources of Galactic
cosmic rays.

Multi-frequency studies of SNRs from radio to X-rays help to understand the
interaction between the SNRs and the ISM, i.e., the propagation of shock waves,
the heating of the surrounding material, and the spreading of material that was
processed in stellar interior and was expelled by the SN explosion. In doing so
we will not only improve our knowledge of the physics of an SNR itself, but also of
the composition, the structure, and the evolution of the ISM as well as the origin
of cosmic rays in a galaxy.

Using data taken with today’s X-ray telescopes XMM-Newton and the Chandra
X-ray Observatory as well as with radio and optical telescopes, we study SNRs
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Figure 9: Left: Intensity map of the XMM-Newton mosaic of the SNR CTB 109 (Sasaki et al.,
2004) shown with an inset of a Chandra image (Sasaki et al., 2006) of the bright interior region
called the Lobe and the northeastern shell. CTB 109 is located next to a giant molecular cloud
complex in the west and is one of the most striking example of an interaction of an SNR with cold
ISM (see Sect. 5.1). Middle: XMM-Newton mosaic three-colour image of the SNR CTB 109 (red
= 0.3 – 0.9 keV, green = 0.9 – 1.5 keV, blue = 1.5 – 4.0 keV). Right: Radio continuum image
(Canadian Galactic Plane Survey, CGPS) with XMM-Newton contours.

in the Milky Way and in nearby galaxies to get a better understanding of their
physics and the interaction with the ISM.

5.1 The Galactic Supernova Remnant CTB 109
The Galactic supernova remnant (SNR) CTB 109 (G109.2–1.0) was discovered
in X-rays with the Einstein Observatory by Gregory & Fahlman (1980). The radio
counterpart was identified by Hughes et al. (1981) in the Galactic plane survey
at 49 cm with the Westerbork Synthesis Radio Telescope. The spectral index in
radio is α = 0.50± 0.04 and does not vary across the SNR (Hughes et al., 1984).
The shell of the SNR is incomplete in the west, both in radio and in X-rays (see
Fig. 9). Larger bright spots are found along the rim in radio and in X-rays, but the
regions do not coincide in the two energy ranges.

SNR CTB 109 is the host remnant of the anomalous X-ray pulsar (AXP)
1E 2259+586. With its semi-circular morphology, CTB 109 is one of the most
exotic objects in the X-ray sky. The SNR and the AXP are located near a gi-
ant molecular cloud (GMC) complex (Israel, 1980). Based on CO observations
Heydari-Malayeri et al. (1981) and Tatematsu et al. (1985) suggested that this
GMC complex and the SNR are associated with each other. Also with the Po-
sition Sensitive Proportional Counter (PSPC) of the Röntgensatellit ROSAT no
X-ray emission was detected in the west (Rho & Petre, 1997). Since no radio
emission has been detected in the west either and absorption is negligible in
the radio continuum, the SNR shell does not seem to extend further to the west
behind the GMC. The SNR shock has most likely been stopped by the GMC
complex on one side. Tatematsu et al. (1987) have found an arm-like CO ridge
(‘CO arm’), which extends eastwards from the GMC and is anti-correlated with
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the X-ray emission.
There is a region bright in X-rays inside the shell of CTB 109 known as the

‘Lobe’ (see Fig. 9). Gregory & Fahlman (1983) suggested that the X-ray bright
Lobe is a jet of the AXP. However, as shown by Rho & Petre (1993, 1997) the
ROSAT PSPC spectrum of the Lobe is thermal in origin with no evidence of syn-
chrotron emission, arguing against a jet interpretation.

5.1.1 The Evolution of the SNR CTB 109
SASAKI ET AL., 2004, APJ, 617, 322
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Figure 10: Mosaic of all five XMM-Newton observa-
tions of CTB 109 in the energy band of 0.3 – 4.0 keV
with regions used for the spectral analysis. Taken
from Sasaki et al. (2004).

We performed observations of the
SNR CTB 109 with XMM-Newton
EPICs to study the X-ray emission
of the entire remnant. A mosaic
of all observations using data of all
EPICs (PN, MOS1, and MOS2) is
shown in Figure 9 (Sasaki et al.,
2004). As can be seen in this deep
mosaic image of CTB 109 there
is no X-ray emission in the west-
ern part of the remnant. Since
the morphology of the remnant is
also similar in radio, the blast wave
has most likely been stopped com-
pletely in the west. There is also
no indication for a molecular shock
in the GMC (Koralesky et al., 1998,
and references therein). There-
fore, there is probably enough un-
shocked dense medium along the
line of sight in front of where the
SNR shock hit the GMC, and ab-
sorbs the emission.

On the eastern side, the blast wave of the SNR shock seems to be expanding
into a lower-density medium. The smaller radii of the northern and southern shells
indicate that CTB 109 might be confined by denser material also in the north and
the south (Fesen & Hurford, 1995). The difference, however, is relatively small
(∼5 – 10%) and the overall morphology of the X-ray shell of CTB 109 can be
considered a semi-sphere. As calculations have shown, the forward shock of an
SNR located next to a molecular cloud is almost unaffected on the low-density
side (e.g. Tenorio-Tagle et al., 1985; Wang et al., 1992) and can be modelled as
a spherical problem on this side.

We extracted spectra from EPIC-PN, EPIC-MOS1, and MOS2 in different re-
gions of the SNR (see Figs.10, 11). We fitted the spectra in XSPEC using the
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5 SUPERNOVA REMNANTS

Figure 11: XMM-Newton EPIC spectra of the Lobe region 1 are shown with VNEI model fits (left:
PN, right: MOS1/2). The background spectrum was not subtracted from the source spectrum, but
was modelled simultaneously and is included in the spectral model of the source spectrum. Taken
from Sasaki et al. (2004).

model VNEI, which is a model for non-equilibrium ionisation (NEI) plasma with
variable abundances (Hamilton et al., 1983; Borkowski et al., 1994; Liedahl et al.,
1995; Borkowski et al., 2001), absorbed with a column density NH in the fore-
ground. Fit parameters of the VNEI model are the average X-ray temperature
kT , abundances, the ionisation timescale, τ = ∫ nedt (which is an integral of the
density over time since the gas was shocked), and the normalisation. The ionisa-
tion timescale τ is an indicator of the state of the plasma after the gas has been
ionised. For small ionisation timescales τ = net < 1012 s cm−3, the electrons and
ions are still not in ionisation equilibrium.

The hydrodynamics of shock waves like that of an SNR can be described as-
suming the conservation of mass flow, energy flow, and momentum flow. The
entropy of the fluid or gas rises by the passage of a shock wave. Furthermore,
the expansion of the blast wave shock of an SNR can be described by the Sedov-
Taylor-von Neumann similarity solution (Sedov, 1959; Taylor, 1950a; von Neu-
mann, 1947). Therefore, we can calculate the physical parameters of CTB 109
using the fit results of the spectra of the eastern shell and applying the similarity
solution. For the distance to CTB 109 we use D = 3.0 ± 0.5 kpc (Kothes et al.,
2002) together with a scaling factor d3 = D/3.0 kpc. To estimate the radius of
the SNR, we measure the distance of the shell in the east from the pulsar on the
EPIC image: Rs = 18.′5 ± 1.′0 = (16 ± 1) d3 pc = (4.9 ± 0.2) × 1019 d3 cm. The
gas density (excluding electrons) for cosmic abundances (Anders & Grevesse,
1989) can be written as n = 1.1 nH with nH being the atomic H number density.
Assuming that all elements are almost completely ionised, we get ne ≈ 1.2 nH.
Therefore, the total number density, including electrons, is ntot = ne + n = 2.3 nH.
The corresponding mean mass per free particle is m̄ = 0.61 mp

e. The mean mass
per nucleus is m̄n = 1.4 mp. In the following, we use the suffix ‘0’ for pre-shock
values and ‘s’ for post-shock values.

eProton mass mp = 1.67 × 10−24 g
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We use the temperature obtained from the fits of the spectra in regions of the
outer blast wave with a VNEI model: kTX = 0.62 ± 0.10 keV, which corresponds
to (7.2 ± 1.2) × 106 K. According to the shock jump condition the density jump
at the shock front is n = 4 n0 with n0 being the pre-shock ambient density of
nuclei. Inside the remnant the density decreases towards the centre because
of the adiabatic expansion of the remnant (Heiles, 1964; Cox & Anderson, 1982).
Cox & Anderson (1982) calculated the distribution of the normalised density of the
nuclei n(R)/n0 = nH(R)/nH,0. Using their values one can estimate the emissivity
at different locations in the SNR. We model the emitting volume of the circular
regions as a cylinder intersecting a sphere with the axis of the cylinder aligned to
the line of sight. The radius of the cylinder is the radius of the extraction region,
i.e., r = 80′′ = 1.2 pc for D = 3.0 kpc.

The normalisation of the VNEI model in XSPEC is

norm = 10−14

4πD2 ×

∫

1.2 n2
H,s dV . (2)

For the blast wave, we obtain norm = (1.6 ± 0.5) × 10−3 cm−5. We can thus write

norm = 1.2 × 10−14n2
H,0

4πD2

∫
( nH

nH,0

)2
dV . (3)

We estimate V = 42 d3
3 pc3 for the projected volume and ∫ (nH/nH,0)2 dV =

240 d3
3 pc3. Therefore, we obtain the pre-shock densities nH,0 = (0.14±0.02) d−0.5

3
cm−3 and n0 = 1.1 nH,0 = (0.16 ± 0.02) d−0.5

3 cm−3.
If there is full equilibration between the electrons and the nuclei, the measured

temperature is equal to the post-shock temperature and is thus related to the
shock velocity as

TX ≈ Ts = 3m̄
16k v

2
s , (4)

with k = 1.38 × 10−16 ergs K−1 being the Boltzmann’s constant. Since the mean
mass per free particle is m̄ = 0.61 mp for a fully ionised plasma, the shock velocity
can be estimated as vs = [(16kTX)/(3 × 0.61mp)] 1

2 = 720 ± 60 km s−1 for kTX =
0.62 ± 0.10 keV.

However, in young and most middle-age SNRs like CTB 109 the electrons
and ions are not fully equilibrated. In this case the ion temperature Tion is higher
but close to the mean plasma temperature T , and the electron temperature Te is
lower. Since the X-ray emissivity of the plasma primarily depends on the electron
temperature, the observed emissivity and the derived velocity do not correspond
to each other. Itoh (1978) studied the evolution of the electron temperature and its
ratio to the mean post-shock temperature in two-fluid phase SNR shocks assum-
ing the Sedov similarity solution and Coulomb equilibration between electrons
and ions. It was shown that the ratio g = Te/T can be written as a function of
a reduced time variable ν = t3(n8

0/E3
51)1/14 that describes the thermal structure

of the blast wave, with t3 being the time elapsed since the explosion (in units of
103 yrs), n0 the pre-shock density of the nuclei (in units of cm−3), and E51 the initial
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explosion energy (in units of 1051 ergs). We can obtain the X-ray temperature TX,
the ambient density n0, and the radius Rs of the SNR from the X-ray data. These
three values are related to each other as f = TX/T = 0.043TX(Rsn0)−1/2ν7/5.
Therefore, the value of f = TX/T can be obtained from the intersection of the
curve f (ν) with the theoretical curve for Coulomb equilibration g(ν) = Te/T . Us-
ing the same method, we obtain a lower limit for the ratio Te/Ts ≈ TX/Ts ≈ 0.4,
resulting in an upper limit for the velocity of vs = [(16kTX)/(3 × 0.4 × 0.61mp)] 1

2 =
1 140±90 km s−1.

Using the Sedov similarity solution we estimate the age of the SNR from the
shock velocity:

vs = Ṙs = 2Rs

5t . (5)

Assuming full equilibration of electron and ion temperatures, we get an age es-
timate of t = (2.7 ± 0.2) × 1011 d3 s = (8.6 ± 0.8) × 103 d3 yrs. In the case of
non-equilibrium the age would be lower. For the lower limit of Te/Ts = 0.4, the
age is t = (1.7 ± 0.2) × 1011 d3 s = (5.4 ± 0.5) × 103 d3 yrs.

The initial energy of the explosion can be estimated using the relation of the
self-similar solution:

Rs =
(

2.02E0t2
m̄nn0

)
1
5

. (6)

We thus get E0 = 1
2.02R5

s m̄nn0t−2 = (7.0 ± 2.2) × 1050 d2.5
3 ergs for full equilibration

between the electrons and ions, and E0 = (17.4 ± 5.5) × 1050 d2.5
3 ergs, for partial

equilibration with a lower limit of the temperature ratio of Te/Ts = 0.4.

5.1.2 The Shocked Cloud
SASAKI ET AL., 2006, APJL, 642, 149

The analysis of the spectra of SNR CTB 109 taken with XMM-Newton has shown
that the X-ray emission of the Lobe is thermal and similar to that of the SNR shell
(Sasaki et al., 2004). The enhanced X-ray brightness of the Lobe suggests an
interaction of the SNR shock wave with a dense molecular cloud.

We therefore performed an observation with the Chandra X-ray Observatory
(Weisskopf et al., 2002) using the Advanced CCD Imaging Spectrometer (ACIS,
Garmire et al., 2003) in order to study this interaction region in more detail. We
observed the northeast part of the SNR in an 80 ks pointing of Chandra with
ACIS-I as the prime instrument. The high-resolution data from the Chandra X-ray
Observatory in combination with the new high-resolution CO data from the Five
College Radio Observatory revealed the interaction region with the cloud complex
in greater detail (see Fig. 12, Sasaki et al., 2006).

Three CO clouds have been found around the Lobe. At the position where one
of the CO clouds and the Lobe overlap, the velocity profile of the cloud has an ad-
ditional component towards higher negative velocities. The molecular hydrogen
density in this part of the cloud is relatively high (NH2 ≈ 1.9×1020 cm−2), whereas
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Figure 12: The distribution of molecular gas in the vicinity of the X-ray Lobe as seen in the light
of the 12CO(1−0) line (white contours) overlaid on a Chandra image (0.35 – 10.0 keV) taken from
Sasaki et al. (2006). These images are presented in Galactic coordinates and are hence rotated
by about 25 degrees anti-clockwise with respect to the images in Figure 9. Left: The CO data are
averaged over the velocity range from −51 to −44.5 km s−1 and show the absorbing CO in the
foreground. The white cross marks the position of the IR source IRAS 23004+5841. Right: The
CO data are averaged over the velocity range from −57 to −52 km s−1. There are three clouds
Galactic north (up), east (left), and south (down) of the Lobe. The positions at which the velocity
profiles have been studied are marked with black crosses.

the foreground absorption in X-rays (NH ≈ 4.5×1021 cm−2), obtained from Chan-
dra data, is lower than in other parts of the cloud and in other clouds. We estimate
a mass of about 50 M" for the east cloud. These results indicate that this cloud
has been hit by the SNR blast wave on its western side, corroborating that the
shock-cloud interaction caused the bright X-ray Lobe.

5.1.3 The Lobe and the Northeastern Shell
SASAKI ET AL., 2013, APJ, 552, 45

To study the X-ray emission at and around the Lobe, we divided the emission of
the SNR into small regions with similar surface brightness and X-ray colour and
extracted spectra for each region (Sasaki et al., 2013). All the spectra can be
fitted well with a two-component thermal model consisting of two thermal VNEI
models. The first component is used to model the emission from the shocked
ISM, while the second component models the emission from the ejecta (Fig. 13).
The temperature of the ISM component (Fig. 14, x-axis in the left diagram) is ∼0.1
– 0.3 keV in all regions. The temperature of the ejecta component is higher (∼0.4
– 0.9 keV, Fig. 14, x-axis in the middle diagram). The ionisation timescale of the
ejecta component is τ2 = ne,2t2 = 1011−12 s cm−3 except for regions at and around
the CO arm, in which τ2 tends to be higher. The higher values for τ2 in the CO arm
regions indicate a higher density as we can assume that these regions have been
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Figure 13: Left: Spectrum of the outermost region 57 in the east (upper) and an interior region
54 (lower) with the best fit 2 VNEI model. The relative flux of the ejecta component (dotted) with
respect to the ISM component (dashed) in region 57 is lower than in most other regions. Right:
Spectrum of region 17 with enhanced Si XIII emission (upper diagram). The Mg XI, Si XIII, and
S XV triplets are marked. For comparison, the spectrum of region 08, which is the brightest region
in the Lobe next to region 17, is shown (lower diagram). The best fit 2 VNEI model is additionally
plotted in the diagrams. Taken from Sasaki et al. (2013).

shocked at a similar time to the rest of the remnant. The foreground absorption
NH is high around the CO arm (NH> 1.1 × 1022 cm−2). Around and, in particular,
west of the Lobe, the foreground absorption is lower (NH< 1.0×1022 cm−2), while
it seems to be higher southeast of the Lobe.

Pressure The normalisation of the emission model fitted to the observed spec-
tra is given by the parameter

norm1,2 = 10−14

4πD2 ×

∫

n1,2 ne 1,2 f1,2 dV . (7)

The values f1 and f2 are the filling factors of the ISM and ejecta components, re-
spectively (f1 + f2 = 1). We show the dependence of the norm1,2 per extracted
area A on the temperature kT1,2 in Figure 14 (left and middle diagrams). In ad-
dition, we calculated lines of constant pressure with p/k = 106 cm−3 K (blue)
and 107 cm−3 K (green) for different values of filling factors and depths of the as-
sumed emitting volume in the SNR. We assumed pressure equilibrium between
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Figure 14: Distribution of the parameter values for the fit with two VNEI components. The labels
of the data points are region numbers. The lines in the diagrams for surface brightness norm1,2/A
over temperature kT1,2 show the isobars for p/k = 106 cm−3 K (blue) and 107 cm−3 K (green)
for different values of the filling factors in the remnant and the size of the emitting volume along
the line of sight. The lines in the diagram showing the surface brightness as norm2/A over the
ionisation timescale τ2 are isochrones for t = 10000, 20000, 50000, and 10000 yr. There is not
only one line but a range for all isochrones for the lowest to the highest depth of the emitting
volume. Taken from Sasaki et al. (2013).

the shocked ISM and the shocked ejecta. The data are consistent with a thermal
pressure of p/k ≈ 107 cm−3 K, corresponding to 1.4 ×10−13 dyne cm−2.

Age Estimate The relation between the ionisation timescale of the ejecta τ2
and the surface brightness given by norm2/A is shown in Figure 14 (right). If we
replace ne by τ/t in Equation 7 we get norm2/A as a function of τ for a given
t . The calculated isochrones for different values of t are also shown in the τ2-
norm2/A diagram. The two lines for each time t show the possible ranges for the
possible projected depth of the SNR. The diagram indicates that the age of the
shocked plasma, derived from the ejecta component is ∼ 2 × 104 yr.

The temperature of the ISM component was determined to be between 0.1 keV
and 0.3 keV, with kT = 0.25 keV in the outermost regions. The ionisation timescale
τ of the ISM component is high and not well-constrained, indicating that the
plasma of the shocked ISM is close to collisional ionisation equilibrium (CIE).
Using the temperature of this component as that of the shocked ISM, the blast
wave velocity is

v =
√

16kT1

3m̄ , (8)

with a mean mass per free particle for a fully ionised plasma of m̄ = 0.61 mp. For
kT1 = 0.25 ± 0.03 keV, we get v = 460 ± 30 km s−1. Using the Sedov similarity
solution and a radius of R = 5.0 ± 0.8 × 1019 cm (Sasaki et al., 2004), the age of
the remnant can be estimated as

t = 2R
5v = (14 ± 2) × 103yr. (9)

This value is a little higher than the age estimated from the XMM-Newton data
(Sasaki et al., 2004), for which only one spectral component was assumed. The
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Figure 15: Best fit values for the abundances relative to solar values assuming a two-component
VNEI model. Upper panel: abundances for elements other than Si, S, and Fe fitted for the ejecta
emission (a), Si abundance fitted for the ejecta emission (b) and its significance calculated as
(abundance of the Si – abundance of the other elements)/error of the abundance of Si (c). Lower
panel: Fe abundance and its significance (d, e, respectively). Taken from Sasaki et al. (2013).

new value for the SNR age is in good agreement with the age estimate obtained
from the fits of the ejecta component.

Abundances In Figure 15, we show the distribution of the fitted Si abundance
and Fe abundance for the ejecta emission in the SNR. To create these images, we
filled the regions in which the spectra were extracted with the best fit values. The
overall abundance measured for the ejecta is comparable to or lower than solar
values outside the Lobe, whereas the Si and Fe abundances are higher especially
in the Lobe (Fig. 15a, b, d). The higher abundances in the Lobe suggest that its
emission has its origin in a shocked ejecta clump or a mix of ejecta clumps and
dense clouds. One region northwest of the Lobe in particular has a significantly
enhanced Si abundance (3.3 [2.6 – 4.0], see Fig. 15b, c).

5.1.4 Summary

Using proprietary X-ray data obtained with XMM-Newton and Chandra, we have
confirmed shock-cloud interaction in the SNR CTB 109 and detected ejecta emis-
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Figure 16: A Midcourse Space Experiment (MSX, Egan et al., 2003) image in the IR taken at 8.3
µm, together with ROSAT PSPC (0.1 – 2.4 keV) contours. The IR image shows the emission from
interstellar dust. The green dashed circle shows the FOV of the XMM-Newton EPICs. The cyan
ellipse in the north shows the position of the PWN candidate HX3 west, the white ellipse that of
the PWN candidate CXO J1923 (Koo et al., 2005).

sion inside the remnant. The element abundances are enhanced in the X-ray
bright Lobe and next to it. From both the ISM and the ejecta emission we derived
an age of ∼10 – 20 kyr for the SNR. The bright X-ray feature called the Lobe is
indicative of an interaction of the SNR with molecular clouds and suggests the
following scenario: the blast wave hit a dense cloud evaporating and maybe en-
compassing it. Due to the interaction with the cloud, a reverse shock was formed
and propagated towards the centre heating the ejecta. The evaporated cloud is
now visible as the Lobe with stronger X-ray emission.

5.2 The Galactic Supernova Remnant W51C
SASAKI, ET AL., 2014, A&A, 563, 9

The Galactic SNR W51C (G49.2–0.7) is part of the W51 complex, located at the
tangential point of the Sagittarius arm. In addition to the SNR, the W51 complex
consists of the sources W51A and B, which both harbour compact H II regions. A
high-velocity molecular gas stream, which is almost parallel to the Galactic plane
(Mufson & Liszt, 1979), has been found on the western side of the SNR (see
Fig. 16).

Since SNR W51C is located in a region with a large number of H II regions
and dense molecular gas, this object is a prime example for the interaction of the
SNR blast wave with the multi-phase ISM in our Galaxy and an ideal target to
study the compact remnant of the SN explosion which was presumably caused
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Table 1: Fit parameters for the SNR emission (Sasaki et al., 2014).
ID NH kT τ Ne Mg red. χ2

[1022 cm−2] [keV] [1011 s cm−3] × solar × solar DOF∗

Region 1 1.6 0.68 1.1 1.0! 1.0! 1.3
(1.5 – 1.7) (0.66 – 0.74) (0.8 – 1.5) 1034

Region 2 2.0 0.59 8.1 3.7 2.0 1.2
(1.9 – 2.1) (0.56 – 0.61) (6.2 – 11.) (3.5 – 4.2) (1.9 – 2.2) 970

Errors are 90% confidence limits.
∗Degrees of freedom.
!Fixed to solar values like all the other abundances.

by core-collapse. The shell of the SNR is clearly visible on the eastern side as
an arc-like structure in the radio with an extent of about 30′ (Copetti & Schmidt,
1991; Subrahmanyan & Goss, 1995). In X-rays, the outer shock region is rather
faint but follows the shape of the radio shell (Koo et al., 1995). Inside this shell
there is an additional interior X-ray arc and a region in the northwest, which is
bright in X-rays (see Fig. 16). Assuming a Sedov model, Koo et al. (1995) derived
an SNR age of ∼ 3 × 104 yrs. Between the SNR and the high-velocity stream
of molecular gas, OH(1720 MHz) masers have been found (Green et al., 1997),
which are indicative of shock-cloud interactions.

5.2.1 SNR Emission

The shell-type morphology in radio and the central enhancement in X-rays sug-
gest that W51C is a mixed-morphology SNR. We have analysed an XMM-Newton
observation of the inner part of W51C, covering the interior arc-shaped region in-
side the SNR shell and the bright central region (Sasaki et al., 2014). The outer
blast wave shock was not covered by the field of view (FOV) of the EPICs.

The spectrum of the arc-shaped region is fitted well with a thermal VNEI model
with solar abundances (Region 1, Table 1). The origin of this diffuse X-ray emis-
sion is therefore shocked ISM. Since this interior arc-like structure has a much
higher surface brightness than the outer blast wave emission to the east, this
emission is indicative of circumstellar medium around the progenitor, which has
been shocked by the SN explosion.

A single thermal model with solar abundances did not yield a satisfactory fit
to the X-ray spectrum of the central X-ray bright region (Region 2). Instead, the
fit improved significantly, when we freed the element abundances. We have con-
firmed enhanced abundances for the elements Ne and Mg, suggesting emission
from the ejecta.

5.2.2 Pulsar Wind Nebula Candidate

The SNR W51C is very likely the result of a core-collapse SN and should have an
associated compact object. In the Chandra studies, Koo et al. (2005) discovered
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the point source CXO J192318.5+140305 (CXO J1923 hereafter) surrounded by
an extended emission in the hard band (2.1 – 10.0 keV) and suggested that it
might be a candidate pulsar wind nebula (PWN); its position is indicated in Fig-
ure 16 with a white ellipse. The analysis of the XMM-Newton data by Sasaki
et al. (2014) has confirmed that the extended emission around CXO J1923 is
consistent with a PWN. However, we have also found an additional source at
the northern border of the SNR, which has similar properties with a hard point
source surrounded by an extended hard emission with an extent of about 1′; this
source is called HX3 west, following the nomenclature of Koo et al. (2002), who
discovered this source in ASCA data. The XMM-Newton EPIC spectra of the hard
diffuse emission of both sources are consistent with a power law with a photon
index of Γ ≈ 1.8. Radio sources were detected at both positions (Condon et al.,
1998; Koo et al., 2002). The X-ray luminosities of these two PWN candidates are
L0.3−10.0keV ≈ 4 × 1033 erg s−1 with an assumed distance of D = 6 kpc.

5.2.3 Summary

The XMM-Newton data allowed us to 1) confirm shocked circumstellar matter
inside the SNR W51C, 2) measure enhanced abundances in the most interior
region indicative of ejecta emission, and 3) identify an additional PWN candidate
HX3 west with a spectrum and luminosity similar to the known PWN candidate
CXO J1923. Additional observations with higher spatial resolution and higher
statistics are necessary to clarify the origin of the mixed-morphology emission of
the SNR and to pin down the nature of the PWN candidates.

5.3 Supernova Remnants in the Large Magellanic Cloud
The hot plasma inside SNRs can best be studied in soft X-ray line and continuum
emission owing to its high temperature (106 −107 K). However, due to absorption
by matter in the Galactic plane, it is difficult to study these soft X-ray sources in
our own Galaxy.

The LMC is an irregular galaxy with spiral structures and is one of the closest
neighbours of our Galaxy. Its proximity with a distance of 48 kpc (Macri et al.,
2006) and modest extinction in the line of sight (average Galactic foreground NH =
0.6×1021 cm−2) make it an ideal laboratory for a detailed study of a large sample
of SNRs. The proximity enables spatially resolved studies of the SNRs, and the
accurately known distance allows for analysis of the energetics of each SNR.
In addition, the wealth of wide-field multi-wavelength data available, from radio
maps to optical emission-line images as well as infrared surveys to global X-ray
mosaics, provides information about the environments in which these SNRs are
born and evolve.

With an improved sample of SNRs in the LMC, we are able to study not only
the global properties of the SNRs but also the subclasses in detail (e.g., sorted
by X-ray and radio morphology, diameter, or progenitor supernova type). Toward
this goal, we have been studying SNRs in the Magellanic Clouds (MCs) using
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combined optical, radio, and X-ray observations. From a thorough investigation
of the X-ray properties of known, identified X-ray sources in the LMC, Haberl &
Pietsch (1999, HP99 hereafter) derived classification criteria for new candidates
for SNRs based on spatial extent, extent likelihood, hardness ratios, and X-ray
(non-) variability. In addition, we also identified candidates based on optical and
radio emission. There are over 50 confirmed SNRs in the LMC and another 25 –
30 candidates (HP99, Sasaki et al., 2000; Payne et al., 2008). An extensive study
of SNRs observed with ROSAT has also been carried out by, e.g., Williams et al.
(1999).

Most of the SNRs in the LMC that have been studied in the past years were
identified as such based on ROSAT data. Only a few new SNRs were discovered
so far using Chandra, Suzaku, or XMM-Newton in observations of other fields in
the LMC than those with well-known X-ray sources (e.g., Williams et al., 2004b;
Hughes et al., 2006; Klimek et al., 2010). We therefore proposed and have been
granted new XMM-Newton observations to study bona-fide SNR candidates in the
LMC (PI: M. Sasaki). The new X-ray data are compared with data in radio (e.g.,
taken at the Australia Telescope Compact Array [ATCA]) and optical (Magellanic
Cloud Emission Line Survey [MCELS]). These studies allowed us to confirm and
study a number of LMC SNRs in detail (Grondin et al., 2012; Haberl et al., 2012;
de Horta et al., 2012; Bozzetto et al., 2012; Maggi et al., 2012; Kavanagh et al.,
2013; Bozzetto et al., 2013; Maggi et al., 2014; Bozzetto et al., 2014; Warth et al.,
2014; Kavanagh et al., 2015).

5.3.1 SNR XMMU J0541.8–6659 in the LMC
GRONDIN, SASAKI, ET AL., 2012, A&A, 539, 15

The ROSAT source [HP99] 456 was one of our brightest SNR candidates with
a large extent. Therefore, we observed the source with XMM-Newton (Grondin
et al., 2012). Morphological and spectral analyses of the source, which was de-
tected and called XMMU J0541.8–6659, revealed the existence of two emission
components, which dominate below and above 0.9 keV: a thermal emission, with
a morphology of an SNR shell, and a non-thermal, hard emission region with a
narrower but elongated structure (Fig. 17, left).

The X-ray emission below 0.9 keV is dominated by a shell-like source with a
diameter of ∼5′, as seen in Fig. 17 (left). Its spectrum is well fitted in XSPEC with
a single-temperature non-equilibrium ionisation model VNEI with a temperature
of kT = 0.49 ± 0.12 keV, ionisation timescale of net = (1.5 ± 0.7) × 1010 s cm−3,
absorbed by the foreground NH = 6×1020 cm−2 of the Milky Way (reduced χ2 =
1.27 for 86 degrees of freedom). The abundances were fixed to 0.5 of the solar
abundances, which is the mean value for the LMC. The morphology and the ther-
mal X-ray spectrum strongly support the identification of the soft extended source
as an SNR. At a distance of 50 kpc, the extent of the thermal shell corresponds
to a diameter of ∼70 pc, which makes XMMU J0541.8–6659 one of the largest
SNRs in the LMC, and thus one of the oldest. Applying the Sedov solution, we
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Figure 17: Left: Smoothed three-colour image of combined exposure-corrected data of XMM-
Newton EPICs (red: 0.2 – 1.0 keV; green: 1.0 – 2.0 keV; blue: 2.0 – 4.5 keV) showing the LMC
SNR XMMU J0541.8–6659. Right: High-resolution ATCA radio-continuum image at 6 cm with
20 cm contours of the low-resolution mosaic image (magenta, from 3 to 18 mJy/beam in steps of
1 mJy/beam). The 6 cm beam size is shown in the bottom left corner. In the X-ray image (left) the
field of view of the radio image (right) is shown as a green square and the position of the ROSAT
source [HP99] 456 by a yellow circle. Taken from Grondin et al. (2012).

obtain a dynamic age of ∼23 kyr for the remnant. The age and the low ionisation
timescale indicate that the SNR is expanding in a medium of fairly low density.

The X-ray emission above 0.9 keV is dominated by an elongated structure
located ∼1′ to the west of the centre of the shell-like thermal emission. The
spectrum of this hard emission with ∼320 cts is well modelled with an absorbed
power law with a spectral index of Γ = 1.8±0.3 and an additional intrinsic column
density of NH ≈ (5.8 ± 0.53)×1020 cm−2 (reduced χ2 = 0.22 for 6 degrees of
freedom).

We have also analysed the radio emission at the position of the SNR XMMU
J0541.8–6659 from data taken at ATCA. These radio data reveal several bright
sources within the X-ray emitting regions. Figure 17 (right) shows the high-
resolution radio image at 6 cm with contours of the low resolution image at 20 cm.
Three bright sources are found inside the non-thermal emitting region. One of
them presents a spectral index of α ≈ –0.5 and a flux density of 0.85 mJy at
6 cm, while the two other bright radio sources have indices of α ≤ –1.0. These
indices are consistent with a pulsar scenario. The extended hard X-ray emission
then could be a PWN. However, the indices are also consistent with that of back-
ground AGNs. Therefore, the nature of these sources remains unclear and more
data are required to clarify the origin of the hard X-ray emission.

5.4 Supernova Remnants in M 31
SASAKI ET AL., 2012, A&A, 544, 144

The Andromeda galaxy (M 31) is the largest galaxy in the Local Group and the
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X
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Figure 18: Positions of X-ray SNRs and candidates detected with XMM-Newton are shown on a
Digitised Sky Survey 2 (B) image. Sources are marked according to our new classifications. In
addition, the position of the dwarf elliptical M 32, which is a satellite galaxy of M 31, is indicated by
a yellow cross. Taken from Sasaki et al. (2012b).

nearest spiral galaxy to the Milky Way, located at a distance of 790 kpc (Tully et al.,
2009). Its size and mass are comparable to those of our Galaxy. Therefore, this
archetypal spiral galaxy provides a unique opportunity to study and understand
the nature and the evolution of a galaxy similar to our own. The entire M 31 was
observed with XMM-Newton in a large programme (LP) between June 2006 and
February 2008 (PI: W. Pietsch, Max-Planck-Institute for Extraterrestrial Physics,
MPE) with the EPICs, revealing a total of 1897 XMM-Newton sources (Stiele
et al., 2011).

During the evolution of SNRs, the shock waves, which run into the ISM and
through the ejecta in the interior, produce a cavity filled with a low-density, high-
temperature plasma, which emits predominantly soft X-ray radiation. Relativistic
electrons and heavier particles in SNRs emit synchrotron emission that can be
detected in radio and, in some cases, in X-rays. After a few thousand years,
SNRs become radiative, i.e., the radiative losses in SNR shocks expanding into
the ambient ISM become non-negligible. A shell of dense swept-up gas is formed
around the hot gas, which emits ultraviolet and optical line emission. If a neutron
star is created in the supernova explosion, a pulsar and/or a PWN can be found
inside the SNR, in which particles are accelerated in the strong magnetic field of
the neutron star and thus non-thermal emission is produced.
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Supernova remnants in M 31 have been mainly detected in the optical (e.g.,
D’Odorico et al., 1980; Dennefeld & Kunth, 1981; Blair et al., 1981) and combined
optical and radio studies (Braun & Walterbos, 1993). The X-ray survey performed
with ROSAT led to the detection of 16 X-ray SNRs (Supper et al., 2001), while
21 were detected and identified with XMM-Newton (Pietsch et al., 2005). Kong
et al. (2002) presented the first resolved X-ray image of an SNR in M 31 taken
with Chandra, while Kong et al. (2003) and Williams et al. (2004a) reported on
the discovery of additional SNRs in M 31 based on Chandra data.

We studied the population of SNRs in M 31 using the XMM-Newton survey
data as well as optical data of the Local Group Galaxy Survey (LGGS) performed
at the Kitt Peak National Observatory (KPNO, Massey et al., 2006) and compiled
a list of SNRs confirmed in X-rays and the optical as well as bona-fide candidates
(Sasaki et al., 2012b). For the optical analysis, we used Hα, [S II], and [O III]
emission-line images and UBVRI band images of the LGGS. We newly calibrated
the LGGS data to obtain optical fluxes and computed the [S II]/Hα flux ratio, which
is an indicator of SNR emission in the optical.

Combining the X-ray flux and spectral properties with the [S II]/Hα flux ratio
and the morphology in the optical, we confirmed new SNRs in M 31. The brightest
SNRs have X-ray luminosities of ∼ 8 × 1036 erg s−1 in the 0.35 – 2.0 keV band.
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6 The Hot Interstellar Medium
It was known from observations in the radio and the optical, that the vast space
between the stars and stellar remains in the Milky Way are filled with cool clouds
(T ∼< 102 K) of neutral hydrogen atoms with densities of n ≈ 10 cm−3, embedded
in warm (T ' 104 K, n ≈ 0.1 cm−3) intercloud medium of partially ionised hydro-
gen (Cox, 2005, and references therein). Since the 1970s, observations in the UV
and X-rays showed the presence of hot gas at coronal temperatures (T ≈ 106 K)
in the ISM. Such high temperatures in the ISM were already suggested by Spitzer
(1956) in a work based on observational evidences of the presence of clouds at
large distances from the Galactic plane. Observed as absorption features in opti-
cal spectra of bright stars at high Galactic latitudes, these clouds can only persist
in an environment with pressure comparable to that in the Galactic plane, and
indicate the existence of hot tenuous gas. Massive OB stars inject energy to the
ISM through their radiation, stellar winds, and finally by supernova explosions.
These processes are often correlated in space and time, generating superbub-
bles with sizes of typically 100 − 1000 pc. Cox & Smith (1974) suggested that
SNRs may also produce an interconnecting tunnel system of coronal gas in the
ISM. Cooling of the coronal gas is very inefficient, and thus once heated, the hot
gas of the ISM may persist for millions of years or longer, and forms a structure
like a foam within the galaxy. Review on the hot phase of the ISM is given by
Spitzer (1990).

First UV observations of coronal gas with temperatures of ∼ 5 × 105 K were
reported by Rogerson et al. (1973), Jenkins & Meloy (1974), and York (1974).
Coronal gas at even higher temperatures was found in the soft X-ray background
(Williamson et al., 1974; Tanaka & Bleeker, 1977). Inoue et al. (1979) who ob-
served the emission line of O VII at 0.57 keV, confirmed the thermal nature of the
soft X-ray emission and determined a temperature of ∼ 5 × 106 K. The German
Röntgensatellit ROSAT carried out an all-sky survey of the X-ray sky for the first
time, in which a complete data set of the soft X-ray background at an angular
resolution of about 2◦ was obtained. Galactic halo emission was identified as
one component of the soft X-ray background, based on shadowing effects of H I
clouds (Burrows & Mendenhall, 1991; Snowden et al., 1991).

The LMC, with its low foreground absorption and small distance, offers an ideal
laboratory for exploring the global structures of the ISM in a galaxy. In addition,
it is known to host a large number of H II regions, bubbles, and superbubbles of
various sizes (Henize, 1956; Davies et al., 1976). To study these objects, we use
data from X-ray observations and compare these to observations in radio and
optical. Owing to the high sensitivity and good spatial and spectral resolution,
XMM-Newton is the ideal telescope for studying extended, soft X-ray sources.
We analyse observational data of selected superbubbles and SNRs in the LMC
(see also Sect. 5.3) to study their emission and the underlying physics and to
confirm their nature.
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Figure 19: XMM-Newton EPIC mosaic image of the pulsar B 0540−69 and its surroundings in
three-colour presentation (red: 0.3 – 0.8 keV, green: 0.8 – 1.5 keV, blue: 1.5 – 2.3 keV). The
bright X-ray emission from B 0540−69 at ∼RA = 05h 40m, Dec = –69◦ 20′, other point sources,
and the out-of-time events have been removed from the data. The arc-shaped features in the
south are caused by stray light from the nearby bright X-ray source LMC X-1. The position of the
superbubble in the H II region N 158 is shown with a dashed line. Taken from Sasaki et al. (2011).

6.1 LMC Superbubble N 158
SASAKI ET AL., 2011, A&A, 528, 136

The LMC harbours the Tarantula Nebula, also called the 30 Doradus, which is the
closest giant H II region. The 30 Doradus region is the most active star forming
site in the LMC and is host to many star forming regions, young star clusters,
superbubbles, and SNRs.

The H II region N 158 (Henize, 1956) is located south of 30 Doradus. It is
elongated in the north-south direction and consists of a superbubble in the north
and a more compact bright region in the south. Two OB associations LH 101
and LH 104 (Lucke & Hodge, 1970) were found in N 158. LH 101 in the south is
believed to power the very bright region in Hα in N 158, whereas LH 104 is located
inside the superbubble in the northern part of N 158. The latter has a young stellar
population with an age of 2 – 6 Myr (Testor & Niemela, 1998) and a large number
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Figure 20: A zoom-in on the XMM-Newton EPIC mosaic image (left) with regions used for the
spectral analysis (black dashed line) and Hα contours (MCELS) and the Hα image with the same
contours (right). Taken from Sasaki et al. (2011).

of B stars (Schild & Testor, 1992). As N 158 is located near the X-ray bright pulsar
B 0540−69 in the LMC, which is a calibration target of XMM-Newton, the northern
part of N 158 was observed by the EPICs. This has allowed us to study the X-ray
emission of the superbubble.

The mosaic image shown in Figure 19 is a three-colour image using red colour
for the 0.3 – 0.8 keV band, green for 0.8 – 1.5 keV, and blue for 1.5 – 2.3 keV.
As this three-colour image shows, there is soft extended emission below 1.5 keV
coinciding with the superbubble in N 158, visible as a somewhat triangular shaped
shell in Hα (Figs. 19, 20). For further analysis of the X-ray emission, we extracted
spectra from the following two regions: region 1 that covers the brighter spot east
of B 0540−69 and another region for the superbubble in N 158 (see left panel in
Fig. 20).

The initial fits of the spectra of the diffuse emission indicated that the gas
in the superbubble in N 158 is not in CIE. Therefore, we used a model for a
plasma in NEI and for an NEI plasma shocked by a plane-parallel shock. We
obtained a temperature of ∼1 keV for the plasma inside the superbubble. The
estimated unabsorbed X-ray luminosity of the superbubble is LX(0.2 – 10.0 keV)
= 1.5 ×1036 erg s−1. From the X-ray temperature, we derived a pressure of

P/k = (ne + 1.1n)f−1/2Ta = 2.31nf−1/2Ta
= (1.1 ± 0.3) × f−1/2 × 106 cm−3 K (10)

for the hot gas inside the superbubble. Since the ISM in the LMC is believed to
have a pressure of P/k ≈ 105 cm−3 K (Oey & Garcı́a-Segura, 2004) the super-
bubble in N 158 is over-pressured by about one order of magnitude with respect
to the surrounding ISM. The ambient ISM of N 158 shows Hα emission, indicat-
ing that the temperature is ∼8000 K, as it is typical of the warm ionised medium
(McKee & Ostriker, 1977). Using the calculated pressure inside the superbubble,
we obtained an ambient density of ∼13 cm−3 and a compression factor of the
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shock of ∼6 for the expansion of the shell around the superbubble. This allowed
us to estimate the age of the superbubble of t ' 1.1 Myr and an energy input
rate over this time interval of Lsuperbubble = 2.3 × 1038 erg s−1 using the solution
for a wind-blown bubble by Weaver et al. (1977). Taking the known stars inside
the superbubble and the initial mass function of the OB association into account,
we estimated the mass and energy inputs from the stars. The calculations have
shown that 2 – 3 SNe must have occurred inside the superbubble around 1 Myr
ago.
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7 Summary and Outlook
Astronomy and Astrophysics are one of the few fields in science, in which the
study of basic science questions, here mainly those of Physics, is combined with
that of phenomena in nature on the largest possible range of scales, i.e., from par-
ticles to the entire Universe. Moreover, Astronomy and Astrophysics are tightly
related to the fundamental questions of the evolution of the Universe and thus
of our being. Physical phenomena that are important in this context are, e.g.,
gravitation, nuclear fusion, radiation, and shock waves. From the cosmological
perspective, these already played a major role in the formation of the first struc-
tures.

The presented work consists of three major topics: 1) the population of X-ray
sources and their X-ray luminosity functions to understand the underlying stellar
populations in galaxies, 2) physics of SNRs as sources of matter and energy
for the ISM, and 3) the heating and evolution of the ISM, best observed in its
hot phase. Observational studies of the X-ray binary population give us insight
into the stellar content and the star-formation history of galaxies. Supernova
remnants are responsible for the chemical abundances, the energy budget, and
the dynamics in the interstellar medium and provide us with information on the
chemical and dynamical evolution of galaxies. The study of diffuse X-ray emission
in galaxies reveals the global structure and the evolution, and hence the origin, of
the hot ISM in a galaxy.

I analyse archival and new X-ray data and perform multi-wavelength studies
using radio, infrared, optical, and ultraviolet data. I believe that the best way to
understand the latest stages of cosmic evolution is to study the present Universe,
i.e., the components in galaxies, their synthesis, and the evolution of galaxies, by
putting these objects in context to each other and, at the same time, improving
our knowledge of the underlying physics in these sources. In the coming years,
the German-Russian extended Roentgen Survey with an Imaging Telescope Ar-
ray (eROSITA) will perform an all-sky survey in the X-ray band of 0.3 – 10 keV
and will provide us with new data of the X-ray emission of the entire sky with an
unprecedented sensitivity and resolution. Observations of individual sources and
the X-ray population of our Galaxy as well as sources in a large sample of nearby
galaxies will enable us to study the evolution of galaxies by detailed modelling
of the production of X-ray sources and the evolution of the ISM with reliable star-
formation history constraints. In the more distant future, we will make a significant
step forward in our efforts to grasp the physics of Galactic and extragalactic ob-
jects in the Universe using, among other next-generation telescopes, the Athena
X-ray Observatory, which has been selected by the European Space Agency for
the next large satellite mission to be launched in 2028.
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Haberl, F., Filipović, M. D., Bozzetto, L. M., Crawford, E. J., Points, S. D., et al.
2012, A&A, 543, A154

Haberl, F. & Pietsch, W. 1999, A&AS, 139, 277

Hamilton, A. J. S., Chevalier, R. A., & Sarazin, C. L. 1983, ApJS, 51, 115

Heiles, C. 1964, ApJ, 140, 470

Henize, K. G. 1956, ApJS, 2, 315

Heydari-Malayeri, M., Kahane, C., & Lucas, R. 1981, Nature, 293, 549

Hilditch, R. W., Howarth, I. D., & Harries, T. J. 2005, MNRAS, 357, 304

Hillas, A. M. 2005, Journal of Physics G Nuclear Physics, 31, 95

Hughes, J. P., Rafelski, M., Warren, J. S., Rakowski, C., Slane, P., Burrows, D., &
Nousek, J. 2006, ApJ, 645, L117

Hughes, V. A., Harten, R. H., Costain, C. H., Nelson, L. A., & Viner, M. R. 1984,
ApJ, 283, 147

Hughes, V. A., Harten, R. H., & van den Bergh, S. 1981, ApJ, 246, L127

Immler, S. 2003, in IAU Symposium, Vol. 214, High Energy Processes and Phe-
nomena in Astrophysics, ed. X. D. Li, V. Trimble, & Z. R. Wang, 113

Immler, S. & Kuntz, K. D. 2005, ApJ, 632, L99

Inoue, H., Koyama, K., Matsuoka, M., Ohashi, T., Tanaka, Y., & Tsunemi, H. 1979,
ApJ, 227, L85

Israel, F. P. 1980, AJ, 85, 1612

Itoh, H. 1978, PASJ, 30, 489

Jansen, F., Lumb, D., Altieri, B., Clavel, J., Ehle, M., et al. 2001, A&A, 365, L1

Jenkins, E. B. & Meloy, D. A. 1974, ApJ, 193, L121

Johnston, M., Bradt, H., Doxsey, R., Gursky, H., Schwartz, D., & Schwarz, J.
1978, ApJ, 223, L71

43



REFERENCES

Kavanagh, P. J., Sasaki, M., Bozzetto, L. M., Filipović, M. D., Points, S. D., Maggi,
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ABSTRACT

Aims. We present the results obtained from the analysis of three XMM-Newton observations of M 83. The aims of the paper are study-
ing the X-ray source populations in M 83 and calculating the X-ray luminosity functions of X-ray binaries for different regions of the
galaxy.
Methods. We detected 189 sources in the XMM-Newton field of view in the energy range of 0.2–12 keV. We constrained their nature
by means of spectral analysis, hardness ratios, studies of the X-ray variability, and cross-correlations with catalogues in X-ray, optical,
infrared, and radio wavelengths.
Results. We identified and classified 12 background objects, five foreground stars, two X-ray binaries, one supernova remnant can-
didate, one super-soft source candidate and one ultra-luminous X-ray source. Among these sources, we classified for the first time
three active galactic nuclei (AGN) candidates. We derived X-ray luminosity functions of the X-ray sources in M 83 in the 2–10 keV
energy range, within and outside the D25 ellipse, correcting the total X-ray luminosity function for incompleteness and subtracting
the AGN contribution. The X-ray luminosity function inside the D25 ellipse is consistent with that previously observed by Chandra.
The Kolmogorov-Smirnov test shows that the X-ray luminosity function of the outer disc and the AGN luminosity distribution are
uncorrelated with a probability of ∼99.3%. We also found that the X-ray sources detected outside the D25 ellipse and the uniform
spatial distribution of AGNs are spatially uncorrelated with a significance of 99.5%. We interpret these results as an indication that
part of the observed X-ray sources are X-ray binaries in the outer disc of M 83.

Key words. galaxies: individual: M 33 – X-rays: galaxies

1. Introduction

M 83 (NGC 5236) is a grand-design barred spiral galaxy
(SAB(s)c; de Vaucouleurs et al. 1992) located at 4.5 ± 0.3 Mpc
from the Milky Way (Thim et al. 2003). M 83 is oriented nearly
face-on (i = 24◦; Rogstad et al. 1974) and shows a galactic disc
spanning 12.9′ × 11.5′ (17 kpc × 15.2 kpc; Wofford et al. 2011).

M 83 is experiencing a starburst activity with a present-day
star formation rate (SFR) of 3–4 M& yr−1 (Boissier et al. 2005)
in three regions: the nuclear region (galactocentric distance d !
300 pc; Harris et al. 2001), the inner disc (300 pc ! d ! 7.5 kpc),
and the outer disc (7.5 kpc ! d ! 20 kpc; Dong et al. 2008).
Ultraviolet (UV) images of M 83 obtained with the Galaxy
Evolution Explorer (GALEX) satellite revealed a population of
young stars (!400 Myr) in the outer disc of M 83 (Thilker et al.
2005). Although this would indicate recent star-forming activity,
using Spitzer and GALEX data, Dong et al. (2008) discovered
that the star formation in the outer disc started at least 1 Gyr
ago. These results are confirmed by the study of AGB stars of
Davidge (2010). Bigiel et al. (2010) compared the HI data from

! Based on observations obtained with XMM-Newton, an ESA sci-
ence mission with instruments and contributions directly funded by
ESA Member States and NASA.
!! Appendix A is available in electronic form at
http://www.aanda.org
!!! Appendix B is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/553/A7

the National Radio Astronomy Observatory (NRAO) Very Large
Array (VLA) and far-ultraviolet (FUV) data from GALEX in the
outer disc of M 83, and discovered that the star formation traced
by the FUV emission and HI are spatially correlated out to al-
most four optical radii. Bigiel et al. (2010) also found that the
star formation rate in the outer disc (∼0.01 M& yr−1; Bresolin
et al. 2009) implies that the star formation activity is not com-
pletely consuming the HI reservoir, which will be available as
fuel for star formation in the inner disc.

M 83 was observed in the X-ray bands by Einstein in
1979–1981 (Trinchieri et al. 1985), Ginga in 1987 (Ohashi et al.
1990), ROSAT in 1992–1994 (Ehle et al. 1998; Immler et al.
1999), ASCA in 1994 (Okada et al. 1997), and Chandra in
2000 (Soria & Wu 2002; Soria & Wu 2003, SW03 hereafter).
SW03 identified 127 discrete sources near the centre of M 83
(8.3′ × 8.3′) and resolved for the first time the nuclear region in
X-rays. The diffuse X-ray emission of M 83 has been studied by
Owen & Warwick (2009) with an XMM-Newton observation per-
formed in January 27, 2003 (obsid 0110910201). They obtained
a good fit to the spectrum assuming a two-temperature thermal
model, which is typical of the diffuse emission in normal and
starburst galaxies. They also found that the soft X-ray emission
mainly overlaps with the inner spiral arm, and shows a strong
correlation with the distribution of UV emission, indicative of a
correlation between X-ray emission and recent star formation.

The recent high star formation activity experienced by
the nucleus and the spiral arms of M 83 provided an un-
usually large number of supernova remnants (SNRs). In

Article published by EDP Sciences A7, page 1 of 19
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Table 1. XMM-Newton observations of M 83.

Obs. ID. Date Pointing direction EPIC PN EPIC MOS1 EPIC MOS2 Mode
RA Dec filter Texp filter Texp filter Texp PN MOS

1 0110910201 2003-01-27 13:37:05.16 –29:51:46.1 thin 21.2 medium 24.6 medium 24.6 EFF FF
2 0503230101 2008-01-16 13:37:01.09 –30:03:49.9 medium 15.4 medium 19.0 medium 19.0 EFF FF
3 0552080101 2008-08-16 13:36:50.87 –30:03:55.2 medium 25.0 medium 28.8 medium 28.8 EFF FF

Notes. The exposure times after the screening for high background are given in units of ks. Mode: EFF = extended full frame imaging mode;
FF = full frame imaging mode.

fact, the optical survey performed at the Cerro Tololo Inter-
American Observatory in Chile by Blair & Long (2004) identi-
fied 71 sources as SNR candidates, the Hubble Space Telescope
(HST) observations of the nuclear region of M 83 (Dopita et al.
2010) provided the identification of 60 SNR candidates, and the
Magellan I survey 271 SNR candidates (Blair et al. 2012).

In a normal galaxy such as M 83, X-ray binaries (XRBs) are
the most prominent class of X-ray sources. XRBs show X-ray
luminosities ranging from ∼1032 erg s−1 to the Eddington lumi-
nosity, and sometimes they can exceed this limit (see e.g. White
& Carpenter 1978). They are composed of a compact object
(a neutron star or a black hole) and a companion star, which
can be a main-sequence, giant, or supergiant star, and in some
cases a white dwarf (e.g. van Paradijs 1998). The strong X-ray
emission is produced by the accretion of matter from the com-
panion star onto the compact object. XRBs are usually divided
into two classes: low mass X-ray binaries (LMXBs), and high
mass X-ray binaries (HMXBs). The companion stars of LMXBs
have masses lower than ∼1 M&. The lifetime of an LMXB is
determined by the nuclear evolution time-scale of the compan-
ion star to 108−109 yr (e.g. Tauris & van den Heuvel 2006), and
their number is correlated to the total stellar mass of a galaxy
(Gilfanov 2004). The companion star of LMXBs usually tranfers
mass by Roche-lobe overflow, and the compact object accretes
from an accretion disc (e.g. van Paradijs 1998). The donors in
HMXBs have masses "8 M&, and their typical lifetime does not
exceed 106−107 yr. Therefore, the presence of HMXBs in a par-
ticular region of a galaxy is associated with a relatively recent
star formation event (e.g. Fabbiano 2006). The X-ray emission
from HMXBs is usually explained with the accretion of a frac-
tion of the stellar wind ejected by the donor star onto the com-
pact object, or through mass transfer via Roche-lobe overflow
(see e.g. Treves et al. 1988 and references therein). As a first
approximation, two standard models are commonly used to de-
scribe the X-ray spectra of XRBs in nearby galaxies: an absorbed
disc-blackbody model, with temperatures ranging from ∼0.5
to ∼1 keV (e.g. Makishima et al. 1986), or an absorbed powerlaw
model. X-ray spectra of LMXBs below 10 keV are described by
absorbed powerlaw with photon indices 1–3. HMXBs usually
show harder X-ray spectra in the energy range 1–10 keV, with
photon indices 1–2 and a high intrinsic absorption (White et al.
1995). Within each of these classes, the properties of the X-ray
spectra can also depend on the type of the accreting compact
object. Accreting black holes can show states of high luminos-
ity (e.g. Jones 1977), with very soft spectra, with slopes steeper
than those shown by accreting neutron stars (see e.g. White &
Marshall 1984). Given the wide variety of spectral shapes shown
by XRBs, they can be confused with background AGNs, whose
X-ray spectra have roughly a powerlaw shape, with indices rang-
ing from 1.6 to 2.5 (see e.g. Walter & Fink 1993; Vignali et al.
1999; Turner et al. 1991).

In this paper we report the results obtained from a study of
the X-ray source populations of M 83, using three XMM-Newton

observations covering both the inner and outer disc regions. The
higher spatial resolution and sensitivity of XMM-Newton com-
pared to the previous observations of ROSAT and Einstein al-
lowed an increase of the number of detected sources in M 83.
While the spatial coverage of the Chandra observation was
limited to a region located at the centre of M 83 with a size
of 8.3′ × 8.3′ (the ACIS S3 field of view), the XMM-Newton
observations allowed us to obtain a complete coverage of M 83,
and to study also the outer parts of the galaxy, which in total
provided us with a more representative sample of X-ray sources
in M 83.

The paper is organised as follows: in Sect. 2 we describe
the data reduction and analysis of XMM-Newton observations. In
Sect. 3 we show the astrometrical corrections that have been ap-
plied. In Sect. 4 we present the techniques adopted to classify the
X-ray sources (X-ray variability, spectral analysis, and hardness
ratios). In Sect. 5 we describe the properties and classification of
the detected sources. In Sect. 6 we derive the X-ray luminosity
functions (XLFs) of X-ray binaries within and outside the D25 el-
lipse, after correcting them for incompleteness and subtracting
the AGN contribution, and we discuss our results. We examine
in detail the properties of the sources that have been identified
and classified in this work in Appendix A.

2. Reduction and data analysis

We analysed the public archival XMM-Newton data of M 83 (PIs:
Watson, Kuntz). Table 1 lists the three observations that we
analysed, one pointing at the centre of the galaxy (obs. 1) and
two in the south, which covered the outer arms with a young
population of stars discovered with GALEX. The data analy-
sis was performed using the XMM-Newton Science Analysis
System (SAS) 12.0. For each pointing we produced PN, MOS1,
and MOS2 event files. We excluded times of high background
due to soft proton flares as follows. For each observation and
instrument, we created background lightcurves (with sources
removed) in the 7−15 keV energy band. Good time inter-
vals (GTIs) were determined by selecting count rates lower
than 8 cts ks−1 arcmin−2 and 2.5 cts ks−1 arcmin−2 for PN and
MOS, respectively.

For each observation, data were divided into five energy
bands:

– R1: 0.2–0.5 keV;
– R2: 0.5–1 keV;
– R3: 1–2 keV;
– R4: 2–4.5 keV;
– R5: 4.5–12 keV.

For the PN data we used single-pixel events (PATTERN = 0) in
the first energy band and for the other energy bands single- and
double-pixel events (PATTERN ≤ 4) were selected. For the MOS
data, single-pixel to quadruple-pixel events (PATTERN ≤ 12)
were used for all five bands.
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Fig. 1. Combined PN, MOS1, and MOS2 three-colour mosaic image of M 83. The crowded central region is shown in higher resolution. The white
circle is the D25 ellipse (diameter = 11.5′; Tully 1988).

We ran the source detection procedure separately for images
of each observation, and simultaneously for five energy bands
and three instruments with the SAS task edetect_chain. The
source detection consists of three steps. The first step provides a
list of source positions used to create the background maps. We
adopted a minimum-detection likelihood1 of 7 to obtain this list
of sources. After removing the sources, a two-dimensional spline
with 20 nodes was fitted to the exposure-corrected image. In the
second step the background maps are used to improve the detec-
tion sensitivity and hence to create a new source list, assuming a
minimum-detection likelihood of 4. In the last step, a maximum-
likelihood point-spread function (PSF) fit to the source count
distribution is performed simultaneously in all energy bands and
each EPIC instrument, from the input list of source positions
obtained in the previous step (a description of this algorithm is
given by Cruddace et al. 1988). For each observation we gen-
erated the final source list adopting a lower threshold for the
maximum-detection likelihood of 6, which corresponds to a de-
tection probability of ∼99.75%. The source detection gives sev-
eral parameters for each source, such as the coordinates, count
rates, and likelihood of detection (see Table B.1). As mentioned
above, 20 nodes (more than the default 16) for the background
spline map were used to better follow the central diffuse emis-
sion and to minimise false detections. We removed the remain-
ing false detections due to diffuse emission structures by visual
inspection.

Figure 1 shows the combined PN, MOS1, and MOS2 three-
colour mosaic image obtained from the three observations. The

1 The detection likelihood L is defined by the relationship L = − ln(p),
where p is the probability that a Poissonian fluctuation in the back-
ground is detected as a spurious source.

numbers of the detected sources are overplotted on the im-
age. The red, green, and blue colours represent the 0.2–1 keV,
1–2 keV, and 2–4.5 keV energy bands.

3. Astrometrical corrections

3.1. Corrections between XMM-Newton observations

We calculated the RA and Dec offsets of the three XMM-Newton
observations using position of the sources detected in at least two
observations. Sources were considered as detections in at least
two different observations if their position was closer than 3× the
combined statistical positional errors. We calculated the offsets
of observations 2 and 3 with respect to the reference observa-
tion 1 as the weighted mean of RA and Dec of all sources, then
recalculated all X-ray positions correcting for the shifts relative
to the observation 1.

3.2. Correcting the position of the detected sources using
X-ray and optical observations

We also applied the cross-correlation procedure described above
to determine the systematic errors in the X-ray positions of
the XMM-Newton observations by calculating the offsets in the
X-ray positions of the XMM-Newton sources with respect to the
X-ray sources observed by SW03 with Chandra. The offset be-
tween the XMM-Newton and Chandra positions (given as the
weighted mean of RA and Dec in arcsec) is∆RA = −1.22± 0.16,
∆Dec = −0.72 ± 0.16. We point out that SW03 corrected the
Chandra positions using only the position of the infrared nucleus
of M 83 deduced from HST/WFPC2 observations. Therefore, to
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Table 2. Count rate to energy conversion factors for thin and medium
filters of the EPIC instruments in the energy ranges R1–R5.

Detector Filter R1 R2 R3 R4 R5
EPIC (10−12) erg cm−2 ct−1

PN Thin 0.8850 1.091 1.731 5.020 17.97
Medium 1.055 1.110 1.730 4.977 17.47

MOS Medium 6.796 5.582 5.189 13.71 69.63

Notes. We assumed an absorbed powerlaw with a photon index of 1.7
and the Galactic foreground absorption 3.69× 1020 cm−2 in the direction
of M 83.

obtain more accurate positions from possible optical counter-
parts, we cross-correlated the XMM-Newton list of sources with
the optical catalogue of the United States Naval Observatory
USNO-B1 (Monet et al. 2003). For this calculation we were in-
terested in associations between X-ray sources and foreground
stars. As discussed in Sect. 5.1, we classified five sources as fore-
ground star candidates. The offset between the X-ray positions
and optical positions corrected for proper motion (given as the
weighted mean of RA and Dec in arcsec) is∆RA = −2.02± 0.43,
∆Dec = −0.44±0.43. The measured offset in RA agrees with the
expected precision of the XMM-Newton Attitude Measurement
System (Guainazzi 2012). We used these systematic offsets to
correct the position of all detected sources.

4. Analysis

4.1. Variability of the sources

4.1.1. Short-term variability

For each XMM-Newton observation, we searched for pulsa-
tions of the brightest sources (counts"200) on time scales be-
tween ∼4 s and the time duration of each observation. After ex-
tracting the event files, we applied both a Fourier transform and
a Z2

n analysis (Buccheri et al. 1983). No statistically significant
variability from the analysed sources was detected.

4.1.2. Long-term variability

To study the long-term time variability of sources observable
at least in two different observations, we calculated the aver-
age flux (or the 3σ upper limit in case of non-detection) at the
source position in each observation. We considered fluxes in
the 0.2–4.5 keV energy band because, as Pietsch et al. (2004)
noted, the band 4.5–12 keV has a lower sensitivity and is con-
taminated by hard background. We calculated the fluxes with
the energy conversion factors (ECFs) reported in Table 2. Then,
we searched for variable sources by comparing their fluxes
(or upper limits) in different observations. We measured the
X-ray variability of each source by its variability factor Vf =
Fmax/Fmin, where Fmax and Fmin are the maximum and minimum
(or upper-limit) fluxes. To estimate the significance of the vari-
ability between different observations, we calculated the signifi-

cance parameter S = (Fmax − Fmin)/
√
σ2

max + σ
2
min, where σmax

and σmin are the errors of the maximum and minimum flux
(Primini et al. 1993).

We also studied the X-ray variability considering the
Chandra observation of M 83. We converted the Chandra counts
(0.3–8 keV) of SW03 to 0.2–4.5 keV fluxes with the con-
version factor calculated by SW03 and the distance of M 83

(d = 4.5 Mpc) assumed in this work. The conversion fac-
tor CF = 8 × 1037/300 erg s−1 counts−1 was calculated by
SW03 assuming an absorbed powerlaw spectrum with Γ = 1.7,
NH = 1021 cm−2, and a distance of 3.7 Mpc. For each Chandra
source, we obtained the flux in the energy range 0.2–4.5 keV cor-
recting the luminosity L0.3−8 keV = counts × CF by the absorp-
tion column density, the galaxy distance, and the energy range.
The results are reported in Table 3.

Figure 2 shows the variability factor plotted versus the max-
imum detected flux and the hardness ratio (R2 − R1)/(R1 + R2)
(see Sect. 4.3) for each source. The left column shows the vari-
ability factors calculated for sources observed in at least two
XMM-Newton observations. The right column shows the vari-
ability factors calculated for sources observed with Chandra and
in at least one XMM-Newton observation.

Applying a variability significance threshold of S = 3, we
found 35 variable sources. Like XRBs and AGNs, SSSs can
show high variability, and because of their soft spectrum (see
Sect. 5.6), they can be distinguished from the other sources: in
Fig. 2 (lower panels), SSSs candidates should appear on the left-
hand side, while XRBs (characterized by a much harder spec-
trum) are expected to appear on the right-hand side.

4.2. Spectral analysis

We extracted the X-ray spectra of sources with "300 counts
in the energy range 0.2–12 keV. For each source, we fitted all
three EPIC spectra simultaneously with different models: pow-
erlaw, disc-blackbody, thermal plasma model (APEC Smith et al.
2001), and blackbody, using XSPEC (ver. 12.7.0, Arnaud 1996).
For the absorption we used the PHABS model.

A good fit with one of the above-mentioned spectral mod-
els can be used to classify the sources into one of the following
classes of sources:

– X-ray binaries;
– supernova remnants;
– super-soft sources.

In total, we fitted the spectra of 12 sources (see Sect. A).
For sources that are not bright enough for spectral mod-

elling, we only calculated their hardness ratios, as described in
Sect. 4.3.

4.3. Hardness-ratio diagrams

We used the hardness-ratio diagrams to separate different classes
of sources according to their X-ray properties. They are espe-
cially helpful for sources that are too faint, for which spectral
fitting is not possible. For each source, we computed four hard-
ness ratios, defined as

HRi =
Ri+1 − Ri

Ri+1 + Ri
for i = 1, ... , 4, (1)

where Ri are the net source counts in five energy bands. To obtain
the best statistics we combined the hardness-ratios of all three
instruments.

When a source was detected in more than one observa-
tion, we considered the observation with the highest number of
counts. Some sources can exhibit different spectral states (which
can be correlated with the X-ray flux), resulting in hardness-
ratio changes between different observations (see e.g. Done et al.
2007). Therefore, for some of these sources we only considered
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Table 3. Variability factors (Vf ) with errors of sources observed in at least two XMM-Newton observations and in XMM-Newton and Chandra
observations.

