
Exploring the End States of
Massive Stars using the X-ray

Emission of Neutron Stars and
Supernova Remnants

Tobias Prinz

München 2013





Exploring the End States of
Massive Stars using the X-ray

Emission of Neutron Stars and
Supernova Remnants

Tobias Prinz

Dissertation
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Zusammenfassung

Gegenstand der vorliegenden Arbeit ist die Untersuchung der Endstadien der Sternentwicklung,
insbesondere der Röntgenemissionseigenschaften der diffusen und kompakten̈Uberreste von Su-
pernovae.

Der erste Teil dieser Arbeit beschäftigt sich mit der Messung der Eigenbewegung des zentra-
len Neutronensterns im Supernova-Überrest (SNR) Puppis A. Dies geschah mit dem Ziel Mo-
dellparameter, die eine Kernkollaps-Supernova beschreiben, weiter einzuschränken. Der Pro-
zess der zum Kollaps eines massereichen Sterns führt ist zwar gut verstanden, jedoch wird
der finale Explosionsmechanismus noch kontrovers diskutiert. Hierfür existieren verschiede-
ne Modelle, die unterschiedliche maximale Eigenbewegungen vorhersagen. Diese Eigenbewe-
gung hängt von der Stärke des Impulses ab, den der Protoneutronenstern während einer asym-
metrisch verlaufenden Supernova-Explosion erhält und somit vom finalen Explosionsmecha-
nismus. Bisher konnte die gemessene Eigenbewegung des Neutronensterns RX J0822-4300
in Puppis A von 1122± 327 kms−1 (68% Konfidenzniveau CL; Hui and Becker, 2006) und
1570±240 kms−1 (68% CL; Winkler and Petre, 2007) mit diesen Modellen nicht hinreichend
erklärt werden. Im Rahmen dieser Dissertation wurde eine erneute Beobachtung des Neutro-
nensterns durchgeführt. Dadurch konnte der Zeitraum über den sich die verschiedenen Positi-
onsmessungen erstrecken auf 3886 Tage nahezu verdoppelt werden. Zudem ist dies der längste
Zeitraum für die Bestimmung der tangentialen Geschwindigkeit eines Neutronensterns im Rönt-
genbereich. Die Datenauswertung ergab eine Eigenbewegungdes Neutronensterns RX J0822-
4300 von 71±12 mas yr−1 (68% CL) mit einem Positionswinkel von 244◦±11◦ (68% CL). Die
Größenordnung und Bewegungsrichtung der Eigenbewegung des Neutronensterns lassen sich
auf das optische Expansionszentrum von Puppis A zurückextrapolieren und untermauern daher
die Richtigkeit der Messung. Bei einer angenommenen Entfernung zu Puppis A von 2 kpc findet
man eine tangentiale Geschwindigkeit von 670±120 kms−1 (68% CL). Dieser Wert ist deutlich
kleiner als in den zwei vorausgegangenen Untersuchungen. Die Modellierung des finalen Ex-
plosionsmechanismus wird hierdurch vereinfacht, da Modelle diesen Wert vorhersagen können.
Die neue Messung schließt eine Eigenbewegung von 900 kms−1 (95% CL) jedoch nicht völlig
aus, es bedarf jedoch eines hydrodynamischen Modells mit hochgradig antisymmetrischer Ex-
plosion um diese Geschwindigkeit erklären zu können. Zusätzlich konnte aus der tangentialen
Geschwindigkeit des Neutronensterns und dem Abstand zwischen der heutigen Position und dem
optischen Expansionszentrum desÜberrests das Alter von Puppis A auf 4450±750 Jahre (68%
CL) eingegrenzt werden.

Im zweiten Teil der Arbeit liegt der Fokus auf der Identifizierung und Untersuchung von
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Supernova-̈Uberresten. Ziel war es, die große Diskrepanz zwischen der bekannten und erwarte-
ten Anzahl an Supernova-Überresten in unserer Galaxie zu erklären. Supernova-Überreste kann
man typischerweise über(6−10)×104 Jahren beobachten, bevor sie mit der interstellaren Ma-
terie verschmelzen. Die Supernova-Rate in unserer Galaxiebeträgt≈ 2 pro Jahrhundert. Daher
werden ungefähr 1200̈Uberreste in der Milchstraße vermutet. Von diesen wurden bisher nur
274 entdeckt, die meisten davon im Radiobereich. Diese Gruppe anÜberresten ist allerdings
nicht repräsentativ, da sie hauptsächlich helle, in der galaktischen Scheibe liegendeÜberreste
beinhaltet. Deshalb wurden in dieser Arbeit die Daten der ersten und bisher einzigen Himmels-
durchmusterung mit einem abbildenden Teleskop im weichen Röntgenband verwendet (ROSAT
Himmelsdurchmusterung) um nach weiteren Supernova-Überresten zu suchen. Dazu wurde ei-
ne Liste von bisher unidentifizierten, ausgedehnten Röntgenquellen analysiert (Schaudel, 2003).
Dies führte zur Identifizierung von zwei zuvor unbekanntenSupernova-̈Uberresten im Rahmen
dieser Arbeit. Sie haben die Katalogbezeichnung SNR G308.4–1.4 und SNR G38.7–1.4. Die
erste Quelle hat eine kreisförmige Morphologie. Radio-, Infrarot- und Röntgenemission ist je-
doch nur im westlichen Bereich der Quelle feststellbar. DasRöntgenspektrum des̈Uberrests
weist Absorptionsspuren von interstellarem Gas und Staub mit einer Säulendichte des neutralen
WasserstoffsNH von (1,02±0,04)×1022 cm−2 (68% CL) auf. Es lässt sich mit hinreichender
Güte mit dem Modell für ein thermisch strahlendes Plasma,welches sich noch nicht im Ionisati-
onsgleichgewicht befindet, wiedergeben. Das Plasma hat eine Elektronentemperatur von 6,3+1,2

−0,7
Millionen Kelvin (68% CL). Im Radiobereich wurde nicht-thermische Emission mit einem Spek-
tralindex von−0,7±0,2 (68% CL) gemessen - ein charakteristischer Wert für jungeÜberreste.
Eine detaillierte Analyse der Röntgendaten unter Verwendung der Sedov-Relation für die adia-
batische Ausdehnung einer Explosionswolke legt eine Entfernung zumÜberrest von 6 bis 12
kpc nahe, sowie ein Alter von ca. 5000 bis 7500 Jahren. Nahe dem geometrischen Zentrum des
Überrests wurden zwei Punktquellen detektiert, die kein Gegenstück in anderen Wellenlängenbe-
reichen haben. Ob eine der Quellen der im Verlaufe der Supernova entstandene Neutronenstern
ist, konnte aber noch nicht abschließend geklärt werden. Der zweite in dieser Arbeit identifizierte
Supernova-̈Uberrest, G38.7–1.4 besitzt ebenfalls eine kreisförmigeMorphologie. Radioemissi-
on ist nur im östlichen Teil nachweisbar. Außerdem ist die Quelle durch thermische Röntgene-
mission im Zentrum gekennzeichnet. Die Identifizierung diesesÜberrests basiert zusätzlich auf
der Detektion von polarisierter, nicht-thermischer Radioemission mit einem Spektralindex von
0,65±0,11 (68% CL) und von Filamenten in Hα - und SII-Beobachtungen - charakteristische
Merkmale eines̈Uberrests.

Nachdem die Kandidatenliste mit Himmelsdurchmusterungenund Quellkatalogen in an-
deren Wellenlängenbereichen korreliert worden ist und archivierte Röntgenbeobachtungen der
Quellen analysiert worden sind, verbleiben von ursprünglich 205 Quellen 123 Kandidaten als
mögliche Supernova-Überreste. Von diesen Kandidaten erfüllen 73 strengere Auswahlkriterien
bezüglich der Signifikanz der Quellen und/oder es wurde einmögliches Gegenstück in einem
anderen Wellenlängenbereich detektiert. Letzteres war der Fall bei insgesamt acht Quellen. Die-
se Quellen sind sehr vielversprechende Kandidaten, da sie mehrere charakteristische Merkma-
le eines Supernova-Überrests aufweisen. Zudem konnte gezeigt werden, dass alle Supernova-
Überreste, die zuerst im Röntgenbereich detektiert worden sind, im Radiobereich entweder eine
irreguläre Morphologie aufweisen oder sehr leuchtschwach sind. Vermutlich wird dadurch die
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Identifizierung im Radiobereich erheblich erschwert. Die Untersuchungen unterstreichen zudem
die Wichtigkeit zusätzlich in anderen Wellenlängenbereichen nach Supernova-Überresten zu su-
chen. Dadurch und durch die sukzessive Identifizierung der 123 verbleibenden Kandidaten kann
die Abweichung zwischen der erwarteten und der bekannten Anzahl an Supernova-Überresten
in unserer Galaxie weiter verringert werden.

Zusätzlich zu der Identifikationsstudie und der Suche nachneuen Supernova-Überresten wur-
de der im RASS detektierte und bereits früher identifizierte Supernova-̈Uberrest SNR G296.7–
0.9 im Detail im Röntgenbereich untersucht. Die Morphologie der Quelle ist durch einen hellen
Kreisbogen in süd-westlicher Richtung gekennzeichnet, deren Spektrum sich am besten mit dem
Modell für ein thermisch strahlendes Plasma, welches sichnoch nicht im Ionisationsgleichge-
wicht befindet, beschreiben lässt. Das Plasma hat eine Elektronentemperatur von 6,2+0,9

−0,8 Millio-
nen Kelvin (68% CL). Die Emission der Quelle im weichen Röntgenbereich ist teilweise durch
interstellares Gas und Staub absorbiert worden, wobei die Säulendichte des neutralen Wasser-
stoffs 1,24+0,07

−0,05×1022 cm−2 (68% CL) beträgt. Zusätzlich wurde unter Verwendung der Sedov-

Relation ein Alter von 5800 bis 7600 Jahren und eine Entfernung von 9,8+1,1
−0,7 kpc (68% CL)

abgeschätzt. Letzteres weist auf eine räumliche Assoziation mit einer nahegelegenen HII-Region
hin. Es wurde kein Hinweis auf die Existenz eines zentralen Neutronensterns gefunden. Somit
kann die Art der Supernova, aus der derÜberrest hervorgegangen ist, nicht eindeutig bestimmt
werden.

Im letzten Teil der Arbeit wird eine systematische Suche nach den Gegenstücken von Ra-
diopulsaren im Röntgenbereich in den Archiven der Röntgenobservatorien XMM-Newton und
Chandra durchgeführt. Ziel war es, Aufschluss über den nicht-thermischen Emissionsmechanis-
mus im Hochenergiebereich und über das Verhalten von Materie bei Dichten über der Kerndichte
zu erhalten. In dieser Arbeit wurden 18 bisher unbekannte Gegenstücke von Radiopulsaren im
Röntgenbereich identifiziert und deren Röntgenflüsse bestimmt. Das Spektrum von sechs dieser
Quellen konnte durch ein Schwarzkörperspektrum und/oderein Potenzgesetz angenähert wer-
den. Im Falle der verbleibenden 12 Röntgenquellen war entweder die Photonenzählrate oder
die Energieauflösung des verwendeten Detektors zu gering,so dass eine Spektralanalyse nicht
möglich war. Deshalb konnte der Röntgenfluss dieser Quellen nur unter Annahme charakteristi-
scher Spektralparameter für Pulsare annähernd bestimmtwerden. Für alle Radiopulsare, die mit
den Röntgenobservatorien XMM-Newton und Chandra beobachtet, aber nicht detektiert wor-
den sind, wurden obere Grenzen für deren thermischen und nicht-thermischen Röntgenfluss im
Energiebereich von 0,1 bis 2 keV bestimmt. Mithilfe dieser Werte wurde die nicht-thermische
Leuchtkraft für 18 und obere Grenzen für 228 Pulsare bestimmt. Die Untersuchung dieser Werte
bestätigt die Tendenz, dass mit zunehmender Empfindlichkeit von Röntgenobservatorien immer
geringere Röntgeneffizienzen für rotationsgetriebene Pulsare gefunden werden. Die gemessene
Schwankung von mehr als drei Größenordnungen in der Röntgeneffizienz muss in der Zukunft
in Simulationen von Pulsar-Populationen, die als Eingabe verschiedene Modelle für die Hoch-
energieemission von Pulsaren haben, reproduziert werden.Dadurch liefern die beobachtungsre-
levanten Ergebnisse dieser Arbeit eine weitere Vorgabe für die theoretische Untersuchung des
nicht-thermischen Emissionsmechanismus. Zudem wurden f¨ur 230 Pulsare obere Temperatur-
grenzen bestimmt. Diese oberen Grenzen bewegen sich zwischen 2,2× 105 K für den Pulsar
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mit der Katalogbezeichnung PSR J2144–3933 und 2,7×106 K für PSR J1822–1617. Es wurde
gezeigt, dass alle Werte mit aktuellen Kühlungsmodellen für Neutronensterne verträglich sind.



Summary

This work focuses on the end states of massive stars, more precisely on the X-ray emission prop-
erties of the compact and diffuse remnants of supernovae (SNe), i.e., neutron stars and supernova
remnants.

The first part of this thesis deals with the measurement of theproper motion of the central
neutron star in the supernova remnant Puppis A. The aim of this part was to validate or challenge
current core-collapse supernova models. The process by which a star explodes in a core-collapse
supernova is reasonably well understood, with the exception of the final explosion mechanism.
Several models have been proposed for this last stage. In order to investigate the mechanism in
more detail the proper motion of a neutron star was examined.This motion depends on the kick
a neutron star gains in the supernova explosion and thus, depends strongly on the final explosion
mechanism. Recently, the proper motion of the neutron star RX J0822–4300 in Puppis A was
measured to be 1122±327 kms−1 (68% confidence level CL; Hui and Becker, 2006) and 1570±
240 kms−1 (68% CL; Winkler and Petre, 2007). These high velocities canbe hard to explain
using pulsar-kick models. In order to reduce the error bars of and the discrepancy between, these
two measurements a new X-ray observation was obtained, which was analyzed in detail in my
thesis. This new observation allowed a proper motion measurement with a total time baseline of
3886 days, which is about twice as long as was available previously. It is the longest baseline
used for a proper motion measurement in the X-ray regime so far. Analyzing the data yielded
a proper motion of 71± 12 mas yr−1 (68% CL) at a position angle of 244◦± 11◦ (68% CL).
Both the magnitude and direction of the proper motion are in agreement with RX J0822–4300
originating near the optical expansion center of the supernova remnant. For an assumed distance
of 2 kpc to Puppis A, the proper motion corresponds to a tangential velocity of 670±120 kms−1

(68% CL). This velocity is smaller than either of the two previously published numbers and
eases most challenges that RX J0822–4300 previously posed to pulsar-kick models. However,
the measurement still allows a velocity of 900 kms−1 (95% CL), which would still require a
hydrodynamic kick model with a highly asymmetric explosion. Additionally, the age for the
supernova remnant Puppis A of 4450±750 yrs (68% CL) was deduced using the displacement
between its birth place and today’s position.