XMM-Newton
Source Flux max. Vf Error Vf S Source Flux max. Vf Error Vf S
2 (3.05 ± 1.76) × 10−14 3.0 0.6 1.2 104 (8.29 ± 3.25) × 10−15 1.9 0.6 1.0
3 (3.00 ± 0.71) × 10−14 3.1 0.2 2.9 107 (1.36 ± 0.12) × 10−13 1.97 0.12 5.1
4 (1.65 ± 0.60) × 10−14 1.7 0.4 1.2 108 (1.79 ± 0.15) × 10−13 1.44 0.10 3.3
7 (1.13 ± 0.10) × 10−13 7.16 0.09 9.4 109 (3.43 ± 0.34) × 10−14 2.0 0.4 2.4
9 (2.22 ± 0.71) × 10−14 1.5 0.3 1.1 110 (1.79 ± 0.44) × 10−14 2.3 0.4 2.1
12 (7.31 ± 1.08) × 10−14 3.95 0.14 5.0 111 (5.91 ± 1.28) × 10−14 6.4 0.2 3.9
15 (8.04 ± 1.13) × 10−14 3.1 0.2 4.4 113 (3.05 ± 1.76) × 10−14 3.0 0.6 1.2
16 (1.41 ± 0.13) × 10−13 10.6 0.3 9.5 114 (1.27 ± 0.17) × 10−13 2.39 0.18 4.1
17 (7.23 ± 1.01) × 10−14 2.1 0.2 3.3 116 (3.32 ± 0.51) × 10−14 2.63 0.15 4.0
19 (1.86 ± 0.63) × 10−14 1.9 0.3 1.4 118 (3.41 ± 1.21) × 10−14 3.6 0.4 2.0
20 (5.31 ± 1.12) × 10−14 3.3 0.2 3.3 119 (1.64 ± 0.29) × 10−14 1.70 0.17 2.4
25 (2.62 ± 0.82) × 10−14 1.8 0.3 1.4 121 (2.82 ± 0.50) × 10−14 1.76 0.17 2.4
26 (2.85 ± 0.87) × 10−14 1.8 0.3 1.4 122 (2.21 ± 0.38) × 10−14 1.62 0.17 2.2
33 (2.64 ± 0.55) × 10−14 1.4 0.3 1.1 123 (2.76 ± 0.49) × 10−14 1.8 0.3 2.1
37 (7.96 ± 0.89) × 10−14 8.58 0.11 7.9 126 (4.84 ± 0.62) × 10−14 1.4 0.2 1.4
40 (1.39 ± 0.37) × 10−14 1.7 0.5 1.2 129 (4.96 ± 0.58) × 10−14 3.94 0.11 6.4
41 (1.82 ± 0.47) × 10−14 2.4 0.4 2.0 131 (2.26 ± 0.45) × 10−14 2.2 0.4 2.1
50 (3.50 ± 0.51) × 10−14 2.77 0.14 4.4 133 (7.64 ± 0.29) × 10−13 2.24 0.06 12.4
51 (2.20 ± 0.36) × 10−14 1.8 0.3 2.0 135 (5.26 ± 1.29) × 10−14 3.8 0.2 3.0
53 (2.43 ± 0.51) × 10−14 1.5 0.3 1.3 136 (1.57 ± 0.51) × 10−14 1.9 0.5 1.2
55 (2.15 ± 0.65) × 10−14 2.5 0.3 2.0 140 (2.39 ± 0.48) × 10−14 1.4 0.3 1.1
56 (2.09 ± 0.69) × 10−14 2.2 0.3 1.7 143 (1.50 ± 0.39) × 10−14 2.0 0.3 1.9
60 (7.24 ± 1.09) × 10−14 1.46 0.19 1.8 144 (9.08 ± 3.86) × 10−15 2.6 0.8 1.2
61 (7.25 ± 0.64) × 10−14 4.28 0.08 8.6 145 (1.92 ± 0.56) × 10−14 2.0 0.3 1.7
62 (1.75 ± 0.40) × 10−14 1.7 0.3 1.6 153 (3.52 ± 0.43) × 10−14 1.6 0.2 1.9
64 (3.74 ± 1.14) × 10−14 2.5 0.4 1.9 154 (1.08 ± 0.12) × 10−13 6.41 0.11 7.5
65 (1.25 ± 0.11) × 10−13 3.90 0.15 7.8 155 (4.55 ± 0.58) × 10−14 3.61 0.12 5.7
67 (8.92 ± 2.93) × 10−15 2.4 0.5 1.6 157 (3.34 ± 0.66) × 10−14 3.46 0.19 3.6
69 (3.95 ± 0.52) × 10−14 3.13 0.13 5.1 160 (8.04 ± 1.13) × 10−14 12.4 0.4 6.4
75 (1.46 ± 0.36) × 10−14 1.7 0.5 1.1 162 (1.97 ± 0.56) × 10−14 2.3 0.5 1.7
79 (3.99 ± 0.58) × 10−14 1.4 0.2 1.5 163 (1.40 ± 0.50) × 10−14 1.6 0.4 1.1
80 (3.47 ± 0.41) × 10−14 1.53 0.11 2.9 166 (1.96 ± 0.39) × 10−14 1.68 0.19 2.0
81 (5.58 ± 0.94) × 10−14 2.5 0.3 3.0 171 (7.03 ± 0.98) × 10−14 3.74 0.13 5.3
87 (1.55 ± 0.18) × 10−13 1.31 0.13 1.9 172 (3.32 ± 0.68) × 10−14 2.1 0.2 2.5
89 (1.40 ± 0.23) × 10−14 2.1 0.5 1.8 173 (3.95 ± 0.55) × 10−14 3.13 0.13 4.9
90 (1.34 ± 0.04) × 10−12 1.35 0.03 8.1 177 (5.01 ± 0.83) × 10−14 2.2 0.4 2.6
93 (2.78 ± 0.17) × 10−13 16.42 0.06 15.6 183 (2.71 ± 0.60) × 10−14 1.9 0.2 2.1
94 (1.73 ± 0.59) × 10−14 1.9 0.3 1.4 184 (2.83 ± 0.60) × 10−14 1.6 0.2 1.8
98 (4.01 ± 0.51) × 10−14 3.18 0.12 5.4 186 (2.44 ± 0.74) × 10−14 2.1 0.3 1.7
99 (1.47 ± 0.28) × 10−13 15.29 0.18 5.0 187 (1.78 ± 0.63) × 10−14 1.7 0.4 1.2
103 (1.21 ± 0.15) × 10−13 12.78 0.12 7.2 189 (7.96 ± 0.89) × 10−14 8.58 0.11 7.9

Chandra and XMM-Newton
Source Flux max. Vf Error Vf S Source Flux max. Vf Error Vf S
55 (2.15 ± 0.65) × 10−14 3.3 0.3 2.3 97 (1.30 ± 0.12) × 10−13 2.79 0.10 6.6
60 (7.24 ± 1.09) × 10−14 2.35 0.16 3.8 98 (4.01 ± 0.51) × 10−14 3.18 0.12 5.4
69 (3.95 ± 0.52) × 10−14 3.13 0.13 5.1 99 (1.47 ± 0.28) × 10−13 15.29 0.18 5.0
76 (1.29 ± 0.60) × 10−14 4.5 0.5 1.7 106 (4.21 ± 0.52) × 10−14 1.28 0.13 1.7
79 (3.99 ± 0.58) × 10−14 1.4 0.2 1.5 107 (1.36 ± 0.17) × 10−13 1.97 0.12 5.1
80 (3.47 ± 0.41) × 10−14 1.53 0.11 2.9 108 (1.79 ± 0.15) × 10−13 1.44 0.10 3.3
81 (5.58 ± 0.94) × 10−14 2.5 0.3 3.0 109 (3.43 ± 0.34) × 10−14 4.02 0.14 7.4
84 (1.95 ± 0.42) × 10−14 2.7 0.3 2.8 114 (1.27 ± 0.17) × 10−13 2.39 0.18 4.1
87 (1.55 ± 0.18) × 10−13 1.35 0.11 2.2 116 (3.32 ± 0.51) × 10−14 20.8 0.3 6.2
88 (1.03 ± 0.33) × 10−14 4.6 0.4 2.5 125 (7.23 ± 0.27) × 10−15 5.3 0.5 2.2
92 (3.74 ± 0.19) × 10−14 2.7 0.4 4.3 129 (4.96 ± 0.58) × 10−14 3.94 0.11 6.4
95 (2.00 ± 0.44) × 10−14 1.9 0.2 2.0

Notes. Table also includes maximum fluxes and errors in the energy range 0.2–4.5 keV in units erg cm−2 s−1, and the significance of the
difference S .

a state by adopting the highest number of counts when deter-
mining the hardness ratio. This approach allowed us to obtain
the hardness ratios with small uncertainties for bright sources

in their bright states. However, one has to be aware that if a
source changes its state, the hardness-ratio may change as well.
For fainter sources (with hardness ratio uncertainties "0.2), the
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Fig. 2. Left panels: variability factor as a function of the maximum flux (upper panel) and hardness ratio HR1 (bottom panel) based on
XMM-Newton observations. Right panels: variability factor as a function of the maximum flux (upper panel) and hardness ratio HR1 (bottom
panel) based on XMM-Newton and Chandra observations. The lower limits of the variability factors are marked as arrows.

hardness ratios are not sensitive to changes of the state of the
source within uncertainties. The hardness ratios calculated for
each source are reported in Table B.1.

Figure 3 shows the hardness ratios of sources with errors
smaller than 0.3, detected in the field of view of M 83. We
plotted sources classified as XRBs, SNRs, SSSs, ultra-luminous
X-ray sources (ULXs), foreground stars, and background objects
(see Sect. 5) with different symbols. On the same plot we also
overlaid grids of hardness ratios calculated for different spectral
models: three absorbed powerlaws with photon-indexΓ = 1, 2, 3
(XRBs in hard state), two absorbed disc-blackbody models with
temperatures at the inner disc radius of kTin = 0.5 and 1 keV
(XRBs in soft state), four thermal plasma models APEC with
temperatures kTapec = 0.2, 0.5, 1, 1.5 keV (SNRs), and two
blackbody models with temperatures kTbb = 50 and 100 eV
(SSSs, see Sect. 5.6). The column densities range from NH =
1020 cm−2 to NH = 1024 cm−2.

5. Source classification

We cross-correlated the list of sources observed with
XMM-Newton with existing catalogues. For this purpose we used
X-ray (Trinchieri et al. 1985; Ehle et al. 1998; Immler et al.
1999; SW03; Di Stefano & Kong 2003), optical (Blair & Long
2004; Dopita et al. 2010; Jones et al. 2004; Rumstay & Kaufman
1983; USNO-B1, Monet et al. 2003), radio (Maddox et al. 2006;
Cowan et al. 1994; Condon et al. 1998), and infrared (2MASS,
Skrutskie et al. 2006) catalogues.

We considered two sources as associated to each other if
their positions were closer than the 3× combined statistical er-
rors. The optical counterparts of several X-ray sources cannot be

determined uniquely. In such cases we assumed as counterpart
the brightest optical object within the error circle. The cross-
correlations are reported in Table B.2.

We used the previous classifications in X-rays and other
wavelengths and the methods of classification described in
Sects. 4.1 (X-ray variability), 4.2 (spectral analysis), and 4.3
(hardness ratios), to identify and classify sources as background
objects, foreground stars, XRBs, SNRs, SSSs, and ULXs.

In this section we describe the observational properties for
each class of sources and define the classification criteria.

5.1. Foreground stars

X-ray observations of nearby galaxies are contaminated by fore-
ground stars, which have X-ray luminosities ranging from ∼1026

to ∼1030 erg s−1 for stars of spectral type F to M, and ∼1029

to ∼1034 erg s−1 for stars of spectral types O and B (Vaiana
et al. 1981; Rosner et al. 1985). Stars of spectral classes F
to M emit X-rays because of the intense magnetic fields that
form a corona, in which the plasma is heated to temperatures
of about ∼106−108 K (e.g. Güdel 2002). A mechanism proposed
to explain the X-ray emission from stars of spectral types O-B
is the formation of shocks in the coronal regions due to the in-
stability of the wind-driven mechanism (see Puls et al. 2008 and
references therein). In A-type stars, none of the above mech-
anisms for X-ray emission can operate efficiently. Therefore,
A-type stars are expected to be weak X-ray sources (Schröder &
Schmitt 2007) and only very few have been observed in X-rays
(see e.g. Robrade & Schmitt 2010; Schröder et al. 2008).

The X-ray spectra of foreground stars are relatively soft
and can be described by models of optically thin plasma in
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Fig. 3. Hardness-ratio diagrams of sources with error-bars smaller than
0.3. Black squares are sources classified as XRBs (Sect. 5.4), orange
diamonds are SNRs (Sect. 5.5), violet plus signs are SSSs (Sect. 5.6),
green crosses are ULXs (Sect. 5.8), cyan stars are foreground stars
(Sect. 5.1), red triangles are background sources (Sect. 5.2), and blue
circles are sources not classified. The lines are the hardness ratios cal-
culated for different spectral models and column densities, as described
in Sect. 4.3.

Fig. 4. Colour–colour diagram of XMM-Newton sources with optical
(USNO-B1) and infrared (2MASS) counterparts. Sources located be-
low the black dashed line are very likely foreground stars.

collisional equilibrium (e.g. Raymond & Smith 1977) with tem-
peratures ranging from 106 to 107 K. A common method to
distinguish stars from other X-ray sources is comparing the
X-ray-to-optical flux ratio, as suggested by Maccacaro et al.
(1988):

log10( fx/ fopt) = log10( fx) +
m

2.5
+ 5.37, (2)

where m is the visual magnitude mv. In the USNO-B1 catalogue
the red and blue magnitudes are given, thus we assumed mv ≈
(mred + mblue)/2. We used the blue magnitude mblue as magni-
tude m when the red magnitude was not available.

For each X-ray source with an optical counterpart, we
distinguished foreground stars from other sources by plot-
ting X-ray-to-optical flux ratios over the hardness ratios HR2
and HR3 (Fig. 5). The X-ray-to-optical flux ratios and the
hardness ratios differ significantly between different classes of
sources.

The soft X-ray flux of early-type stars (OB type) scales
with fx ≈ 10−7 fopt (Kudritzki & Puls 2000 and references
therein), while the ratio fx/ fopt of late-type stars (F to M) usu-
ally ranges from 10−6 to 10−1 (e.g. Krautter et al. 1999). In con-
trast, sources such as SNRs, SSSs, and XRBs radiate mainly in
X-rays.

We also used optical and near-infared magnitudes and
colours to classify foreground stars (Figs. 4 and 6). Figure 4 is
the colour–colour diagram for XMM-Newton sources with opti-
cal (USNO-B1) and infrared (2MASS) counterparts. Lines show
the expected (B − R) and (J − K) colours for main-sequence,
giant, and supergiant stars belonging to the Milky Way. We ob-
tained these lines using intrinsic colours calculated by Johnson
(1966). Stars located at the Galactic latitude of M 83 (b ≈ 32◦)
have on average a colour excess per kiloparsec of E(B − V) =
0.05 ± 0.05 mag kpc−1 (Gottlieb & Upson 1969). Therefore, the
colour excesses E(J−K) and E(B−R) are negligible compared to
the optical and infrared magnitude uncertainties (Schild 1977).

Figures 4 and 6 allow to separate foreground stars from
other classes of sources. Foreground stars are brighter in R
than background objects or members of M 83, and sources
with J − K ! 1.0 and B − R ! 2.0 are most likely foreground
stars.
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Fig. 5. Flux ratio log( fx/ fopt) over hardness ratios HR2 and HR3.

Fig. 6. Colour–magnitude diagrams of XMM-Newton sources correlating with sources in the USNO-B1 (left panel) and 2MASS (right panel)
catalogues.

From previous considerations, we classified foreground stars
when these conditions were met:

– log( fx/ fopt) ! −1;
– HR2 ! 0.3;
– HR3 ! −0.4;
– J − K ! 1.0;
– B − R ! 2.0.

The five sources classified as foreground star candidates are re-
ported in Table 4. A detailed discussion of the identification
and classification of foreground stars is provided in Sects. A.1
and A.2.

5.2. Background objects

The identification of AGNs, normal galaxies, and galaxy clusters
is based on SIMBAD and NED correlations, and is confirmed if
there is an optical counterpart in the 2nd Digitized Sky Survey
(DSS2) image. New classifications are based on the radio coun-
terpart and hardness ratio HR2 ≥ −0.4 (Pietsch et al. 2004).

Table 4. M 83 X-ray sources and their associated candidate sources in
our Galaxy.

No. RA Dec USNO-B1 B mag. R mag.
(J2000) (J2000)

21 13 36 18.73 –30 01 38.1 0599-0299962 18.0 15.5
24 13 36 19.95 –29 51 08.3 0601-0298625 14.1 13.2
143 13 37 27.29 –29 55 45.5 0600-0300561 18.2 16.4
174 13 37 44.79 –30 07 49.2 0598-0301638 12.9 11.2
182 13 37 57.77 –30 01 40.6 0599-0300696 15.1 13.9

We identified nine sources as background galaxies and
AGNs (sources No. 7, 17, 31, 65, 83, 89, 144, 148, 158, see
Table 5). We found radio counterparts of the sources Nos. 20, 37,
189 and classified them as AGN candidates for the first time (see
Sect. A.3). Based on the log N − log S calculated by Cappelluti
et al. (2009) (see Sect. 6.2), about 40 observed sources (with
a 2–10 keV flux Fx > 10−14 erg cm−2 s−1) are expected to
be background objects in each XMM-Newton observation of
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Table 5. X-ray sources identified and classified as galaxies or AGNs
and their counterparts or previous X-ray classifications.

No. RA Dec Name
(J2000) (J2000) (SIMBAD)

Identifications:
7 13 36 04.66 –30 08 30.8 QSO B1333−298
17 13 36 15.42 –29 57 58.2 [I1999] 53

31 13 36 28.13 –29 42 27.9 2MASS 13362821−2942266
65 13 36 45.78 –29 59 13.0 6dFGS gJ133645.8−295913
83 13 36 58.26 –29 51 04.3 [MCK2006] 281

89 13 36 59.68 –30 00 58.8 [BRK2009] 72

144 13 37 27.46 –30 02 28.3 6dFGS gJ133727.5−300228
148 13 37 29.36 –29 50 27.4 6dFGS gJ133729.5−295028
158 13 37 32.94 –29 51 01.2 ESO 444−85

New classifications:
20 13 36 18.21 –30 15 00.5 NVSS J133618−301459
37 13 36 30.53 –30 16 57.0 NVSS J133630−301651
189 13 38 05.57 –29 57 45.4 NVSS J133805−295748

References. (1) Maddox et al. (2006); (2) Bresolin et al. (2009);
(3) Immler et al. (1999).

Table 1. From a comparison with other works (e.g. Misanovic
et al. 2006), we expect a large difference between the pre-
dicted number of background objects from background surveys
and the number of identified/classified background objects in an
XMM-Newton observation. This difference is due to the difficulty
in classifying sources which, because of their distance, are too
faint (and therefore provide little information) to be classified
with the methods at our disposal.

5.3. Nuclear sources

We detected two bright sources in the nuclear region of M 83
with the source detection procedure: sources No. 92 and No. 95.
They are separated by ∼6.3′′ and are the brightest sources de-
tected with XMM-Newton in M 83 (FNo. 90 = [1.03 ± 0.25] ×
10−12 erg cm−2 s−1; FNo. 93 = [2.59 ± 0.15] × 10−13 erg cm−2 s−1;
0.2–12 keV, assuming an absorbed powerlaw spectrum with in-
dex 1.8 and a foreground Galactic absorption of NH = 3.69 ×
1020 cm−2). The two nuclear sources coincide with ∼18 Chandra
sources and the bright diffuse emission of the starburst nucleus,
not resolved by XMM-Newton because of its high PSF, which
causes source confusion in crowded regions, such as the nuclear
region of M 83.

5.4. X-ray binaries

We classified sources as XRBs if the X-ray spectra or hardness
ratios were compatible with the typical spectra of XRBs and we
detected a flux periodicity.

We identified two X-ray binaries (Nos. 81 and 120),
previously classified by SW03 using Chandra observations
(Sect. A.4).

5.5. Supernova remnants

We assume that the X-ray spectra of SNRs are well described
by the thermal plasma model APEC (Smith et al. 2001), with
temperatures ranging from 0.2 to 1.5 keV. At this distance we
are unable to resolve an SNR or to verify a more detailed spectral
model assuming, e.g., a non-equilibrium ionisation.

We classified an X-ray source as SNR if HR1 > 0.1, HR2 <
−0.4, the source was not a foreground star, and did not show a
significant variability (Pietsch et al. 2004).

We identified the source No. 79 as source [SW03] 27, classi-
fied as a young SNR candidate by SW03 (Sect. A.5).

SN1957D. Long et al. (2012) reported the first detection of
SN1957D in X-rays with Chandra. The source shows a lumi-
nosity of 1.7 × 1037 erg cm−2 s−1 (d = 4.61 Mpc, Saha et al.
2006; 0.3–8 keV), and the spectrum is well modelled with an
absorbed powerlaw with an index ∼1.4, a foreground Galactic
absorption of NH = 4 × 1020 cm−2 and an intrinsic column
density of NH = 2 × 1022 cm−2. We did not detect SN1957D
in the XMM-Newton observations. In observation 1 the source
is located near to the centre of the field of view, and in the
other two observations the source is located at the edge of the
field of view. Assuming the spectral parameters found by Long
et al. (2012), we calculated a 3σ upper-limit in observation 1
of ∼2.4 × 10−14 erg cm−2 s−1 (0.2−12 keV), corresponding to a
luminosity of ∼5.8 × 1037 erg s−1, well above the luminosity de-
tected by Long et al. (2012).

5.6. Super-soft sources

Super-soft sources are a class of sources that are believed to
be binary systems containing a white dwarf. The white dwarf
accretes matter from a Roche-lobe-filling companion at high
rates (Ṁacc ∼ 10−7 M& yr−1), which leads to quasi-steady nu-
clear burning on its surface (see e.g. van den Heuvel et al.
1992). SSSs show soft spectra with blackbody temperatures
of 15–150 eV and X-ray luminosities ranging from∼1035 erg s−1

to 1038 erg s−1 (Di Stefano & Kong 2003; Kahabka & van den
Heuvel 1997). An additional harder component, due to inter-
actions of the radiation with matter near to the white dwarf or
wind interactions can be observed (Di Stefano & Kong 2003).
Moreover, SSSs are often observed as transient X-ray sources
(see Greiner 2000). Other classes of sources with soft spectra
can be confused with SSSs. For example, some X-ray pulsars
observed outside the beam of the pulsed radiation can show a
soft (∼30 eV) component (Hughes 1994; Di Stefano & Kong
2003). Moreover, stripped cores of giant stars can be classified
as SSSs (Di Stefano et al. 2001).

As our classification criteria, we assumed blackbody temper-
atures of kTbb ≤ 100 eV (in agreement with the selection proce-
dure proposed by Di Stefano & Kong 2003) and hardness ratios
that do not overlap with those of other classes of sources. These
criteria are an HR1 ! 0 and HR2 − EHR2 < −0.9. We classified
a source as SSS only if both criteria are fulfilled.

We identified source No. 91 as source M 83-50, classified as
an SSS candidate by Di Stefano & Kong (2003) using Chandra
observations (Sect. A.6).

5.7. Hard sources

Hard sources show hard X-ray spectra (or hard HRs, see Table 5
in Pietsch et al. 2004). Using their spectral properties and hard-
ness ratios, we classified five hard sources (Nos. 16, 61, 103,
126, and 153; see Sect. A.8.1) and we identified 11 hard sources
(Nos. 60, 80, 92, 97, 99, 106, 107, 108, 114, 116, 129; see
Sect. A.8.2).

5.8. Ultra-luminous X-ray sources

ULXs are pointlike non-nuclear sources with X-ray luminosities
in excess of the Eddington limit (LEdd + 1039 erg s−1) for a stellar
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mass black-hole (see e.g. Feng & Soria 2011). They are usually
located in active star-forming environments (Miller & Colbert
2004), and their nature is still unclear; recent studies indicate
that ULXs are a heterogeneous sample of objects (e.g. Gladstone
2010).

Several models have been proposed to explain the high X-ray
luminosity of ULXs, but there are three models that are of-
ten used for this class of sources. The first model requires that
ULXs are intermediate-mass black-hole systems (IMBHs) with
masses M ∼ 102−104 M&, accreting at sub-Eddington rates (e.g.
Colbert & Mushotzky 1999). The other models assume that
ULXs are stellar-mass black holes (with masses M ! 100 M&)
in a super-Eddington accretion regime (Poutanen et al. 2007) or
with beamed radiation (see e.g. King 2009).

We identified ULX No. 133, discovered by Trinchieri et al.
(1985) with Einstein (source H2), and previously observed in
X-rays with ROSAT by Ehle et al. (1998) and Immler et al.
(1999) (see Sect. A.7).

6. X-ray luminosity functions

For each observation, we calculated the XLFs in the energy
range 2–10 keV excluding the softer bands to reduce the effect
of incompleteness of the observed source sample due to absorp-
tion. Moreover, from an XLF calculated in this energy band, it is
possible to easily subtract the contribution of the log N− log S of
the AGNs, which was calculated from several surveys performed
by XMM-Newton and Chandra (see Sect. 6.2).

We considered for XLFs only sources with a detection like-
lihood greater than 6 in the energy range 2–12 keV. For each
source, we converted the count rates to the 2–10 keV fluxes us-
ing the ECFs of Table 2 for the energy bands R4 and R5.

We excluded the region inside a circle centred on the nu-
clear region of M 83 with radius R = 26′′ from the XLF calcu-
lation, where the large PSF of EPIC in a crowded region causes
source confusion effects (see Sect. 5.3). Since we were inter-
ested in obtaining XLFs of XRBs, we also excluded the sources
previously classified as SNRs, SSSs, ULXs, and foreground
stars (Sect. 5). For each observation, we calculated the XLFs
of sources detected within two regions of M 83: the inner disc
inside the D25 ellipse, and the outer disc outside the D25 ellipse.

6.1. XLFs corrected for incompleteness

The sensitivity of the EPIC instruments depends on the expo-
sure, background, and PSF, which are not uniform across the
FOV. Indeed, the exposure time is relatively high at the centre of
the FOV and decreases with increasing off-axis angle (vignetting
effect). The background, modelled by the task esplinemap, de-
creases with increasing angular distance from the nuclear region
of M 83 (due to the diffuse emission in the disc of M 83), and the
optical properties of the X-ray telescope introduce a degradation
of the PSF with increasing off-axis angle. Therefore, the sensi-
tivity also varies across the observed area, allowing the detection
of the brightest sources across the entire observed area, whereas
the effective area for the detection of faint sources is smaller.
This effect leads to an underestimation of the number of sources
observed at the faintest flux levels.

We corrected the XLFs by taking into account the incom-
pleteness effect described above by calculating the sky coverage
function, which is the effective area covered by the observa-
tion as a function of flux. For each observation, we first cre-
ated the combined sensitivity maps of PN, MOS1, and MOS2

Fig. 7. Sky coverage as a function of the X-ray flux (2–10 keV) for the
region inside the D25 ellipse (observation 1), calculated excluding the
region within the circle centered on the nuclear region of M 83 with
radius R = 26′′.

with the SAS task esensmap, which requires as input files the
exposure maps, the background images, and the detection masks
created by the source detection procedure. We used the sensitiv-
ity maps to calculate the sky coverage function for each observa-
tion (Fig. 7). The cumulative XLF corrected for incompleteness
is given by

N(>Fx) = Atot

Ns∑

i=1

1
Ω(Fi)

, (3)

where N(> Fx) is the number of sources with a flux higher
than Fx, weighted by the fraction of the surveyed areaΩ(Fi)/Atot
over which sources with flux Fi can be detected; Atot is the to-
tal area of the sky observed by EPIC, Ω(Fi) is the sky cover-
age (Fig. 7), and Ns is the total number of the detected sources.
Therefore, with Eq. (3), every source is weighted with a fac-
tor correcting for incompleteness at its flux. The variance of the
source number counts is defined as

σ2 =

Ns∑

i=1

(
1
Ωi

)2
· (4)

6.2. AGN-corrected XLFs

The XLFs obtained in Sect. 6.1 consist of sources belonging to
M 83 (XRBs) and AGNs. We subtracted the AGN contribution
using the AGN XLF of Cappelluti et al. 2009, who derived the
XLFs from the 2 deg2 of the XMM-COSMOS survey (Scoville
et al. 2007). These authors found that the XLF of AGNs in the
energy range 2−10 keV is described by a broken powerlaw:

dN
dF
=

{
AF−α1 F > Fb
BF−α2 F ≤ Fb,

(5)

where A = BFα1−α2
b is the normalisation, α1 = 2.46 ± 0.08, α2 =

1.55±0.18, Fb = (1.05±0.16)×10−14 erg cm−2 s−1, and A = 413.
Figure 8 shows the XLFs of sources detected within the D25

ellipse and outside, calculated for each XMM-Newton observa-
tion. Blue lines are the observed XLFs, and black lines are the
XLFs corrected for incompleteness. Solid green lines are the
AGN XLFs of Eq. (5) with relative uncertainties (dashed green
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Fig. 8. Cumulative XLFs in the 2–10 keV energy band. Blue lines correspond to the XLFs without the contribution of SNRs, SSSs, ULX, and
foreground stars, not corrected for incompleteness. Black lines are the XLFs corrected for incompleteness. Solid green lines are the AGN XLFs
of Cappelluti et al. (2009), and dashed green lines are the 90% confidence errors. Solid red lines are the XLFs corrected for incompleteness and
AGN-subtracted, and the dashed red lines are the resulting uncertainties.

lines). Solid red lines show the XLFs corrected for incomplete-
ness and AGN-subtracted, and dashed red lines are the 90% con-
fidence errors, obtained from Eq. (4) and the 90% confidence
errors of the AGN distribution.

Vertical black lines in the right column of Fig. 8 show the
level at which the survey is 90% complete (see Sect. 6.3.2), de-
fined as the flux at which
Ns∑

i=1

N(Fi)/
Ns∑

i=1

Atot/Ω(Fi) = 0.9.

6.3. Fit

We fitted the differential XLFs corrected for incompleteness and
AGN-subtracted with a powerlaw:

A(F) = kFα , (6)

where k is the normalisation and α the powerlaw index. We also
fitted the differential XLFs with a broken powerlaw:

A(F) =
{

kFα2−α1
b Fα1 F > Fb

kFα2 F ≤ Fb , (7)

where Fb is the break point. The resulting parameters obtained
from the fit are reported in Table 6.

6.3.1. Inner disc

From Chandra observation, SW03 calculated the XLFs of
sources located in the inner region (distance < 60′′ from the
nucleus) and outer region (60′′ < d < R25) of the optical disc.
They found that the inner region sources have a powerlaw lumi-
nosity distribution with an differential index of −1.7, while the
luminosity distribution of the outer region sources shows a lack
of bright sources above ∼1038 erg s−1. These authors modelled
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Table 6. Best-fitting parameters of the differential XLFs of obser-
vations 1, 2, and 3, calculated for sources within and outside the
D25 ellipse.

<R25

Obs. 1 Obs. 2 Obs. 3
powerlawa

α −1.0 ± 0.3 −1.8 ± 0.4 −1.6 ± 1.2
k 10.4 +1.8

−1.6 11.2 +5.9
−3.9 21.4 +38.9

−13.8

χ2 (d.o.f.) 23.48 (15) 11.74 (5) 9.20 (5)

broken powerlawb

α1 −3.0 +0.9
−0.2 −2.9 +0.8

0.2

α2 −1.1 +0.1
−0.5 −1.1 +0.1

−0.4

k 20.9 +13.0
−8.0 37.2 +48.0

−20.9

Fb (10−14 erg cm−2 s−1) 5.6 +1.0
−0.4 6.5 +0.8

−0.7

χ2 (d.o.f.) 21.01 (13) 9.17 (3)
> R25

Obs. 1 Obs. 2 Obs. 3
powerlawa

α −1.9 ± 0.5 −3.3 ± 1.1 −1.2 ± 0.4
k 13.4 +4.7

−3.5 8.7 +3.5
−2.5 7.1 +2.0

−1.6

χ2 (d.o.f.) 11.62 (11) 4.41 (5) 8.68 (9)

Notes. For each observation, the best-fitting parameters were obtained
using the total XLF corrected for incompleteness and AGN-subtracted.
(a) See Eq. (6); (b) see Eq. (7).

the XLF of these sources with a broken powerlaw with a break
around ∼1038 erg s−1 and differential indices of −1.6 and −2.6.
They explained the XLF of the inner region sources in terms of
current starburst activity, while the XLF of the outer region may
result from an older population of disc sources mixing with a
younger population.

We recall that we cannot study the innermost region be-
cause of poor spatial resolution of XMM-Newton compared to
Chandra. We compared the best-fitting parameters of the XLF
of the outer region sources (60′′ < d < R25) obtained by SW03
with those obtained from the XMM-Newton analysis (Table 6).
In particular, we considered the broken powerlaw fit of sources
detected in observation 1. Only during this observation was the
whole optical disc of M 83 observed. We found that the indices
α1, α2 and the break Fb of Eq. (7) agree within the uncertainties
with the parameters found by SW03.

Grimm et al. (2003) studied the XLFs of a sample of galax-
ies and found the probable existence of a universal HMXB XLF
(in the luminosity range ∼4 × 1036−1040 erg s−1), described by
a powerlaw with differential slope of −1.6. They found that
the number of HMXBs with Lx > 2 × 1038 erg s−1 in a star-
forming galaxy is directly proportional to the SFR, and pro-
posed that the number and the total X-ray luminosity of HMXBs
can be used to measure the star formation rate of a galaxy.
Based on a much larger sample of galaxies, Mineo et al. (2012)
found that the properties of populations of HMXBs and their
relation with the SFR agree with those obtained by Grimm et al.
(2003). We estimated the SFR in the optical disc of M 83 using
the NHMXBs−SFR relation of Mineo et al. (2012):

N(>1038erg s−1) = 3.22 × SFR (M& yr−1). (8)

We assumed that the XLF we used for this calculation provides a
good approximation of the HXMB XLF in M 83. The contribu-
tion of LMXBs to the XLF is negligible for a starburst galaxy
such as M 83 when Lx " 1038 erg s−1 (Grimm et al. 2003).

Moreover, the contribution of LMXBs to the XLF is minimized
by excluding the nuclear region of the galaxy, from which a
strong contribution to the total number of LMXBs is expected.
Using the XLF of sources detected in observation 1 within
the D25 ellipse, from Eq. (8) we found an SFR ≈ 3.1 M& yr−1,
in agreement with the SFR estimates obtained from observations
in other wavelengths (see e.g. Boissier et al. 2005; Dong et al.
2008; Grimm et al. 2003 and references therein).

6.3.2. Outer disc

The XLFs of the outer disc (d > R25) show an excess of sources
(with respect to the expected number of AGNs) in the luminosity
range ∼1037 to ∼2 × 1038 erg s−1 (Fig. 8).

We are interested in calculating the probability of the lumi-
nosity distribution of the observed sources to be consistent with
the luminosity distribution of Eq. (5) which represents the AGN
distribution. Therefore, we compared for each observation the
luminosity distribution of the sources detected in the outer disc
(d > R25) that was not corrected for incompleteness (see Sect. 6)
with a distribution of simulated sources over the EPIC FOV ob-
tained from a uniform spatial distribution of sources with a lumi-
nosity distribution given by Eq. (5), filtered to exclude sources
with a flux below the detection threshold calculated at the po-
sition of each source in the sensitivity map. The Kolmogorov-
Smirnov test applied to these source samples showed that the
probabilities that the luminosity distributions of the observed
sources are consistent with the luminosity distribution of AGNs
(Eq. (5)) are almost zero, being 0.04% in observation 1, 0.7% in
observation 2, and 0.6% in observation 3.

To quantify the probability that the set of X-ray sources lo-
cated outside the D25 ellipse are AGNs (which are expected to be
uniformly distributed across the sky) or XRBs (whose distribu-
tion should not be uniform, because the position of XRBs should
correlate with the arms extending out of the optical disc), we per-
formed a two-dimensional Kolmogorov-Smirnov test (Fasano &
Franceschini 1987; Peacock 1983). This test is based on the
statistic δ, which in the unidimensional Kolmogorov-Smirnov
test represents the largest difference between two cumulative dis-
tributions. We applied this test to two data samples:

1. all X-ray sources detected in observation 1 that are lo-
cated outside the D25 ellipse. The number of these sources
is N1 = 39;

2. a distribution of simulated sources in the EPIC FOV of ob-
servation 1, obtained from a uniform spatial distribution of
sources (which represents the uniform spatial distribution
of AGNs) modified to take into account the incompleteness
effect described in Sect. 6.1. We obtained this spatial dis-
tribution of sources as follows. We first generated a uni-
form spatial distribution of sources with fluxes given by the
XLF of AGNs described in Sect. 6.2. Then, we selected
sources with flux higher than that corresponding to the po-
sition of each source in the sensitivity map. We additionally
selected sources with luminosity >1037 erg s−1 in the energy
range 2–10 keV that are located outside the D25 ellipse. With
this method, we generated a sample of N2 = 104 coordinate
pairs (RA, Dec) of sources (see Fig. 9).

From the number of data points N1 and N2 of the two data sets,
the significance level was calculated from the probability distri-
bution of the quantity

Zn ≡ δ
√

n, (9)
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Fig. 9. Sample of 104 simulated sources, distributed over the EPIC field
of view of observation 1 and located outside the D25 ellipse.

where n = N1N2/(N1 + N2). The analytical formula for cal-
culating of the probability that the two data samples come
from the same distribution is accurate enough for large data
sets with n > 80 (Fasano & Franceschini 1987). Since in our
case n ≈ 39, we needed to use Monte Carlo simulations. We
generated many synthetic data samples simulating the uniformly
distributed AGNs with the same method previously used to cal-
culate sample 2; each of the synthetic data samples has the same
number of sources as the observed data set 1 (N1 = 39). For each
data set we applied the 2D Kolmogorov-Smirnovtest by compar-
ing the synthetic data set with the set of 104 sources distributed
across the EPIC FOV previously described, then we calculated
the quantity Zn using Eq. (9). The probability of the observed Zn
is given by the fraction of the times the simulated Zn are larger
than the observed Zn.

Applying this statistical method to our data, we found a prob-
ability of 99.5% that the observed sample 1 and the simulated
homogeneously distributed sample 2 are significantly different,
which suggests a non-uniform distribution of the observed X-ray
sources and therefore a possible correlation between the posi-
tions of these sources and the extended arms of M 83.

The incompleteness correction given by Eq. (3) is based on
the hypothesis that sources are uniformly distributed. However,
we have demonstrated that the X-ray sources located outside the
D25 ellipse have a non-uniform distribution, hence the associated
XLFs corrected for incompleteness of Fig. 8 (right column) are
not reliable at low luminosities. Therefore we only considered
the part of the XLFs with luminosities higher than the level at
which the survey is 90% complete (to the right of the vertical
black lines in Fig. 8). We found that the 90% complete XLFs
of observations 1 and 3 (for which we have enough data points
to find a good fit) are well fitted with a powerlaw with differen-
tial slopes α = −2.2 ± 0.5 (observation 1), and α = −1.7 ± 0.4
(observation 3), which are consistent with each other within er-
rors. These are also consistent with the AGN slope of Cappelluti
et al. (2009).

Assuming that the spatial distribution of AGNs and their
number density are not subject to strong fluctuations on small
angular scales corresponding to different directions in the M 83
field, the observed excess of sources (with respect to the AGN
distribution) in the luminosity range ∼1037 to ∼2 × 1038 erg s−1

(Fig. 8) can probably be ascribed to a population of XRBs lo-
cated in the outer disc of M 83. The recent star-forming activity
discovered by GALEX in this region indicates that a large por-
tion of the observed X-ray sources are HMXBs. However, the
observed XLF slope is steeper than the slope of the universal
HMXB XLF inferred by Grimm et al. (2003). A possible expla-
nation for the difference between the two slopes could be that
the observed XLFs are the result of a mix of XRB populations
formed after starbursts of different ages. An alternative explana-
tion is that the mass distribution of the population of stars in the
low-density regions of the outer disc of M 83 is described by a
truncated initial mass function (IMF), whose existence was pro-
posed to explain the production of fewer high-mass stars (com-
pared to the standard IMF) in low-density environments (see e.g.
Krumholz & McKee 2008; Meurer et al. 2009). The universal-
ity of the IMF is still a matter of debate (Bastian et al. 2010);
in this context, a recent Subaru Hα observation of the outer disc
of M 83 revealed O stars even in small clusters (M ! 103 M&),
which supports the hypothesis that the IMF is not truncated in
low-density environments (Koda et al. 2012).

7. Summary

We presented an analysis of three XMM-Newton observations of
M 83. We performed the source detection procedure separately
for images of each observation, and we obtained a catalogue con-
taining 189 sources.

Based on cross-correlations with other catalogues we iden-
tified counterparts for 103 sources, 12 of which were identified
or classified as background objects and 5 as foreground stars
(one as candidate CV). We performed spectral analysis of the
sources with the largest number of counts, as well as studies of
the X-ray variability and the hardness ratio diagrams. The spec-
tral analysis of ULX No. 133 in observations 2 and 3 showed
good fits with the standard IMBHs model as well as with accret-
ing stellar-mass black-hole model, in agreement with the results
obtained by Stobbart et al. (2006) from observation 1.

In Sect. 6 we presented the XLFs of sources in the 2–10 keV
energy band, within and outside the D25 ellipse. We corrected
the XLFs for incompleteness and subtracted the contribution of
background AGNs from the total XLF to obtain the XLFs of
XRBs. The XLF of the optical disc is well fitted with a power-
law or a broken powerlaw, while the XLF of the outer disc is well
fitted with a simple powerlaw. The broken powerlaw fit param-
eters agree (within the uncertainties) with the parameters found
by SW03 with Chandra. From the XMM-Newton XLF, we ob-
tained an SFR ≈ 3.1 M& yr−1 in the optical disc of M 83, which
agree with previous estimates obtained in other wavelengths.

The XLFs of these sources show an excess of sources (com-
pared to the AGNs distribution) in the luminosity range ∼1037

to ∼2×1038 erg s−1. The application of the Kolmogorov-Smirnov
test to the X-ray sources detected outside the D25 ellipse allowed
us to find that this population of sources is significantly different
from the population of background AGNs, which is supposed to
have a homogeneous distribution. These results led us to suggest
that a part of the X-ray sources observed outside the D25 ellipse
belongs to the outer disc of M 83. The 90% complete XLFs of
the outer disc are well fitted with a simple powerlaw with differ-
ential slope α = −2.2 ± 0.5 (observation 1), and α = −1.7 ± 0.4
(observation 3) steeper than the universal HMXB XLF discov-
ered by Grimm et al. (2003). We proposed as a possible origin
for the steep slope of the observed XLF that the observed XLFs
are the result of a mix of XRB populations of different ages,
or, as an alternative explanation, that the IMF in the low-density
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regions of the outer disc of M 83 is truncated, as previously sug-
gested by e.g. Krumholz & McKee (2008) and Meurer et al.
(2009) to explain the low production of high-mass stars in low-
density environments. Additional X-rays and UV observations
of the outer disc of M 83, analysed with most effective methods
such as the one used by Bodaghee et al. (2012) to measure the
spatial cross-correlation of HMXBs and OB star-forming com-
plexes in the Milky Way, will be fundamental to confirm our
hypothesis.
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Appendix A: Classification and identification
of the XMM-Newton sources

A.1. Foreground stars

Sources Nos. 21, 143, 182, and 174. Using the criteria in
Sect. 5.1, we classified sources Nos. 21, 143, 182, and 174 as
foreground stars according to their optical and infrared proper-
ties (Figs. 4, 6), and their optical-to-X-ray ratios as a function
of the hardness ratios (Fig. 5). Although the hardness ratio crite-
rion HR3 ! −0.4 of source No. 174 is not fulfilled, we classified
this source as a foreground star because of the large uncertainty
of the hardness ratio (see Fig. 5).

Source No. 24 has optical and infrared counterparts
and log10( fx/ fopt)<−1, but violates the hardness ratio HR2
criterion (see Fig. 5). The optical counterpart is bright
(mB,No.24 = 14.1), and the B−R and J−K colours are consistent
with those of foreground stars (Figs. 4 and 6), thus this source
most likely belongs to the Milky Way. It has been detected in
observations 1 and 2 in all three EPIC cameras. In all cases,
source No. 24 shows hard HR2 (Fig. 5, left panel), inconsistent
with the expected X-ray spectra of foreground stars. The
properties of the optical companion and the hard X-ray spectra
may indicate a cataclysmic-variable nature for this source. This
class of sources can show short- and long-term time variability,
therefore we produced the X-ray lightcurve in the energy
range 0.5–4.5 keV to give more evidence for this identification.
However, the resulting X-ray lightcurve (with a bin-time of
2000 s) shows neither short- nor long-term variability.

A.2. Sources that are not foreground stars

Sources Nos. 12, 137, 164, and 189 coincide with ROSAT
sources H2, H31, H34 and H36. They were classified by
Immler et al. (1999) as foreground stars based on posi-
tional coincidences with optical sources of the APM Northern
Sky Catalogue (Irwin et al. 1994). We found possible op-
tical counterparts in the USNO-B1 catalogue for source
No. 164 (USNO−B1 0601 − 0299090) and source No. 12
(USNO−B1 0602 − 0301227). However, their X-ray-to-optical
flux ratios (Eq. (2)) are log( fx/ fopt) ≈ 0.10 and 0.11 respectively
( fopt of both sources was calculated using visual magnitude),
hence the foreground star classification for these sources is ruled
out. The refined positions of sources Nos. 137 and 189 obtained
with XMM-Newton, allowed us to exclude their association
with the optical counterparts proposed by Immler et al. (1999).
Source No. 189 can be associated with a new optical counter-
part, USNO−B1 0600 − 0300832, which is ∼3 orders of magni-
tude fainter than the previous one (USNO−B1 0600− 0300831).
However, the new X-ray-to-optical flux ratio is log( fx/ fopt) ≈
0.68 ( fopt was calculated using visual magnitude), too high for
a foreground star (see Sect. A.3). Hardness ratios of sources
Nos. 164 and 137 are consistent with a powerlaw or disk-
blackbody spectrum. Therefore, the spectra of these sources are
too hard to be classified as foreground stars.

A.3. Background objects

We found radio counterparts of the sources Nos. 20, 37, and 189
and classified them as AGN candidates for the first time.

Source No. 20 is located outside the D25 ellipse (D25 = 11.5′;
Tully 1988) at ∼0.41◦ from the centre of the galaxy. It co-
incides with the radio source NVSS J133618−301459. We de-
tected this source with XMM-Newton in observations 2 and 3 in
the outer disc of M 83. Source No. 20 shows a significant long-
term variability (Table 3), and the hardness ratios are roughly
consistent with a spectrum described by an APEC model with
a temperature of kTapec ∼ 0.5 keV (HR2 = −0.2± 0.1; HR3 =
−0.81 ± 0.11). Therefore, source No. 20 can be classified as an
AGN candidate (with a soft spectral component) or an SNR can-
didate. The distance of this source from the nuclear region of
M 83 of ∼32 kpc rather indicates that source No. 20 does not be-
long to the galaxy, therefore it is more likely an AGN than an
SNR candidate.

Sources Nos. 37 and 189 coincide with the radio sources
NVSS J133630−301651 and NVSS J133805−295748, respec-
tively. Source No. 189 was previously classified as a foreground
star by Immler et al. (1999) (see Sect. A.2). We detected these
sources with XMM-Newton in observation 3. Their hardness ra-
tios are consistent with a spectrum described with a powerlaw
or disc-blackbody model (No. 37: HR2 = 0.62 ± 0.12; HR3 =
−0.37±0.13; No. 189: HR2 = 0.07±0.10; HR3 = −0.25±0.12).
Therefore, they can be classified as AGN candidates.

A.4. X-ray binaries

Source No. 81 coincides with the Chandra source [SW03] 33,
classified as an accreting X-ray pulsar, with a hard spectrum
(Γ ≈ 1.7) and a spin period of 174.9 s.

We observed source No. 81 in all XMM-Newton observa-
tions. The hardness ratios are consistent with an absorbed pow-
erlaw spectrum, and this source shows a significant long-term
X-ray variability (Vf = 2.5, S = 3.0, Table 3). We applied
a Fourier transform periodicity search and a Z2

n analysis
(Sect. 4.1), which did not reveal any significant periodicity. We
calculated the upper-limit on the pulsed fraction (defined as
the semi-amplitude of the sinusoidal modulation divided by the
mean count rate) using the procedure described by Vaughan et al.
(1994). The upper limit on the pulsed fraction obtained from
the combined PN and MOS events of observation 1 is 16% at
the 99% confidence level. This upper limit is marginally compat-
ible with the pulsed fraction of (50±15)% of source [SW03] 33.

Source No. 120 corresponds to the X-ray source [SW03] 113.
Using the spectral properties and the 201.5 s periodicity detected
with Chandra, SW03 classified source [SW03] 113 as an XRB
in a soft state.

We observed source No. 120 with XMM-Newton in observa-
tions 1 and 3. The hardness ratios of this source are consistent
with an absorbed powerlaw spectrum with NH ∼ 5 × 1021 cm−2

and Γ ∼ 1.5. Similarly to source No. 81, a Fourier transform pe-
riodicity search and a Z2

n analysis did not reveal any significant
periodicity. At the 99% confidence level, the upper limit on the
pulsed-fraction of source No. 120 derived from the MOS events
is 49%. This upper limit is compatible with the (50±19)% pulsed
fraction of [SW03] 113.

A.5. Supernova remnant candidates

Source No. 79. The position of this source corresponds to the
position of the ROSAT source H15 (Immler et al. 1999) and
the Chandra source [SW03] 27. The Chandra spectrum shows
emission lines, suggesting the possibility of emission from op-
tically thin thermal plasma, and has been fitted by SW03 with
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Fig. A.1. Hardness-ratio diagram of source No. 91 observed with
XMM-Newton. Thick lines are different spectral models as function of
the NH, thin lines are different column densities NH (from left to right:
1020, 1021, 1022 cm−2) as a function of the spectral parameters.

an absorbed powerlaw with Γ ∼ 1.4 and NH ∼ 7 × 1020 cm−2.
SW03 classified this source as a young SNR candidate. Another
possible explanation for the hard powerlaw spectrum with super-
position of emission lines of [SW03] 27 is that the source is an
XRB surrounded by a photoionised nebula (SW03). However,
XRBs showing these spectral properties usually have a higher
absorbing column density than that of [SW03] 27 (see e.g. Sako
et al. 1999).

The XMM-Newton hardness ratios of source No. 79 be-
low 2 keV are consistent with an APEC model with temper-
ature kTapec " 1.5 keV, while at higher energies the hardness
ratios are consistent with a powerlaw with photon index ∼2.
The spectral shape of source No. 79 derived from XMM-Newton
hardness-ratio diagrams agrees with the X-ray spectrum of
[SW03] 27 presented by SW03 (see Fig. 6 in SW03) and can
be interpreted as an SNR exhibiting both a thin-thermal emis-
sion (below ∼2 keV) and an additional hard component, which
dominates at energies above ∼2 keV. Also, source No. 79 does
not show any significant long-term variability (see Table 3).

A.6. Super-soft source candidates

Source No. 91 coincides with Einstein source 3 (Trinchieri
et al. 1985) and Chandra source [SW03] 55 classified by
Di Stefano & Kong (2003) as an SSS candidate (source M 83-50
in Di Stefano & Kong 2003). Di Stefano & Kong (2003) fitted
the X-ray spectrum of M 83-50 with an absorbed blackbody with
a temperature of kTbb = 66+13

−24 eV, a column density of NH =

2.4+7.4
−2.4 × 1020 cm−2, and a luminosity of Lx = 2.8 × 1037 erg s−1

(0.3−7 keV, d = 4.5 Mpc).
We detected source No. 91 in observation 1, where the hard-

ness ratios are consistent with a blackbody spectrum (with col-
umn density in the range ≈1020−1021 cm−2) and marginally
compatible with an APEC spectrum with temperature in the
range ≈0.2–0.5 keV (Fig. A.1). Source No. 91 has a 0.2–4.5 keV
luminosity of Lx = (2.2 ± 0.2) × 1037 erg s−1 and does not show
any significant variability compared to the Chandra observation.

A.7. Ultra-luminous X-ray sources

Two ULXs have been discovered in M 83: H2 (Trinchieri
et al. 1985), and a transient ULX discovered with Chandra on

23 December 2010 with a luminosity of Lx ∼ 4 × 1039 erg s−1

(0.3–10 keV) by Soria et al. (2010), and classified as an
accretion-powered black hole with mass MBH ≈ 40−100 M&
(Soria et al. 2012). This ULX has not been detected in the
XMM-Newton data. Soria et al. (2012) measured an upper limit
to the X-ray luminosity of ∼1037 erg s−1 (0.3–10 keV) from the
three XMM-Newton observations.

Source No. 133. We observed the ULX as source No. 133 in all
XMM-Newton observations. Ehle et al. (1998) and Immler et al.
(1999) found a faint extended optical source within the error cir-
cle of the ROSAT source position. Roberts et al. (2008) used
HST images in three Advanced Camera for Survey (ACS) filters
to find the counterparts to six ULXs in different galaxies. For the
ULX in M 83, they compared the optical position with the X-ray
position from a Chandra High Resolution Camera for Imaging
(HRC-I) observation. They detected a counterpart to the ULX
with magnitudes B = 25.66± 0.13, V = 25.36± 0.17. They also
noticed that the ULX is located at ∼5′′ from the centre of a back-
ground galaxy, and although the latter is outside the error circle,
Roberts et al. (2008) did not completely rule out a possible asso-
ciation between the ULX and the background galaxy.

Stobbart et al. (2006) reported the XMM-Newton spectral
analysis of source No. 133 during observation 1. They found
that the X-ray spectrum is well fitted with a cool disc-blackbody
(kTin ∼ 0.2 keV) plus a powerlaw (Γ ∼ 2.5), or with a cool
blackbody (kTbb ∼ 0.2 keV) plus a warm disc-blackbody (kTin ∼
1.1 keV). The first spectral model is the standard IMBH model,
where the low disc temperature is due to a black hole with
mass of ∼1000 M&, while the origin of the powerlaw compo-
nent is still not clear (see Roberts et al. 2005). Instead, the spec-
tral parameters obtained with the second spectral model sug-
gest that No. 133 is a stellar-mass black hole accreting close to
the Eddington limit. In this model, the cool blackbody compo-
nent represents the optically thick wind from the stellar-mass
black-hole accreting at or above the Eddington limit, while the
high temperature of the disc follows the standard trend Lx ∝ T 4

shown by the Galactic stellar-mass black-hole binaries.
We analysed all XMM-Newton observations of the ULX

No. 133 and fitted the PN, MOS1 and MOS2 spectra simulta-
neously with a model assuming an IMBH (*[ +
] in XSPEC), and a model assuming a stellar-mass
BH (*[ + ]). We used two absorption com-
ponents: the Galactic absorption column density (NH = 3.69 ×
1020 cm−2) and the absorption within M 83 plus the intrinsic
column density of the ULX. In all fits we obtained a good fit
with both spectral models with the resulting spectral parame-
ters in agreement with those obtained by Stobbart et al. (2006)
from observation 1. However, the spectral parameters in obser-
vation 3 are only poorly constrained due to the poor statistics
(only MOS1 and MOS2 data were available for this observa-
tion). Therefore, we fitted the spectrum of observation 3 with a
single component model and found that an absorbed powerlaw
can adequately fit the data (Fig. A.2, Table A.1).

A.8. Hard sources

A.8.1. New classifications

Source No. 16 coincides with the ROSAT source H3 discov-
ered by Immler et al. (1999). This source is located outside the
optical disc of M 83, and its position overlaps with the outer disc
of M 83 observed by GALEX (e.g. Thilker et al. 2005).

A7, page 16 of 19



L. Ducci et al.: X-ray source population study of the galaxy M 83 with XMM-Newton

10−5

10−4

10−3

0.01

0.1

no
rm

al
iz

ed
 c

ou
nt

s 
s−1

 k
eV

−1
133 − absorbed powerlaw + disc−blackbody

1 100.5 2 5
−4

−2

0

2

4

χ

Energy (keV)

10−5

10−4

10−3

0.01

0.1

no
rm

al
iz

ed
 c

ou
nt

s 
s−1

 k
eV

−1

133 − absorbed blackbody + disc−blackbody

1 100.5 2 5
−4

−2

0

2

4

χ

Energy (keV)

Fig. A.2. EPIC counts spectra, together with residuals in units of standard deviations for source No. 133 detected in the observation 2. Left panel
shows the fit with an absorbed cool disc-blackbody plus hard powerlaw, while the right panel shows the fit with an absorbed cool blackbody plus
a warm disc-blackbody (see Table A.1).

Table A.1. Best-fitting parameters of the X-ray spectra of source No. 133 (errors at 90% confidence level).

Obs. 2 Obs. 3
Model  +   +  

NH (1022 cm−2) 0.30 +0.12
−0.09 ≤0.03 0.12 ± 0.05

Γ or kTbb (keV) 2.64 +0.19
−0.18 0.30 +0.02

−0.04 2.6 +0.3
−0.2

Norm. 4.4 +1.0
−0.4 × 10−4 3.6 +0.8

−0.9 × 10−6 1.4 +0.3
−0.3 × 10−4

kTin (keV) 0.09 +0.02
−0.03 1.4 +0.3

−0.2

Norm. 4.8 +47.4
−4.4 × 103 7.8 +9.7

−3.1 × 10−3

χ̂2
ν (d.o.f.) 0.946 (184) 0.994 (184) 0.918 (62)

Fx (0.2−12 keV, erg cm−2 s−1) 8.9 +57.5
−3.7 × 10−13 8.5 +24.5

−5.2 × 10−13 3.7 +2.2
−1.4 × 10−13

Lx (d = 4.5 Mpc, erg s−1) 1.3 +20.4
−0.6 × 1040 2.2 +6.3

−1.3 × 1039 2.2 +0.9
−0.5 × 1039

Table A.2. Best-fitting parameters of sources No. 16, 61, 103, 126, 153.

Source Parameters Analysed data
NH Γ Norm. χ̂2

ν (d.o.f.) Fx Lx Obs. Instrument
(1021 cm−2) (erg cm−2 s−1) (erg s−1)

16 0.8 +0.4
−0.3 2.6 +0.3

−0.3 4.1 +0.9
−0.7 × 10−5 0.928 (38) 1.4 +0.8

−0.5 × 10−13 6.3 +2.7
−1.3 × 1038 1 PN, MOS1, MOS2

61 2.01 +0.75
−0.65 2.4 +0.3

−0.3 2.9 +0.9
−0.6 × 10−5 1.04 (36) 8.0 +6.8

−3.7 × 10−14 4.3 +1.4
−0.6 × 1038 1 PN, MOS1, MOS2

103 0.7 +1.0
−0.7 1.8 +0.4

−0.4 3.7 +1.8
−1.2 × 10−5 0.876 (19) 2.2 +3.3

−1.3 × 10−13 6.6 +6.7
−2.7 × 1038 1 PN, MOS2

126 0.01 +0.56
−0.01 1.8 +0.4

−0.2 8.8 +2.7
−1.2 × 10−6 0.743 (17) 6.3 +3.1

−2.9 × 10−14 1.5 +0.8
−0.4 × 1038 2 PN, MOS1, MOS2

153 0 < NH ≤ 1.5 1.4 +0.7
−0.3 7.6 +5.8

−1.6 × 10−6 1.027 (15) 8.8 +13.7
−6.2 × 10−14 2.1 +3.3

−1.2 × 1038 1 PN, MOS1, MOS2

Notes. We fitted the spectra with an absorbed powerlaw. Γ is the powerlaw photon-index, Fx is the absorbed flux in the energy range 0.2−12 keV,
Lx is the X-ray luminosity in the same energy range of Fx (errors at 90% confidence level).

We detected source No. 16 in all XMM-Newton observations,
but only in observation 1 was it bright enough to allow spec-
tral analysis. The spectrum can be well fitted with an absorbed
powerlaw with Γ = 2.6+0.3

−0.3 , compatible with that of an XRB
or an AGN (see Table A.2). Source No. 16 shows a signifi-
cant long-term variability (S = 9.5) with a variability factor
of Vf = 10.6±0.3 (Table 3). It also shows a significant variability
within observation 1, with a variability factor of Vf = 6.6 ± 4.5
and significance S = 4.0.

Source No. 61 is in the field of view of XMM-Newton during
observation 1, where it shows an X-ray luminosity of Lx ≈ 4 ×
1038 erg s−1 (see Table A.2). It has not been previously detected

in X-ray, optical, radio, infrared, or UV. The X-ray spectrum is
well fitted with an absorbed powerlaw with Γ = 2.4+0.3

−0.3 or a
disc-blackbody model with temperature kTin = 0.82+0.13

−0.11 keV
(Table A.2). Source No. 61 shows a significant long-term vari-
ability (S = 8.6) with a variability factor of Vf = 4.3 ± 0.1
(Table 3).

Source No. 103 is located at a distance of ∼6′′ from a radio
source (6 in Cowan et al. 1994, 36 in Maddox et al. 2006),
and at 1.6′′ from the Chandra source [SW03] 84, which shows
hardness ratios compatible with a powerlaw or a disc-blackbody
spectrum.
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Table A.3. Best-fitting parameters of sources Nos. 97, 106, 107, 108, 114, and 129.

Source Parameters Analysed data
NH Γ Norm. χ̂2

ν (d.o.f.) Fx Lx Obs. Instrument
(1021 cm−2) (erg cm−2 s−1) (erg s−1)

97 4.4 +1.1
−0.9 2.4 +0.3

−0.3 7.4 +2.3
−1.7 × 10−5 1.03 (45) 1.7 +1.5

−0.8 × 10−13 1.1 +0.4
−0.2 × 1039 1 PN, MOS2

106 0.3 +0.5
−0.3 1.8 +0.4

−0.3 8.3 +2.5
−1.9 × 10−6 1.38 (27) 5.4 +5.0

−2.7 × 10−14 1.5 +1.0
−0.5 × 1038 1 PN, MOS1, MOS2

107 3.3 +1.0
−0.8 2.8 +0.4

−0.3 3.9 +1.4
−1.0 × 10−5 0.821 (43) 6.5 +6.5

−3.3 × 10−14 6.6 +5.1
−2.3 × 1038 1 PN, MOS1, MOS2

108 3.3 +0.7
−0.6 2.7 +0.3

−0.2 8.0 +1.9
−1.5 × 10−5 0.91 (68) 1.5 +0.9

−0.6 × 10−13 1.3 +0.5
−0.3 × 1039 1 PN, MOS1

114 4.5 +3.8
−3.1 1.7 +0.4

−0.4 1.8 +1.3
−0.7 × 10−5 0.952 (20) 9.6 +24.0

−6.9 × 10−14 3.5 +5.68
−1.8 × 1038 1 PN, MOS1, MOS2

129 5.4 +4.3
−3.0 2.0 +0.6

−0.5 2.0 +1.9
−0.9 × 10−5 0.867 (18) 6.7 +20.9

−5.1 × 10−14 3.1 +5.4
−1.4 × 1038 1 PN, MOS1

Notes. We fitted the spectra with an absorbed powerlaw. Γ is the powerlaw photon-index, Fx is the absorbed flux in the energy range 0.2–12 keV,
Lx is the X-ray luminosity in the same energy range of Fx (errors at 90% confidence level).

We detected source No. 103 only in the XMM-Newton ob-
servation 2, with a flux of (2.23+3.26

−1.34 ) × 10−13 erg cm−2 s−1

(0.2–12 keV). The X-ray spectrum is well fitted with an ab-
sorbed powerlaw with Γ = 1.8+0.4

−0.4 (Table A.2). We did not detect
source No. 103 in observations 1 and 3, thus we calculated the
flux upper-limits and we found a significant (S = 7.2) long-term
variability, with a variability factor of Vf = 12.78±0.12 (Table 3,
Fig. 2).

Source No. 126 coincides with X-ray source 30 (Ehle et al.
1998) discovered with ROSAT. Source No. 126 also cross-
correlates with the optical counterpart USNO-B1 0599 −
0300335, but the ratio log10(Fx/Fopt) does not match the criteria
previously specified to classify foreground stars. Source No. 126
is located outside the optical disc of M 83, and its position over-
laps with an extended arm of the galaxy.

We observed source No. 126 in all XMM-Newton observa-
tions. The X-ray spectra extracted from each observation can
be well fitted with an absorbed powerlaw with Γ ≈ 1.8 and
the flux is consistent with that measured by Ehle et al. (1998)
(Table A.2).

Source No. 153 is detected in all XMM-Newton observations,
and has not been previously detected in X-rays, optical, radio,
infrared, or UV bands. It is located in the extended arms ob-
served by GALEX, ≈10′ away from the nuclear region of M 83.

The spectra extracted from each observation can be well fit-
ted with an absorbed powerlaw with Γ ≈ 1.5, suggesting an XRB
nature for this source (see Table A.2).

A.8.2. Identifications

Source No. 60 correlates with the Chandra source [SW03] 5
SW03 suggested that this source is an XRB candidate.

We observed source No. 60 in all XMM-Newton observa-
tions. The source shows a significant long-term variability (Vf =
2.4, S = 3.8, Table 3) with respect to the Chandra observation.
X-ray colours of No. 60 are consistent with a powerlaw or disc-
blackbody spectrum, in agreement with the spectral analysis of
SW03.

Source No. 80 correlates with the Chandra source [SW03] 31.
From the spectral properties, SW03 suggested that [SW03] 31 is
an XRB candidate.

We observed source No. 80 with XMM-Newton in observa-
tion 1. The hardness ratios are consistent with a powerlaw or
disc-blackbody spectrum with column density of ∼1021 cm−2

Source No. 92 coincides with the Chandra source [SW03] 60.
SW03 suggested that No. 92 is a XRB candidate because of its
hard spectrum (Γ ∼ 1.6).

We observed source No. 92 with XMM-Newton in observa-
tion 1. The hardness ratios are consistent with a spectrum de-
scribed by an absorbed powerlaw model with Γ ∼ 2. Source
No. 92 also shows a high long-term variability by a factor
of Vf = 2.7, with a variability significance of S = 4.3 (see
Table 3).

Source No. 97 coincides with the Chandra source [SW03] 72
and with a ROSAT source (source 7 in Ehle et al. 1998 and
source H20 in Immler et al. 1999).

We observed source No. 97 in all XMM-Newton observa-
tions. The spectra extracted from each observation can be well
fitted with an absorbed powerlaw or a disc-blackbody model
(Table A.3), with spectral parameters in agreement with the
spectral analysis of SW03. Source No. 97 shows a significant
long-term variability between XMM-Newton and Chandra ob-
servations (Vf = 2.8 ± 0.1, S = 6.6; Table 3). Within observa-
tion 1 we found a variability of Vf = 6.4±2.7 with a significance
of S = 4.8.

Source No. 99 coincides with the Chandra source [SW03] 73,
and it is associated with the radio source MCK 34 (Maddox et al.
2006). located in a HII region (RK 137, Rumstay & Kaufman
1983). From a spectral study, SW03 proposed that [SW03] 73 is
more likely an XRB than a young SNR.

We observed source No. 99 with XMM-Newton in obser-
vations 2 and 3. The source shows a significant variability
(S = 5.0), with a variability factor of Vf = 15.3 (Table 3). and
the hardness ratios are consistent with an absorbed powerlaw or
disk-blackbody spectrum.

Source No. 106 corresponds to the X-ray source H25 ob-
served by Immler et al. (1999) in a ROSAT observation and the
Chandra source [SW03] 85.

We observed source No. 106 in all the observations. During
observation 1 the source was bright enough to allow spectral
analysis. The spectrum can be well fitted with an absorbed pow-
erlaw (see Table A.3), with spectral parameters in agreement
with those previously obtained by SW03.
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Source No. 107 was detected by Ehle et al. (1998) (source 9)
and Immler et al. (1999) (source H26) in ROSAT (PSPC and
HRI) observations. Immler et al. (1999) found that H26 coin-
cides with a compact radio source (source 8 in Cowan et al.
1994), and with a giant HII region (Rumstay & Kaufman
1983). Hence, they classified this source as an SNR candi-
date. Moreover, also the observation of Hα and Hβ emission
anti-coincident with HI emission (Tilanus & Allen 1993) sup-
ports the SNR hypothesis. Source No. 107 was also observed in
2000 April 29 by Chandra (source [SW03] 86). From a spectral
analysis, SW03 proposed that No. 110 is more likely an XRB
(BH candidate) than an SNR.

We detected source No. 107 in all XMM-Newton observa-
tions with a luminosity of ∼7 × 1038 erg s−1. In observations 1
and 3 the source was bright enough to allow spectral analysis.
The spectra can be well fitted with an absorbed powerlaw or a
disc-blackbody (see Table A.3). The obtained spectral parame-
ters are consistent with those previously found by SW03 with
Chandra. Source No. 107 shows a significant long-term vari-
ability between XMM-Newton observations (Vf = 1.97 ± 0.12,
S = 5.1).

Source No. 108 was first detected in X-rays by Trinchieri et al.
(1985) (source 4) with the Einstein satellite and by Ehle et al.
(1998) (source 8) and Immler et al. (1999) (source H27) with
ROSAT. It also coincides with the Chandra source [SW03] 88.

We observed source No. 108 in all XMM-Newton observa-
tions. During observation 1 source No. 108 was in the centre
of the field of view, providing enough statistic to allow spectral
analysis. We extracted the PN and MOS1 spectra (the position of
source No. 108 was in a gap of MOS2) and we found that an ab-
sorbed powerlaw or an absorbed disc-blackbody provide accept-
able fits (Table A.3), with spectral parameters consistents with
those obtained by SW03. Source No. 108 shows a significant
long-term X-ray variability (Vf = 1.4 ± 0.1, S = 3.3, Table 3),
and during observation 1 we found a variability of Vf = 4.2±1.5,
with a significance of S = 4.4.

Source No. 114 coincides with the Chandra source
[SW03] 104.

We observed source No. 114 in all XMM-Newton observa-
tions. During observation 1 source No. 114 was in the centre of
the field of view, providing enough statistics to allow a spectral
analysis. The spectrum is well fitted with an absorbed powerlaw
with spectral parameters consistent with those found by SW03
with Chandra (see Table A.3). Source No. 114 also shows a sig-
nificant long-term variability (Vf = 2.4 ± 0.2, S = 4.1).

Source No. 116 coincides with [SW03] 105. Di Stefano &
Kong (2003) observed [SW03] 105 with Chandra (source
M 83-88 in Di Stefano & Kong 2003) and classified it as an SSS
candidate. Blair & Long (2004) compared the list of Chandra

SW105

BL53

116

SW105

BL53

116

Fig. A.3. Emission line HST/WFC3 images of the region surrounding
source No. 116. Left panel: WFC3 image with the narrowband filter
F657N, corresponding to Hα line emission. Right panel: WFC3 image
with the narrowband filter F673N, corresponding to SII line emission.
The radii of the circles of Chandra (SW105) and XMM-Newton (116)
sources give the 3σ accuracy of the position of the sources. The circle
labelled BL53 gives the position of the opitcal SNR candidate.

sources of SW03 with a list of optical SNR candidates and asso-
ciated [SW03] 105 with the optical SNR candidate BL53.

We observed source No. 116 with XMM-Newton in observa-
tion 1, where it shows a significant X-ray variability (Vf = 20.8,
S = 6.2, Table 3) compared to the Chandra observation, and the
X-ray hardness ratios are consistent with a hard spectrum. These
properties indicate that source No. 116 is most likely an XRB.
We overlaid the 3σ error circles of source No. 116, [SW03] 105,
and BL53 on the emission line images Hα and SII obtained
from the public Wide Field Camera 3 (WFC3) observation of
2009-08-20 (Fig. A.3). Hα and SII images are used in extra-
galactic searches of SNRs because their optical spectra show
high [SII]:Hα ratios compared to the spectra of normal HII re-
gions (see e.g. Blair & Long 2004). Fig. A.3 shows that the shell
of the optical SNR is located only in the error circles of BL53
and [SW03] 105, indicating that source No. 116 and [SW03] 105
cannot be the same source.

Therefore, source No. 116 is more likely a transient source
not associated with BL53.

Source No. 129 coincides with the Chandra source
[SW03] 121 and with a ROSAT source (source 12 in the
catalogue of Ehle et al. 1998, source H29 in the catalogue of
Immler et al. 1999).

We observed source No. 129 during observation 1, where it
was in the XMM-Newton field of view. The spectrum is well fit-
ted with an absorbed powerlaw with spectral parameters consis-
tent with those found by SW03 with Chandra (see Table A.3).
We did not detect source No. 129 in observations 2 and 3, thus
we calculated the flux upper limits and we found a signifi-
cant (S " 6.4) long-term variability with a variability factor
of Vf = 3.94 ± 0.11 (Table 3).
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ABSTRACT

Context. The pulse profiles of the transient Be/X-ray binary EXO 2030+375 show strong dependence on energy, as well as on its
luminosity state, and are asymmetric in shape.
Aims. We want to identify the emission components of the two magnetic poles in the pulsed emission to understand the geometry of
the neutron star and its beam pattern.
Methods. We utilize a pulse-profile decomposition method that enables us to find two symmetric pulse profiles from the magnetic
poles of the neutron star. The symmetry characteristics of these single-pole pulse profiles give information about the position of the
magnetic poles of the neutron star relative to its rotation axis.
Results. We find a possible geometry for the neutron star in EXO 2030+375 through the decomposition of the pulse profiles, which
suggests that one pole gets closer to the line of sight than the other and that, during the revolution of the neutron star, both poles
disappear behind the horizon for a short period of time. A considerable fraction of the emission arises from a halo while the pole
is facing the observer and from the accretion stream of the other pole while it is behind the neutron star, but the gravitational line
bending makes the emission visible to us.

Key words. stars: neutron – X-rays: binaries

1. Introduction

EXO 2030+375 is an accreting X-ray pulsar with a pulsation
period of ∼42 s, which was discovered with EXOSAT in 1985
during a giant outburst (Parmar et al. 1989b). A B0 Ve star was
found as its counterpart in follow-up observations in the op-
tical and infrared bands (Janot-Pacheco et al. 1988; Motch &
Janot-Pacheco 1987; Coe et al. 1988). During the giant outburst,
EXO 2030+375 showed a spin-up of −P/Ṗ ≈ 30 yr (Parmar
et al. 1989b) and quasi-periodic oscillations with a frequency of
∼0.2 Hz (Angelini et al. 1989) interpreted as caused by the for-
mation of an accretion disk. Detailed analyses have shown that
its rate of pulse-period change Ṗ, energy spectrum, and pulse
profile are strongly luminosity dependent (Parmar et al. 1989a,b;
Reynolds et al. 1993). The orbital period is 46 days (Wilson et al.
2002), and a normal outburst has been detected for nearly ev-
ery periastron passage since 1991 (Wilson et al. 2005). In 2006,
EXO 2030+375 underwent the first giant outburst since its dis-
covery in 1985 (Corbet & Levine 2006; Krimm et al. 2006;
McCollough et al. 2006), during which it reached a maximum
luminosity of L1−20 keV ≈ 1.2 × 1038 erg s−1 (Klochkov et al.
2008) and again showed a strong spin-up. Rossi X-ray Timing
Explorer (RXTE) monitored EXO 2030+375 extensively during
the 2006 giant outburst (Wilson et al. 2008). The source was
also observed by the INTErnational Gamma Ray Astrophysics
Laboratory (INTEGRAL, Winkler et al. 2003) and Swift (Gehrels
et al. 2004). The spectra indicate a cyclotron absorption line
(Klochkov et al. 2007; Wilson et al. 2008). Klochkov et al.
(2008) have shown that the spectrum of EXO 2030+375 changes
with pulse phase, suggesting a fan beam geometry during the

maximum, while towards the end of the giant outburst, it changes
to a combination of a fan beam and a pencil beam.