In the second part of this thesis, the main focus lies on the identification and investigation of
supernova remnants. The aim was to understand the large discrepancy between the number of
known and expected supernova remnants in our Galaxy. The latter is about 1200 remnants, given
that they are visible for≈ (6−10)×104 yrs until they merge with the surrounding interstellar
medium and that the expected supernova rate in our Galaxy is≈ 2 per century. The number
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of known supernova remnants is≈ 274, of which most remnants were detected in the radio
band. However, this sample is biased towards selecting mainly large remnants at low galactic
latitude. Hence, various attempts have been made to search for them in other wavelengths.
Therefore, in this work the first imaging all-sky survey in the soft X-ray regime, the ROSAT
All-Sky Survey (RASS) was searched for supernova remnants.This was done by analyzing
the candidate list, which Schaudel (2003) obtained in a previous analysis of RASS data. My
research lead to the identification of two previously unknown supernova remnants, SNR G308.4–
1.4 and SNR G38.7–1.4. The former source was identified usingarchival data in the radio,
infrared and X-ray bands. Its shape is that of a shell-type supernova remnant. X-ray, radio- and
infrared emission is only seen in the eastern part of the remnant. The X-ray emission can best
be described by an absorbed non-equilibrium collisional plasma model with a hydrogen density
of NH = (1.02±0.04)×1022 cm−2 (68% CL), a plasma temperature of 6.3+1.2

−0.7 million Kelvin
(68% CL), and an underabundance of iron, neon and magnesium,as well as an overabundance
in sulfur with respect to the solar values. The analysis of archival ATCA radio data revealed
non-thermal emission from G308.4–1.4 with a radio spectralindex of−0.7± 0.2 (68% CL),
which is typical for young supernova remnants. A detailed analysis using the Sedov solution
for the adiabatic expansion of a blast wave revealed that theremnant is at a distance of 6 to
12 kpc and the progenitor star exploded about 5000 to 7500 years ago. Two faint X-ray point
sources located near to the remnant’s geometrical center are detected. Both sources have no
counterpart at other wavelengths, leaving them as candidates for the compact remnant of the
supernova explosion. Additionally, the second supernova remnant identified in this thesis, SNR
G38.7–1.4, was studied in the radio, optical and X-ray bands. Its identification is based on its
polarized non-thermal radio emission having a spectral index of−0.65±0.11 (68% CL), typical
for young supernova remnants, as well as on its Hα and SII filaments matching the radio emission
region and on its thermal X-ray emission.

Finally, after correlating the source list with various skysurveys and source catalogs as well
as analyzing archival X-ray observations, 123 sources remained as supernova remnant candi-
dates. 73 of these sources fulfill more stringent selection criteria regarding the source significance
and/or have a counterpart in other wavelength regimes. A very likely counterpart was detected
for eight candidates. This makes them very promising supernova remnant candidates, because
they show several characteristic properties of supernova remnants. Furthermore, it seems that
all supernova remnants, which were first detected in the X-ray regime, are either faint and/or
irregularly shaped in the radio regime. This might hamper the identification of supernova rem-
nants in the radio band where most of all known supernova remnants have been detected so far.
Additionally, it underlines the importance of multi-wavelength studies in the field of supernova
remnants. With these studies and the gradual identificationof the 123 candidates the discrepancy
between the expected and measured number of supernova remnants in our Galaxy can be further
reduced.

Additionally, the RASS detected and previously identified SNR G296.7–0.9 was studied in
more detail in this thesis using data from the X-ray satellite XMM-Newton. A spectro-imaging
analysis of this source was performed in order to deduce the basic parameters of the remnant and
to search for evidence of an associated young neutron star. In X-rays, the remnant is characterized
by a bright arc located in the south-east direction. Its X-ray spectrum can be best described
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by an absorbed non-equilibrium collisional plasma model with a hydrogen column density of
NH = 1.24+0.07

−0.05× 1022 cm−2 (68% CL) and a plasma temperature of 6.2+0.9
−0.8 million Kelvin

(68% CL). The Sedov solution indicates a remnant age of 5800 to 7600 years and a distance of
9.8+1.1

−0.7 kpc (68% CL), implying a spatial association with a close-byHII region. No evidence
was found for the existence of a young neutron star associated with the remnant. Thus, the type
of the SN in which this supernova remnant was formed is still unconstrained.

In the last part of this work, a systematic search for the X-ray counterparts of radio pulsars in
the public archives of the XMM-Newton and Chandra X-ray observatories is presented. The aim
was to further shed light on the non-thermal high energy emission mechanism of pulsars and to
infer the composition of matter at supernuclear densities.In addition to the 185 rotation-powered
pulsars known to emit in X-rays, 18 previously unknown X-raycounterparts of radio pulsars
were detected. For 6 of them a fit to the energy spectrum with one- or two-component models
was possible. In all other cases the counting rates were too low or the used detector had a poor
intrinsic energy resolution. Therefore, the energy flux andX-ray luminosity were estimated by
assuming a non-thermal spectrum and an estimate for the hydrogen column density, which was
based on the radio dispersion measure. For pulsars observedby the XMM-Newton and Chandra
X-ray observatories, for which no source could be detected,upper limits on the non-thermal
and thermal X-ray flux have been derived in the 0.1 to 2 keV band. Thus, the non-thermal X-
ray luminosity for 18 and its upper limit for 228 pulsars wereobtained in this thesis and used to
further study the scatter in the relation of non-thermal X-ray luminosity to spin-down power. The
investigation confirms the trend for finding smaller X-ray efficiencies with increasing sample size
and higher sensitivity of X-ray observatories. It was shownthat the X-ray efficiency differs by
more than three orders of magnitude among all X-ray detectedrotation-powered pulsars. In the
future this large scatter has to be reproduced by a simulatedpulsar population for which a certain
high energy emission model was assumed. Hence, the results of the study presented in this work
provides further input for the theoretical modeling of the high energy emission mechanism of
pulsars. Additionally, 230 upper limits on the blackbody temperature were derived in this thesis,
ranging from 2.2×105 K (PSR J2144–3933) to 2.7×106 K (PSR J1822–1617). All measured
temperature upper limits are compatible with current cooling models.



xii Summary



Contents

Zusammenfassung v

Summary ix

1 Introduction 1
1.1 Brief history . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1
1.2 Supernova remnants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 3
1.3 Neutron stars and pulsars . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 5

2 Scientific background 7
2.1 Modeling supernova explosions . . . . . . . . . . . . . . . . . . . . .. . . . . 10

2.1.1 Thermonuclear supernovae . . . . . . . . . . . . . . . . . . . . . . .. . 10
2.1.2 Core-collapse supernovae . . . . . . . . . . . . . . . . . . . . . . .. . 11
2.1.3 Supernova rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Supernova remnants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 14
2.2.1 Classification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2.2 Evolutionary states . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 14
2.2.3 High energy emission . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3 Neutron stars and pulsars . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 19
2.3.1 Composition and cooling of neutron stars . . . . . . . . . . .. . . . . . 19
2.3.2 High energy emission of pulsars . . . . . . . . . . . . . . . . . . .. . . 25

3 The supernova remnant Puppis A 29
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 29
3.2 Observations and data analysis . . . . . . . . . . . . . . . . . . . . .. . . . . . 31

3.2.1 Chandra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.2 XMM-Newton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2.3 Optical . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3.1 The proper motion of RX J0822–4300 . . . . . . . . . . . . . . . . .. . 37
3.3.2 Is there a second supernova remnant in Puppis A? . . . . . .. . . . . . . 37

3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42



xiv Contents

4 Supernova remnant candidates in the ROSAT All-Sky Survey 43
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 43
4.2 X-ray observations and data analysis . . . . . . . . . . . . . . . .. . . . . . . . 45
4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 47

4.3.1 Correlation with archival observations and catalogs. . . . . . . . . . . . 47
4.3.2 Final list of candidates . . . . . . . . . . . . . . . . . . . . . . . . .. . 55
4.3.3 Candidates of special interest . . . . . . . . . . . . . . . . . . .. . . . . 56
4.3.4 Identified candidates . . . . . . . . . . . . . . . . . . . . . . . . . . .. 59

4.4 Conclusion and future prospects . . . . . . . . . . . . . . . . . . . .. . . . . . 65

5 Exploring the supernova remnant G308.4–1.4 67
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 67
5.2 X-ray observations and data analysis . . . . . . . . . . . . . . . .. . . . . . . . 68

5.2.1 Spatial analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .69
5.2.2 Spectral analysis of G308.4–1.4 . . . . . . . . . . . . . . . . . .. . . . 70
5.2.3 The central sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . .74

5.3 Radio observation and data analysis . . . . . . . . . . . . . . . . .. . . . . . . 77
5.4 Observations in other wavelength regimes . . . . . . . . . . . .. . . . . . . . . 79
5.5 Discussion and conclusion . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 80

5.5.1 Distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.5.2 Age . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.5.3 The central sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . .84

5.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

6 Supernova remnant G296.7–0.9 in X-rays 87
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 87
6.2 X-ray observation and data reduction . . . . . . . . . . . . . . . .. . . . . . . . 88

6.2.1 Spatial analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .89
6.2.2 Spectral analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .90

6.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .92
6.3.1 Comparison with the ROSAT results . . . . . . . . . . . . . . . . .. . . 92
6.3.2 Distance and age . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
6.3.3 Central neutron star . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 94

6.4 Conclusion and summary . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 94

7 A search for X-ray counterparts of radio pulsars 95
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 95
7.2 Observations and data reduction . . . . . . . . . . . . . . . . . . . .. . . . . . 97

7.2.1 Spatial analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .98
7.2.2 Spectral analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .99
7.2.3 Timing analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
7.2.4 Upper limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

7.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102



Contents xv

7.3.1 Detections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
7.3.2 Upper limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

7.4 Summary and future prospects . . . . . . . . . . . . . . . . . . . . . . .. . . . 116

8 Discussion and future prospects 119
8.1 Modeling supernova explosions . . . . . . . . . . . . . . . . . . . . .. . . . . 119
8.2 Supernova remnants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 121

8.2.1 Is there a second supernova remnant in Puppis A? . . . . . .. . . . . . . 121
8.2.2 Supernova remnant candidates in the ROSAT All-Sky Survey . . . . . . 122
8.2.3 G308.4-1.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
8.2.4 G296.7-0-9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
8.2.5 Concluding remarks on supernova remnants . . . . . . . . . .. . . . . . 126

8.3 Neutron stars and pulsars . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 127
8.4 Future prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 129

8.4.1 Future X-ray missions . . . . . . . . . . . . . . . . . . . . . . . . . . .131
8.4.2 Occultations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

A Supernova remnant candidates in the ROSAT All-Sky Survey 135
A.1 Source catalogue of high significant sources . . . . . . . . . .. . . . . . . . . . 135
A.2 Source catalogue of low significant sources . . . . . . . . . . .. . . . . . . . . 136
A.3 RASS images of all SNR candidates . . . . . . . . . . . . . . . . . . . .. . . . 137

A.3.1 High significant candidates with an extent of less than30 arcmin . . . . . 138
A.3.2 Low significant candidates with an extent of less than 30 arcmin . . . . . 144
A.3.3 Candidates with an extent between 30 and 60 arcmin . . . .. . . . . . . 150
A.3.4 Candidates with an extent between 60 and 120 arcmin . . .. . . . . . . 152
A.3.5 Candidates with an extent of more than 120 arcmin . . . . .. . . . . . . 152

B A search for X-ray counterparts of radio pulsars 155
B.1 List of pulsars detected at high energies . . . . . . . . . . . . .. . . . . . . . . 155
B.2 Used observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 159
B.3 Upper limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .170

Danksagung 211



xvi Contents



List of Figures

2 Scientific background
2.1 Stellar evolution of stars I . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . 8
2.2 Stellar evolution of stars II . . . . . . . . . . . . . . . . . . . . . . .. . . . . . 9
2.3 Classification of SNRs . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 15
2.4 Phase diagram of ultra dense matter . . . . . . . . . . . . . . . . . .. . . . . . 20
2.5 A cross-section of the interior of a neutron star . . . . . . .. . . . . . . . . . . 21
2.6 Mass-radius diagram for neutron stars . . . . . . . . . . . . . . .. . . . . . . . 22
2.7 Cooling curve with and without nucleon paring . . . . . . . . .. . . . . . . . . 24
2.8 Pulsars magnetosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 27
2.9 Pulsars slot gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 28

3 The supernova remnant Puppis A
3.1 X-ray image of SNR Puppis A . . . . . . . . . . . . . . . . . . . . . . . . . .. 30
3.2 The 2010 epoch Chandra HRC-I image of RX J0822–4300 . . . . .. . . . . . . 33
3.3 An enlargement of the immediate region of RX J0822–4300 .. . . . . . . . . . 38
3.4 The four positions of RX J0822–4300 measured over a baseline of 3886 days . . 38
3.5 X-ray image and spectra of the western part of the Puppis ASNR . . . . . . . . 39
3.6 EW images for O Lyα, Fe L, Ne Heα, Mg Heα, Si Heα, and S Heα . . . . . . . 40
3.7 The western part of Puppis A in Hα + [NII], [SII], and [OIII] . . . . . . . . . . . 41

4 Supernova remnant candidates in the ROSAT All-Sky Survey
4.1 Cumulative photon count profile for G337.2+13.0 and G38.7–1.4 . . . . . . . . . 46
4.2 XMM-Newton MOS1/2 exposure-corrected image of G309.8–2.5 . . . . . . . . 50
4.3 RASS images of selected remnant candidates with radio contours . . . . . . . . . 51
4.4 RASS images of selected SNR candidates with infrared contours . . . . . . . . . 52
4.5 Hα + [NII] and [SII] images of five SNR candidates . . . . . . . . . . . . .. . . 54
4.6 The distribution of the RASS SNR candidates across the sky . . . . . . . . . . . 55
4.7 Radio image of SNR G38.7–1.4 . . . . . . . . . . . . . . . . . . . . . . . .. . 57
4.8 XMM-Newton MOS1/2 exposure-corrected image and spectrum of G332.5+6.3 . 64

5 Exploring the supernova remnant G308.4–1.4
5.1 ROSAT RASS image of G308.4–1.4 . . . . . . . . . . . . . . . . . . . . . .. . 69
5.2 Chandra ACIS-I color image of G308.4–1.4 . . . . . . . . . . . . .. . . . . . . 70



xviii List of figures

5.3 Spectrum and fitted model of the X-ray emission of the whole SNR G308.4–1.4 . 72
5.4 Spectrum and fitted model of the X-ray emission of G308.4–1.4 in various regions 73
5.5 Dependence of the blackbody-emitting radius on the distance to the compact

central object candidate in G308.4–1.4 . . . . . . . . . . . . . . . . .. . . . . . 75
5.6 Spectrum of the compact central object candidate in SNR G308.4–1.4 . . . . . . 75
5.7 Flux variation of the compact central object candidate in the Chandra observation 77
5.8 Gray-scale image of SNR G308.4–1.4 at 1.4 GHz and 2.5 GHz .. . . . . . . . . 78
5.9 Chandra image of G308.4–1.4 overlaid with the ATCA data at 1.4 GHz . . . . . 79
5.10 WISE image of the region around G308.4–1.4 at 22 micron .. . . . . . . . . . . 80
5.11 HI spectrum on- and off-source in the direction of SNR G308.4–1.4 . . . . . . . 83

6 Supernova remnant G296.7–0.9 in X-rays
6.1 XMM-Newton MOS1/2 color image of G296.7–0.9 . . . . . . . . . .. . . . . . 89
6.2 Spectrum of SNR G296.7–0.9 . . . . . . . . . . . . . . . . . . . . . . . . .. . 91

7 A search for X-ray counterparts of radio pulsars
7.1 X-ray images of all radio pulsars with newly detected X-ray counterparts . . . . . 103
7.2 Radial intensity distribution around PSR J1112–6103 . .. . . . . . . . . . . . . 107
7.3 X-ray spectrum of PSR J1112–6103 . . . . . . . . . . . . . . . . . . . .. . . . 107
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Chapter 1

Introduction

The field of neutron star and supernova remnant research brings together all disciplines in
physics. Here the length scales range from femtometers to parsecs and the density ranges from
several times the nuclear density to 1 particle per cm3, in the core of a neutron star and over the
extend of a supernova remnant, respectively. Therefore, detailed knowledge of nuclear, parti-
cle and condensed matter physics are required for understanding the reactions and composition
occurring in the interior of neutron stars and at the shock front of supernova remnants. Addition-
ally, gravity must be considered, because masses of more than 1 M⊙ interact within the small
volume of neutron stars and supernova remnants.