In X-ray pulsars, a neutron star accretes matter from a com-
panion star via stellar wind or Roche lobe overflow. The accreted
matter is channeled along the field lines of the strong magnetic
field of the neutron star onto the magnetic poles. X-ray emis-
sion from the neutron star is produced in regions around the two
magnetic poles. As the magnetic dipole axis is most likely in-
clined against the rotation axis of the neutron star, a distant ob-
server sees pulsed emission. X-ray pulsars exhibit a wide vari-
ety of pulse shapes that differ from source to source. Generally,
high-energy pulses have simpler shapes than low-energy pulses
(White et al. 1983; Frontera & Dalfiume 1989; Bildsten et al.
1997, and references therein). If one assumes an axially sym-
metric geometry for the two emission regions of the neutron star
in a dipole configuration, the observed pulse profile should be
symmetric. However, the observed pulse profiles typically show
an asymmetry. To explain the asymmetric shape of the total pulse
profile, a distorted magnetic dipole field in which the two mag-
netic poles are not located opposite each other have been dis-
cussed (Parmar et al. 1989a; Leahy 1991; Riffert et al. 1993;
Bulik et al. 1995). Kraus et al. (1995) shows that, starting from
the observed, asymmetric pulse profile, it is possible to disen-
tangle the contribution of the two emission regions of the neu-
tron star. Once the pulsed emission from each of the poles has
been obtained, one can derive the geometry of the neutron star.
This again allows us to construct the beam pattern, i.e., the flux
distribution from one emission region. Using this pulse-profile
decomposition method, Kraus et al. (1996) have analyzed the
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pulse profiles of Cen X-3 and find indications of both pencil
and fan beam. In the case of Her X-1, the results of the pulse-
profile decomposition by Blum & Kraus (2000) have not only
shed light on the beam pattern of the magnetic poles, but have
also confirmed that a warped and tilted accretion disk attenuates
the emission from one pole of the neutron star. For A 0535+26,
the reconstructed beam pattern suggests that the emission comes
from a hollow column plus a halo of scattered radiation on the
neutron star surface (Caballero et al. 2010).

In this paper we present the analysis of the energy-resolved
pulse profiles of EXO 2030+375 utilizing the decomposition
method developed by Kraus et al. (1995). Section 2 gives an
overview of the data used for our analysis and Sect. 3 describes
the analysis and the results obtained with the pulse-profile
decomposition method. The results are discussed in Sect. 4.
Section 5 summarizes the possible geometry of the neutron star
and the origin of the observed emission.

2. Data

EXO 2030+375 experienced a giant outburst in 2006, during
which the source was monitored continuously by RXTE and was
also observed by INTEGRAL. We have used the pulse profiles
obtained with the Joint European X-Ray Monitor (JEM-X, Lund
et al. 2003) and the imaging system IBIS/ISGRI (Ubertini et al.
2003) as presented in Figs. 2 and 8 of Klochkov et al. (2008).

2.1. RXTE observations

For better statistics, we also used publicly available archival data
from two observations with RXTE during the rise and the de-
cay of the giant outburst when EXO 2030+375 showed about
half of the maximum luminosity. The observations took place
on June 28 and September 17, 2006 (observation IDs 91089-01-
07-00 and 91089-01-19-01) when the luminosity of the source
was L1−20 keV = 7 × 1037 erg s−1 and 6 × 1037 erg s−1, re-
spectively. We started from the event files obtained with the
Proportional Counter Array (PCA, Jahoda et al. 1996). We used
the event encoded mode files in oder to have optimum binning.
After filtering good time intervals and applying bitmasks, we
created lightcurves with a time binning of 0.125 s in the follow-
ing spectral bands: 2–9 keV, 9–14 keV, 14–20 keV, 20–30 keV,
and 30–115 keV. After background subtraction, the lightcurves
were corrected to solar barycenter and for orbitary motion of
the binary. After folding the lightcurves with periods measured
for each observation, we obtained pulse profiles with 128 phase
bins. Phase 0.0 was fixed to agree with the INTEGRAL pulse
profiles of Klochkov et al. (2008). The folded lightcurves from
the RXTE observations are shown in Fig. 1.

During the two RXTE observations shown here, the lumi-
nosity of EXO 2030+375 was comparable. As can be seen in
Fig. 1, the pulse profiles before the maximum and after the max-
imum of the giant outburst are very similar, corroborating that
the shape of the pulse profiles only depends on the luminosity
state (Parmar et al. 1989a).

3. The analysis

3.1. The method

A detailed description of the pulse-profile decomposition
method, which is based on a backward tracing of the emission,
can be found in Kraus et al. (1995). All major steps of our

Table 1. Parameters obtained from the decomposition for solutions 1
and 2.

Φ1 ∆ a b Θ1
1 Θ2

1 δ1

1 65◦–75◦ 63◦–70◦ –2.1 1.0 39◦ 141◦ 40◦

2 70◦–80◦ 81◦–88◦ –0.1 1.0 87◦ 93◦ 85◦

(1) Assuming Θ0 = 50◦.

analysis and the criteria applied to obtain the best solution are
described in the Appendix.

The basic assumption of the method is that the magnetic
dipole field of the neutron star is distorted in such a way that
the two magnetic poles do not lie on a straight line through the
center of the neutron star. Therefore, even though the emission
from each pole is axisymmetric, the sum of the emission from
both poles results in an asymmetric pulse profile. Using Fourier
analysis, we model the observed asymmetric pulse profiles with
two symmetric functions f1,2 to search for symmetry points Φ1,2
in the pulse profiles and their offset ∆ (see Appendix for de-
tails). For each observation and energy range, the functions f1
and f2 correspond to the two single-pole pulse profiles that in
total add up to the observed asymmetric pulse profile. Each sym-
metry point corresponds to the pulse phase where the respective
pole is either closest to or most distant from the observer’s line
of sight. From the two symmetry points and functions, we then
derive the location of the emission regions and the beam pattern.

3.2. Decompositions

We have a total of 26 pulse profiles from INTEGRAL and RXTE
observations. To perform pulse-profile decomposition, the max-
imum in each of the 26 pulse profiles is normalized to unity.
Thereafter each pulse profile is modeled with two symmetric
functions f1 and f2 based on Fourier analysis. After applying
criteria 1 (positive flux, see Appendix A.1) and 2 (no ripples),
we obtain a large number of possible values for the parameters
Φ1 and ∆. However, after combining the results for all pulse pro-
files (criterion 3), only two interesting solution regions remain in
the parameter space ofΦ1-∆. We call these solutions 1 and 2 and
perform further analysis with these two possible solutions.

For each observation and energy band, the functions f1 and
f2 correspond to the two single-pole pulse profiles that in total
add up to the observed asymmetric pulse profile. The Fourier
analysis finds more than one possible set of Φ1 and ∆ within a
small region for one solution. For each total pulse profile, we
have to look at the different sets of the single-pole pulse profiles
to decide which one is consistent with the single-pole pulse pro-
files at other energies. The pulse profiles of the different obser-
vations are studied separately, because one should see a correla-
tion between the different energy bands of one luminosity state,
but not necessarily between two different observations. Figure 2
shows some of the selected single-pole pulse profiles and the
derived beam patterns for each pole for solution 1. Within one
observation, one can see an energy-dependent evolution of the
single-pole pulse profiles. The values of Φ1 and ∆ for solutions
1 and 2 are (65◦ < Φ1 < 75◦, 63◦ < ∆ < 70◦) and (70◦ < Φ1 <
80◦, 81◦ < ∆ < 88◦), respectively. The parameters for the two
solutions are listed in Table 1.
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Fig. 1. Pulse profiles of EXO 2030+375
during the rise (left) and the decay (right)
of the giant outburst in 2006 observed
with RXTE.
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Fig. 2. A selection of single-pole pulse
profiles (left) and corresponding beam
patterns (right) obtained by the decom-
position method for the Φ1-∆ set for so-
lution 1 for the energy bands 3–9 keV,
9–14 keV, 14–20 keV, 23–26 keV, and
39–45 keV of the INTEGRAL observa-
tion near maximum. The solid line is
used for emission from the first pole,
dashed line for the second pole. The
vertical dash-dotted lines indicate the
ranges for the symmetry pointΦ1, while
the dotted lines show the ranges for Φ2
obtained from pulse profiles of different
energies and observations.

3.3. Overlaying beam patterns

As the neutron star rotates, the angle between the axis through
one magnetic pole and the line of sight θ changes with phase, i.e.,
with rotation angle Φ. The decomposition has provided us with
beam patterns as seen by the distant observer for each emission
region as functions of the phase. Now we compare the two beam
patterns derived from the two single-pole pulse profiles of each
observed pulse profile and search for a range in cos(Φ−Φ1), and
thus θ, in which the two beam patterns seem to show the same
emission (see Appendix A.2). We try to overlay the two beam
patterns by using the relation:

cos(Φ −Φ1) = a + b cos(Φ̃ −Φ2), b > 0. (1)

For solution 1 we are not able to find an overlap of the single-
pole beam patterns. It is more likely that, in this case, the geome-
try only allows the observer to see two different parts of the total

beam pattern. To assemble the two parts of the beam pattern, we
use a = −2.1 and b = 1.0 (see Fig. A.2, upper panel). For so-
lution 2, we find an overlap of the single-pole beam patterns for
a = −0.1, b = 1.0, although the beam patterns do not seem to
match perfectly.

A total beam pattern can be reconstructed from the beam pat-
terns calculated from the single-pole pulse profiles. As shown
in Kraus et al. (1995), there is an ambiguity in the relation be-
tween Φ and θ, as each single-pole pulse profile has two sym-
metry points at Φi and Φi + π. Therefore, the solutions cannot
tell us which ends of the sections of the beam patterns belong
to, e.g., the lower values of θ. For each set of Φ1 and ∆ we ob-
tain two possible solutions (called plus and minus) for the total
beam pattern. The decomposition method cannot tell us which
one is the real solution. We have to take results from other mea-
surements of the source into consideration, e.g., luminosities or
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Fig. 3. Asymptotic beam patterns of the
plus and minus solutions of solution 1
seen by the distant observer plotted over
the angle θ between the first magnetic pole
and the line of sight. The left panel shows
the beam patterns of solution 1 of the
observation near maximum as shown in
Fig. 2. The right panel shows a selection
of additional data from the observation af-
ter maximum with similar energy bands.

spectra that will give insight into the emission processes, to de-
cide which of the two is the real solution. The reconstructed
asymptotic beam patterns for solution 1 as seen by the distant
observer are shown in Fig. 3. Here the beam patterns are plotted
over the angle θ between the normal at the first magnetic pole
and the line of sight.

That the beam patterns of the single-pole pulse profiles do
not match in the overlap region of solution 2 might indicate that
the emission from the two magnetic poles are not identical and
cannot be described with one local beam pattern. Therefore, we
take the mean of the two beam patterns and model a total av-
eraged beam pattern, which we use to reconstruct the visible
total pulse profile, i.e., assuming equal local emission pattern
for the two poles. The reconstructed pulse profiles (Fig. A.3)
show significant deviations from the observed profiles. In ad-
dition, this solution yields a very extreme geometry with the

two magnetic poles located near the equator of the neutron star,
forming an angle of ∼90◦ between each other (see Table 1).
Although, in principle, we cannot rule such a strongly distorted
geometry out, especially not for young neutron stars like those
expected in Be/X-ray binary systems, as they might have expe-
rienced some anisotropic conditions while their birth, this rather
unlikely geometry also suggests that solution 2 is not appropri-
ate for EXO 2030+375. Therefore, in the following, we focus on
the discussion of solution 1.

3.4. Geometry of the neutron star

To derive the exact geometry of the neutron star, i.e., to de-
termine the polar angles of the magnetic poles Θ1 and Θ2 as
well as the offset angle δ, we need to know the inclination an-
gle of the rotation axis of the neutron star. However, this angle
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Fig. 4. Relation between the observing angle Θ0 and the angles Θ1 (dot-
ted line), Θ2 (dashed line), and δ (range of possible values) for solu-
tion 1.

is not known for most of the neutron stars, in particular not for
EXO 2030+375. Figure 4 shows the dependence of the angles
Θ1, Θ2, and δ on the angle Θ0 between the rotation axis of the
neutron star and the line of sight of the observer. To convert the
phase parameter cos(Φ − Φ1) into the angle θ between the first
magnetic pole and the observer, we have to assume an inclina-
tion angle Θ0 with respect to the rotation axis. Here, we use
Θ0 = 50◦, corresponding to Θ1 = 39◦, Θ2 = 141◦ (see Fig. 4
and Table 1).

4. Discussion

In this section we want to further examine the results of the de-
composition method and present the possible geometry of the
neutron star.

4.1. Disentangling the emission components

For solution 1, there is no overlap between the two beam pat-
terns obtained from the single-pole pulse profiles as shown in
Sect. 3.3. It means that only a part of the emission is seen from
each pole during the revolution of the neutron star. By putting the
two visible parts together, we obtain the total beam pattern of the
emission around one magnetic pole. In doing so, we make the
assumption that the two magnetic poles have the same emission
pattern. The plus solution (Fig. 3, upper panel) can be described
as a composition of a forward directed emission (towards 0◦)
that is more pronounced at higher energies and an extended, rel-
atively soft emission (∼80◦–180◦). The harder, forward-directed
emission indicates a pencil beam. The relative flux of the softer
emission component is higher in the data from the observation
performed near the maximum compared to the one during the de-
cay and can be interpreted as a fan beam, in agreement with the
largely accepted picture that an optically thick accretion column
is formed during the giant outburst (White et al. 1983, and ref-
erences therein). The minus solution has a soft emission at θ <∼
60◦ and a harder emission at θ >∼ 120◦ that increases for larger
θ. As newest calculations by Kraus et al. (2010) have shown,
reprocessing of photons in the upper accretion stream creates a
significant emission component that dominates the beam pattern
at higher energies and can be observed while the pole, hence
the accretion column, is on the other side of the neutron star
(“anti-pencil”). In addition, the emission from a halo that is
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Fig. 5. Decomposed single-pole pulse profiles of the data taken near
the maximum of the giant outburst for the lowest energy band (same
as the upper left diagram of the upper [solution 1] panels in Fig. 2)
with proposed emission components derived from the beam patterns
of the minus solution (Fig. 3, lower panel). We suggest that the emis-
sion from the first pole consists of emission from the halo (diagonally
striped component) and from the accretion column (vertically striped).
The dominant emission from the second pole seems to have its origin
in the scattered photons in the upper accretion stream, which is visible
while the second pole is behind the horizon of the neutron star due to
gravitational light bending, while there is also a contribution from the
accretion column (vertically striped). In this solution, the first pole gets
closer to the line of sight than the second.

formed by scattered photons at the bottom of the accretion col-
umn dominates the beam pattern at lower energies and at lower
θ and is stronger in the data near the maximum of the giant out-
burst.

Figure 5 shows how the emission from the two poles con-
tributes to the pulse profiles for the decompositions of the low
energy band data taken at the maximum of the giant outburst
in the case of the minus solution. Let us assume that the first
magnetic pole with the polar angle Θ1 gets closer to the line of
sight than the second magnetic pole, i.e., Θ0 −Θ1 ≤ Θ2 −Θ0. At
phase 0.0, both poles are right behind the horizon of the neutron
star: the first pole is going to reappear, the second pole is turn-
ing farther away from the observer. At phase ∼0.1 the first pole
becomes visible, and from then on the emission from the halo
of the first pole makes the largest contribution until the pole dis-
appears behind the horizon at ∼0.6. When the first pole, which
is closer to the observer’s line of sight, is right at the horizon of
the neutron star and its accretion column is seen from the side,
a minimum is likely to be observed in the pulse profile (see also
Sect. 4.4). At the major maximum at phase 0.15–0.25, the sec-
ond magnetic pole is behind the horizon of the neutron star and
the scattered and gravitationally bent photons from the upper ac-
cretion stream cause the pronounced increase in flux. The second
pole that is rotating on a circle farther away from the line of sight
than the first pole comes back to the front side at about phase
0.45 and is closest to the observer at about phase 0.7. However,
since the line of sight is closer in latitude to the first pole than to
the second pole, the observer never gets as close to the surface
normal of the second pole as to that of the first pole. The main
emission seen from the second pole while it is on this side of the
horizon comes directly from the accretion column.

Parmar et al. (1989a) have modeled the luminosity depen-
dent pulse profiles from the first observed giant outburst in 1985
by assuming a fan beam and a pencil beam component for the
two magnetic poles based on a model by Wang & Welter (1981).
They obtain a fit for all ten pulse profiles for different luminosi-
ties ranging from 0.1–10.0 × 1037 erg s−1 with some residuals
and find that the fan beam mainly produces the major peak at
phase 0.2, whereas the peak at phase 0.95 can be ascribed to a
pencil beam. The way they have chosen phase 0.0 is different
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Fig. 6. Polar diagrams of the intrinsic beam pattern for the minus solution of solution 1 for the same observations as shown in Fig. 3, for the softest
and the hardest bands for an assumed Θ0 = 50◦. Dotted lines are drawn to clearly show the range in which the emission is visible for the observer.

than in our work, resulting in a shift by about 0.4. The best-fit
parameters of Parmar et al. (1989a) correspond to Θ1 = 70◦,
Θ2 = 110◦, and δ = 70◦, assuming Θ0 = 25◦. This result is con-
sistent with our solution 1 for the case of Θ0 = 25◦ (see Fig. 4).

4.2. Comparison to phase-resolved spectral analysis

Klochkov et al. (2008) analyzed the same INTEGRAL data as
used in this work and performed pulse phase resolved spec-
troscopy. For the data of the maximum, they find that the spec-
trum is harder at the main peak (phase 0.2). They conclude that
the observer might be seeing Compton scattered photons from
the optically thick accretion column. In the data taken at the end
of the decay, a new peak appears at about phase 0.95. At this
point, the spectrum is again harder, leading to the conclusion that
the line of sight of the observer is closest to the magnetic field
lines. This picture is in good agreement with the solution 1 of
the decomposition, in which the emission of the upper accretion
stream of the second pole, which is visible owing to gravitational
light bending, has its maximum at phase ∼0.2 while the halo of
the first pole also has substantial emission, thus contributing sig-
nificantly to the main peak. At phase ∼0.95 the scattered emis-
sion from the upper accretion stream of the second pole starts
to increase, while the emission from the accretion column of the
first pole also contributes to the observed emission.

4.3. Intrinsic beam patterns

The observed asymptotic beam pattern differs from the intrinsic
local beam pattern of the emission region because of relativistic
light deflection near the neutron star. Making assumptions on
the radius r and mass m of the neutron star, the asymptotic angle
θ can be transformed into the intrinsic angle ϑ relative to the
surface normal at the first magnetic pole to describe the local
emission pattern. We use the canonical values r = 10 km and
m = 1.4 M(, thus the ratio between r and the Schwarzschild
radius rS is r/rS = 2.4. The intrinsic beam patterns of the minus
solution are shown in Fig. 6 in polar diagrams. As can be seen
in these polar diagrams, the range for the visible angle is ∼10◦–
105◦ if Θ0 = 50◦ is assumed.

4.4. Possible origin of the emission

In X-ray pulsars, a strong magnetic field funnels matter accreted
from the companion star onto the polar caps. The infalling par-
ticles deposit their energy in the atmosphere of the neutron star.
Heating due to accretion is balanced by radiative cooling through
bremsstrahlung emission, Compton scattering, and the so-called
cyclotron radiation after collisional excitation of electrons. In
low-luminosity states, the accreted matter is decelerated in the
atmosphere of the neutron star by Coulomb scattering. Emission
can be seen as pencil beams from the hot spots at polar caps
(Wang & Welter 1981). In high-luminosity states, however, the
accretion rate is higher, and an accretion column is believed to
form. Plasma is decelerated by radiation pressure in the col-
umn, and a radiative shock forms above the neutron star surface
(Davidson 1973; Basko & Sunyaev 1976). Above the radiative
shock, plasma is in free fall, while below the discontinuity, there
is a region of nearly stagnant plasma from which photons escape
from the sides of the column in a fan beam.

In addition, a luminous halo might form around the accre-
tion column (Davidson & Ostriker 1973; Lyubarskii & Syunyaev
1988) and radiation from the polar cap and the halo can also
be scattered in the upper accretion stream (Soffel et al. 1985;
Brainerd & Meszaros 1991). As the accretion stream is delim-
ited by magnetic field lines of the neutron star, it opens up wide
far from the neutron star. Therefore, the emission from the upper
part of the accretion stream can dominate the observed flux and
can also screen the polar caps and the halo. Due to relativistic
light deflection, emission from one pole can be deflected to the
antipodal direction (Pechenick et al. 1983; Riffert & Meszaros
1988; Leahy & Li 1995; Kraus 2001). All these effects can mod-
ify the local beam pattern and thus have an effect on the pulse
profile of the X-ray pulsar. Wang & Welter (1981) have modeled
the pulse profiles of X-ray pulsars by assuming hot spots and fan
beams, although EXO 2030+375 is not included in their list of
selected X-ray pulsars. They show that, in general, sharp min-
ima can be seen in the pulse profiles at the moment when the fan
beam rotates behind the horizon of the neutron star and when
it reappears on the side of the neutron star facing the observer.
This is exactly what seems to be happening in EXO 2030+375
at phases 0.1 and 0.6 as the decomposition method has shown.
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Fig. A.1. Intrinsic geometry of the neutron star. Figures taken from Kraus et al. (1995).

Kraus et al. (2003, 2010) have modeled beam patterns and
pulse profiles for medium-luminosity X-ray pulsars assuming an
accretion column with energy-dependent local beaming of radi-
ation, a luminous halo formed by illumination of the neutron star
surface, and magnetic scattering in the upper accretion stream.
They show that the emission from the upper accretion stream
can dominate the local beam pattern for θ > 120◦. Halo emis-
sion has a maximum at θ ≈ 30◦–60◦, with significant contribu-
tion to the beam pattern for photon energies below ∼5 keV. If
one assumes isotropic emission from the accretion column be-
low the discontinuity, the halo emission becomes comparable or
negligible relative to the column emission at >∼10 keV. However,
if the radiation below the shock is beamed downwards, the halo
remains more luminous than the accretion column and the upper
stream up to ∼30 keV. The decomposition has shown that the
beam patterns show dominant soft emission for θ < 60◦, which
can be interpreted as halo emission, while the emission θ > 150◦
most likely arises from the upper accretion stream (see Fig. 3,
lower panel).

5. Summary

We performed pulse-profile decomposition with data of
EXO 2030+375 taken during the giant outburst of 2006 by
RXTE and INTEGRAL. This is the fourth source after Cen X-3,
Her X-1, and A 0535+26 to which this method has been applied.
Each of the asymmetric pulse profiles of EXO 2030+375 at dif-
ferent luminosities in various energy bands are decomposed in
two symmetric pulse profiles that account for emission from the
two emission regions of the system.

We find that the magnetic field of the neutron star is mod-
erately distorted. The observer sees a part of the emission from
each of the two emission regions, but these parts do not over-
lap. We suggest that the main peak at phase 0.2 in the observed
pulse profiles can be attributed to harder emission from the up-
per accretion stream of the second pole, which can be observed
while the pole is on the other side of the neutron star because of
relativistic light bending around the neutron star (“anti-pencil”).
However, the main peak also has a considerable contribution
from the halo emission of the first pole, which is closer to the

line of sight than the second. Between phases ∼0.95 and ∼0.1,
both poles are located on the rear side of the neutron star. The
sharp minima seen at phases 0.0 and 0.6 are caused when the first
pole is about to re- and disappear at the horizon of the neutron
star, and its accretion column is seen from the side.

Our analysis has disentangled the emission components of
the neutron star, which in total lead to the observed asym-
metric, energy-, and luminosity-dependent pulse profiles of
EXO 2030+375. It will allow us to perform detailed analyses
of, e.g., the pulse phase-resolved spectra with reliable interpreta-
tion of the differences in the spectral parameters, hence shedding
light on the physical processes in the system responsible for the
observed emission.
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Appendix A: The decomposition method

The pulse-profile decomposition method has been developed and
first presented by Kraus et al. (1995). Here we quickly summa-
rize the method and the steps in the analysis.

A.1. Decomposition into two single-pole pulse profiles

Let θ be the angle between the direction of the line of sight and
the axis through one magnetic pole. Figure A.1 shows the con-
figuration of the neutron star, showing the positions of the mag-
netic poles with respect to the rotation axis. The polar angles of
the two magnetic poles are called Θ1 and Θ2. As the neutron star
rotates, θ changes with rotation angleΦ. For the emission of each
pole, there are two symmetry points at Φi and Φi + π (i = 1, 2).
For each pole, the relation between θ, Θi, and Φi can be obtained
using the spherical triangle in Fig. A.1 (left):

cos θ = cosΘ0 cosΘi + sinΘ0 sinΘi cos(Φ −Φi). (A.1)
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Fig. A.2. Beam patterns from the two
emission regions seen by the observer
plotted over cos(Φ − Φ1). The left panel
shows the beam patterns of solution 1 of
the observation near maximum as shown
in Fig. 2. The right panel shows a selec-
tion of additional data from the observa-
tion after maximum with similar energy
bands. For solution 1 (upper panel) no
overlap of the beam patterns for the two
emission regions is found. For solution 2
(lower panel), the beam patterns seem to
overlap over a wide range, but show small
differences. For the parameters a, b, see
Sect. 3.3.

We assume that there is an offset δ between the second magnetic
pole and the antipodal position of the first magnetic pole, there-
fore, there will be a phase offset for the rotation angles Φi from
a symmetric configuration which can be defined as

∆ = π − (Φ1 −Φ2). (A.2)

For an ideal dipole field Θ1 + Θ2 = π, ∆ = 0, and δ = 0. With
the polar angles Θ1, Θ2, and the offset ∆ in the rotation angles,
we have a complete set of parameters to describe the geometry
of the neutron star.

To find the contributions from each magnetic pole, we per-
form Fourier analysis of the observed total pulse profiles. We
model it as a sum of two symmetric functions f1 and f2 and
search for the values for their symmetry points Φ1 and Φ2, re-
spectively. In principle we are able to find a set of f1 and f2 for

any chosen Φ1 and Φ2. However, since we deal with functions
that describe astronomically observed emission, the following
criteria need to be fulfilled:

1. Positive flux: The symmetric functions f1 and f2 must not
have negative values because they model the flux of an as-
tronomical object.

2. No ripples: The functions f1 and f2 should show no small-
scale features that cancel out in the sum. As the two func-
tions correspond to pulse profiles of single-poles that emit
independently, they ought not to have features that match ex-
actly. Also, the single-pole pulse profiles are supposedly not
more complicated than the total pulse profile.

3. Same geometry: We have pulse profiles from one source
in different energy bands and, ideally, from more than one
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(dashed).

observation. The observed pulse profiles are energy and lu-
minosity dependent in most cases. Since the emission arises
from only one object, the symmetry points must be the same
for the decompositions of all available data.

The actual search for reasonable decompositions is performed
using the parameters Φ1 and ∆. The second symmetry point Φ2
can then be obtained from Eq. (A.2). The decompositions of the
pulse profiles of different energy bands and different observa-
tions will not yield identical values for Φ1 and ∆. Therefore we
have to define interesting regions in the parameter space of Φ1
and ∆ and look at the single-pole pulse profile for similar val-
ues of Φ1 and ∆ for each energy band and observation to decide
if they can be declared as one consistent set of emission. This
means that the single-pole pulse profiles have to have similar
values ofΦ1 and ∆ and ought to be similar from one energy band
to the other in one observation. Once one has found such a set of
decomposition for all energy bands and observations for similar
Φ1 and ∆, one can compute the corresponding beam patterns for
each pole.

A.2. Reconstruction of the beam pattern

Two beam patterns are obtained from single-pole pulse profiles
as functions of the rotation angles Φ (for one single-pole pulse
profile) and Φ̃ (for the other single-pole pulse profile). During
one revolution of the neutron star, the angle θ between the first
magnetic pole and the line of sight changes with the phase. There
may be an interval during one phase, i.e., a range of the angle θ,
in which the observer sees emission from both poles. The same is
true for the second magnetic pole. The range covered by the an-
gle θ is in general different for each pole. There may, however, be
a certain subrange of values of θ that occur for each of the poles.
Then, at some phase Φ, the observer looks onto the first pole at
angle θ and at some different phase Φ̃, the observer looks onto
the second pole at the same angle θ. A simple example would be
two antipodal poles that pass through the line of sight (θ = 0) at
Φ = 0 and at Φ̃ = 0.5, respectively. If, in addition, the two emis-
sion regions of the neutron star have the same beam pattern, the
emission seen at θ from the first pole (phaseΦ) is the same as the
emission seen at θ from the second pole (phase Φ̃). This means
that the visible beam patterns of the two poles must have iden-
tical parts at different pulse phases. If we find such parts of the
beam patterns of the two single-pole pulse profiles we can over-
lay them and get a relation between cos(Φ−Φ1) and cos(Φ̃−Φ2).
From this relation, we can derive the positions of the magnetic
poles Θ1 and Θ2 as functions of the direction of the observation

Θ0. The angle Θ0 needs to be determined independently in other
studies of the source.
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ABSTRACT

Aims. By analysing the asymmetric pulse profiles of the transient Be/X-ray binaries 4U 0115+63 and V 0332+53 we aim to identify
the origin of the pulsed emission to understand the geometry of the accretion onto the neutron star.
Methods. We have applied the pulse-profile decomposition method, which enabled us to find two symmetric pulse profiles for the
two magnetic poles of the neutron star. We derived beam patterns for different energy bands and luminosity states. This allowed us to
identify the components that are responsible for the emission. The analysis and the models used for the interpretation of the results
take relativistic light deflection into account.
Results. We find that the magnetic field of the neutron star is distorted in both 4U 0115+63 and V 0332+53. The beam patterns are
interpreted in terms of a model for an accretion column that includes the formation of a halo at the bottom of the accretion column
and scattering in the upper accretion stream.
Conclusions. In both systems, an accretion column forms while the accretion rate is high. If the accretion decreases and the sources
become fainter, the emission from the halo and the accretion column disappears. In 4U 0115+63 there seems to be significant scattering
of photons in the still existing accretion stream even at the end of the outburst. In V 0332+53, the scattering in the upper stream also
disappears at the end and we apparently observe the emission from the hot spots on the neutron star.

Key words. accretion, accretion disks – stars: neutron – X-rays: binaries

1. Introduction

In accreting X-ray pulsars ionised gas from a normal star is ac-
creted onto a neutron star (NS) along the magnetic field lines.
This results in the production of X-rays. If the magnetic and
rotation axes of the neutron star are misaligned, pulsed emis-
sion is observed. These X-ray pulsars exhibit a wide variety
of pulse shapes that differ from source to source (White et al.
1983; Frontera & Dalfiume 1989; Bildsten et al. 1997, and ref-
erences therein). In addition, the pulse shapes strongly depend
on both the energy and the luminosity, as has been observed for
Vela X-1 (Staubert et al. 1980), EXO 2030+375 (Parmar et al.
1989), Cen X-3 (Nagase et al. 1992), etc. Efforts have been made
for more than three decades to improve our understanding of
the physics and the geometries of the accretion and the resulting
emission (e.g., Basko & Sunyaev 1976; Wang & Welter 1981;
Riffert & Meszaros 1988; Brainerd & Meszaros 1991; Becker
& Wolff 2007, and references therein). However, owing to the
complexity of the problem, there is still no compelling model
that can describe the physics of the emission and the observed
pulse profiles.

The changes in pulse profiles with luminosity are believed to
be related to the change of the structures formed by the accreted
gas. In low-luminosity states, the accretion rate is low and the
gas can fall freely onto the magnetic poles of the neutron star.
It forms a mound on the surface of the neutron star from which
a pencil-beam emission is expected (Wang & Welter 1981). In

high-luminosity states, the accretion rate is increased and the gas
funneled along the magnetic fields forms an accretion column. A
radiative shock forms in the accretion column above the neutron
star surface (Davidson 1973; Basko & Sunyaev 1976), above
which the plasma is in free fall. X-rays are radiated from the
walls of the accretion column below the shock. A luminous halo
can form at the bottom of the column by scattering of photons on
the neutron star surface (Davidson & Ostriker 1973; Lyubarskii
& Syunyaev 1988; Kraus et al. 2003; Ferrigno et al. 2009). The
luminosity dependence of the pulse profile thus reflects the tran-
sition from low to high accretion rate or vice versa, and hence the
change of the emission components. From the observed pulse
profiles we are able to derive the beam patterns, i.e., the flux
distributions from one emission region, as seen from the distant
observer. This again will allow us to derive the local beam pat-
tern as well as the geometry of the neutron star. In doing so it is
also necessary to take the relativistic light bending into account.

If the magnetic field is a dipole field and each emission re-
gion is axially symmetric with respect to the magnetic axis, the
observed pulse profile should be symmetric. However, the ob-
served pulse profiles of X-ray pulsars are in general asymmetric.
Different theoretical models have been suggested to explain the
observed asymmetry of the pulse profiles. A distorted magnetic
dipole field in which the two magnetic poles are not located op-
posite to each other has been suggested as a possible reason for
the asymmetry of pulse profiles (Parmar et al. 1989; Leahy 1991;
Riffert et al. 1993; Bulik et al. 1995). Another way to explain the
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Fig. 1. Light curve obtained from the RXTE observations of
4U 0115+63 during the giant outburst in 1999. Data used in this work
are indicated.

asymmetric shape of pulse profiles is an asymmetric accretion
stream (Basko & Sunyaev 1976; Wang & Welter 1981; Miller
1996), which has also been discussed for other types of accreting
neutron stars, e.g., the “Bursting Pulsar” GRO J1744–28, which
shows pulse profiles changes during type II bursts caused by in-
stabilities in accretion (e.g., Kouveliotou et al. 1996; Lewin et al.
1996).

Based on the assumption of distorted magnetic fields, Kraus
et al. (1995) developed the decomposition method that allows
us to find two symmetric contributions from the two poles to
the observed total pulse profiles. Using this pulse profile decom-
position method, we have successfully analysed the pulse pro-
files of the X-ray pulsars Cen X-3 (Kraus et al. 1996), Her X-1
(Blum & Kraus 2000), EXO 2030+375 (Sasaki et al. 2010), and
A 0535+26 (Caballero et al. 2011).

In this paper, we present the results of the pulse profile de-
composition analysis of the transient sources 4U 0115+63 and
V 0332+53.

2. Data

2.1. 4U 0115+63

4U 0115+63 is an accreting X-ray pulsar, which has been known
and was extensively studied since the early 1970s. Observations
of the Uhuru satellite yielded detections of this X-ray transient
in 1970 and 71 (Forman et al. 1976). The subsequent analysis of
the archival data of the Vela 5B satellite revealed that the source
had also been detected in 1969 (Whitlock et al. 1989). Rappaport
et al. (1978) measured the orbital motion of the source from ob-
servations with the SAS 3 satellite in 1978, obtaining an orbital
period of 24.3 d, while Cominsky et al. (1978) detected pulsa-
tions with a pulse period of 3.61 s. Soon thereafter, a strongly
reddened Be-star V635 Cas was found as its optical counterpart
(Johns et al. 1978; Hutchings & Crampton 1981; Kholopov et al.
1981). This star was later classified as a B0.2Ve star at a distance
of 7–8 kpc (Negueruela & Okazaki 2001). Pulse profiles from
HEAO-1 observations were presented by Johnston et al. (1978).

In 1999 4U 0115+63 underwent a giant outburst, which is
believed to be caused by an enhanced mass loss activity of the
Be star. During this outburst the Rossi X-ray Timing Explorer
(RXTE) monitored 4U 0115+63 extensively (Fig. 1). The source
was also observed by BeppoSAX on March 06 and 26, 1999

Table 1. Data used for the pulse profile decomposition analysis and the
luminosities of 4U 0115+63 when the data were obtained.

ID ObsID MJD L3−100 keV

006534 51 243 9.4 × 1037 erg s−1

A 40070-01-01-00 51 244 1.2 × 1038 erg s−1

B 40070-01-03-00 51 249 1.5 × 1038 erg s−1

006631 51 263 6.3 × 1037 erg s−1

C 40070-01-04-00 51 265 7.5 × 1037 erg s−1

D 40051-05-12-00 51 278 2.3 × 1037 erg s−1

E 40411-01-24-00 51 285 2.0 × 1037 erg s−1

F 40411-01-26-00 51 288 0.1 × 1037 erg s−1

Notes. Data with ID A – F were taken by RXTE, the first and the fourth
data-sets are from BeppoSAX. The luminosity was calculated assuming
a distance of 7 kpc.

before and after the maximum. Observations with BeppoSAX re-
vealed that the spectrum of 4U 0115+63 shows four cyclotron
resonance scattering features (CRSFs) at 12.7, 24.2, 35.7, and
49.5 keV (Santangelo et al. 1999), which was the first discovery
of multiple absorption lines due to cyclotron resonant scattering
ever. Additional analyses of the RXTE and BeppoSAX data of
the giant outburst of 4U 0115+63 in 1999 have been published
by Nakajima et al. (2006), Tsygankov et al. (2007), Ferrigno
et al. (2009), and Baushev (2009).

The pulse profiles of 4U 0115+63 and also other accreting
X-ray pulsars are strongly luminosity- and energy-dependent.
Because we aim to understand the reason for the evolution of
the pulse shapes with luminosity and energy, it is crucial to have
statistically useful pulse profiles of the source in different lumi-
nosity states, hence different observations during an outburst, as
well as for different energy bands. Moreover, the more pulse pro-
files we have, the better will be the determination of the symme-
try points and thus the determination of the geometry parameters
of the neutron star (see Sect. 3).

We used the data of six RXTE observations taken with
the Proportional Counter Array (PCA, Jahoda et al. 1996) and
two BeppoSAX observations (Ferrigno et al. 2009). For the
BeppoSAX data, we used the same energy bands as in Ferrigno
et al. (2009) and divided the RXTE data into similar bands. The
selected bands are approximately<5 keV, 5–10 keV, 10–15 keV,
15–20 keV, 20–30 keV, and >30 keV. If the statistics were
not good enough (observations D, E, and F), we combined the
harder energy bands, e.g., creating pulse profiles for the band
15–115 keV. For the same reason, we did not use the hardest
band (>15 keV) in the last and thus faintest observation F for the
pulse profile analysis. Table 1 lists the data used in our work. All
used pulse profiles are shown in Figs. 2 and 3.

First, the light curves were corrected for barycentric and
orbital motions and folded with pulse periods of ∼3.61 s de-
rived for each observation. The light curves were binned into
128 phase bins in most cases. Only for observations E and F
we created pulse profiles with 64 phase bins because of poor
statistics. In the next step, ideally, the pulse profiles should be
phase-connected. However, the high degree of timing noise and
the sparse nature of the observations prevented us from doing
this. Therefore, the pulse profiles were then shifted by using
their common morphological properties. In particular, we fo-
cused on the two sharp minima immediately before the major
peak and used them as reference points. These minima are seen
at phase 0.0 and 0.1 in Figs. 2 and 3, best visible in the softest
band (top row) and in the 10–15 keV band data of the obser-
vation F. All profiles were then normalised to their maximum
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value. Using fairly broad energy bands limits the impact of the
different energy resolution and therefore the combined data-set
of different instruments can be safely used in the analysis.

For energies higher than ∼5 keV, the pulse profiles have a
major maximum at phase = 0.4 and an additional hump that fol-
lows the maximum. This hump is stronger for lower energies and
is visible only during the giant outburst (observations A–D). It
seems that it has disappeared in the data-sets E and F at the end
of the outburst.

The most intriguing band is the softest band below 5 keV.
The major peak has an additional component at phase = 0.25 in
the data near the maximum of the giant outburst (A, B, C, see
also Fig. 1 in Ferrigno et al. 2009). Furthermore, the height of
the hump at phase = 0.6–1.1 is comparable to the double peak at
0.4. The hump and the additional peak seem to be caused by the
change of emission characteristics due to the increased accretion
during the giant outburst.

For the subsequent analysis we used the following identi-
fier for the pulse profiles with the format LNNNN. The letter
L is the ID for the observations as given in Table 1. The next
two following numbers indicate the lower energy of the energy
band, the last two numbers for the upper energy. For example,
A0305 is the beam pattern belonging to the pulse profile from
the A (40070-01-01-00) data for the energy band of 3 to 5 keV.
The number 11 for the upper energy in the highest energy bands
stands for 115 keV. For the BeppoSAX data, we used the iden-
tifiers “b” for the observation before the maximum and “s” for
after maximum.
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Fig. 4. Light curve of V 0332+53 during the 2004/2005 outburst ob-
tained with the All-Sky Monitor on RXTE. The selected observations
for the pulse profile decomposition are marked.

2.2. V 0332+53

V 0332+53 was discovered in 1973 by the Vela 5B satellite dur-
ing a type II, i.e., a giant outburst (Terrell & Priedhorsky 1984).
The pulse period was determined to a value of 4.4 s, while an
orbital period of 34 d was measured (Stella et al. 1985). Its
optical counterpart was identified as the O8-9Ve star BQ Cam
(Bernacca et al. 1984; Negueruela et al. 1999) with a distance of
∼7 kpc. Ten years later, there was a second outburst, this time
of type I corresponding to a periastron passage of the neutron
star, detected with the Tenma satellite (Inoue 1985). The source
became again active in 1989 in form of a type II outburst, and
the next outburst of type II was measured at the end of 2004
(December 2004 to February 2005, Zhang et al. 2005; Mowlavi
et al. 2006, see Fig. 4). About a year before each outburst, one
could observe a brightening of the optical companion that was
most likely triggered by a sudden increase of the mass ejection
rate from the companion star (Mowlavi et al. 2006). Similar to
4U 0115+63, this source is one of the few sources that show
multiple cyclotron lines in their spectra. V 0332+53 is the sec-
ond X-ray accreting pulsar that has at least three CRSFs, the
main harmonic at Ecycl,1 = 25 keV and the first and second har-
monics at Ecycl,2 = 51 keV and Ecycl,3 = 72 keV, respectively
(Coburn et al. 2005; Kreykenbohm et al. 2005; Pottschmidt et al.
2005).

The pulse profiles of V 0332+53 are highly asymmetric
and lumimosity-dependent (Zhang et al. 2005; Tsygankov et al.
2006, see Fig. 5). One can observe a change in the structure
of the profiles from double-peaked to single-peaked and also
a change of the phase separation of the double pulses with
the source luminosity. While the source was bright, the sep-
aration of the two main peaks in the pulse profile remained
nearly constant at a value of about 0.47 and decreased to 0.37
within a short time of about three days during which the lu-
minosity declined after the maximum intensity was reached
(Zhang et al. 2005). Significant changes of the double-peaked
structure of the pulse profiles can be seen as the intensity of
the source decreases. For a luminosity of about L ≈ 7 ×
1037 erg s−1 the profiles become asymmetrically single-peaked
at energies below the energy of the main harmonic cyclotron
line, while it seems to remain double-peaked above this energy

Table 2. Data used for the pulse profile decomposition analysis of
V 0332+53.

ID Observation ID MJD L3−100 keV

A 90089-11-02-08 53 346 2.6 × 1038 erg s−1

B 90089-11-03-04 53 353 4.1 × 1038 erg s−1

C 90089-11-04-03 53 358 4.6 × 1038 erg s−1

D 90427-01-01-01 53 368 4.8 × 1038 erg s−1

E 90427-01-02-02 53 376 3.9 × 1038 erg s−1

F 90014-01-01-04 53 381 3.4 × 1038 erg s−1

G 90014-01-05-01 53 407 1.1 × 1038 erg s−1

H 90427-01-04-04 53 414 7.9 × 1037 erg s−1

Notes. The luminosity was calculated assuming a distance of 7 kpc.

(Tsygankov et al. 2006). However, the low statistics make de-
tailed analyses at these low luminosities difficult.

For the pulse profile decomposition we selected a set
of RXTE observations covering the whole time span of the
2004/2005 outburst from the beginning of December 2004 until
mid February 2005. These observations are listed in Table 2. The
selected observations are also marked in the light curve of the
2004/2005 outburst taken by the RXTE All-Sky Monitor (ASM,
see Fig. 4). The data are mainly available as binned-mode data.
Therefore, after the event arrival time was corrected for barycen-
tric and orbital motions, pulse profiles were created with phase
bins of 128 for four different energy bands: 3–7 keV, 7–20 keV,
20–30 keV, and 30–115 keV. As was discussed before, the pulse
profiles of V 0332+53 have two distinct minima that become
stronger if the source becomes brighter. In addition, the two
maxima have different shapes, one showing a slightly increas-
ing plateau (at phase 0.1–0.4 in Fig. 5) while the other is flat or
has a decreasing plateau (at phase 0.6–0.9). By identifying these
two minima and two maxima, we shifted the pulse profiles by
defining the minimum before the maximum that shows an in-
crease as phase 0. For the pulse profiles of V 0332+53 we used
the same scheme for the identifiers as for 4U 0115+63: the ID
given in Table 2 together with the lower and upper energies gives
the total identifier, e.g., the pulse profile of the softest band of the
observation 90089-11-02-08 is called A0307.

3. The analysis

A detailed description of the pulse profile decomposition method
can be found in Kraus et al. (1995). A short summary of the
method is also given in our papers on EXO 2030+375 (Sasaki
et al. 2010) and A 0535+26 (Caballero et al. 2011). In Fig. 6
we show the assumed geometry of the neutron star and the an-
gles used for the analysis. The polar angles of the two magnetic
poles are Θ1 and Θ2. We assumed that there is an offset angle δ
between the second magnetic pole and the antipodal position of
the first magnetic pole. The inclination angle of the observer with
respect to the rotation axis of the neutron star is Θ0. The angle
between the line of sight and the axis through one magnetic pole
is called θobs. As the neutron star rotates, θobs changes with the
rotation angle Φ. Since the observed X-ray emission most likely
arises from regions close to the magnetic poles as well as directly
above, and we assumed that the emission is symmetric in shape,
there should be two symmetry points in the emission of each
magnetic pole at Φi and Φi + π (i = 1, 2), each corresponding
to the pulse phase at which the pole is either closest or farthest
from the line of sight. The non-antipodal positions of the two
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Fig. 5. Pulse profiles of V 0332+53 during the giant outburst in 2004/2005 observed with RXTE. The pulse profiles are sorted chronologically
from left to right in the upper panel, then left to right in the lower panel. Energy bands are soft to hard from top to bottom for each observation.
The bands (lower energy – upper energy in keV) are given in the diagrams. The letters at the botton of each panel give our identifiers for the
observations. The dotted and dashed lines show the ranges in which the symmetry points Φ1, Φ2 are found (see Sect. 3).

poles result in an offset ∆ = π − (Φ1 − Φ2) in rotation angle
between the symmetry points Φ1 and Φ2.

The decomposition method is in principle a backward-
tracing of the emission. The basic assumption is that the two
magnetic poles of the neutron star have the same emission char-
acteristics and that a sum of the two symmetric single-pole pulse
profiles result in the observed asymmetric pulse profile. We
are interested in the shape and the change of the shape of the
beam patterns with energy and luminosity. This gives informa-
tion about the relative fluxes of the different emission regions
of the source (see Sect. 4) that contribute to the observed total
emission. Therefore, the observed total pulse profiles are first
normalised so that the maximum in the pulse profile is equal
to one.

To decompose the observed asymmetric pulse profiles into
two symmetric pulse profiles, each of these normalised asym-
metric pulse profiles F can be represented by its Fourier
expansion:

F(Φ) =
1
2

u0 +

n/2−1∑

k=1

[uk cos(kΦ) + vk sin(kΦ)] + un/2 cos
(n
2
Φ
)
,

(1)

where n is the number of phase bins, which we divide the pulse
profiles into (64 or 128, depending on the strength of the signal
in each observation). As shown by Kraus et al. (1995), we can
express F(Φ) by means of two symmetric functions f1 and f2 for
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virtually any choice of two symmetry pointsΦ1 andΦ2. Because
f1 and f2 should be symmetric, the sine terms vanish and we can
write

f1(Φ) =
1
2

c0 +

n/2∑

k=1

ck cos[k(Φ − Φ1)], (2)

f2(Φ) =
1
2

d0 +

n/2∑

k=1

dk cos{k[Φ − (Φ2 − π)]}. (3)

The parameters c0 and d0 are subject to the constraint that their
sum equals u0. They are determined in two steps: in the de-
composition, minimum values c0,min and d0,min are determined
such that the symmetric functions do not become negative at any
phase. The remaining constant flux u0 − c0,min − d0,min is divided
up when the two beam patterns are combined to obtain the total
beam pattern (as described in Sect. 3.1.1). It is distributed among
the two beam patterns so that the quadratic deviation in the over-
lap region is minimised. The mean square devitaion function
Q(a, b) is computed with the optimum flux distribution for each
pair of values a and b (see Sect. 3.1.1). We assumed that F is
well-defined by the n data points and is thus limited to frequen-
cies below n/2. This is confirmed by verifying that the power of
the Fourier transform of F approaches zero if the frequency ap-
proaches n/2. As sugested by Kraus et al. (1995), we used less
than n Fourier coefficients, omitting the highest coefficients that
may be affected by aliasing and may also have fairly large sta-
tistical errors. This results in a certain smoothing of the pulse
profile. In practice, we performed the decomposition with 20 to
30 Fourier coefficients. In addition, we used ∆ = π−(Φ1−Φ2) for
convenience instead ofΦ2, i.e., searching for parameters (Φ1, ∆).

For each pulse profile, we then selected the symmetry points
that yield a “good” decomposition according to the following
criteria.

1. Positive flux: the Fourier analysis yields two symmetric func-
tions f1 and f2 for each pulse profile. These functions must
be positive because they represent the emitted flux of an as-
tronomical object.

Table 3. Parameters obtained from the decomposition analysis of the
pulse profiles of 4U 0115+63 and V 0332+53.

4U 0115+63 V 0332+53

Decomposition parameters
Φ1 115◦–135◦ 91◦–110◦
Φ2 5◦–30◦ 277◦–311◦
∆ 60◦–75◦ 6◦–21◦
a –1.2 (+1.0, –1.6) –0.95 (+0.35, –1.05)
b 1.8 (+0.2, –1.3) 1.0 (+0.5, –0.5)

Pulsar geometry
Θ1 148◦ (+12◦, –57◦) 142◦ (+18◦, –22◦)
Θ2 74◦ (+31◦, –44◦) 38◦ (+8◦, –12◦)
δ 65◦ (+14◦, –26◦) 12◦ (+24◦, –1◦)
Θ0 (assumed) 60◦ 70◦

Notes. The ranges in which decompositions were found to be consistent
for all analysed observations and energy bands are given for Φ1, Φ2,
and ∆. The main uncertainty comes from the poorly known or unknown
value of Θ0.

2. No ripples: the functions f1 and f2 describe the emission of
two poles that emit independently from each other, there-
fore, one expects that they do not show features that match
exactly. Also, we do not expect the single-pole pulse profiles
to be more complex than the observed total pulse profiles.
Therefore, the two functions are not supposed to have small-
scale fluctuations that cancel out in the sum.

3. Same geometry: we used several pulse profiles from different
observations and energy ranges. It is crucial to find a small
region in the parameter space that is allowed for all cases,
because the emission arises from only one object that has
one special geometry. Therefore, the symmetry points must
be the same for the decompositions of all available data.

For each observed pulse profile, Φ1 and ∆ (and thus Φ2) were
determined independently. The comparison of the possible solu-
tions in the parameter space of Φ1 and ∆ for different energy
bands and different observations, thus luminosity states, then
yields a few, or, ideally only one region in the Φ1-∆ parame-
ter space with pairs of Φ1 and ∆, which have similar values for
all pulse profiles. These Φ1 and ∆ values were used for the sub-
sequent analysis for each pulse profile. By means of the result-
ing two symmetry points, we reconstructed the single-pole pulse
profiles for each observed pulse profile.

Each single-pole pulse profile obtained in the decomposi-
tion has two symmetry points that correspond to the rotation an-
gles at which the pole is closest to, or farthest from, the line of
sight, respectively. Since there is no way to decide which sym-
metry point corresponds to which end of the range in viewing
angle, two groups of solutions are obtained that we call plus
and minus solutions. From these single-pole pulse profiles of the
two groups of solutions we derived the beam patterns and inter-
preted them in terms of emission originating from the accretion
column, halo, and/or the upper accretion stream. Comparisons
of the beam patterns to theoretically calculated models for the
emission from an accreting neutron star (e.g., Kraus et al. 2003,
in prep., see Sect. 4) will tell us which of these two groups of
solutions are more reasonable.

We summarised the parameters that we obtained from the
decomposition analysis and those derived for the geometry of
the neutron star for 4U 0115+63 and V 0332+53 in Table 3.
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Fig. 7. Diagram showing the values of Φ1 and Φ2 for each pulse profile
for the solution of 4U 0115+63.
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Fig. 8. Single-pole pulse profiles of 4U 0115+63 for one pole (lower
curve) and the other (middle) for the observations B (maximum), D
(decay), F (end of decay) in the 5–10 keV band. The upper thick curve
shows the total pulse profile, which is the sum of the two single-pole
pulse profiles.

3.1. 4U 0115+63

The decomposition of all pulse profiles has yielded one set of
solutions that can be regarded as consistent for all observed
pulse profiles: the first symmetry point is found in the range of
Φ1 = 115◦−135◦ and the offset of the second symmetry point
from Φ1 + π (i.e., an antipodal configuration) has the range of
∆ = 60◦−75◦. A diagram with the obtained values for Φ1 and
Φ2 for each pulse profile is shown in Fig. 7. Figure 8 shows an
example of the two single-pole pulse profiles obtained from the
Fourier decomposition (middle and bottom rows) and their sum,
which is the total pulse profile (top). We can derive the geomet-
ric parametersΘ1, Θ2, and δ from this set of solutions, with Θ1,2
being the polar angles of the magnetic poles with respect to the
rotation axis and δ being the offset of the second magnetic pole
from the antipodal position of the first magnetic pole. To obtain
these geometrical parmeters of the neutron star and also for the
reconstruction of the beam patterns, we need to know the incli-
nation angle Θ0 of the observer with respect to the rotation axis
of the neutron star. However, this number is not known for most
of the accreting X-ray pulsars. For 4U 0115+63, Negueruela &
Okazaki (2001) have derived a companion mass of∼18 M' from
the optical spectrum, corresponding to an inclination angle of the
binary system i ≈ 40–60◦. We assumed that the rotation axis of

the neutron star is perpendicular to the orbital plane, i.e., Θ0 ≈ i.
For the pulse profile analysis, we will assume Θ0 = 60◦.

3.1.1. Asymptotic beam patterns

From the single-pole pulse profiles obtained by decomposing the
observed pulse profiles, we can calculate the beam patterns for
each pole as seen by the distant observer. One of our basic as-
sumptions was that the two poles of the NS have the same beam
patterns. Therefore, while the NS rotates, we see emission from
pole 1 at phase Φ and the angle θobs to pole 1, which may be
the same as the emission from pole 2 at the same angle θobs to
pole 2 but at a different phase Φ̃. For pole 1 the angle θobs varies
between θobs,min = |Θ1 − Θ0| and θobs,max = Θ1 + Θ0 over the
entire range of Φ/2π = 0−1 (see Fig. 6). The pulse profile of
pole 1 therefore displays the section of the beam pattern between
θobs,min and θobs,max. The same holds for pole 2 from which we see
a different fraction of the beam pattern, which however might be
partly identical with the visible fraction of the beam pattern of
pole 1. If we find such identical parts of the two poles, we can
overlay and connect the beam patterns and derive the relation
between cos(Φ −Φ1) and cos(Φ̃ − Φ2)

cos(Φ − Φ1) = a + b cos(Φ̃ −Φ2), b > 0, (4)

by determining the parameters a and b (see Kraus et al. 1995, for
details).

This step of the analysis is based on the assumption that the
two emission regions have identical beam patterns. There might
also be some cases for which this is incorrect. However, in such
cases we should see an inconsistency between the two beam pat-
terns derived from the two single-pole pulse profiles and it will
not be possible to reconstruct the total asymptotic beam pattern
from the decomposition. If we obtain two parts of beam patterns
that can be connected, we believe that the assumption of identi-
cal beam patterns is viable.

We shifted and scaled the two beam patterns computed from
the decomposed pulse profiles as shown in Fig. 8 to obtain
the best match of the two parts for a certain range of θobs for
all observations and all energy bands. For different values of
the parameters a and b we computed the mean square devia-
tion Q between the two beam patterns in the overlapping part.
The minimum of the function Q(a, b) was determined to ob-
tain a and b for the best overlap for all observations and en-
ergy bands. The scattering of a and b obtained for each data-set
represents the uncertainties of these parameters. For the pulse
profiles of 4U 0115+63, we obtained a = −1.2 (+1.0,−1.6),
b = 1.8 (+0.2,−1.3). The reconstructed asymptotic beam pat-
terns seen by the distant observer are shown in Fig. 9.

The asymptotic beam patterns in Fig. 9 are plotted over the
angle θobs between the normal at the first magnetic pole and the
line of sight. The difference between the plus and minus so-
lutions is the assignment of the angle θobs: replacing θobs with
π − θobs transforms the beam patterns of the plus solution into
those of the minus solution, and vice versa. Therefore, the fea-
tures that are seen in the plus solution for, e.g., lower θobs are
found for higher θobs in the minus solution. The most prominent
features in the beam patterns are the maximum for lower θobs and
the steep rise for higher θobs for the minus solution (or the steep
rise in flux for lower θobs and the maximum seen in the softer
bands for higher θobs for the plus solution ). In a system where
a large amount of matter is accreted and the major part of the
emission is caused by scattering, it is unlikely to obtain domi-
nant flux for low θobs (i.e., a pencil beam) for this wide range
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Fig. 9. Asymptotic beam patterns of 4U 0115+63 as seen by the distant observer plotted over the angle θobs between the first magnetic pole and the
line of sight for the observations A (before maximum), B (maximum), C (after maximum), and E (end of decay). Errors are propagated statistical
errors of the pulse profiles. Only the minus solution is shown, which is the physically reasonable solution (see Sect. 3.1.1). The plus solution can
be obtained by transforming θobs to π − θobs.

of energy bands and luminosity, as is suggested in the plus so-
lution. Also, the maximum at θobs ≈ 40◦ in the minus solution
observed in the softer bands indicates halo emission at the base
of the accretion stream, which one expects for lower θobs instead
of values like θobs > 100◦ in the plus solution. Therefore, it is
difficult to describe the plus solution in a physical sense and
we conclude that the minus solution is more appropriate for the
emission of 4U 0115+63. Our remaining study is performed us-
ing the minus solution.

3.1.2. Intrinsic beam patterns and geometry

The radiation seen by a distant observer has suffered relativis-
tic light deflection. To understand the local emission pattern we
imagined the radiation to originate from a point source at the
pole and determined the intrinsic beam patterns of this hypothet-
ical point source by relating the local direction of photon emis-
sion with the direction of propagation far away from the neutron

star. To obtain these intrinsic beam patterns, we needed to make
assumptions about the neutron star and remove the effects of the
relativistic light deflection. We assumed a standard neutron star
with RNS = 10 km and MNS = 1.4 M'. In Fig. 10 we plotted po-
lar diagrams of the intrinsic beam patterns during the maximum
and at the end of the decay. We only show the softest and the
hardest bands for clarity.

The reconstruction of the total beam pattern provides us with
two contraints on the pulsar geometry:

a =
cotΘ0(cosΘ2 − cosΘ1)

sinΘ1
, b =

sinΘ2

sinΘ1
(5)

(see Kraus et al. 1995). The inclination angle Θ0 of the observer
with respect to the rotation axis of the neutron star is a crucial
number for the analysis. The Θ0-dependence of the position an-
gles of the magnetic polesΘ1 andΘ2 and the offset δ from the an-
tipodal configuration of the magnetic poles is shown in Fig. 11.
The errors in Fig. 11 represent the uncertainty of the determi-
nation of a and b for the reconstruction of the beam patterns,
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Fig. 10. Polar diagrams of the intrinsic beam patterns of 4U 0115+63
for the observations B (maximum) and E (end of decay) for the softest
band and the hard band above ∼20 keV. Up (0◦) is the direction straight
up from the magnetic pole, 90◦ and 270◦ are the directions tangential to
the neutron star surface at the magnetic pole. These beam patterns cor-
respond to the asymptotic beam patterns of the minus solution shown
in Fig. 9.

which was made simultaneously for all analysed pulse profiles.
If we determine a and b separately for each pulse profiles, the
values lie within the shown errors (see Sect. 3.1.1). For an as-
sumed Θ0 = 60◦, we obtain Θ1 = 148◦ (+12◦,−57◦),Θ2 =
74◦ (+31◦,−44◦), and δ = 65◦ (+14◦,−26◦).

3.2. V 0332+53

The pulse profiles of V 0332+53 were decomposed in the same
way as those of 4U 0115+63. After rejecting decompositions
based on the criteria listed at the beginning of this section, we
obtained a region in the parameter space of (Φ1, ∆) = (91◦–110◦,

Fig. 11. Relation between the observing angle Θ0 and the angles Θ1
(red), Θ2 (green), and δ (black) for 4U 0115+63. The vertical dashed
line indicates Θ0 = 60◦. For errors see Sect. 3.1.2.

Fig. 12. Diagram showing the values ofΦ1 andΦ2 for each pulse profile
for the solution of V 0332+53.

6◦–21◦). The resulting values for Φ1 and Φ2 for each pulse pro-
file are plotted in Fig. 12. The parameters used for the recon-
struction of the beam patterns are a = −0.95 (+0.35,−1.05),
b = 1.0 (+0.5,−0.5). Because there are no measurements of the
inclination angle of V 0332+53, we needed to assume an angle
for the next steps of the analysis. The important features in the
beam patterns (e.g., prominent maximum or minimum, increase
towards lower or higher observation angles) do not change if
we use different Θ0. Only the range of the angle for the intrin-
sic beam patterns discussed in Sect. 3.2.2 vary slightly with as-
sumed Θ0. We chose to use an inclination angle of Θ0 = 70◦.

3.2.1. Asymptotic beam patterns

The single-pole pulse profiles of three pulse profiles of
V 0332+53 are shown in Fig. 13. Similar to the case of
4U 0115+63 discussed in Sect. 3.1.1, the minus solution is
reasonable for V 0332+53. If we look at the asymptotic beam
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Fig. 13. Single-pole pulse profiles of V 0332+53 for one pole (lower
curve) and the other (middle) for the observations C (before maximum),
E (after maximum), and H (end of decay) in the softest band. The upper
thick curve shows the total pulse profile, which is the sum of the two
single-pole pulse profiles.

patterns of the minus solution in Fig. 14, the main emission is
found for low θobs if the source is faint (A0307 – A2030 at the
beginning and H0307, H0720 at the end of the giant outburst).
If the source becomes brighter we find additional components
for θobs ≈ 50–90◦ and distinct minima at ∼50◦ and 110◦. These
shapes of beam patterns can be adequately described using ac-
cretion column models (see below).

3.2.2. Intrinsic beam patterns and geometry

Intrinsic beam patterns were calculated assuming canonical val-
ues for the neutron star (RNS = 10 km and MNS = 1.4 M') and
an observing angle of Θ0 = 70◦. The beam patterns are shown in
Fig. 15. Clearly, at the beginning of the giant outburst, the emis-
sion of V 0332+53 is mostly directed along the magnetic axis,
indicating a pencil beam-like emission (Fig. 15, upper diagram).

Again, these results depend on the assumed observing angle
Θ0. The position angles of the magnetic poles of V 0332+53 are
plotted over Θ0 in Fig. 16. For an assumed angle of Θ0 = 70◦,
we obtain Θ1 = 142◦ (+18◦,−22◦),Θ2 = 38◦ (+8◦,−12◦), and
δ = 12◦ (+24◦,−1◦).

4. Discussion

Kraus et al. (2003, in prep.) have performed model calculations
of beam patterns and pulse profiles of X-ray pulsars in a lumi-
nosity range in which a radiative shock forms in the accretion
column. The authors showed that in general three main com-
ponents contribute to the observed flux: the first component is
radiation observed directly from the accretion column. It forms
a fan beam that is bent backwards towards the observer by rel-
ativistic light deflection while the corresponding pole and thus
the accretion column is located on the back side of the neu-
tron star. For standard neutron star parameters (RNS = 10 km
and MNS = 1.4 M') the observed flux from the column peaks
at θobs > 140◦. Secondly, the illumination of the neutron star
surface creates a luminous halo that produces a broad pencil
beam. Since the halo is shadowed when the accretion stream
passes through the line of sight, the pencil beam is suppressed
for low values of θobs. The maximum of this “hollow pencil” is
at θobs = 30−50◦ for accretion funnel half widths of 5–10◦ at the
neutron star surface. For a hollow accretion column, there is an
additional peak at θobs ≈ 0◦ when the observer looks down into
the hollow funnel. Thirdly, the upper accretion stream is irradi-
ated by the column and the halo. Owing to advection in the ac-
cretion stream and gravitational light deflection, the reprocessed

radiation forms a narrow anti-pencil, which is emission produced
in the stream and is visible while the accreting pole is on the back
side of the neutron star. The relative importance of these three
components is energy-dependent; the halo is expected to dom-
inate at low energies, the radiation reprocessed in the accretion
stream is expected to dominate at the highest energies.

Cen X-3 was the first accreting X-ray pulsar to which the
decomposition method was applied (Kraus et al. 1996) and for
which a distorted geometry with a small offset δ was found.
The derived beam patterns are a combination of a pencil and
fan beam. Blum & Kraus (2000) analysed Her X-1 and again
found indications for a distorted magnetic field. They have also
shown that in this source, a warped and tilted accretion disk at-
tenuates the emission from one pole of the neutron star. In the
case of A 0535+26 studied by Caballero et al. (2011), the most
characteristic feature of the reconstructed beam pattern at all en-
ergies is the minimum in the flux at θobs ≈ 30◦. The authors
performed model calculations to interpret the beam patterns for
different parameters and found that a model including a hollow
column emitting black body radiation plus a thermal halo cre-
ated by radiation from the column walls, which was scattered on
the neutron star surface, was able to reproduce the observations
well. The results show that a hollow accretion column with an
half-opening angle of 0.2 rad (∼11◦) and column thickness of
0.06 rad with a halo around the base can well explain the de-
duced beam patterns. Based on the analysis of EXO 2030+375
we showed that a considerable fraction of its emission arises
from a halo while the pole is facing the observer and from the
accretion stream of the other pole while it is behind the neutron
star (Sasaki et al. 2010). Even if the emission regions are behind
the neutron star, gravitational light bending makes the emission
visible to us.

The two sources analysed in this paper also fit in this
scheme. The decompositions of the pulse profiles of the above-
mentioned accreting neutron stars indicate that the magnetic
fields of these neutron stars are likely distorted to some extent.
This is not so surprising because they might have experienced
some anisotropic conditions during their birth depending on the
environment in which the progenitor was located.

4.1. 4U 0115+63

We have already discussed in Sect. 3.1.1 that the minus solution
is the likely solution for 4U 0115+63. The comparison with the
synthetic beam patterns of Kraus et al. (2003, in prep.) shows
that the asymptotic and intrinsic beam patterns (Figs. 9 and 10,
respectively) obtained at and near the maximum of the giant out-
burst (A and B data) can be interpreted in terms of an accre-
tion stream with a column and a halo at the bottom. The halo
component with a maximum at around θobs = 50◦ in the asymp-
totic beam patterns (Fig. 9) is most prominent in the softer bands
around 10 keV (the second and the third diagrams from the top
in Fig. 9). This component fades above ∼15 keV or if the lumi-
nosity drops to ∼1037 erg s−1. The emission from the accretion
column is expected for higher θobs. The halo and column compo-
nents are also well reproduced for θintr ≈ 30–90◦ in the intrinsic
beam patterns (Fig. 10, upper diagram). For θobs ≈ 180◦ (cor-
responding to θintr ≈ 90◦) there is a steep increase of the flux,
which can be assigned to scattering in the accretion stream. This
component is more prominent for higher energies (>20 keV) and
in particular in the end-of-decay data (Fig. 10, lower diagram).

The shape of the pulse profiles becomes simpler at the end
of the giant outburst (E, F data), i.e., when the luminosity drops
to about or less than the tenth of that during the maximum. The
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Fig. 14. Asymptotic beam patterns of V 0332+53 for the observations A (rise), C (before maximum), E (after maximum), and H (end of decay).
Errors are propagated statistical errors of the pulse profiles. Only the minus solution is shown (see Sect. 3.2).

beam patterns are simpler as well and show no extra maxima
at θobs ≈ 50 or 100◦. The accretion has decreased so much that
the accretion column and also the halo have disappeared and we
now see the emission from the hot spot as a pencil beam (Fig. 10,
lower panel). This emission, however, can also be scattered in the
upper accretion stream. Therefore, the rise for θobs >120◦ may
be caused by the scattering in the accretion stream.

4.2. V 0332+53

The beam patterns obtained from the analysis of the pulse pro-
files of V 0332+53 can also be interpreted in terms of an ac-
cretion column with halo emission and scattering in the upper
accretion stream. The soft halo emission for θobs < 60◦ is ob-
vious in the data around the maximum (C, D, E), while in these
data, the scattering in the upper stream is prominent in the harder
bands (observations C and E in Fig. 14). These components are
also seen in the intrinsic beam patterns (Fig. 15, lower diagram),
i.e., as halo emission for θintr < 70◦ and emission from the ac-
cretion stream for θintr > 90◦. In contrast to 4U 0115+63, there
is a pronounced minimum at θobs = 50◦, which might indicate a
hollow column. If more matter is funneled along the outer parts
of the accretion column, the column can be optically thin in the
center and regarded as a hollow column (Kraus 2001; Caballero
et al. 2011). Because photons can also escape from the inner
wall of the column, one sees emission for low θobs. If the mag-
netic pole turns away from the observer, there is a point where
the observer looks directly down on the top of the hollow col-
umn, i.e. on the shock front. No emission is observed directly
from the column, like at the minimum at θobs = 50◦. For even
higher θobs, the emission rises again because the observer now
also sees emission from the outer wall of the accretion column.

However, shadowing of the halo emission by the upper
stream can also cause reduced flux in the beam patterns. The
emission that is directed perpendicular to the surface of the neu-
tron star, and thus seen for lower θobs, can be most likely at-
tributed to the halo. The fact that the minimum is more pro-
nounced for higher energies than for lower energies (e.g., in the

E data) is in fact in favour of the shadowing of the halo emission
because low-energy photons are scattered less than high-energy
photons.