The outline of this thesis is the following: Firstly, in the next section a short historical review
of neutron star and supernova research is presented. Additionally, open questions in this field of
research related to this work are discussed in this chapter together with possible solutions. Next,
in Chapter 2 the scientific background on neutron stars and supernova remnants is summarized.
This is then followed by the results of my work. In Chapter 3 the findings of the investigation
of the proper motion of the neutron star in the SNR Puppis A andthe western part of the SNR
in the X-ray regime are presented. In Chapter 4 a search for supernova remnant candidates in
the ROSAT All-Sky Survey is presented, in Chapter 5 the identification of SNR G308.4–1.4 as
supernova remnant is shown and in Chapter 6 the exploration of SNR G296.7–0.9 in the X-ray
regime is given. In Chapter 7 the outcome of a search for X-raycounterparts of radio pulsars is
presented. Finally, this thesis is concluded with a discussion of all my results and an outlook.

1.1 Brief history

The existence of a star composed entirely of neutrons was first proposed by Baade and Zwicky
(1934), motivated by the discovery of the neutron two years before by Chadwick (1932). In
addition, Baade and Zwicky (1934) predicted that such a “neutron star” would be formed in a
supernova (SN). Shortly after that, Tolman (1939) and Oppenheimer and Volkoff (1939) calcu-
lated the first models of neutron star structure based on Einsteins field equation. They could
show that neutron stars are in a stable equilibrium with a density below nuclear density and have
a radius on the order of 10 kilometers. However, observing these small bodies seemed beyond
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any possibility at that time, because neutron stars have small emitting areas. Hence, their residual
thermal luminosity would be too low to be observable at astronomical distances with the instru-
ments available at that time (Shapiro and Teukolsky, 1983).Therefore, neutron star research was
not paid much attention until the 1960s, when several discoveries were made that verified the
existence and observability of neutron stars.

In 1962 the first Galactic X-ray source outside the solar system was detected by
Giacconi et al. (1962). Several theorists proposed that this source, designated Sco X-1, could
be a hot neutron star. Hence, they began investigating the thermal evolution of such an object
(Shapiro and Teukolsky, 1983). The source was later identified as a low mass X-ray binary,
a system composed of an X-ray emitting neutron star and an evolved star (van der Klis et al.,
1996). However, in the early 1960s the idea of neutron stars as X-ray source was not taken se-
riously by astrophysicists. This picture changed soon after the first pulsating radio source was
discovered by Hewish et al. (1968), which was later associated with a rapidly spinning neutron
star (Pacini, 1968; Gold, 1968). Additionally, shortly before this detection, it was argued that
a fast rotating and highly magnetized neutron star at the center of the Crab nebula might be its
source of energy (Pacini, 1967), which was detected only oneyear later (Staelin and Reifenstein,
1968; Lyne and Graham-Smith, 2005). These discoveries initiate intensive theoretical work on
their properties and large surveys in the radio regime to findmore pulsating radio sources, i.e.,
pulsars. To date, more than 2250 pulsars are known (Manchester et al., 2005) and their number
increased steadily in the past decades, because of large efforts in building even larger telescopes
and more sensitive detectors. More than 185 of theses objects were detected in the X-ray regime
(see Table B.1), a number which has increased by an order of magnitude in the last 15 years with
the increasing sensitivity of X-ray observatories.

Supernova and supernova remnant research started much earlier. For example, as early as in
185 A.D. a “guest star” was observed by Chinese astronomers (Green and Stephenson, 2003). As
we know now it was a supernova and its remnant, supernova remnant (SNR) RCW 86, is still vis-
ible today (Williams et al., 2011). After that event only sixother Galactic supernovae have been
recorded in historical records in the past two thousand years - SN 386 (G11.2–0.3), SN 1006,
SN 1181 (3C58), Crab SN, Tycho SN, and the Kepler SN. Several other records of “guest stars”
by ancient Chinese astronomers exist. However, no solid identification with a known supernova
remnant has been possible so far for most of them (Green and Stephenson, 2003). Furthermore,
the first extragalactic supernova was observed on the 31st August 1885 (Müller et al., 1922) and
was followed by large optical surveys to detect such time-variable sources. With the advances
made in radio astronomy in the early 1950s, ten years before the first detection of a neutron
star, various extended sources were detected within our Galaxy which had a non-thermal, power
law shaped radio spectrum. These sources were proposed to bethe remnants of undetected su-
pernovae and their spectral shape was explained by synchrotron emission of relativistic charged
particles (Reynolds, 2008, and references therein). This was first confirmed by the identification
of the Crab nebula as an SNR and followed by the association ofseveral of these extended radio
sources with historical supernovae (Baade and Minkowski, 1954). Later, it was recognized by
several authors (e.g., Blandford and Ostriker, 1978) that the acceleration of charged particles in
SNRs may be the main source of cosmic rays (Reynolds, 2008). To date, more than 274 SNRs
have been detected, most of them by their steep radio spectrum (Green, 2009).
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1.2 Supernova remnants

Supernovae can occur in two ways, either by the thermonuclear disruption of a white dwarf or
by the core-collapse of a massive star. The former case is also called SN of type Ia. It is assumed
that the explosion occurs when a massive white dwarf accretes matter from a companion and the
mass exceeds the Chandrasekhar mass limit. Here the explosion mechanism is reasonably well
understood. Because in most cases the white dwarf explodes with the same physical conditions
their light curves are very similar. Hence, SNe of type Ia canbe used as distance indicators
and Perlmutter et al. (1999) used them to confirm the detection of the accelerated expansion of
the universe. Thus, understanding the processes responsible for an SN of type Ia is very crucial
to put better constraints on cosmological parameters. However, it is still unclear in what kind
of progenitor system such an SN can explode. No progenitor systems of thermonuclear SNe
have been observed so far, because white dwarfs are faint sources and thus, white dwarfs are
only observable in the solar neighborhood. Nevertheless, various progenitor systems have been
proposed, which are more or less supported by observations of the remnants of these SNe type
(see Section 2.1.1 for more details).

As mentioned in the first section, only 7 galactic SNe have been observed directly within
the last 2000 years (Green and Stephenson, 2003). Additionally, the SN of the brightest SNR
in the radio sky, Cassiopeia A, as well as the SN of the youngest Galactic SN (SNR G1.9+0.3;
Reynolds et al., 2008) were missed by optical observers, probably due to visible-band interstellar
dust extinction. The only SN observed with modern telescopes was the SN 1987A in the Large
Magellanic Cloud. Therefore, the only way to study SNe in detail with a sufficiently large sample
is by investigating their remnants, because SNRs are observable for up to 105 yrs (Frail et al.,
1994) and let one draw conclusions on the underlying SN explosion mechanism.

However, a small sample size is also the main problem in investigating the remnants of ther-
monuclear SNe, because only four SNRs are known in our Galaxyfor which clear evidence
exists that their progenitor star exploded in an SN of type Ia. Furthermore, in the nearby dwarf
galaxies Small and Large Magellanic Cloud (SMC and LMC) only13 SNRs are identified as
the remnants of an SN of type Ia (Reynolds, 2008). Thus, finding more SNRs which can be
identified as the diffuse remnant of this kind of SN event is essential, because it will allow us
to pinpoint the binary companion of most SN Ia. For that, an extensive study of and search for
SNRs is needed to infer the type of SN and thus, increase the sample of remnants of SN Ia.
For this reason an identification campaign of SNRs in the ROSAT All-Sky Survey (RASS) was
performed based on the candidate list of Schaudel (2003). Moreover, deep spectro-imaging of a
known (SNR G296.7–0.9; Section 6) and candidate (RASS SNR candidate G308–1.4; Section
5) was performed to reveal their nature.

The second case in which a star can end its evolution is by the collapse of the iron core
of a massive star. Here the process is reasonably well understood with the exception of the
final explosion mechanism. Several models have been proposed for this last stage. In order to
understand the mechanism in more detail various observational methods have been proposed. For
example, the proper motion of a neutron star (NS) can be investigated, because it depends on the
kick a neutron star gains in the SN where they are formed. Therefore, the proper motion strongly
depends on the final explosion mechanism. The proper motion measurement of the neutron star
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RX J0822–4300 in Puppis A by Hui and Becker (2006) and Winklerand Petre (2007) can be hard
to explain with these explosion models (see Section 2.1.2 for more details). In order to reduce
the error bars of and the discrepancy between these two measurements a new X-ray observation
was analyzed (see Chapter 3.3.1). With this additional datait will be possible to validate current
core-collapse SN models or challenge them even further.

Another motivation to examine the X-ray emission of SNRs is to understand the formation
of stars, because SNe feed the interstellar medium with energy and enrich it with heavy ele-
ments like Iron. The first stars were metal-poor. The elemental abundance measured in the
solar system indicates an SN explosion as trigger for the formation of the sun and the planets
(Gritschneder et al., 2012). Hence, increasing our knowledge of the interaction of the diffuse
remnant of an SN with its environment is crucial to understand the formation of the solar system.

Furthermore, SNR shocks are collisionless plasmas1, which are not yet well understood
(Vink, 2006), but are thought to be excellent particle accelerators (Reynolds, 2008). Thus in-
vestigating and understanding the origin of the thermal andnon-thermal part of their spectrum
can help to explain the interaction of a shock wave with the tenuous interstellar medium (ISM)
and to confirm that SNRs are responsible for the Galactic contribution to the measured cosmic
ray spectrum (Reynolds, 2008). Both emission mechanisms will be explained in Section 2.2.3.

Finally, current estimates for the Galactic SN rate are given by various approaches and
yield rate estimates between 0.8 and 2.8 SNe per century (seeSection 2.1.3). Furthermore,
Keane and Kramer (2008) showed that the NS birth rate exceedsthe SN rate, which would indi-
cate that the Galactic SN rate currently found in the literature is on the upper side of the range.
Therefore, assuming this is true and using an average SNR life time of≈ 60 kyrs (Frail et al.,
1994), more than 1000 SNRs can be found in the Galaxy. By 2009,274 known SNRs were
published (Green, 2009, and references therein). Thus, a large number of SNRs are not detected
so far, mostly due to difficulties in finding very faint objects. Some remnants will never be ob-
servable, because they are hidden behind dust, in particular remnants located behind the Galactic
Center will never be seen from Earth. Most SNRs were detectedin the radio band, but this
sample is biased towards selecting mainly large remnants atlow galactic latitude (Green, 2004).
Only three SNRs of the 274 remnants listed in Green (2009) have a diameter of< 3′ and five
supernova remnants are at a galactic attitude|b|> 7◦ . Hence, various attempts have been made
to search for SNRs in other wavelengths, e.g., Sabin et al. (2013) in an optical Hα survey and
Helfand et al. (2006) in the infrared regime. What is more, Bußer (1998) and Schaudel (2003)
made use of the first imaging all-sky survey in the soft X-ray regime, the ROSAT All-Sky Sur-
vey (RASS) and pinpointed several SNR candidates. In Chapter 4 the candidate list of Schaudel
(2003) will be used and the candidates will be cross-correlated with current catalogues in var-
ious wavelengths to identify their origin and to reduce the discrepancy between the number of
expected and already identified remnants.

1The interstellar medium has such a low density (≈ 1 cm−3) that two-body interactions are rare, hence SNR
shocks are called collisionless
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1.3 Neutron stars and pulsars

Neutron stars are the most dense objects directly observable in the universe. Their density can
reach values of more than 10 times the nuclear density. The main goal in this field of research
is to explore the composition of matter at a density two timesabove the nuclear density, where
the composition of a neutron star is no longer constrained bytheoretical modeling of nuclear
matter and particle physics experiments: Is the neutron star core composed out of normal nucleon
matter or is “exotic” matter needed to explain observations? One way to address this question
is to study the mass-radius relation, which depends strongly on the assumed equation of state
and the composition of the neutron star core. However, no radius has been measured with high-
accuracy and more importantly, no radius has been inferred for any NS with a very accurate mass
measurement. Hence, only weak restrictions can be put on matter at high densities. Another very
promising approach is the investigation of the thermal evolution (cooling) of neutron stars, which
is heavily affected by the behavior of matter at high densities (see Section 2.3.1 for more detail
on the composition and cooling of a neutron star).

For constraining the equation of state through the investigation of the cooling of neutron stars
the temperature and the age of a large sample of neutron starsis needed. Even upper limits on
the thermal emissivity can help to put more significant constraints on cooling models and the
assumptions made in them. However, only a few neutron stars are known with measured tem-
peratures and they have large uncertainties, both in age andbolometric luminosity. Furthermore,
only for a few pulsars deep upper limits on the temperature have been obtained. Therefore, it is
important to increase the sample of known thermal-emittingneutron stars and in the case of a
non-detection of thermal emission from a neutron star to infer upper limits on the temperature.
In Chapter 7 this was done by using the archives of the X-ray observatories XMM-Newton and
Chandra. Here the minimal cooling paradigm was further tested by searching for neutron stars
whose temperature deviates from the predicted cooling curve.

In recent years a lot of progress has been made in identifyingthe non-thermal high energy
emission mechanism of pulsars (see 2.3.2 for more details onthe proposed high energy emission
mechanisms and the advances made in recent years). However,it is still not fully understood
which physical processes are responsible for the single-particle emission of pulsars at high en-
ergies. A more detailed study will be possible in the future with the ongoing search for pulsars
with the Fermi satellite. Furthermore, studying the high energy emission properties in other
wavelengths will be of importance. For example, studying the dependence of the emitted energy
in one wavelength regime on the total emitted power, as done in Chapter 7, can help to understand
the high energy emission even further, because the scatter has to be reproduced by a simulated
pulsar population for which a certain high energy emission model was assumed

Furthermore, neutron stars manifest themselves in a numberof different ways: rotation-
powered pulsars, magnetars, central compact objects in SNRs, rotating radio transients, X-ray
dim isolated neutron stars, and the recently discovered intermittent pulsars (reviews of the dif-
ferent classes of neutron stars can be found in Becker (2009), Hurley (2009), de Luca (2008),
McLaughlin (2009), Turolla (2009), and Lyne (2009), respectively). The fact that the NS birth
rate exceeds the SN rate (Keane and Kramer, 2008) could also be a hint that there is an evolution
of the type of NSs with time. It might be that, for example, rotation-powered pulsars, rotating
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radio transients and X-ray dim isolated neutron stars are different manifestations of the same
type of neutron star (Keane and Kramer, 2008). However, it still needs to be proven whether
such an evolution exists in nature and even if it exists it is still not clear what physical parameters
are necessary so that a neutron star is born or evolves in one of these classes. Also how core
collapse SNe influence the birth properties of neutron stars, e.g., the magnetic field strength of
the compact remnant, needs to be elucidated.

To sum up, although about 185 pulsars are detected in the X-ray band and more than 274
SNRs are known so far, it is clear from what has been said abovethat it is important to continue
the search for so far undetected neutron stars and SNRs. Nonetheless, probably the best reason
is studying the unknown, because every new detection might contribute new insights in neutron
star and supernova remnant science. For example, a newly detected source might be the missing
link to explain which properties are responsible for the different manifestation of neutron stars.
The success of such an ongoing search can be demonstrated in the case of SNR G1.9+0.3, the
youngest SNR in our Galaxy which was found by Chandra (Reynolds et al. 2008), or the detec-
tion of intermittent pulsars (e.g., Kramer et al., 2006), which seem like ordinary radio and X-ray
pulsars, but can switch their radio emission off quasi-periodically with different spin-down rates
at time scales from months to years. The continuation of the search for X-ray pulsars and SNRs,
as done for this thesis, will therefore be of uttermost importance to discover previously unknown
phenomena in this field of research.