The most interesting result for V 0332+53 is that we can
directly observe the transition from a pencil-beam emission for
low luminosities, hence low accretion rate (A), to a fan-beam
emission from accretion column and scattered photons for higher
luminosities (C, E), and again back to a pencil beam at the end
of the giant outburst (H, see Figs. 14, 15). Only the shape of one
beam pattern, i.e. that of H2030, is different from that of a pencil
beam, but one should consider that the statistics for this data-set
are very low (see Figs. 4, 5). This is the first observational proof
for the accretion models that predict emission from a hot spot at
the magnetic pole of the neutron star if the accretion rate is low,
whereas an accretion column is formed for increased accretion
rates.

5. Conclusions

We have studied the pulse profiles of the accreting X-ray pul-
sars 4U 0115+63 and V 0332+53 using BeppoSAX and RXTE
data. For both sources, we analysed pulse profiles in different
energy bands for many observations during one giant outburst
to examine their energy and luminosity dependence. The pulse
profiles were each decomposed into two symmetric single-pole
pulse profiles. Using these two emission components we recon-
structed the beam patterns of the X-ray pulsars for various ener-
gies and luminosity states.

The origin of the emission of 4U 0115+63 during the high-
luminosity state can be interpreted as a combination of the ac-
cretion column, the halo at the bottom of the accretion column,
and the scattering of photons in the upper accretion stream. The
scattering in the upper accretion stream that causes the domi-
nant emission for energies above ∼30 keV also occurs for lower
luminosities and creates the major peak in the observed total
pulse profile. This emission is visible to the observer while the
accretion stream is on the other side of the neutron star because
of relativistic light bending.
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Fig. 15. Polar diagrams of the intrinsic beam patterns of V 0332+53 for
the observations A (rise) and C (maximum) for <7 keV and 20–30 keV,
assuming an inclination angle of Θ0 = 70◦ between the line of sight and
the rotation axis of the neutron star. Like in Fig. 10, up (0◦) is the direc-
tion straight up from the magnetic pole, 90◦ and 270◦ are the directions
tangential to the neutron star surface at the magnetic pole.

The analysis of the pulse profiles of V 0332+53 showed
that its beam patterns agree also with emission from the accre-
tion column, the halo, and the upper accretion stream while the
source is bright, and hence the accretion rate is high. For this
source we found a minimum in the asymptotic beam patterns at
θobs = 50◦, which is indicative of a hollow column or shadowing
by the accretion stream.

The most important result for V 0332+53 is that we found
pencil-beam emission from the magnetic poles at the beginning
and the end of the outburst, while other emission components are
predominant during the outburst. By decomposing the observed
pulse profiles into single-pole components, we showed for the
first time that the change of the pulse profiles during the giant

Fig. 16. Relation between the observing angle Θ0 and the angles Θ1
(red), Θ2 (green), and δ (black) for V 0332+53. The vertical dashed line
indicates Θ0 = 70◦. For errors see Sect. 3.1.2.

outburst of V 0332+53 is due to the transition from low accre-
tion rate resulting in a mound, to higher accretion rate with the
formation of a column and additional reprocessing on the neu-
tron star surface as well as in the upper accretion stream, and
back again to a mound when the accretion rate decreases.
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ABSTRACT

Context. After the occurrence of the type cIIb SN 2011dh in the nearby spiral galaxy M 51 numerous observations were performed
with different telescopes in various bands ranging from radio to γ-rays.
Aims. We analysed the XMM-Newton and Swift observations taken 3 to 30 days after the SN explosion to study the X-ray spectrum
of SN 2011dh.
Methods. We extracted spectra from the XMM-Newton observations, which took place ∼7 and 11 days after the SN. In addition, we
created integrated Swift/XRT spectra of 3 to 10 days and 11 to 30 days.
Results. The spectra can be well-fitted with a power-law spectrum absorbed with Galactic foreground absorption. In addition, we find
a harder spectral component in the first XMM-Newton spectrum taken at t ≈ 7 d. This component is also detected in the first Swift
spectrum of t = 3–10 d.
Conclusions. While the persistent component can be explained as inverse Compton emission from radio synchrotron emitting elec-
trons or emission of the reverse shock, the harder component is most likely bremsstrahlung emission from the shocked stellar wind.
Therefore, the harder X-ray emission that fades away after t ≈ 10 d can be interpreted as emission from the shocked circumstellar
wind of SN 2011dh.

Key words. shock waves – circumstellar matter – supernovae: individual: SN2011dh

1. Introduction

Massive stars at the end of their lives have undergone phases of
more or less strong mass loss. The evolution of the stars and thus
also the way their supernovae (SNe) evolve, depend strongly on
their mass loss rates. The interaction of the SN shock wave with
the stellar wind creates a hot region around the SN site in which
electrons are accelerated and produce radio synchrotron emis-
sion. The hot plasma around the SNe can be observed in X-rays.
Strong X-ray emission is in particular expected when the SN
shock wave breaks out of the star and starts propagating into the
circumstellar material (Chevalier & Irwin 2011, 2012, and ref-
erences therein). Owing to prompt observations with the Swift
or the Chandra telescope, X-rays from the interaction of the
SN shock with the circumstellar matter have been detected for
a number of SNe (e.g., SN 2006jc or SN 2010jl, Immler et al.
2008; Chandra et al. 2012, respectively). Soderberg et al. (2008)
detected a transient X-ray source with Swift, which was then
identified as SN 2008D in the galaxy NGC 2770. The X-ray out-
burst was ascribed to the shock break-out of the SN.

On May 31, 2011, a supernova explosion was observed
(Silverman et al. 2011) in the nearby galaxy M 51 located at a
distance of 8.4± 0.7 Mpc (Vinkó et al. 2012). It was classified
as a type IIb SN (Arcavi et al. 2011a). Several radio, optical, and
X-ray observations followed to study the SN evolution, which
also allowed to constrain the nature of the progenitor, suggesting

" Based on observations obtained with XMM-Newton, an ESA sci-
ence mission with instruments and contributions directly funded by
ESA Member States and NASA.

a compact progenitor star with a radius of ∼1011 cm and thus
the classification of SN 2011dh as a type cIIb SN (Arcavi et al.
2011b; Soderberg et al. 2012).

Soderberg et al. (2012) studied SN 2011dh using Swift
and Chandra data in X-rays and the Submillimeter Array, the
Combined Array for Research in Millimeter-wave Astronomy,
and the Expanded Very Large Array in radio in the following
weeks. They showed that the observed radio emission is syn-
chrotron radiation of electrons, accelerated in the forward shock
of the SN explosion, while inverse Compton (IC) scattering of
these electrons produced X-rays. The authors estimated that the
break-out of the shock out of the compact progenitor must have
occured at Rbr ≈ 4 × 1011 cm with a rise time for the break-out
pulse of tbr ≈ 1 min. However, the shock break-out pulse was not
detected by any X-ray or γ-ray observatory.

We report the detection of a hard X-ray component in the
early spectra of SN 2011dh observed with XMM-Newton and
Swift. The comparison of the spectra taken at different times after
the SN event ranging from t = 3 to 30 d allows us to consider
this component as emission from the interaction of the SN shock
with the circumstellar material in the immediate surroundings of
the progenitor star.

2. Data

2.1. XMM-Newton data

Shortly after SN 2011dh occured, two observations with
XMM-Newton were initiated. The first observation with the

Article published by EDP Sciences A80, page 1 of 4
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SN 2011dh SN 2011dh

Fig. 1. XMM-Newton EPIC-pn images∼7 d (left) and ∼11 d (right) after
the SN explosion in the colours red (0.3–1.0 keV), green (1.0–2.0 keV),
and blue (2.0–8.0 keV).

ObsID 0677980701 was performed at t ≈ 7 d after the SN ex-
plosion from 2011/06/07, 5:19:56 to 2011/06/07, 8:30:40 (UTC)
with an exposure of ∼11 ks. All European Photon Imaging
Cameras (EPICs, Strüder et al. 2001; Turner et al. 2001) were
operated in full-frame mode and used with the thin filter.
The next observation took place from 2011/06/11, 5:05:03 to
2011/06/11, 8:15:38 (UTC) at t ≈ 11 d with ∼10 ks exposure.
The EPICs were used in the same configuration as in the ob-
servations before. After filtering good time intervals, only 4 and
2.6 ks of useful data remained for the observations 0677980701
and 0677980801, respectively.

Owing to low statistics, the MOS1/2 data are not useful for
further analysis. Therefore, we created images from the EPIC-
pn data in the bands 0.3–1.0 keV, 1.0–2.0 keV, and 2.0–8.0 keV
(Fig. 1). As can be seen in the EPIC-pn images, the X-ray source
at the position of SN 2011dh is brighter on 2011/06/07 than on
2011/06/11 and also appears to be more blue. The red-orange ap-
pearing source in the centre is the nucleus of M 51 together with
an unresolved ultra-luminous X-ray source (ULX). The other
brighter blue or green sources are also ULXs in M 51 (Dewangan
et al. 2005).

We extracted EPIC-pn spectra of SN 2011dh in a circular re-
gion with a radius of 20′′ around the optical position. The back-
ground spectrum was extracted in a 30′′ radius circle close to the
source, where no X-ray source was detected. Hereafter, we call
the EPIC-pn spectrum of 2011/06/07 spectrum XMM1 and that
of 2011/06/11 spectrum XMM2.

2.2. Swift data

SN 2011dh was also observed with the Swift satellite in a large
number of observations to study the evolution of the X-ray
emission. Soderberg et al. (2012) derived the X-ray fluxes of
SN 2011dh from Swift observations taken with the X-ray tele-
scope (XRT) from 2011/06/03 to 29 and analysed the inte-
grated spectrum from the observations of 2011/06/03 to 17.
Since we aim to study the Swift spectra at times comparable
to the XMM-Newton observations, we collected XRT observa-
tions of SN 2011dh starting ∼3 d after the SN explosion, in
the time period from 2011/06/03 12:04:02 (UT) to 2011/06/10
17:08:32 (total exposure time of ∼44 ks) and in a later pe-
riod from 2011/06/11 04:55:01 to 2011/06/30 12:33:50 (total
exposure time of ∼85 ks). The XRT data obtained in photon-
counting (PC) mode were processed with the standard proce-
dures (XRTPIPELINE v.0.12.6, Burrows et al. 2005). Standard
grade filtering (0–12) and screening criteria were applied.

Events for the spectral analysis were accumulated within the
same circular regions as for the XMM-Newton spectra, i.e., with

20′′ radius centred on the optical position of the SN for the
source spectrum and from a source-free circular region of radius
30′′ close to the SN for the background. We used version v.013
of the response matrices in HEASARC calibration database
(CALDB) and the corresponding ancillary response files created
using the task XRTMKARF. We call the integrated spectrum
of 2011/06/03 to 10 spectrum Swift1 and that of 2011/06/11 to
30 spectrum Swift2.

3. Spectral analysis

The spectrum Swift1 is merged from the data of 2011/06/03 to 10
and thus represents an average spectrum of before 2011/06/10.
Similarly, spectrum Swift2 is an average spectrum of after
2011/06/11. Therefore, the four analysed spectra have the fol-
lowing chronological order: Swift1, XMM1, XMM2, and Swift2,
with Swift1 and XMM1 corresponding to spectra taken at similar
times.

3.1. The longer persistent soft X-ray emission

We analysed the two XMM-Newton and two Swift spectra si-
multaneously to search for changes in the spectral components.
Pooley (2011) reported that the Chandra spectrum taken on
2011/06/12 can be fitted with a power-law spectrum with a pho-
ton index of Γ = 1.4 ± 0.3, absorbed by the Galactic fore-
ground NH = 1.8 × 1020 cm−2. For the Swift spectra from
2011/06/03 to 17, Soderberg et al. (2012) determined a pho-
ton index of Γ = 0.9–1.8. We therefore fitted the spectra first
with a single power-law model, also assuming foreground ab-
sorption by Galactic NH = 1.8× 1020 cm−2. The first two spectra
Swift1 and XMM1 can be fitted with a lower photon index of
Γ = 1.1 (1.0−1.3)1 with red. χ2 = 1.1 and d.o.f. = 33, whereas
the spectra XMM2 and Swift2 taken after 2011/06/11 are fitted
well with Γ = 1.8 (1.5−2.0) with red. χ2 = 1.1 and d.o.f. = 23.
Therefore, the spectra taken on the first ∼10 days after the SN
are significantly different from the subsequent spectra.

We also fitted all spectra with a single thermal
bremsstrahlung model. While the temperatures fitted for the first
two spectra (t < 10 d) are unconstrained (kTbrems,Swift1 > 9 keV
and kTbrems,XMM1 > 22 keV, respectively), the two later
spectra (t > 11 d) are both fitted well with temperatures of
kTbrems,XMM2 = 3(1−18) keV and kTbrems,Swift2 = 3(2−8) keV
(red. χ2 = 1.1 at d.o.f. = 56).

3.2. The fading hard X-ray emission

A likely origin of the additional harder component in the ear-
lier spectra is free-free emission from the shocked circum-
stellar wind (Chevalier & Fransson 2003). If we keep the
power-law component and include an additional free-free emis-
sion component for the earlier spectra Swift1 and XMM1, the
photon indices of their power-law component become higher
with Γ = 2.0 (1.6–2.5) (red. χ2 = 1.1 at d.o.f. = 32).
Moreover, we obtain an additional absorbing column density
of NHintr = 7.2 (1.3–15.0) × 1020 cm−2. The flux of the
power-law component is the same for all four spectra with the
unabsorbed flux being Fpow(0.3−8.0 keV) = 1.1(0.8−1.5) ×
10−13 erg cm−2 s−1. The temperature of the bremsstrahlung
component is poorly constrained and we can only deter-
mine a lower limit of kTbrems > 42 keV. Figure 2 shows

1 All errors in this paper given in brackets are at 90% confidence level.
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Fig. 2. Confidence level contours (63, 90, and 99%) for the parameters
kTbrems and Γ.

the confidence contours for the parameters kTbrems and Γ.
The unabsorbed flux of the bremsstrahlung component is
Fbrems(0.3−8.0 keV) = 1.3(0.9−1.7) × 10−13 erg cm−2 s−1 and
1.1(0.7−1.6)×10−13 erg cm−2 s−1 for Swift1 and XMM1, i.e., for
t < 10 d and t = 7 d, respectively. While this component has dis-
appeared at t = 11 d with an upper limit of the unabsorbed flux
of Fbrems(0.3−8.0 keV) < 0.6 × 10−13 erg cm−2 s−1, the power-
law component seems to represent emission that is persistent up
to 30 d or longer. Figure 3 shows the first two spectra Swift1
and XMM1 with a model consisting of a bremsstrahlung and
a power-law component (upper diagram), while the later spec-
tra XMM2 and Swift2 are shown with the single power-law fits
(lower diagram).

Immler & Lewin (2003), on the other hand, discussed the
presence of a blackbody continuum of the shocked hot circum-
stellar gas. If we fit the spectra Swift1 and XMM1 with a black-
body model for the additional hard component, we obtain a
temperature of kTBB = 1.6(1.7−2.8) keV. The luminosities are
LBB(< 10 d) = 1.6(0.8−3.7) × 1039 erg s−1 and LBB(7 d) =
1.6(0.8−3.1) × 1039 erg s−1 for Swift1 and XMM1, respectively.
From the fits of the spectra XMM2 and Swift2, we obtain the
following upper limits: LBB(11 d) < 0.8 × 1039 erg s−1 and for
XMM1, LBB(11−30 d) < 0.3 × 1039 erg s−1.

4. Discussion

Many SNe show a softening of their X-ray spectrum days to
months after the SN event (e.g., Immler & Kuntz 2005, and ref-
erences therein). If the X-ray emission is mainly caused by an IC
process, as proposed for SN 2011dh by Soderberg et al. (2012),
one expects dLX/dE ∝ E−(p−1)/2, with p being the spectral in-
dex of the energy of the injected electrons responsible also for
the radio synchrotron emission (e.g., Chevalier et al. 2006). This,
of course, is based on the simple assumption that the particle
spectrum does not change over a broad spectral range. In reality,
some acceleration processes or particle losses can modify the
spectrum. As the power-law fits of XMM1 and Swift1 vs. Swift2
and XMM2 have shown, the photon indices are significantly dif-
ferent (Γ = 1.1 [1.0–1.3] and 1.8 [1.5–2.0], respectively) and in-
dicate a temporal change in the X-ray spectrum. Assuming that
the particle spectrum does not change its shape significantly, the
softening of the X-ray spectrum is most likely not caused by the
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Fig. 3. X-ray spectra of SN 2011dh: stacked Swift spectrum for t < 10 d
(Swift1, black in the upper diagram), XMM-Newton EPIC-pn spectrum
taken at t ≈ 7 d (XMM1, red in the upper diagram), XMM-Newton
EPIC-pn spectrum taken at t ≈ 11 d (XMM2, black in the lower dia-
gram), and stacked Swift spectrum for 11 < t < 30 d (Swift2, red in
the lower diagram). The spectra in the upper diagram are fitted with a
combined power-law + bremsstrahlung spectrum, while the spectra in
the lower diagram are fitted with a power-law spectrum only. The Swift
spectra appear at a lower countrate per energy bin due to the lower ef-
fective area of the detector.

change of the slope of the non-thermal spectrum, but rather by
the change of the emission components. The X-ray emitting gas
behind the blast wave of the SN shock is expected to have high
temperatures of 100 keV or higher, while the gas behind the re-
verse shock is cooler (∼1–10 keV, Immler 2003). Hence a likely
explanation for the softening of the X-ray spectrum is that the
reverse shock emission becomes more dominant.

The analysis of the XMM-Newton EPIC-pn and Swift XRT
spectra of SN 2011dh have shown that the X-ray spectrum
changes during ∼10 d after the SN event. If we assume that the
longer persistent X-ray emission component can be interpreted
as thermal bremsstrahlung, we obtain a temperature of ∼3 keV
after t ≈11 d, i.e., ∼3× 107 K, corresponding to a shock velocity
of ∼1500 km s−1, which is far lower than what was measured
in the optical spectra at these times (∼10 000 km s−1, Arcavi
et al. 2011b). Therefore, this component is better identified as
reverse shock emission or IC emission. In this case, the addi-
tional hot component observed only until ∼10 d after the SN
event might be emission from circumstellar gas shocked by the
forward shock.
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A similar X-ray emission was also detected for SN 1993J
with ROSAT a few days after the SN explosion, which occured
in the galaxy M 81 at a distance of 3.6 kpc (Zimmermann et al.
1994). This emission was fitted well with a power-law spectrum
with Γ = 1.0±0.25 or a bremsstrahlung spectrum with kTbrems >
7 keV, and decreased exponentially during the ∼40 d in which it
was observed.

Assuming free-free emission for the hard component, we
obtain a lower limit for the temperature of kTbrems > 42 keV.
The flux at t = 7 d is Fbrems(0.3 − 8.0 keV) = (1.1 ± 0.5) ×
10−13 erg cm−2 s−1, corresponding to Lbrems(0.3−8.0 keV) ≈
9.3 × 1038 erg s−1. Using the lower limit for the temperature,
we obtain a lower limit for the shock velocity of

vs =

√
16kTbrems

3m̄
> 9800 km s−1, (1)

with a mean mass per free particle for fully ionised plasma of
m̄ = 0.61 mp. Soderberg et al. (2012) estimated vs ≈ 0.1 c,
which is about three times higher than this lower limit. The
XMM-Newton and Swift spectra that only extend up to ∼10 keV
do not allow us to constrain the temperature for a bremsstrahlung
model. Using vs ≈ 0.1 c derived by Soderberg et al. (2012),
we estimate that at t = 7 d, the shock must have reached
a radius of Rs ≈ vst ≈ 1.8 × 1015 cm. Therefore, from the
bremsstrahlung spectrum at t = 7 d, we derive a down-stream
density of n = 6.4 × 107 cm−3 at Rs ≈ 1.8 × 1015 cm.

On the other hand, we can also estimate the stellar wind den-
sity based on the assumption made about the progenitor star.
SN 2011dh was classified as a type IIb SN with a compact pro-
genitor, making a Wolf-Rayet (WR) star a likely progenitor can-
didate (Chevalier & Soderberg 2010). The number density of the
wind at a distance r from the WR star is given by the continuity
equation:

n(r) =
Ṁ

4πµmpr2v(r)
, (2)

where Ṁ is the mass-loss rate, µ is the mean atomic weight of
the wind material, and v(r) is the β-velocity law (Castor et al.
1975):

v(r) = v∞

(
1 − bR∗

r

)β
· (3)

R∗ is the stellar radius, v∞ the terminal velocity, b = 0.9983 a
parameter that ensures that v(R∗) > 0, and β = 4–8 for WR stars
(Schmutz 1997). The volume integral of equation (2) over a shell
with radii Rbr and Rs centred at the position of the WR star gives
the total number of particles:

N =
∫

V
n(r)dr. (4)

Thus, from Eq. (4), it is possible to obtain the average number
density in that shell:

n̄ = N ×
[
4
3
π
(
R3

s − R3
br

)]−1

. (5)

Soderberg et al. (2012) estimated a stellar radius of
R∗ = 1011 cm, a shock break-out radius of Rbr = 4×1011 cm, and
a mass loss rate of Ṁ = 3 × 10−5 M* yr−1. With a typical wind
velocity of v∞ = 103 km s−1 and Rs = 1.8 × 1015 cm at t = 7 d,
we obtain a mean stellar wind density of n̄ ≈ 8 × 105 cm−3 from
Eq. (5). This calculation is based on the assumption that the
stellar wind density is highest close to the stellar surface and

decreases with ∼r−2. However, the stellar wind material might
as well form a dense shell around the star at a certain distance,
as was most likely the case for SN 2006jc (Immler et al. 2008).
This SN showed an increase in X-rays about 100 days after the
explosion, which was interpreted as emission from shock-heated
shell at Rs ≈ 1016 cm with a thickness of ∆R ≈ 2 × 1015 cm. A
similar condition may have been the case also for SN 2011dh,
but with a shell located closer to the star, which resulted in an
earlier rise and decay of the X-ray emission.

5. Summary

Two XMM-Newton observations of SN 2011dh performed ∼7
and 11 days after the discovery revealed that the X-ray spectrum
changes significantly at about 10 days after the explosion. The
analysis of the XMM-Newton EPIC-pn spectra and additional
stacked Swift/XRT spectra extracted from many observations of
similar periods supports the existence of two spectral compo-
nents, of which the harder disappeared after ∼10 days. The softer
component can be identified either as IC emission, as suggested
by Soderberg et al. (2012), or as reverse shock emission with an
unabsorbed flux of Fsoft(0.3−8.0 keV) ≈ 1 × 10−13 erg cm−2 s−1

up to t ≈ 30 d. The flux of the hard component, if we assume
that it is bremsstrahlung emission, is Fbrems(0.3−8.0 keV) =
(1.1 ± 0.5) × 10−13 erg cm−2 s−1 at t = 7 d, and therefore com-
parable to the soft component, and decreases quickly thereafter.
This indicates that this emission has its origin in the circum-
stellar matter that extends to ∼1015 cm and was heated by the
SN shock.
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ABSTRACT

We present the analysis of the X-ray Multimirror Mission (XMM-Newton) European Photon Imaging Camera
(EPIC) data of the Galactic supernova remnant (SNR) CTB 109 (G109.1!1.0). CTB 109 is associated with the
anomalous X-ray pulsar (AXP) 1E 2259+586 and has an unusual semicircular morphology in both the X-ray and
the radio and an extended X-ray bright interior region known as the ‘‘Lobe.’’ The deep EPIC mosaic image of the
remnant shows no emission toward the west where a giant molecular cloud complex is located. No morphological
connection between the Lobe and the AXP is found. We find remarkably little spectral variation across the remnant
given the large intensity variations. All spectra of the shell and the Lobe are well fitted by a single-temperature
nonequilibrium ionization model for a collisional plasma with solar abundances [kT " 0:5 0:7 keV, ! ¼

R
ne dt "

(1 4) ; 1011 s cm!3, NH " (5 7) ;1021 cm!2]. There is no indication of nonthermal emission in the Lobe or the
shell. We conclude that the Lobe originated from an interaction of the SNR shock wave with an interstellar cloud.
Applying the Sedov solution for the undisturbed eastern part of the SNR and assuming full equilibration between
the electrons and ions behind the shock front, the SNR shock velocity is derived as vs ¼ 720 $ 60 km s!1, the
remnant age as t ¼ (8:8 $ 0:9) ;103d3 yr, the initial energy as E0 ¼ (7:4 $ 2:9) ;1050d 2:5

3 ergs, and the preshock
density of the nuclei in the ambient medium as n0 ¼ (0:16 $ 0:02)d!0:5

3 cm!3, at an assumed distance of D ¼
3:0d3 kpc. Assuming that CTB 109 and 1E 2259+586 are associated, these values constrain the age and the en-
vironment of the progenitor of the SNR and the pulsar.

Subject headinggs: ISM: individual (CTB 109) — shock waves — supernova remnants —
X-rays: individual (CTB 109)

1. INTRODUCTION

The Galactic supernova remnant (SNR) CTB 109 (G109.2!
1.0) was discovered in X-rays with Einstein by Gregory &
Fahlman (1980). In the radio band, it was identified as an SNR
by Hughes et al. (1981) in the Galactic plane survey at k49 cm
with the Westerbork Synthesis Radio Telescope. CTB 109 is the
host remnant of the anomalous X-ray pulsar (AXP) 1E 2259+
586 with a spin period of P ¼ 6:98 s (Fahlman &Gregory 1981,
1983) and a spin-down rate of (3 6) ;10!13 s s!1 (Iwasawa
et al. 1992). In 2002, an outburst of 1E 2259+586 occurred with
bursts similar to soft gamma repeaters and with a sudden spin-
up of "#=# ¼ 4 ; 10!6 (Kaspi et al. 2003; Gavriil et al. 2004;
Woods et al. 2004).

The distance to the SNR has been estimated from various
observations as 3–6 kpc (Sofue et al. 1983; Hughes et al. 1984;
Kothes et al. 2002 and references therein). A distance of 3:0 $
0:5 kpc has been derived by Kothes et al. (2002) by measuring
the spectroscopic distances and radial velocities of H ii regions
and comparing those values to the radial velocity of CTB 109
measured by Tatematsu et al. (1990). The remnant is embed-
ded in a large complex of H ii regions that extends over 400 pc
along the Galactic plane.

At radio frequencies, Hughes et al. (1984) have derived a
spectral index of $ ¼ 0:50 $ 0:04, for flux density S# / #!$

and frequency #, which does not vary across the remnant. The
remnant shell is incomplete in the west, in both radio andX-rays
(see Fig. 1). Bright spots are found around the rim, but the
features do not correlate in the two bands. No radio point source
is found at the position of the X-ray pulsar, which is displaced
by 3A6 from the geometrical center of the radio shell.

CTB 109 is located near a giant molecular cloud (GMC)
complex (Israel 1980) that contains five H ii regions. Heydari-

Malayeri et al. (1981) and Tatematsu et al. (1985) have sug-
gested that this GMC complex is associated with the SNR
based on CO and 13CO observations. Data from the ROSAT
PSPC confirm that there is no X-ray emission in the west (Rho
& Petre 1997). The SNR shell does not extend farther to the
west behind the GMC in either radio or X-rays; because ab-
sorption is negligible in the radio continuum, this implies that
the semicircular shape of the remnant is not due to absorption.
More likely, the SNR shock has been stopped by the GMC
complex on one side. To the east, the interstellar medium (ISM)
density appears to be lower, as indicated in the H i map of
Kothes et al. (2002). In CO (J ¼ 1 0) and 13CO (J ¼ 1 0)
observations, Tatematsu et al. (1987) have found an armlike
CO ridge (‘‘CO arm’’) that is anticorrelated with the X-ray
emission.
CTB 109 has a strikingly bright region in X-rays in the

interior, the ‘‘X-ray blob’’ or the ‘‘Lobe.’’ Gregory & Fahlman
(1983) have suggested that the AXP emits a jet and that the
bright Lobe is material excited by a jet or the jet itself. However,
Rho & Petre (1993, 1997) have shown that the ROSAT PSPC
spectrum of the Lobe is thermal in origin and shows no evi-
dence of synchrotron emission, arguing against a jet interpre-
tation. Hurford & Fesen (1995) have found no morphological
evidence to support a pulsar jet origin for the Lobe in the
ROSAT High Resolution Imager (HRI) data and conclude that
the bright X-ray emission from the Lobe is most likely caused
by a density enhancement in material stripped from the cloud
complex. Finally, the Chandra image (Patel et al. 2001) reveals
no morphological connection between the Lobe and the AXP.
Rho & Petre (1997) show that for parts of the shell, the X-ray
spectrum is well fitted by a single-component thermal model,
whereas for the Lobe and the northern and southern parts of
the shell, two thermal components are required. A BeppoSAX

322

The Astrophysical Journal, 617:322–338, 2004 December 10
# 2004. The American Astronomical Society. All rights reserved. Printed in U.S.A.



Fig. 1.—Intensity map (0.3–4.0 keV) of CTB 109 in false color. It has been created as a mosaic of smoothed images from the XMM-Newton EPIC data in full frame
and extended full frame mode. In the fainter parts (blue to light blue), some linelike features caused by the CCD gaps are visible. The very bright point source is the
pulsar 1E 2259+586, and the diffuse emission at R:A: ¼ 23h02m, decl: ¼ þ58&550 (J2000.0) with an extent of '70 is the Lobe. The lowest count rates are '5 ;
10!5 counts s!1 around the SNR, and the count rate in the brightest part of the Lobe (dark red ) is 7:4 ; 10!4 counts s!1, using a linear intensity scale. There is no
morphological connection between the Lobe and the pulsar evident in this image.



Low-Energy Concentrator Spectrometer (LECS) spectrum of the
whole SNR excluding the pulsar and the Lobe has been analyzed
by Parmar et al. (1998). The parameters of the best fit to the LECS
data with a nonequilibrium model are kT ¼ 0:95þ0:65

!0:27 keV and
the ionization timescale net ¼ 3:8þ3:8

!1:6 ; 10
11 cm!3 s.

Surveys of Galactic SNRs have been performed with the
Infrared Astronomical Satellite (IRAS ), revealing infrared emis-
sion from CTB 109 (Arendt 1989; Saken et al. 1992). The data
in the wavelength bands of 12, 25, 60, and 100 %m show a dense
dust cloud that is correlated with bright H ii regions, located in
the south and west of the remnant (Coe et al. 1989). Further-
more, an enhancement in infrared emission is found between the
Lobe and the northeast shell.

Optical emission is detected mainly near the bright north-
eastern and southern radio emission (Hughes et al. 1981). Spec-
tra of filamentary structures in the south confirm their shock
origin (Blair & Kirshner 1981). H$ and [O iii] images of Fesen
& Hurford (1995) reveal previously unknown filaments, e.g.,
faint filaments near the projected center of the remnant, along
the southwestern edge of the bright Lobe. From the filament
spectra, they derive a shock velocity of '100 km s!1 and pre-
shock cloud densities of 5–20 cm!3.

We have undertaken observations of CTB 109 with the
XMM-Newton observatory to provide the deepest X-ray image
of this SNR and to provide the highest quality X-ray spectral
data to date. The primary objectives of our analysis are to
determine the evolutionary parameters of the remnant assuming
that it is in the Sedov phase and to determine the nature of the
Lobe emission. The deep X-ray images are used to study the
morphology of this remnant in comparison to the data at other
wavelengths and to search for any morphological connection
between the pulsar and the Lobe. The high-quality spectral data
are used to determine the evolutionary parameters of the rem-
nant (age, shock velocity, ambient density) and to search for
spectral variations within the remnant. The evolutionary pa-
rameters determined from the X-ray spectral fits provide useful
constraints not only on the age and the environment in which
the remnant formed but also for the pulsar. This is particularly
useful for the AXP since there is no other reliable technique for
estimating the age of this object (Kaspi et al. 2003; Woods et al.

2004). The detailed spectral fits of the shell and the Lobe pro-
vide useful insights into the nature of the Lobe emission. In
particular, the high-quality spectra of the Lobe are used to de-
termine if the abundances are enhanced (evidence of ejecta), if
there is a nonthermal component, and if the temperature and
ionization state of the plasma are similar to those of the shell.

2. XMM-NEWTON DATA

We have observed CTB 109 with three pointings of XMM-
Newton, (Jansen et al. 2001; Aschenbach et al. 2000) in the
AO1period covering the southern (hereafter pointing S), north-
ern (pointing N), and eastern (pointing E) parts. We analyze
data from the European Photon Imaging Cameras (EPIC) PN
(Strüder et al. 2001),EPICMOS1, and EPICMOS2 (Turner et al.
2001). The exposure times, after removing flares and periods of
high background, are '10 ks. Furthermore, we have access to
observation 0038140101 (PI V. Kaspi, hereafter pointing P1),
with a net integration time of 34 ks for MOS1/2. We also analyze
the target of opportunity (ToO) data set of the pulsar 1E 2259+
586 in the XMM-Newton Archive (ObsID 0155350301, here-
after P2) with 17 ks of MOS2 data in full frame mode. The
MOS1 was in partial window mode, covering only the pulsar. In
observations P1 and P2, the PN was in small window mode.
Therefore, we do not consider the PN data of the observation P1
and the PN and MOS1 data of observation P2 in our analysis.
Observation details of the data sets used are listed in Table 1.
Starting from the observational data files (ODFs), the data are pro-
cessed withXMM-Newton Science Analysis System (XMMSAS)
version 5.4.1. For EPIC PN, only single and double pattern
events are used, whereas for the MOS1 and MOS2, singles to
quadruples are selected.

2.1. Intensity Map

The SNR has been fully covered in five pointings with dif-
ferent directions (three for the shell and two centered on the
pulsar). We therefore merge the images from the different point-
ings to obtain complete exposure-corrected images of the rem-
nant using the procedure emosaic. For all the pointings, events
are selected in the energy bands 0.3–0.9, 0.9–1.5, 1.5–4.0, and
4.0–12.0 keV. Images are created with a bin size of 400 and

TABLE 1

XMM-Newton Data Used for the Analysis

Pointing Direction

ObsIDa
R.A.

(J2000.0)

Decl.

(J2000.0) Instrumentb Modec
Start Time

(UT)

Effective Exposure
(ks)

00575401 (south, S) .............. 23 01 25.2 58 41 45 PN E. Full 2002 Jan 22 17:03:34 8.0

M1 Full 11.0

M2 Full 11.0

00575402 (north, N).............. 23 00 48.8 59 05 27 PN E. Full 2002 Jul 09 07:58:03 6.0
M1 Full 11.0

M2 Full 11.0

00575403 (east, E)................. 23 02 23.1 58 53 30 PN E. Full 2002 Jul 09 13:34:48 9.0

M1 Full 11.0
M2 Full 12.0

00381401 (P1) ....................... 23 00 57.6 58 53 43 M1 Full 2002 Jun 11 09:05:01 34.0

M2 Full 34.0

01553503 (P2) ....................... 23 00 57.4 58 53 37 M2 Full 2002 Jun 21 09:35:31 17.0

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a Throughout the paper, the observations are called S, N, E, P1, and P2, as indicated in the table.
b Instruments: PN—EPIC PN; M1—EPIC MOS1; M2—EPIC MOS2. All the analyzed data were obtained with the medium filter.
c Full: full window mode; E. Full: extended full window mode.

SASAKI ET AL.324 Vol. 617



smoothed with a circular Gaussian function that has a sigma
of 3 pixels in both right ascension and declination. In the 4.0–
12.0 keV images, only significant emission from the pulsar is
seen, but not from the rest of the SNR.

Figure 1 shows a mosaic image in the energy band of 0.3–
4.0 keV in false color. The remnant’s X-ray emission fades off
to the west, lacking a clearly defined edge. In the interior, the
Lobe is brighter than any part of the shell and there are dark
regions north and south of the Lobe. The Lobe emission is well
separated from the pulsar. We estimate the distance of the shell
from the pulsar in the mosaic image by fitting a circle centered
on the pulsar to each sector and obtain 18A5 for the eastern
shell, 17A3 for the southern shell, and 16A6 for the northern
shell. Thus, the eastern shell has the largest projected distance
from the pulsar.

2.2. RGB Composite Imagge

As no emission from the remnant is found above 4 keV
except from the pulsar, we create images in the energy bands

below 4 keV in order to identify possible spectral variations
within the remnant. The images in the red (R ¼ 0:3 0:9 keV),
green (G ¼ 0:9 1:5 keV), and blue (B ¼ 1:5 4:0 keV) bands
are combined into an RGB mosaic image (Fig. 2). We then use
this image to guide our selection of regions to be examined more
closely through detailed spectral fitting. The selected regions
are shown in Figure 3.

The shell is slightly redder than the interior and has some red
clumps. There is a small sector of the shell with lower emission
in the northeast, coinciding with a bright region in the radio
continuum (Kothes et al. 2002). Next to this region, there are
red knots in the RGB composite image of the X-ray shell (re-
gions 5 and 6 in Fig. 3). Furthermore, there is a larger red spot
in the south (region 15). There are also color variations within
the Lobe, the outskirts being redder than the central part of the
Lobe.

In addition to the very bright pulsar, fainter point sources
are found in and around the remnant. Two point sources lo-
cated southeast of the remnant appear red in the RGB composite

Fig. 2.—Mosaic RGB image created from EPIC data of the pointings E, N, S, and P2 obtained in full frame and extended full frame mode: R ¼ 0:3 0:9 keV,
G ¼ 0:9 1:5 keV, B ¼ 1:5 4:0 keV. The image is smoothed (see x 2.1).
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image. The one farther east at R:A: ¼ 23h03m19:s6, decl: ¼
þ58&4502900 (J2000.0) is a star of the spectral type G5.5 V
(USNO-A2.0 1425-14515707; Monet et al. 1998) and is coin-
cident with source 3 in Rho & Petre (1997). The other source at
R:A: ¼ 23h02m43:s7, decl: ¼ þ58&3704600 (J2000.0) is coinci-
dent with source 4 in Rho & Petre (1997); it is also coincident
with a point source in the Digitized Sky Survey (DSS) image.
Presumably, it is also a Galactic star. The point sources close to
the pulsar (in projection) have blue or violet colors. The source
at R:A: ¼ 23h00m33:s3, decl: ¼ þ58&5204500 (J2000.0) located
west of the pulsar is USNO-A2.0 1425-14436845 (source 1 in
Rho & Petre 1997), a star of the spectral type G9.5 III–IV. The
source at R:A: ¼ 23h00m43:s3, decl: ¼ þ58&5002800 (J2000.0)
south of USNO-A2.0 1425-14436845 is only known as an
X-ray source (source 2 in Rho & Petre 1997). There is an op-
tical point source on the DSS image at the X-ray position.
Therefore, these hard point sources seem to be Galactic stars as
well. Enhanced column density in the foreground or high in-
trinsic absorption seems to be responsible for the hard spec-
trum. We extracted spectra for these point sources, but the low
number of counts does not allow detailed spectral fitting.

2.3. Backgground

Since CTB 109 is a relatively faint diffuse object, a good
knowledge of the background is crucial for the spectral analy-
sis. We studied the background properties of the EPIC cameras
based on the treatments of Lumb (2001), Lumb et al. (2002),
and Read & Ponman (2003).

In the case of a point source a local background extracted
from another region of the same data as the source can be used.
For extended objects, it is not possible to obtain background
data at small distances from the source, i.e., a few arcseconds
away from the source as for point or pointlike sources. Instead,
one has to extract the background data far from the target, from
a part of the detector that is not illuminated by source emission.
In this case the distance between the source and the background

region is large (few arcminutes) and the difference of the de-
tector background at the two positions could become signifi-
cant (see next paragraph). In the case of a diffuse source that
fills the entire field of view, it is even impossible to estimate the
local background from the same data. If one selects a back-
ground region far from the source itself, many effects can pro-
duce an inappropriate background due to the different chip
position. First, the effective area of the mirrors depends on the
off-axis angle. Photons are subject to vignetting, but particles
are not. Second, high-energy particles that interact with mate-
rial surrounding the detector produce fluorescence; the mag-
nitude of this fluorescence emission can vary significantly with
position on the detector, especially for the PN detector. Third,
the spectral response depends on the position on the detector,
especially for the PN.
The internal ‘‘quiescent’’ background of the EPIC cameras

consists of fluorescence lines and events produced by charged
particles. The fluorescence depends on the camera body mate-
rials and the incident flux of high-energy charged particles.
Therefore, the fluorescent component varies with position on
the detector and with time. In addition, the high-energy charged
particles can produce background events directly in the de-
tector. Finally, low-energy protons can reflect off of the mirror
surfaces and reach the detectors in the focal plane. The back-
ground produced by low-energy protons is highly variable in
time for the XMM-Newton instruments.
There are two types of background template files available

that can be used for the analysis of EPIC data: ‘‘closed’’ data
and blank sky data. Closed data have been obtained with the
filter wheel in the closed position; these data include only the
internal detector background. However, this instrument con-
figuration is not representative of the usual observation where
the CCDs are exposed to photons and low-energy charged par-
ticles. For the blank sky data, data sets for different pointings
have been merged for each EPIC camera after eliminating
sources from the data. These data sets comprise the detector
background and an average cosmic X-ray background. Since
the background component due to high-energy charged par-
ticles is included in these data at an unknown level, we need to
model it using the spectral shape determined from the closed
data.

2.4. Extraction of EPIC Spectra

2.4.1. Circular Reggions

Although the cosmic X-ray background is a significant un-
certainty in the blank sky data, we decide to use the blank sky
instead of the closed data because the latter have poor photon
statistics and are therefore not suitable for extracting small
regions. We use the blank sky data of the background analysis
group in Birmingham, UK1 because they have data for both the
medium and the thin filters, as well as for the full frame and
extended full frame PNmodes. The Birmingham group has also
developed scripts that can be used for the background analysis.
The script skycast converts the detector coordinates of the tem-
plate background data sets into sky coordinates using the point-
ing direction of the observation to be analyzed and adds sky
coordinates to the background data. The script createspectra
extracts spectra in specified circular (or annular) regions from
the data and background file. Ancillary response files (ARFs)
and redistribution matrix files (RMFs) are produced for the cor-
responding detector regions using the XMMSAS commands

1 See http://www.sr.bham.ac.uk/xmm3.

Fig. 3.—Mosaic of all five pointings toward CTB 109 in the energy band of
0.3–4.0 keV with analyzed regions. For circular regions, numbers as used in
the paper are given, and the noncircular regions analyzed with evigweight are
shown with dashed lines. A point source is excluded in the region ‘‘Dark
Interior’’ (small circle with slash).
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arfgen and rmfgen. Since the source spectrum and associated
blank sky background spectrum are created at the same position
of the detector, the ARF and RMF are correct for both source
and background.

Spectra are analyzed with XSPEC version 11.3. We read in
the source and the blank sky background spectra as two data
sets: source (1) and background (2). We model the background
spectrum as a combination of a power-law component and two
Raymond & Smith (1977) components with temperatures kT ¼
0:08 and 0.2 keV (Lumb 2001; Lumb et al. 2002). Zero-width
Gaussians are used to reproduce the fluorescence lines of the
detector. The detector background is modeled with a power-
law component and Gaussians using the XSPEC option ‘‘/b’’
to suppress the application of the ARF. An additional ther-
mal component is used to model the SNR emission (set to zero
for the background data set). In Figure 4, the EPIC PN and
MOS1/2 spectra of region 1 (see Fig. 3) extracted from the E
pointing are displayed together with the corresponding blank
sky background spectra. We show the spectrum from region 1
since this is the faintest part of the Lobe and hence the most
sensitive to the background subtraction.

In order to convince ourselves that the background in the
source spectrum can be well estimated from the blank sky data,
we compare the spectra extracted as source (from observations)
and background (from blank sky data) in a region outside the
SNR. For both PN andMOS1/2, the off-remnant spectrum from
observations matches the blank sky spectrum very well in the
softer (<0.6 keV) and harder (>1.5 keV) bands, as well as for
the fluorescence lines. There is a small excess in the off-remnant
spectrum between'0.6 and 1.5 keV. This faint emission is well
fitted with a thermal model component and is likely Galactic
diffuse X-ray emission. Since the remnant spectrum dominates
the background spectrum in the 0.6–1.5 keV band (see Fig. 4),
using the blank sky data as background introduces only a small
systematic uncertainty in the derived parameters for the remnant

spectra. We verify this by modeling the spectra of regions in
the remnant shell including an additional thermal component
for the local diffuse X-ray background, as derived from the off-
remnant spectrum. The parameters of the model component
for the remnant emission (foreground absorption, temperature,
and ionization timescale; see x 3) are consistent with results
from the fit using only the blank sky data as background. The
abundances of the elements with emission lines in this energy
band (O, Ne, and Mg) also yield fit results that agree well with
the results without the additional component, i.e., solar abun-
dances. Consequently, the use of the blank sky data as back-
ground should have little effect on our determination of the
neutral hydrogen column density and on the temperature of the
thermal component.

2.4.2. Arbitrary Extraction Reggion Shape

Since the existing version of arfgen only computes ARF files
for circular and annular extraction regions, our analysis has
been largely limited to circular regions. However, the XMMSAS
command evigweight calculates the vignetting correction for
each event; thus, one can use the on-axis ARF. In order to sub-
tract the nonvignetted events from the observation data, it is
better to use the closed data for the background, as this data set
only consists of the nonvignetted component, which is the in-
ternal detector background, and thus includes no additional ex-
ternal background emission. Compared to the blank sky data, the
closed data have far poorer statistics. Therefore, we use this
method only for noncircular extraction regions.

After computing the weight factor for the vignetting cor-
rection for each event, spectra are extracted from the new event
files and RMFs are created with rmfgen. The source data still
include the nonvignetted events that have not passed through
the X-ray telescope but now have a weighting factor applied.
This misapplication of the weighting factor to nonvignetted
events can be compensated for by applying the same weights to

Fig. 4.—XMM-Newton EPIC spectra of the Lobe region 1 extracted from the pointing E data shown with VNEI model fits for PN and MOS1/2. The solid line is for
source plus background spectrum, dashed line for background spectrum. The background spectrum has not been subtracted from the source spectrum but has been
modeled simultaneously and is included in the spectral model of the source spectrum. Strong fluorescence lines are visible in the background spectra: Al-K line at
1.5 keV and Cu-Ni-Zn-K line complex around 8 keV in the PN spectrum (left), and Al-K at 1.5 keV and Si-K at 1.7 keV in the MOS spectra (right).
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the closed background data. Coordinates of the closed data are
converted into the corresponding sky position using skycast.
The vignetting correction weights are computed for the closed
data. Finally, spectra are extracted in the same regions as for
the observed source data. Again the background spectrum is
used as a second data set and modeled as in x 2.4.1.

2.4.3. Comparison of the Two Methods

In order to check for consistency between the two methods for
creating spectral data, spectra of the Lobe regions (see x 3.4), ex-
tracted from the pointing E data, are analyzed using bothmethods
and compared. For the first method, we use the blank sky data as
background data and create the ARF with arfgen. For the second
method, the event files are vignetting corrected with evigweight
and on-axis ARF and closed background data are used. All the
fitted parameters derived from the two methods agree within 90%
confidence limits. Therefore, we are confident that either method
may be used without introducing systematic errors that dominate
over the statistical errors.

3. THE SPECTRAL ANALYSIS

The XMM-Newton EPIC data allow us to perform spatially
resolved spectral analysis of the SNR. Extraction regions are
shown in Figure 3 on the 0.3–4.0 keV mosaic image. Data sets
and extraction regions are selected as follows:

1. As we have shown in x 2.1, the eastern part of the shell is
farthest from the pulsar. Since it is located opposite to the GMC
complex in the west, the eastern shell segment most likely indi-
cates a blast wave propagating into a lower density ISM (Kothes
et al. 2002). For the spectral analysis, we cover the eastern shell
with three circular regions (7–9) and also arc regions for com-
parison. In addition, we extract spectra for regions next to the
radio bright knot in the northeast (regions 5 and 6). Data set E is
used for all these analyses.

2. The shell is brightest in the northern part; it has been
covered completely by pointing N. We select circular regions
from this data set centered on the brighter knots (regions 12 and
13) and also analyze interior regions close to the northern shell
for comparison (regions 11 and 14).

3. In the southern part of the shell, which does not have as
clearly a defined edge as the eastern or the northern portions of
the shell, we study the EPIC spectra (using observation S) for
two regions (15 and 16) with soft emission (see RGB composite
image, Fig. 2).

4. In CO observations, an enhancement of CO gas has been
found that extends from the GMC in the west across the northern
part of the remnant (Tatematsu et al. 1987). This dense material
is called the CO arm. Its position and shape coincide well with
an X-ray–faint interior region, north of the pulsar and the Lobe
(see Fig. 1). Spectra are analyzed for a large circular region (10),
as well as for a noncircular region that follows the shape of the
very low emission region. Data from observations N and P1 are
used.

5. The interior of the remnant has remarkably low surface
brightness in the south (‘‘Dark Interior’’). This region is ana-
lyzed using the P1 data, which have the longest exposure time.

6. We extract spectra for four regions of the Lobe (regions
1–4 in Fig. 3) from the observations E, P1, and P2, in order to
look for spectral variations.

All the EPIC spectra are analyzed in XSPEC using an energy
range of 0.3–10.0 keV. The spectra are grouped with a mini-
mum of 20 counts bin!1 and the &2 statistic is used. The errors
quoted are 90% confidence limits. As can be seen in Figure 4,

the emission above '4 keV is mainly background emission
and is crucial for estimating the background. Although we se-
lect the energy range of 0.3–10.0 keV for spectral fitting, we
only show the spectrum below 4 keV in the following figures in
order to clearly display the SNR emission.
For analyzing the XMM-Newton EPIC spectra we use the

following models: VMEKAL, which describes an emission spec-
trum for hot ionized gas in collisional ionization equilibrium
with variable abundances (Mewe et al. 1985, 1986; Kaastra
1992; Liedahl et al. 1995), and VNEI, which is a model for a
nonequilibrium ionization (NEI) collisional plasma, again with
variable abundances (Hamilton et al. 1983; Borkowski et al.
1994, 2001; Liedahl et al. 1995). The VNEI model includes a
parameter for the ionization timescale, ! ¼

R
ne dt, an integral

over the time since the gas was shocked. In addition, we mod-
eled some regions in the shell with the model VPSHOCK for a
constant-temperature, plane-parallel shock that includes a range
of ionization timescales, parameterized by the lower limit and
the upper limit of the ! range (Borkowski et al. 2001 and ref-
erences therein).
The XMM-Newton EPIC spectra of region 3 in the Lobe

extracted from the pointing E data (with VNEI model fits) are
presented in Figure 5. Emission-line features corresponding to
the Mg xi triplet and the Si xiii triplet are easily visible. More-
over, the Ne x Ly$ line can be clearly seen in the MOS data, as
the energy resolution of MOS is slightly better than that of PN.
We first fit the spectra with free abundances. For all the

spectra, the abundances for all the elements are consistent with
solar abundances.We thereupon fix the abundances to solar val-
ues in order to reduce the number of free parameters and hope-
fully to better constrain the remaining free parameters. OnlyMg
and Si are still kept free because these abundances have ap-
peared to differ slightly from solar values for some regions and
the line features are evident in the EPIC spectra. We allowed the

Fig. 5.—XMM-Newton EPIC spectra of the Lobe region 3 extracted from the
pointing E data, with VNEI model fits. The position of the Ne x, Mg xi, and
Si xiii lines is indicated. Instead of subtracting the background spectrum from
the source spectrum, it has been modeled simultaneously. The displayed source
spectrum and its fitted model include the background spectrum components.
Background spectra are not plotted in this and the following spectrum figures.
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Si and Mg abundances to vary independently. For other ele-
ments like Ne or S, it is too difficult to distinguish between line
and continuum emission in the corresponding energy intervals.

All the EPIC spectra are fitted better by a single-temperature
VNEI model than by a collisional ionization equilibrium
VMEKAL model. In the following, we present only the VNEI
results for all the regions and discuss the VPSHOCK results for
shell spectra where we expect the least disturbed plane-parallel
shock. Tables 2 and 3 summarize the results of the spectral
analysis of MOS1/2 data, using the VNEI model. Spectra of
some selected regions with the best-fit VNEI model are dis-
played in the following figures: Figure 5 shows the PN and
MOS1/2 spectra of the brightest part of the Lobe (region 3), the
spectra in Figure 6 are extracted from a bright region in the shell
(region 5), and Figure 7 shows the heavily absorbed spectra of
the CO arm. In all these plots, the non–background-subtracted
source spectra are shown, but not the simultaneously modeled
background spectra.

The parameters of the VNEI model for the Lobe data of the
pointing E, with the spectra from the two EPIC detector types
PN and MOS fitted separately, are consistent with the MOS re-
sults of the Lobe regions in Table 2 except that the Mg and Si
abundances from the PN fits turn out to be subsolar in some
regions. The most likely explanation for this discrepancy be-
tween PN and MOS is the calibration issue addressed in the
EPIC calibration status documentation of 2003 April (Kirsch
2003): in the range 0.3–1.0 keV, the PN flux is up to 10% higher

than the MOS flux, whereas above 1.5 keV, the MOS flux is up
to 10% higher. In the EPIC spectra, most of the emission lines
cannot be resolved as a result of moderate spectral resolution.
This complicates the determination of the continuum. Assum-
ing the same temperature and absorption, the flux inconsistency
between the MOS and the PN can mimic lower abundances
for the PN data for elements like Mg and Si with lines above
'1 keV because the unresolved lines cannot be distinguished
from the continuum. Although most of the fit parameters (ab-
sorption, temperature, ionization timescale) for the PN, MOS1,
and MOS2 spectra are consistent, the discrepancy between the
abundances makes us conclude that the results from the MOS
data (MOS1 and MOS2 data fitted simultaneously, if data of
both instruments are available) are more reliable than the PN
results in terms of abundances. Therefore, we list the MOS1/2
results in Tables 2 and 3.

3.1. Shell

3.1.1. Eastern Part of the Shell

The eastern part of the remnant shell is farthest from the pul-
sar 1E 2259+586 and has a more circular shape. The density of
the ambient ISM is apparently lower on this side (Kothes et al.
2002). Thus, the eastern portion of the shell seems to be the best
region to study the least perturbed shock-ISM interaction.

The spectral analysis of regions in the eastern shell (regions
6–9) yields a temperature of '0.6 keV for the VNEI model,

TABLE 2

XMM-Newton Spectral Results of Circular Regions Using the Spectral Model VNEI with Solar Abundances except for Mg and Si

Region Pointing

NH

(1022 cm!2)

kT

(keV)

Mg

(solar)

Si

(solar)

nt

(1011 s cm!3) &2/dof

1.............................................. P1 0.60þ0:02
!0:10 0.55þ0:04

!0:03 1.0þ0:2
!0:1 0.9þ0:2

!0:1 1.4þ1:1
!0:1 896.1/702 = 1.3

2.............................................. P1 0.51þ0:05
!0:02 0.59þ0:02

!0:02 0.9þ0:1
!0:1 1.2þ0:2

!0:2 2.0þ0:1
!0:2 896.6/684 = 1.3

3.............................................. P1 0.49þ0:04
!0:03 0.55þ0:02

!0:01 0.9þ0:1
!0:1 1.6þ0:2

!0:2 2.0þ0:3
!0:2 904.3/721 = 1.3

4.............................................. P1 0.49þ0:04
!0:05 0.53þ0:03

!0:01 0.9þ0:1
!0:1 1.2þ0:2

!0:2 2.8þ1:0
!0:5 896.5/676 = 1.3

5.............................................. E 0.82þ0:07
!0:07 0.29þ0:03

!0:03 0.7þ0:2
!0:2 1.9þ0:9

!0:7 4.0þ4:1
!1:7 747.3/600 = 1.2

6.............................................. E 0.51þ0:07
!0:09 0.64þ0:09

!0:10 1.3þ0:4
!0:2 1.0þ0:3

!0:4 1.0þ0:6
!0:4 645.9/593 = 1.1

7.............................................. E 0.68þ0:11
!0:06 0.63þ0:10

!0:11 1.1þ0:3
!0:2 1.0þ0:4

!0:4 0.8þ0:6
!0:3 678.0/552 = 1.2

8.............................................. E 0.67þ0:03
!0:04 0.62þ0:04

!0:03 1.0þ0:3
!0:1 0.8þ0:2

!0:4 0.7þ0:2
!0:1 642.8/593 = 1.1

9.............................................. E 0.54þ0:49
!0:09 0.57þ0:11

!0:36 1.0þ0:6
!0:4 1.2þ0:8

!0:7 1.4þ1:4
!1:1 728.7/607 = 1.2

10............................................ P1 0:88þ0:05
!0:02 0:52þ0:01

!0:02 1:0þ0:1
!0:2 1:0þ0:3

!0:1 1:7þ0:5
!0:3 1126.7/918 = 1.2

11............................................ N 0.79þ0:22
!0:04 0.53þ0:05

!0:24 0.8þ0:1
!0:2 0.6þ0:2

!0:2 0.9þ0:5
!0:3 637.7/618 = 1.0

12............................................ N 0.70þ0:26
!0:11 0.48þ0:13

!0:23 1.0þ0:1
!0:4 1.0þ0:3

!0:3 1.1þ2:8
!0:5 653.4/586 = 1.1

13............................................ N 0.67þ0:33
!0:05 0.52þ0:05

!0:26 1.0þ0:1
!0:1 0.9þ0:3

!0:2 1.4þ0:3
!0:4 733.9/617 = 1.2

14............................................ N 0.93þ0:14
!0:07 0.42þ0:05

!0:13 0.8þ0:3
!0:4 0.8þ1:7

!0:2 1.8þN=A
!0:5 734.4/641 = 1.1

15............................................ S 0:54þ0:01
!0:01 0:60þ0:02

!0:01 1:0þ0:1
!0:1 1:0þ0:2

!0:3 0:8þ0:1
!0:2 1549.8/1325 = 1.2

16............................................ S 0:57þ0:01
!0:01 0:60þ0:03

!0:01 1:1þ0:1
!0:1 0:9þ0:3

!0:2 1:0þ0:1
!0:2 1646.6/1475 = 1.1

Notes.—Only results from the simultaneous fits of the MOS1 and MOS2 data are shown, whereas the paper discusses results from PN data as well.
Blank sky data are used as background data.

TABLE 3

XMM-Newton Spectral Results of the Arc-shaped Region in the Eastern Part of the Shell, the CO Arm,
and the Low Surface Brightness Region in the Southern Interior, Using evigweight

Region Pointing

NH

(1022 cm!2)

kT

(keV)

Mg

(solar)

Si

(solar)

nt

(1011 s cm!3) &2/dof

Outer E. shell ....................................... E 0.59þ0:02
!0:01 0.68þ0:02

!0:02 1.1þ0:2
!0:1 0.9þ0:2

!0:2 0.7þ0:1
!0:2 566.7/405 = 1.4

Inner E. shell........................................ E 0.67þ0:04
!0:06 0.60þ0:05

!0:04 1.1þ0:1
!0:2 0.9þ0:2

!0:2 1.1þ0:3
!0:3 347.8/267 = 1.3

CO arm ................................................ P1 0:97þ0:02
!0:01 0:54þ0:01

!0:01 0:9þ0:1
!0:2 0:9þ0:2

!0:1 1:5þ0:4
!0:2 918.5/732 = 1.3

Dark interior......................................... P1 0:66þ0:03
!0:07 0:53þ0:05

!0:03 1:0þ0:1
!0:2 0:9þ0:1

!0:2 1:5þ0:4
!0:3 1452.5/1074 = 1.4

Notes.—The fit results are from the analysis of MOS1/2 data using the VNEI model; abundances are fixed to solar values except for Mg and Si. ‘‘Closed’’ data
are used as background data.
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which is slightly higher than those in the Lobe and the north-
ern portion of the shell, although not significantly. The Mg and
Si abundances are consistent with solar, and the ionization
timescale is'1 ; 1011 s cm!3, similar to that in the northern part
of the shell (see x 3.1.2). The absorbing column density isNH ¼
(5 7) ; 1021 cm!2. We also analyze the spectra of the regions in
the eastern shell using the model VPSHOCK. The values for
NH, kT, and the abundances agree well with the results of the
VNEI model in all four regions. The lower limit of ! has been
set equal to zero. The upper limit of the ionization timescale ! is
3:4þ0:7

!0:3 ; 1011 s cm
!3 for region 6, 4:8þ7:2

!2:5 ; 10
11 s cm!3 for re-

gion 7, 3:5þ30:0
!1:7 ; 1011 s cm!3 for region 8, and 6:8þ10:0

!1:1 ; 1011 s
cm!3 for region 9, all higher than and therefore consistent with
the average values obtained from the VNEI model.

No indication of nonthermal emission is found in these
spectra. We model the spectra with an additional power-law
component and obtain an upper limit for the flux of the power-
law component. Studies of nonthermal emission from the
shells of SNRs yield photon indices of around 2.0: ! ¼ 1:8 for
Cas A (below 16 keV; Allen et al. 1997) and'2.2 for SN 1006
(Bamba et al. 2003; Allen et al. 2004). Therefore, we assume a
photon index of ! ¼ 2:0 and obtain upper limits of the nonther-
mal flux (0.3–10 keV, 90% confidence level): 1:7 ; 10!14 ergs
cm!2 s!1 in region 6, 1:3 ;10!13 ergs cm!2 s!1 in region 7,
3:0 ; 10!14 ergs cm!2 s!1 in region 8, and 1:5 ; 10!14 ergs cm!2

s!1 in region 9, i.e., less than 0.2%, less than 1.6%, less than
0.4%, and less than 0.2% of the unabsorbed VNEI flux, re-
spectively. Gotthelf et al. (2001) have studied the emission
from the forward shock in the northern part of Cas A and report
that the flux of the nonthermal emission is 50%–70% of the
total 0.5–10.0 keV flux. In comparison, the upper limit of the
nonthermal emission from the eastern part of the shell of CTB
109 in the energy range of 0.5–10.0 keV is 0.2%–1.4%, about 2
orders of magnitude lower than in Cas A.

In radio continuum, CTB 109 has a very bright extended re-
gion approximately where the connecting line from the pulsar
through the Lobe intersects the shell in the northeast (see, e.g.,

Fig. 1 in Kothes et al. 2002). In region 5, which lies north of this
radio-bright region, the column density NH ('8 ; 1021 cm!2)
and the ionization timescale ! (6 ; 1011 s cm!3 from the joint
fit of PN and MOS1/2 data, 4 ; 1011 s cm!3 from the fit of
MOS1/2 data; see Table 2) are higher compared to the eastern
shell regions south of the radio-bright region, whereas the
temperature is significantly lower: kT ¼ 0:29 $ 0:03 keVat the
90% level, as obtained from both the PN and MOS1/2 fit and
the MOS1/2 fit. The kT value for region 5 differs from that in
other regions also at the 99% confidence level. The spectra are
shown in Figure 6. Fitting a model similar to other shell spec-
tra (NH ¼ 6 ;1021 cm!2, kT ¼ 0:6 keV, ! ¼ 1 ; 1011 s cm!3)
results in a modeled spectrum with lower flux below 0.9 keV
and flatter continuum above 2 keV, compared to the observed
spectrum. The optical image of Fesen & Hurford (1995) shows
that this region covers two bright optical filaments with an
[S ii]/H$ ratio typical for shocked gas rather than photoionized
gas; they derive a preshock density of 10–20 cm!3, higher than
for other optical filaments seen in CTB 109. This might indicate
that a shock-cloud interaction is occurring in region 5. The
ionization timescale for this region is'4–6 times higher than in
other parts of the remnant shell. Since the regions are all located
at similar radii, the time that has elapsed after these regions
have interacted with the shock front can be assumed to be com-
parable. Therefore, the higher ! in region 5 is consistent with
the shock having encountered a density enhancement.
Although we assume that the undisturbed eastern part of the

remnant can be reproduced by a model based on the Sedov–
Taylor–von Neumann similarity solution (Sedov 1959; Taylor
1950; von Neumann 1947), the fit results are not satisfactory if
we use the SEDOV model (Borkowski et al. 2001) in XSPEC.
This is presumably due to inhomogeneities in the ISM that
result in flux and spectral variations in the remnant. Therefore,
we focus on smaller shell segments and analyze arc-shaped
regions of the eastern shell (see Fig. 3 and Table 3) using the
evigweight method. As the VNEI fit results show, the spectra
in the outer and inner shell seem to be different: the best-fit
temperature is slightly higher in the outer shell, whereas the
ionization timescale is lower. The foreground absorption is
lower for the outer shell than for the inner shell. However, if
we compare the confidence contours of NH versus kT and kT

Fig. 6.—XMM-Newton EPIC spectra of region 5 in the eastern part of the
shell extracted from the pointing E data, with VNEI model fits. For back-
ground spectrum see the caption of Fig. 5.

Fig. 7.—XMM-Newton EPICMOS1/2 spectra of the CO arm (from pointing
P1) with VNEI model fit. For background spectrum see the caption of Fig. 5.

SASAKI ET AL.330 Vol. 617



versus ! for the two shell regions, the 90% confidence regions
are fully separated, but the 99% regions overlap. Thus, there is
only a marginal inconsistency between the temperatures and
the ionization timescales of the outer shell and the inner shell.

For a Sedov phase remnant expanding into a homogeneous
medium, the temperature and ionization timescale both in-
crease radially inward. This is an idealized case, however. If
the kT and ! differences are real, we may be seeing the effects
of nonuniformities in the ambient medium. If the shock (as
seen in projection) encountered a density enhancement, that
could cause a larger ionization timescale and lower tempera-
ture and reduce the flux in the inner shell region relative to the
outer shell region.

3.1.2. Northern Part of the Shell

For the northern portion of the shell (regions 12 and 13)
NH " 7 ; 1021 cm!2, kT " 0:5 keV, and ! " 1 ; 1011 s cm!3.
The temperature seems to be lower and the column density NH

higher than in the eastern portion of the shell. For regions inside
the northern shell segment (regions 11 and 14), the column den-
sity NH seems to be slightly higher [(8 9) ; 1021 cm!2], per-
haps indicating a gradual increase of the foreground absorption
in the direction of the CO arm.

3.1.3. Southern Part of the Shell

In the southern portion of the shell, there are two diffuse spots
that appear red in the RGB composite image (Fig. 2): a bright
region in the southeast (region 15) and the western tip of the
shell in the south (region 16). The temperature is 0.6 keV and
the ionization timescale ! " 1 ; 1011 s cm!3, comparable to the
eastern part of the shell. Rather than being a result of a lower
temperature plasma, the red color of these regions appears to
be a result from a lower NH ('5 ; 1021 cm!2, as derived from a
joint fit of PN and MOS1/2 data, and '5:5 ; 1021 cm!2, from
MOS1/2 data only).

3.2. CO Arm

We analyze a circular region covering the extended tip of the
CO arm (region 10). The column density NH is higher than in
the eastern part of the shell and the Lobe, NH > 8 ; 1021 cm!2,
but the temperature, the Mg and Si abundances, and the ion-
ization timescale are comparable to the shell of the remnant
[kT ¼ 0:5 0:6 keV, ! ¼ (1 2) ; 1011 s cm!3, as derived from
PN and MOS1/2 data].

We also study a noncircular X-ray–faint region correspond-
ing to the CO arm (see Fig. 3), using evigweight. Figure 7 shows
the spectra of this region obtained with the EPIC MOS1/2 of
the pointing P1; the flux falls off more rapidly below 1 keV
compared to other regions of the SNR, consistent with the
presence of additional absorption. The result of the spectral fit
of the MOS1/2 data is given in Table 3; it confirms that the
column density NH is almost 1022 cm!2, higher than in other
regions of the remnant. The intrinsic spectrum seems to be the
same as in most of the other regions of the remnant. Therefore,
we conclude that this region appears fainter because of addi-
tional absorption.

3.3. Dark Interior

There is a low surface brightness region south of the Lobe
inside the remnant shell. No enhanced CO emission is found in
the observations by Tatematsu et al. (1990) that coincide with
this X-ray–faint region. We extract the X-ray spectrum of this
region using the evigweight method excluding the point source

that is located within this region. The parameters kT, Mg and
Si abundances, and ! of the dark region are all consistent with
the parameters of the CO arm (Table 3), indicating that the intrin-
sic spectra of these two regions are similar. Only the column
density NH is higher in the CO arm. The spectral parameters also
agree well with the parameters of region 1 (northern tip of the
Lobe), which has about the same distance to the pulsar as this
region. Although NH does not differ significantly from that in
region 1, it seems to be higher in this dark region, indicating a
higher absorption.

3.4. Lobe

There are three observations that we can use to study the
Lobe: pointings E, P1, and P2. The results from pointings E
and P2 are consistent with that from pointing P1. The largest
number of counts is obtained from observation P1 because the
exposure time is 2–3 times longer than in other observations.
We also fit all the spectra (PN and MOS1/2 data of pointing E,
MOS1/2 data of pointing P1, and MOS2 data of pointing P2)
simultaneously for each of the regions 1–4. The results of these
simultaneous fits are all consistent with the results of the fit of
the MOS 1/2 data of pointing P1 (shown in Table 2).

In all the Lobe regions, the best-fit temperatures, kT, range
from 0.53 to 0.59 keV (from simultaneous fit of PN and
MOS1/2, as well as from the fit of MOS1/2 data; see Table 2).
For Lobe regions 2–4, the column density NH " 5 ; 1021 cm!2

and the ionization timescale ! ¼ (2 3) ; 1011 s cm!3. The
rather small differences in temperature, ionization timescale,
and NH seem to be responsible for the apparent spectral dif-
ferences seen as color variations in the RGB composite image
(Fig. 2). However, the detailed spectral analysis indicates that
there are no statistically significant differences among the four
regions. In the bright central part of the Lobe, Si appears to
be slightly overabundant (1:6 $ 0:2 times solar), while the Mg
abundance is consistent with solar. This is not what we would
expect if the by-products of dust destruction were contributing
to the X-ray–emitting material because the Mg and Si abun-
dances should track each other (Itoh 1989; Vancura et al. 1994
and references therein). Since the other three regions have Si
abundances consistent with solar and all regions haveMg abun-
dances consistent with solar, there is no compelling evidence
for ejecta material in these regions. Furthermore, the global
NEI fits that have all other elemental abundances set to solar
values produce good fits with no large residuals around ele-
mental emission lines.

3.4.1. Line Emission Analysis

All the EPIC spectra for the Lobe show line features that can
be attributed to Mg xi, Mg xii, and Si xiii lines, whereas the
Si xiv line is too faint to be visible. Therefore, we use the Mg xi
triplet and Mg xii Ly$ line as line diagnostics of the NEI
conditions of the plasma. We analyze the Lobe spectra from
MOS1/2 data of pointing P1 and from MOS2 data of pointing
P2. The spectrum is modeled using a modified ‘‘APEC’’ (Smith
et al. 2001) model that excludes all emission lines2 for the con-
tinuum and Gaussians for the lines, over the energy range of
1.15–3.0 keV. The fitted parameters for the Gaussians are used
to determine the line centroids and fluxes. The line energies for
the Gaussians are modeled as follows: 1.211 keV for Ne x Ly',
'1.340 keV for Mg xi triplet, 1.472 keV for Mg xii Ly$,
'1.850 keV for Si xiii triplet, and '2.440 keV for S xv.