Chapter 2

Scientific background

A star is born, undergoes different periods of evolutionarystates and has to die at the end. Its
ashes enriches the environment and helps to create new stars. This work focuses on the end states
of massive stars, more precisely on the X-ray emission properties of neutron stars (NSs) and
supernova remnants (SNRs). In the following, the life and death of stars will be outlined briefly.
In the Sections 2.2 and Section 2.3 our knowledge about formation, properties and evolution of
NSs and SNRs will be described in detail.

Stars are formed in dense gas or dust clouds in the ISM. For example, in our Galaxy star
formation takes place mainly in the spiral arms. These clouds are stable as long as their internal
pressure compensates the gravitational force. When two clouds are merging or an external force
is acting on the cloud (e.g., occurrence of a close-by supernova explosion) the cloud collapses
and fragments into smaller units. During the collapse the fragmented cloud is heated up to
(5−10)×103 K where it reaches a thermostatic equilibrium and becomes optically thick. When
the temperature of the cloud is high enough to stop matter from falling into the central region,
the star reaches hydrostatic equilibrium. This collapse takes about 105−106 yrs for a star with
1 M⊙. After the star reaches the so-called Hayashi line the gravitational energy produced by
the still ongoing contraction of the inner region of the starwill be carried to the envelope by
convection or radiation for low-mass or high-mass stars, respectively. The contraction remains
until the core temperature of the protostar is high enough tostart the first thermonuclear reaction
- burning the less abundant Deuterium. Finally the so-called protostar reaches the zero age main
sequence (ZAMS), where all stars with a mass larger than 0.08M⊙ start burning their Hydrogen
(H) core.

From now on, in general the evolution of stars is the following: The star burns the most
abundant elements in its core until it is almost depleted there, first H, Helium (He) until Nickel
(Ni) is burned to Iron (Fe). After about 99% of the nuclei at the center are fused to heavier
elements the burning stops and starts in an outer shell. Before that, at the time when about 95%
of the central fuel is burned the core contracts until the central temperature is high enough to start
the fusion of the next heavier element in the core, because until that reaction starts the gravitation
is not balanced by radiation pressure. Additionally, the envelope expands and cools down. These
steps are repeated with small variation and smaller timescales until the core is entirely made up
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Figure 2.1: Stellar evolution of
stars on the basis of their core den-
sity ρc and temperatureTc for dif-
ferent MZAMS in blue. The red
lines show the critical temperature
for different burning stages and the
colored region indicate the stages
where the stars get instable and un-
dergo a gravitative collapse. (Fig-
ure taken from Janka (2012))

of Fe, the element with the highest nuclear binding energy per nucleon and thus, further fusion is
energetically unfavorable. Exceptions of this are stars with a mass at the zero age main sequence
MZAMS of less than 9 M⊙. Here the collapse of the central region is stopped by the Fermi pressure
of degenerated electrons before the critical temperature for fusion of He (0.08 M⊙.MZAMS . 0.5
M⊙), Carbon (0.5 M⊙.MZAMS . 7 M⊙) or Neon (7 M⊙.MZAMS . 8 M⊙) is reached (see Figure
2.1). In these cases the remaining star is called a white dwarf (WD) and is the final state with a
typical mass of∼ 0.6 M⊙, a maximal mass of 1.4 M⊙ (the Chandrasekhar limit for non rotating
WD), and a radius of∼ 104 km. Thereafter the white dwarf cools down, if no mass transfer from
a companion occurs (see Section 2.1.1).

The core temperature and density of stars in the mass range 8 M⊙.MZAMS . 9 M⊙ is high
enough that atoms capture electrons before the neon burningtemperature is reached and emit
neutrinos, which leave the star instantaneously. This leads to a sudden decrease in pressure (see
Figure 2.1). Finally, this ends the life of such a star in a core-collapse supernova (SN). For stars
with MZAMS & 9 M⊙ a similar process happens after Neon, Oxygen and Silicon is burned and
the core is composed entirely of56Fe. At this stage the temperature in the core is high enough
to photodisintegrate Iron into Helium nuclei and the subsequently emitted neutrinos cause an
instantaneous loss of pressure and a core-collapse SN (see Figure 2.1). Stars withM & 100
M⊙ are even hotter and become instable because of electron-positron pair creation after the
central C burning (Woosley et al., 2002), but also explode ina core-collapse SN. All these SNe
are defined as SN of type Ib, Ic or II, depending on the existence or lack of H, He and Si lines
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Figure 2.2: Stellar evolution of stars with different masses The evolution shown here starts at the zero age
main sequence and ends with their final state as white dwarf, neutron star or black hole. (Image courtesy:
NASA CXC Photo album)

in their early spectra (Vink, 2012). The current theoretical understanding of SNe is summarized
in Section 2.1 and the evolutionary track for various masses, as discussed above, are depicted in
Figure 2.2.

Stars loose mass during their evolution due to stellar winds. Thus, theirMZAMS is larger than
the mass at their death. For massive stars these winds are driven by radiation with mass loss rates
Ṁ . 104 M⊙/yr (van Loon et al., 2005) that sum up to 50% mass loss in theirentire life. During
the He burning in the core or in the shell (at the asymptotic giant branch)Ṁ . 106 M⊙/yr, e.g.,
a 5 M⊙ star can loose up to 80% of its mass by winds. These matter outflows are especially
important when investigating SNRs, because the SN shock wave is sweeping up this matter and
is responsible for the shape and size of the remnant (see below).

Furthermore, about 80% of all stars are in systems with one ormore companions and there-
fore, the WD stadium does not have to be the death of a star. If acarbon-oxygen WD has a
mass close to the Chandrasekhar limit and accretes mass froma binary star it explodes in a ther-
monuclear runaway (SN of type Ia). The current understanding of thermonuclear SNe will be
discussed in Section 2.1 as far as it is relevant for this work.
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2.1 Modeling supernova explosions

As mentioned above there are in general two different mechanisms that lead to the explosion
of an SN: The thermonuclear explosion of C/O WD (SN type Ia) and the core-collapse of an
evolved star (SN types Ib, Ic, II). In the following the current understanding of the explosion
mechanisms are summarized including current estimates of their rates.

2.1.1 Thermonuclear supernovae

In a thermonuclear SNe the energy comes from explosive nuclear burning rather than from the
released energy of the gravitational collapse in a core-collapse SN. Hence, it is called a ther-
monuclear SN. It is assumed that the explosion occurs when a massive WD accretes matter from
a companion and the mass exceeds the Chandrasekhar mass limit.1 Thus, almost all progenitors
of SNe Ia must have similar evolution tracks with only some small variations in the peak bright-
ness of the explosion and they can occur in almost all stellarenvironments, because WD can be
found in young and old stellar populations. These conclusions are observationally confirmed:
85% of all SN Ia have very similar peak luminosities, light curves, and spectra. Moreover, SN Ia
are also observed in elliptical galaxies, which are thoughtto be old and have very little star for-
mation (Hakobyan et al., 2011). In the case of core-collapseSN almost all events are observed
in spiral galaxies (Hakobyan et al., 2011). In addition, theamount of energy produced in the
conversion of 1.4 M⊙ of C,O into Fe is in the same order as the observed energy of an SN Ia
explosion of∼ 1051 erg (Thielemann et al., 2004). Because their light curves are very similar
these SNe can be used as distance indicators.2 This finding led to the detection of the accelerated
expansion of the universe (Perlmutter et al., 1999).

Currently, the models that explain the measured propertiesof an SN Ia are the deflagration-
detonation transitions models (see Hillebrandt and Niemeyer (2000) for a review). In these mod-
els the WD ignites near the center; in the beginning the convective thermonuclear wave moves
through the star subsonically (deflagration) and the star isexpanding. At a certain point the
remaining star detonates and the nuclei are mostly fused to intermediate mass elements, e.g.,
Silicon (Vink, 2012). This completely disrupts the WD and nocompact remnant is left behind.

The deflagration-detonation transition model is reasonably well supported by observations,
because it can very accurately reproduce SN Ia spectra and light curves which are dominated by
the radioactive decay of56Ni into 56Co and finally into56Fe. Additionally, the resulting nucle-
osynthesis abundances with respect to the solar values are in good agreement with observations
(Hillebrandt and Niemeyer, 2000, and references therein).

However, it is still unclear in what kind of progenitor system an SN Ia can explode, because
WD are faint sources and thus, no progenitor system of an SN Iahas been observed so far. As
mentioned before, a WD must accrete matter in a close binary system. But this still allows
several possibilities for the mass donor star: A second WD (double degenerate system) or a

1Models with sub-Chandrasekhar masses for the WD have problems explaining observations but could be re-
sponsible for low luminosity SN Ia (Hillebrandt and Niemeyer, 2000)

2An empirical relation has been found by Phillips (1993), which relates the peak brightness of an SN event with
its post peak decline time, which allows a calibration of thepeak brightness.
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single degenerate system with either a main sequence or an evolved star. To accrete matter onto
the WD it is crucial that the mass transfer rate is in a certainrange, because a higher rate would
lead to a common envelope phase which results in an unstable mass transfer and a lower rate
would lead to novae in which accreted matter is blown off the WD. Various channels that lead
to type Ia SNe are reviewed in Wang and Han (2012). An example for a stable mass transfer is
given by Hachisu et al. (1999). They could demonstrate that aWD that undergoes rapid mass
accretion can produce a thermonuclear SN, if it is stabilized by a strong, optically thick wind.

With the advances made in X-ray spectroscopy it is now possible to identify SNRs of SN
Ia in our Galaxy or the close-by dwarf galaxies (SMC and LMC) at different stages of their
evolution (a summary table of known SNR of SN Ia is given in Vink (2012)). The basic criteria
to distinguish between the SNR of a thermonuclear or core-collapse SN is the asymmetry of the
remnant (Lopez et al., 2009), the existence of a neutron starassociated with the SNR and the
yield of the most abundant elements in the spectrum of the SNR. Furthermore, with the detection
of light echoes of historical SNRs, e.g., the Tycho SNR of theSN observed in the year 1572, a
clear evidence for the type of the SN has been found, because these light echoes preserve some
of the spectra of the SN and it can be restored with differenceimaging in the optical wavelength
regime (Krause et al., 2008; Rest et al., 2005, 2008).

As aforesaid, stars loose some of their mass at several stages during their life time: at the
main sequence, as red giant, at the asymptotic giant branch or from a WD itself (van Loon et al.,
2005; Kato, 1997). The companion candidates can have very different wind properties which
shape their circumstellar medium (CSM) and leave imprints in it. By studying the CSM and
its interaction with a remnant of an SN Ia it is therefore possible to rule out some progenitor
systems. Many optically observed remnants have so-called Balmer-dominated shocks that are
only observable if the fraction of neutral gas is high (Heng,2010). Hence, a companion which
ionizes its surrounding can be excluded. Such sources are the so-called supersoft sources.3 White
dwarfs can be observed as supersoft sources, if they accretehydrogen-rich matter onto their
surface and burn it there (Kahabka and van den Heuvel, 1997).In addition, investigation of the
X-ray spectra of various SNRs by Badenes et al. (2007) and Borkowski et al. (2006) led to the
rejection of the model of Hachisu et al. (1999) which was mentioned above, because no signs
for the large winds predicted by this model where found in these remnants. Furthermore, a
detailed examination of the Kepler SNR led to the conclusionthat the progenitor system was
composed of a C/O WD with a star located at the asymptotic giant branch (Chiotellis et al.,
2012). Nevertheless, it is not clear whether the Kepler SN was a very particular event or the
prototype of an SN Ia, because of the unusual morphology of the SNR.

2.1.2 Core-collapse supernovae

As explained in the first section of this chapter a star with a massMZAMS & 8 M⊙ ends its life
in a core-collapse SN. The gravitative collapse releases anenergy of the order of 1053 erg and is
finally stopped when the core density reaches nuclear density. At this density a proto-neutron star

3Supersoft sources are identified by their very soft X-ray spectra and their high luminosities, which range from
1036 to 1038ergs−1.
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or for the most massive stars (MZAMS & 25 M⊙) a black hole is formed (Janka, 2012). Only∼ 1%
of the gravitational energy is used for the explosion, the remaining 99% leave the star in the form
of neutrinos, which only interact with neutron star matter in the first 10 s when the proto-neutron
star is still very hot and dense (Mazure and Basa, 2009). 13 neutrinos from SN 1987A in the
LMC (Hirata et al., 1987; Bionta et al., 1987), the closest SNobserved with modern telescopes
support this theoretical prediction.

According to theory, matter from the outer stellar layers are pulled inward, bounce back
from the proto-neutron star and create a radially propagating shock wave after the collapse in the
center has stopped. However, in numerical simulations thisshock wave is stopped by the outer
layers and cannot produce the observed SN. How a massive starfinally explodes is still an open
question and a field of intense research. Several mechanismshave been proposed by which a
massive star explodes in a core-collapse SN. A good review onthe current status of modeling
core-collapse SN can be found in Janka (2012). In the following the most promising models and
how they can be tested by current instruments are summarized.

A mechanism that is studied in detail is the neutrino heating. Here the main idea is that
energy is deposited in an accretion layer at a radius close tothe proto-neutron star by absorption
of neutrinos leaving the proto-neutron star. This leads to aglobal runaway instability that finally
triggers the SN. For example, this assumption was implemented by Blondin et al. (2003) in the
so-called non-spherically symmetric standing accretion shock model. It can explain neutron
star kicks with velocities up to 1000 km/s (Wongwathanarat et al., 2013, and will be discussed
below in more detail), the asymmetries in the SNRs mentionedin Section 2.1.1 and the high-
velocity clumps of inner-core elements in the outer layers of the exploding star, as seen in the
SN 1987A (Hammer et al., 2010). Furthermore, simulations show that in this framework spin
periods between 100 ms and several seconds can be achieved (Wongwathanarat et al., 2013)
and, if rotation of the collapsing core is assumed, even the estimated NS spin periods at birth
of ∼ 10 ms may be reachable (Ott et al., 2006). However, the observed spin-kick alignment is
not reproducible in any simulation so far and the maximal explosion energy and Nickel mass
obtained in this model is less than∼ 2×1051 erg and below 0.1 M⊙, much less than observed in
high luminosity SNe (Janka, 2012).

Other mechanisms, which can successfully explode a star arethe magnetohydrodynamic and
the acoustic mechanism. The former is based on the assumption that compressional amplifica-
tion of the non-radial magnetic field strength during collapse and secondary amplifications lead
to the explosive runaway (Wheeler et al., 2002) that can explain the observed population of high
luminosity SNe. The acoustic mechanism is based on a secondary shock which is initiated by
gravity-mode oscillations of the proto-neutron star core with amplitudes on the order of kilome-
ters that finally leads to a disruption (Burrows et al., 2006).

For core-collapse SNe it is more difficult to compare simulated light curves and spectra with
observations, because of the diversity of observed SNe. However, there are some diagnostics.
As mentioned before the most abundant elements in type I SNe are intermediate mass elements.
In contrast, yields in core-collapse SNe are dominated by the elements produced in the stellar
burning phases, e.g., Carbon, Oxygen. Thus, element yieldsin simulations have to match the
abundances measured for a core-collapse SN.

To date, other validation of core-collapse SN models can come from studying Oxygen-rich
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SNR or the youngest near-by core-collapse SN 1987A (detailsare given in Vink (2012) and
references therein). Another way to rule out unrealistic core-collapse SN models is by inves-
tigating the proper motion of neutron stars. The average proper motion in three dimensions
of non-recycled NSs are∼ 400 kms−1 (Hobbs et al., 2005), which cannot be explained by a
binary breakup (Janka, 2012). Additionally, a turbulent transfer of momentum between proto-
neutron star and shock shortly after the onset of the SN explosion can be ruled out, because
the maximal velocity of an NS in this case is∼ 200 kms−1 (Janka and Mueller, 1994). For
electro-magnetically driven kicks, where the NS is accelerated along its spin axis by radiation
from an off-centered rotating magnetic dipole a proper motion of 1000 kms−1 can be achieved
(Lai, 2001). However, it requires a period of the NS of∼ milliseconds (Lai, 2001), which is not
observed in young NSs. In the framework of the neutrino-magnetic field driven kick model it
is assumed that a large magnetic field introduces an asymmetry in the neutrino emission (Lai,
2001). This model can only explain velocities of the order of250 kms−1 when a magnetic field
greater than 1015 G is assumed (Lai et al., 2001). However, this magnetic field strength is much
higher than the measured values for most NSs. Another kick mechanism relies on anisotropic
neutrino emission, which could in general accelerate the NSto velocities of∼ 300 kms−1, if the
neutrino emissivity is stable. This is not the case and the maximal effect on the velocity is on the
order of 10 kms−1 (Janka, 2012, and references therein).

A more realistic calculation was presented by Burrows et al.(2007) where they assume that
the NS kick is produced by strong anisotropic winds. Their model prediction for the NS kick
velocityvk is

vk ∼ 1000
E

1051erg
·sin(α) kms−1, (2.1)

with the explosion energyE in erg,α a parameterization of the explosion anisotropy. Here it was
assumed that the wind speed can be approximated by the sound speed. In this model measured
proper motions of∼ 1000 kms−1 can be explained with a large anisotropy in the explosion.

Furthermore, Wongwathanarat et al. (2013) shows that the kick is introduced by a long-
lasting, anisotropic gravitational pull on the NS and the velocity is given in the following form:

vk ∼ 540
∆−3

r i,7 ·vs,5000
kms−1, (2.2)

where∆−3 is a mass defect in units of 10−3 M⊙ that is moving with a velocityvs,5000 in units of
5000 kms−1 away from the NS with an initial radius ofr i,7 in units of 107 cm. Thus, a slowly
moving shell withvs ≈ 3000 kms−1 can accelerate the NS to a velocity of≈ 900 kms−1.

2.1.3 Supernova rates

Current estimates for the SN rate are given by various approaches and yield following rate esti-
mates:

• Using the observed SN rate in Milky Way like nearby spiral galaxies (Sbc galaxies) and
scale it to the size of the Milky Way results in an SN rateβSN of 2.8± 0.6 century−1



14 Scientific background

with a systematic error of factor 2 (Li et al., 2011). For core-collapse SN they calculated
βCC = 2.3±0.5 century−1.

• Measuring the abundance of the radioactive element26Al from massive stars in our Galaxy
(Diehl et al., 2006) leads toβCC = 1.9±1.1 century−1.

• Keane and Kramer (2008) foundβCC = 1.1±0.9 andβCC = 0.8±0.4 depending on the
used initial mass function4. They also showed that the NS birth rate exceeds the SN rate
and therefore, it is possible that their Galactic SN rate is too low.

2.2 Supernova remnants

In the following sections, first the classification scheme ofSNRs will be described and then
the current understanding of the evolution and the high energy emission mechanisms will be
summarized, in which the latter is crucial for the identification as SNR and inferring fundamental
parameters of the SNR.

2.2.1 Classification

For only a few SNRs a clear distinction can be made between their parent SN, core-collapse
or thermonuclear. Therefore, in literature SNRs are grouped by their morphology into shell-
type SNRs, plerions, composite and thermal-composite SNRs(see Figure 2.3 for examples of
the different morphologies). A shell-like structure is created when the shock wave propagates
through the ISM and heats the plasma. Hence, an SNR that showssuch a structure is named
shell-type SNR and this group includes most know remnants. Aplerion is a non-thermal wind of
relativistic electrons and positrons, accelerated to ultra-relativistic energies by a rapidly rotating
neutron star (pulsar), also referred to as pulsar wind nebula (PWN; see Kargaltsev et al. (2013)
for a review and a listing of known PWN). Remnants with a PWN surrounded by a shell are
designated as composite SNRs, but only a few of this kind havebeen detected so far. The thermal-
composite SNRs show a shell-like structure in the radio bandand thermal X-ray emission from
the center of the remnant.

2.2.2 Evolutionary states

The evolution of SNRs is divided into four states (Woltjer, 1972), whereMej is the mass ejected
with a velocityV0 and total energyε, Msw = 4πρ0R3/3 the swept-up mass withR the radius of
the shock front,ρ0 the density of the ISM anddε/dtrad the energy loss per time:

Phase I: Ejecta dominated phaseMej ≫ Msw. The ejecta, with a characteristic initial explo-
sion velocity of 5×103 km/s (core-collapse SN) to 10×103 km/s (thermonuclear SN;
Reynolds, 2008), forms a blast wave. The matter behind it is expanding almost free and

4The initial mass function is the probability distribution that a star at the zero age main sequence has an initial
mass in the range ofm+dm.
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Figure 2.3: The classification of SNRs by means of their morphology.Upper left: The Kepler SNR (SN
1604) is a shell-type SNR with a size of 3′ (Burkey et al., 2013).Upper right: Here the plerion or PWN
around PSR B1509–58 is shown.Lower left: The SN from 386 A.D. (SNR G11.2–0.3) consists of a
shell and a PWN, thus it belongs to the group of composite SNR (Roberts et al., 2003).Lower right: The
remnant W28 is an example for a thermal-composite SNR. All images are false-color images with red
indicating a low energy, green a medium energy and blue a highenergy. In the case ofd the optical image
is overlaid in gray and the radio image in orange. (Image courtesy: NASA CXC Photo album)
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is therefore cooling down adiabatically. Later, it is reheated by the reverse shock. A con-
tact discontinuity is formed between the shock-heated ISM or CSM and the ejected matter.
This two-shock structure exists untilMej ≈Msw. At this point all ejecta are shocked and the
SNR will reach the next phase. Phase I lasts for hundreds to thousand years depending on
the density of the ambient medium and on the ejected mass (Truelove and McKee, 1999).
The shock wave radiusR in this phase can be approximated byR∝ tm (Chevalier, 1982),
with t the age of the remnant andm= (n−3)/(n−s) the so-called deceleration parameter.
m can be measured by comparing the SNR radius of two or more epochs and shed light
on the medium surrounding the SNR indicated byn and the type of SNR itself (s). It is
expected thatn= 10−12 for core-collapse SNe andn= 7 for thermonuclear SN. Further-
more,s= 0 for a constant medium around the SNR ands= 2 for a medium shaped by the
progenitor’s stellar wind (Patnaude and Fesen, 2009). For example, the core-collapse SN
1993J hasm= 0.845±0.005 (Marcaide et al., 2009) in agreement withn= 9 for a core-
collapse SN ands= 2 for a circumstellar wind. In the case of the young SNR Cassiopeia A
m= 0.65±0.02 (Patnaude and Fesen, 2009), indicating a remnant betweenphase I and II
(see below) ands= 2. Thus, studying the expansion or the proper motion of filaments of
young remnants provides an insight into the ambient medium and the SN itself.

Phase II: Sedov phaseMej ≪ Msw and
∫

dε/dtraddt ≪ ε. After several times the ejected mass
has been swept up, the evolution can be estimated by the Sedovself-similar solution
(Sedov, 1959). Here it is assumed that the explosion is adiabatic, evolves in a uniform
medium with homogeneous density and radiative losses are negligible. The radius can be
expressed asR ∝ t2/(5−s) (Culhane, 1977; Vink, 2012). Thusm= 2/5 for s= 0 and if a
remnant is crossing from phase I to II it should have a deceleration parameter close to 0.4
and 2/3, depending on the ambient medium as seen in Cassiopeia A. In the Sedov formal-
ism various fundamental parameters of the SNR can be estimated, like expansion velocity,
age of the remnant and distance (see set of equations in Section 5.5 and Section 6.3.2).
This phase lasts for up to tens of thousand of years, depending on the initial explosion
energy and the density of the ISM/CSM (Blondin et al., 1998).

Phase III: Momentum conservation phaseAt a certain time in the evolution of an SNR the
cooling time of the shock-heated plasma is less than the age of the remnant and radiative
losses cannot be neglected any more. This is due to fast cooling of matter located behind
the shock front, e.g., oxygen line emission (Vink, 2012). The evolution of the system
is then dominated by momentum conservation instead of energy conservation; pressure
forces can be neglected. At the transition between Phase II and III the post-shock tem-
perature is about 105 K, the expansion velocity is less than 200 km/s and the deceleration
parameterm≈ 1/4 (Vink, 2012).

Phase IV: Merging phase When the shock velocity becomes comparable to the random mo-
tions of the ISM (≈ 10 km/s) and the temperature behind the shock is close to the temper-
ature of the ISM the remnant merges with the ISM.

These discrete phases are an oversimplification and in reality an SNR cannot always be so
easily assign a phase. Furthermore, different parts of an SNR may have swept up different
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amounts of mass due to inhomogeneities in the surrounding medium and the explosion itself.
Therefore, it seems that some regions of the remnant may be indifferent phases, even though all
regions have the same age. For example, the SNR RCS 86, the probable remnant of the SN in
185 A.D., has an emission region in the southwest that seems to be in phase III and one in the
north that is in phase I (Williams et al., 2011).

2.2.3 High energy emission

The observed high energy emission of SNR is due to thermal andnon-thermal emission. Un-
derstanding the observed emission provides insights in properties of the remnant (see Section
2.2.2), properties of the ambient medium, into shock physics and cosmic-ray acceleration. In the
following, the physical background and basic concept of modeling the X-ray radiation of SNRs
and how it can be used to broaden the insight into the aforementioned topics are summarized.

Thermal X-ray emission

The shock wave of an SN is observable as hot, X-ray emitting plasma, which is in a first-order
approximation optically thin. Furthermore, the plasma in young SNR is mostly not in equilibrium
as it did not have enough time to reach it.

The observed thermal X-ray spectra of SNR consists of absorbed thermal continuum emis-
sion by bremsstrahlung, recombination, two-photon processes and line-emission from collision
excitation of ions (Vink, 2012). In order to show how to extract important properties of an SNR
these processes are summarized in the following, based on the reviews of Mewe (1999) and
Kaastra et al. (2008):

• Bremsstrahlung or free-free (ff) emission is caused by the collision of an ion with a free
electron and the emissivityεff is given by

εff = EM ·gff(Te)T
−1/2
e exp

(

− hν
kTe

)

(2.3)

with the gaunt factorgff ≈ 1, the electron temperatureTe and a normalization constant
called emission measureEM that depends on the electronne and ion densitiesni and
the ion chargeZi . For abundances on the order of solar abundances or below,EM is
dominated by electrons colliding with hydrogen (H) or helium (He) ions. Thus,EM ∝
ne∑i niZ2

i ≈ nenH. For young, and hence hot, SNRs this does not have to be the case and
the continuum contribution of heavier elements must be taken into account. Moreover,
in X-ray astronomy the integral over the plasma volumeV is measured in a spectral fit.
Hence,EM ∝

∫

V nenHdV/(4πd2), with d the distance to convert to flux units.

• Recombination or free-bound (fb) emission occurs when a free electron is captured by
an ion and a photon is emitted (the reverse process of photoionisation). It dominates the
continuum emission in some cases, e.g., for temperatureskBTe= 0.1 keV it dominants the
spectrum atE > 1 keV.
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• Two-photon emission is caused by excitation of the metastable 2s level and emission of
two photons when decaying into the 1s ground state. A normal decay from 2s to 1s is
forbidden by quantum-mechanical selection rules. The total energy of the two photons
is equal to the difference in energy between state 2s and 1s and a symmetric spectrum
around this energy difference is measurable. This is in particular important for H and He
ions and for a temperature 0.5 keV< kBTe < 5 keV. This process can only happen when
the density is low enough that no collisional excitation in ahigher state occurs before the
decay (Mewe et al., 1986).

• Line emission is caused when an excited ion in statej decays back into a lower statei and
emits a photon with an energyE = E j −Ei . In SNRs the dominant process is collisional
excitation, in most cases electron-ion collisions.

All these emission processes have to be modeled when fitting aspectrum of an SNR. As
mentioned before, in some cases SNRs have not reached collisional equilibrium. In young SNRs,
for example, after the shock wave changed its temperature very rapidly, the plasma did not had
enough time to reach ionization balance again. This non-equilibrium ionization (NEI) implicates
that the change per unit time of the ion concentrationnZ with chargeZ is given by the ionization
and recombination rate of ions withZ−1 andZ+1, respectively. These coupled differential
equations have to be solved numerically and the solution hasto be included when fitting the
spectrum. The time evolution of a plasma in NEI can be described by the so-called ionization
age of the plasmanet, wheret is the age of the SNR. Nevertheless, it should be kept in mind
that the temperature measured in spectral fitting of NEI plasmas is the electron temperature
and is in general not equal to the ion temperature. After a plasma reaches equilibrium5 it is
called collisional ionization equilibrium (CIE) and can, for example, be observed in clusters of
galaxies (see Böhringer and Werner, 2010, for a review) andin evolved SNRs. For typical SNR
temperatures (0.5keV< kBTe < 4keV) the time a plasma needs to reach CIE and thus, ion and
electron temperature balance, isnet ≈ 1012 cm−3s.

Non-thermal X-ray emission

SNRs have typical magnetic fields of 10 to 500µG (Hinton and Hofmann, 2009) and thus,
emit non-thermal X-ray emission by synchrotron radiation of gyrating relativistic electrons
(Ginzburg and Syrovatskii, 1965). With this magnetic field strength the relativistic electrons
have energies of 10 to 100 TeV and thus, SNRs can be detected atthese energies (Nolan et al.,
2012). The non-thermal contribution to the X-ray spectrum of an SNR can best be described by
a power lawI ∝ EΓ, with the photo indexΓ.

Zirakashvili and Aharonian (2007) showed that high shock velocities (v> 2000 kms−1) are
necessary for SNRs to emit synchrotron radiation in X-rays and hence, this process can only be
observed in young remnants. Finding more SNRs that show a power law spectrum can help to

5Ionization equilibrium means that the net charge after ionization and recombination of an ion concentrationnZ

with chargeZ is zero
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further constrain the emission mechanism in SNRs and explain the reason why some SNRs are
only synchrotron radiators and show no or only very faint thermal emission.

As aforementioned, SNRs are considered to be the main sourceof cosmic rays up to the
“knee”6. Using the galactic cosmic ray density of∼ 1.8 eV/cm3 (Webber, 1998) and the
average time the comic rays spend in the Galaxy, a total powerof ∼ 1041 erg/s is required
(Ginzburg and Syrovatskij, 1967). The only known Galactic sources that can be responsible
for such energetic particles are SNRs. With a rate of≈ 2 per century (see Section 2.2) they pro-
duce∼ 1042 erg/s. Thus, about 10% of their total explosion energy may account for accelerating
cosmic rays.

Cosmic rays are thought to be produced by the so-called first-order Fermi process or diffuse
shock acceleration (Bell, 1978). In this framework chargedparticles, which have high enough
energies to pass the shock front, are repeatedly scattered elastically when crossing the shock
front. This is because of the presence of a turbulent magnetic field. Each time a particle crosses
the shock front its energy increases due to different plasmavelocities upstream and downstream
(Bell, 1978; Vink, 2012). More information can be found in the review of Vink (2012) and
references therein.