2 Contact R. Smith for a copy of this model.
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With the spectral resolution of the EPIC detectors, we are
not able to resolve the lines in the Mg xi triplet. Therefore, we
model the Mg xi line feature with one Gaussian and determine
the line centroid. Variations in the line centroid from region to
region would be indicative of different relative strengths of the
resonance, intercombination, and forbidden lines. However,
the line centroids of Mg xi are equal for all four Lobe regions
within the 90% confidence intervals (Table 4). The data simply
are not of high enough quality to determine such a small shift.
However, the EPIC spectral resolution is sufficient to resolve
the Mg xi triplet from the Mg xii Ly$ line. From the fluxes of
the Mg line complexes, the ratio Mg xi triplet/Mg xii Ly$ is
calculated. In Table 4, the line energy in keV and the flux in
photons cm!2 s!1 per extraction area are given for the Mg xi
triplet and the Mg xii Ly$ line, as well as the derived ratio of
Mg xi triplet/Mg xii Ly$.

The resulting line fluxes and line ratios are compared to NEI
plasma models obtained using neiline (see Appendix A). The
calculation provides line emissivities for different temperatures
and ionization timescales. In Figure 8, the Mg xi triplet/Mg xii
Ly$ line ratio of region 3 for P1 data derived from the spec-
tral analysis and error estimate based on the 90% confidence
intervals for the line fluxes is plotted as a function of the ion-
ization timescale ! and temperature kT. We also plot the best-
fit values from the global VNEI fit for kT and ! and the 90%
errors. Since region 3 has the best statistics, it gives the nar-
rowest band in the kT-! diagram. Within the errors, the VNEI
value lies within the allowed region resulting from the line
ratio analysis. From the diagram, we can derive the kT range
for region 3 as kT > 0:32 keV. This lower limit is consistent
with the results from the VNEI fit of the EPIC spectra in the
total energy range of 0.3–10.0 keV (Table 2). The ratio of the
Mg xi triplet to Mg xii Ly$ does not provide a constraint on
the ionization timescale.

These results show that line diagnostics are possible with
CCD spectra. Compared to global fits, they suffer from fewer
systematic uncertainties, while it is difficult to quantify the sys-
tematic errors of global fits. Line diagnostics are independent
of foreground absorption and offer an additional method to
constrain the plasma parameters. In our analysis the spectral
resolution and the photon statistics only allow us to set a lower
limit on the temperature. However, the results obtained from

fitting the lines only and from fitting the entire EPIC spectrum
are consistent with each other. This method is a promising tech-
nique of analyzing plasma conditions and can be applied for
brighter SNRs, as well as for future missions with higher spec-
tral resolution and larger collecting area.

3.4.2. Nonthermal Emission

In order to check if there is nonthermal emission from the
Lobe that would be associated with a pulsar jet, we fit the spec-
tra of regions 1–4 in the energy range of 0.3–10.0 keV with a
model including a VNEI component and an additional power-law
component for the Lobe emission. The fit does not improve
significantly, and the flux of the power-law component is con-
sistent with zero. Therefore, we derive an upper limit for the flux
of the power-law component, assuming a photon index of ! ¼
1:5; typical photon indices for pulsar jets are '1.2–1.7 (Lu et al.
2002; Gaensler et al. 2002; Pavlov et al. 2003). The nonthermal
flux of the Lobe (0.3–10 keV) is less than 9:2 ; 10!15 ergs cm!2

TABLE 4

Results of the Mg Line Analysis from XMM-Newton EPIC MOS Data (Pointings P1 and P2) of the Lobe

Mg xi Triplet

Region
E

(keV) Norma Mg xii Ly$ Norma Mg xi Triplet/Mg xii Ly$ Line Ratio

P1, MOS1/2

1 (north) ........................ 1:337þ0:009
!0:002 1:1þ0:1

!0:5 ; 10
!4 2:0þ0:4

!0:5 ;10
!5 5:5þ2:5

!3:0

2 (east) .......................... 1:338þ0:008
!0:003 9:7þ1:3

!2:0 ; 10
!5 0:1þ0:7

!0:1 ;10
!5 97þ1

!87

3 (center) ....................... 1:337þ0:004
!0:002 1:2þ0:1

!0:2 ; 10
!4 7:7þ5:3

!4:0 ;10
!6 16þ19

!8

4 (southwest)................. 1:340þ0:006
!0:010 7:2þ1:8

!2:0 ; 10
!5 0:1þ1:4

!0:1 ;10
!5 72þ1

!69

P2, MOS2

1 (north) ........................ 1:335þ0:011
!0:010 9:4þ2:6

!6:1 ; 10
!5 1:8þ0:8

!1:7 ;10
!5 5:2þ114:8

!3:9

2 (east) .......................... 1:343þ0:013
!0:008 1:2þ0:2

!0:3 ; 10
!4 0:8þ1:8

!0:8 ;10
!5 15þ1

!12

3 (center) ....................... 1:335þ0:006
!0:005 1:3þ0:5

!0:2 ; 10
!4 1:1þ0:7

!1:0 ;10
!5 12þ168

!7

4 (southwest)................. 1:340þ0:011
!0:010 8:2þ1:8

!4:0 ; 10
!5 0:3þ0:8

!0:3 ;10
!5 27þ1

!23

Note.—The spectral model is ‘‘APEC No Line’’ plus Gaussians.
a Norm = total number of photons cm!2 s!1 per extraction area in the line.

Fig. 8.—Line ratio Mg xi /Mg xii for region 3 derived from the spectral fits
of P1 data plotted as a function of ! and kT (solid line). The estimated range
for the error is shown with dotted lines. The kT and ! values resulting from the
global spectral analysis (0.3–10.0 keV with VNEI model) are plotted with
90% confidence errors.
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s!1 in region 1 (90% confidence level), less than 8:0 ; 10!15 ergs
cm!2 s!1 in region 2, less than 7:0 ; 10!15 ergs cm!2 s!1 in
region 3, and less than 6:1 ; 10!15 ergs cm!2 s!1 in region 4, i.e.,
less than 0.05%, less than 0.08%, less than 0.05%, and less than
0.07% of the unabsorbedVNEI flux in regions 1–4, respectively.
For the entire Lobe, the upper limit for the nonthermal emission
is 6:9 ; 10!14 ergs cm!2 s!1, corresponding to 8:2 ; 10!6 pho-
tons keV!1 cm!2 s!1 at 1 keV. For comparison, the intensity
of the Vela pulsar jet is '4 ; 10!5 photons keV!1 cm!2 s!1 at
1 keV (Pavlov et al. 2003).

4. ESTIMATES BASED ON THE SEDOV SOLUTION

The morphology of CTB 109 and the existence of the GMC
complex in the west suggest that the shock wave expanded into
a dense cloud and decelerated very quickly. To the east, the
shock wave is expanding into a lower density medium. CTB 109
seems to be confined by denser material in the north and south
(Fesen & Hurford 1995), which might be responsible for the
smaller radii of the northern and southern X-ray shells com-
pared to that of the eastern shell (x 2.1). However, the difference
is relatively small ('5%–10%) and overall the X-ray shell of
CTB 109 can be considered as a semicircle. Calculations for the
evolution of SNRs adjacent to a molecular cloud show that the
shock propagation on the low-density side is almost unaffected
by the presence of the molecular cloud (e.g., Tenorio-Tagle et al.
1985; Wang et al. 1992) and can be modeled as a spherical prob-
lem. The X-ray temperature of '(3 8) ; 106 K and the bright
and well-defined X-ray rim of the remnant, as well as the lack of
optical emission except in a few particular regions with higher
density, indicate that the remnant has not yet reached the radi-
ative phase. To estimate physical parameters for the remnant,
we apply the shock jump conditions and the Sedov–Taylor–von
Neumann similarity solution (Sedov 1959; Taylor 1950; von
Neumann 1947). We assume a distance, D, to CTB 109 of 3:0$
0:5 kpc as estimated by Kothes et al. (2002) and introduce a
scaling factor d3 ¼ D=3:0 kpc. For the mass and densities, the
following relations apply: Assuming cosmic abundances (Anders
& Grevesse 1989), the gas density (excluding electrons) is n ¼
1:1nH, where nH is the atomic H number density. The electron
number density depends on the ionization state of the gas; if we
assume at least single ionization for each element, ne ¼ (1:1
1:2)nH, and the total number density, including electrons, is ntot ¼
ne þ n ¼ (2:2 2:3)nH. The corresponding mass per free particle
is m̄ ¼ (0:64 0:61)mp, with proton mass mp ¼ 1:67 ; 10!24 g.
The mean mass per nucleus in any ionization stage is m̄n ¼
1:4mp. In the following, subscript ‘‘0’’ denotes preshock values,
and subscript ‘‘s’’ denotes postshock values.

For the radius of the blast wave, we use the distance of the
eastern shell from the pulsar as estimated from the EPIC image:
Rs ¼ 18A5$ 1A0¼ (16$ 1)d3 pc¼ (5:0$ 0:3) ; 1019d3 cm. If
a supernova occurs near a molecular cloud, the shock can be re-
flected at the cloud surface and cause the center of divergence of
the velocity field to move away from the cloud (Tenorio-Tagle
et al. 1985). The pulsar might also have a proper motion. Con-
sequently, in the case of CTB 109 the distance of the eastern part
of the shell to the pulsar is only an estimate of the radius. An
alternative way to estimate the radius of the remnant is to measure
the half of the extent of the shell in the north-south direction.
However, as there is dense matter both north and south of the
remnant that might interact with the shock front, the north-south
extent rather provides a lower limit for the size of the remnant.

For the temperature, we use the result from the VNEI fits of
the spectra in regions 7–9. The weighted mean of the temper-
ature is calculated from the results that have been obtained by

fitting the PN and MOS1/2 spectra separately and from the re-
sults of the simultaneous fits of the PN andMOS1/2 spectra. As
the comparison of these results with the values for the east-
ern shell (Table 3) shows, there is a discrepancy of P0.08 keV
between the average temperature derived from the circular re-
gions and the temperature obtained for the outer shell. To allow
for the variation between the kT estimates, we increase the error
estimate to 0.10 keV for this calculation and obtain for the tem-
perature of the eastern part of the remnant shell TX ¼ 0:62$
0:10 keV ¼ (7:2 $ 1:2) ; 106 K.

At the discontinuity of the shock front, the density jump is
n ¼ 4n0, with n0 being the preshock ambient density of nuclei.
Inside the shock front, the density decreases toward the center
because of the adiabatic expansion of the remnant (Heiles 1964;
Cox & Anderson 1982). In order to derive further parameters,
we use the distribution of the normalized density of the nuclei,
n(R)=n0 ¼ nH(R)=nH;0, as calculated by Cox &Anderson (1982)
and compute the emissivity numerically. The emitting volume is
modeled as a cylinder intersecting a spherical remnant with the
long axis of the cylinder running along the line of sight through
the remnant. The radius of the cylinder is simply the radius of
the extraction region, which, in this case, is r ¼ 8000 ¼ 1:2d3 pc
for D ¼ 3:0d3 kpc.

From the spectral fits of the EPIC data of regions 7–9 with the
VNEI model, we derive the normalization in XSPEC as K ¼
(10!14=4(D2)

R
1:2n2H; s dV ¼ (1:6$ 0:5) ; 10!3 cm!5. Since the

integral of the normalized density n(R)/n0 over the volume can
be calculated numerically, the ambient ISM density n0 is esti-
mated from the normalization K:

K ¼
1:2 ; 10!14n2H;0

4(D2

Z
nH
nH;0

! "2

dV : ð1Þ

The projected volume is V ¼ 42d 3
3 pc3, and the integral isR

(nH=nH;0)
2 dV ¼ 240d 3

3 pc
3. Thus, the preshock H density is

nH;0 ¼ (0:14 $ 0:02)d!0:5
3 cm!3, and the preshock density of

nuclei n0 ¼ 1:1nH;0 ¼ (0:16 $ 0:02)d!0:5
3 cm!3.

In the case of full equilibration between the electrons and the
nuclei, the shock velocity is related to the postshock temper-
ature as

TX " Ts ¼
3m̄

16k
v2s ; ð2Þ

where k ¼ 1:38 ; 10!16 ergs K!1 is Boltzmann’s constant.
With a mean mass per free particle of m̄ ¼ 0:61mp for a fully
ionized plasma, the shock velocity is estimated as vs ¼
½(16kTX)=(3 ; 0:61mp)+1=2 ¼ 720 $ 60 km s!1.

It is possible that the electrons and ions are not fully equil-
ibrated in the shock, in which case the ion temperature Tion may
be higher and the electron temperature Te much lower than
the mean plasma temperature T " Tion. The electrons and ions
would then equilibrate slowly through Coulomb collisions. The
plasma X-ray emissivity depends primarily on the electron tem-
perature, and the deduced velocity would be larger. Ghavamian
et al. (2003) and Rakowski et al. (2003) have analyzed the blast
wave of the SNR DEM L71 in the Large Magellanic Cloud and
find values for Te /Tion at different locations ranging from 0.01
(almost no equilibration) to 1.0 (full equilibration). The evolu-
tion of the electron temperature and its ratio to the mean post-
shock temperature in two-fluid phase SNR shocks has been
studied by Itoh (1978). Applying the Sedov similarity solution
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to the energy equation and the equation of state for the elec-
tron gas and assuming Coulomb interactions between the elec-
tron and the ion gas, he shows that the ratio g ¼ Te=T is a
function of a reduced time variable # ¼ t3(n

8
0=E

3
51)

1=14 that de-
scribes the thermal structure of the blast wave; t3 is the time
elapsed since the explosion (in units of 103 yr), n0 is the pre-
shock density of the nuclei (in units of cm!3), and E51 is the
initial blast energy (in units of 1051 ergs). From X-ray measure-
ments one obtains the X-ray temperature, TX, the ambient den-
sity, n0, and the radius, Rs , of the SNR. Since these three values
are related to each other as f ¼ TX=T ¼ 0:043TX(Rsn0)

!1=2#7=5,
Itoh (1978) derives the value of f ¼ TX=T from the intersection
of the curve f (#) with the theoretical curve for Coulomb equil-
ibration g (#) ¼ Te=T . Based on this method, we determine
a lower limit for the ratio Te=Ts " TX=Ts " 0:4 and an upper
limit for the velocity vs ¼ ½(16kTX)=(3 ; 0:4 ; 0:61mp)+1=2 ¼
1140 $ 90 km s!1.

The age of the remnant can be estimated from the shock
velocity using the similarity solution:

vs ¼ Ṙs ¼
2Rs

5t
: ð3Þ

Under the assumption of full equilibration of electron and ion
temperatures, this yields an age estimate of t ¼ (2:8 $ 0:3) ;
1011d3 s ¼ (8:8 $ 0:9) ; 103d3 yr. If equilibration in the shock
is incomplete, the age estimate would be lower. For the lower
limit of Te=Ts ¼ 0:4, the age would be t ¼ (1:8 $ 0:2) ;
1011d3 s ¼ (5:6 $ 0:6) ; 103d3 yr.

We estimate the initial energy of the explosion from

Rs ¼
2:02E0t

2

m̄nn0

! "1=5

; ð4Þ

where the mean mass of the nuclei is m̄n ¼ 1:4mp. Solving for E0

gives E0 ¼ (1=2:02)R5
s m̄nn0t

!2 ¼ (7:4$ 2:9) ; 1050d 2:5
3 ergs, as-

suming full equilibration between the electrons and ions, and
E0 ¼ (18:5$ 7:3) ; 1050d 2:5

3 ergs, assuming partial equilibra-
tion with a lower limit of the temperature ratio of Te=Ts ¼ 0:4.
The mass swept up by the SNR shock wave is M ¼ (4(=3)
R3
s1:4mpn0 ¼ (97 $ 23)d2:5

3 M, if we assume a uniform ambient
medium.

Wang et al. (1992) have numerically modeled an SNR next
to a dense molecular cloud, using the Kompaneets (1960) ap-
proximation. They obtain a geometry comparable to that of
CTB 109, 1:3 ;104 yr after the explosion in an ISM with a
density of n0 ¼ 0:13 cm!3. This value for the ambient density
agrees well with the result we obtain from the XMM-Newton
data. The assumed initial energy is E ¼ 3:6 ; 1050 ergs, 2–
5 times lower than the energies we derive in our calculations.
Consequently, the age estimate of Wang et al. (1992) is higher.

Rho & Petre (1997) have fitted a two-temperature Raymond
& Smith model to the ROSAT PSPC spectrum of the north-
ern shell, but the eastern shell is well fitted with a single-
temperature model with a relatively low temperature of kT ¼
0:21þ0:05

!0:04 keV. They derive a shock velocity of vs ¼ 380 km
s!1, which is much lower than the EPIC result, and a remnant
age of 1:9 ; 104 yr assuming a distance of 4 kpc. This age is
2–4 times higher than our estimate. If we assumed a larger
distance of 4 kpc, the calculation for the full equilibration
case would yield 1:2 ; 104 yr.

5. DISCUSSION

5.1. X-Ray Spectrum

ROSAT PSPC and Broad Band X-Ray Telescope (BBXRT)
spectra of CTB 109 have been analyzed by Rho & Petre
(1997). Assuming nonequilibrium ionization, they derive kT ¼
1:7 keV and net ¼ 1:4 ; 1010 cm!3 s for the southern part of
the remnant. A fit of the Lobe spectrum with a two-component
Raymond & Smith model yields kTlow ¼ 0:16þ0:03

!0:04 keV and
kThigh ¼ 0:56þ0:20

!0:10 keV. Their estimate for the column density,
NH, for foreground absorption is 9:2þ1:0

!1:5 ; 10
21 cm!2. No spec-

tral lines can be resolved in the ROSAT PSPC spectrum,
whereas the improved spectral resolution of XMM-Newton
EPIC allows lines to be identified, and the continuum can also
be better determined. Therefore, with the XMM-Newton EPIC
data we can show that the emission is arising from a plasma out
of ionization equilibrium and also determine the temperature
more accurately. In contrast to the ROSAT results, we obtain a
good fit of the EPIC spectra of the Lobe with a single NEI
model with a temperature comparable to that of the high-
temperature component of Rho & Petre (1997). The column
density NH of the EPIC fit is lower than that from the ROSAT
data ('5 ;1021 cm!2). Presumably, the lower spectral resolu-
tion data of ROSAT PSPC allowed successful fits to two
equilibrium plasma models, but with a higher absorbing col-
umn density.
Parmar et al. (1998) have fitted the BeppoSAX LECS spec-

trum of the whole remnant shell with a nonequilibrium ion-
ization model and obtain kT ¼ 0:95þ0:65

!0:27 keV, net ¼ 3:8þ3:8
!1:6 ;

1011 cm!3 s, and NH ¼ 6:9þ0:7
!1:2 ; 10

21 cm!2. The analyzed spec-
trum does not include the emission from the pulsar and the
Lobe but encompasses the rest of the remnant. The large errors
of the fit parameters of the BeppoSAX spectrum are presumably
caused by the lower spectral resolution compared to XMM-
Newton EPIC, as well as the large extraction region including
emission from various parts of the SNR.
For the XMM-Newton EPIC data of CTB 109, we use an NEI

model for a collisional plasma with variable abundances for Mg
and Si, while fixing the abundances of other elements to solar
values. In the shell and in the Lobe, the temperature is kT ¼
0:50 0:70 keV, the ionization timescale ! " (1 3) ; 1011 s
cm!3, and the column density NH ¼ (5 7) ; 1021 cm!2, with
the exception of region 5 in the northeastern shell, where the
temperature is low ('0.3 keV) and the ionization timescale is
high [(4 6) ; 1011 s cm!3]. In the region corresponding to the
CO arm, the absorption seems to be higher with NH ¼ (1:0$
0:1) ; 1022 cm!2, indicating that there is additional material
along the line of sight to the SNR. Abundances are consistent
with solar values in the whole remnant, except for one region
(the bright central region of the Lobe), where Si appears to be
overabundant ('1:6 $ 0:2 times solar). Since this marginal in-
dication of overabundance is obtained only for Si in one region
within the Lobe, while all the other abundances are consistent
with solar, we conclude that there is no compelling evidence for
ejecta emission. Given the large intensity variations within the
remnant, it is somewhat surprising that none of the brighter
regions show evidence of enhanced abundances. It may be the
case in CTB 109 that the ejecta mass is relatively low and the
current amount of swept-up matter is relatively high such that
the ejecta will be difficult to detect. Although X-ray emission
from ejecta is generally observed in SNRs up to an age of a few
times 103 yr, there are remnants younger than CTB 109 that
show no evidence for ejecta. For example, Kes 79 is estimated
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to be '6000 yr old and has no obvious emission from ejecta
(Sun et al. 2004).

5.2. Interaction between the SNR
and the Giant Molecular Cloud

As Tatematsu et al. (1985) have shown, the CO emission
stretches from the GMC both north and south of CTB 109. In
the optical band, filamentary structures have been found that
are located at the rim of faint H ii regions north and southeast
of the SNR. At the position of the filaments, the H ii regions
overlap with the remnant in projection. This suggests that the
optical emission is mainly caused by the interaction of the
remnant with dense material harboring the H ii regions (Fesen
& Hurford 1995). The diffuse H ii regions are probably asso-
ciated with the outskirts of the molecular cloud complex to the
west. From [S ii] line ratios, Fesen & Hurford (1995) derive
preshock cloud densities of up to '20 cm!3 for the optical
filaments. New H i and CO data (Kothes et al. 2002) make it
clear that the remnant is located in a density gradient: very high
density in the molecular cloud in the west and low density in
the emission gap in the east of the SNR. As Kothes et al. (2002)
point out, the H i map indicates that the SNR is not expanding
inside a stellar wind bubble, since there is no evidence for a
lower density cavity in H i with a pronounced rim.

Tenorio-Tagle et al. (1985) have performed two-dimensional
numerical hydrodynamical calculations for the evolution of an
SNR in or near a molecular cloud. If a supernova with an initial
energy of E " 1051 ergs occurs in a low-density ISM (1 cm!3),
the remnant shell becomes radiative after '5 ; 104–105 yr
when it has reached a radius of R " 30 pc. However, if the
explosion occurs in a molecular cloud that has a higher density
(103 cm!3), the Sedov phase is shorter ('103 yr) and R smaller
('1–6 pc, Shull 1980; Tenorio-Tagle et al. 1985; Chevalier
1999). In the case of a supernova explosion inside a molecular
cloud, a breakout occurs if the shock reaches the edge of the
cloud. For CTB 109, the position of the pulsar and the shell
relative to the GMC complex, as well as the semicircular shape
of the shell, indicates that the supernova explosion was pre-
sumably located outside and close to a GMC. As Tenorio-Tagle
et al. (1985) make clear in their calculations, a reflected shock
forms from the cloud surface if the explosion takes place
outside the cloud, but the shock transmitted into the cloud is
weak and has a minor effect on the cloud surface. The reflected
shock can cause an additional velocity component to the ex-
pansion of the SNR, directed away from the cloud. Wang et al.
(1992) have modeled CTB 109 as a supernova explosion near
(2 pc) a large molecular cloud, assuming an initial energy of
E ¼ 3:6 ; 1050 ergs, an ISM density of n0 ¼ 0:13 cm!3, and a
cloud density of n ¼ 36 cm!3. They reproduce a semicircular
shell of the observed size at the age of 1:3 ; 104 yr.

The deep EPIC mosaic image of CTB 109 confirms that there
is no emission in the western part of the remnant. In combina-
tion with the morphology of the remnant in the radio, this in-
dicates that the shock wave has been stopped completely in the
west. However, no indication has been found for a molecular
shock in the GMC (Koralesky et al. 1998 and references
therein). It is possible that there is enough material in un-
shocked parts of the GMC that lie in front of the interaction
region such that any emission from this region could be ab-
sorbed. Hard point sources discovered in the X-ray–faint parts
of the SNR (x 2.2) also suggest the existence of absorbing
material in front of the SNR.

5.3. Lobe as Shocked Cloud

Our analysis of the XMM-Newton EPIC data shows that
the spectral properties of the Lobe are very similar to those of
the remnant shell. Moreover, the merged XMM-Newton image
(Fig. 1) corroborates that the Lobe and the pulsar are not re-
lated morphologically, confirming that the Lobe is not a jet phe-
nomenon. Rho & Petre (1997) have suggested that, as a result
of the interaction between the SNR and the GMC in the west, a
reflected shock has propagated into the SNR. Rayleigh-Taylor
instabilities might have formed between the thin SNR plasma
and the dense GMC, possibly producing a structure such as the
Lobe. Another possibility is that there are denser clouds in the
outer parts of the GMC complex that have been shocked by
the SNR blast wave. In projection, the Lobe and the bright knots
in the northern part of the remnant seem to trace the outer bound-
ary of the CO arm and therefore might be emission from shocked
interstellar clouds on the outskirts of the GMC complex.

Tatematsu et al. (1990) point out that a density fluctuation in
the preshock gas might have resulted in a local excess of the
postshock emission measure seen as the Lobe. They estimate
that a cloud with a density 2–5 times higher than the average
preshock density in the ambient medium could have produced
the Lobe. However, they find no evidence of CO gas acceler-
ated by the SNR shock wave. In the far-infrared, Coe et al.
(1989) have found a region with bright emission northeast of
the Lobe. This region also coincides with the eastern edge of
the CO arm extending from the western molecular cloud com-
plex, which suggests that this emission is caused by a shocked
cloud. Fesen & Hurford (1995) have found optical filaments at
the southwestern edge of the Lobe, i.e., closer to the center of
the remnant. All the other optical filaments detected in their
observations are located along the northern and southern shell
of the remnant and seem to be the result of the SNR interact-
ing with material associated with the H ii regions in the north
and south. Usually, optical filaments are believed to be thin,
shocked regions tangent to the line of sight. Since the diffuse
optical emission in the north extends southward to the posi-
tion of the Lobe, they suggest that the central filamentary emis-
sion arises from shocked gas along the projected edge of an
interstellar cloud. Assuming a shock velocity of 100 km s!1,
the observed [S ii] line ratio corresponds to a preshock cloud
density of ncloud ¼ 5 cm!3 (Fesen & Hurford 1995).

The interaction between a shock wave and a density enhance-
ment like an interstellar cloud has been studied theoretically by
many authors. Two-dimensional hydrodynamical calculations
give information about the dynamical evolution of an interac-
tion between the SNR blast wave and a dense cloud (e.g.,
Bedogni & Woodward 1990; Mac Low et al. 1994; Klein et al.
1994). The cloud fragments as a result of the interaction. This is
also observed in three-dimensional simulations by Xu & Stone
(1995), who in addition show that the morphology of the cloud
after the interaction depends strongly on the initial shape of the
cloud. Klein et al. (2003) have performed a laboratory experi-
ment using the Nova high-energy density laser at Lawrence
Livermore National Laboratory in order to study the interaction
of a shock wave with a high-density sphere located in a low-
density medium. They confirm that the evolution of the sphere
after the interaction depends on the density ratio of the high-
density to low-density medium, & , and the Mach number of the
shock wave, as shown by Klein et al. (1994). The high-density
sphere (& ¼ 10) is destroyed by the interaction with a shock
wave with a Mach number of 10.
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In order to better understand the possible origin of the Lobe
emission in CTB 109, we estimate cloud densities from the
results of XMM-Newton observations based on analytical esti-
mates by Sgro (1975) for a planar shock-cloud interaction.
There are two limiting cases, the ‘‘cold’’ cloud case and the
‘‘hot’’ cloud case, depending on the cooling timescale in the
postshock cloud gas relative to the crossing time for the trans-
mitted cloud shock. A critical density is estimated by equating
the cooling time and the shock crossing time:

ncrit ¼ 5:8 ; 10!4' 5=7v10=7s n
5=7
0 a!2=7; ð5Þ

where ' is the ratio of the pressure behind the transmitted
cloud shock and the pressure in the shocked ambient ISM, vs
is the shock velocity (in km s!1), n0 is the ambient preshock
density (in cm!3), and a is the size of the cloud (in pc). For a
density contrast of & ¼ ncloud=n0 ¼ 10, 100, and 1, ' is 2.6,
4.4, and 6.0, respectively (Sgro 1975). If the cloud is denser
than ncrit , the shocked cloud gas cools rapidly (cold cloud)
and, after having reached a temperature below '104 K, pro-
duces line emission of lower ionization stages of the constit-
uent elements. In the hot cloud case, the cloud density is lower
than ncrit and the temperature is still higher than '106 K when
the transmitted shock reaches the end of the cloud. The cloud
emits X-rays and optical lines of higher ionization stages. How-
ever, there will be no region that has cooled down to '104 K;
therefore, no H$ emission will be detected.

To estimate the properties of a hypothetical uniform cloud in
the Lobe region, we use the values obtained in x 4 from the
Sedov analysis of the EPIC data, i.e., vs ¼ 720 km s!1, under
the assumption of full equilibration between electrons and ions
behind the shock, and n0 ¼ 0:16 cm!3. The critical density ncrit
as a function of the cloud size a (eq. [5]) is plotted in Figure 9
for three different values for the density contrast & ¼ 10, 100,
and 1. The region below the line corresponds to the hot cloud
case, whereas the region above is the cold cloud case. As-
suming an ambient density of n0 ¼ 0:16 cm!3, the initial cloud
density ncloud ¼ 1:6 and 16 for & ¼ 10 and 100, respectively.

Parameter ncloud is also indicated in the diagram with thin
horizontal lines. As can be seen in Figure 9, for & ¼ 100 we
would have the cold cloud case for all clouds with a > 0:1 pc.
However, the observed soft X-ray emission from the Lobe in-
dicates a hot cloud case. If we assume a cloud size a ¼ 1 pc and
a density contrast & ¼ 10, equation (5) yields a critical den-
sity of ncrit ¼ 3:7 cm!3, while a cloud size of a ¼ 0:5 pc with
& ¼ 10 results in ncrit ¼ 4:6 cm!3. For a likely cloud size a "
1 pc, & ¼ 10 would result in a hot cloud. Therefore, the Lobe
emission is indicative of an interaction between the shock wave
of CTB 109 (vs ¼ 720 km s!1, n0 ¼ 0:16 cm!3) and an inter-
stellar cloud with a density ncloudP 5 cm!3.

6. SUMMARY

We have studied the Galactic SNR CTB 109 using EPIC data
of five XMM-Newton pointings. The deep EPIC image, created
from all of these observations, shows no emission in the western
part of the shell. This confirms that the remnant has its semi-
circular morphology because the progress of the shock wave
has been stopped by the GMC. We find no morphological ev-
idence for a connection between the Lobe and the pulsar. The
mosaic RGB image reveals some regions and clumps within
the remnant that appear to have harder or softer spectra than
the average spectrum. However, a detailed spectral analysis in-
dicates that only two regions have significantly different fit-
ted values for the NH, temperature, or ionization timescale. The
Lobe region appears to have rather small spectral variations.
Using the RGB composite image as a guide, we extract

spectra for different parts of the remnant in circular regions
and polygon regions. Best-fit results are obtained with a single-
temperature nonequilibrium ionization model for a collisional
plasma. Abundances are determined for Mg and Si, while the
abundances of the other elements are fixed to solar values. As
the spectra show no indication of nonthermal emission, we de-
rive upper limits in the energy range of 0.3–10.0 keV. In the
eastern part of the shell, where emission is believed to arise
from the forward shock, the upper limit of nonthermal emis-
sion is less than 2% of the thermal emission.
Analysis of the spectra of four regions in the Lobe indicates

that the spectral variations seen in the RGB composite image
are caused by small differences in temperature, ionization time-
scale of the plasma, and NH. None of these differences are
significant at the 90% confidence level. There is no significant
evidence for nonthermal emission from the Lobe. The upper
limits of the nonthermal emission are low; the flux upper limit
for the entire Lobe in the energy range of 0.3–10.0 keV is 6:9 ;
10!14 ergs cm!2 s!1 with an average surface brightness of 1:1 ;
10!15 ergs cm!2 s!1 arcmin!2, about 5 times lower than the flux
from the X-ray jet of the Vela pulsar. The detailed spectral
analysis shows that the spectra of the Lobe and the remnant
shell are remarkably similar, with kT ¼ 0:50 0:70 keV, ! ¼
(1 3) ; 1011 s cm!3, and NH ¼ (5 7) ; 1021 cm!2. Mg and Si
abundances turn out to be consistent with solar values in almost
all analyzed regions of the SNR except in the bright central
part of the Lobe where the Si abundance is slightly higher than
solar ('1:6 $ 0:2 times solar). This marginal indication of
overabundance, only seen in one region of the SNR, is not
indicative of ejecta emission. The small color variations seen in
the RGB composite image do not result in significant differ-
ences in the fitted spectral parameters. We use the Mg line
emission as an NEI line diagnostic. We fit the Mg xi triplet and
Mg xii Ly$ line features with Gaussians and derive a lower

Fig. 9.—Critical density ncrit (Sgro 1975) as a function of cloud size a for
vs ¼ 720 km s!1 and n0 ¼ 0:16 cm!3 (thick lines). The solid line is for & ¼ 10,
dashed line for & ¼ 100, and dot-dashed line for & ¼ 1. For & ¼ 10 and 100,
the corresponding cloud density is shown with thin lines for n0 ¼ 0:16 cm!3.
The dotted lines indicate a ¼ 0:5, 1, and 5 pc.
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limit for kT that is consistent with the results from the global
NEI fits of the EPIC spectra.

The detailed spectral analysis does confirm significant spec-
tral variations for two locations within the remnant. The north-
eastern part of the shell, right next to a radio bright knot,
contains a bright spot with lower temperature (kT " 0:3 keV)
and higher ionization timescale [! ¼ (4 6) ; 1011 s cm!3]. In
this region, Fesen & Hurford (1995) have found two bright
optical filaments. The high value for ! indicates a region with a
possibly higher density; it seems that the shock wave of the
SNR has encountered a particularly dense cloud in this part of
the shell. The region just north of the pulsar corresponding
to the CO arm has a significantly higher NH ('1:0 ; 1022 cm!2)
than other regions in the remnant. The temperature and ion-
ization timescale are mostly consistent with the rest of the
remnant. We conclude that the underlying spectrum in this re-
gion is not significantly different from the spectrum of the
rest of the remnant, but the column density of material in front
of this part of the remnant is higher. We note that this larger
value of NH is consistent with what Woods et al. (2004) find
for their fits to the spectrum of 1E 2259+586 and hence
strengthens the already strong case for an association between
the remnant and the pulsar. In addition, there is marginal evi-
dence for a spectral variation with radius in the eastern shell of
the SNR. The temperature is higher in the outer eastern shell,
whereas the NH and ! values are higher for the inner shell. This
might indicate that the outer part of the shell (seen in projec-
tion) expands into a medium with lower density, while in the
inner regions the shock is affected by density enhancements in
the ISM.

From the result of the spectral analysis, we estimate an SNR
blast wave velocity of vs ¼ 720 $ 60 km s!1 assuming that the

remnant is in the Sedov phase and that there is full equilibra-
tion of the electron and ion temperatures right behind the shock
front and a remnant age of t ¼ (8:8 $ 0:9) ; 103d3 yr, at an as-
sumed distance of D ¼ 3:0d3 kpc. In the case of partial equil-
ibration with Te=Ts ¼ 0:4 as the lower limit, the blast wave
velocity would be vs ¼ 1140 $ 90 km s!1 and the remnant age
t ¼ (5:6 $ 0:6) ; 103d3 yr. We also calculate a preshock den-
sity of the nuclei n0 ¼ (0:16 $ 0:02)d!0:5

3 cm!3, initial energy
E0 ¼ (7:4 $ 2:9) ; 1050d 2:5

3 ergs (full equilibration) or E0 ¼
(18:5 $ 7:3) ; 1050d 2:5

3 ergs (Te=Ts ¼ 0:4), and swept-up mass
of M ¼ (97 $ 23)d 2:5

3 M,.
The thermal nature of the X-ray emission of the Lobe and the

optical filaments found at the southwestern edge of the Lobe are
clear indications that the Lobe is the result of the SNR shock
wave encountering an interstellar cloud (ncloudP 5 cm!3). We
infer from derived shock velocities and densities that the shock
wave traveled through the cloud on a timescale that was com-
parable to the cooling time of the shocked gas in the cloud. The
cloud was heated to temperatures of '106 K and has not yet
cooled down substantially, resulting in little optical emission.

We are grateful to V. Kaspi for providing the XMM-Newton
data (ObsID 0038140101) of 1E 2259+586. We would like to
thank A. Read and M. Freyberg for useful discussion about the
XMM-Newton EPIC background analysis. This work was sup-
ported by the NASA XMM-Newton grant NAG5-9914, NASA
contracts NAS8-39073 and NAS8-03060, and in part NASA
grants GO0-1127X and GO1-2060X. This research has made
use of the SIMBAD database, operated at CDS, Strasbourg,
France.

APPENDIX

CALCULATING NONEQUILIBRIUM LINE EMISSIVITIES

The tool neiline calculates line emissivities (using the Raymond & Smith 1977 code in its update by Brickhouse et al. 1993) for
certain nonequilibrium conditions, specifically an ionizing or recombining plasma with astrophysical abundances. We used the code
to calculate the line ratio diagnostics described herein and feel it could be of general interest to the SNR community.

The code is quite simple. After reading in the input values, it initializes the Raymond & Smith (1977; update by Brickhouse et al.
1993) plasma code, evolves the plasma, and outputs the requested emission. The user can set the abundances, the initial electron and
ionization temperatures (the initial ionization temperature is used to set the initial ionization balance), the pressure, and the
maximum time, ionization timescale, or minimum temperature for the model. The plasma evolution can be isothermal, isobaric,
isochoric, or a special case in which the plasma is isobaric until the temperature drops to a specified value after which it is isothermal.
Except in the isothermal case, the electron temperature drops by a user-defined factor (default 2%), and the cooling, ionization
balance evolution, and line emissivities are calculated by the Raymond & Smith code at each step in the evolution.

The code is written in C and FORTRAN and is available at http://cxc.harvard.edu/cont-soft/software/NEIline.1.00.html.
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ABSTRACT
We report the detection of molecular clouds around the X-ray-bright interior feature in the Galactic supernova

remnant (SNR) CTB 109 (G109.1!1.0). This feature, called the “lobe,” has been previously suggested to be the
result of an interaction of the SNR shock wave with a molecular cloud complex. We present new high-resolution
X-ray data from the Chandra X-Ray Observatory and new high-resolution CO data from the Five College Radio
Astronomy Observatory that show the region of interaction with the cloud complex in greater detail. The CO
data reveal three clouds around the lobe in the velocity interval . The velocity!1 !1!57 km s ! v ! !52 km s
profiles of 12CO in various parts of the east cloud are well fit with a Gaussian; however, at the position at which
the CO cloud and the lobe overlap, the velocity profile has an additional component toward higher negative
velocities. The molecular hydrogen density in this part of the cloud is relatively high ( cm!2),20N ≈ 1.9# 10H2
whereas the foreground absorption in X-rays ( cm!2), obtained from Chandra data, is lower than21N ≈ 4.5# 10H
in other parts of the cloud and in the north and south clouds. These results indicate that the east cloud has been
hit by the SNR blast wave on the western side, forming the bright X-ray lobe.
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1. INTRODUCTION

The progenitor stars of core-collapse supernova explosions
form in giant molecular clouds (GMCs). Since these massive
stars have a short lifetime many of them end their lives while
the parental clouds are still nearby and may even still harbor
small star-forming regions that produce stars of lower mass.
According to Cappellaro et al. (1999), in galaxies like ours
about 70% of all supernova explosions are of Type II and
should explode close to the dense clouds from which they were
formed. After these stars explode, strong shocks are driven into
the clouds, heating, compressing, dissociating, and accelerating
the gas leading, to a large variety of observable effects. A
picture-book example is the Galactic supernova remnant (SNR)
IC 443, on which most studies of SNR–molecular cloud in-
teractions have been focused (Seta et al. 1998; Bocchino &
Bykov 2000; Kawasaki et al. 2002 and references therein). But
recently more and more SNRs have been discovered interacting
with molecular clouds, e.g., W28, W44, 3C 391 (e.g., Reach
& Rho 2000; Yusef-Zadeh et al. 2003 and references therein),
and many others, among them the Galactic SNR CTB 109
(G109.1!1.0).
CTB 109 was first discovered as an SNR in X-rays with

Einstein (Gregory & Fahlman 1980) and in radio in the Galactic
plane survey at 610 MHz (Hughes et al. 1981). It has a sem-
icircular morphology in both the X-ray and the radio and is
located next to a GMC complex in the west. This semicircular
morphology suggests that the SNR shock has been stopped
entirely by the GMC complex and that the appearance is not
simply due to absorption. A linear feature in CO (the “CO
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arm”) extends from the GMC complex to the local X-ray min-
imum in the northern half (Tatematsu et al. 1987), implying
that part of the GMC complex extends in front of the remnant
(see Fig. 1). The cold interstellar medium in which the remnant
is embedded has been studied in detail by Kothes et al. (2002).
The most puzzling X-ray morphological feature in CTB 109
is the bright, extended, interior region known as the “lobe.”
The X-ray spectrum from the lobe obtained with XMM-Newton
is completely thermal (Sasaki et al. 2004). The lobe could be
the result of a hole in the GMC allowing the X-ray emission
through with little or no absorption, or it could be the result
of intrinsically brighter emission due to an interaction between
the shock and the cloud. In order to investigate the latter hy-
pothesis, we have obtained new high-resolution X-ray and CO
data.

2. OBSERVATIONS

2.1. CO Data

Observations of the 12CO and 13CO spectral lines,J p 1–0
at 45! resolution, were obtained using the Five College Radio
Astronomy Observatory (FCRAO) 14 m antenna in 2003March.
The telescope was equippedwith the 32 element SEQUOIA focal
plane array (Erickson et al. 1999). The data were acquired
through on-the-fly mapping, in which the telescope was scanned
continuously across the sky while reading out the spectrometers
at regular intervals of 11!.25. Calibration to the scale was∗TA
done using the chopper wheel method (Kutner & Ulich 1981),
and the data were converted to the radiation temperature scale
( ) by correcting for forward scattering and spillover losses∗TR
( ). The 1024 channel spectrometers were set to a totalh p 0.7fss
bandwidth of 25 MHz (∼65 km s!1) centered on !45 km s!1.
Following recording of the data, the spectra were converted onto
a regular grid of 22!.5 pixel spacing using the FCRAO otftool
software.
The new data have higher sensitivity than the Canadian Ga-

lactic Plane Survey data (Kothes et al. 2002) and are fully
Nyquist-sampled. The higher sensitivity and the full sampling
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Fig. 1.—Distribution of molecular gas in the vicinity of the X-ray lobe as seen in the light of the 12CO (1–0) line (white contours) overlaid on a Chandra image
of the X-ray emission between 0.35 and 10.0 keV. Left: The CO data are averaged over the velocity range from !51 to !44.5 km s!1 and show the absorbing
CO in the foreground. Contours levels are at 0.5, 1.0, 1.5, 2.0, and 2.5 K. The white cross marks the position of the IR source IRAS 23004"5841. The yellow
dashed box shows the extent of the region shown in the right panel. Right: The CO data are averaged over the velocity range from !57 to !52 km s!1. Contours
levels are at 0.15, 0.25, 0.5, 0.8, and 1.2 K. Three clouds are seen Galactic north (up), east (left), and south (down) of the lobe. The positions at which the velocity
profiles in Fig. 2 are taken are marked with crosses.

TABLE 1
Calculated Cloud Characteristics and the Foreground Hydrogen

Column Density

Parameter

Value

Cloud

North East Eastern Tail South CO Arm Lobe

r . . . . . . . . . . . . . . . . . 8.1 7.6 12.0 13.0 3.5 …
t12 . . . . . . . . . . . . . . . 2.2 2.2 1.7 1.6 3.2 …
t13 . . . . . . . . . . . . . . . 0.13 0.14 0.076 0.068 0.47 …

(cm!2) . . . . . . .NH2 7.0E19 1.9E20 2.9E19 3.4E19 1.3E21 …
(cm!3) . . . . . . .nH2 10 40 5 2 100 …

Mass (M,) . . . . . . 13 50 3 25 350 …
NH (cm!2) . . . . . . . 6.3E21 5.9E21 5.0E21 6.8E21 … 4.5E21

allow us to detect the faint clouds around the lobe and study
them in great detail.

2.2. Chandra Data

The XMM-Newton observations have shown that the X-ray-
bright lobe is thermal and seem to indicate an interaction be-
tween the shock wave and a molecular cloud (Sasaki et al.
2004). Therefore, we proposed an additional deep observation
with Chandra to probe the shock-cloud interaction region at
higher angular resolution. The observation was performed us-
ing the Advanced CCD Imaging Spectrometer (ACIS) in full-
frame, timed-event mode with an exposure of 80 ks (ObsID
4626). The data were taken in the energy band of ∼0.3–10.0
keV. The ACIS-I array covered the northeast part of the SNR,
and the northern tip of the lobe was observed at the aim point.
The data are analyzed with CIAO 3.2.2 and CALDB 3.1.0.
The complete analysis of these data, including a detailed spec-
tral analysis of the whole area, will be presented in a different
paper.
Here we present the high-resolution X-ray image of the lobe

of CTB 109 obtained with Chandra ACIS-I. The image is
binned with a size of 4 pixels (1 pixel p 0!.492) and smoothed
with a Gaussian with a sigma of 2 pixels (the original pixels
binned by 4). X-ray spectra that are extracted at regions cor-

responding to CO clouds are also discussed, in order to obtain
the absorbing foreground hydrogen column density (NH). The
spectra are binned with a minimum of 50 counts per bin and
analyzed using the X-ray spectral analysis tool XSPEC. To fit
the spectra, we use a model of a thermal plasma in nonequi-
librium ionization with variable abundances (VNEI), and hy-
drogen column density, NH, for the foreground absorption.

3. DISCUSSION

3.1. CO, Infrared, and X-Ray Data

In Figure 1 we display the distribution of molecular gas in
the vicinity of the X-ray lobe. In the left image, the CO arm
discovered by Tatematsu et al. (1987) is shown. The anticor-
relation of the CO emission with the Chandra image nicely
demonstrates that this molecular cloud is located in the fore-
ground and absorbs the X-ray emission from CTB 109 coming
from behind it. In the right panel we average the CO emission
over a velocity range more negative than that of the CO arm.
We can identify three small molecular clouds surrounding the
eastern part of CTB 109’s X-ray lobe, with the brightest to the
Galactic east (on the left side of the lobe in Fig. 1, hereafter
east), a fainter one to the Galactic north (above the lobe, here-
after north), and another one in the Galactic south (below the
lobe, hereafter south), which is not fully covered by our ob-
servations. The noise level in the image is ∼40 mK. Assuming
that the progenitor star exploded at or close to the current
position of the anomalous X-ray pulsar 1E 2259"586, the
location of these clouds is suggestive of an interaction of the
SNR shock wave with those molecular clouds, resulting in
the X-ray lobe.
Most of the molecular clouds are rather faint in the 13CO

line, which is why we cannot perform a detailed comparison
with the 12CO measurements. However, we can estimate an
average brightness ratio for each of the clouds (see Table 1).
The value for the southern cloud is a bit difficult to interpret
since it is not fully covered by our observations and it seems
to consist of a number of small clouds. We find brightness
ratios between 3.5 in the dense part of the CO arm and 13 in
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Fig. 2.—Velocity profile of the eastern CO cloud at the position of IRAS
23004"5841 (a) and in the lobe (b). Solid lines show the data, dotted lines
the Gaussian fits. [See the electronic edition of the Journal for a color version
of this figure.]

the southern clouds. According to Langer & Penzias (1990),
at the galactocentric radius of CTB 109 the 12C to 13C isotope
ratio r should be about 63. This indicates that we miss some
of the 12CO emission and this line is optically thick.
In the following we assume local thermodynamic equilib-

rium and the same excitation temperature for both isotopic
species and all molecules along the line of sight in each cloud.
We determine an average optical depth for each cloud in both
lines by the following procedure: We use the 12CO to 13CO
ratio for each cloud to determine how much 12CO emission we
are missing by assuming the 13CO line is optically thin. This
can be translated to a first iteration for the optical depth t12. If
both species have the same excitation temperature the 12CO to
13CO brightness temperature ratio r can be written as r p

. From this we determine a first iteration!t !t12 13(1! e )/(1! e )
for the optical depth t13 of the 13CO line. This is again used
to determine a better value for the missing 12CO emission and
so on. This iterative procedure converges usually after just a
few iterations. The results for t12 and t13 are listed in Table 1.
To integrate the 13CO column density we actually use the 12CO
data scaled to 13CO by the brightness ratios for each individual
cloud since the signal-to-noise ratio is higher in our 12CO data.
The 13CO column density is then scaled by to deter-55# 10
mine the column density of the H2 molecules (DickmanNH2
1978). We also estimate H2 number densities and masses of
the clouds (Table 1). While the northern cloud, the southern
cloud, and the faint eastern tail of the eastern cloud have com-
parable H2 column densities (!1020 cm!2), the bright part of
the eastern cloud that overlaps the lobe has a higher N ≈H2

cm!2. It is interesting to note that we calculate a201.9# 10
peak H2 column density of cm!2 for the CO arm,212.2# 10
which compares nicely with the value of cm!2 de-212.0# 10
termined by Tatematsu et al. (1987).
In order to compare with these results, we extract spectra from

the Chandra data in regions corresponding to the CO clouds and
derive the atomic H column density NH in the foreground by
fitting the spectrum with a model including a thermal nonequi-
librium ionization model and a foreground absorption. For the
northern cloud, we obtain NH p 6.3 (5.6–7.0) # 1021 cm!2

(90% confidence range in parentheses). For the larger eastern
cloud, the foreground absorption of the part inside the lobe is
NH p 4.5 (4.2–4.9) # 1021 cm!2, outside the lobe, we get NH
p 5.9 (5.5–6.4) # 1021 cm!2, and in the eastern tail the fore-
ground absorption is NH p 5.0 (4.2–5.4) # 1021 cm!2. Al-
though the column density is largest in the bright part ofNH2
the eastern cloud, the foreground NH is the lowest. Therefore,
the eastern cloud is not located in front of the lobe. The fore-
ground absorption in the region of the southern cloud is NH p
6.8 (5.8–7.3) # 1021 cm!2. The X-ray absorption is signifi-
cantly higher in the regions corresponding to the northern cloud
and the southern cloud than in the eastern tail of the eastern
cloud. It seems that these two clouds are located in front of
the remnant and absorb some of the X-ray emission.
As the SNR is believed to be located next to the GMC, we

assume that both have a systematic velocity of !51 km s!1

(Tatematsu et al. 1987; Kothes et al. 2002). The three clouds
(radial velocities between !52 and !57 km s!1) are slightly
blueshifted from the GMC to the west, indicating that these
clouds are moving toward us relative to the GMC complex.
As the bright eastern cloud seems to be related to the X-ray
lobe, we study the velocity profiles of the 12CO emission in
different parts of the eastern cloud. This cloud contains the
infrared (IR) source IRAS 23004"5841, which has IR colors
of a star-forming region according to Wouterloot & Brand
(1989). Figure 2 compares the profiles taken at the center of

IRAS 23004"5841 (position a) and in the interior of the lobe
(position b, as marked in the right panel of Fig. 1). While the
first appears Gaussian, the latter has an additional component
toward higher negative velocities. The asymmetry observed in
the spectrum suggests that the material has been accelerated
by the shock wave of the SNR that traveled into the cloud.
The CO line profile is only broadened by a few kilometers per
second, which indicates that the acceleration is mostly perpen-
dicular to the line of sight.
The estimated mass of the part of the cloud with the high-

velocity wing is 3–4 M,. We have also taken profiles from
parts of the east cloud that do not overlap with the lobe. The
velocity profiles of the northern end of the east cloud and the
faint tail in the east show that there is a velocity gradient. The
center of the profile changes from!54.8 to !53.5 km s!1 with
increasing distance to the lobe; i.e., the eastern part of the cloud
is redshifted relative to the western part. This gradient indicates
an acceleration of the gas in the faint tail away from the eastern
cloud. As the gradient starts at the position of IRAS
23004"5841, it might be an outflow from the star-forming
region.

3.2. The Shocked Cloud
The column densities of H2 and the X-ray-absorbing hydro-

gen indicate that the northern cloud and the southern cloud are
located in front of the X-ray emission. The eastern cloud, how-
ever, seems to be linked to the lobe. Moreover, the CO velocity
profile shows an additional blueshifted component in the east-
ern cloud where it overlaps the lobe, suggesting that the cloud
has been hit by a shock. The eastern tail of the eastern cloud
does not show such an additional velocity component and
seems to be redshifted relative to the interacting part of the
cloud.
Figure 3 illustrates how the bright eastern CO cloud and the

lobe are possibly located within the remnant. As in such a
configuration the cloud would have a significant velocity com-
ponent toward us at position b whereas the acceleration is
directed perpendicular to the line of sight at position a, a high-
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Fig. 3.—Schematic view of CTB 109 showing the lobe and the eastern
cloud. The solid arrow shows the directions to which the part of the cloud at
position b has been accelerated. The velocity component directed toward us
is shown with a dotted line. As it is not certain how the cloud component at
position a is moving in reality, the possible movement of position a is shown
with a dashed arrow.

velocity wing in the velocity profile of the cloud is only ob-
served at position b.
As we believe that the X-ray lobe was formed by evapo-

ration of a cloud, we estimate the cloud mass from the
X-ray emission. We assume that the emission is coming
only from the lobe and that the evaporated cloud now fills a
sphere with a radius of 3". The XSPEC model VNEI that
we use for the spectral fits gives the normalization K p

. The mean K per arcsec2 in the lobe!14 2[10 /(4pD )] n n dV∫ e H
is cm!5 arcsec!2. For a distance kpc (Kothes!72.0# 10 D p 3
et al. 2002) and , we get cm!3 and a massn p 1.2n n p 0.9e H H
of M, for the X-ray gas of the lobe. The mass of theM p 5
observed CO clouds are higher than the estimated mass of the

evaporated cloud. This could be the reason why the clouds still
exist.

4. SUMMARY

We performed 12CO and 13CO observations, as well as a
Chandra observation, of the region around the X-ray lobe of
CTB 109. We have discovered three CO clouds around the
lobe. All three clouds are blueshifted relative to the GMC in
the west of CTB 109. The foreground NH indicates that two
clouds in the north and in the south of the lobe are located in
front of the bright X-ray lobe, whereas the east cloud might
be connected to the lobe. Therefore, the east CO cloud and the
X-ray lobe seem to be evidence for an interaction between the
SNR shock wave and a dense cloud. The velocity profiles of
the 12CO emission in the east cloud show that there is a velocity
gradient in the faint tail in the east, indicating that the eastern
part of the cloud is redshifted. The bright western part of the
cloud overlaps with the X-ray lobe. The 12CO velocity profile
at this position has an negative velocity wing indicating an
additional acceleration in this part of the cloud. At this position
where the CO and the bright X-ray emission overlap, there is
also an extended IR source (IRAS 23004"5841) that might
be emission from a star-forming region. From the new CO and
X-ray data we conclude that we have found strong evidence
for a shock-cloud interaction at the northeast end of the X-ray
lobe.
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ABSTRACT

Context. We study the X-ray emission of the Galactic supernova remnant (SNR) CTB 109 (G109.1−1.0), which is well-known for its
enigmatic half-shell morphology both in radio and in X-rays and is associated with the anomalous X-ray pulsar (AXP) 1E 2259+586.
Aims. We want to understand the origin of the X-ray bright feature inside the SNR called the Lobe and the details of the interaction
of the SNR shock wave with the ambient interstellar medium (ISM).
Methods. The Lobe and the northeastern part of the SNR were observed with Chandra ACIS-I. We analysed the spectrum of the X-ray
emission by dividing the entire observed emission into small regions. The X-ray emission is best reproduced with one-component or
two-component non-equilibrium ionisation models depending on the position. In the two-component model, one emission component
represents the shocked ISM and the other the shocked ejecta.
Results. We detect enhanced element abundances, in particular for Si and Fe, in and around the Lobe. There is one particular region
next to the Lobe with a high Si abundance of 3.3 (2.6−4.0) times the solar value. This is the first, unequivocal detection of ejecta in
CTB 109.
Conclusions. The new Chandra data confirm that the Lobe was created by the interaction of the SNR shock and the supernova
ejecta with a dense and inhomogeneous medium in the environment of SNR CTB 109. The newly calculated age of the SNR is
t ≈ 1.4 × 104 yr.

Key words. shock waves − ISM: supernova remnants − X-rays: ISM − X-rays: individuals: SNR CTB 109

1. Introduction

The Galactic supernova remnant CTB 109 (G109.1−1.0) is
the host of the anomalous X-ray pulsar (AXP) 1E 2259+586
(Fahlman & Gregory 1981) and represents one of the most exotic
and interesting objects in the X-ray sky. The study of an SNR
associated with an AXP provides valuable information on the
environment in which it formed and an independent estimate of
the age of the objects. Given that there are only three firm asso-
ciations of SNRs with AXPs (Mereghetti 2008), detailed studies
of each association will produce progress in our understanding
not only of SNRs but also of the AXPs.

The SNR CTB 109 has a spectacular semi-circular morphol-
ogy in both the X-ray and the radio. At a distance of 3.2± 0.2 kpc
(Kothes & Foster 2012), it is located next to a giant molecular
cloud (GMC) complex and is one of the most striking exam-
ples of an interaction of an SNR with a molecular cloud. Since
there is neither X-ray (see Fig. 1 in Sasaki et al. 2004) nor ra-
dio emission (Hughes et al. 1981) where the western part of
the shell would be expected, the semi-circular morphology of
CTB 109 implies that the shock has been greatly impeded or
even stopped entirely by the GMC complex in the west. A linear
feature in CO (“CO arm”) extends from the GMC complex to the
local X-ray minimum in the northern half of the SNR (Tatematsu
et al. 1987). Therefore, at least a part of the GMC complex ex-
tends in front of the remnant. CTB 109 has an X-ray bright in-
terior region known as the “Lobe”. The Lobe is brighter than
any part of the shell. Although it has been suggested that this

feature is a jet associated with the AXP 1E 2259+586 (Gregory
& Fahlman 1983), high-resolution images from ROSAT HRI
(Hurford & Fesen 1995), Chandra (Patel et al. 2001), as well
as XMM-Newton (Sasaki et al. 2004), show no morphological
connection with the pulsar. Furthermore, the X-ray spectrum
from the Lobe obtained with XMM-Newton is completely ther-
mal (Sasaki et al. 2004).

We believed that the bright X-ray emission is the result of the
interaction between the SNR shock and a molecular cloud com-
plex and therefore performed an observation with the Chandra
X-ray Observatory (Weisskopf et al. 2002) using the Advanced
CCD Imaging Spectrometer (ACIS, Garmire et al. 2003) in order
to study this interaction region in more detail. The first analysis
of the high resolution data obtained with ACIS-I in combination
with new high resolution CO data from the Five College Radio
Observatory has revealed regions with signs of interaction be-
tween the SNR shock and CO clouds (Sasaki et al. 2006). In this
paper we present the results of the spectral analysis of the entire
northeastern part of the SNR, which was observed with ACIS-I.

2. Chandra data

We observed the northeast part of the SNR in an 80 ksec pointing
of Chandra with ACIS-I as the prime instrument (ObsID 4626).
The Lobe and the northeastern part of the remant shell were
completely covered by the ACIS-I array (Fig. 1). The data were
analysed with CIAO 4.4. and CALDB 4.4.8.

Article published by EDP Sciences A45, page 1 of 9
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Fig. 1. Exposure-corrected Chandra ACIS-I intensity map
(0.35−8.0 keV). The big red circle indicates the position of the
Lobe, the yellow ellipse that of the CO arm.
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Fig. 2. Two-colour image with red (0.35−0.8 keV) and green
(1.0−8.0 keV).

2.1. Images

Figure 1 shows the exposure-corrected intensity map of the
ACIS-I data (0.35−8.0 keV). The events were binned with a
bin size of 4 pixels and the image has been smoothed with a
Gaussian kernel of 3 and 4 pixels in Figs. 1 and 2 (see below),
respectively.

Compared to the XMM-Newton image (Sasaki et al. 2004),
the Chandra image reveals more point sources. Also, struc-
tures in the dark region absorbed by the CO arm, as well as
filamentary structures in the Lobe, are resolved. The two-colour
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Fig. 3. Extracted regions overlaid on the intensity map. Point sources
are removed.

image (Fig. 2), in which the soft band (0.35−0.8 keV) is pre-
sented in red and the hard band (1.0−8.0 keV) in green, shows
colour variations in the Lobe. There is a bright yellow structure
in the central part of the Lobe, while the outer diffuser parts are
green (harder) in the east and red (softer) in the west. The two-
colour image shows spectral variations that are either intrinsic
or due to absorption or perhaps a combination of the two. The
diffuse emission in the CO arm appears to have harder spectra
consistent with higher absorption. A detailed spectral analysis
would possibly distinguish between intrinsic spectral variations
and variable absorption.

For further analysis, we divided the diffuse emission of the
SNR into small regions with similar surface brightness and
X-ray colour, and extract spectra for each region. To study the
spectra of only the diffuse emission, we first performed source
detection on the whole data (wavdetect) and excluded all de-
tected point and point-like sources in each region. The regions
used are shown in Fig. 3. The number of counts in the regions
varies from ∼4000−20 000 cts. The spectra are binned with a
minimum of 20 counts per bin so that Gaussian statistics may be
assumed in the fitting.

2.2. Spectral analysis

We analysed the spectra using the X-ray spectral fitting package
XSPEC Ver. 12.7.1. The analysis of XMM-Newton data showed
that the emission from CTB 109 is thermal with no indication
of nonthermal emission (Sasaki et al. 2004). Furthermore, the
thermal emission suggests that the plasma is not in collisional
ionisation equilibrium (CIE). Therefore, we fitted the extracted
ACIS-I spectra with non-equilibrium ionisation (NEI) models.
The foreground absorbing column density NH was modeled us-
ing TBABS (Wilms et al. 2000). We used abundances relative to
solar values reported by Wilms et al. (2000).
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Fig. 4. Contour diagram of the parameters kT and τ for the fit with one
VNEI model of region 49. The contours correspond to confidence levels
of 60%, 90%, and 99%.

2.2.1. One-component NEI model

First, we fitted all spectra assuming one VNEI component,
similar to what was used to analyse the XMM-Newton data
(Sasaki et al. 2004). Initially, the abundances were all fixed
to solar values. In regions 49 and 57, which correspond
to the outer shock, we get relatively good fits with NH =
9.6(8.8−10.5)1 × 1021 cm−2, 1.2(1.1−1.3) × 1022 cm−2, kT =
0.25 (0.22−0.27) keV, 0.25 (0.23−0.26) keV, and net > 7.2 ×
1011 s cm−3, > 2.3× 1010 s cm−3, with reduced χ2 = 1.4 for 107
and 99 degrees of freedom for regions 49 and 57, respectively
(see Fig. 4). The best fit values for the ionisation timescale are
net = 4.9 × 1013 s cm−3 and 2.1 × 1013 s cm−3 indicating CIE
in these regions.

We also freed the abundances, but the one-component de-
scription of the data is not satisfactory in about 25% of the re-
gions with reduced χ2 > 1.5, ranging up to reduced χ2 = 2.0
(see Fig. 5, upper left diagram).

2.2.2. Two-component NEI model

Therefore, in the next step we assumed two thermal VNEI com-
ponents: 1) to model the emission of the shocked ISM and 2) to
verify the existence of emission from shocked ejecta. This two-
component model improves the fits in a number of regions (see
below), especially in region 39, which had a reduced χ2 = 2.0
(103 degrees of freedom) for the one-component VNEI model
and can be fitted with a reduced χ2 = 1.1 (100 degrees of free-
dom) with a two-component VNEI model (Fig. 5, left panels).

For the ISM component, we use kT1 = 0.25 keV and
net1 = 1 × 1012 s cm−3 as starting values, representing the
best fit parameters of the single-component VNEI model for re-
gions 49 and 57. All abundances of this component were fixed
to solar values. The second component, which was introduced to
model the ejecta emission, was fitted with variable abundances
for elements showing strong emission lines. The fits required a
higher temperature of kT2 ≈ 0.6 keV. The ejecta component
with the higher temperature dominates the spectrum for energies
higher than ∼1 keV in most of the spectra (see Fig. 5, middle

1 All errors in this paper are 90% confidence errors.

panels). The abundances of Mg, Si, S, for which emission lines
are visible in the spectra, as well as Fe, were freed for the second
(ejecta) model component and fitted. In some regions, higher
abundances are found for Si and Fe in particular (see Fig. 5, right
panels).

2.2.3. F-test

To verify how much the fits improve by including a second VNEI
component, we performed an F-test for the one-componentVNEI
and two-component VNEI models for all regions. In 27 out of
58 regions, the two models differ with probabilities higher than
99.9%. In order to visualise the variations of the spectral prop-
erties, we created a map of the spectral parameters by filling
each region with the corresponding parameter value. In the top
row of Fig. 6 we show the distribution of the temperature pa-
rameter kT of the one-component VNEI model for regions in
which the F-test indicated no necessity of an additional com-
ponent (left) and the distributions of kT1 (ISM) and kT2 (ejecta)
of the two-component VNEI model (middle and right, respec-
tively). Regions in which the F-test confirmed an improvement
of the fits after including the second VNEI component are marked
with white crosses. The middle and bottom rows in Fig. 6 show
the same for the ionisation timescales τ (left) and τ2 (right) and
the foreground column densities NH for the one-component (left)
and two-component (right) fits.

3. Discussion

The analysis of the Chandra ACIS spectra of the northeastern
part of the SNR CTB 109, divided into small regions, has shown
that the spectra can be well fitted by a one-component VNEI
model in many regions. However, in 50% of the regions a two-
component model consisting of two thermal VNEI models with
two different temperatures improves the fit significantly. In this
model, the first component is used to describe the emission from
the shocked ISM, while the second component reproduces the
emission from the ejecta. Therefore, we believe that there are at
least two emission components in all regions. In cases in which
the one-component model yields a sufficiently good fit, the tem-
perature and the ionisation timescale most likely tend towards
values of the component of the multi-temperature spectrum that
dominates the emission. We base our discussion on the results
obtained with the two-component spectral fits for all regions.
The diagrams in Fig. 7 show the relations between some param-
eters derived from the fits (see following subsections for further
discussion).

The temperature of the ISM component (Fig. 6, upper mid-
dle) is comparable in all regions and is low (∼0.1−0.3 keV),
while the temperature of the ejecta component is higher
(∼0.4−0.9 keV, Fig. 6, upper right). The ionisation timescale
of the ejecta component is τ2 = 1011−12 s cm−3 (Fig. 6, mid-
dle right panel) except for regions at and around the CO arm,
in which τ2 tends to be higher. The higher values for τ2 in the
CO arm regions indicate a higher density as we can assume that
these regions have been shocked at a similar time to the rest of
the remnant.

The NH images (Fig. 6, lower panels) show that the fore-
ground absorption is high near the CO arm (NH > 1.1 ×
1022 cm−2). Around and, in particular, west of the Lobe, the
foreground absorption is lower (NH < 1.0 × 1022 cm−2), while
it seems to be higher southeast of the Lobe.
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Fig. 5. Left: Chandra ACIS-I spectrum of an interior region 39 with the best fit single-component VNEI model (upper diagram, reduced χ2 = 2.0
for 103 degrees of freedom) and two-component model (lower diagram, reduced χ2 = 1.1 for 100 degrees of freedom). Middle: spectrum of the
outermost region 57 in the east (upper) and an interior region 54 (lower) with the best fit 2 VNEI model. The relative flux of the ejecta component
(dotted) with respect to the ISM component (dashed) in region 57 is lower than in most other regions. Right: spectrum of region 17 with enhanced
Si emission (upper diagram). The Mg, Si, and S triplets are marked. For comparison, the spectrum of region 08, which is the
brightest region in the Lobe next to region 17, is shown (lower diagram). The best fit 2 VNEI model is additionally plotted in the diagrams.

3.1. Filling factors and ejecta mass

CTB 109 is an evolved SNR in the Sedov phase. In such a
remnant, which also shows interactions with denser molecular
clouds, we can assume that the reverse shock has already propa-
gated to the centre and thus heated most or all of the ejecta. The
spectral model provides us with the normalisation parameter

norm1,2 =
10−14

4πD2 ×
∫

n1,2 ne 1,2 f1,2 dV, (1)

with f1 and f2 being the filling factors of the ISM and ejecta
components, respectively ( f1 + f2 = 1). For the distance to the
SNR, we use D = 3.0 ± 0.5 kpc as estimated by Kothes et al.
(2002) and confirmed by Kothes & Foster (2012, 3.2± 0.2 kpc).
To calculate the filling factor for the ejecta component f2 we
assume pressure equilibrium between the two thermal compo-
nents. Applying momentum conservation for the shock propa-
gating through these components, we get

f2 =




norm1 T 2
1

norm2 T 2
2

+ 1


−1

(2)

(see Bocchino et al. 1999).
The resulting parameter map for the filling factor of the

ejecta component of the two-component VNEI fits is shown in
Fig. 8 for all regions. We indeed see a trend in the parameter
value distribution map in Fig. 8, in which the inner (western) re-
gions tend to have higher f2 values than the outer regions.

We can estimate the total ejected mass using the filling
factor f2 and the density n2 derived for the ejecta component
from Eq. (1). We assume that the SNR is a half sphere with
a radius of 18.′5 ± 1.′0 as determined from the XMM-Newton
EPIC images by Sasaki et al. (2004). For D = 3.0 ± 0.5 kpc,
R = 16 ± 3 pc = 5.0 ± 0.8 × 1019 cm. Since we have performed

spectral analysis using a model with two thermal components
only in regions that have been observed with Chandra ACIS-I,
we use the median values of f2 and n2 from the two-component
fits to estimate the total mass of the ejecta. With f2,median = 0.44
and n2,median = 0.62 cm−2, the total ejecta mass under the as-
sumption of a half sphere as seen, e.g., in the XMM-Newton mo-
saic image, is Mejecta = 60 M'. The density n2 in the regions
observed with Chandra varies from 0.23 to 0.81 cm−2, while the
filling factor f2 has values between 0.29 and 0.91. Therefore,
these estimates have uncertainties of ∼50%, whereas the volume
may also have an uncertainty of the same order since the X-ray
emitting hot gas might not fill the entire volume applied for the
estimate. In addition the ejecta might be clumped and thus not
uniformly distributed in the assumed volume. If we suppose that
the ejecta only fills 30% of the volume, the ejecta mass will be as
low as Mejecta = 20 M'. Therefore, one should keep in mind that
Mejecta is a very crude estimate. However, even the lower limit of
Mejecta = 20 M' would rule out a Type Ia supernova as the origin
of CTB 109.

3.2. Pressure

In the norm1,2/A-kT1,2 diagrams in Fig. 7 (upper two dia-
grams) we have plotted lines of constant pressure with p/k =
106 cm−3 K (blue) and 107 cm−3 K (green) for different values
of filling factors and depths of the emitting volume in the SNR.
These lines were calculated from the best fit parameters assum-
ing pressure equilibrium between the ISM and ejecta compo-
nents. All the data points are consistent with a thermal pressure
of p/k ≈ 107 cm−3 K, corresponding to 1.4 × 10−13 dyne cm−2.
The scatter is mainly due to the different filling factors and the
uncertainties in the size of the emitting volume along the line
of sight.
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Fig. 6. Top: best fit temperature parameters for the one-component VNEImodel (kT ) in regions in which the F-test indicated that the one-component
model fits the spectrum sufficiently well (left) and temperature parameters kT1 and kT2 for the two-component fits for all regions (middle and right,
respectively). Middle: best fit values for the ionisation timescale τ for the one-component VNEI model (left) and the ionisation timescale τ2 for the
dominating ejecta component for the two-component fits (right). Bottom: best fit values for the foreground NH for the one-component VNEI model
(left) and for the two-component fits (right). The crosses mark the regions in which the F-test indicated that the two-VNEI component model yields
a better fit (see Sect. 2.2.3).