2.3 Neutron stars and pulsars

2.3.1 Composition and cooling of neutron stars

Neutron stars are the most dense objects directly observable in the universe. Their densities can
reach values of more than 10 times the nuclear densityρ0 = 2.8×1014 g/cm3 (Tsuruta, 2009).
Matter at these densities is stable against the gravitational force because of the Fermi pressure
of the highly degenerated neutrons and protons (Yakovlev and Pethick, 2004).7 In addition, the
relative low temperature in addition to the nuclear densityin neutron stars cannot be reached in
laboratories. This can be illustrated in a phase diagram, where density is plotted against temper-
ature (see Figure 2.4). The experiments at the Large Hadron Collider (LHC) at Cern reach com-
parable energy densities, but at very high temperatures andthus, low matter densities. Currently
at the GSI Helmholtzzentrum für Schwerionenforschung andthe Facility for Antiproton and Ion
Research (FAIR) in Darmstadt a heavy-ion experiment is built up, which will explore matter at
higher densities as at Cern but with lower temperatures (Friese, 2006). A detailed review of other
experiments to study the structure of dense matter can be found in Lattimer and Prakash (2007).
Therefore, matter at low temperature and several times nuclear density can only be studied in
neutron stars.

6At an energy of∼ 3×1015 eV the cosmic ray spectrum changes its slope from a power law with index−2.7 to
an index of−3.1. This spectral feature is called “knee”.

7A neutron star mainly consists of neutrons and only a few percent of protons, hence the name neutron star
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Figure 2.4: Schematic view of the phase di-
agram of matter at high densitiesσ and tem-
peraturesT (taken from Alford et al. (2008)),
where QGP is the abbreviation for quark-
gluon plasma and CFL for color-flavor locked
quark matter (for details see Alford et al.
(2008)).

σ

Composition

The composition of a typical neutron star is shown in Figure 2.5 and is reviewed in Haensel et al.
(2007) and Yakovlev and Pethick (2004): It is expected that athin atmosphere exists at the sur-
face of the star, which is made up of a plasma composed of Hydrogen, Helium and Iron nuclei.
This is the last scattering surface of photons coming from inside the star and thus, determine the
observed spectrum and temperature, which is of high importance for exploring NSs, especially
if the cooling of these kind of objects with time is studied. This is a major part of this work
(Section 7) and will be explained in detail in the next section.

Below that layer four regions can be distinguished, which inliterature are refereed to as outer
and inner crust and outer and inner core. The matter in the outer crust consists of ions and a
highly degenerated electron gas, which becomes relativistic at ρ > 106 g/cm3. With increasing
density the nuclei can capture neutrons and become neutron rich. This layer has a thickness
of ∼ 100 m and at the boundary between inner and outer crust the density is ρND ≈ 4× 1011

g/cm3. When the density exceedsρND neutrons begin to drop out of the nucleons and thus,
the inner crust contains free neutrons in addition to a relativistic electron gas and neutron rich
atomic nuclei. Here, protons are in all probability a superconductor of type II and neutrons in a
superfluid phase. The density at the base of the crust is about0.5 ρ0, the density where nuclei
are disintegrated. This layer is about one kilometer thick.

In the outer core, where the density is 0.5ρ0 < ρ < 2ρ0, matter is in the so called n-p-e-µ
composition, that is a composition of mainly neutrons and inaddition several percent protons,
electrons and possibly muons. All particles are strongly degenerated (Yakovlev and Pethick,
2004). This layer is several kilometers thick and if the starhas a low mass the outer core reaches
to the center of the star. The discrimination in outer and inner core has no physical interpretation,
it is only given by the fact that below 2ρ0 the composition of a neutron star is reasonably well
constrained by theoretical modeling of nuclear matter and particle physics experiments. Above
2ρ0 there are many suggestions for the constituents in the innercore and it is one of the main
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Figure 2.5: A cross-section of the interior of a neu-
tron star showing the layer composition. (taken from
Weber et al. (2013b))

goals to rule out models, which describe the composition of the inner core. The main four
hypotheses are:

1. Nucleon matter:No inner core as in the case of low-mass stars.

2. Hyperons:At higher densities the chemical potential can be high enough to create hyper-
ons, e.g.,Λ andΣ− which are the lightest hyperons.

3. Pion or Kaon condensate:A this matter densities a Bose-Einstein condensate of pions(π)
or kaons (K) could be possible. Both particles are mesons.

4. Quark confinement:In some theories it is predicted that above several times nuclear den-
sity a phase transition occurs and matter consists of deconfined up and down quarks and
some percentage of strange quarks (Weber et al., 2009). At these densities the neutron
and proton chemical potential exceeds the mass of up, down and strange quarks and thus,
neutron and protons may be broken up into their quark constituents.

Here points 2-4 are called “exotic” matter. The question is,how is it possible to determine the
actual composition of neutron stars and whether exotic matter is needed to explain the observa-
tions? Even if one massive star shows some indications of, for example Quark confinement, this
does not rule out the possibility that the core of a less massive star is just made up of hadronic
matter. Many efforts have been made in the last decades to exclude some of the possibilities
mentioned above and to combine observations with theoretical models. In all these attempts the
starting point is the equation of state (EOS) of dense matter, because in nature only one EOS
of dense matter is realized. The EOS describes the dependence of the pressurep on the energy
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Figure 2.6: Diagram of the non-rotating
mass versus physical radius taken from
Demorest et al. (2010). In addition the
M-R relation is plotted for several EOSs
(Lattimer and Prakash, 2001), where the
blue curves are EOSs assuming only nu-
cleon matter, pink nucleon and exotic
matter and green strange quark matter.
The horizontal bands show some mea-
sured masses of neutron stars and the
gray shaded regions of the diagram are
excluded by theoretical or experimental
proofs (see Lattimer and Prakash (2007)
for a detailed description).
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densityε and strongly depends on the constituents assumed in the coreof an NS. As afore-
mentioned, forρ . ρ0 the EOS has been calculated reasonable well, however at densities above
nuclear density the EOS cannot be tested in laboratories andhas to be modeled theoretically.
Thus, many different EOSs can be found in the literature (some are shown in Figure 2.6) as-
suming different compositions and different particle interactions. In addition, the Einstein field
equation for a spherical symmetric system has to be solved toobtain the global structure of an
NS, because of the strong gravitational field introduced by an NS. This calculation results in the
Tolman-Oppenheimer-Volkoff equation (TOV, Tolman, 1939;Oppenheimer and Volkoff, 1939).

Providing an EOS and assuming energy conservation, the TOV can be solved and a relation
between the massM and the radiusR can be obtained for the given EOS. Thus, using these two
most basic measurable quantities of neutron stars it is possible to rule out unrealistic EOSs.

The most precise mass determination is obtained by timing binary pulsars and measuring
of at least two relativistic effects. These effects are reviewed in Lattimer (2012) and include
the advance of the periastron of the binary orbit, the orbital period decay due to the emission
of gravitational waves and the Shapiro delay, caused by the gravitational field of the compan-
ion. With this method more than 30 precise mass measurement were possible (Lattimer, 2012),
including the recently discovered, two most massive NSs, PSR J1614-2230 with 1.97± 0.04
M⊙ (Demorest et al., 2010) and PSR J0348+0432 with 2.01±0.04 M⊙ (Antoniadis et al., 2013).
These two neutron stars can rule out many soft EOSs, which cannot explain such massive stars
(see Figure 2.6) and set strong limits on the maximally compact EOS (Prakash, 2013). However,
Quark matter in neutron stars cannot be ruled out as stated byLattimer (2012). For example, the
simplified MIT bag model EOS (Chodos et al., 1974) can be excluded, but more detailed studies
show that a hybrid star, where a first order phase transition between quark and nuclear matter is
possible, can produce a 2 M⊙ star (Alford et al., 2013).

Even if a lot of progress has been made in constraining the EOS, no high-accuracy radius
measurement is available. And what is more important, no radius has been inferred for any NS
with a very accurate mass measurement. Most observational methods to determine the radius of
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a neutron star are summarized in Lattimer (2012). For example, the radius can be inferred from
the thermal X-ray flux of isolated neutron stars, where the normalization of the fitted blackbody
spectrum to such a star is∝ R2/D2, whereD is the distance to the source. However, the distances
have in most cases large uncertainties and the emission could come from a hotter or colder region
of the NS surface. Only for a few sources the radius could be obtained with high confidence (see
the caption of Figure 7.6 for a summary of known thermal emitting NSs).

Cooling

Therefore, many other ways to look for signatures of “exotic” matter have been proposed. One
very promising way is to study the thermal evolution (cooling) of neutron stars, that is the change
of the temperatureT with time t (see Figure 2.7). The main advantage of this method is that the
temperature of an NS is easily extracted from the X-ray spectrum of an NS and even upper limits
on the temperature can help to constrain the cooling (Beckeret al., 1993b; Becker, 1995). In
addition, the ageτ of NSs, which are observable as rotation-powered pulsars, can be estimated
from their spin-down rates:

τ = P/2Ṗ, (2.4)

whereP is the rotational period of the star anḋP its first time derivative. For some NSs even
kinematic information is available, e.g., association of an NS with an SNR with historical age.
The basic principle of NS cooling, expressed by the decreaseof temperature with timedT/dt,
can be explained by the energy balance equation in the Newtonian limit:

dEth

dt
=CV

dTs

dt
=−Lν −Lγ +H. (2.5)

This equation states that the luminosity emitted by neutrinos from the whole starLν and photons
from the surfaceLγ = 4πσBR2T4

s (σB is the Stefan-Boltzmann constant andTs the temperature
on the surface) must be balanced by a change in the thermal energy contentEth of the star
and by some heating mechanismH taking place in the star (reviewed in Page et al. (2006)).
Eth is given by the product of the specific heatCV = ∑i CV,i and the temperatureTs, where the
index i of the sum denotes all constituent particles (electrons, muons, neutrons, protons,. . . ).
To obtain a cooling curve, theM vs R relation has to be inferred first, as explained before.
However, for the cooling further input parameters have to beconsidered: Besides the EOS and
the constitute particles, the most important factor that determines the cooling is the neutrino
emissivityqν = qfast

ν +qslow
ν (see Table 1 in Page et al. (2006) for a summary of neutrino emitting

processes and their time scales). The neutrino processes with the highestLν is the so called direct
URCA (dURCA) process:

B1 → B2+ ℓ+ ν̄ℓ, (2.6)

B2+ ℓ → B1+νℓ. (2.7)

HereBi are baryons (neutron, proton) andℓ is a lepton (electron or muon). Including this pro-
cess in cooling models shows that the thermal evolution of such stars is not consistent with data
(Tsuruta, 1998, Figure 15). Moreover, forB1 = neutron the dURCA process is only allowed
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Figure 2.7: Cooling curve with and without nu-
cleon paring. In addition, the effect of the Cooper
pair braking and formation (PBF) process is shown.
(taken from Page et al. (2004))

With pairing (no PBF)

Without pairing

With pairing (and PBF)

at high enough densities (Lattimer et al., 1991), otherwisethe Pauli Exclusion Principle pro-
hibits it (Tsuruta, 2009). In this case the dURCA process needs to be modified and a bystander
baryon has to be included in the process to ensure energy and momentum conservation. This is
the so called modified URCA (mURCA) process and reduces the emissivity by more than six
orders of magnitude, letting the star cool more slowly. However, if some of the exotic matter
listed above is present dURCA processes are possible, but with a smaller impact on the cooling
(Lattimer and Prakash, 2007). Another very important aspect for the cooling is the pairing effect
of a degenerated system of fermions, including the neutrinoemission from Cooper pair braking
and formation. This is discussed in detail by Page et al. (2004, 2009). In general, the pairing
reduces the cooling by neutrinos, because the pairing is energetically favorable and an energy
gap is formed. Hence, less fermions contribute toLν by process 2.6 and 2.7. However, when
the temperature is close to a critical temperature Cooper pair braking and formation occurs and
neutrinos are emitted by the following process:

n+n→ [nn]+νℓν̄ℓ, (2.8)

where[nn] denotes the formation of a Cooper pair. Thus, taking all thisneutrino sources into
account and model the various layers in a consisted way is difficult.

The envelope of the neutron star is reasonable well modeled and the models can be taken
from literature (Gudmundsson et al., 1982; Potekhin et al.,1997). However, the interior has to
be solved numerically8, adjusted to be continuous when reaching the envelope and after the star
is built has to satisfy the relativistic form of equation 2.5. A cooling scenario, termed minimal
cooling (Page et al., 2004, 2009) can reasonably well match observational data (see Figure 7.6).
This scenario does not allow any dURCA processes from baryons, but the Cooper pair braking

8A cooling code, written by Dany Page taking into account mostof the physics presented in this section, is
available athttp://www.astroscu.unam.mx/neutrones/.

http://www.astroscu.unam.mx/neutrones/
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and formation process and all slow neutrino processes. It also includes effects on the cooling due
to uncertainties in the composition of the envelope and due to the large magnetic field of NSs
(see below). In the former only a small fraction of heavy elements can significantly increaseTs

(Page et al., 2004).

Mass

In the framework of the minimal cooling scenario, the effectof the NS mass on the cooling
is negligible, because all processes included in this modelhave no energy or density threshold
(Page et al., 2004). This picture drastically changes if neutrino emission via the direct URCA
channel is allowed. As mentioned before dURCA processes areonly possible above a criti-
cal density (Lattimer et al., 1991) and thus, it occurrence depends on mass. Above a critical
mass neutrinos are emitted by the dURCA process and hence, the NS is cooling down very fast
(Tsuruta, 2009). Below that mass limit the NS is evolving like in the case of the minimal cooling
scenario.

Magnetic field and rotation

For a complete modeling of an NS the strong magnetic fieldB, up to 1015 G and the rotationf
of up to 700 Hz has to be taken into account. In 2D simulations the impact ofB on the cooling
was investigated by Aguilera et al. (2008) and they showed that for B ∼ 1014 G the cooling is
significantly affected and has to be taken into account when modeling such a star. However, the
magnetic field has no effect on the composition (Lattimer andPrakash, 2007). Rotation signif-
icantly affects the composition, and thus the cooling, but only for frequencies above 50% the
Kepler frequency9 (Weber et al., 2013a). The Kepler frequency depends on mass and is∼ 1000
Hz. Therefore, only a few known pulsars will show a change of composition by their rotation.

The understanding of cooling neutron stars has been broughta big step forward with the
rapidly cooling of the central compact object in the SNR Cassiopeia A (Ho and Heinke, 2009).
In a later publication, Shternin et al. (2011) found a decline of the temperature from 2.12 million
Kelvin to 2.02 million Kelvin in the time span from January 2000 to November 2010. They
could also show that this decline can be explained by the factthat neutrons recently become su-
perfluid, a result which was confirmed by Page et al. (2011) andBlaschke et al. (2012). However,
Elshamouty et al. (2013) claims that the error in the temperature measurement is underestimated
because of the complexity of the bright and varying SNR background and thus the decline with
time is not significant. Therefore, more observations are needed to decide if the decline is real or
just a statistical fluctuation.

2.3.2 High energy emission of pulsars

On the one hand neutron stars are hot objects with a temperature on the order of million degrees
as shown in the last section. Thus, their thermal emission can be detected in the soft X-ray band.
On the other hand neutron stars are fast rotators with periods from milliseconds to seconds and

9The Kepler frequency is the maximal frequency at which a starcan rotate before it is disrupted
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have large magnetic fields from 109 G to 1015 G, which accelerates electrons to ultra relativistic
velocities. Thus, synchrotron and curvature radiation is emitted by the gyrating electrons. This
emission is the reason that neutron stars can be observed as pulsars and as non-thermal X-ray
sources. The first magnetosphere model was proposed by Goldreich and Julian (1969), shortly
after the first detection of a radio pulsar by Hewish et al. (1968) and was improved ever since. To
date, over 2200 pulsars are known10 (Manchester et al., 2005). However, the origin of the non-
thermal emission is still not fully understood and several models have been proposed to explain
the observed radiation. In the following the current understanding of particle acceleration in the
pulsar magnetosphere and what observational proof there isin favor of a model is summarized.

If the rotational and magnetic field axis are aligned, the Lorentz force on the charged particles
is larger than the gravitational force by more than 10 ordersof magnitude, because of the strong
magnetic field (Lorimer and Kramer, 2004).11 Therefore, charges are pulled from the surface
and the neutron star cannot be surrounded by a vacuum (Goldreich and Julian, 1969). This is
also predicted for a non-aligned rotator (Mestel, 1971).