3.3. Age estimate

In the τ2-norm2/A plot in Fig. 7 (lower diagram), we plot the
ionisation timescale τ2 of the ejecta component versus the nor-
malisation norm2 per area A of each region.

To study the dependence of the X-ray surface brightness,
measured as the normalisation parameter per area norm2/A, and
the ionisation timescale τ2, we can replace ne by τ/t in Eq. (1).

We then get norm2/A as a function of τ for a given t. The value
of norm2 depends on the emitting volume, thus on the depth of
the volume along the line of sight for each region. Assuming that
the AXP is located at the centre of the circle corresponding to the
SNR shell, we calculated the minimum and maximum distances
from the AXP for each region. The calculated isochrones for dif-
ferent t values are also shown in the τ2-norm2/A plot. The two
lines for each time t show the possible ranges for the depth of
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Fig. 7. Distribution of the parameter values for the fit with two VNEI
components. The labels of the data points are region numbers. The lines
in the diagrams for surface brightness norm1,2/A against temperature
kT1,2 (upper and middle panels) show the isobars for p/k = 106 cm−3 K
(blue) and 107 cm−3 K (green) for different values of the filling fac-
tors in the remnant and the size of the emitting volume along the line
of sight. The line for each filling factor with the lowest norm1,2/A are
marked with a thicker line and labelled with the f1,2 value. The lines
in the diagram showing the surface brightness as norm2/A against the
ionisation timescale τ2 (bottom panel) are isochrones for t = 10 000,
20 000, 50 000, and 100 000 yr. A range for all isochrones is shown
for each t covering the range of variation in the depth of the emitting
volume.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

VNEI+VNEI  f2 (0.0 - 1.0 )

Fig. 8. Distribution of the filling factor for the ejecta component f2 de-
rived from the fits with the two-component VNEI model.

the remnant. This diagram indicates that the age of the shocked
plasma, derived from the ejecta component (2) is ∼2 × 104 yr.

The fits have shown that the temperature of the ISM compo-
nent (1) is between 0.1 keV and 0.3 keV. For the outer regions 49
and 57, the single component VNEI fit yields kT = 0.25 keV
(Sect. 2.2.1). The high and not well-constrained values of the
ionisation timescale τ in the single-component fits, as well as
the τ1 in the two-component fits, suggest that the plasma of the
shocked ISM is close to CIE. If we assume that this temperature
is more or less representative of the shocked plasma, the blast
wave velocity is

v =

√
16kT1

3m̄
, (3)

with a mean mass per free particle for a fully ionised plasma of
m̄ = 0.61 mp. For a temperature of kT1 = 0.25 ± 0.03 keV, we
get v = 460 ± 30 km s−1. The radius is R = 5.0 ± 0.8 × 1019 cm
(Sasaki et al. 2004). Using the Sedov similarity solution (Sedov
1959; Taylor 1950; von Neumann 1947), the age of the remnant
can be estimated as

t =
2R
5v
· (4)

We thus obtain t = (14 ± 2) × 103 yr from the ISM compo-
nent, which is a little higher than the value obtained from the
XMM-Newton data (Sasaki et al. 2004) for which we only as-
sumed one spectral component. Interestingly, this new value for
the age of the SNR is in agreement with the age estimate ob-
tained from the fits of the ejecta component.

3.4. Ejecta

As can be seen in the Si-abundance and Fe-abundance distribu-
tion images in Fig. 9, the abundances measured for the ejecta
emission are all comparable to or lower than solar values, ex-
cept for the Lobe. While the Ne, Mg, and S abundances seem to
agree with those of the other elements, Si and Fe abundances
are higher, especially in and around the Lobe. The enhanced
abundances in the Lobe suggest that its emission has a con-
tribution from an ejecta clump or a conglomeration of ejecta
clumps and shocked clouds. There is one particular region (re-
gion 17) with significantly enhanced Si abundance within the
Lobe (3.3 [2.6−4.0], see Figs. 9b, c). The spectrum of region 17
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Fig. 9. Best fit abundances assuming a thermal model consisting of two VNEI components. The shown parameters are: abundances for elements
other than Si, S, and Fe fitted for the ejecta emission a), Si abundance fitted for the ejecta emission b) and its significance calculated as (abundance
of the Si – abundance of the other elements)/error of the abundance of Si c), Fe abundance and its significance (d) and e), respectively).

is shown together with that of an adjacent region with lower Si
abundance in Fig. 5 (right panels).

Another possible process that can cause enhanced emission
for particular elements in thermal plasma is charge exchange.
However, to produce charge exchange emission there must be a
phase of cold neutral gas next to or inside the hot X-ray emitting
plasma. CO data show no emission at the position of the Lobe
or west of it, where the Si abundance enhancement is observed
in X-rays (Sasaki et al. 2006). For a mature SNR like CTB 109
we can assume that the reverse shock has propagated all the way
through the SNR and, therefore, there should be no unionised
gas in the interior of CTB 109. Furtheremore, if the enhanced
emission of Si is due to charge exchange, one would expect even
higher indication of charge exchange for O or Ne for solar or
cosmic abundances. Since no emission enhancement is observed
for these lower Z elements, we can rule out that the enhanced
emission of particular elements is caused by charge exchange.

The detection of ejecta emission is also very important for
the study of the AXP 1E 2259+586, as it will give information on
its progenitor. Together with soft gamma-ray repeaters (SGRs)
and the sub-class of rotation-powered high-magnetic field pul-
sars, the AXPs are believed to form a class of neutron stars
with extremely high magnetic fields. So far, there are only a few
confirmed associations between SNRs and high-magnetic field

neutron stars2: SNR G292.2−0.5 and the pulsar J1119−6127,
SNR Kes 75 and the pulsar J1846−0258, SNR Kes 73 and
AXP 1E 1841−045, SNR CTB 109 and AXP 1E 2259+586,
SNR G327.2−0.1 and AXP 1E 1547.0−5408, SNR G337.0−0.1
and SGR 1627−41, SNR G042.8+00.6 and SGR 1900+14, and
SNR N 49 and SGR 0526−66 in the LMC. Recently, Park et al.
(2012) detected ejecta emission in a deep observation of the
SNR N 49 with Chandra (120 ks exposure). However, the el-
ement abundance ratio derived from the emission seems to be
more consistent with a Type Ia supernova, which would rule
out the association between the SNR and the SGR, and requires
further investigation. Lopez et al. (2011) measured enhanced
abundances of Mg, Si, and S in SNR Kes 73 associated with
the AXP 1E 1841−045, whereas Safi-Harb & Kumar (2012) re-
ported on possible abundance enhancement in the X-ray spectra
of SNR G292.2−0.5 and SNR Kes 73.

Ejecta emission is also detected in other middle-aged rem-
nants, e.g., in the Galactic SNR G349.7+0.2 (Lazendic et al.
2005), which is interacting with a molecular cloud, or SNRs
in the Large Magellanic Cloud (LMC) 0548−70.4, 0534−69.9
(Hendrick et al. 2003), and N49B (Park et al. 2003). Clumping
of ejecta seems to be common in core-collapse SNRs. Ejecta

2 http://www.physics.umanitoba.ca/snr/SNRcat/
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clumps have also been found in evolved SNRs like the Vela,
both in the interior (Miceli et al. 2008) and outside the main shell
(Aschenbach et al. 1995). Kifonidis et al. (2003) have shown in
two-dimensional simulations that macroscopic mixing occurs in
core-collapse supernova explosions forming clumps of metals.
Rayleigh-Taylor instabilities grow in the layers of metals during
the expansion, and these layers fragmentate into ejecta clumps.

We created narrow band images for the elements Mg and
Si, as prominent emission lines of these elements are visible in
the spectra of some regions (Sect. 2.2). The continuum emission
has been subtracted from the line emission. Figure 10 shows
a three-colour image with red for the soft band XMM-Newton
image (0.3−0.9 keV) presented by Sasaki et al. (2004), green
for Mg emission ([1.25−1.45 keV band] – surrounding contin-
uum), and blue for Si emission ([1.7−2.1 keV band] – contin-
uum). There is one small region bright in Si emission, covered
by the extraction region 17 with enhanced Si line emission (see
Sect. 2.2). The Mg emission is distributed broadly; soft emission
is bright in the Lobe and the small region in the northeast shell
(region 41), which has a relatively low foreground absorption of
NH = 0.80 (0.70−0.94) ×1022 cm−2.

Kaplan et al. (2009) measured the proper motions of the
AXP 1E 2259+586 using Chandra ACIS-S observations in 2000
and 2006 pointed at the AXP. The suggested initial position at
which the supernova occured and the AXP was born is north
of the AXP and might even have been in the area coinciding
with the CO arm, depending on the real age of the SNR. On the
other hand, new near-infrared observations of the counterpart of
the AXP with the Keck II telescope using laser guide star adap-
tive optics have been performed to measure the proper motion
of the AXP. These data indicate that the initial position of the
AXP was closer to the position of X-ray Lobe, approximately
half way between today’s position of the AXP and the Si clump
seen in blue in Fig. 10 (Tendulkar et al., in prep.). Both results
show that the position of the initial supernova explosion was lo-
cated west to northwest of the Lobe and suggest that the interac-
tion of the blast wave with a dense molecular cloud produced the
X-ray Lobe and, at the same time, caused the formation of the
reverse shock, which then ran into ejecta enhanced in Si or Fe.
However, one has to keep in mind that the alignment of the Si
enhanced region and the Lobe might well be a projection effect.

4. Conclusions

Through the analysis of the deep high-resolution data of the
Lobe and the northeastern part of the SNR CTB 109 taken with
Chandra ACIS-I, we confirm ejecta emission inside the remnant.
There is an enhancement in element abundances especially in the
X-ray bright Lobe. We have thus unambiguously detected ejecta
emission from an SNR associated with an AXP. The ISM and
ejecta emission indicate an age of ∼10−20 kyr for the shocked
X-ray emitting plasma.

As one can see in the XMM-Newton intensity image (Fig. 1,
Sasaki et al. 2004) the SNR shell is brighter in the north and the
south, while it is darker with diffuse structures in the outer parts
of the same sector in which the Lobe is located (east-northeast).
The analysis of Chandra data has shown that the foreground ab-
sorption NH is lower in and around the Lobe (Fig. 6, lower pan-
els), while the Fe L-shell emission is enhanced in the Lobe, with
one smaller region with significantly enhanced Si abundance.
The bright feature seen as the Lobe can be explained by the
following scenario: the blast wave hit a dense cloud, evaporat-
ing and maybe encompassing it. Due to the interacton with the

0.00e+00 2.99e-09 5.98e-09 9.00e-09 1.20e-08 1.50e-08 1.80e-08 2.10e-08 2.40e-08 2.70e-08 3.00e-0

Fig. 10. Three-colour image consisting of a red image for the soft band
XMM-Newton image (0.3−0.9 keV, Sasaki et al. 2004), a green im-
age for Mg (1.25−1.45 keV) – continuum, and a blue image for Si
(1.7−2.1 keV) – continuum. The Mg and Si images were created from
the Chandra data. The green dashed box indicates the field of view of
the Chandra ACIS-I. The yellow cross indicates the present position
of the AXP 1E 2259+586.

cloud, a reverse shock was formed and propagated towards the
centre heating the ejecta. The evaporated cloud is now visible as
the Lobe with stronger X-ray emission.

Castro et al. (2012) report the detection of a GeV source
with Fermi at the position of CTB 109. The Fermi source is lo-
cated southwest of the Lobe where the SNR appears dark, and
thus most likely highly absorbed in X-rays. Assuming that the
γ-rays are produced in π0-decays caused by the interaction of
the SNR shock with a dense interstellar cloud now visible as the
Lobe, Castro et al. (2012) derive a density of ∼120 cm−3 for the
cloud. They point out the discrepancy between this value and
the density of 0.9 cm−3, which we calculated from the X-ray
data (Sasaki et al. 2006). However, as the density of the Lobe of
0.9 cm−3 refers to the hot shocked X-ray emitting gas, which is
likely to have a lower density than the original cold cloud, the
new result from Castro et al. (2012) is consistent, rather than
incompatible, with our results. As we have pointed out (Sasaki
et al. 2006) and confirmed in the new spectral analysis, the fore-
ground absorption south of the Lobe (regions 38 and 51 in this
work) is high with NH = 1.3(1.1−1.5) × 1022 cm−2 and compa-
rable to that in the CO arm. Therefore, our new Chandra study
as well as the new Fermi results by Castro et al. (2012) confirm
that there was and still is interaction between the shock wave of
CTB 109 with the ambient dense material. The remainder of this
interaction is still visible as CO clouds presented in Sasaki et al.
(2006).
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ABSTRACT

Context. The supernova remnant (SNR) W51C is a Galactic object located in a strongly inhomogeneous interstellar medium with
signs of an interaction of the SNR blast wave with dense molecular gas.
Aims. Diffuse X-ray emission from the interior of the SNR can reveal element abundances in the different emission regions and shed
light on the type of supernova (SN) explosion and its progenitor. The hard X-ray emission helps to identify possible candidates for a
pulsar formed in the SN explosion and for its pulsar wind nebula (PWN).
Methods. We have analysed X-ray data obtained with XMM-Newton. Spectral analyses in selected regions were performed.
Results. Ejecta emission in the bright western part of the SNR, located next to a complex of dense molecular gas, was confirmed.
The Ne and Mg abundances suggest a massive progenitor with a mass of >20 M". Two extended regions emitting hard X-rays were
identified (corresponding to the known sources [KLS2002] HX3 west and CXO J192318.5+140305 discovered with ASCA and
Chandra, respectively), each of which has an additional point source inside and shows a power-law spectrum with Γ ≈ 1.8. Based
on their X-ray emission, both sources can be classified as PWN candidates.

Key words. shock waves – HII regions – X-rays: ISM – X-rays: individuals: individual: SNR W51C

1. Introduction

Supernova remnants (SNRs) are galactic objects that are formed
after a supernova (SN) explosion at the end of the life of a star.
An SN explosion instantaneously releases energy and matter into
the ambient interstellar medium (ISM), carving out new struc-
tures inside a galaxy and enriching it with elements that were
formed inside the progenitor star and in the explosion. In the
shock waves of SNRs, particles can be accelerated and become
Galactic cosmic rays. Multi-frequency studies of SNRs from ra-
dio to X-rays, in some cases even to γ-rays, help to understand
the physics of the shock waves and the interaction between the
SNR and the ISM.

The SNR W51C (G49.1–0.1) is a Galactic SNR in the
W51 complex, an extended radio source at the tangential point
of the Sagittarius arm. The W51 complex comprises two addi-
tional structures, W51A and W51B, which both harbour com-
pact H  regions. High-velocity molecular gas that runs almost
parallel to the Galactic plane, known as the high-velocity stream
(Mufson & Liszt 1979), has been detected on the western side of
the SNR. Located in an area with a large number of H  regions
and dense molecular gas, W51C is a prime example of the in-
teraction of an SNR blast wave with the multi-phase interstellar
medium in our Galaxy.

The radio continuum of SNR W51C shows a thick arc-like
structure with an extent of about 30′ (Copetti & Schmidt 1991;
Subrahmanyan & Goss 1995). It is open to the north and its pro-
jected western edge coincides with W51B. The distance of 6 kpc
to the SNR has been estimated from molecular-line observations

" Based on observations obtained with XMM-Newton, an ESA sci-
ence mission with instruments and contributions directly funded by
ESA Member States and NASA.

(Koo & Moon 1997a,b; Green et al. 1997) and places it behind
the ridge of molecular gas at 5.6 kpc. Assuming a Sedov model,
Koo et al. (1995) derived an SNR age of ∼3 × 104 yr.

On its western side, where W51C merges with W51B in
the radio image, shocked atomic H  was found (Koo & Heiles
1991). Furthermore, Koo & Moon (1997b) found CO and HCO+
emission, probably arising from molecules destroyed by a fast
dissociative shock and reformed behind the shock front (Koo
& Moon 1997a). Masers at 1720 MHz (OH) have also been
found in W51C, between the SNR and the high-velocity stream
of molecular gas (Green et al. 1997); OH (1720 MHz) emis-
sion, unaccompanied by maser emission from other OH ground-
state transitions, is thought to arise in cooling gas behind non-
dissociative shocks and is used to locate the site of shock-cloud
interactions.

Diffuse X-ray emission was observed from W51B and
W51C with the Einstein Imaging Proportional Counter (Seward
1990) and the Position Sensitive Proportional Counter (PSPC) of
the Röntgen Satellite (ROSAT) mainly below 2 keV (Koo et al.
1995). The X-ray shell of W51C in the east and the western dif-
fuse X-ray emission match the radio shell, while the emission
gap observed in the soft X-rays between the bright central region
and the western part coincides with W51B (see Fig. 1). Koo et al.
(2002, hereafter KLS2002) derived a temperature of ∼0.3 keV
from data taken with the Advanced Satellite for Cosmology and
Astrophysics (ASCA) for the central soft SNR emission, assum-
ing thermal emission in collisional ionisation equilibrium. The
hard (2.6−6.0 keV) X-ray image of ASCA is very different from
the ROSAT image with the brightest regions seeming to be as-
sociated with compact H  regions.

The remnant W51C is very likely the result of a core-
collapse SN and should have an associated compact object.

Article published by EDP Sciences A9, page 1 of 6
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OH masers

Fig. 1. A Midcourse Space Experiment (MSX, Egan et al. 2003) im-
age in the infrared taken at 8.3 µm, together with ROSAT PSPC (0.1–
2.4 keV) contours. The MSX image shows the emission from interstel-
lar dust. The white cross marks the position of the OH (1720 MHz)
masers. The white box indicates the field of the sky shown in Fig. 2.

Images taken with the Chandra Advanced CCD Imaging
Spectrometer (ACIS) in the soft band (0.3−2.1 keV, Koo et al.
2005) show several X-ray bright clumps. The spectra of the
diffuse emission suggest an enhanced abundance of sulfur.
In the hard band (2.1−10.0 keV), the point-like source CXO
J192318.5+140305 was found, which is surrounded by an ex-
tended emission, making it a likely candidate for a pulsar wind
nebula (PWN). This structure is similar to PWNe associated with
several other SNRs, which all have a ∼1 pc diameter bright core
with a central pulsar or a point source. There is an indication of
an unusual hardening at the ends of the envelope of this source
in the Chandra data, but uncertainties are large. Its spectrum can
be fitted with a power-law model (Γ = 1.8±0.3, Koo et al. 2005).
Recently, Hanabata et al. (2013) presented the results of a study
of the inner parts of the SNR W51C performed with the Suzaku
X-ray Imaging Spectrometer (XIS).

At higher energies γ-ray emission from the W51C region has
been detected with the Large Area Telescope (LAT) on board
Fermi (Abdo et al. 2009), the High Energy Stereoscopic System
(H.E.S.S.)1, and the MAGIC telescopes (Aleksić et al. 2012).
The GeV emission observed with Fermi is extended and seems
to be consistent with the radio and X-ray extent of the remnant.

In this paper we present the analysis of the central part of
the SNR W51C from a deep observation with the X-ray Multi-
Mirror Mission (XMM-Newton, Jansen et al. 2001).

2. Data

The SNR W51C was observed with XMM-Newton on April 8,
2009, (obs. ID 0554690101) with the European Photon Imaging
Cameras (EPICs, Strüder et al. 2001; Turner et al. 2001)
as prime instruments using the medium filters. We used
HEASOFT ver. 6.12 and the XMM-Newton Science Analysis
System ver. 12.0.0 to analyse the data.

1 Reported by Fiasson et al. (2009, Proc., 31th ICRC).

Since the emission from the SNR W51C fills almost the en-
tire field of view (FOV) of the EPICs, we used the XMM-Newton
Extended Source Analysis Software (ESAS)2 to analyse the
data. Using ESAS, we filtered out bad time intervals caused by
soft proton flares, resulting in good exposures of 40, 51, and
54 ks for EPIC-pn, MOS1, and MOS2, respectively. In addition,
we checked whether any CCD of the MOS detectors was in an
anomalous state. Since CCD4 of MOS1 showed an enhancement
in the background below 1 keV and was therefore in an anoma-
lous state3, this CCD was excluded from further analysis. The
filtered events were used to perform source detection and cre-
ate data with events of the extended emission. For further anal-
ysis, we selected single and double pixel events (PATTERN =
0 to 4) for the EPIC-pn and single to quadruple-pixel events
(PATTERN = 0 to 12) for the EPIC-MOS1 and MOS2. To re-
move the detector background, data taken with the filter wheel
closed (FWC) were binned to images and subtracted from the
images of the observation after rescaling the FWC image using
the count rates in the corners of the detectors, which are not ex-
posed to the sky.

We are primarily interested in the extended diffuse emis-
sion of the SNR. Therefore, we ran the ESAS routines cheese
(or cheese-bands for processing multiple energy bands) to de-
tect point sources, which can then be removed in the follow-
ing steps. These routines run source detection and create lists
and masks of the detected point sources. The masks are used
to remove the point sources from the images and the list of de-
tected sources is used to exclude the sources in the extraction
regions for spectral analysis. For the source detection we used a
flux threshold of 1014 erg cm−2 s−1, a signal-to-noise ratio of 2,
and a minimum separation of 40′′ for the point sources. In to-
tal, 48 point sources were found in the FOV, which we excluded
when creating images and extracting spectra. We only checked
the spectra and counterparts of the potential pulsar candidates,
i.e. hard X-ray sources with associated hard extended emission
around them (see Sect. 3.2).

To obtain deep images of the SNR in different energy bands,
the images of the EPIC-pn and MOS1 and 2 were merged and
divided by exposure maps, which take the vignetting effects into
account. Figure 2 shows a three-colour presentation of the im-
ages in the bands 0.3−1.0 keV (red), 1.0−2.0 keV (green), and
2.0−8.0 keV (blue). These images, which are shown in logarith-
mic scale, were adaptively smoothed and then smoothed again
using a Gaussian kernel of the size of 5 pixels for a better pre-
sentation of the faint diffuse emission. The holes in the images
resulting from excluding point sources are not filled. The mo-
saicing of the three EPICs and the adaptive smoothing even out
most of the holes as well as the chip gaps as can be seen in Fig. 2.

Using these images, extraction regions for the spectral anal-
ysis were defined based on surface brightness and X-ray colour
(for details see Sect. 3). The spectra were rebinned with a mini-
mum of 50 counts per bin. For a comparison of the distribution of
the X-ray emission and the surrounding colder medium, we also
downloaded an image from the Midcourse Space Experiment
(MSX, see Fig.1, Egan et al. 2003). To estimate the local X-ray
background, a background extraction region was defined north
of the SNR emission. The fainter regions in the east to south-
east or in the west are not appropriate as this is where the blast
wave emission is expected. The background spectra were scaled
to the source spectra using the areas of the extraction regions,
taking into account that CCD4 in anomalous state and CCD6,

2 http://heasarc.nasa.gov/docs/xmm/xmmhp_xmmesas.html
3 XMM-ESAS Users Guide, Snowden & Kuntz (2012).
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HX3 westHX3 east

CXO J192318.5+140305

Region 2

Region 1

Background

Fig. 2. Three-colour image of the mosaic images (red: 0.3–1.0 keV,
green: 1.0–2.0 keV, blue: 2.0–8.0 keV). Extraction regions used for the
spectral analysis are shown. Point sources are removed.

which was damaged after being hit by a micrometeorite, are ex-
cluded for MOS1.

3. Spectral analysis

The spectra were analysed using the X-ray spectral fitting pack-
age XSPEC Ver. 12.8.1 and the atomic data base AtomDB
2.0.24. The emission of the SNR fills most of the FOV of the
analysed observation. We divided the data into regions that
are likely to have emission of similar nature based on the im-
ages in the broad band and the three-colour image (Fig. 2).
Unfortunately, the statistics of the data were not high enough
to analyse small regions. We were also not able to extract mean-
ingful spectra of the fainter regions that correspond to the outer
shock of the SNR, for example. We therefore focussed the spec-
tral analysis on the inner X-ray bright region, which we divided
into two, one for the arc-like structure in the south-east and one
covering the region north-west of the arc region located next to
a band of molecular gas showing dust emission and harbouring
compact H  regions (Fig. 1). The two regions are to a certain
extent consistent with the extraction regions 1 and 2 used by
Hanabata et al. (2013) for the analysis of Suzaku XIS data and
so we also call them regions 1 and 2. These two extraction re-
gions also correspond more or less to the regions XS and XN in
Koo et al. (2002).

In addition, we extracted spectra for the diffuse emission
around two hard point-like sources (one at the position of CXO
J192318.5+140305 and one north of the X-ray bright region,
corresponding to sources [KLS2002] HX2 and HX3 west, re-
spectively), as well as a region covering [KLS2002] HX3 east,
which has been resolved into two sources in the XMM-Newton
data (see Sect. 3.2).

The observed X-ray spectrum includes the particle back-
ground measured by the detector and the X-ray background in
addition to the actual source emission. To subtract the particle

4 http://www.atomdb.org

background, we extracted spectra from the FWC data at the
same detector positions as for the extraction regions of the anal-
ysed source data. Since the closed filter wheel blocks all X-ray
emission from outside and the soft protons from solar flares,
this background accounts for the contamination by cosmic rays.
These FWC-background spectra are subtracted as backgrounds
in XSPEC. The FWC-background subtracted spectra still show
some flourescent lines coming from the instruments, which can
vary from observation to observation and so cannot be com-
pletely removed by subtracting the FWC data. In addition, the
spectra include the X-ray background. The time intervals with
enhanced soft proton background had already been filtered out in
the beginning of the data analysis. The source spectra showed no
signs of residual particle-background continuum, which should
otherwise have been modelled as an additional unfolded power-
law component, not affected by detector response. The X-ray
background was estimated by modelling the source spectrum
and the local background spectrum extracted outside the SNR
simultaneously. In doing so, spectra of all detectors were fitted
simultaneously for each source region. The background spectra
were modelled with a spectrum consisting of a component for
the thermal emission from the Local Bubble, one for the ther-
mal emission from the Galactic halo, and a power-law describ-
ing the extragalactic X-ray background. All the parameters of
the background components were linked for all spectra. The as-
sumed temperatures for the thermal X-ray background and the
photon index for the extragalactic background were fixed to val-
ues suggested by Snowden et al. (2008, see also the XMM-ESAS
Users Guide). Another process that can also create additional
emission lines in the observed spectra is the solar wind charge
exchange (SWCX, Snowden et al. 2004). Therefore, in total four
Gaussians have been included to model possible SWCX emis-
sion and the fluorescent lines formed in the detector. The param-
eters of the Gaussians were free, as the centroids and the line
fluxes can vary for the fluorescent lines between detectors and
also between different positions on one detector.

3.1. Diffuse emission

To model the emission of the SNR, an additional thermal emis-
sion component was included for the source spectra. Best fit was
achieved with a non-equilibrium ionisation model in both re-
gions. We used the model VNEI which allowed us to vary the
abundances. We used the solar element abundances determined
by Anders & Grevesse (1989) for all fits. The best-fit parameter
values are listed in Table 1.

The spectrum of region 1 is well fitted with a VNEI model
assuming solar abundances (Fig. 3). If we also assume solar
abundances for all elements for region 2, the fit is not sufficiently
good and there are residuals especially at energies >1 keV. The
fit improves if we free the abundances for Ne and Mg. The
best fit indicates an overabundance of these two elements (see
Table 1).

The X-ray emission from region 1 is consistent with emis-
sion from shocked ISM. This region 1 has a much higher sur-
face brightness than the outer shock region to the east, which is
seen in the radio map and is very faint in the X-rays (see the
ROSAT contours in Fig. 1). The interior bright emission indi-
cates that there was a region with higher density around the SN,
i.e. circumstellar matter ejected from the progenitor. Inside this
circumstellar matter, in region 2 we find enhanced abundances
of selected elements (Ne, Mg), indicating emission from stellar
ejecta.
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Table 1. Fit parameters for the SNR emission.

ID NH kT τ Ne Mg red. χ2 d.o.f.a

[1022 cm−2] [keV] [1011 s cm−3] × solar × solar

Region 1 1.6 0.68 1.1 1.0b 1.0b 1.3 1034
(1.5–1.7) (0.66–0.74) (0.8–1.5)

Region 2 2.0 0.59 8.1 3.7 2.0 1.2 970
(1.9–2.1) (0.56–0.61) (6.2–11.) (3.5–4.2) (1.9–2.2)

Notes. (a) Degrees of freedom. (b) Fixed to solar values like all the other abundances. Errors are 90% confidence limits.
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Fig. 3. EPIC spectra of region 1 (MOS1: black, MOS2: green, pn: cyan) and the background region (MOS1: red, MOS2: blue, pn: magenta) and
the best-fit model. The thick solid lines show the source emission component (VNEI). The dotted lines show all the other components included in
the model.

3.2. Point-like sources

There are three bright hard sources clearly visible in Fig. 2, one
of which coincides with the source CXO J192318.5+140305
suggested to be a PWN by Koo et al. (2005). The two hard
sources at the northern rim of the FOV of the XMM-Newton ob-
servation correspond to the ASCA sources [KLS2002] HX3 east
and west. We extracted and analysed the spectra of the diffuse
emission in these regions.

The source HX3 east has a counterpart in the radio
(G49.2−0.3), which has been identified as a compact H  re-
gion (Koo & Moon 1997a) and has thus been classified as
emission from massive stars in G49.2−0.3. In the presented
XMM-Newton data, the hard emission at the position of HX3 east
has been resolved into two sources that are 17′′ apart (RA, Dec =
19 23 01.7, +14 16 34 and 19 23 01.8, +14 16 17) and have
similar X-ray colours. We extracted the spectrum of a region
that includes both sources. The spectrum was first fitted with a
power-law model for the source emission. The background was
modelled including the background components as described
before. The resulting photon index is Γ = 3.2 (2.6−3.8)5 and
the intrinsic absorption is NH = 3.5(3.0−4.9) × 1022 cm−2 (re-
duced χ2 = 1.4 for 299 degrees of freedom). A thermal emis-
sion model for a plasma in non-equilibrium ionisation instead
of the non-thermal model improved the fit slightly (reduced
χ2 = 1.3 for 297 degrees of freedom) and resulted in an intrin-
sic absorption of NH = 3.9(3.5−4.3)× 1022 cm−2, a temperature

5 All errors in brackets are 90% confidence intervals throughout the
paper.

of kT = 2.4(1.8−3.5) keV, and an ionisation timescale of τ =
2.0(1.2−3.3) × 1010 s cm−3. The high photon index in the non-
thermal fit is indicative of a thermal emission, whereas the high
column density obtained in both fits suggests an emission origin
embedded in a dense medium. The temperature and the ionisa-
tion timescale are also consistent with winds of young massive
stars, confirming the results of Koo et al. (2002).

The source spectra of CXO J192318.5+140305 and HX3
west were modelled with a power-law component. The results
are summarised in Table 2. Both sources are well fitted with
a power-law spectrum with a photon index in the range of
Γ = 1.7−2.0.

4. Discussion

4.1. Ejecta mass

The well-defined emission from region 2 allows us to estimate
the amount of ejecta. To do so, we fitted the spectra of region 2
with a combined source model consisting of two VNEI mod-
els. For the first VNEI component, the parameters kT and τ
were fixed to the best-fit values of region 1. The abundances
were all set to solar. For the second VNEI spectrum, the pa-
rameters kT , τ, and the abundances of Ne and Mg were free,
while all other abundances were set to zero first. In the subse-
quent steps we also fitted the abundances of all other elements
by additionally freeing them one by one, but no other element
showed a significantly enhanced abundance. This spectral com-
ponent will allow us to estimate the amount of Ne and Mg in the
ejecta. The spectra of region 2 with the best-fit model is shown
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Fig. 4. EPIC spectra of region 2 (MOS1: black, MOS2: green, pn: cyan) and the background region (MOS1: red, MOS2: blue, pn: magenta) and the
best-fit model, assuming two VNEI components for the source emission (see Sect. 4.1). The thick solid lines show the source emission component
corresponding to shocked ISM (VNEI with solar abundances, parameters fixed to the results of region 1). The thick dash-dotted lines show the
ejecta component. The dotted lines show all the other components included in the model.

Table 2. Fit parameters for the hard extended emission.

ID RA, Dec† NH Photon index Unabsorbed flux red. χ2 d.o.f.∗

(2000.0) [1022 cm−2] (0.3−10 keV)
[10−13 erg s−1 cm−2]

CXO J192318.5+140305 19 23 18.6, +14 03 03 1.00 1.89 9.7 1.3 390
(0.88−1.13) (1.75−2.03) (8.2−12.)

HX3 west 19 22 48.4, +14 16 27 1.79 1.75 9.0 1.3 302
(1.70−2.51) (1.67−1.94) (8.5–16.)

Notes. (†) Positions of the point sources as determined by the source detection routine of ESAS. (∗) Degrees of freedom. Errors are 90% confidence
limits.

in Fig. 4. As the best-fit parameters, we get the following val-
ues with lower 90% confidence limits for the normalisation of
norm = 10−14

4πD2 ×
∫

nH ne dV = 1.4(>0.7)× 10−3 cm−5, with D be-
ing the distance to the source, and the abundances for Ne = 180
(>10) and Mg = 50 (>20)× solar values. Since the fit parameters
for the normalisation and the abundances are correlated to each
other in this model, which is dominated by emission lines, it is
not possible to constrain the upper confidence limits for these
values.

At X-ray emitting temperatures, we can assume that all ele-
ments are almost fully ionised. In this case, we get ne = 1.21nH
for the relation between the electron and H densities. The ex-
traction region has an extent of about 10′. For the volume of
the emitting region, we take the size of the extraction region
and assume a depth of 10′, corresponding to the extent of the
projected volume. For the calculations, we assume a distance
of D = 6 kpc. We thus get a particle number density of nH =
0.07 (>0.05) cm−3. For this density, we derive an ionisation time
of τ/(1.21nH) = 3.0 × 105 yr using the ionisation timescale ob-
tained from the spectral fit of region 2. This time is one order
of magnitude higher than the estimated age of the SNR (Koo
et al. 1995, see Sect. 1). The ionisation timescale gives a char-
acteristic number for the X-ray emitting plasma after it has been
shocked and heated, and does not thus necessarily represent the
real age of the SNR. As can be verified in Table 1, the ionisa-
tion timescale τ is significantly higher for region 2 than for the
region 1, which is located outside region 2. This high ionisation

age in the likely centre of the SNR surrounded by shocked cir-
cumstellar medium might indicate that the plasma is overionised,
as observed in some mixed-morphology SNRs in our Galaxy
(Lopez et al. 2013, and references therein).

Using the abundances obtained from the spectral fit, we
estimate the masses of MNe = 2.9 (>0.16) M" and MMg =
0.30 (>0.12) M" for the ejecta. Because of the large uncertainties
in determining the volume as well as the spectral fit parameters,
these numbers only give a crude estimate of the masses. The
comparison to calculated nucleosynthesis yields of SNe Type II
by Nomoto et al. (1997) has shown that these mass limits for
Ne and Mg point to a very massive progenitor with a mass of
>20 M".

4.2. Pulsar wind nebula candidates

The spectral analysis of the regions around CXO
J192318.5+140305 and HX3 west have shown that both
sources have a power-law spectrum with photon indices that are
comparable and consitent with a PWN. The flux and the extent
of the diffuse emission are also similar.

The hard source at the position of HX3 west consists of an
extended emission and a hard point source, which is unfortu-
nately located at the rim of the FOV. This makes a detailed analy-
sis of the point source impossible. The three-colour Chandra im-
age presented by Koo et al. (2005, their Fig. 1) also shows a blue
(thus hard) point source at the north-western rim of the extended
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hard emission. As noted before, the hard sources at the posi-
tions of CXO J192318.5+140305 and HX3 west are very similar,
both consisting of a diffuse emission plus a point source and the
photon index of the extended emission being consistent with a
PWN. The measured fluxes of the extended emission correspond
to luminosities of L0.3−10.0 keV = 4.2(3.5−52.) × 1033 erg s−1

and 3.9(3.7−69.)×1033 erg s−1 for CXO J192318.5+140305 and
HX3 west, respectively, if we assume a distance of D = 6 kpc.
At both positions, faint radio sources were found (Condon et al.
1998; Koo et al. 2002); therefore, we conclude that both sources
are likely candidates of a PWN associated to the SNR W51C and
require further investigation.

5. Summary

We have studied the Galactic SNR W51C using an observation
of its central part carried out with XMM-Newton. It was not pos-
sible to analyse the X-ray emission of the outer blast wave as
it was not covered completely by the pointing and the observed
emission was too faint. However, the spectral analysis of the in-
ner regions revealed that there are two distinct emission regions
inside the SNR.

The first region has an arc-like morphology, more or less
aligned to the morphology of the blast wave outside, but is much
brighter. Its spectrum is well reproduced by thermal emission
from plasma with non-equilibrium ionisation. The element abun-
dances are consistent with solar values, indicating that the origin
of this emission is shocked ambient medium. The shape and the
higher X-ray brightness of this region suggest that the shocked
material is the circumstellar medium of the progenitor.

The diffuse X-ray emission from the second region, lo-
cated farther inside and in projection next to the region filled
with colder gas and dust, is more highly absorbed and seems
to arise from plasma close to collisional ionisation equilibium.
Significantly enhanced abundances are measured for Ne and Mg.
From the abundances and the density derived from the spectra,
we calculated the masses of Ne and Mg in the ejecta and con-
clude that the progenitor was a massive star with a mass compa-
rable to or higher than 20 M".

In addition, we analysed the diffuse X-ray emission detected
around two hard point sources, one of which has already been
studied in detail by Koo et al. (2005) using Chandra data. The
second hard source is located north-west of the region, close to
the OH (1720 MHz) masers that have been found in W51C. The
extended emission of both regions is well modelled with an ab-
sorbed power-law spectrum with a photon index of Γ ≈ 1.8. The
luminosities are L0.3−10.0 keV ≈ 4× 1033 erg s−1 for both regions;

the value is rather low, but still consistent with values measured
for older PWNe (e.g., Kargaltsev & Pavlov 2010). In addition,
the morphology of both sources consisting of a diffuse emission
with an extent of ∼1′ and a point source supports their classifi-
cation as PWN candidates.

The XMM-Newton observation has enabled us to study the
diffuse emission in the SNR W51C in detail and helped us to
make a step forward in the classification of the underlying com-
ponents of the complex X-ray emission of the SNR. Further ob-
servations will be necessary to study the blast wave of the SNR
and to identify the possibly associated pulsar/PWN.
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ABSTRACT

Context. The high sensitivity of the XMM-Newton instrumentation offers the opportunity to study faint and extended sources in the
Milky Way and nearby galaxies such as the Large Magellanic Cloud (LMC) in detail. The ROSAT PSPC survey of the LMC has
revealed more than 700 X-ray sources, among which there are 46 supernova remnants (SNRs) and candidates.
Aims. We have observed the field around one of the most promising SNR candidates in the ROSAT PSPC catalogue, labelled
[HP99] 456 with XMM-Newton, to determine its nature.
Methods. We investigated the XMM-Newton data along with new radio-continuum, near infrared and optical data. In particular, spec-
tral and morphological studies of the X-ray and radio data were performed.
Results. The X-ray images obtained in different energy bands reveal two different structures. Below 1.0 keV the X-ray emission shows
the shell-like morphology of an SNR with a diameter of ∼73 pc, one of the largest known in the LMC. For its thermal spectrum we
estimate an electron temperature of (0.49 ± 0.12) keV assuming non-equilibrium ionisation. The X-ray images above 1.0 keV reveal
a less extended source within the SNR emission, located 1′ west of the centre of the SNR and coincident with bright point sources
detected in radio-continuum. This hard component has an extent of 0.9′ (i.e. ∼13 pc at a distance of ∼50 kpc) and a non-thermal
spectrum. The hard source coincides in position with the ROSAT source [HP99] 456 and shows an indication for substructure.
Conclusions. We firmly identify a new SNR in the LMC with a shell-like morphology and a thermal spectrum. Assuming the SNR to
be in the Sedov phase yields an age of ∼23 kyr. We explore possible associations of the hard non-thermal emitting component with a
pulsar wind nebula (PWN) or background active galactic nucleus (AGN).

Key words. Magellanic Clouds – ISM: supernova remnants

1. Introduction

The study of supernova remnants (SNRs) is crucial for a com-
plete understanding of the chemical composition and evolution
of the ISM in a galaxy because of their energy and matter inputs
into the interstellar medium (ISM). The sample of SNRs stud-
ied in our Galaxy is biased because of the high absorption in
the Galactic disk. Therefore, observations of nearby galaxies al-
low us to perform unbiased population studies and constrain the
physical properties of the sources in detail. It is thus also possi-
ble to better understand the evolution and structure of the ISM
in the Milky Way.

Located at a distance of∼50 kpc to the Earth (Freedman et al.
2001; Macri et al. 2006), the Large Magellanic Cloud (LMC) of-
fers the ideal laboratory for studying a large sample of different
types of objects (such as SNRs) in greater detail than in any other
galaxy. Since its first detection in X-rays (Mark et al. 1969), the
LMC has been extensively observed, but the major step forward
came from more than 200 observations in a 10◦ × 10◦ field cen-
tred on the LMC, which have been performed with the ROSAT

! Based on observations with XMM-Newton, an ESA Science
Mission with instruments and contributions directly funded by ESA
Member states and the USA (NASA).

position sensitive proportional counter (PSPC) from 1990 to
1994. For a description of the ROSAT mission and PSPC de-
tectors, see Trümper (1982), Briel & Pfeffermann (1986), and
Pfeffermann et al. (1987). This survey revealed 758 sources
(Haberl & Pietsch 1999, hereafter labelled HP99), among which
46 sources were classified as firmly identified SNRs or candi-
dates.

Several SNRs in the LMC have been investigated using ob-
servations with ROSAT (Filipović et al. 1998; Williams et al.
1999), Chandra X-ray Observatory (Hughes et al. 2006; Seward
et al. 2010) and XMM-Newton (Williams et al. 2004; Klimek
et al. 2010; Crawford et al. 2010) satellites, allowing a more de-
tailed view of their morphologies and spectra. Badenes et al.
(2010) have studied the size distribution of the SNRs in the
Magellanic Clouds (MCs), which has a maximum at ∼40 pc and
may extend up to sizes of ∼100 pc. With an extent of over 100 pc,
SNR 0450-70.9 and SNR 0506-6542 (DEM L 72) are among the
largest SNRs detected in the LMC (Williams et al. 2004; Cajko
et al. 2009; Desai et al. 2010; Klimek et al. 2010), which may
be highly evolved (age up to 100 kyr). The size distribution of
the MC SNRs as well as those in our Galaxy or the neaby spiral
galaxy M 33 cannot be explained only by the Sedov expansion
model for SNRs, but seems to be largely affected by the ambient

Article published by EDP Sciences A15, page 1 of 8



A&A 539, A15 (2012)

ISM densities (Bandiera & Petruk 2010; Badenes et al. 2010,
and references therein).

Furthermore, multi-frequency observations of several SNR
candidates located in the LMC have enabled their firm
identification based on morphological and spectral criteria
(Bojičić et al. 2007; Crawford et al. 2010) and have revealed
a strong correlation between the X-ray sources and the emis-
sion observed by the Magellanic Cloud Emission Line Survey
(MCELS; Smith et al. 2000). Indeed, an enhancement of the
[S ] and Hα coincident with the X-ray emission can be observed
in most cases. In particular, the ratio [S ]/Hα is often higher
than 0.4 (Levenson et al. 1995; Williams et al. 2004). However,
several SNRs in the MCs such as LMC SNR J0528-6714 or/and
SMC SNR J010505-722319 do not have any optical emission.

While the emission of the gas shocked by the shock waves
of SNRs is mainly of thermal nature, there can also be a pul-
sar or a pulsar wind nebula (PWN) in an SNR, which produce
non-thermal emission. Pulsars are rapidly rotating neutron stars
characterised by short periods (up to a few 10 s) and high sur-
face magnetic fields (Manchester et al. 2005). The dissipation
of the rotational energy of pulsars via magnetised particle winds
can be at the origin of PWNe (Gaensler & Slane 2006). A high
percentage of PWNe known in our Galaxy have been detected
in X-rays, and present a power-law spectra with a mean spec-
tral index of Γ = –1.8 ± 0.6 (Kargaltsev & Pavlov 2008, 2010).
Sensitive X-ray observations have enabled the detection of sev-
eral PWNe and candidates within the MCs, with similar proper-
ties as PWNe in the Milky Way (Gaensler et al. 2003; Williams
et al. 2005; Owen et al. 2011).

There are now over 50 well-established SNRs in the LMC
(Badenes et al. 2010; Klimek et al. 2010, and references therein)
and some additional ∼20 SNR candidates (Bozzetto et al.,
in prep.). This would comprise one of the most complete samples
of SNRs in external galaxies. Therefore, it is of prime interest to
study LMC SNRs and compare them with SNRs in other galax-
ies such as M 33 (Long et al. 2010), M 83 (Dopita et al. 2010),
the Small Magellanic Cloud (SMC; Filipović et al. 2005; Payne
et al. 2007; Filipović et al. 2008) and our Galaxy (Stupar et al.
2008; Green 2009).

The SNR candidates in the ROSAT PSPC catalogue have
been classified based on the X-ray spectrum and spatial extent.
Additional comparison to radio data taken with the Molonglo
Observatory Synthesis Telescope (MOST; ν = 843 MHz; Turtle
& Mills 1984) and with optical data of MCELS has shown that
there are ROSAT PSPC sources with radio or optical counter-
parts indicative of an SNR but with a hard X-ray spectrum and
therefore no typical SNR characteristics in X-rays. The source
[HP99] 456 is one of the most promising new SNR candidates
of this kind, with hard emission detected by ROSAT PSPC and
a possible radio or optical counterpart. It has been recently re-
investigated through new observations with XMM-Newton and
the Australia Telescope Compact Array (ATCA; Hughes et al.
2007).

In this paper, we report on the results of the analysis of
new XMM-Newton and ATCA follow-up observations of the
source [HP99] 456. Section 2 presents the observations and
analysis techniques. Results of the multi-frequency analyses are
presented in Sect. 3. Section 4 presents the discussion on the
SNR properties and on the different scenarios to explain the non-
thermal emission. In particular, we explore a possible association
of this second component with a PWN or an Active Galactic
Nucleus (AGN). Conclusions are presented in Sect. 5.

2. Observations and data reduction

2.1. X-rays

The XMM-Newton satellite is an X-ray observatory operated by
the European Space Agency (ESA). The source [HP99] 456
has been proposed for observations with XMM-Newton
(Obs. Id. 0651880101, P.I.: M. Sasaki). This paper presents re-
sults of the X-ray analysis of a 20 ks observation obtained on
this source.

The source [HP99] 456 has been observed on 2010 June 06
(from 04:18:56 to 09:52:50 UT) with the European Photon
Imaging Camera (EPIC) in full-frame mode and thin filters.
Using the EPIC MOS1, MOS2 and pn CCDs, it offers the op-
portunity to perform sensitive X-ray observations of a field of
the sky of diameter of 30′. More detailed technical descriptions
of the EPIC cameras are presented by Turner et al. (2001) and
Strüder et al. (2001).

The EPIC data were analysed with SAS v10.0.01. The expo-
sure time, after removing periods of high background, is ∼11 ks.
Pixels flagged as bad were not taken into account and screening
on the patterns (from 0 to 12 for MOS; from 0 to 4 for pn), corre-
sponding to the canonical set of valid X-ray events (calibrated on
the ground) was applied for the image and spectral analyses. We
performed source detection by using the SAS tasks eboxdetect
and emldetect.

2.2. Radio-continuum

The field of [HP99] 456 was observed with the ATCA on 2010
November 29, with an array configuration 6C, at wavelengths of
3 and 6 cm (9000 and 5500 MHz), and a bandwidth of 2 GHz
(ATCA project C2367). The observations were carried out in
snap-shot mode, totalling about 1 h of integration over a 12 h
period. PKS B1934-638 was used for flux and bandpass calibra-
tion and PKS 0530-727 was used for phase calibration. Standard
calibration, editing and imaging techniques (Sault & Killeen
2011) were used. Large bandwidth multifrequency clean (Sault
& Wieringa 1994) was used to deconvolve the image. We point
out that interferometers such as the ATCA suffer from missing
flux owing to the lack of short spacings, which significantly af-
fects the overall detection of extended emission like that from
SNRs.

We also used various other radio observations (see Table 1)
including 843 MHz by Mills et al. (1984), 1377 MHz from
Hughes et al. (2007) and 4800 MHz and 8640 MHz taken from
the mosaic project of Dickel (2005).

2.3. Optical

The Magellanic Cloud Emission Line Survey (MCELS)2 was
carried out from the 0.6 m University of Michigan/CTIO Curtis
Schmidt telescope, equipped with a SITE 2048 × 2048 CCD,
which gave a field of 1.35◦ at a scale of 2.4′′ pixel−1 (Smith
et al. 2006; Winkler et al., in prep.). Both the LMC and SMC
were mapped in narrow bands corresponding to Hα, [O ] (λ =
5007 Å), and [S ] (λ = 6716, 6731 Å), plus matched red and
green continuum bands. All data were continuum subtracted,
flux-calibrated and assembled into mosaic images (a small sec-
tion of which is shown in Fig. 6).

1 Science Analysis Software: http://xmm.esac.esa.int/sas/
2 MCELS: http://www.ctio.noao.edu/mcels/
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Table 1. Integrated radio flux densities of [HP99] 456.

ν λ rms Beam size S Total Reference
(MHz) (cm) (mJy) (′′) (mJy)

843 36 1.5 43.0× 43.0 0.045 Mills et al. (1984)
1377 20 1.5 45.0× 45.0 0.029 Hughes et al. (2007)
4800 6 0.6 30.0× 30.0 0.008 Dickel (2005)
8640 3 0.6 12.0× 12.0 0.004 Dickel (2005)
5500 6 0.1 2.8× 2.2 – This work
9000 3 0.1 2.8× 2.2 – This work

Table 2. Morphological details on the two emitting regions.

Emitting RA Dec Size Position angle pn count rate
region (hh:mm:ss.d) (◦:′:′′) (′) (◦) (cts s−1)
Soft emission 05:41:51.5 –66:59:02.8 5.0 × 4.6 –45 (18 ± 2) × 10−2

Hard emission 05:41:39.4 –66:58:45.8 0.9 × 0.45 –15 (2.8 ± 0.3) × 10−2

Notes. The last column lists the count rates estimated from the analysis of EPIC-pn data between 0.3 and 5.0 keV.

3. Data analysis

3.1. X-ray morphology

The morphological analysis was performed in three energy
ranges: 0.2–1.0 keV (soft band), 1.0–2.0 keV (medium band),
2.0–4.5 keV (hard band). For each energy interval, exposure-
corrected images were obtained using SAS tools using the fol-
lowing method.

First, X-ray data were cleaned using the selection procedure
described in the previous section. We computed event images
and exposure maps using the filtered dataset. Then we applied
a mask to remove bad pixels from the three instruments. We di-
vided each resulting event image by the corresponding exposure
map and smoothed the resulting images with a Gaussian filter
using asmooth. Finally, we added the event images from the dif-
ferent instruments for each energy band.

Figure 1 shows the RGB exposure-corrected image around
the unidentified source [HP99] 456 obtained with the EPIC data
in the three bands defined above (red: 0.2–1.0 keV; green: 1.0–
2.0 keV; blue: 2.0–4.5 keV) after subtraction of the instrumental
background (see caption). The emission seen in the hardest band
is similar to the medium band. This morphological analysis re-
veals the existence of two distinct emitting regions:

1. A soft emitting region: below 1.0 keV, the X-ray emis-
sion is dominated by a bright thermal (for more details, see
Sect. 3.2) component. It presents a shell-like morphology
with an extent of ∼5.0′ × 4.6′.

2. A hard emitting region: above 1.0 keV, the X-ray analysis re-
veals a less extended harder component. Its centre is located
∼1′ west from the centre of the soft shell-like emission and
presents an elongated morphology of length ∼0.9′. The po-
sition is consistent with the ROSAT position of [HP99] 456.

The presence of the hard emitting region coincident with the
ROSAT source suggests that [HP99] 456 is unrelated to the
shell-like emission region. Therefore, we designated the soft,
shell-like source XMMU J0541.8-6659 according to its approxi-
mate central coordinates. Additional details on the positions and
extents of both emitting regions are summarised in Table 2. The
count rates of the EPIC-pn observations are listed in the last
column.

Fig. 1. Smoothed RGB three-colour image of combined exposure-
corrected XMM-Newton EPIC pn, MOS1 and MOS2 data (red: 0.2–
1.0 keV; green: 1.0–2.0 keV; blue: 2.0–4.5 keV, square root scale). The
instrumental background was estimated using the method described in
Sect. 3.2.1 and subtracted from the images. The renormalisation factor
was derived from the shaded detector corners. The field of the radio im-
age presented in Fig. 5 is overlaid for comparison (green square). The
position of the ROSAT source [HP99] 456 is represented by a yellow
circle.

3.2. X-ray spectral analysis
The following sections present the results of the subsequent
spectral analyses of the two spectral components mentioned
above. We first describe the method used to estimate the con-
tribution from the intrinsic detector and X-ray background for
each emitting region. The spectral analysis was performed using
the XSPEC v 12.6.0 package (Arnaud 1996; Dorman & Arnaud
2001).

Point sources that were detected using the method described
in Sect. 2.1 were excluded from the spectral analysis. We used
data between 0.3 keV and 5.0 keV because no significant emis-
sion is detected at higher energies.
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Fig. 2. Smoothed image of exposure-corrected XMM-Newton EPIC data
in the 0.2–1.0 keV energy range. The dashed circle shows the region
considered for the estimation of the local background. The thick circle
represents the region used to derive the spectrum of the soft emission
from the shell-like structure. Cancelled circles show the position of the
bright sources excluded from the spectral analysis.

3.2.1. Estimation of the instrumental background

We estimated the contribution from the intrinsic instrumental
background using the filter wheel closed (FWC) data (Freyberg
et al. 2001a,b). The intrinsic background is composed of inter-
nal electronic noise as well as continuous and fluorescent X-ray
emission induced by high-energy particles. This background is
measured by operating the EPIC instruments in the “closed” fil-
ter wheel position, where no photons from astrophysical sources
can be observed. The FWC spectrum needs to be renormalised
using the continuum at higher energies.

3.2.2. Estimation of the X-ray background

The contribution of the X-ray local background emission was
derived from the same observation as the source itself. We de-
fined a region located close to our source (see Fig. 2), and ex-
tracted the spectrum from the observation and the FWC data.
We estimated the renormalisation factor of the FWC spectrum
with respect to the observed spectrum using the total count rates
measured above 5 keV in the corners outside the field of view of
the EPIC camera. The value of the renormalisation factor is 1.3.

The spectrum of the diffuse emission after subtracting the
instrumental background can be modelled as a sum of the fol-
lowing three components:

– a soft component, modelling the emission from the local
bubble with a collisional plasma, non-equilibrium model
(NEI; Borkowski et al. 1994, 2001; Hamilton et al. 1983;
Liedahl et al. 1995)3 assuming a low temperature (0.1 keV);

– a hard component modelled with an absorbed NEI model
with a temperature of 0.3 keV, which stands for the emission
from the Galactic halo;

3 For more details on XSPEC models, please see http://heasarc.
nasa.gov/xanadu/xspec/manual/manual.html

Table 3. XMM-Newton spectral results of the soft thermal emitting
region in the 0.3–5.0 keV energy range.

Parameter Value

NH (× 1021 cm−2) in the Galaxy 0.6 (fixed)
NH (× 1021 cm−2) in the LMC 0 (fixed)
kT (keV) 0.49 ± 0.12
Ionisation timescale∗ τ (s cm−3) (1.5 ± 0.7) × 1010

Absorbed flux (0.3–5.0 keV, erg/cm2/s) 2.5 × 10−13

Absorbed luminosity (0.3–5.0 keV, erg/s) 5.1 × 1034

Unabsorbed luminosity (0.3–5.0 keV, erg/s) 8.9 × 1034

Reduced χ2 1.27
Degrees of freedom 86

Notes. Model is VNEI with abundances fixed to 0.5 of the solar abun-
dances. (∗) The ionisation timescale τ = net, where ne is the electron
number density and t is the age of the gas.

– an absorbed power-law of spectral index Γ = 1.46, to de-
scribe the extragalactic unresolved emission.

The parameters are fixed to values similar to those used by Kuntz
& Snowden (2010).

The two last components are convolved with a Tübingen-
Boulder ISM absorption model (TBABS). The Galactic fore-
ground hydrogen column density of 0.6×1021 cm−2 was derived
from Stark et al. (1992) and was used for the absorption in the
Galaxy.

3.2.3. Soft-emission region

The X-ray emission below 1.0 keV is dominated by a struc-
ture presenting a shell-like morphology with a maximal di-
ameter of ∼5.0′ and centred at RA(J2000) = 05h41m51.5s,
Dec(J2000) = –66◦59′02.8′′. Photons located within the region
corresponding to the hard X-ray emitting region, as defined in
Table 2, were excluded from the source spectrum to avoid any
contamination, as were detected point sources visible in Fig. 1.

The spectrum of the shell-like structure was obtained after
the subtraction of the instrumental background. The X-ray back-
ground was estimated using a local background spectrum ex-
tracted from the same data. The source spectrum and the local
background were modelled simultaneously in XSPEC by using
a background model consisting of the components as explained
in the previous section. All parameters of the three background
components were fixed except the normalisations. The normali-
sations of the background components and the parameters of an
additional model component for the shell emission were free fit
parameters.

The spectral analysis of the soft circular emitting re-
gion reveals a thermal spectrum. It can be modelled with
a single-temperature non-equilibrium ionisation collisional
plasma model (VNEI; Borkowski et al. 1994, 2001; Hamilton
et al. 1983; Liedahl et al. 1995) with a temperature of
(0.49± 0.12) keV with an absorption of NH = 0.6×1021 cm−2 for
the Galactic foreground (with solar abundances) and a value of
NH for the absorption in the LMC. The abundances were fixed to
0.5 of the solar system abundances for the emission and absorp-
tion taking place in the LMC. This value is the standard mean
value for the LMC (Russell & Dopita 1992). The value of NH
for the LMC turned out to tend towards 0 with an 90% C.L. up-
per limit of 0.4 × 1021 cm−2. This parameter was therefore fixed
to 0.

The resulting spectrum is presented in Fig. 3. The corre-
sponding spectral parameters are given in Table 3.
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Fig. 3. XMM-Newton EPIC-pn spectrum and model of the soft emitting
region with a VNEI model fit (black points and solid line). The estima-
tion of the local background spectrum and model (red points and solid
line) is described in Sect. 3.2.1. The background spectrum was not sub-
tracted from the source spectrum but was modelled simultaneously and
is included in the spectral model of the source spectrum. The different
spectral components are shown separately (red and black dotted lines)
for the background and source spectra. The bottom panel shows the
residuals from the best-fit models.

3.2.4. Hard-emission region

The X-ray emission above 1.0 keV is dominated by a nar-
row structure of length ∼0.9′ located ∼1′ to the west of
the centroid of the shell-like thermal emission, as seen
from Fig. 1. Above 1.0 keV, the hard source has a surface
brightness of ∼5.8 × 10−3 counts/s/arcmin2, i.e. ∼6 times
the background level, which has a surface brightness of
∼9.4 × 10−4 counts/s/arcmin2. There is indication for substruc-
ture in the X-ray image, which could be caused by multiple
sources. The ROSAT source [HP99] 456 coincides with the
northern part of the narrow structure.

To analyse the spectrum of this second component again
the instrumental background spectrum was subtracted and the
X-ray spectrum was modelled simultaneously, this time using
the surrounding shell-like emission as the local background. The
normalisations of the component corresponding to the X-ray
background components were renormalised to the area and were
fitted, along with the spectral parameters of the hard emitting
region.

The spectrum of the hard emitting region is non-thermal and
can be modelled in the 0.3–5.0 keV energy range with an ab-
sorbed power-law with a spectral index of Γ = 1.8± 0.3, with an
absorption of NH = 0.6 × 1021 cm−2 for the Galactic foreground
(fixed, with solar abundances) and a value of NH for the absorp-
tion in the LMC of NH = (0.58± 0.53) × 1021 cm−2. This yields
an absorbed flux of ∼9.5 × 10−14 erg/cm2/s (reduced χ2 = 0.22
for 6 degrees of freedom). The resulting spectrum is shown in
Fig. 4. In particular, the contribution from the hard X-ray emit-
ting region is represented in red.

An alternative technique was used to derive the spectrum of
the hard emitting region. Instead of using the FWC data, we
extracted a background spectrum from a nearby region located
within the shell and subtracted it from the source spectrum. This
method yields consistent results for the hard emission.

Fig. 4. XMM-Newton EPIC-pn spectrum of the hard emitting region
with a power-law model fit. The solid line is for the hard emission
plus background spectra. Here, the background is the sum of the shell
emission and the local emission. The background spectrum and shell
spectrum were evaluated as described in Sect. 3.2.4. The background
spectrum was not subtracted from the source spectrum but was mod-
elled simultaneously and is included in the spectral model of the source
spectrum. The contribution from the hard emitting region is represented
in red. The bottom panel shows the residuals from the best-fit model.

Fig. 5. High-resolution ATCA radio-continuum image at 6 cm
(5.5 GHz) overlaid with 20 cm contours (violet) from the low-resolution
mosaic image of the immediate surroundings of [HP99] 456. Contours
are from 3 to 18 mJy/beam in steps of 1 mJy/beam and 6 cm beam size
(2.8′′ × 2.2′′) is shown in the bottom left corner.

3.3. Radio

New high-resolution (∼2′′) radio-continuum observations re-
solved low-resolution emission into three bright sources within
the hard X-ray emitting region (Fig. 5). For comparison, the size
of the radio image shown in Fig. 5 is represented in Fig. 1. In par-
ticular, three bright sources can be seen coinciding with the cen-
tral position of this hard non-thermal X-ray emitting region. The
brightest source (the most eastern one) has a spectral index of
α = –0.5 ± 0.1 with integrated flux densities of (0.85±0.05) mJy
at 5.5 GHz and (0.67± 0.05) mJy at 9.0 GHz.
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Fig. 6. Hα emission (arbitrary units) derived from the MCELS in the
surroundings of [HP99] 456. A contour of the soft thermal emission of
XMMU J0541.8-6659 is overlaid in green for comparison.

Our estimate of the SNR overall radio spectral index (ex-
cluding central point source; using flux densities from mosaic
surveys only and listed in Table 1 i.e. observations from 843,
1377, 4800, 8640 MHz) is α = –1.0 ± 0.2, which is more typical
for younger SNRs.

3.4. Optical

The emission from optical lines (Hα and [S ]) derived from the
MCELS were considered. The Hα emission in the surroundings
of [HP99] 456 are presented in Fig. 6. This image shows a pos-
sible correlation between the western part of the shell-like X-ray
thermal emission observed by XMM-Newton, the low-resolution
radio-continuum and the Hα emission line, as seen in Figs. 5
and 6. However, we acknowledge that this correlation could be
a chance coincidence because the Hα “cloud” could be an unre-
lated H region.

Low-resolution radio-continuum images at 36, 20, 6 and
3 cm show good alignment with the optical (MCELS) feature
and also coincide with the maximum emission from the X-rays.

Supernova remnants can show significant Hα, [S ] and
[O ] line emission if they are in the radiative phase. In this
case, the flux ratio [S ]/Hα is a crucial parameter to distin-
guish between SNRs and e.g., H regions (Levenson et al. 1995).
However, the [S ]/Hα ratio around [HP99] 456 is ∼0.3, which
is not necessarily indicative of SNR emission.

Hα emission is spatially coincident with the hard emitting
region, but additional studies are required to determine if they
are associated or not.

4. Discussion

Thanks to the high sensitivity of XMM-Newton, a recent observa-
tion of the field of [HP99] 456 has revealed the existence of two
emitting components. The softer component presents a circular
morphology and is firmly identified as a new SNR, designated
XMMU J0541.8-6659. The nature of the emitting region with

harder spectrum is still unclear, but we examined the possible
identification as a PWN or a background AGN.

4.1. Properties of the newly identified SNR
XMMU J0541.8-6659

X-ray data reveal a large structure of soft emission close to the
ROSAT PSPC source [HP99] 456 in the LMC. Analyses per-
formed in different energy ranges indicate that this source dom-
inates the X-ray emission below 1.0 keV.

The spectrum of the SNR XMMU J0541.8-6659 can be mod-
elled with an absorbed component representing a plasma in
non-equilibrium ionisation characterised by a temperature of
∼0.49 keV, which is the average of the typical temperature of
previously detected SNRs in the LMC. We note that the spectral
parameters quoted in Table 3 are consistent with the parameters
of the unambiguously identified SNRs in the LMC (Klimek et al.
2010; Levenson et al. 1995; Williams et al. 1999, 2004). It fur-
ther supports the identification of this thermal emission with an
SNR.

The soft emitting region is firmly identified as a new SNR, in
view of its morphology and X-ray spectrum. It has a maximum
diameter of ∼5.0′, which corresponds to a maximum extent of
∼73 pc at a distance of ∼50 kpc. Therefore, XMMU J0541.8-
6659 is one of the largest SNR observed in the LMC (Williams
et al. 1999; Klimek et al. 2010).

However, the large extent of the source does not necessarily
imply an old age for the SNR. Indeed, assuming the SNR to be in
the Sedov phase, the dynamic age of the source can be estimated
using the shock temperature as follows:

kBTs = 1.8 × 105
(Rs

t

)2
keV, (1)

where kB is the Boltzmann constant, Ts is the temperature of
the shock, which is comparable here to the plasma temperature
estimated in Sect. 3.2.3, Rs is the radius of the shock (in pc) and
t is the age of the SNR (in yr).

From the spectral fit yielding a plasma temperature of kBTs ≈
0.49 keV, we derived an age of ∼23 kyr. This value is well below
the age of previous largely-extended SNRs detected in the LMC
(e.g. Klimek et al. 2010; Williams et al. 2004).

This result means that the large extent of the source is not due
to its high age, but rather to an expansion in a probably rarefied
ambient medium. This is not surprising knowing the position of
XMMU J0541.8-6659 at the north-east part of the LMC, where
the gas density is quite low.

As a legacy project of the Spitzer Space Telescope, a survey
of the MCs has been carried out called “Surveying the Agents
of Galaxy Evolution” (SAGE)4 (Meixner et al. 2006) to obtain
images and spectra of the dust emission. A uniform survey of the
LMC was performed in a 7◦ × 7◦ by the Infrared Array Camera
(IRAC, dedicated to near infrared observations at wavelength
3.6, 4.5, 5.8, and 8 µm) and Multiband Imaging Photometer
for Spitzer (MIPS, mid- and far-infrared observations at wave-
lengths 24, 70, and 160 µm). The near-infrared emission (at
5.8 µm) in the region surrounding the source [HP99] 456 is
presented in Fig. 7. Spitzer-SAGE observations (Meixner et al.
2006) reveal dust emission spatially coincident with the eastern
half of the shell-like soft emitting region. However, there is no
clear indication that this dust emission is associated to the source
XMMU J0541.8-6659.

4 Spitzer-SAGE: http://sage.stsci.edu/index.php
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Fig. 7. Soft X-ray emission of XMMU J0541.8-6659. The contours of
the near-infrared emission (Spitzer, 5.8 µm) are overlaid for compari-
son.

4.2. Hard-emission region: a PWN or background AGN?

Energy-dependent morphological studies of the X-ray emission
in the surroundings of [HP99] 456 have revealed an extended
elongated structure located within the SNR, which dominates
the X-ray emission above 1.0 keV. Its centre is located ∼1′ from
the centre of the SNR. This hard emission region has an apparent
extent of ∼0.9′, corresponding to ∼13 pc at a distance of ∼50 kpc
and a non-thermal spectrum. However, the angular resolution of
XMM-Newton does not allow us to clarify if this hard source is
indeed extended (with substructure) or if it is a conglomerate of
point sources. A careful look at the ROSAT images reveals that
the position of [HP99] 456 is consistent with the hard source de-
tected with XMM-Newton and in particular with the more north-
ern knot in the hard emission (see Fig. 1). Hence, a possible
association between the soft and the hard components and the
exact nature of the hard X-ray source remains unclear. The radio
observations reveal several point sources at the position of the
northern X-ray knot. This may point towards an identification as
a pulsar with PWN. However, equivalently, one may argue for
an existence of several background sources such as AGN. We
investigate the different scenarios below.

Firstly, we examine the possibility that the hard X-ray emit-
ting region is associated to background AGN. With a flux of
5.1×10−14 erg cm−2 s−1 (0.5–2 keV), we expect to see ∼12 AGN
per square degree in the sky (Rosati et al. 2002). We have
an 8% probability for an AGN inside a 5.0′ × 4.5′ SNR shell.
This low probability and the non-detection of any similar mor-
phological (jet-like) structure either in radio, IR or in optical ren-
ders an association of the hard X-ray component with an AGN
quite unlikely.

It is worth noticing that the different values of absorption ob-
tained during the spectral fit of the hard and soft emitting regions
may indicate that they are located at different distances from us.
While the absorption of the shell is consistent with the SNR be-
ing located in the LMC, the slightly higher absorption of the

hard emission suggests that the source might be located behind
the SNR.

Secondly, we consider the possible association of the hard
X-ray component with a PWN. Three radio sources are embed-
ded in the hard and narrow X-ray component. The brightest radio
source presents a spectrum that can be modelled with a power-
law of index α ≈ −1.0 which is consistent with spectra of pul-
sars. If this radio source is indeed a pulsar, then it might power
a PWN that would be seen in the X-ray domain. Timing obser-
vations are required to confirm or invalidate this identification.
Furthermore, it is worth noticing that with a spectral index of
Γ = 1.8 ± 0.3, the spectrum of the hard X-ray emitting source is
similar to spectra of PWNe in the Milky Way (spectral indices
ranging from –2.5 to –1.2; Kargaltsev & Pavlov 2008, 2010) but
also typical for AGN.

The multi-frequency observations along with the spectral
and morphological results of our X-ray and radio data analyses
do not uniquely identify the nature of the hard X-ray emission
embedded in the SNR XMMU J0541.8-6659. Deeper X-ray ob-
servations with higher angular resolution are required to differ-
entiate between the two scenarios.

5. Conclusions

A recent X-ray observation with XMM-Newton of [HP99] 456
previously discovered by ROSAT led to the identification of a
new SNR (XMMU J0541.8-6659) in the LMC, which presents
a shell-like morphology and a soft thermal spectrum. No clear
correlation can be found between the X-ray and optical emission.
The physical properties (temperature, size, etc.) of this new SNR
are consistent with SNRs previously identified in the LMC by
X-ray observations (Levenson et al. 1995; Klimek et al. 2010;
Williams et al. 1999, 2004).

Additional analyses of the XMM-Newton data have revealed
a harder and narrower emitting region within the shell, which
may be a PWN or background AGN. This emission is likely the
counterpart of the hard source discovered by ROSAT. Follow-
up observations with ATCA revealed several radio point sources
coincident with the hard emitting region, one of which could be
a pulsar. Deeper observations of the hard X-ray emitting region
with the Chandra X-ray Observatory will help to distinguish be-
tween the different scenarios and to unveil its nature.
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Strüder, L., Briel, U., Dennerl, K., et al. 2001, A&A, 365, L18
Stupar, M., Parker, Q. A., & Filipović, M. D. 2008, MNRAS, 390, 1037
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ABSTRACT

Context. We present the analysis of supernova remnants (SNRs) and candidates in M 31 identified in the XMM-Newton large pro-
gramme survey of M 31. Supernova remnants are among the brightest X-ray sources in a galaxy. They are good indicators of the
recent star-formation activities of galaxies and the interstellar environment in which they evolve.
Aims. By combining the X-ray data of sources in M 31 with optical data as well as optical and radio catalogues, we aim to compile a
complete, revised list of SNRs emitting X-rays in M 31 detected with XMM-Newton, study their luminosity and spatial distributions,
and understand the X-ray spectra of the brightest SNRs.
Methods. We analysed the X-ray spectra of the 12 brightest SNRs and candidates that have been observed with XMM-Newton. Our
study of the four brightest sources allowed us to perform a more detailed spectral analysis and compare different models to describe
their spectrum. For all M 31 large programme sources, we searched for their optical counterparts in the Hα, [S ii], and [O iii] images
of the Local Group Galaxy Survey.
Results. We confirm 21 X-ray sources as counterparts to known SNRs. In addition, we identify 5 new X-ray sources as X-ray and
optically emitting SNRs. Seventeen sources are no longer considered as SNR candidates. We thus create a list of 26 X-ray SNRs and
20 X-ray SNR candidates in M 31 based on their X-ray, optical, and radio emission, which is the most recent complete list of X-ray
SNRs in M 31. The brightest SNRs have X-ray luminosities of up to 8 × 1036 erg s−1 in the 0.35–2.0 keV band.

Key words. ISM: supernova remnants – galaxies: ISM – galaxies: individual: M 31 – X-rays: galaxies – X-rays: ISM

1. Introduction

The Andromeda galaxy (M 31) is the largest galaxy in the Local
Group and the nearest spiral galaxy to the Milky Way. Its size
and mass are comparable to those of our Galaxy. Therefore, this
archetypical spiral galaxy provides a unique opportunity to study
and understand the nature and the evolution of a galaxy simi-
lar to our own. Various authors have studied the star-formation
histories in different regions of M 31 using observations with
both the Hubble Space Telescope (HST) and large ground-based
telescopes (e.g., the Local Group Galaxy Survey [LGGS] per-
formed at the Kitt Peak National Observatory [KPNO] and
the Cerro Tololo Inter-American Observatory, Williams 2003;
Massey et al. 2006). Deep HST photometry has shown that the
mean age of the disk of M 31 is ∼6–8 Gyr (Brown et al.
2006) and that the average metallicity is [Fe/H] ≈ –0.6 dex
(Bellazzini et al. 2003). Williams (2003) measured a mean star-
formation rate of about 1 M& yr−1 in the full disk of M 31.
Tabatabaei & Berkhuijsen (2010) studied the dust distribution

" Based on observations obtained with XMM-Newton, an ESA sci-
ence mission with instruments and contributions directly funded by
ESA Member States and NASA.
"" Appendices are available in electronic form at
http://www.aanda.org

and computed the de-reddened Hα distribution in the disk of
M 31. They derived a star-formation rate of 0.27 M& yr−1 for the
radial range of 6 < R < 17 kpc with an increase to about twice
the mean value at around R = 10 kpc. Although the current star-
formation rate in M 31 is lower than that of the Milky Way, M 31
seems to have undergone more active star-formation periods.
In addition to the well-known dust ring at a radius of ∼10 kpc
(Brinks & Shane 1984; Dame et al. 1993) that contains enhanced
star formation, Block et al. (2006) found an inner dust ring with
a radius of 1–1.5 kpc, which had apparently been created in an
encounter with a companion galaxy, most likely M 32.

First observations of individual sources in M 31 in X-rays
were performed with the Einstein Observatory (Giacconi et al.
1979) in the energy band of 0.2–4.5 keV and yielded the first
catalogues of X-ray sources in the field of M 31 (van Speybroeck
et al. 1979; Trinchieri & Fabbiano 1991). In the 1990s, ROSAT
(Trümper 1982) observed M 31 in the 0.1–2.4 keV band and
revealed a total of 560 sources in the field of M 31 (Supper
et al. 1997, hereafter SHP97; Supper et al. 2001, hereafter
SHL01). The next generation X-ray satellites Chandra X-ray
Observatory (Weisskopf et al. 2002) and X-ray Multi-Mirror
Mission (XMM-Newton, Jansen et al. 2001), which were both
launched in 1999, have significantly improved on the spatial and
spectral resolutions of the prior X-ray telescopes. They have also
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performed several observations of M 31 and allowed us to ob-
tain a comprehensive list of X-ray sources and study individual
sources (e.g., Osborne et al. 2001; Kong et al. 2002b; Kaaret
2002; Pietsch et al. 2005; Stiele et al. 2008; Barnard et al. 2008).
The entire galaxy M 31 was observed by XMM-Newton in a large
programme (LP) between June 2006 and February 2008 with the
European Photon Imaging Cameras (EPICs, Strüder et al. 2001;
Turner et al. 2001) as prime instruments. The XMM-Newton
source catalogue with 1897 sources was published by Stiele et al.
(2011, hereafter SPH11).

Supernova remnants are the aftermath of stellar explosions
releasing a large amount of energy in galaxies. The spherically
expanding blast-wave shock produces a cavity in the interstel-
lar medium with a very low-density, high-temperature interior,
which emits predominantly soft X-ray radiation. In addition,
relativistic electrons and heavier particles in SNRs emit syn-
chrotron emission that can be detected in radio and in some
cases in X-rays. After a few thousand years, the SNR be-
comes radiative, i.e., the radiative losses in SNR shocks ex-
panding into the ambient ISM become non-negligible and the
shell emits energy as both ultraviolet and optical line emission.
If a neutron star is created in the supernova explosion, a pul-
sar and/or a pulsar wind nebula (PWN) can be found inside the
SNR, in which particles are accelerated in the strong magnetic
field of the neutron star and thus non-thermal emission is pro-
duced. Supernova remnants in M 31 have been mainly detected
in the optical (e.g., D’Odorico et al. 1980; Dennefeld & Kunth
1981; Blair et al. 1981) and combined optical and radio studies
(Braun & Walterbos 1993). The X-ray survey performed with
ROSAT led to the detection of 16 X-ray SNRs (Supper et al.
2001), while 21 were detected and identified with XMM-Newton
(Pietsch et al. 2005). Kong et al. (2002a) presented the first re-
solved X-ray image of an SNR in M 31 taken with Chandra,
while Kong et al. (2003) and Williams et al. (2004b) re-
ported on the discovery of additional SNRs in M 31 based on
Chandra data.

In this paper, we present the study of all X-ray sources that
have been proposed as SNRs or SNR candidates in M 31 based
on a complete survey of M 31 performed within the framework
of the LP of XMM-Newton (SPH11). Through a detailed study
of each SNR and candidate detected by XMM-Newton, we ob-
tained a more representative sample of SNRs in M 31 consist-
ing of X-ray and optically confirmed SNRs as well as bona-fide
candidates. We performed a spectral analysis of the bright SNRs
and candidates in the catalogue of SPH11. Using optical data of
the LGGS, we searched for the optical counterparts of the X-ray
SNRs and candidates showing optical Hα, [S ii], and [O iii] emis-
sion from the radiative shock. We newly calibrated the LGGS
data to obtain optical fluxes and computed the [S ii]/Hα flux ra-
tio, which is an indicator of SNR emission in the optical. This
study has also allowed us to identify sources that are most proba-
bly not SNRs. In addition, we performed statistical studies using
the revised list of SNRs and candidates in M 31 detected with
XMM-Newton.

2. Data

2.1. X-ray data

XMM-Newton performed a survey of M 31 as a large programme
between June 2006 and February 2008. The analysis of the en-
tire data of this survey, including additional archival data taken
between June 2000 and July 2004, is presented by SPH11. These
observations in total covered the entire D25 ellipse of M 31 down

X

no SNRs
SNR candidates
SNRs

Fig. 1. The positions of X-ray SNRs and candidates detected with
XMM-Newton are shown on a Digitised Sky Survey 2 (blue) image. The
sources are marked with new classifications of this work (see Sect. 4).
In addition, the position of the dwarf elliptical M 32, which is a satellite
galaxy of M 31, is indicated by a yellow cross.

to a limiting luminosity of∼1035 erg s−1 in the 0.2–4.5 keV band.
A total of 1897 sources were detected in the XMM-Newton sur-
vey data (SPH11). The sources were either identified or clas-
sified based on their X-ray hardness ratios, spatial extent, and
variability, as well as through cross-correlations with catalogues
in the X-ray, optical, infrared, and radio wavelengths. In the end,
25 sources were identified by SPH11 as known SNRs and 31 ad-
ditional sources were classified as SNR candidates based on their
X-ray properties. Their positions are shown on a Digitised Sky
Survey (DSS) 2 blue image in Fig. 1. While the main objec-
tive of the work by SPH11 was to create a source catalogue of
all XMM-Newton detections in the field of M 31, we are inter-
ested in one particular class of objects, namely SNRs, which are
soft and intrinsically extended sources. We therefore reprocessed
and analysed the data using XMMSAS version 10.0.0 to obtain
the data products that are best suited to the study of SNRs. We
created mosaic images of data taken from all observations be-
tween 2006 and 2010 in the bands 0.2–1.0 keV, 1.0–2.0 keV,
and 2.0–4.5 keV. The images are binned with 2′′ × 2′′ pixel size
and smoothed with a Gaussian of 10′′ width. The three-colour
images created with the three bands zoomed in on each source
are shown in Figs. 2, 3, and from Fig. A.1.

The X-ray energy bands used for the detection and calcu-
lation of hardness ratios by SPH11 are B1 = 0.2–0.5 keV,
B2 = 0.5–1.0 keV, B3 = 1.0–2.0 keV, B4 = 2.0–4.5 keV,
and B5 = 4.5–12 keV. The hardness ratios and errors are de-
fined as HRi = (Ci+1 − Ci)/(Ci+1 + Ci) and EHRi = 2 ×√

(Ci+1 × ECi)2 + (Ci × ECi+1)2)/(Ci+1 +Ci)2, i = 1, 2, 3, 4. The
numbers Ci and ECi are the count rates and errors in the en-
ergy band i. Table B.1 lists the SNRs and candidates classified
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Table 1. Additional X-ray sources in the XMM-Newton M 31 survey catalogue of Stiele et al. (2011) analysed in this work.

[SPH11] RA (2000.0) Dec (2000.0) Pos. error Rate MLa HR1
b HR2

b HR3
b HR4

b

ID [arcsec] [cts/s]
Additional SNR candidates

811 00 42 10.60 +40 51 49.1 6.19 3.0e–3 ± 1.0e–4 8.3 –0.46 ± 0.46 0.48 ± 0.46 –0.83 ± 0.36
833 00 42 14.60 +40 52 04.7 4.30 3.2e–3 ± 5.0e–5 26 0.73 ± 0.17 –0.09 ± 0.17 –0.84 ± 0.23
c1121 00 43 03.70 +41 37 17.2 4.47 5.4e–3 ± 1.0e–4 17 0.45 ± 0.24 0.14 ± 0.19 –0.23 ± 0.36
1286 00 43 42.08 +41 47 09.5 7.42 2.2e–3 ± 5.0e–5 8.6 0.74 ± 0.27 –0.38 ± 0.23 –0.85 ± 0.46
d1461 00 44 28.62 +41 49 48.7 7.00 2.7e–3 ± 7.0e–5 8.7 0.63 ± 0.33 –0.58 ± 0.29
c1468 00 44 30.56 +41 23 06.2 4.84 4.0e–3 ± 6.0e–5 38 0.82 ± 0.16 0.16 ± 0.17 –0.66 ± 0.30
c1611 00 45 18.44 +41 39 36.3 3.42 7.5e–3 ± 8.0e–5 94 0.85 ± 0.17 0.29 ± 0.11 –0.13 ± 0.14

Notes. Sources in this table have been studied as possible SNR candidates based on optical data (see Sect. 2.1). (a) Detection likelihood. (b) Hardness
ratios. (c) Classified as a hard source by SPH11. (d) Classified as a foreground star candidate by SPH11.

 182  00:39:23.50,+40:44:19.1  182  00:39:23.50,+40:44:19.1  182  00:39:23.50,+40:44:19.1  182  00:39:23.50,+40:44:19.1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

 182  00:39:23.50,+40:44:19.1

Fig. 2. XMM-Newton three-colour image (red 0.2–1.0 keV, green 1.0–2.0 keV, blue 2.0–4.5 keV), continuum-subtracted LGGS Hα, [S ii], and
[O iii] images, and an [S ii]/Hα ratio image with XMM-Newton 3σ positional error circle (solid) for source [SHP11] 182. The dashed circle shows
the extraction region for the optical emission. The shown area has a size of ∼1′ × 1′. The label gives the source number of the XMM-Newton
catalogue (SPH11) followed by the coordinates. The positions of all detected XMM-Newton sources are marked in the XMM-Newton images (left)
with crosses. Figure A.1 shows images of other sources.

1437  00:44:21.18,+42:16:21.9 1669  00:45:38.26,+41:12:46.9 1748  00:46:06.34,+41:29:23.6 1796  00:46:25.39,+41:09:38.7

Fig. 3. XMM-Newton colour images (red 0.2–1.0 keV, green 1.0–2.0 keV, blue 2.0–4.5 keV) of sources 1437, 1669, 1748, and 1796, which are
located outside the regions covered by LGGS (see Sect. 2.2). The area shown has a size of ∼1′ × 1′.

by SPH11, along with their positions, count rates, detection like-
lihoods, and hardness ratios. If a hardness ratio HR1, HR2, HR3,
or HR4 is not given in Table B.1, it was not calculated owing
to the low quality photon statistics in the corresponding bands.
The sources in Table 1 were not classified as SNR candidates
by SPH11. However, the study of optical data while planning
follow-up observations of the XMM-Newton LP survey of M 31
revealed shell-like optical emission-line sources at the X-ray po-
sitions, indicating that these sources might be SNRs. We there-
fore included these sources in our analysis.

2.2. Optical data

M 31 was observed as part of the Local Group Galaxy Survey,
which was carried out with the 4 m telescope at KPNO (Massey
et al. 2006). Continuum images as well as narrow-band Hα,
[S ii], and [O iii] images are available for the fields, which in
total cover the entire galaxy. Each field covers ∼35′ × 35′ and

the median seeing of the observations was ∼1′′. Bias-corrected
and flat-fielded images can be downloaded from the LGGS web
site1. For the emission-line images, the photometric uncertainty
is ∼5%, according to the LGGS web page. We subtracted scaled
R band continuum images from the Hα and [S ii] images and
scaled V band continuum images from the [O iii] images.

Figures 2 and A.1 show continuum-subtracted LGGS Hα,
[S ii], and [O iii] images, and an [S ii]/Hα ratio image with
the XMM-Newton 3σ positional error circle for each source,
along with the XMM-Newton images described in Sect. 2.1. Four
sources ([SPH11] 1437, 1669, 1748, and 1796) are located out-
side the regions covered by LGGS. The XMM-Newton three-
colour images of these sources are shown in Fig. 3. We used im-
age data from the Data Release 8 of the Sloan Digital Sky Survey
(SDSS) III2 in order to search for possible optical counterparts to
these sources. The u, r, i, and z band images are shown in Figs. 4

1 http://www.lowell.edu/users/massey/lgsurvey.html
2 http://www.sdss3.org/
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1437  00:44:21.18,+42:16:21.9

1437  00:44:21.18,+42:16:21.9 1437  00:44:21.18,+42:16:21.9

1437  00:44:21.18,+42:16:21.9

Fig. 4. SDSS-III images (upper left: u band, upper right: r band, lower
left: i band, lower right: z band) of [SPH11] 1437. The shown area
has a size of ∼1′ × 1′. For sources [SPH11] 1669, 1748, and 1796 see
Fig. C.1.

and C.1. For all sources, we also checked the HST archive for op-
tical images to search for possible counterparts. While for most
sources the LGGS and SDSS images were sufficient to identify
possible counterparts, in the case of [SPH11] 1505 the HST im-
age revealed a background galaxy, which is not resolved in the
LGGS images, thus allowed its classification as a background
source (see Sect. 4.3.7).

The SNRs and their candidates are located in fields F2 to
F9 of the LGGS survey. We first calibrated the images in fields
F4, F5, and F6 based on the Hα, [S ii], and [O iii] fluxes of
[SPH11] 883 (r2-57) and [SPH11] 1040 (r3-84) determined by
Williams et al. (2004b), allowing us to calculate the flux in
erg cm−2 s−1 from the count rates in the images. The publication
of Williams et al. (2004b) also includes the Hα and [S ii] fluxes
of [SPH11] 1234. The [O iii] flux for [SPH11] 1234 was ob-
tained from the publication of Dennefeld & Kunth (1981). As
the LGGS fields have a small overlap with the adjacent fields
(e.g., F3 has an overlap with F2 and F4), we can, e.g., cali-
brate F3, if F4 is calibrated and there are sources that are ob-
served in both F3 and F4. In addition, Hα and [S ii] fluxes of the
sources [SPH11] 1539 and 1599 could be obtained from Braun
& Walterbos (1993). By using the fluxes of [SPH11] 1539 and
1599 in F4, which were observed in F2, F3, and F4, and com-
paring the values to their fluxes published by Braun & Walterbos
(1993), we calibrated the fields F2 and F3. For fields F7, F8,
and F9, we derived the count-rate-to-flux conversion factors by
using other sources that were observed in many fields, starting
with those observed in F6 and F7. For fields F8 and F9, how-
ever, we were unable to calibrate the [O iii] images as there were
no sources with significant [O iii] emission observed in both F7
and F8. This flux calibration yields an uncertainty in the flux in
the range of 3–20% in most of the fields, but up to 50% in some
fields, in which there were only a few sources in overlapping
areas.

We compared our list of sources to the catalogue of
emission-line objects compiled by Massey et al. (2007). We find
seven common objects. In Fig. 5, we plot the [S ii]/Hα flux ra-
tios that we derived (see Sect. 3.2) over the values in the Massey
et al. (2007) catalogue. Except for one outlier, the correlation
is very good with a coefficient of 1.002 ± 0.374 and an in-

[S
 II

]/H
a,

 th
is

 w
or

k

[S II]/Ha, Massey et al. 2007

Fig. 5. [S ii]/Hα flux ratios of sources, for which we computed the flux
using the LGGS data and there is a corresponding entry in the emission-
line source catalogue of Massey et al. (2007). The fitted line with a slope
of 1.0 is shown.

1539  00:44:52.82,+41:54:58.1 1539  00:44:52.82,+41:54:58.1

Fig. 6. Continuum-subtracted LGGS Hα (left) and LGGS V band im-
age (right) of [SPH11] 1539. The shown area has a size of ∼30′′ × 30′′ .
The XMM-Newton positional error circle is shown. The position of
LGGS J004452.98+415457.7 is indicated.

tercept of 0.098 ± 0.235 (Fig. 5). The outlier corresponds to
LGGS J004452.98+415457.7, which is the point source visi-
ble in the V band image inside the positional error circle of the
XMM-Newton source [SPH11] 1539 (Fig. 6, right). The Hα and
[S ii] fluxes of the optical source associated with [SPH11] 1539
(XMMM31 J004452.82+415458.1) was determined in a larger
area covering the entire extended optical source (Fig. 6, left).
This is most likely the reason for the discrepancy between our
flux ratio and that in the catalogue of Massey et al. (2007) cor-
responding to the point source. In conclusion, the agreement be-
tween our flux ratios and the Massey et al. (2007) values for
the small sample of common objects lends credibility to our
calibration procedure.

We obtained new optical spectra for three sources,
[SPH11] 811, 1156, and 1712, in follow-up observations of the
XMM-Newton LP survey undertaken in the period of 2006–2011.
The spectra were acquired with the 3.5 m telescope at the
Apache Point Observatory, located in the Sacramento Mountains
in Sunspot, New Mexico (USA) in order to identify the op-
tical counterparts of the XMM-Newton sources. These optical
spectra will be published in a separate paper (Hatzidimitriou
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Table 2. Spectral parameters obtained from the fits of the EPIC spectra of [SPH11] 1050, 1066, and 1234.

[SPH11] NH (TBABS2) kT (APEC) norm (APEC) Red. χ2 d.o.f. Fabs
a

ID [1021 cm−2] [keV] [cm−5] [erg s−1 cm−2]
1050 1 (0–17) 0.19 (0.04–0.25) 2e–5 1.0 34 1.1e–14
1066 6 (4–7) 0.18 (0.14–0.20) 9e–4 3.2 29 3.2e–14
1234 0 (0–2) 0.25 (0.05–0.27) 4e–5 2.6 61 5.6e– 14
[SPH11] NH (TBABS2) kT (NEI) τ (NEI) norm (NEI) Red. χ2 d.o.f. Fabs

a

ID [1021 cm−2] [keV] [1010 s cm−3] [cm−5] [erg s−1 cm−2]
1066 3 (2–4) 3.8 (2.8–4.2) 0.6 (0.4–0.8) 1e–5 2.3 26 3.5e–14
1234 0 (0–1) 2.2 (1.8–3.8) 0.9 (0.8–1.2) 4e–6 1.4 60 6.2e–14
[SPH11] NH (TBABS2) kT (APEC1) norm (APEC1) kT (APEC2) norm (APEC2) Red. χ2 d.o.f. Fabs

a

ID [1021 cm−2] [keV] [cm−5] [keV] [cm−5] [erg s−1 cm−2]
1234 4 (3–6) 0.23 (0.18–0.25) 2.8e–4 0.04 (0.02–0.05) 3.9 1.1 59 6.4e–14

Notes. 90% confidence ranges are given in brackets. (a) For 0.35–2.0 keV.

et al., in prep.). In the present work, we only use the results
for these three sources to discuss their nature (see Sects. 4.2.3,
4.3.5, and 4.3.11). The telescope was equipped with the Dual
Imaging Spectrograph (DIS), a medium dispersion spectrograph
with separate collimators for the red and blue part of the spec-
trum, and two 2048 × 1028 E2V CCD cameras, with the transi-
tion wavelength at around 5350 Å.

3. Analysis

3.1. X-ray spectra

Out of the 63 sources in Tables B.1 and 1, only twelve had
enough counts to obtain spectra with good statistics. We ex-
tracted spectra for these sources and created corresponding an-
cillary response files and response matrix files.

We analysed spectra that yielded more than five bins with
more than 20 counts per bin. The XMM-Newton EPIC spectra
were all fitted in XSPEC with a model that included two ab-
sorption components (fixed TBABS1 for the column density in
the Milky Way [MW] in the direction of M 31 of NH(MW) =
0.7× 1021 cm−2, Stark et al. 1992), and a free parameter TBABS2
for additional absorption in M 31) and a thermal emission model.
To begin with, we used the emission model APEC, which assumes
collisional ionisation equilibrium (CIE). For most of the sources,
for which we do not have high quality statistics to study the effect
of non-equilibrium ionisation (NEI), this model gives us the av-
erage temperature of the hot plasma. The abundances were fixed
to solar values (Anders & Grevesse 1989) in all fits. The spec-
tra are all fitted relatively well with a low temperature of kT ≈
0.2 keV. The results for the fits using a single APEC model com-
ponent are listed in the upper part of Table 2 for the brightest
sources [SPH11] 1050, 1066, and 1234. For the faintest of the
three, [SPH11] 1050, the APEC model reproduces the spectrum
fairly well with reduced χ2 = 1.0 (Fig. 7, top). However, the fits
yield no satisfactory results for the brighter sources. Therefore,
we also modelled the spectra with a non-equilibrium ionisation
model NEI or a combination of two APEC models instead of a
single APEC model (see Table 2).

The brightest X-ray SNR in M 31 is [SPH11] 1234
(XMMM31 J004327.93+411830.5). The spectral analysis re-
vealed that its spectrum consists of at least two thermal compo-
nents with temperatures of kT = 0.04(0.02−0.05) keV and kT =
0.23(0.18−0.25) keV (Table 2 and Fig. 7, middle). It is an SNR
that was first identified in the optical with a nice round shell
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Fig. 7. Spectrum of [SPH11] 1050, 1234, and 1066 with an APEC,
APEC+ APEC, and NEI model, respectively. EPIC-pn spectrum with fit-
ted model is shown in black, MOS1 in red, and MOS2 in green.
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Table 3. X-ray SNRs in M 31 detected with XMM-Newton.

[SPH11] Hα [S ii] [O iii] [S ii]/Hα L (0.35–2.0 keV)a

ID [erg cm−2 s−1 arcsec−2] [erg cm−2 s−1 arcsec−2] [erg cm−2 s−1 arcsec−2] [erg s−1]

Known SNRsb

182 1.4e–14 ± 2.9e–15 1.5e–14 ± 7.5e–15 N/A 1.1 ± 0.6 2.2e+35
474 2.5e–14 ± 5.2e–15 2.6e–14 ± 1.3e–14 2.3e–14 ± 1.1e–14 1.0 ± 0.5 6.9e+35
883 9.7e–15 ± 5.7e–16 9.2e–15 ± 1.9e–15 2.4e–16 ± 2.7e–17 0.9 ± 0.2 4.0e+35
1040 1.1e–14 ± 6.5e–16 9.0e–15 ± 1.9e–15 1.7e–14 ± 1.9e–15 0.8 ± 0.2 1.0e+36
1050 7.5e–15 ± 4.4e–16 7.7e–15 ± 1.5e–15 0.0 1.0 ± 0.2 1.2e+36
1066 2.2e–14 ± 1.3e–15 1.9e–14 ± 3.9e–15 2.1e–14 ± 2.3e–15 0.9 ± 0.2 3.8e+36
1234 5.6e–14 ± 3.3e–15 4.2e–14 ± 8.7e–15 3.7e–14 ± 4.1e–15 0.7 ± 0.2 8.0e+36
1275 3.0e–14 ± 1.7e–15 2.8e–14 ± 5.8e–15 5.4e–14 ± 6.0e–15 0.9 ± 0.2 3.1e+36
1291 3.1e–17 ± 1.9e–18 0.0 1.8e–17 ± 2.0e–18 0.0 1.8e+36
1328 5.9e–15 ± 3.4e–16 2.5e–15 ± 5.1e–16 1.6e–14 ± 1.8e–15 0.4 ± 0.1 1.2e+36
1351 3.8e–14 ± 2.2e–15 3.1e–14 ± 6.4e–15 6.4e–14 ± 7.2e–15 0.8 ± 0.2 6.5e+35
1386 5.9e–14 ± 3.4e–15 1.3e–14 ± 2.7e–15 6.3e–15 ± 7.1e–16 0.2 ± 0.0 2.2e+35
1410 1.2e–14 ± 6.8e–16 1.1e–14 ± 2.3e–15 7.1e–15 ± 8.0e–16 0.9 ± 0.2 8.5e+35
1497 4.7e–14 ± 2.7e–15 2.5e–14 ± 5.2e–15 3.0e–14 ± 3.4e–15 0.5 ± 0.1 5.9e+35
1522 2.4e–14 ± 1.4e–15 2.5e–14 ± 5.1e–15 1.2e–14 ± 1.3e–15 1.0 ± 0.2 4.4e+35
1539 2.1e–14 ± 6.4e–15 2.1e–14 ± 4.3e–15 2.7e–15 ± 8.2e–16 1.0 ± 0.4 2.1e+35
1587 0.0 0.0 0.0 0.0 3.6e+35
1593 2.6e–14 ± 7.9e–15 2.6e–14 ± 5.4e–15 6.2e–14 ± 1.9e–14 1.0 ± 0.4 1.7e+35
1599 5.8e–14 ± 3.4e–15 5.4e–14 ± 1.1e–14 9.7e–14 ± 2.9e–14 0.9 ± 0.2 2.1e+36
1793 3.5e–16 ± 1.1e–16 2.5e–16 ± 5.2e–17 2.9e–16 ± 8.8e–17 0.7 ± 0.3 5.1e+35
1805 3.2e–17 ± 9.7e–18 9.6e–17 ± 2.0e–17 4.5e–16 ± 1.3e–16 3.0 ± 1.1 8.0e+35

Newly confirmed SNRs based on optical and X-ray data
1079 3.9e–15 ± 8.1e–16 3.4e–15 ± 1.7e–15 1.4e–14 ± 7.0e–15 0.9 ± 0.4 5.5e+35
1148 2.3e–16 ± 1.3e–17 1.8e–16 ± 3.7e–17 1.7e–15 ± 1.9e–16 0.8 ± 0.2 2.9e+35
1370 8.2e–17 ± 4.8e–18 6.9e–17 ± 1.4e–17 2.6e–16 ± 7.9e–17 0.8 ± 0.2 3.0e+35
1481 7.6e–14 ± 4.4e–15 6.3e–14 ± 1.3e–14 3.7e–14 ± 4.2e–15 0.8 ± 0.2 4.6e+35
1548 2.1e–15 ± 6.4e–16 2.3e–15 ± 4.8e–16 1.5e–15 ± 4.6e–16 1.1 ± 0.4 2.1e+35

Notes. No [O iii] flux was calculated for sources that were only observed in fields F8 and/or F9 ([SPH11] 182; see Sect. 2.2). (a) See Sect. 6.1.
(b) SNRs known from literature. The optical fluxes and the flux ratios were determined from the LGGS data but were not used for the classification.

clearly visible in Hα, [S ii], and [O iii] (see Sect. D.1.7). As can
be seen in the Hα data, the remnant is located in an H ii re-
gion. The X-ray spectrum therefore seems to be the superposi-
tion of the hot gas inside an interstellar bubble and the emission
of the SNR.

The second brightest source is [SPH11] 969 (XMMM31
J004239.82+404318.8), which has been suggested to be an
SNR candidate based on its soft X-ray spectrum. The spec-
tral analysis by SPH11 revealed that its spectrum is best mod-
elled with a non-equilibrium plasma with a low temperature
kT = 0.2 keV and a strikingly low ionisation timescale τ =
2 × 108 s cm−3 ≈ 6 yr cm−3, implying a very low density
of ne = 6 × 10−4 cm−3 if the SNR had an age of ∼10 000 yr.
The source is located at the outer rim of the optical disk of M 31
(green annulus south of M 32 in Fig. 1). Therefore, if this is
an SNR it might have been expanding in a very low density
medium. We tried to fit its spectrum with a model including a
power-law component, which yields an unreasonably high index
of Γ = 6.0 (5.2–7.0). X-ray data of higher quality statistics are
necessary to understand the emission of this source.

The third brightest source [SPH11] 1066 (XMMM31
J004253.53+412551.0) is an optically identified SNR and has a
rather hard spectrum in X-rays with a high temperature and low
ionisation timescale (see Table 2 and Fig. 7, bottom). This spec-
trum is consistent with that of a young SNR. The statistics are
not high enough to verify if there is a non-thermal component.

3.2. Optical flux

As mentioned earlier, except for four sources, the X-ray SNRs
and candidates are located in regions covered by the LGGS data.
For these sources, we determined the Hα, [S ii], and [O iii] fluxes
and calculated the flux ratio [S ii]/Hα. The [S ii]/Hα flux ratio is
a diagnostic tool to distinguish the shock-ionised diffuse emis-
sion of SNRs from those of photoionised H ii regions or plan-
etary nebulae. The radiative shocks in SNRs produce a larger
[S ii]/Hα ratio, typically higher than 0.5 (Braun & Walterbos
1993). Values around [S ii]/Hα = 0.4–0.5 might be indicative
of an SNR nature, although shells or filaments in H ii regions
can also reach similar [S ii]/Hα ratios. We therefore apply the
hard limit of [S ii]/Hα > 0.5 for SNRs. To measure the flux, we
looked at the optical images for all sources, if available, one by
one. If there is optical emission that seems to be the optical coun-
terpart of the X-ray source, the extraction region was adjusted
by eye to cover the entire optical emission. For sources without
obvious optical emission, the size of the 3σ error circle of the
XMM-Newton position was used. For instance, the extraction re-
gion of [SPH11] 414 in Fig. A.1 was left as it is shown in the
figures, whereas for [SPH11] 182 in Fig. 2, the extraction region
was increased in size and shifted to cover the entire circular op-
tical source seen in all optical images (dashed circle). The back-
ground emission was estimated locally for each source. On the
basis of the optical fluxes and the [S ii]/Hα ratio, we confirmed
five sources with significant Hα, [S ii], and [O iii] emission and
an [S ii]/Hα ratio higher than 0.5 as new SNRs (see Table 3).

A144, page 6 of 33



M. Sasaki et al.: X-ray SNRs in M 31

Table 4. X-ray SNR candidates in M 31 detected with XMM-Newton.

[SPH11] Hα [S ii] [O iii] [S ii]/Hα L (0.35–2.0 keV)a

ID [erg cm−2 s−1 arcsec−2] [erg cm−2 s−1 arcsec−2] [erg cm−2 s−1 arcsec−2] [erg s−1]

263 1.4e–14 ± 2.9e–15 1.1e–14 ± 5.5e–15 N/A 0.8 ± 0.4 4.0e+35
294 1.4e–16 ± 2.9e–17 4.2e–17 ± 2.1e–17 N/A 0.3 ± 0.2 2.1e+36
414 0.0 2.3e–17 ± 1.2e–17 N/A 0.0 4.4e+35
419 0.0 5.6e–18 ± 2.8e–18 2.5e–16 ± 1.3e–16 0.0 2.3e+35
441 2.1e–16 ± 4.3e–17 7.5e–17 ± 3.7e–17 N/A 0.4 ± 0.2 4.0e+35
521 1.1e–12 ± 2.3e–13 2.8e–13 ± 1.4e–13 8.0e–13 ± 4.0e–13 0.3 ± 0.2 2.4e+35
560 1.8e–16 ± 3.7e–17 5.2e–17 ± 2.6e–17 N/A 0.3 ± 0.2 6.1e+35
668 1.5e–14 ± 3.1e–15 1.3e–14 ± 6.5e–15 3.1e–14 ± 1.6e–14 0.9 ± 0.5 1.1e+36
811 5.4e–15 ± 1.1e–15 7.8e–15 ± 3.9e–15 2.6e–14 ± 1.3e–14 1.4 ± 0.8 3.3e+35
833 3.3e–15 ± 6.8e–16 4.7e–15 ± 2.3e–15 6.4e–15 ± 3.2e–15 1.4 ± 0.7 3.5e+35
969 0.0 5.6e–18 ± 2.8e–18 3.4e–17 ± 1.7e–17 0.0 7.9e+36
1083 0.0 0.0 8.1e–17 ± 4.0e–17 0.0 2.2e+35
1282 4.1e–15 ± 2.4e–16 1.9e–15 ± 3.9e–16 3.9e–15 ± 1.2e–15 0.5 ± 0.1 2.6e+35
1286 4.0e–16 ± 2.3e–17 2.1e–16 ± 4.3e–17 1.3e–15 ± 4.0e–16 0.5 ± 0.1 2.4e+35
1332 2.2e–16 ± 1.3e–17 0.0 2.3e–16 ± 2.5e–17 0.0 5.1e+35
1372 6.2e–14 ± 3.6e–15 1.6e–14 ± 3.3e–15 1.1e–14 ± 3.3e–15 0.3 ± 0.1 2.2e+35
1535 2.8e–14 ± 1.6e–15 2.9e–14 ± 6.0e–15 6.2e–14 ± 6.9e–15 1.0 ± 0.2 1.6e+36
1669 3.7e+35
1748 2.6e+35
1796 1.1e+36

Notes. No [O iii] flux was calculated for sources that were only observed in fields F8 and/or F9 ([SPH11] 263, 294, 414, 441, and 560; see
Sect. 2.2). [SPH11] 1437, 1669, 1748, and 1796 are located outside the LGGS fields. (a) See Sect. 6.1.

Another class of extended soft X-ray sources are interstellar
bubbles and superbubbles in the interstellar medium of a galaxy
that are formed by the stellar winds of massive stars. Studies
of superbubbles in the Large Magellanic Cloud by, e.g., Chu
& Mac Low (1990) or Dunne et al. (2001) demonstrated that
the X-ray luminosities of X-ray bright superbubbles is higher
than predicted by theoretical models (e.g., the standard model
by Weaver et al. 1977). This indicates that the energy sources
of the X-ray bright superbubbles are not only the stellar winds
of massive stars, but also supernovae, and thus the shock waves
of SNRs that occurred inside the superbubble. In contrast to the
shock-ionised gas of SNRs, the gas in H ii regions around such
superbubbles is mainly photoionised and the expansion veloci-
ties are too low to form a radiative shock. Therefore, the [S ii]/Hα
ratio is smaller in superbubbles than in SNRs. Some sources in
our list have optical counterparts with a large extent and low
[S ii]/Hα ratio (∼0.3). These sources are most likely superbub-
bles or SNRs in a superbubble. We point out that sources clas-
sified as SNR candidates in the catalogue of SPH11 can also be
superbubbles since the classification was based on X-ray hard-
ness ratios, which indicate soft sources for both superbubbles
and SNRs.

4. New classifications

All sources in Tables B.1 and 1 have been studied in detail and
are either (re-)classified as SNRs or SNR candidates, or rejected
(see Tables 3–5).

Here, we summarise the X-ray and optical results for each
source and its identification. In the SPH11 catalogue, the fol-
lowing criteria were applied to identify SNRs and candidates:

1. soft sources with HR1 > −0.1 and HR2 + EHR2 < −0.2
are classified as SNR candidates if no foreground star was
detected at the X-ray position;

2. a source that fulfilled criterion 1 and had a known SNR as a
counterpart was identified as an SNR;

3. a source that did not fulfil criterion 1 but had an SNR coun-
terpart in either radio or optical and showed no significant
variability was classified as an SNR candidate.

We analysed the LGGS Hα, [S ii], and [O iii] data to obtain the
optical emission-line flux of the sources and to study their mor-
phology. In the following, we discuss for each source 1) why the
source was classified as an SNR or a candidate by SPH11 and
if there are any interesting details in the X-ray image or spec-
tra, 2) its optical properties, and 3) a revised classification based
on these new results. Specifically, we have

– confirmed an XMM-Newton source as an SNR if the X-ray
source is soft (i.e., fulfils criterion 1 of SPH11), there is no
foreground star at its position, and has either a radio coun-
terpart classified as an SNR or an optical counterpart with
[S ii]/Hα > 0.5;

– newly classified an XMM-Newton source as an SNR if its
spectrum is soft, there is no foreground star at its posi-
tion, and the optical counterpart incidates an SNR ([S ii]/
Hα > 0.5);

– classified an XMM-Newton source as an SNR candidate if
a source has a soft X-ray spectrum, no foreground star as a
counterpart, and neither an optical nor a radio counterpart
indicative of an SNR,
OR a source has a soft X-ray spectrum, a foreground
star at its position, but also an optical counterpart with
[S ii]/Hα > 0.5,
OR a source had been identified as an SNR before and has a
soft X-ray spectrum, but a possible foreground star together
with diffuse optical emission was found in this work,
OR a source has a hard X-ray spectrum and a radio
counterpart,
OR a hard source has an optical counterpart with [S ii]/
Hα > 0.5.

The new classifications are presented in the following. The
details of the X-ray and optical properties for the sources,
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Table 5. XMM-Newton sources from SPH11, which are no longer classified as X-ray SNRs or SNR candidates after a revised analysis.

[SPH11] Hα [S ii] [O iii] [S ii]/Hα Class. by New
ID [erg cm−2 s−1 arcsec−2] [erg cm−2 s−1 arcsec−2] [erg cm−2 s−1 arcsec−2] SPH11a Class.b

472 2.2e–16 ± 4.5e–17 1.4e–16 ± 7.0e–17 0.0 0.6 ± 0.3 〈SNR〉 〈fg star〉
500 1.7e–14 ± 3.5e–15 5.4e–15 ± 2.7e–15 3.8e–15 ± 1.9e–15 0.3 ± 0.2 〈SNR〉 〈hard〉
509 2.3e–17 ± 4.8e–18 6.4e–17 ± 3.2e–17 0.0e-+00 ± 1.6e–17 2.8 ± 1.5 〈SNR〉 〈fg star〉
682 1.2e–17 ± 2.5e–18 3.6e–17 ± 1.8e–17 0.0 0.0 〈SNR〉
1121 4.6e–14 ± 2.7e–15 9.6e–15 ± 2.0e–15 5.0e–15 ± 5.6e–16 0.2 ± 0.1 〈hard〉 〈hard〉
1156 2.2e–15 ± 1.3e–16 1.8e–15 ± 3.7e–16 1.0e–15 ± 1.1e–16 0.8 ± 0.2 〈SNR〉 〈hard〉
1437 〈SNR〉
1461 5.0e–14 ± 2.9e–15 9.3e–15 ± 2.0e–15 4.3e–15 ± 1.3e–15 0.2 ± 0.1 〈fg star〉 〈fg star〉
1468 5.1e–15 ± 2.9e–16 2.1e–15 ± 4.3e–16 4.4e–16 ± 4.9e–17 0.4 ± 0.1 〈hard〉 〈hard〉
1505 2.8e–16 ± 8.5e–17 0.0 2.8e–16 ± 8.5e–17 0.0 〈SNR〉 〈AGN〉
1534 8.4e–16 ± 2.5e–16 0.0 ± 5.9e–17 7.2e–16 ± 2.2e–16 0.0 〈SNR〉 〈fg star〉
1608 2.3e–16 ± 7.0e–17 0.0 0.0 ± 7.9e–18 0.0 〈SNR〉 〈fg star〉
1611 1.8e–14 ± 1.0e–15 8.2e–15 ± 1.7e–15 2.6e–14 ± 7.9e–15 0.5 ± 0.1 〈hard〉 〈hard〉
1637 1.6e–17 ± 4.9e–18 0.0 0.0 0.0 〈SNR〉 〈hard〉
1712 1.8e–13 ± 5.5e–14 9.4e–14 ± 2.0e–14 3.4e–14 ± 1.0e–14 0.5 ± 0.2 〈SNR〉
1732 7.2e–15 ± 4.2e–16 2.4e–15 ± 4.9e–16 2.1e–15 ± 6.4e–16 0.3 ± 0.1 〈SNR〉 〈hard〉
1741 1.6e–15 ± 4.9e–16 0.0 0.0 ± 3.2e–17 0.0 〈SNR〉 〈fg star〉

Notes. (a) Classification by SPH11. fg star: foreground star. The brackets 〈〉 indicate that these are candidates and the classifications hence need to
be confirmed. (b) New classification.

for which the classification remains unchanged, are available
in Appendix D. We assumed a distance of 744 kpc to M 31
(Vilardell et al. 2010). At this distance, 1′′ corresponds to 3.6 pc.
We use the following abbreviations for publications that we
refer to in this section: Baade & Arp (1964, BA64), Braun
(1990, B90), Braun & Walterbos (1993, BW93), D’Odorico
et al. (1980, DDB80), Di Stefano et al. (2004, DKG04), Gelfand
et al. (2004, GLG04), Gelfand et al. (2005, GLG05), Kong et al.
(2002b, KGP02), Magnier et al. (1995, MPV95), Orio (2006,
O06), Pellet et al. (1978, PAV78), Pietsch et al. (2005, PFH05),
Shaw Greening et al. (2009, SBK09), Walterbos & Braun (1992,
WB92), Williams et al. (2004a, WGK04), and Williams et al.
(2004b, WSK04).

4.1. New SNRs

4.1.1. [SPH11] 1079: XMMM31 J004255.50+405946.4

[SPH11] 1079 is a soft X-ray source with no foreground star at
its position. Therefore, it was classified as an SNR candidate by
SPH11.

There is a diffuse optical source located at the X-ray posi-
tion, which is visible in all three Hα, [S ii], and [O iii] images
(Fig. A.1). The flux ratio is [S ii]/Hα = 0.9 ± 0.4, indicating that
it is an SNR. The extent of the diffuse emission is ∼9′′. It has a
bright concave arc-like structure in the south-west. On the basis
of the X-ray hardness ratios and the optical flux ratio, we classify
this source as a new SNR.

4.1.2. [SPH11] 1148: XMMM31 J004308.85+410305.4

[SPH11] 1148 is a soft X-ray source. As no foreground star was
found at its position, it was classified as an SNR candidate by
SPH11.

The flux ratio derived from the LGGS data is [S ii]/Hα =
0.8 ± 0.2 (Table 3), suggesting that it is an SNR. It is very
faint and diffuse in the optical emission-line images with an ex-
tent of ∼12′′ and patchy structures (Fig. A.1). This morphology
is similar to that of [SPH11] 1282 and 1328. On the basis of

the X-ray colour and the optical line-flux ratio, we classify this
source as an SNR.

4.1.3. [SPH11] 1370: XMMM31 J004404.55+415806.5

[SPH11] 1370 is a soft X-ray source without a foreground star at
its position, which was therefore classified as an SNR candidate
by SPH11.

We detected very faint Hα, [S ii], and [O iii] emission in the
LGGS data with a flux ratio of [S ii]/Hα = 0.8±0.2 (see Table 3),
which is hardly visible in the images (Fig. A.1). This optical line-
flux ratio indicates that this source is indeed an SNR. Therefore,
the source is now classified as an SNR.

4.1.4. [SPH11] 1481: XMMM31 J004434.90+412512.7

[SPH11] 1481 is a faint, soft source with no foreground star at
its position. On the basis of its hardness ratios, it was classified
as an SNR candidate by SPH11.

The X-ray source is coincident with the optical source
[BW93] K490A located slightly to the north, which had been
suggested to be an SNR candidate (Fig. A.1). The [S ii]/Hα flux
ratio derived from the LGGS data is 0.8 ± 0.2 and indicates that
the source is an SNR. The optical source is diffuse and has an
extent of ∼20′′. It seems to be located in a complex of H ii re-
gions. The XMM-Newton source is also located in a region with
extended soft X-ray emission and was not detected precisely at
the position of the optical SNR. If the X-ray detection had been
placed at the position of the optical SNR, the X-ray count rates
would most likely have been higher (see Fig. A.1). Therefore, the
count rates in the catalogue of SPH11 are rather underestimated.
On the basis of the X-ray and optical properties, we classify this
source as a new SNR.

4.1.5. [SPH11] 1548: XMMM31 J004455.73+415655.2

[SPH11] 1548 is a faint, soft X-ray source, which has been sug-
gested as an SNR candidate by SPH11 based on its hardness
ratios and the lack of a foreground star as a likely counterpart.
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There is a faint arc-like structure in the optical with an extent
of ∼8′′, which is visible in Hα, [S ii], and [O iii] at the X-ray
position (Fig. A.1). The [S ii]/Hα flux ratio of 1.1 ± 0.4 suggests
that this object is an SNR. We therefore identify this source as a
new SNR.

4.2. New SNR candidates

4.2.1. [SPH11] 263: XMMM31 J003945.28+402949.9

[SPH11] 263 is a soft X-ray source with hardness ratios indica-
tive of an SNR. The X-ray source is coincident with the optical
SNR [BA64] 339 or [PAV78] 80 and was therefore identified as
an SNR by PFH05 and SPH11.

The optical line emission of the LGGS images (Fig. A.1)
shows a ring-like structure with an extent of ∼15′′, which has
a flux ratio of [S ii]/Hα = 0.8 ± 0.4 at the position of the
X-ray source, and an additional diffuse emission to the west with
a lower flux ratio ([S ii]/Hα ≈ 0.4). Therefore, it might be an
SNR embedded in an interstellar bubble.

The LGGS B, V , R, and I band images show several faint
point-like sources at the position of the X-ray source, two of
which appear very red and may be late-type foreground stars.
These stars might contribute to the detected X-ray emission
(Fig. 8, top left). Owing to this ambiguity, we change the clas-
sification of the X-ray source to an SNR candidate. Only X-ray
images with higher spatial resolution than XMM-Newton will al-
low us to resolve the contributions from the different sources of
X-ray emission.

4.2.2. [SPH11] 668: XMMM31 J004135.76+410655.0

[SPH11] 668 is coincident with the optical SNR [DDB80] 1-11
([BA64] 416), which is also a radio source ([B90] 14). The
X-ray source was also detected with Chandra ([DKG04] s1-42).
Although the hardness ratio HR2 = −0.30 ± 0.15 does not ful-
fil the SNR criterion, PFH05 and SPH11 classified the X-ray
source as an SNR based on its positional coincidence with the
optical SNR.

From the narrow-band LGGS images, we determined an
[S ii]/Hα flux ratio of 0.9 ± 0.5. The optical SNR has a diam-
eter of ∼8′′ and is brighter in the north and southwest (Fig. A.1).

There is a faint star to the southwest within the error radius
of the XMM-Newton position (Fig. 8, upper middle right). We
cannot rule out that the X-ray source is a foreground star. X-ray
data with higher spatial resolution are necessary to separate the
emission components. Therefore, we classify the XMM-Newton
source as an SNR candidate.

4.2.3. [SPH11] 811: XMMM31 J004210.60+405149.1

[SPH11] 811 was not classified as an SNR candidate by SPH11.
It is coincident with the source [PFH05] 224, which was clas-
sified as a candidate for a super-soft source. However, a look
at the DSS images in the course of the preparation for optical
follow-up observations revealed a ring-like structure.

A circular shell with a diameter of ∼12′′, which is brighter
in the east, is clearly visible in the Hα, [S ii], and [O iii] images
of the LGGS (Fig. A.1). The flux ratio of the shell is [S ii]/Hα =
1.4 ± 0.8, supporting its SNR nature.

In addition, there is a spoke-like feature extending from the
centre to the south (Fig. 9, left). In the LGGS U, B, and V im-
ages, there is a bright point-like source at the centre of the
ring with two additional fainter point-like structures northwest
and southeast of the bright source (Fig. 9, right). These three

 263  00:39:45.28,+40:29:49.9  472  00:40:47.02,+40:51:46.7

 509  00:40:55.02,+41:12:16.4
 668  00:41:35.76,+41:06:55.0

1534  00:44:50.02,+41:52:40.9
1608  00:45:17.87,+42:05:02.1

1741  00:46:04.42,+41:49:43.2

Fig. 8. LGGS R band images of [SPH11] 263, 472, 509, 1534, 1608,
and 1741. The shown area has a size of ∼30′′ × 30′′ . The XMM-Newton
positional error circle is shown.

sources form a line almost perpendicular to the spoke seen in
the emission line images. We have derived an [S ii]/Hα flux
ratio of 1.15 ± 0.11 from new optical follow-up observations
(Hatzidimitriou et al., in prep.), which is in good agreement with
the flux ratio from the LGGS data. The spectrum also shows
weak Balmer lines and He i lines in absorption, indicative of
an early-type star. Therefore, the optical source is most likely
a composite of an SNR and an OB star in M 31.

As the X-ray hardness ratios are not indicative of an SNR
(HR1 = −0.46± 0.46, HR2 = 0.48± 0.46, HR3 = −0.83± 0.36),
but the optical source is most likely an SNR, we classify the
XMM-Newton source [SPH11] 811 as an SNR candidate.
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 811  00:42:10.60,+40:51:49.1  811  00:42:10.60,+40:51:49.1

Fig. 9. Continuum-subtracted LGGS Hα (left) and LGGS U band image
(right) of [SPH11] 811. The shown area has a size of ∼30′′ × 30′′. The
XMM-Newton positional error circle is shown.

4.2.4. [SPH11] 833: XMMM31 J004214.60+405204.7

[SPH11] 833 has hardness ratios that are not typical of SNRs.
It is coincident with [PFH05] 234. We identified diffuse Hα,
[S ii], and [O iii] emission and thus regarded the source as an
SNR candidate.

An extended emission-line source elongated in the northeast
to southwest direction (∼9′′ × 2′′) is found on the Hα, [S ii],
and [O iii] LGGS images (Fig. A.1). The flux ratio of [S ii]/Hα =
1.4± 0.7 suggests that the source is an SNR. We therefore clas-
sify this source as an SNR candidate.

4.2.5. [SPH11] 1286: XMMM31 J004342.08+414709.5

[SPH11] 1286 is a soft source, which marginally did not fulfil
the criterion of HR2 + EHR2 < −0.2. Diffuse Hα emission was
found in the optical.

The LGGS images show a faint diffuse source in Hα, [S ii],
and [O iii] (Fig. A.1). The [S ii]/Hα flux ratio is 0.5 ± 0.1. This
value is at the border between SNRs and H ii regions, thus sug-
gesting an SNR but not clearly ruling out the H ii region identi-
fication. We therefore classify this source as an SNR candidate.

4.2.6. [SPH11] 1372: XMMM31 J004404.71+414846.7

[SPH11] 1372 is a faint, soft X-ray source coincident with an
extended optical source [WB92] 280, which was suggested as
a possible SNR candidate by [MPV95] (source 3-072). It was
therefore classified as an SNR by PFH05 and SPH11.

The optical source is also visible in the LGGS images
(Fig. A.1). The flux ratio derived from the LGGS data is
[S ii]/Hα = 0.3± 0.1, which is more typical of an H ii region than
of an SNR. The source is highly extended (∼30′′) and consists of
an extended round region in the north and an additional arc-like
structure in the southeast. We therefore classify the X-ray source
as an SNR candidate, which is probably located in an H ii region.

4.2.7. [SPH11] 1535: XMMM31 J004451.07+412905.9

[SPH11] 1535 is coincident with the optical SNR [BW93] K583
and its radio counterpart and was thus identified as an SNR by
PFH05 and SPH11.

The optical SNR is relatively compact with an extent of ∼8′′
and an arc-like structure, which is open to the southwest
(Fig. A.1). It has a flux ratio typical of SNRs ([S ii]/Hα =
1.0 ± 0.2). The SNR seems to be embedded in a shell-like

1535  00:44:51.07,+41:29:05.9 1535  00:44:51.07,+41:29:05.9

Fig. 10. LGGS V (left) and I (right) band images of [SPH11] 1535. The
shown area has a size of ∼30′′ × 30′′ . The XMM-Newton positional error
circle is shown.

H ii region extending to the northeast, which is most clearly seen
in the Hα image.

A closer look at the LGGS V , R, I images has revealed two
star-like objects within the X-ray error circle, i.e., in the pro-
jected interior of the optical SNR (Fig. 10). The object in the
centre of the X-ray error circle is a star in M 31 with a V mag-
nitude of 19.43 listed as source D31 J004451.1+412905.6 in the
catalogue of the DIRECT Project (Mochejska et al. 2001). The
redder object to the west is 2MASS 00445095+4129058 with
a J magnitude of 16.063, listed in the 2MASS All-Sky Catalog
of Point Sources (Cutri et al. 2003).

The X-ray emission of the SNR is most likely contaminated
by the emission of these stellar objects. X-ray data with higher
spatial resolution are necessary to separate the emission com-
ponents. We therefore classfiy this XMM-Newton source as an
SNR candidate.

4.3. Sources which are classified as no SNR candidates

4.3.1. [SPH11] 472: XMMM31 J004047.02+405146.7

[SPH11] 472 is a soft X-ray source with hardness ratios indica-
tive of an SNR. As no foreground star was found, it was pro-
posed as an SNR candidate by PFH05 and SPH11.

No diffuse optical line-emission was detected in the LGGS
Hα, [S ii], and [O iii] images (Fig. A.1). The LGGS B, V , R,
and I band images show a red optical point-like source inside
the error circle of the XMM-Newton source (Fig. 8, top right).
This optical source LGGS J004046.96+405148.2 has the colour
V−R = 1.4 and log( fX/ fopt) = –0.6, thus did only marginally not
fulfil the criterion for stars of V − R > 1, log( fX/ fopt) < −0.65
(see Sect. 9.1 in SPH11). We therefore re-classify the source as
a foreground star candidate.

4.3.2. [SPH11] 500: XMMM31 J004052.88+403624.4

[SPH11] 500 is a hard X-ray source. Owing to its positional co-
incidence with the optical SNR candidate with low confidence
suggested by MPV95 (source 3-027), the source was classified
as an SNR candidate by SPH11.

However, it is also listed in PFH05 and SBK09 as a hard
source. An extended, diffuse source is visible at its position in the
LGGS Hα image (Fig. A.1), although the flux ratio of [S ii]/Hα =
0.3± 0.2 is lower than typically found for SNRs. Therefore, this
hard X-ray source with an optical counterpart that is probably
not an SNR, is no longer an SNR candidate.
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4.3.3. [SPH11] 509: XMMM31 J004055.02+411216.4

[SPH11] 509 is a soft X-ray source and was classified as an
SNR candidate based on its hardness ratios by SPH11.

However, on the LGGS B, V , R, and I band images, we
find the star LGGS J004054.86+411217.1 at the X-ray position
with V − R = 1.3 and log( fX/ fopt) = –0.8 (Fig. 8, upper middle
left). We therefore re-classify this sources as a foreground star
candidate.

4.3.4. [SPH11] 682: XMMM31 J004140.28+405947.9

[SPH11] 682 is the faintest source in our list with a detection
likelihood of ML = 7.6. It was classified as an SNR candidate
by SPH11 based on the hardness ratio criterion and the lack of a
likely foreground star at its position.

However, with HR2 = −0.48 ± 0.26, the criterion HR2 +
EHR2 < −0.2 is only marginally fulfilled. Furthermore, that
even HR4 was determined indicates that there is a hard com-
ponent. Only faint Hα and [S ii] emission and no [O iii] emission
is detected in the LGGS data (Table 5). No radio counterpart is
known either. We therefore revise its classification and leave the
source without a classification.

4.3.5. [SPH11] 1156: XMMM31 J004310.43+413850.1

[SPH11] 1156 is a hard X-ray source, which was classified as an
SNR candidate by SPH11 based on the positional coincidence
with the source K89A in BW93.

[BW93] K89A is seen in the LGGS Hα and [S ii] images
to the west of the X-ray source position (Fig. A.1). It has a very
faint [O iii] emission and a flux ratio of [S ii]/Hα ≈ 1 in the north.
Therefore, the optical source was discussed as an SNR can-
didate. However, the XMM-Newton source is located east of
[BW93] K89A and does not seem to be related to the optical
source.

New optical follow-up observations (Hatzidimitriou et al.,
in prep.) have shown that the spectrum taken at the position of
the XMM-Newton source is a composite spectrum of an early-
type star and a nebular source with [S ii]/Hα = 0.57± 0.09. This
agrees with the value derived from the LGGS images (Table 5).

Neither the X-ray emission nor the optical emission is thus
clearly indicative of an SNR at the position of [SPH11] 1156.
Therefore, we classify the X-ray source as hard based on the
X-ray hardness ratios.

4.3.6. [SPH11] 1437: XMMM31 J004421.18+421621.9

[SPH11] 1437 is a faint soft X-ray source with low ML = 8.5,
which was suggested as an SNR candidate based on its hardness
ratios by SPH11 (see Fig. 3).

The location of this source was not covered by the LGGS.
Two faint sources are found on the SDSS-III r, i, and z band im-
ages inside the XMM-Newton error circle (Fig. 4). These sources
are not visible in the u band image. The sources are listed in
the USNO-B1.0 catalogue (Monet et al. 2003), with both R =
20.6, 21.4 and B = 19.6, 19.1, respectively. The XMM-Newton
source [SPH11] 1437 is therefore most probably either a star
or an AGN. We therefore no longer classify this source as an
SNR candidate.

4.3.7. [SPH11] 1505: XMMM31 J004442.73+415340.5

[SPH11] 1505 is a hard X-ray source with hardness ratios of
HR1 = 0.50 ± 0.27, HR2 = −0.73 ± 0.27, HR3 = 0.97 ± 0.04,

1505  00:44:42.73,+41:53:40.5

Fig. 11. Hubble Space Telescope ACS/WFC (F814W) image showing
an extended source at the position of [SPH11] 1505, which seems to
be a galaxy with an apparent extent of ∼6′′ × 1′′. It obviously has a
nucleus located ∼0.′′5 distant from the XMM-Newton source position.
The shown area has a size of ∼15′′ × 15′′.

and HR4 = 0.50±0.04. It was classified as an SNR candidate by
SPH11 based on its hardness ratios HR1 and HR2 and the lack
of a foreground star at its position.

The source is located south of the H ii region [PAV78] 799
(Fig. A.1). It is obviously unrelated to the H ii region. There is
apparently a galaxy at its position, as can be seen in an HST im-
age taken with ACS/WFC using the filter F814W (Fig. 11). This
galaxy seems to have a clearly visible nucleus, which is lo-
cated inside the 3σ error circle of the XMM-Newton source po-
sition. This source also has an extended infrared counterpart in
the Wide-field Infrared Survey Explorer (WISE) All-sky data re-
lease (Cutri & et al. 2012). We therefore classify [SPH11] 1505
as an AGN candidate.

4.3.8. [SPH11] 1534: XMMM31 J004450.02+415240.9

[SPH11] 1534 is a soft X-ray source and was classified as an
SNR candidate by SPH11 based on its hardness ratios.

It is located near the optical SNR [BW93] K567 and its ra-
dio counterpart [B90] 308, which is seen at the northern edge
of the Hα image (Fig. A.1). However, two faint red sources are
found in, e.g., the LGGS R band image at the position of the
XMM-Newton source, which are most likely stars (Fig. 8, lower
middle left). The X-ray source does not seem to be related to the
SNR to the north. Because optical point sources are found, we
no longer classify the X-ray source as an SNR candidate.

4.3.9. [SPH11] 1608: XMMM31 J004517.87+420502.1

[SPH11] 1608 is a faint soft X-ray source, which was classified
as an SNR candidate by SPH11 based on its hardness ratios.

In the LGGS data, only faint Hα emission was detected.
The LGGS R, V , and B band images show a point source at
the position of the XMM-Newton source (Fig. 8, lower middle
right). This optical source (LGGS J004517.84+420501.7) has
V−R = 1.2 and log( fX/ fopt) = –0.6, thus did marginally not fulfil
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the criterion for stars (Sect. 9.1 in SPH11, see also Sect. 4.3.1).
However, as there is a star within the X-ray error circle and no
additional extended source in the optical that is indicative of an
SNR, we now classify the X-ray source as a foreground star
candidate.

4.3.10. [SPH11] 1637: XMMM31 J004528.35+414605.9

[SPH11] 1637 is a hard X-ray source. It was suggested to be an
SNR candidate by PFH05 and SPH11 as it is located near the
SNR candidate [MPV95] 1-013.

The source [MPV95] 1-013 can be found at the top edge of
the LGGS Hα and [S ii] images in Fig. A.1. The X-ray source
is located south of it and does not seem to be related to the
SNR candidate. Therefore, we no longer classify this hard X-ray
source as an SNR candidate.

4.3.11. [SPH11] 1712: XMMM31 J004556.01+421117.2

[SPH11] 1712 is a faint, hard X-ray source. It is coincident with
the optical source [BW93] K884 and was therefore suggested as
an SNR candidate by SPH11.

The optical source [BW93] K884, however, has been sug-
gested to be a supershell (Fig. A.1). The [S ii]/Hα ratio derived
from the LGGS data is 0.5 ± 0.2, hence more consistent with an
H ii region.

The optical spectrum obtained in a new follow-up observa-
tion by Hatzidimitriou et al. (in prep.) indicates a composite of
a most likely highly reddened Be star and nebular emission. The
[S ii]/Hα ratio of 0.36 ± 0.08 is consistent with the LGGS value
and not indicative of an SNR.

As the X-ray source is hard and there is no optical emission
that would suggest that it is an SNR, we no longer classify this
source as an SNR candidate.

4.3.12. [SPH11] 1732: XMMM31 J004602.53+414513.2

[SPH11] 1732 is a hard X-ray source and was classified as an
SNR candidate by PFH05 and SPH11, as it is located near the
source [MPV95] 3-111, which had been suggested to be an SNR
candidate.

However, [SPH11] 1732 is located at a distance of ∼30′′
from [MPV95] 3-111. It is located at the edge of a large diffuse
structure seen in Hα (Fig. A.1), but shows no clear correlation
with the optical line emission. We therefore classify this X-ray
source as a hard source and not as an SNR candidate.

4.3.13. [SPH11] 1741: XMMM31 J004604.42+414943.2

[SPH11] 1741 is a soft X-ray source with no optical counter-
part that seems to be a foreground star. The source was therefore
classified as an SNR candidate by PFH05 and SPH11. It was
also detected with Chandra ([WGK04], [DKG04] n1-48).

We found two optical point sources in the LGGS B, V ,
and R band images, one inside and one right outside the error
circle of the XMM-Newton source (Fig. 8, bottom). The opti-
cal source inside the error circle (LGGS J00460.38+414944.0)
has the optical colour V − R = 1.3 > 1 and log( fX/ fopt) =
−1.3 < −0.65, which are indicative of a star. We therefore clas-
sify the X-ray source as a foreground star candidate.

5. Comparison to other X-ray catalogues

5.1. Comparison to the ROSAT catalogue

In the ROSAT source catalogues of SHP97 and SHL01,
16 sources were classified as SNRs. Thirteen of the 16 sources
were detected in the XMM-Newton survey. No counter-
part was found for the ROSAT sources [SHL01] 129
(RX J0041.9+4046), [SHP97] 203 (RX J0042.8+4125), and
[SHP97] 258 (RX J0043.9+4152).

The ROSAT source [SHP97] 284 (RX J0044.6+4125) is lo-
cated between two XMM-Newton sources: [SPH11] 1497, which
is an SNR with optical and radio counterparts, and 1481, which
was classified as an SNR candidate by SPH11 based on its X-ray
hardness ratios. On the basis of the new optical data of the
LGGS, we confirmed [SPH11] 1481 as an SNR.

We classified [SPH11] 1079 ([SHP97] 212) as a new
SNR based on its optical line emission. In addition, we con-
firmed that three XMM-Newton sources [SPH11] 472, 682, and
1637 with ROSAT counterparts ([SHP97] 92, [SHL01] 110, and
[SHL01] 321, respectively) are not SNR candidates.

5.2. Comparison to Chandra sources

XMM-Newton detected 5 of 6 SNRs in M 31 that had been
classified based on Chandra observations: [KGP02] r2-57
([SPH11] 883), [KGP02] r3-84 ([SPH11] 1040), [KGP02]
r2-56 ([SPH11] 1050), [KGP02] r3-69 ([SPH11] 1060),
and [KGP02] r3-63 ([SPH11] 1234). The Chandra source
CXOM31 J004247.82+411525.7, which was identified as an
SNR by Kong et al. (2003, source 2), is located between two
bright sources and has not been resolved by XMM-Newton.

Williams et al. (2004a) classified the Chandra source
[WGK04] n1-85 (also [DKG04]) as a variable X-ray source co-
incident with a radio SNR ([B90] 265). In addition, this source
was identified as a transient source by Williams et al. (2006). It
was not detected by XMM-Newton, even though the position is
covered by XMM-Newton observations, confirming its transient
nature. Therefore, this source is not likely to be an SNR.

6. Discussion

6.1. Cumulative X-ray luminosity distribution

We estimated the luminosity of the SNRs and candidates listed in
Tables 3 and 4 and thus obtained a cumulative luminosity distri-
bution of the SNRs in M 31. For the M 31 SNRs, we converted
the XMM-Newton count rates into flux by assuming a thermal
spectrum with kT = 0.2 keV, absorbed by a foreground col-
umn density of NH(MW) = 0.7 × 1021 cm−2 and an additional
NH(M31) = 1.0 × 1021 cm−2, similar to the fitted values for the
four brightest sources [SPH11] 969, 1050, 1066, and 1234. We
simulated the flux assuming different models by varying the tem-
perature in the range of kT = 0.1−0.3 keV and the foreground
absorption NH(M31) = 0−2 × 1021 cm−2 for the observed count
rates and obtained an uncertainty of ∼20%. Assuming CIE or
NEI model results in a difference in flux of ∼10% (see Table 2).
As most of the sources are too faint to distinguish between CIE
and NEI, we assume the same APEC model for all sources. For
the cumulative luminosity distribution plot shown in Fig. 12, the
luminosities in the energy band of 0.35–2.0 keV were calcu-
lated with the foreground absorption set to zero. We also in-
cluded the source CXOM31 J004247.82+411525.7, which was
identified as an SNR by Kong et al. (2003) but not resolved with
XMM-Newton (see Sect. 5.2). For comparison, the luminosities
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Fig. 12. Cumulative luminosity distribution of X-ray SNRs and candi-
dates in M 31 listed in Tables 3 and 4 for the band of 0.35–2.0 keV
(solid line). For comparison, the distribution of SNRs in M 33 is also
shown (dash-dotted line, Long et al. 2010). The dotted lines show the
power-law fits. The power-law index α is given.

for M 33 SNRs taken from Long et al. (2010) are plotted as
well. These luminosities were converted from Chandra count
rates by Long et al. (2010) assuming a thermal plasma model
with kT = 0.6 keV and an absorbing NH = 5.0 × 1020 cm−2,
which correspond to the best-fit values for the brightest SNRs in
M 33 observed with Chandra.

As one can see in Fig. 12, the slope of the cumulative lumi-
nosity distribution of X-ray SNRs in M 31 and M 33 are compa-
rable. Both distributions can be fitted with a power law with an
index of α ≈ −1. The distribution in M 33 seems to deviate from
this power-law distribution for luminosities >5 × 1035 erg s−1

showing an excess. The slight difference in the shape of the cu-
mulative luminosity distribution might indicate that the fraction
of more luminous SNRs in M 33 is higher than in M 31. There
are 24 sources brighter than 5 × 1035 erg s−1 in M 31 and 9 in
M 33. Above 1036 erg s−1, there are 13 sources in M 31 and 7 in
M 33 (see also Ghavamian et al. 2005; Long et al. 2010).

The number of SNRs in M 33 is higher than expected if
we simply scale with the total mass of the galaxy, as M 33 is
about 10 times less massive than M 31 (Corbelli 2003; Watkins
et al. 2010). M 33 is a typical flocculent spiral galaxy with
discontinuous spiral arms, in which star-formation regions are
found. In contrast to grand design spirals such as the Milky Way
or M 31, in which density waves are believed to produce the
spiral arms, gravitational instabilities together with turbulence
in the interstellar medium seem to be the origin of the spi-
ral structure and thus the ongoing star formation in flocculent
galaxies (Sellwood & Carlberg 1984; Elmegreen et al. 2003,
and references therein). The star-formation rate in the disk
of M 31 is 0.27 M& yr−1 for 6 < R < 17 kpc (Tabatabaei &
Berkhuijsen 2010) corresponding to a star-formation rate per
unit area of ΣSFR = 0.4 M& Gyr−1 pc−2. This value is about six
times lower than in M 33, for which a star-formation rate per unit
area of ΣSFR = 2−3 M& Gyr−1 pc−2 has been measured (Verley
et al. 2009). The higher star-formation rate implies that there is
a higher probability of core-collapse SNRs occuring in M 33.

In addition, we note that our list of SNRs in M 31 is based on
XMM-Newton observations, whereas the M 33 SNRs were de-
tected in a survey performed with Chandra. Not only was the
Chandra survey of M 33 deeper, but the superior angular resolu-
tion of Chandra made it possible to detect smaller and thus most
likely younger SNRs in M 33, which would not have been re-
solved and classified as SNRs in an XMM-Newton observation.
However, the Chandra M 33 survey only observed the inner part
of the galaxy inside the D25 ellipse, whereas the XMM-Newton
M 31 survey fully covered the D25 ellipse.