The ambient plasma rotates at the same angular velocityΩ as the star, because it experi-
ences the same field as the interior of the star. However, at the so-called light cylinder radius
RLC = Ω/c of the neutron star the magnetic field lines break-up, because a co-rotation above this
radius would implyΩ> c, wherec is the speed of light (see Figure 2.8). In the region with closed
field lines no particle emission is possible, because this region is in a force-free state. Thus, all
non-thermal emission models of pulsars have focused on the open field lines. Two zones in the
magnetosphere of the neutron star were identified in which the force-free state is locally violated
and hence, particles could be accelerated and photons are emitted. These two zones are located in
the inner and other magnetosphere, where a depletion of plasma is expected. Furthermore, three
different models can be found in literature. These theorieswill be explained in the following,
based on the reviews of Harding (2009) and Lorimer and Kramer(2004). They only differ in the
location where the particles are accelerated, but they all assume that the emission comes from
curvature radiation. The curvature radiation can be seen asa generalization of synchrotron radi-
ation, where the motion of the extremely relativistic particles follows the curved field lines. The
electron (or positron) will be accelerated transverse to the curved magnetic field lines and pho-
tons are emitted under a pitch angle12 close to zero (Lyne and Graham-Smith, 2005). Here the
curvature radius depends only on the geometry of the magnetic field and the emission spectrum
dE/dt.

Polar cap The open field lines on the surface of the neutron star define the polar cap. In the
polar cap model an accelerating gap just above this polar capwith a large residual elec-
tric field is predicted, where a dense electron-positron pair plasma is required (Sturrock,
1971). Therefore, charged particles are accelerated in thegap to relativistic velocities
along the curved magnetic field lines and emitγ-photons, either by curvature radiation
(Ruderman and Sutherland, 1975) or inverse Compton scattering (Daugherty and Harding,

10A listing of all known pulsars can be found athttp://www.atnf.csiro.au/people/pulsar/psrcat/
11The gravitational forceFgrav on an electron at the surface isFgrav ∼ 10−18 N and the electric forceFel ∼

10−6
√

(P/s)−1 · Ṗ/10−15 N
12The pitch angle is the angle between velocity vector and magnetic field.

http://www.atnf.csiro.au/people/pulsar/psrcat/
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Figure 2.8: Model of the magne-
tosphere of a pulsar. (taken from
Lorimer and Kramer (2004))

1986). If the energy of a created photon exceeds twice the rest mass of an electron,
electron-positron pairs are created in the strong magneticfield at the pair formation front
(see Figure 2.9), leading to further production of photons and particles (see right side of
Figure 2.8) and an increase of the initial plasma density by one to three orders of magnitude
(Arendt and Eilek, 2002). It is thought that this secondary pair plasma is responsible for
the observed coherent radio emission and that its resonant inverse Compton scattering with
infrared photons may explain the incoherent high energy emission (Lorimer and Kramer,
2004). Therefore, a lack of such cascades can hamper the radio emission and a pulsar
would be radio quiet. In addition, these secondary processes may be quenched by mag-
netic fields above a critical valueBcrit ≈ 4.4× 1013 G (Baier and Katkov, 2007), which
could explain the lack of radio emission of magnetars13.

Slot gap Here the acceleration occurs also in the polar cap region with similar electromagnetic
pair cascades. However, in any polar cap model a slot gap is a characteristic feature which
cannot be avoided (Muslimov and Harding, 2003). The slot gapis a high-altitude accel-
eration region near the rim of the polar cap where the pair formation front approaches
asymptotically the last open field line and the parallel electric field E‖ → 0 (see Figure
2.9). Thus, the electrons may be accelerated over longer distances and radiateγ-rays into
the outer magnetosphere, resulting in a beam, which is much broader and less collimated as
in the polar cap model (Pierbattista et al., 2012). It shouldbe noted that Dyks and Rudak
(2003) developed a model (called the two-pole caustic model) which is based only on ge-
ometric considerations and on the slot gap theory to explainlight curves of pulsars at high
energy.

Outer gap This particle acceleration region is a vacuum gap located atthe outer magnetosphere
at the so-called null line where~Ω ·~B= 0, which separates particles with different charges.
This can be seen on the left side of Figure 2.8 where the outer gap is close to the light
cylinder. Because the charges change sign at the null line anout-flowing charge would not
be replaced and thus, an extended gap occurs (Hollow, 1973; Lorimer and Kramer, 2004).

13Neutron stars with strong magnetic fields aboveBcrit are called magnetars and can be observed as anomalous
X-ray pulsars (AXPs) and soft gamma repeaters (SGRs). See Rea and Esposito (2011) for a review.
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Figure 2.9: Illustration of the slot gap in the
pulsars magnetosphere. The figure shows the
high-altitude acceleration gap near the rim of
the polar cap whereE‖ → 0 and the pair for-
mation front approaches asymptotically the last
open field line at high altitude.∆ξSG indicates
the slot gap thickness,ξ0,SG the colatitude at
the center of the slot gap andµ the magnetic
field axis. (taken from Muslimov and Harding
(2003))
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The resulting electric field accelerates electron-positron pairs downwards to the surface,
which then radiatesγ-rays tangential to the magnetic field lines by curvature radiation
and synchrotron emission (Lorimer and Kramer, 2004). No radio emission is expected to
come from outer gap models (Lorimer and Kramer, 2004). An exception might be the
Crab pulsar (Lorimer and Kramer, 2004). The relevant processes are different than for
polar cap models and the most important factor here is the local magnetic field, which
is much weaker than on the surface. Thus, higher Lorentz factors γ are needed to emit
photons.

Furthermore, in the pulsars magnetosphere the energy of emitted γ-rays are limited, due to
pair creation when the magnetic field reaches high values. The maximal energy of a photon
Emax ∝ 1/B, with B the magnetic field. Thus, the highest energies can be found furthest out in
the gap. For example, this can be seen in the Crab pulsar, where the main pulse inγ-rays comes
before the optical main pulse (Abdo et al., 2010a). Hence, studying the difference in the pulse
arrival time can help to distinguish between the three models described above.

Additionally, the outer gap spectrum should extend to higher energies and thus, a simple dis-
crimination between polar cap and outer gap is possible by studying pulsar at GeV energies. In
the last years a large progress was made in this energy regimewith the Large Area Telescope
(LAT) on-board of the Fermi satellite (Atwood et al., 2009).After three years of scanning the
whole sky in the energy range 20 MeV to 300 GeV, about 123 gamma-ray pulsars were detected
above 0.1 GeV (see Table B.1). This large sample allows for population synthesis by comparing
their global properties with model predictions. Pierbattista et al. (2012) used the three models
polar cap, slot gap and outer gap to created a simulated pulsar population and compared it with
the Fermi LAT data. Their finding was that the outer gap model best describes theγ-ray pul-
sar population, because the predicted luminosity and beam size can easily explain the observed
pulsars, whereas in the case of the slot gap and polar cap model they cannot. Nevertheless, all
models fail to explain the number of Fermi detected pulsars with high spin-down luminositẏE.



Chapter 3

The supernova remnant Puppis A

The content of this chapter is adopted from the referred paper entitled “The Proper Motion of
the Central Compact Object RX J0822-4300 in the Supernova Remnant Puppis A” published in
The Astrophysical Journal(Becker et al., 2012) to which I contributed the data analysis and the
drafting. In addition, this chapter contains a draft of the X-ray and optical study of the western
part of this remnant, which will be submitted toAstronomy & Astrophysics.

In this chapter I address the proper motion of the central compact object RX J0822–4300
in the supernova remnant Puppis A. Furthermore, I will answer the question, is there a second
supernova remnant overlapping Puppis A? The detailed discussion of the results is presented in
Chapter 8.

3.1 Introduction

There has long been broad consensus that core-collapse supernovae - the explosions of massive
progenitors that produce Types II, Ib, and Ic events at least- leave behind a compact stellar
remnant: either a neutron star or a black hole. Numerous central compact objects (CCOs) have
been found within supernova remnant (SNR) shells (cf. Becker (2009) for a review), including
near the centers of all three of the “oxygen-rich” SNRs (those with optical filaments dominated
by ejecta that stem only from core-collapse supernovae) in the Galaxy: Cas A (Tananbaum,
1999; Chakrabarty et al., 2001), Puppis A (Petre et al., 1996, see Figure 3.1), and G292.0+1.8
(Hughes et al., 2001; Camilo et al., 2002b).

Observations of proper motions for these CCOs, and of the ejecta-dominated filaments, pro-
vide the opportunity to investigate the dynamics of core-collapse explosions, as imprinted on
the compact remnant and the ejecta. Anisotropies and/or bipolar jets appear typical of the
ejecta distribution from core-collapse explosions. Theseare predicted from two- and three-
dimensional models for core-collapse SNe (e.g., Burrows etal., 1995; Scheck et al., 2004, 2006;
Wongwathanarat et al., 2010), and have been observed in all three of the Galactic oxygen-rich
remnants. Asymmetries in the ejecta distribution are closely linked to the recoil of a CCO through
conservation of momentum: if the explosion expels ejecta preferentially in one direction, the
CCO must recoil in the opposite direction. One expects this recoil to be particularly apparent in
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Figure 3.1: X-ray image of SNR
Puppis A. Here all observations
with XMM-Newton and Chandra
have been combined. The red,
green, and blue component of the
image corresponds to the 0.3–0.7
keV, 0.7–1.0 keV and 1.0–8.0 keV
band, respectively. The data are
Gaussian-smoothed to an angular
resolution of 10 arcsec and the in-
tensity scale is square root. The
blue dot in the center is the CCO
RX J0822–4300. (taken from
Dubner et al. (2013))

Puppis A, where Winkler et al. (1988) found that all the visible ejecta knots are moving generally
toward the north and east.

Following the discovery of RX J0822–4300 near the center of Puppis A (Petre et al., 1996),
measuring its proper motion and recoil velocity was of obvious interest, and observations with
this goal were carried out early in the Chandra mission. We have previously done two inde-
pendent studies of the proper motion of RX J0822–4300 in a pair of papers: Hui and Becker
(2006), henceforth HB06, and Winkler and Petre (2007), henceforth WP07. Both these papers
were based on the same three epochs of data from the Chandra HRI over the 5.3-year period
1999 December–2005 April, and both measured a motion to the southwest, as expected, but with
surprisingly high velocity: HB06 measuredµ = 107±34 mas yr−1, while WP07 found 165±
25 mas yr−1, corresponding to a transverse velocity of 1122±327 kms−1, or 1570±240 kms−1,
respectively, if we take Puppis A’s distance as 2 kpc. Both these values are large compared
with the typical birth velocities for pulsars of∼ 500 kms−1 (Caraveo, 1993; Frail et al., 1994;
Hobbs et al., 2005). Furthermore, a recoil velocity much larger than 1000 kms−1 challenges
models for producing pulsar kicks. Therefore, we have undertaken this joint follow-up study,
taking advantage of Chandra’s unique spatial resolution with a time baseline twice as long as for
our previous measurements (see Section 3.3.1).

Furthermore, the Puppis A supernova remnant is one of the most studied SNRs, because of
its apparent large size of 60×50 arcmin, its distance of≈ 2 kpc (Reynoso et al., 2003) and its
brightness in the radio and X-ray band. It is located in a verypeculiar region for supernova
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remnant research, where, in addition to Puppis A, two more supernova remnants are seen to be
located in a∼ 10 degree small part of the sky. All three remnants, interestingly, are believed
to be physically unrelated, partly overlapping each other just by chance along the line of sight.
There is no other place in our Galaxy where this is seen. It seems therefore to be a big surprise
that there might be even a forth remnant located at the edge ofthe Puppis A remnant.

Dubner et al. (2013) studied the Puppis A SNR in detail in the X-ray regime with XMM-
Newton and Chandra (see Figure 3.1). They confirm that the irregular structure of the remnant
is due to the evolution of it in an inhomogeneous interstellar medium and that a broad band with
crosses the remnant from northeast to southwest is caused byabsorption of foreground gas.

However, Dubner et al. (2013) did not discuss a emission region located at the western side
of the remnant. This almost perfectly circular shaped emission feature was already noticed in
archival ROSAT HRI data. It is reminiscent of a shell-type supernova remnant which is laying
by coincidence on the edge of the Puppis A SNR. The location ofthis circular structure at this
position does not fit to the overall shape of the remnant at itswestern side. This brings up
the question what has caused this peculiar feature. Is it theimprint of shock/cloud interactions
as suggested by Dubner et al. (2013) for a southwestern feature or is it indeed a second SNR
which is just by coincidence close to Puppis A. In Section 3.3.2 these questions will be answered
with the help of an archival X-ray observation with XMM-Newton, images of all-sky surveys
in the radio and infrared wavelength regime and deep opticalobservation taken with the 2.2 m
MPG/ESO telescope in La Silla, Chile.

3.2 Observations and data analysis

3.2.1 Chandra

During the course of the Chandra mission, RX J0822–4300 has been observed on four occasions
with the High Resolution Camera (HRC), the first of these in 1999 December. The first three
observations have been already archived for several years.Because of the importance of RX
J0822–4300 and the somewhat discrepant results found by HB06 and WP07, a new observation
was proposed and carried out 2010 August, 10-11. The new observation was carried out as two
consecutive ObsIDs, with exposure times of∼ 40 and∼ 38 ks, with no intervening repointing,
so they we have merged the event data for these in our analysis, for a total exposure of 78.9 ks.
All observations are summarized in Table 3.1.

Table 3.1: Chandra observations of the neutron star in Puppis A

Instrument ObsId Date (MJD) ONTIME Exposure Time
(sec) (sec)

HRC-I 749 21/22 Dec 1999 (51533) 18014 9907
HRC-S 1859 25 Jan 2001 (51934) 19667 19524
HRC-I 4612 25 Apr 2005 (53485) 40165 21410
HRC-I 11819 10/11 Aug 2010 (55418) 33681 15509
HRC-I 12201 11 Aug 2010 (55419) 38680 17855
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We downloaded fresh copies of the archived observations, and have reprocessed the events
using thechandra repro script. This and all subsequent analysis has been carried out using
CIAO 4.4, and CALDB 4.4.8 to ensure that the latest corrections have been applied uniformly.

At the∼ 2 kpc distance of Puppis A, a 1000 kms−1 transverse velocity of RX J0822–4300
would result in a proper motion of only∼ 0.1′′yr−1. Even for Chandra, whose absolute aspect
resolution1 is∼ 0.′′6, the measurement of such a small proper motion is a challenge. Fortunately,
there are three nearby X-ray sources whose positions are very well determined, since all cor-
respond to optical stars in the UCAC3 (Zacharias et al., 2009) and 2MASS (Cutri et al., 2003)
catalogs. Both HB06 and WP07 used these stars for astrometric correction in their analysis of
the 1999−2005 data. We summarize their properties in Table 3.2 using the same nomenclature
as in HB06. All three sources are detected with high significance in the 2010 observation. Using
wavedetectwe determined their position and count rates, including those of RX J0822–4300,
as listed in Table 3.3. An image depicting their locations relative to RX J0822–4300 is shown in
Fig. 3.2.

Table 3.2: Position, proper motion and angular distance of astrometric reference stars near to RX J0822–
4300 as listed in the UCAC3 catalog (Zacharias et al., 2009).

Designation Position (J2000.0) Proper Motion δd
Short 3UCAC R.A. DEC µR.A. µDecl.