6.2. Radial distribution

In the shock waves of SNRs, particles can gain energies of up to
1015 eV or higher by means of diffusive shock acceleration (Bell
1978a,b; Blandford & Ostriker 1978; Hillas 2005). Therefore,
SNRs together with pulsars are thought to be the primary sources
of Galactic cosmic rays (CRs). The distribution of SNRs and pul-
sars in our Galaxy is a crucial basis for the understanding of the
CR distribution. Stecker & Jones (1977) studied the radial de-
pendence of the Galactic SNR surface density using the observa-
tional SNR data of Kodaira (1974) and pulsar data of Seiradakis
(1977) and showed that it can be described as ∝xα exp (−x/R)
with x being the radial distance to the Galactic centre. Using
only Galactic shell-type SNRs, Leahy & Wu (1989) found a peak
in the surface density distribution at a 4–6 kpc distance from
the Galactic centre. Case & Bhattacharya (1998) re-analysed the
Galactic SNR data and suggested using a dependence of the type
∝sin(πx + θ) exp (−x/R) for the radial surface density distribu-
tion. They obtained a scale length of ∼7 kpc and a maximum of
the distribution at about 5 kpc. Based on the obtained distribution
of SNRs in our Galaxy, the spectral distribution of Galactic CRs
can be modelled to explain the CR spectrum up to 1015–1016 eV
(see, e.g., Hillas 2005). However, our vantage point is not ideal
for the study of the source distribution in our Galaxy. To under-
stand the distribution of SNRs in a spiral galaxy, it is thus nec-
essary to study the most nearby spiral galaxies M 31 and M 33.

To obtain the radial distribution of SNRs in M 31, the posi-
tions of the SNRs and candidates in Tables 3 and 4 as well as
the source CXOM31 J004247.82+411525.7 were first corrected
for projection and their galactocentric distances were computed.
Stiele et al. (2011) also presented the radial distribution of SNRs
and candidates in M 31 detected in the XMM-Newton LP. To
compare M 31 and M 33, the radial distances were normalised to
R25 = D25/2. The positions of sources were binned into equidis-
tant radial bins and the surface density was calculated for each
annulus. The parameters used, i.e., distance, inclination angle,
position angle, and D25 are listed in Table 6. The SNR surface
densities are plotted against the normalised radial distance in
Fig. 13. We fitted the obtained radial surface-density distribution
of the SNRs in each galaxy with the model distribution intro-
duced for the radio-selected SNRs in the Milky Way

f (x) = C xα exp (−x/R), (1)

with a maximum at a radial distance of several kpc from the
Galactic centre as originally suggested by Stecker & Jones
(1977). The parameters of the distribution obtained by Case &
Bhattacharya (1998) for our Galaxy are C = 136.5, α = 2.00,
and R = 0.14. The best-fit model curves according to Eq. (1)
are plotted in Fig. 13 with dotted lines. This radial SNR dis-
tribution in M 31 and M 33 differs from the mass distribu-
tion of these galaxies derived from the rotation curves (e.g.,
Corbelli 2003; Corbelli et al. 2010, and references therein).
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Table 6. Geometric parameters of M 31 and M 33 used for the calculation of the radial SNR number density distribution.

Galaxy Distancea [kpc] Position angleb Inclination angleb Corrected D25
b R25 [kpc]

M 31 744 35◦ 71◦ 155.′5 16.8
M 33 805 23◦ 54◦ 52.′6 6.2

Notes. (a) Vilardell et al. (2010) for M 31 and Scowcroft et al. (2009) for M 33. (b) de Vaucouleurs et al. (1991).

Fig. 13. Surface density of SNRs and candidates in M 31 (this work) and
M 33 (Long et al. 2010) plotted over the radius normalised to D25/2
(D25 = 155.5′, 52.6′ for M 31 and M 33, respectively, de Vaucouleurs
et al. 1991). The radial distance in kpc is given along the upper x-axis.
Dotted lines show the fitted model function f (x) = Cxα exp (−βx),
dashed lines show the model function for the Milky Way normalised
to the maximum of M 31 or M 33.

The SNR distribution rather seems to follow the distribution
of stars and gas, similar to what had been suggested for the
Milky Way. For comparison, we also plot the distribution for
the Milky Way normalised to the fitted maxima of the distribu-
tions in M 31 and M 33. The fitted curve indicates a maximum at
about 5.5 kpc and 2 kpc for M 31 and M 33, respectively, corre-
sponding to ∼0.3 R25 for both galaxies. The distribution in M 31
seems to be almost flat for <17 kpc ≈ R25 and falls exponentially
outside ∼1.0 R25, while the distribution in M 33 falls off expo-
nentially for >4 kpc ≈ 0.65 R25. This behaviour of the SNR dis-
tribution in M 31 seems to be correlated with the distribution of
gas in M 31, which is known to have ring-like structures consist-
ing of many spiral arms between a radius of ∼5 kpc to 20 kpc,

with the most prominent ring being found at a radius of ∼10 kpc
(Sofue & Kato 1981; Braun 1991).

7. Summary

We have studied the X-ray and optical properties of SNRs
and candidates in the source catalogue of the XMM-Newton
LP survey of M 31. For the optical analysis, we used the Hα,
[S ii], and [O iii] emission-line images as well as the UBVRI
band images of the LGGS (Massey et al. 2006), which covered
M 31 in ten fields.

In addition to the 56 SNRs and candidates in the
XMM-Newton survey source catalogue of SPH11, we found
7 sources, which had not been previously classified as SNR can-
didates but showed optical line emission indicative of SNRs.
We therefore also included these seven sources in the list of the
studied sources. We extracted X-ray spectra of the 12 bright-
est sources. Only 4 of the sources have sufficiently high quality
statistics to perform a more detailed analysis of the X-ray spectra
taken with the XMM-Newton EPIC instruments. For the 3 bright-
est sources ([SPH11] 969, 1066, 1234), a collisional ionisa-
tion equilibrium model (APEC) does not reproduce the spectra
well, while a non-equilibrium ionisation model (NEI) provides a
closer fit. Two thermal components with two different tempera-
tures are necessary to describe the spectrum of [SPH11] 1234 to
achieve a satisfactory fit indicating that the X-ray emission is a
superposition of at least two emission components.

For each SNR and candidate, we measured the Hα, [S ii], and
[O iii] fluxes as well as the [S ii]/Hα flux ratio and thus confirmed
five new X-ray sources as SNRs. We point out that the final clas-
sification of this work applies to the X-ray source. Therefore,
if, for example, the optical counterpart is likely an SNR but the
X-ray source is either a soft source with a star in its positional
error circle or a hard source, the X-ray source was classified as
an SNR candidate.

We identified 17 sources, which are either hard X-ray
sources with no optical counterpart indicative of an SNR or with
an optical counterpart that is likely a star or a background AGN.
We therefore excluded these sources from the list of SNRs or
candidates. In particular, source [SPH11] 1505, for which we
found a galaxy with a bright nucleus as an optical counterpart,
has been classified as an AGN candidate.

From the XMM-Newton LP survey catalogue, we have thus
obtained a list of 26 X-ray SNRs and additional 20 bona-fide
X-ray SNR candidates in M 31. The brightest SNRs have X-ray
luminosities of ∼8 × 1036 erg s−1 in the 0.3–2.0 keV band.
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Appendix A: XMM-Newton and LGGS images
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Fig. A.1. XMM-Newton three-colour image (red 0.2–1.0 keV, green 1.0–2.0 keV, blue 2.0–4.5 keV), continuum-subtracted LGGS Hα, [S ii], and
[O iii] images, and an [S ii]/Hα ratio image with XMM-Newton 3σ positional error circle (solid). The dashed circle shows the extraction region for
the optical emission. If no dashed circle is shown, the X-ray error circle was used. The shown area has a size of ∼1′ × 1′. The label gives the source
number of the XMM-Newton catalogue (SPH11), followed by the coordinates. The positions of all detected XMM-Newton sources are marked in
the XMM-Newton images (left) with crosses.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Appendix B: Supernova remnants and candidates in the XMM-Newton M 31 large survey catalogue

Table B.1. X-ray SNRs and candidates in the XMM-Newton M 31 survey catalogue by Stiele et al. (2011).

[SPH11] RA (2000.0) Dec (2000.0) Pos. error Rate MLa HR1
b HR2

b HR3
b HR4

b

ID [arcsec] [cts/s]
SNRsc

182 00 39 23.50 +40 44 19.1 5.30 2.0e–3 ± 5.0e–5 13 0.95 ± 0.27 –0.64 ± 0.20
263 00 39 45.28 +40 29 49.9 3.37 3.7e–3 ± 4.0e–5 96 0.42 ± 0.10 –0.93 ± 0.09
474 00 40 47.19 +40 55 24.6 2.69 6.4e–3 ± 6.0e–5 180 0.90 ± 0.06 –0.63 ± 0.08 –0.88 ± 0.20
668 00 41 35.76 +41 06 55.0 4.50 9.8e–3 ± 2.0e–4 62 0.71 ± 0.17 –0.30 ± 0.15 –0.80 ± 0.28 0.83 ± 0.25
883 00 42 24.41 +41 17 29.8 2.65 3.7e–3 ± 4.0e–5 52 0.80 ± 0.07 –0.98 ± 0.06
1040 00 42 49.11 +41 24 06.6 2.38 9.2e–3 ± 5.0e–5 330 0.48 ± 0.05 –0.84 ± 0.05 –1.00 ± 0.27
1050 00 42 50.47 +41 15 56.7 3.28 1.1e–2 ± 9.0e–5 73 0.53 ± 0.08 –0.96 ± 0.06
1066 00 42 53.53 +41 25 51.0 1.89 3.5e–2 ± 1.0e–4 1400 0.56 ± 0.03 –0.70 ± 0.03 –0.94 ± 0.11
1234 00 43 27.93 +41 18 30.5 1.79 7.4e–2 ± 1.0e–4 6300 0.44 ± 0.02 –0.71 ± 0.01 –0.95 ± 0.03
1275 00 43 39.27 +41 26 53.0 2.12 2.9e–2 ± 1.0e–4 1200 0.39 ± 0.04 –0.76 ± 0.04 –0.87 ± 0.12
1291 00 43 43.97 +41 12 32.7 2.15 1.7e–2 ± 8.0e–5 620 0.77 ± 0.04 –0.45 ± 0.04 –0.94 ± 0.06
1328 00 43 53.69 +41 12 04.4 2.80 1.1e–2 ± 8.0e–5 270 0.53 ± 0.07 –0.58 ± 0.07 –1.00 ± 0.12
1351 00 43 58.25 +41 13 28.7 3.17 6.0e–3 ± 6.0e–5 86 0.42 ± 0.10 –0.78 ± 0.10 –0.48 ± 0.43
1372 00 44 04.71 +41 48 46.7 6.39 2.0e–3 ± 6.0e–5 9.0 0.78 ± 0.28 –0.55 ± 0.24 1.00 ± 0.26
1386 00 44 09.53 +41 33 20.9 4.49 2.0e–3 ± 3.0e–5 26 0.42 ± 0.17 –0.78 ± 0.13
1410 00 44 13.55 +41 19 54.3 3.26 7.8e–3 ± 8.0e–5 120 0.92 ± 0.07 –0.37 ± 0.09 –0.72 ± 0.17
1497 00 44 38.91 +41 25 28.8 5.17 5.4e–3 ± 1.0e–4 20 0.72 ± 0.17 –0.46 ± 0.19 –0.68 ± 0.29
1522 00 44 47.19 +41 29 18.7 4.83 4.1e–3 ± 6.0e–5 34 0.44 ± 0.14 –0.70 ± 0.14
1535 00 44 51.07 +41 29 05.9 2.71 1.5e–2 ± 1.0e–4 250 0.18 ± 0.08 –0.22 ± 0.09 –0.51 ± 0.12 –0.55 ± 0.53
1539 00 44 52.82 +41 54 58.1 3.81 1.9e–3 ± 3.0e–5 22 0.70 ± 0.21 –0.08 ± 0.18 –0.62 ± 0.23
1587 00 45 10.59 +41 32 51.3 4.69 3.3e–3 ± 7.0e–5 22 0.31 ± 0.19 –0.67 ± 0.35
1593 00 45 12.31 +42 00 29.6 4.16 1.6e–3 ± 3.0e–5 13 0.89 ± 0.16 –0.43 ± 0.18 –0.10 ± 0.32
1599 00 45 13.94 +41 36 15.5 2.52 1.9e–2 ± 1.0e–4 590 0.71 ± 0.05 –0.55 ± 0.05 –1.00 ± 0.05
1793 00 46 24.71 +41 55 41.6 3.18 4.7e–3 ± 5.0e–5 140 0.55 ± 0.09 –0.66 ± 0.10 –0.87 ± 0.37
1805 00 46 27.91 +42 08 06.7 4.03 7.4e–3 ± 8.0e–5 120 0.45 ± 0.09 –0.73 ± 0.10 –1.00 ± 0.43

SNR candidatesc

294 00 39 58.28 +40 27 26.2 2.08 1.9e–2 ± 8.0e–5 1300 0.64 ± 0.03 –0.61 ± 0.04 –0.95 ± 0.07
414 00 40 30.46 +40 27 56.0 5.38 4.1e–3 ± 8.0e–5 19 0.45 ± 0.23 –0.34 ± 0.21 –0.22 ± 0.39
419 00 40 31.92 +40 58 37.4 4.85 2.1e–3 ± 4.0e–5 15 0.20 ± 0.20 –0.82 ± 0.23
441 00 40 40.39 +40 30 12.3 4.28 3.7e–3 ± 6.0e–5 41 0.75 ± 0.12 –0.74 ± 0.15
472 00 40 47.02 +40 51 46.7 4.04 3.5e–3 ± 5.0e–5 44 0.61 ± 0.13 –0.70 ± 0.15
500 00 40 52.88 +40 36 24.4 3.07 5.6e–3 ± 6.0e–5 94 0.69 ± 0.30 0.70 ± 0.11 –0.18 ± 0.10 –0.42 ± 0.23
509 00 40 55.02 +41 12 16.4 5.23 2.2e–3 ± 4.0e–5 12 0.52 ± 0.19 –0.67 ± 0.19
521 00 40 58.94 +41 03 00.6 6.72 2.2e–3 ± 5.0e–5 10 0.80 ± 0.19 –0.46 ± 0.20 –0.88 ± 0.38
560 00 41 08.08 +40 31 42.4 4.04 5.6e–3 ± 7.0e–5 53 0.66 ± 0.11 –0.71 ± 0.12 –0.16 ± 0.40
682 00 41 40.28 +40 59 47.9 5.11 1.6e–3 ± 4.0e–5 7.6 0.61 ± 0.23 –0.48 ± 0.26 0.11 ± 0.38 –0.27 ± 0.57
969 00 42 39.82 +40 43 18.8 1.84 7.3e–2 ± 2.0e–4 4800 0.06 ± 0.02 –0.75 ± 0.02 –0.92 ± 0.07
1079 00 42 55.50 +40 59 46.4 3.00 5.1e–3 ± 6.0e–5 110 0.77 ± 0.09 –0.69 ± 0.11 –0.90 ± 0.37
1083 00 42 56.78 +40 57 18.5 3.51 2.0e–3 ± 3.0e–5 28 0.43 ± 0.14 –0.98 ± 0.09
1148 00 43 08.85 +41 03 05.4 5.25 2.7e–3 ± 5.0e–5 16 0.66 ± 0.16 –0.60 ± 0.21
1156 00 43 10.43 +41 38 50.1 4.80 2.3e–3 ± 4.0e–5 24 0.98 ± 0.32 0.25 ± 0.19 0.10 ± 0.19
1282 00 43 41.57 +41 34 06.6 6.59 2.4e–3 ± 3.0e–5 38 0.08 ± 0.14 –0.96 ± 0.15
1332 00 43 54.13 +41 20 47.3 6.10 4.7e–3 ± 8.0e–5 22 0.12 ± 0.17 –0.91 ± 0.18
1370 00 44 04.55 +41 58 06.5 5.05 2.8e–3 ± 6.0e–5 21 0.94 ± 0.14 –0.96 ± 0.14
1437 00 44 21.18 +42 16 21.9 6.22 2.1e–3 ± 6.0e–5 8.5 0.73 ± 0.21 –0.64 ± 0.25
1481 00 44 34.90 +41 25 12.7 5.69 4.2e–3 ± 8.0e–5 20 0.97 ± 0.11 –0.87 ± 0.17
1505 00 44 42.73 +41 53 40.5 2.19 7.0e–3 ± 5.0e–5 840 0.50 ± 0.27 –0.73 ± 0.27 0.97 ± 0.04 0.50 ± 0.04
1534 00 44 50.02 +41 52 40.9 3.67 2.8e–3 ± 5.0e–5 26 0.59 ± 0.19 –0.39 ± 0.17 –0.54 ± 0.31
1548 00 44 55.73 +41 56 55.2 4.24 1.9e–3 ± 4.0e–5 20 0.95 ± 0.13 –0.34 ± 0.19 –0.83 ± 0.34
1608 00 45 17.87 +42 05 02.1 6.19 2.4e–3 ± 5.0e–5 14 0.57 ± 0.20 –0.53 ± 0.25
1637 00 45 28.35 +41 46 05.9 2.58 5.7e–3 ± 5.0e–5 170 0.34 ± 0.33 0.70 ± 0.11 –0.06 ± 0.10 –0.06 ± 0.15
1669 00 45 38.26 +41 12 46.9 5.13 3.4e–3 ± 1.0e–4 16 0.65 ± 0.31 –0.61 ± 0.38
1712 00 45 56.01 +42 11 17.2 4.60 3.4e–3 ± 7.0e–5 18 0.61 ± 0.26 0.04 ± 0.25 0.02 ± 0.24 –0.15 ± 0.37
1732 00 46 02.53 +41 45 13.2 4.11 4.3e–3 ± 7.0e–5 28 0.95 ± 0.64 0.52 ± 0.19 –0.13 ± 0.17 –0.16 ± 0.30
1741 00 46 04.42 +41 49 43.2 3.09 5.6e–3 ± 7.0e–5 90 0.33 ± 0.11 –0.65 ± 0.14 –0.78 ± 0.42
1748 00 46 06.34 +41 29 23.6 4.21 2.4e–3 ± 4.0e–5 27 0.58 ± 0.19 –0.40 ± 0.21 –0.17 ± 0.35 0.54 ± 0.23
1796 00 46 25.39 +41 09 38.7 5.06 9.7e–3 ± 2.0e–4 32 0.33 ± 0.22 –0.48 ± 0.21 0.33 ± 0.27 –0.59 ± 0.43

Notes. (a) Detection likelihood. (b) Hardness ratios. (c) Classification by SPH11.
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Appendix C: SDSS images
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Fig. C.1. SDSS-III images (upper left: u band, upper right: r band, lower left: i band, lower right: z band) of [SPH11] 1669, 1748, and 1796. The
shown area has a size of ∼1′ × 1′.
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Appendix D: Sources with unchanged classification

D.1. SNRs

D.1.1. [SPH11] 182: XMMM31 J003923.50+404419.1

[SPH11] 182 is a soft X-ray source with hardness ratios indica-
tive of an SNR. No foreground star was found at its position. The
X-ray source is coincident with the optical SNR [DDB80] 1-4,
which corresponds to [BA64] 474 and [PAV78] 118. On the basis
of these results, the source was classified as an SNR by SPH11.

The optical source is clearly visible in all three emission-
line images of the LGGS (Fig. 2) and has a limb-brightened
shell that is bright in the southeast. The diameter of the optical
SNR is ∼16′′. We confirm the SNR classification based on the
[S ii]/Hα flux ratio (Table 3). The LGGS UBVRI band images
show several blue point-like sources at the position of the SNR,
indicating a group of young stars.

D.1.2. [SPH11] 474: XMMM31 J004047.19+405524.6

[SPH11] 474 has hardness ratios indicative of an SNR and is co-
incident with the optical SNR [DDB80] 1-7. A radio counterpart
[GLG04] 68 was found with α = −0.25, which might indicate a
PWN (GLG05).

From the analysis of the LGGS narrow-band images, we de-
rived an [S ii]/Hα flux ratio of 1.0 ± 0.5 (Fig. A.1), which thus
confirms the SNR identification. The source is rather compact
with a diameter of ∼5′′, corresponding to ∼18 pc.

D.1.3. [SPH11] 883: XMMM31 J004224.41+411729.8

[SPH11] 883 has hardness ratios indicative of an SNR and is
coincident with the Chandra source [KGP02] r2-57, which was
identified as an SNR by WSK04 based on additional studies of
LGGS and Very Large Array radio data.

Its optical line flux ratio is [S ii]/Hα = 0.9 ± 0.2, corroborat-
ing an SNR nature. The optical source has an arc-like structure
with an extent of ∼9′′ (Fig. A.1). It is brightest in the east. This
source is the second closest SNR to the centre of M 31 with a
galactocentric distance of about 860 pc.

D.1.4. [SPH11] 1040: XMMM31 J004249.11+412406.6

[SPH11] 1040 is coincident with the Chandra source [KGP02]
r3-84, which was identified as an SNR by WSK04, as well as the
radio source [B90] 97. It was therefore classified as an SNR by
PFH05 and SPH11.

There is significant Hα, [S ii], and [O iii] emission at its po-
sition and the flux ratio of [S ii]/Hα = 0.8 ± 0.2 confirms its
SNR nature (Fig. A.1). The optical SNR has a patchy, ring-like
morphology with an extent of ∼6′′ and is brightest in the north.
It is surrounded by faint, diffuse Hα emission.

D.1.5. [SPH11] 1050: XMMM31 J004250.47+411556.7

[SPH11] 1050 is a soft source and is coincident with the
Chandra source [KGP02] r2-56, which was identified as an SNR
by Kong et al. (2003). Therefore, the XMM-Newton source was
classified as an SNR by SPH11. The source also has an ex-
tended radio counterpart [B90] 101. It is located at a distance
of about 70′′ from the galactic centre (i.e., about 250 pc).

In the optical, the SNR is a rather compact source with an
extent of∼3′′ (Fig. A.1). On the LGGS images, it is located at the

edge of the central part of M 31 where the subtracted continuum
images are saturated, as can be seen in the [S ii]/Hα ratio image.

D.1.6. [SPH11] 1066: XMMM31 J004253.53+412551.0

[SPH11] 1066 is a bright X-ray source with a detection likeli-
hood of ML = 1400. It is coincident with a Chandra source
that was classified as an SNR by KGP02 (r3-69), the optical
SNR [DDB80] 1-13 ([BA64] 521), and its radio counterpart
[B90] 106. Therefore, the XMM-Newton source was classified
as an SNR by PFH05 and SPH11.

There is significant Hα, [S ii], and [O iii] emission at its po-
sition and the flux ratio of [S ii]/Hα = 0.9 ± 0.2 confirms its
SNR nature (Fig. A.1). It is slightly elongated in the north-south
direction with a size of ∼4′′ × 8′′, being brighter in the south.
The relatively hard X-ray spectrum and the rather small extent
of the source seen in the optical suggest that it is a young SNR.

D.1.7. [SPH11] 1234: XMMM31 J004327.93+411830.5

[SPH11] 1234 is the brightest source in our list with ML = 6300
and is a soft X-ray source. It is coincident with the Chandra
source [KGP02] r3-63, which was identified as an SNR by Kong
et al. (2002a), with the optical SNR [MPV95] 2-033, and the
radio source [B90] 142. Therefore, it was classified as an SNR
by PFH05 and SPH11.

Its XMM-Newton spectrum is best fitted with a combination
of two thermal components (see Sect. 3.1). The soft X-ray spec-
trum indicates that the source is not strongly absorbed. In addi-
tion, since there is significant emission even below 0.5 keV but
almost no emission above 1 keV, it might be a rather old SNR.
The optical source seen in the LGGS Hα, [S ii], and [O iii] im-
ages has a horse-shoe shaped structure with an extent of ∼8′′,
corresponding to 50–60 pc (see Fig. A.1). It is brighter on one
side (northwest) and open on the other side (southeast), which is
typical of SNRs evolving in a medium with a density gradient.
There is also significant extended diffuse emission visible in the
optical emission-line images around the SNR, which indicates
that the SNR might be embedded in a superbubble. The X-ray
spectrum of the SNR might therefore have been contaminated
by thermal emission from the interstellar gas in its environment.

D.1.8. [SPH11] 1275: XMMM31 J004339.27+412653.0

[SPH11] 1275 is a bright source (ML = 1200) embedded in
a region with soft diffuse emission. The X-ray position agrees
very well with the optical SNR [MPV95] 3-059, which is also a
radio source ([B90] 158). Therefore, the source was classified as
an SNR by PFH05 and SPH11.

Its [S ii]/Hα flux ratio is 0.9±0.2. The SNR has a half-circular
shape in the optical, which is open to the northwest and has an
extent of ∼7′′ (Fig. A.1).

D.1.9. [SPH11] 1291: XMMM31 J004343.97+411232.7

[SPH11] 1291 is a soft X-ray source and has been classified as
an SNR based on its positional coincidence with the radio source
[B90] 166, which is an extended continuum source. O06 also
discussed the possibility of this source being an SNR ([O06] 4).

In the optical, it is located in-between two diffuse sources in
the east and the south visible in Hα, which are most likely H ii re-
gions (Fig. A.1). Neither [S ii] nor [O iii] emission is significant.
Therefore, the source is most likely a non-radiative SNR.
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D.1.10. [SPH11] 1328: XMMM31 J004353.69+411204.4

[SPH11] 1328 is a soft X-ray source coincident with the optical
SNR [BW93] K230A (Fig. A.1) and was thus classified as an
SNR by PFH05 and SPH11. Radio emission that fills the western
half of the gap between the optical line emission was also found.

In the optical, the source consists of brighter regions to the
north and the south, which are both extended in the east-west
direction, thus form a parallel structure. The entire structure has
an extent of ∼15′′.

D.1.11. [SPH11] 1351: XMMM31 J004358.25+411328.7

[SPH11] 1351 is a soft source coincident with the optical SNR
[BW93] K252 ([DDB80] 18) and the radio source [B90] 199. It
was therefore classified as an SNR by PFH05 and SPH11.

In the optical, the source has an extent of ∼12′′ and is located
on the southern edge of the more extended structure visible in the
Hα image (Fig. A.1). The [S ii]/Hα flux ratio of 0.8 ± 0.2 fulfils
the criterion for SNRs. In the optical, the source has a half-shell
structure in the south with filaments extending to the north. In
general, it has a patchy morphology.

D.1.12. [SPH11] 1386: XMMM31 J004409.53+413320.9

[SPH11] 1386 is a soft X-ray source. In the catalogues of PFH05
and SPH11, it was classified as an SNR based on its positional
coincidence with the radio source [B90] 217.

It is located inside the H ii region [WB92] 315, which can
also be seen in the LGGS images (Fig. A.1). The [S ii]/Hα flux
ratio at the X-ray position is low (≈0.2). Therefore, the source is
likely a non-radiative SNR.

D.1.13. [SPH11] 1410: XMMM31 J004413.55+411954.3

[SPH11] 1410 is a soft source coincident with the optical SNR
[BW93] K327 with the radio counterpart [B90] 224. Therefore,
it was classified as an SNR by SPH11.

The X-ray position coincides with a knot with an extent
of ∼4′′ in the optical emission-line images located at the south-
ern edge of a more extended diffuse emission (Fig. A.1). The
extended emission is likely an H ii region, whereas the optical
SNR has a flux ratio of [S ii]/Hα = 0.9 ± 0.2.

D.1.14. [SPH11] 1497: XMMM31 J004438.91+412528.8

[SPH11] 1497 is a faint soft source and has been classified as
an SNR by PFH05 and SPH11 based on its coincidence with an
SNR candidate suggested by [MPV95]. It is the counterpart of
the optical and radio SNR [BW93] K506A, [B90] 278.

The morphology of its optical line emission is that of a cir-
cular shell with a diameter of ∼12′′ and is most clearly seen in
the [S ii] image (Fig. A.1). There is a bright blob-like Hα source
east to the SNR. While the SNR shell has an [S ii]/Hα flux ratio
of ∼1.0, the Hα blob reduces the [S ii]/Hα ratio of the total SNR
(0.5 ± 0.1).

D.1.15. [SPH11] 1522: XMMM31 J004447.19+412918.7

[SPH11] 1522 is a soft X-ray source and coincides with the op-
tical SNR [BW93] K548 and was thus identified as an SNR by
PFH05 and SPH11.

A shell with an extent of ∼10′′ is seen in the LGGS images,
which is slightly elongated in the east-west direction (Fig. A.1)
and is brighter to the west. Its [S ii]/Hα flux ratio of 1.0 ± 0.2 is
clearly indicative of an SNR. A nebula that is bright only in Hα
with a similar size is located northeast of the SNR.

D.1.16. [SPH11] 1539: XMMM31 J004452.82+415458.1

[SPH11]1539 is the X-ray counterpart of the optical SNR
[BW93] K594 and its radio counterpart [B90] 316. It was there-
fore identified as an SNR by PFH05 and SPH11.

It has an extent of ∼8′′ in the optical and is brighter in the
north (Fig. A.1). Its [S ii]/Hα flux ratio is 1.0 ± 0.4.

D.1.17. [SPH11] 1587: XMMM31 J004510.59+413251.3

[SPH11] 1587 is a faint, soft X-ray source and is positionally co-
incident with a shell-type radio source [B90] 354 with an offset
of ∼3′′. It was thus classified as an SNR by SPH11.

No optical emission is detected at its position. Therefore, the
SNR seems to be non-radiative.

D.1.18. [SPH11] 1593: XMMM31 J004512.31+420029.6

[SPH11] 1593 is a faint, soft X-ray source and is coincident with
a radio source [B90] 365 with an amorphous shape and was thus
classified as an SNR by SPH11.

Faint shell-like emission can be seen in the Hα, [S ii], [O iii]
images (Fig. A.1) that has a diameter of about 30′′. Its optical
flux ratio [S ii]/Hα is 1.0 ± 0.4, indicative of an SNR. We there-
fore also classify this source as an SNR, most likely a highly
evolved SNR. It is so far the largest X-ray SNR detected in M 31.

D.1.19. [SPH11] 1599: XMMM31 J004513.94+413615.5

[SPH11] 1599 is the X-ray counterpart of the optical SNR
[DDB80] 19 ([BW93] K717) and the radio source [B90] 367.
It was identified as an SNR by PFH05 and SPH11.

The optical SNR has an extent of ∼10′′. It is bright in the
west and has a diffuse extension to the east (Fig. A.1). The X-ray
poisition coincides with the bright part in the optical.

D.1.20. [SPH11] 1793: XMMM31 J004624.71+415541.6

[SPH11] 1793 is a soft X-ray source coincident with the source
[PFH05] 745. The X-ray source has an extended radio counter-
part [B90] 472 and was thus classified as an SNR by PFH05
and SPH11.

Only faint emission is seen in the LGGS images (Fig. A.1).
The optical flux ratio [S ii]/Hα is 0.7 ± 0.3. On the basis of the
X-ray properties and the coincidence with a radio continuum
source, we also classify this source as an SNR, which is most
likely non-radiative.

D.1.21. [SPH11] 1805: XMMM31 J004627.91+420806.7

[SPH11] 1805 is a soft X-ray source coincident with the radio
source [B90] 476 and was thus classified as an SNR by PFH05,
O06, and SPH11.

Very faint optical line-emission is detected in the LGGS im-
ages. The [S ii]/Hα flux ratio of 3.0±1.1 is indicative of an SNR.
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D.2. SNR candidates

D.2.1. [SPH11] 294: XMMM31 J003958.28+402726.2

[SPH11] 294 is a bright X-ray source with hardness ratios typical
of an SNR. As no foreground star is detected, it was proposed as
an SNR candidate by PFH05 and SPH11.

We determined its Hα and [S ii] fluxes from the LGGS im-
ages, even though the source is very faint (Fig. A.1). We there-
fore keep the classification of this source as an SNR candi-
date. If it is an SNR, the optical fluxes indicate that it is likely
non-radiative.

D.2.2. [SPH11] 414: XMMM31 J004030.46+402756.0

[SPH11] 414 is a hard source and thus was not classified as an
SNR candidate based on its hardness ratios but was instead sug-
gested as an SNR candidate based on its positional coincidence
with the radio source [GLG04] 198 with a radio spectral index
of α = −0.08. Its radio properties indicate emission from a PWN
(GLG05).

We detect neither Hα, [S ii], nor [O iii] emission in the LGGS
images (Fig. A.1). Therefore, if the source is an SNR, it has to be
non-radiative. A PWN can produce hard X-ray emission. On the
basis of the radio-source coincidence, we retain its identification
as an SNR candidate.

D.2.3. [SPH11] 419: XMMM31 J004031.92+405837.4

[SPH11] 419 is a soft X-ray source with hardness ratios indica-
tive of an SNR. No optical source is detected at its position that
might be a foreground star. Therefore, it was classified as an
SNR candidate by SPH11.

We do not detect any emission in the narrow-band filter im-
ages of the LGGS (Fig. A.1). If the source is an SNR, it has to be
non-radiative. Because of a lack of additional information, we
keep the SNR candidate classification.

D.2.4. [SPH11] 441: XMMM31 J004040.39+403012.3

[SPH11] 441 is a soft X-ray source with hardness ratios in-
dicative of an SNR. No foreground star was found at its posi-
tion. It was therefore classified as an SNR candidate by PFH05
and SPH11.

Faint Hα and [S ii] emission was detected in the LGGS
images (see Table 4 and Fig. A.1) on the northwestern side.
However, this emission does not help us to classify the optical
source as an SNR. Therefore, the XMM-Newton source remains
an SNR candidate.

D.2.5. [SPH11] 521: XMMM31 J004058.94+410300.6

[SPH11] 521 is one of the faintest X-ray sources with a detection
likelihood of ML = 10. Its hardness ratios suggest that it is an
SNR candidate. No optical counterpart was found that could be
a foreground star. It was therefore proposed as an SNR candidate
by PFH05 and SPH11.

The X-ray source seems to be surrounded by a very extended
optical source, which is visible in the Hα, [S ii], and [O iii] im-
ages (Fig. A.1) and has a low flux ratio [S ii]/Hα = 0.3 ± 0.2,
hence is an H ii region. The X-ray source therefore remains an
SNR candidate.

D.2.6. [SPH11] 560: XMMM31 J004108.08+403142.4

[SPH11] 560 is a soft X-ray source, which was classified as an
SNR candidate by PFH05 and SPH11 based on its hardness
ratios and the lack of a foreground star as a possible optical
counterpart.

Faint Hα and [S ii] emission was measured at its position in
the LGGS images. This source thus remains an SNR candidate.

D.2.7. [SPH11] 969: XMMM31 J004239.82+404318.8

[SPH11] 969 is a bright X-ray source with a detection likelihood
of ML = 4800. Its hardness ratios suggest that it is an SNR can-
didate. As no foreground star was found, the XMM-Newton
source was suggested to be an SNR candidate by SPH11. The
X-ray source was also detected with Chandra ([WGK04] s1-84).

There is neither a point source nor significant extended emis-
sion in the optical at and around the source. Without any con-
firmation in optical or radio, this source is still classified as an
SNR candidate.

D.2.8. [SPH11] 1083: XMMM31 J004256.78+405718.5

[SPH11] 1083 is a soft X-ray source with no foreground star at
its position and hence has been classified as an SNR candidate
by SPH11.

No optical source is detected at its position in the LGGS im-
ages. Therefore, if it is an SNR, it is non-radiative. The source
remains an SNR candidate.

D.2.9. [SPH11] 1282: XMMM31 J004341.57+413406.6

[SPH11] 1282 is a soft X-ray source with no foreground star as a
possible counterpart and thus was classified as an SNR candidate
by SPH11. PFH05 classified the X-ray as a candidate super-soft
source.

There is faint optical line-emission in the LGGS image with
an extent of ∼14′′ (Fig. A.1). The flux ratio of 0.5 ± 0.1 is in-
significantly high to classify the optical source as an SNR. It is
very diffuse and patchy, similar to [SPH11] 1148 and 1328.
This source still remains an SNR candidate based on its X-ray
hardness ratios.

D.2.10. [SPH11] 1332: XMMM31 J004354.13+412047.3

[SPH11] 1332 is a soft X-ray source with no foreground star as a
possible counterpart, which was classified as an SNR candidate
by PFH05 and SPH11 based on its hardness ratios.

There is faint Hα and [O iii] emission confirmed in the LGGS
data, even though no [S ii] emission was detected (see Table 4
and Fig. A.1). A filament in Hα is visible with an extent of ∼5′′.
This source remains an SNR candidate.

D.2.11. [SPH11] 1669: XMMM31 J004538.26+411246.9

[SPH11] 1669 is a faint soft X-ray source, which was classified
as an SNR candidate by SPH11 based on its hardness ratios and
the lack of a foreground star as its possible counterpart.

The position of the X-ray source was not observed by the
LGGS. No optical counterpart is found in the SDSS-III images
(Fig. C.1, upper left). Radio emission has not been detected at
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its position so far either. This source remains an SNR candidate
based on its X-ray properties.

D.2.12. [SPH11] 1748: XMMM31 J004606.34+412923.6

[SPH11] 1748 is a faint soft X-ray source, which marginally ful-
filled the hardness ratio criterion for SNR candidates and has no
optical counterpart that is likely to be a star. Therefore, it was
classified as an SNR candidate by SPH11.

The LGGS did not cover the position of the X-ray source.
The SDSS-III images show no source at the XMM-Newton posi-
tion inside the error circle (Fig. C.1, upper right). A radio coun-
terpart is not known either. Therefore, this source remains an
SNR candidate.

D.2.13. [SPH11] 1796: XMMM31 J004625.39+410938.7

[SPH11] 1796 was classified as an SNR candidate by PFH05
and SPH11 based on HR1 and HR2 and the lack of a foreground
star at its position.

The source was not covered by the LGGS. The SDSS-III
images show no source inside the XMM-Newton positional error
circle (Fig. C.1, lower panel). A radio counterpart is similarly
unknown. With no additional information available, this source
remains an SNR candidate.

D.3. No SNRs

D.3.1. [SPH11] 1121: XMMM31 J004303.70+413717.2

[SPH11] 1121 is a hard source and was not proposed as an SNR
candidate by SPH11. Nevertheless, we studied this source be-
cause of coincident diffuse optical emission seen in Hα and [S ii].

Diffuse emission is seen in both the Hα and [S ii] LGGS im-
ages (Fig. A.1). However, the flux ratio is [S ii]/Hα = 0.2 ± 0.1,
which is not indicative of an SNR. The diffuse optical source at
and north of the X-ray emission is most likely an H ii region. As
this source is hard in X-rays and there is no optical counterpart
indicative of an SNR, we do not classify it as an SNR candidate
and keep the classification as a hard source.

D.3.2. [SPH11] 1461: XMMM31 J004428.62+414948.7

[SPH11] 1461 is a soft source and was classified as a fore-
ground star candidate by SPH11 because stars with character-
istic log( fX/ fopt) values are found in the X-ray error circle, with
an optically red object located close to the centre of the X-ray er-
ror circle. However, the Hα image also revealed a diffuse source
right next to the X-ray source in the north.

The diffuse optical source is visible in Hα, [S ii], and
[O iii] emission (Fig. A.1). The flux ratio [S ii]/Hα = 0.2 ± 0.1,
which is typical of an H ii region. Therefore, the origin of the
soft X-ray emission seems to be either a star or an H ii region
and the source is not an SNR candidate.

D.3.3. [SPH11] 1468: XMMM31 J004430.56+412306.2

[SPH11] 1468 is a hard X-ray source. As diffuse Hα emission
was found in the optical, we considered this source for further
studies.

The LGGS images show an extended diffuse source in Hα
and [S ii] (Fig. A.1). The [S ii]/Hα flux ratio is 0.4 ± 0.1. This
value is at the border between SNRs and H ii regions. While the
more extended optical source seems to be an H ii region, we can-
not rule out that there is an SNR located at the same position.
However, as the X-ray emission does not correspond to an SNR,
we do not classify [SPH11] 1468 as an SNR candidate.

D.3.4. [SPH11] 1611: XMMM31 J004518.44+413936.3

[SPH11] 1611 is a hard X-ray source coincident with [PFH2005]
626 and [SBK2009] 220 and was classified as a hard source by
SPH11. Diffuse optical Hα [S ii], and [O iii] emission was found
around the X-ray source.

The largely extended optical source can be seen in the LGGS
emission-line images (Fig. A.1). The X-ray source is located
close to the northern rim of the optical source and is coincident
with a brighter shell-like structure. The entire optical source has
a flux ratio of [S ii]/Hα = 0.4–0.5. The optical source is most
likely a large H ii region. The X-ray hardness ratios are not even
marginally representative of an SNR. Therefore, we do not con-
sider this source to be an SNR candidate.
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ABSTRACT

Aims. We study the diffuse X-ray emission observed in the field of view of the pulsar B 0540–69 in the Large Magellanic Cloud
(LMC) by XMM-Newton. We wish to understand the nature of this soft diffuse emission, which coincides with the superbubble in the
H  region N 158, and improve our understanding of the evolution of superbubbles.
Methods. We analyse the XMM-Newton spectra of the diffuse emission. Using the parameters obtained from the spectral fit, we per-
form calculations of the evolution of the superbubble. The mass loss and energy input rates are based on the initial mass function
(IMF) of the observed OB association inside the superbubble.
Results. The analysis of the spectra shows that the soft X-ray emission arises from hot shocked gas surrounded by a thin shell of
cooler, ionised gas. We show that the stellar winds alone cannot account for the energy inside the superbubble, but the energy release
of 2−3 supernova explosions in the past ∼1 Myr provides a possible explanation.
Conclusions. The combination of high sensitivity X-ray data, which permits a spectral analysis, and analytical models for superbub-
bles can provide insight into the evolutionary state of interstellar bubbles, if the stellar content is known.

Key words. shock waves – ISM: bubbles – evolution – HII regions – X-rays: ISM

1. Introduction

Early observations in the radio and the optical have shown that
the interstellar medium (ISM) in the Milky Way mainly con-
sists of cool clouds (T <∼ 102 K) of neutral hydrogen embed-
ded in the warm (T $ 104 K) intercloud medium of partially
ionised hydrogen. Since the 1970s, observations in the ultra-
violet (UV) and X-rays have detected hot gas at coronal tem-
peratures (T $ 105−6 K) in the ISM. The heat source of the
ISM are massive OB stars, which inject energy through their ra-
diation, stellar winds, and finally by supernova explosions. As
these processes are often correlated in space and time, super-
bubbles with sizes of typically 100−1000 pc are created in the
ISM. Therefore, supernova remnants (SNRs) and superbubbles
are among the prime sources controlling the morphology and the
evolution of the ISM, and their observation is of key interest to
understanding the galactic matter cycle. However, they radiate
copiously in the soft X-rays below 2 keV, an energy range that is
difficult to study in the Milky Way because of absorption by the
Galactic disk.

The LMC, which is a dwarf irregular but appear to contain
spiral structure, is one of the closest neighbours of our Galaxy.
Its proximity with a distance of 48 kpc (Macri et al. 2006) and
modest extinction along the line of sight (average Galactic fore-
ground NH = 1.6 × 1021 cm−2) make it the ideal laboratory for
exploring the global structure of the ISM in a galaxy. The well-
known and well-studied extended emission region in the LMC
is the 30 Doradus region and the region south of it, which har-
bour star-formation sites, superbubbles, and SNRs. ROSAT data
of the superbubbles in the LMC have been studied in detail by,
e.g., Chu et al. (1995) and Dunne et al. (2001).

N 158 (Henize 1956) is an H  region in these active re-
gions of the LMC. It is elongated in the north-south direction
and consists of a superbubble in the north and a more com-
pact bright region in the south. It is known to host two OB as-
sociations LH 101 and LH 104 (Lucke & Hodge 1970). While
LH 101 in the southern part of N 158 seems to power the very
bright region in Hα, LH 104 is found in the superbubble in the
northern part of N 158 and is dominated by B stars (Schild &
Testor 1992), mainly consisting of a young population with an
age of 2−6 Myr (Testor & Niemela 1998). Dunne et al. (2001)
analysed the ROSAT data and suggested that the X-ray emis-
sion seen at the position of N 158 is associated with the H  re-
gion. N 158 is located near the X-ray bright pulsar (PSR) in the
LMC B 0540−69, which had been observed for calibration pur-
poses by the X-ray Multi-Mirror Mission XMM-Newton (Jansen
et al. 2001; Aschenbach et al. 2000). The field of view of the
European Photon Imaging Cameras (EPICs, Strüder et al. 2001;
Turner et al. 2001) of these observations when performed in full
frame mode, covers the northern part of N 158 and allows us to
study the X-ray emission from the superbubble.

2. Data

The pulsar B 0540−69 in the LMC is a Crab-like pulsar with
a pulsar wind nebula (PWN), which has been spatially re-
solved and studied with the Chandra X-ray Observatory (Petre
et al. 2007). To study the diffuse emission in the vicinity of
B 0540−69, we chose observations for which the EPICs were op-
erated in full frame mode. The observation IDs are 0117510201,
0117730501, and 0125120101. The observations were all car-
ried out using the medium filter. Starting from the observational
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Fig. 1. XMM-Newton EPIC mosaic image of
the PSR B 0540−69 and its surroundings in true
colour presentation (red: 0.3−0.8 keV, green:
0.8−1.5 keV, blue: 1.5−2.3 keV). The bright
X-ray emission from PSR B 0540−69 at ∼RA
= 05h40m, Dec = –69◦20′, other point sources,
and the out-of-time events have been removed
from the data. The arc-shaped features in the
south are caused by stray light from the bright
X-ray source LMC X-1. The position of the
superbubble in the H  region N 158 is shown
with a dashed line.

Table 1. XMM-Newton data used for the analysis.

Obs. ID EPIC Start Date Effective Exposure
[ks]

01175102 PN 2000-02-11 8.3
01175102 MOS1,2 3.5
01177305 PN 2000-02-17 8.3
01177305 MOS1,2 9.8
01251201 PN 2000-05-26 29.
01251201 MOS1,2 27.

Notes. All the analysed data were obtained in full frame mode using the
medium filter.

data files (ODFs), the data are processed with the XMM-
Newton Science Analysis System (XMMSAS) version 10.0.0.
For EPIC PN, only single and double pattern events are used,
whereas for the MOS1 and 2, singles to quadruples are selected.
The exposure times that we obtain after filtering out the time
intervals with background flares are listed in Table 1.

2.1. EPIC image

After filtering out the background flares, we created a mosaic
image out of the full frame mode data of EPIC PN, MOS1, and
MOS2 for all three observations (Fig. 1). To enhance the not-so-
bright diffuse emission, we filtered out all point sources found
using a source detection routine as well as the so-called out-
of-time events of EPIC PN. The images were smoothed using
a Gaussian filter. The mosaic image shown in Fig. 1 is a true
colour image using red colour for the 0.3−0.8 keV band, green
for 0.8−1.5 keV, and blue for 1.5−2.3 keV. The extended emis-
sion of the interstellar gas is clearly soft with no emission above
∼3 keV. The comparison with the Hα image of the Magellanic
Cloud emission line survey (MCELS) in Fig. 2 shows that the

relatively bright extended region in the south of the PSR coin-
cides well with a superbubble in the H  region N 158 (Henize
1956), which contains the OB association LH 104 (Lucke &
Hodge 1970). To study the spectral properties of the diffuse
emission, we selected two regions: region 1, which covers the
brighter spot in the east of the PSR, and a region that covers the
superbubble in the H  region N 158. The regions are shown in
the left panel in Fig. 2. The PSR and the PWN around it have an
extent of about 1′. They were completely removed from the data.
The soft, extended emission east to the PSR is not directly con-
nected to the PWN and has, as we see in Sect. 2.2.4, a perfectly
thermal spectrum. We therefore assume that it is not related to
the PWN.

2.2. EPIC spectra

For the spectral analysis of an extended diffuse emission the con-
tribution of the background is significant. Since the emission fills
a large part of the detector, we are unable to extract a local back-
ground close to the source emission. We note that as the effective
area of the mirrors depends on the off-axis angle, photons are
subject to vignetting while particles are not. The high-energy
particles that interact with the material surrounding the detec-
tor, however, produce fluorescence, which varies with position
on the detector, especially for the PN detector. In addition, the
spectral response depends on the position on the detector. A de-
tailed description of the XMM-Newton background is given by
Read & Ponman (2003) and Carter & Read (2007), and a com-
parison of the different methods to estimate the background can
be found in, e.g., Sasaki et al. (2004).

2.2.1. Blank-sky background

The XMM-Newton EPIC background working group has created
the so-called blank-sky data for each EPIC and CCD read-out

A136, page 2 of 7



M. Sasaki et al.: XMM-Newton observations of N 158

Fig. 2. A zoom-in on the XMM-Newton EPIC mosaic image (left) with regions used for the spectral analysis (black dashed line) and Hα contours
(MCELS) and the Hα image with the same contours (right).

mode (Carter & Read 2007). The blank-sky data were merged
from data of different pointings after the point sources were
eliminated from the data. These data sets comprise the detector
background and an average cosmic X-ray background.

Before extracting the spectra, we first corrected both the
observed data and the blank-sky data for vignetting using the
XMMSAS command evigweight. The auxiliary response file
(ARF) and the response matrix file (RMF) were then created by
assuming that the source is on-axis. The background spectrum
was extracted from the blank-sky data at the same location on
the detector as the source spectrum.

2.2.2. Background from the same data

For comparison, we also extracted a background spectrum from
the same data as the source spectrum, using a region in the dark
part north of B 0540−69. However, after subtracting the back-
ground, the spectrum of the soft diffuse emission still has a hard
tail and is overcorrected exactly at the energies of the fluores-
cence lines. Therefore, as expected, extracting the background
for the source spectrum from the same data at a different posi-
tion on the detector seems to be inappropriate.

2.2.3. Closed filter wheel data

Another way to deal with the background is to use a local back-
ground from the same observation, but take care of the detector
background by using the closed filter wheel data, as also sup-
plied by the XMM-Newton EPIC background working group.
To estimate the X-ray background, i.e., additional emission that
is typical of the observed area and might also contribute to the
spectrum of the superbubble, we extract a region next to the su-
perbubble in the east, which shows faint diffuse emission. After
subtracting the closed filter wheel spectrum extracted for each
region at the corresponding position of the detector with the
same shape, the spectrum of the faint diffuse emission in the
east is fitted with a thermal model. This fitted spectrum is then
included in the model of the spectra of the superbubble and
region 1.

To verify whether the emission in the east is suitable for use
as the local X-ray background, we estimated the flux for (i) the
superbubble, (ii) the region east to it used as the local back-
ground, and (iii) the blank-sky background. We assumed a plane-
parallel shock model for the superbubble and a non-equilibrium
ionisation (NEI) model for the eastern region, and that both have
LMC abundances (see Sect. 2.2.4 for details). A combination
of a thermal and a non-thermal spectrum is assumed for the
blank-sky background. From these spectra, we get the following
fluxes, where the 90% confidence errors are given in brackets:
F0.2−3.0 keV(superbubble) = 1.4 (1.2−1.5) × 10−12 erg s−1 cm−2,
F0.2−3.0 keV(east) = 4.8 (4.0−5.3) × 10−13 erg s−1 cm−2, and
F0.2−3.0 keV(blank-sky) = 1.5 (1.4−1.6) × 10−13 erg s−1 cm−2.
The flux of the X-ray background in the blank-sky data is about
10% that of the superbubble. The emission from the ISM in the
east is about three times higher than the blank sky. If we were
to use the blank-sky data to estimate the X-ray background, we
might underestimate the background. However, if we use the lo-
cal emission, we will overestimate the background as we may
also expect to find hot gas in the ISM next to the superbubble
because of possible breakouts. The difference between the flux
of the eastern region and the blank sky is about 20% of the su-
perbubble flux, which needs to be taken into consideration as an
additional uncertainty in the flux of the superbubble.

Otherwise, the results for the spectral fits obtained with the
closed filter wheel data and those obtained with the blank-sky
data are consistent with each other within the confidence range
of the spectral fit parameters. Therefore, in the following, we
discuss the fit results obtained with the blank-sky data.

2.2.4. Spectral fits

The spectra were fitted with thermal plasma models in XSPEC.
We fitted the spectra of the different EPICs simultaneously with
model parameters that are linked to each other. In both spectra,
emission peaks are found in the energy interval between 0.5 keV
and 1.5 keV that can be interpreted as emission lines of highly
ionised elements. The X-ray emission is absorbed by the Galaxy
in the foreground (NH fg) and by the matter in the LMC along
the line of sight (NH MC) with abundances half of solar values
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Fig. 3. Spectra of the diffuse emission in the field of view of PSR B 0540−69 extracted from the XMM-Newton EPIC MOS1 data of the
Obs. ID 01251201. The left panels show the spectra of region 1 located east of the PSR, the right panels show the spectra of the superbubble
in the H  region N 158. The upper diagrams show the fit with the NEI model, the lower diagrams with the NPSHOCK model.

(Russell & Dopita 1992). The Galactic foreground column den-
sity is NH fg = 7.0×1020 cm−2 in this region (Dickey & Lockman
1990). The spectra are more accurately reproduced by a
NEI model (Borkowski 2000) than by the spectral models as-
suming collisional ionisation equilibrium (CIE). Figure 3 shows
the MOS1 spectra of the Obs. ID 01251201 with the best-fit
models. In the following, 90% errors are given for the param-
eters.

Since the first fits with CIE yielded no satisfactory results,
we used the NEI model in XSPEC with the effective temperature
kT , the ionisation timescale τ = net, and the abundance as fit pa-
rameters. The ionisation timescale τ is an indicator of the state
of the plasma after the gas has been ionised. For small ionisa-
tion timescales τ = net < 1012 s cm−3, the electrons and ions are
still not in thermal equilibrium. For this model component, we
also assumed the sub-solar LMC abundance ζLMC = 0.5. The fit
of the spectra of the superbubble emission is still not very good
with a reduced χ2 of 1.75. The emission is most likely caused by
the shock from the stellar winds in the superbubble. Therefore,
we also fitted the spectra using a plane-parallel shock plasma
model with separate ion and electron temperatures, kTa and kTb,

respectively (NPSHOCK, Borkowski et al. 2001). The fit param-
eters are given in Table 2.

As can be seen in Table 2, kTa and kTb for region 1 are al-
most equal and the χ2 values for the NEI and the NPSHOCK fits
are comparable. Therefore, the usage of the NPSHOCK model
does not seem to be necessary for region 1. In addition, the value
for τ is > 1011 s cm−3 for both NEI and NPSHOCK models, in-
dicating that the gas in region 1 seems to be closer to CIE than
in the superbubble in N 158. The temperature of kT = 0.54 keV
determined for region 1 is higher and more accurate than the re-
sult of the ROSAT PSPC analysis for this field (0.3 keV, Sasaki
et al. 2002). This shows that we were only able to see the overall
characteristic of a larger region with PSPC, whereas with EPIC
we can now resolve smaller (few arcminutes) structures of the
hot ISM.

The hot plasma in the superbubble of the H  region N 158
does not seem to be consistent with thermal equilibrium, as in-
dicated by the low ionisation timescale τ = 1.4 × 1010 s cm−3 of
the NEI fit. The temperature of the NEI fit and the ion temper-
ature of the NPSHOCK fit are relatively high at kT = 0.91 keV
and kTa = 1.0 keV, respectively, while the electron temperature
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Table 2. Spectral parameters obtained from the fits of the EPIC data for
region 1 and the superbubble.

Parameter Region 1 Superbubble

NEI

NH LMC [1022 cm−2] 0.14 (0.08–0.23) 0.43 (0.38–0.51)
kT [keV] 0.54 (0.51–0.58) 0.91 (0.74–1.1)
τ [1011 s cm−3] 2.0 (1.6–2.4) 0.14 (0.12–0.18)
norm (10−4) 2.0 (1.6–2.4) 9.5 (8.0–13.)
χ2/d.o.f. 94.81/61 = 1.55 185.06/106 = 1.75

NPSHOCK

NH LMC [1022 cm−2] 0.19 (0.12–0.32) 0.29 (0.20–0.33)
kTa [keV] 0.55 (0.00–0.59) 1.0 (0.74–1.2)
kTb [keV] 0.51 (0.00–0.59) 0.13 (0.00–0.57)
τ [1011 s cm−3] 8.8 (5.4–12.) 1.3 (1.0–2.3)
norm (10−4) 5.0 (4.2–6.3) 11. (9.–13.)
χ2/d.o.f. 91.02/60 = 1.52 131.79/99 = 1.33

Notes. The numbers in brackets are 90% confidence ranges. The param-
eter norm is the normalisation of the model in XSPEC and corresponds
to the emission measure. For the other parameters, see Sect. 2.2.4.

is one order of magnitude lower at kTb = 0.13 keV. In addition
to the Galactic foreground column density, a relatively high ab-
sorption column density of NH LMC,N158 = 4.3 or 2.9× 1021 cm−2

was determined. In comparison, the total column density in the
LMC is NH LMC = 1.0−5.5× 1021 cm−2 (Brüns et al. 2005). This
corroborates that the diffuse X-ray emission most likely arises
from inside the shell of the superbubble.

3. Discussion

To the east of PSR B 0540−69, the diffuse emission seems to
arise from ionised gas close to thermal equilibrium with a tem-
perature comparable to the value determined from the ROSAT
PSPC spectrum. In contrast, a shorter ionisation timescale and
higher temperatures are found in the south. Since the emission
coincides spatially with the superbubble in the H  region N 158,
we conclude that the origin of the diffuse X-ray emission is the
hot gas within the interstellar bubble. The gas in the bubble in-
terior is shocked by stellar winds, and the cooler outer rim is
visible as an H  region. The total unabsorbed X-ray luminos-
ity of the bubble is LX(0.2−10.0 keV) = 1.5 × 1036 erg s−1.
Stars with masses over 25 M( are luminous X-ray emitters
with luminosities of LX(0.2−10.0 keV) ≈ 1033 erg s−1. In
LH 104, there are 16 stars with masses above 25 M( (Testor &
Niemela 1998, see also Sect. 3.2 for details), which account for
LX(0.2−10.0 keV) ≈ 1−2× 1034 erg s−1. This is two magnitudes
lower than the emission from the bubble and can be neglected in
the following discussion.

The comparison of the X-ray emission with the Hα shell in
Fig. 2 shows that there is additional X-ray emission outside the
Hα shell, which might indicate that some hot gas escaped the
superbubble. This was also suggested by Dunne et al. (2001)
based on the analysis of ROSAT data, which had already shown
that the X-ray emission is not confined by the Hα shell. However,
we are unable to rule out that some projection effect might make
the Hα look smaller than the extent of the X-ray emission.

3.1. Results of the spectral analysis

For more advanced studies, we used the NEI fit results for region
1 and NPSHOCK fit results for the superbubble. The emitting
volume could be approximated by an ellipsoid, although it is de-
formed in the south. We derived the radii from the EPIC mosaic
image: a = 4′ ± 1′ = (56 ± 14) pc, b = 3′ ± 1′ = (42 ± 14) pc
(DLMC = 48 kpc). We were unable to determine the third radius
of the assumed ellipsoid. Therefore, we assumed that the super-
bubble is oblate and has a configuration similar to that of a disk
perpendicular to the plane of the sky, i.e., also perpendicular to
the disk of the LMC (c = a). The volume of the bubble is then
V = 4/3 π abc = (1.62±0.03)×1061 cm3. With the LMC metal-
licity ζLMC = 0.5, we find that ne = (1.2+0.013ζLMC) n ≈ 1.21 n,
where n is the hydrogen density. Therefore, the normalisation of
the spectral fit is

norm =
1

1014 × 4πD2
LMC

∫
nen d f V

≈ 1
1014 × 4πD2

LMC

1.21 n2 f V

= 4.4 × 10−62 n2 f V
[
cm−5

]
, (1)

where f is the filling factor, and the gas density within the bubble
can be estimated as

n = 4.8 × 1030 ×
√

norm
f V

[
cm−3

]
. (2)

Using norm = (1.1±0.2)×10−3 from the fit with the NPSHOCK
model, we get n = (4.0± 0.7)× f −1/2× 10−2 cm−3. If f < 1, then
the density of n = 4.0 × 10−2 cm−3 is a lower limit. However,
the angular resolution of the X-ray data does not allow us to un-
ambiguously determine the filling factor. For a young interstellar
bubble such as in N 158, the filling factor can be assumed to be
f ≈ 1.

With temperature Ta = (1.0 ± 0.2) keV and density n given,
the pressure of the gas is

P/k = (ne + 1.1n) f −1/2Ta = 2.31n f −1/2Ta

= (1.1 ± 0.3) × f −1/2 × 106 cm−3 K. (3)

While the pressure of the Galactic ISM is thought to be
P/k = 103−4 cm−3 K, star-forming regions in general have
higher pressures of the order of P/k = 105−6 cm−3 K. For
a galaxy such as the LMC with a high star-formation rate,
Oey & García-Segura (2004) estimated an ISM pressure of
P/k ≈ 105 cm−3 K. Thus, the pressure inside the superbubble in
N 158 is about ten times higher than in the surrounding hot ISM.
de Avillez & Breitschwerdt (2005) performed a 3D simulation
of the ISM including the effect of magnetic fields and obtained a
map of the distribution of temperature, pressure, magnetic field,
etc. They showed that in regions where the temperature is about
105−6 K, the pressure is P/k = 104−5 cm−3 K, but can reach
P/k > 105 cm−3 K in the interior of hot bubbles. This is in agree-
ment with the pressure that we obtain from the X-ray spectrum
of the superbubble.

The part of the LMC in which N 158 is located in general
shows faint diffuse X-ray emission indicative of hot ISM. The
region that we call region 1 is particularly bright and allows us to
estimate the foreground column density causing the absorption
of the soft X-rays. The shell of cooler gas around the superbub-
ble should form an additional absorbing component. Using the
absorbing column density determined for region 1 (besides the
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Galactic column density) as the mean LMC value NH LMC, region1

= (1.4±0.9)×1021 cm−2, the column density of the shell around
the superbubble is NH shell = NH LMC, N158 − NH LMC, region1 =

(1.5 ± 1.3) × 1021 cm−2.

3.2. Analytic estimates

With the values derived from spectral fitting for pressure and
density inside the bubble, we inferred a thermal energy content
of E(t) = 3/2× P × f × V = 3.6× f 1/2 × 1051 erg. We estimated
a mean shell thickness of ∼0.′5, i.e., ∼ 10% of a, corresponding
to ∼7 pc from the MCELS Hα image shown in Fig. 2. From the
column density NH shell calculated in the last section, we obtained
a density of nshell ≈ 70 cm−3 inside the shell. Since the ISM
around N 158 shows Hα emission, its temperature is probably
around 8000 K, typical of the warm ionised medium (McKee &
Ostriker 1977), resulting in a speed of sound of ∼9.2 km s−1.
With the inferred pressure of P/k = 1.1 × f −1/2 × 106 cm−3 K
from Eq. (3), we obtained a density of the ambient medium of
∼13 cm−3, yielding a compression factor of the shock of ∼6.
Since the cooling time behind the shock is very short because of
the high density in the shell, the shock will be isothermal and,
as shown below, also strong. Since we now know the radius,
energy content, and density, we can use the solution for a wind
blown bubble by Weaver et al. (1977) to find out the age of the
bubble, which is about t $ 1.1 Myr resulting in an energy input
rate over this time interval of Lsuperbubble = 2.3 × 1038 erg s−1. In
addition, the mass inside a homogeneous bubble is M = 2.31n×
µ × mH × V = 770 M(, where µ = 0.61 is the mean molecular
weight of a fully ionised gas and mH is the hydrogen mass. Thus,
a mass-loss rate of 6.9 × 10−4 M( yr−1 over 1.1 Myr is derived.
In the following, we discuss whether massive stars can account
for such a large mass-loss and energy input rate.

To calculate the mass loss and energy input rates of OB stars
(in cgs units), we use the mass-luminosity relation for stars with
10 ≤ M/M( ≤ 50 by Vitrichenko et al. (2007) to obtain the mass
M and luminosity L& of a star with bolometric magnitude Mbol

Mbol = 1.6−6.9 log(M/M(), (4)

L& = 19(M/M()2.76L(. (5)

The radius of the star is obtained from

R =

√
L&

4πσT 4
eff

, (6)

where Teff is the effective temperature of the star and σ is the
Stefan-Boltzmann constant. Both Mbol and Teff are taken from
Table 2 of Testor & Niemela (1998). The wind velocity is deter-
mined according to the theory of radiation-driven winds (Castor
et al. 1975)

v∞ = avesc = a
[
2GM

R
× (1 − L&/Ledd)

]0.5
, (7)

where a $ 2.5 (Lamers et al. 1995). The parameter vesc is the
photospheric escape velocity and the Eddington luminosity is
Ledd = 4πG × M × mp × c/σT, where mp is the mass of a proton
and σT the Thomson cross-section for the electron. The mass
loss is determined from the single-scattering limit

Ṁ =
L&
v∞ × c

· (8)

We corrected for the LMC metallicity ζLMC following Leitherer
et al. (1992) and obtained Ṁ ∝ ζ0.8

LMC for the mass loss and v∞ ∝
ζ0.13

LMC for the wind velocity (for hot stars with M > 15M(). Thus,
the 67 O- and B-stars in LH 104 produce a mass loss of ∼39 M(
or an energy input rate of LOB = 3.4× 1037 erg s−1 over 1.1 Myr.

Additionally, the Wolf-Rayet (WR) stars generate∼35 M( or
LWR = 1.8 × 1038 erg s−1, but only for 2.5 × 105 yr ! 0.23 t, as-
suming that they already went through half of their WR-lifetime
of ∼5×105 yr (Maeder & Meynet 1987). The mass loss and wind
velocity of WR-binaries are adopted from Leitherer et al. (1997)
and corrected for mass losses of WC and WN types in the LMC
according to Crowther (2007). Furthermore, we have to calcu-
late the contribution of winds from WR-binaries before enter-
ing the WR-phase, i.e., for the remaining 0.85 Myr. With mass
losses for O6 and O7-stars and O4-stars as WR-progenitors (PR)
taken from Garmany et al. (1981) and velocities from Lamers &
Leitherer (1993), we get 4 M( or LPR = 8.0 × 1036 erg s−1 for
0.85 Myr ! 0.77 t from these stars.

In total, we find that winds can account for ∼78 M( or a
mechanical luminosity of L = 8.0 × 1037 erg s−1 over 1.1 Myr.
Nevertheless, most of the mass (∼690 M() or Lsuperbubble − L =
1.5 × 1038 erg s−1 corresponding to a thermal energy of 2.3 ×
1051 erg is “missing”, but this can be partly explained after ap-
plying an IMF to the star cluster. According to the Hertzsprung
Russell diagram (HRD) of Testor & Niemela (1998, Fig. 6b)
and using the masses derived from the M-L relation (Vitrichenko
et al. 2007), we find that 16 stars in LH 104 have masses above
25 M( including all O-stars, WR-binaries, the B0V stars with Id
4−41 and 4−55, and Sk-69 259. As an upper mass limit, we take
65 M( as a rough estimate, since Massey et al. (2000) suggested
that the progenitor masses of WR-stars in this cluster should be
in excess of 60 M(. On the other hand, by looking at the HRD
of LH 104 in Massey et al. (2000, Fig. 7) we find at least 20 stars
in the 25−65 M( interval for which spectral types or photometry
are available. Comparing both HR-diagrams shows that the total
number of member stars is quite uncertain, but there must be at
least 70 stars with masses above 8 M(.

Assuming that all stars formed from the same parental cloud
and using an IMF with Γ = −1.05 (Testor & Niemela 1998), we
obtain a total of 74 stars between 8 and 65 M( in the first case
(16 stars with 25 < M/M( < 65) and 93 stars in the other case
(20 stars with 25 < M/M( < 65). In both cases, there are about
two stars in the 65−80 M( mass interval or about three stars
in the 65−90 M( mass interval. This suggests that 2−3 super-
novae (SNe) already exploded around 1 Myr ago and that with
ESN = 1051 erg per SN explosion, they can easily account for the
required amount of energy. These 2−3 SNe yield approximately
150−240 M( of ejecta mass, thus the production of 230−310 of
the 770 solar masses in the bubble can be explained. Any remain-
ing discrepancies should be due to mass loading and the evapo-
ration of entrained interstellar clouds and/or turbulent mixing of
material from the cold shell.

With the parameters determined so far, we can further inves-
tigate the geometry of the bubble and the ambient ISM. We use
an analytical model for the expansion of a wind-blown bubble
in an exponentially stratified medium symmetric to the galac-
tic midplane (Baumgartner & Breitschwerdt, in prep.) based on
the approximation of Kompaneets (1960). With an energy in-
put rate of Lsuperbubble = 2.3 × 1038 erg s−1, the bubble should
reach a radius, i.e., semi-major axis, of 56 pc after ∼1.1 Myr.
We calculated models with different scale heights (H = 50, 100,
and 500 pc) and obtain a density of the ambient medium of
n0 = 9, 11, and 13 cm−3, respectively. Values for the height of
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the bubble above/below the galactic plane are c = 80, 66, and
58 pc. Using b = 42 pc, we obtain a volume of the bubble of
V = 2.4× 1051 cm3, 1.9× 1061 cm3, and 1.7× 1061 cm3. Since a
larger elongation, i.e., lower scale height, yields a larger volume,
we argue that a larger scale height provides a close fit, otherwise
the density inside the bubble is too low. With V = 1.7×1061 cm3

and norm from Sect. 3.1, we derive n = 3.9 × 10−2 cm−3.
This is close to the value that was used to calculate the mass
inside the bubble and the energy input rate in the beginning,
whereas a volume of V = 2.4 × 1051 cm3 for H = 50 pc yields
only n = 3.2 × 10−2 cm−3. The shell thickness in the case of
H = 500 pc is ∼5 pc resulting in a density of the shell of
100 cm−3, which is somewhat higher than the density of 70 cm−3

derived from the observation. Finally, we calculated the velocity
of 31 km s−1 for the outer shock, which propagates into the am-
bient warm medium at the top/bottom of the bubble, and found
that it agrees very well with the expansion velocity found for
the wind solution of Weaver et al. (1977). This velocity corre-
sponds to a Mach number of M ∼ 3.4. For comparison, Dunne
et al. (2001) reported an expansion velocity of the superbubble
of vexp ≈ 45 km s−1 assuming a pressure-driven bubble in an ho-
mogeneous medium. The magnetic fields in the ISM of the LMC
are on the order of ∼1 µG (Gaensler et al. 2005) corresponding
to an Alfvén velocity of ∼0.5 km s−1. Therefore, the effects of
the magnetic fields are negligible.

4. Summary

We have found significant diffuse X-ray emission in the field of
view of the XMM-Newton observations of the pulsar B 0540−69,
which is not related to the pulsar. The analysis of the spectrum of
the emission has shown that it is purely thermal and can be best
modelled with a hot shocked gas. The extended diffuse emission
coincides spatially with the superbubble in the H  region N 158
in the LMC. Therefore, we conclude that the origin of the X-ray
emission is the hot gas inside the superbubble in N 158.

From the parameters obtained from the analysis of the
XMM-Newton spectra, we have derived a temperature of
kT = 1 keV, a density of n = 0.04 cm−3, and a pressure of
P/k = 106 cm−3 K inside the superbubble. These results enable
us to perform analytic calculations of the evolution of the super-
bubble. Since the OB association LH 104 that is located inside
the superbubble has been studied in detail (Testor & Niemela
1998), the stellar population inside the superbubble is well
known. Using its IMF and HRD, we have calculated the mass
loss and energy input rates of the stars. We have estimated an age
of ∼1 Myr and a total energy input rate of L = 2.3×1038 erg s−1.
The massive stars including WR-stars and binaries in LH 104
account for L = 8 × 1037 erg s−1. Therefore, to reproduce the
observations, there should have been 2−3 SN explosions in
the past 1 Myr. We have also performed calculations of the
expansion of the superbubble for different scale heights. We have

demonstrated that a large scale height of H = 500 pc can closely
reproduce the observed density inside the superbubble as well as
the density in the shell around it. The corresponding expansion
velocity of the superbubble is also in good agreement with the
model of Weaver et al. (1977).
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