(h m s) (d m s) mas yr−1 mas yr−1 arcmin
A 094-058669 08 21 46.292(1) -43 02 03.64(5)−14.3±2.0 −3.6±5.5 2.8
B 095-060051 08 22 24.003(3) -42 57 59.37(2) 0.0±4.0 10.2±2.0 5.3

Table 3.3: Properties of the astrometric reference stars

X-rayα Opticalα

ObsID Epoch Source R.A. DEC Counts Rate R.A. DEC
(h m s) (d m s) cts/ks (h m s) (d m s)

749 1999.97 NS 08 21 57.411(01) -43 00 16.63(01) 2544 257.0
A 08 21 46.295(10) -43 02 03.26(17) 46 4.6 08 21 46.292(01) -4302 03.64(02)
B 08 22 24.008(25) -42 57 59.58(17) 46 4.7 08 22 24.003(03) -4257 59.37(04)
C 08 21 48.874(18) -43 01 28.13(26) 13 1.3 08 21 48.876(06) -4301 28.33(09)

1851 2001.07 NS 08 21 57.390(01) -43 00 16.91(01) 5005 256.5
A 08 21 46.316(09) -43 02 03.77(11) 70 3.6 08 21 46.291(01) -4302 03.64(02)
B 08 22 23.930(21) -42 57 59.38(20) 139 7.1 08 22 24.003(03) -42 57 59.36(04)
C 08 21 48.880(17) -43 01 28.62(28) 11 0.5 08 21 48.870(07) -4301 28.33(09)

4612 2005.31 NS 08 21 57.374(01) -43 00 17.07(01) 5596 261.6
A 08 21 46.297(08) -43 02 03.70(08) 91 4.3 08 21 46.285(02) -4302 03.66(05)
B 08 22 24.006(11) -42 57 59.60(23) 57 2.7 08 22 24.003(04) -4257 59.31(05)
C 08 21 48.881(22) -43 01 28.40(26) 7 0.3 08 21 48.849(10) -43 01 28.32(11)

11819/12201 2010.61 NS 08 21 57.329(01) -43 00 17.38(01) 9152 274.7
A 08 21 46.268(08) -43 02 03.93(07) 132 4.0 08 21 46.279(03) -43 02 03.68(08)
B 08 22 23.979(13) -42 57 59.60(23) 96 2.9 08 22 24.003(07) -4257 59.26(06)
C 08 21 48.853(22) -43 01 28.68(17) 21 0.6 08 21 48.822(14) -4301 28.31(15)

Notes.(α) 1σ uncertainty of the last two digits in parentheses.

1http://cxc.harvard.edu/cal/ASPECT/celmon/

http://cxc.harvard.edu/cal/ASPECT/celmon/
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Figure 3.2: The 2010 epoch Chandra HRC-I image with reference sources and RX J0822–4300 marked
by circles. NS marks the position of RX J0822–4300; A, B and C that of the fiducial stars used as local
calibrators for absolute astrometry. The field measures 6 by9 arcmin and is oriented north up, east left.

In order to achieve the highest accuracy in measuring the proper motion of RX J0822-4300,
we followed the method described in§3.4 of WP07 with some improvements: we first measured
the X-ray positions of RX J0822–4300 and the reference starsA, B, and C in each of the three
archival datasets and in the 2010 observation (§3.2.1). The X-ray and optical positions of the stars
were then used to transform the respective images of each observation to an absolute reference
frame (§3.2.1). This procedure is necessary in order to include the HRC-S observation into our
analysis, as there are small systematic effects and offsetsin the rotation between the HRC-I and
HRC-S detectors (WP07). The transformation coefficients determined this way were then used to
derive the position of the neutron star at the correspondingepoch. We calculate the error budget
exactly, rather than use the approximate method of WP07, which leads to somewhat larger errors
for the corrected X-ray positions of RX J0822–4300 in the 1999−2005 data when compared to
their work.

Spatial analysis

In order to determine the position of the three reference stars and RX J0822–4300 we first gen-
erated a point-spread function (PSF) for every source in each of the four observations. This
is required as the PSF broadens for sources at larger off-axis angles, leading to a larger posi-
tion uncertainty when using thewavedetect tool. These positions were then used as input to
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ChaRT,2 which computed the PSF for a point source at any off-axis angle. The computations
were performed by generating 10 rays mm−2 for a peak energy of either 1.5 keV (WB & TP, the
same as used by HB06) or 1.0 keV (FW, as in WP07); the resultingPSFs are virtually identical.
The rays were then projected onto the HRC detector usingMarx3 to create an image of the PSF.

We obtained best-fit positions for all three reference starsand for RX J0822–4300 at each
of the epochs usingSherpa, Chandra’s modeling and fitting package.4 We followed theSherpa
thread “Accounting for PSF Effects in 2D Image Fitting”, in which a simulated PSF is convolved
with an assumed source model to produce the best fit to the actual observational data. For each
of the sources, we used a 2-D Gaussian model whose width was fixed at a small value—in most
cases equal to the bin size used in the images—so that small intrinsic fluctuations in different
PSFs and in the data did not lead to divergence. In our independent analyses, we used binnings
of 0.5×0.5 and 1×1 pixel for RX J0822–4300, and 1×1 and 2×2 pixels for stars A, B, and
C. In each case a PSF was constructed withMarx to match the bin size for the data. Because
of the relatively low count rates for the three reference stars, we used the C-statistic to measure
the goodness of fit. To obtain uncertainties, we used theSherpaprocedurereg proj to map
out 1σ , 90%-confidence, and 2σ contours in(x,y) detector coordinates. In every case, the best
fits obtained with different binning choices were consistent, but smaller bin sizes generally gave
somewhat smaller uncertainties.

Early in our data analysis we found a subtle software bug in the Sherpapackage for CIAO
version 4.3. By defaultSherpawas using the brightest pixel in the PSF-image as the reference
point for the convolution, regardless of the PSF-input-position specified to the task at the com-
mand line. For near on-axis sources, the brightest pixel is always very close to the nominal PSF
center, but there can be significant displacements for a source that is a few arcminutes off-axis,
with direction differences that depend on roll angle. This bug appears to be a long-standing one,
and was apparently at work in the analysis reported in WP07, for two of us (WB & TP) were
able to approximately reproduce those results for the 1999-2005 data. (HB06 used a different
approach that did not involve PSF fits, so the result they reported was not affected.)

The Chandra Help Desk was able to identify this bug and eventually provided us with a
workaround.5, which WB & TP have then used for all subsequent analysis. This workaround
has been incorporated into CIAO version 4.4, which PFW has used to give essentially identi-
cal results. There are other differences between both the 2006-07 analyses and the present one
that relate to the data themselves. Subsequent to the earlier analyses, there has been a complete
reprocessing of all the Chandra data. Differences include use of improved aspect files and up-
dated values for the degap corrections, detector gain, and the telescope effective focal length. As
noted earlier, the present analysis has incorporated all the current wisdom regarding telescope
and instrument performance.

The fitted X-ray positions of RX J0822–4300 (labeled as NS) and that of the three fiducial
reference stars are listed for each of the four observationsin Table 3.3, along the respective HRC
counting rates.

2Chandra Ray Tracer,http://cxc.harvard.edu/chart/index.html
3http://space.mit.edu/CXC/MARX/
4http://cxc.harvard.edu/sherpa/
5seehttp://cxc.harvard.edu/sherpa/bugs/psf.html

http://cxc.harvard.edu/chart/index.html
http://space.mit.edu/CXC/MARX/
http://cxc.harvard.edu/sherpa/
http://cxc.harvard.edu/sherpa/bugs/psf.html
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Transformation to the world coordinate system (WCS)

In order to determine the position of RX J0822–4300 relativeto the three reference stars we
assume a linear transformation with four free parameters: translations in Right Ascension,tRA,
and in Declination,tDecl, a scale factorr, and a rotation of the detectorθ . The transformation
can be expressed in the following way:
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, (3.1)

wherexi , yi is the x-, and y-position of stari in the HRC image at epochT andx′A, y′A are the
corresponding optical coordinates of stari. These coordinates are given by the UCAC3 catalog
and are corrected for proper motion (see Table 3.2 and Table 3.3). We used stars A and B to
calculate the transformation and star C to verify the resulting parameters. Multiplying equation
3.1 with the inverse of the matrix leads to the missing parameterstx, ty, r andθ . The position of
RX J0822–4300 at epochT can then be calculated straightforwardly by the following equation:
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Calculating the transformation gives a rotation angleθ of −0.061(31)◦, 0.076(28)◦,
−0.018(27)◦ and 0.000(29)◦ and a scale factorr of 1.00059(60), 1.00182(52), 1.00044(40) and
1.00033(45) for the epochs 1999.97 (HRC-I), 2001.07 (HRC-S), 2005.31 (HRC-I) and 2010.61
(HRC-I), respectively (numbers in parentheses represent the uncertainty in the final digits). The
values ofr andθ for the HRC-I observations match within the 1σ error and are significantly
smaller than these for the HRC-S observation.tRA andtDecl used in the translations of the po-
sition of RX J0822–4300 from the image- to the world coordinate system are all below 0.5′′.
Indeed, the largest shift is 0.29′′ for the y-coordinate in the 2010 HRC-I observation. The posi-
tions of the neutron star in the four epochs are listed in Table 3.4.

To estimate the error in the coordinates of RX J0822–4300, weused the Gaussian elimination
algorithm to solve equation 3.1 fortx, ty, r andθ . We then inserted these parameters into equation
3.2. This results in equations forx′NS andy′NS that depend only on values with known errors:xA,
yA, xB, yB, x′A, y′A, x′B, y′B, xNS andyNS. The uncertainties in these two neutron star coordinates at
each epoch can then be derived through straightforward error propagation:
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The same formula is applicable forσy′NS
. The corresponding values are listed in parentheses

in Table 3.4.
To check the robustness of our results we applied several cross-checks. We first repeated the

transformation using the fiducial points B & C rather than A & B. The positions of RX J0822–
4300 obtained this way are also listed in Table 3.4 for comparison. As can be seen, they have
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Table 3.4: Positions of RX J0822–4300

Epoch Ref. Stars R.A.α DECα

(h m s) (d m s)

1999.97 A & B 08 21 57.403(11) -43 00 16.80(13)
B & C 08 21 57.409(16) -43 00 16.72(21)

2001.07 A & B 08 21 57.398(10) -43 00 16.74(10)
B & C 08 21 57.403(15) -43 00 16.65(22)

2005.31 A & B 08 21 57.363(08) -43 00 16.93(10)
B & C 08 21 57.349(19) -43 00 16.92(22)

2010.61 A & B 08 21 57.343(08) -43 00 17.08(11)
B & C 08 21 57.312(21) -43 00 16.99(18)

Notes.(α) 1σ uncertainty of the last two digits in parentheses.

larger errors than using the reference stars A & B (because star C has only a few counts at each
epoch) but match the other positions within the 1σ uncertainty range. Using the combination of
stars A & C rather than A & B leads to large errors, as A and C are located quite close to one
another and are in approximately the same direction relative to RX J0822–4300. In a third test
we calculated the position of RX J0822–4300 by applying onlya two-dimensional translation of
the four images. We weighted the shifts of the three reference stars inversely as the variance and
calculated their mean for every epoch. The results for the position of RX J0822–4300 differ for
the HRC-I observations by at most 0.4 pixel from the ones calculated according to equation 3.1.
For the HRC-S image the difference in x is≈ 1 pixel, though this is mainly due to systematic
offsets between the HRC-S and HRC-I detectors. This is also seen if we compare the scale
factors and rotation angles which we computed for the HRC-I and HRC-S observations.

3.2.2 XMM-Newton

The western part of the Puppis A SNR was observed with the EPICcameras (Strüder et al., 2001)
on board of the X-ray observatory XMM-Newton (Obs.ID 0303530101) for 38.2 ksec. The two
MOS and the PN camera were operated in full-frame mode using the thin filter. We used the
XMM SAS version 12.0.1 to reprocess and reduce the data. The observation was affected by high
particle background radiation. Therefore, times of high background activity were identified by
inspecting the light curves of the MOS1/2 and PN data at energies above 10 keV. After removing
these times, the net exposures of the PN, and MOS1/2 cameras were 6.9 ksec, and 10.6 ksec,
respectively.

For the spectral fitting, we used the X-Ray Spectral Fitting Package (XSPEC) version 12.7.0u.
Single and double events were selected from the PN data and single to quadruple events from the
MOS data sets. Below 0.4 keV, the detector and telescope response is not well established and
hence, we excluded this range from the spectrum.
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3.2.3 Optical

The western part of Puppis A was observed with the Wide Field Imager (WFI) at the 2.2 m
MPG/ESO telescope at La Silla, Chile on March 2012, 14-15. The exposures were taken with
the Hα + [NII], [SII], and [OIII] filters for 10800 s, 3600 s, and 3600s. In addition, the same
region was observed with the broadband filters for the visualand red band with an exposure time
of 300 s.

For the reduction of the data we made use of the Theli package6 (Erben et al., 2005). All
frames were bias-subtracted and flat-field-corrected usinga set of flat-field taken in twilight.
Furthermore, a superflat was generated and a collapse-correction was applied. All observations
were taken in photometric nights with a seeing between 0.′′7 and 0.′′9.

All given uncertainties represent the 1σ confidence range for one parameter of interest, unless
stated otherwise.

3.3 Results

3.3.1 The proper motion of RX J0822–4300

To measure the proper motion of RX J0822–4300 over a baselineof 3886 days we used all
four positions obtained from the observations between 1999.97 and 2010.61 and fitted a linear
function tox′NS(T) andy′NS(T) separately:

x′NS(T) = µxT +constx, (3.4)

y′NS(T) = µyT +consty. (3.5)

In these fits the projected proper motion coordinatesµx andµy were taken as free parameters
for which we findµRA=−63.6±11.9 mas yr−1 andµDecl =−31.2±13.2 mas yr−1, implying a
total proper motion ofµtot = 71±12 mas yr−1. For the position angle we find 244±11 degrees,
in excellent agreement with the position angle of 243 degrees as implied by the location of the
optical expansion center (Winkler et al., 1988). The corresponding transverse space velocity for
RX J0822–4300 is(672±115)d2 kms−1, scaled relative to a distance ofd2 = d/2 kpc.

Figure 3.3 shows the actual data for RX J0822–4300 at the three HRC-I epochs, after align-
ment to a common coordinate system, and Figure 3.4 shows the progression of RX J0822–4300
and the linear fit to its positions as measured by Chandra.

3.3.2 Is there a second supernova remnant in Puppis A?

X-ray emission

Five regions were selected for spectral analysis: Region 1 and 5 were used for extracting the
spectrum of the peculiar feature, region 2 and 4 for the spectrum of Puppis A and region 3 for the
spectrum of the central bright emission region. This is illustrated in Figure 3.5. All spectra were

6Seehttp://www.astro.uni-bonn.de/theli/.

http://www.astro.uni-bonn.de/theli/


38 The supernova remnant Puppis A

Figure 3.3: This enlargement of the immediate re-
gion of RX J0822–4300 shows the data from all three
HRC-I epochs (after alignment to a common coordi-
nate system) in different colors. The neutron star’s
motion is apparent.

2010
2005
1999

1 arcsec

Figure 3.4: Four positions of RX J0822–4300 measured over a baseline of 3886 days. Their 1σ position
uncertainty is indicated. Observation dates are labeled. The gray shaded bar depicts the direction to
the remnants optical expansion center, i.e. to the birth place of RX J0822–4300. The straight blue line
indicates the CCO’s proper motion path as fitted from the fourpositions. The proper motion direction is
from the upper left to the lower right.
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Figure 3.5: Left: X-ray image of the western part of SNR Puppis A. The regions for spectral analysis
and the background region are indicated by circles.Right: Model spectra of the five selected regions. To
show the difference between the spectral shapes the spectraof region 2 to 5 were scaled by an arbitrary
factor. In addition, for the spectrum of region 1 the error bars of the data are indicated. The colors used
here correspond to the colors of the circles on the left.

fitted with a constant temperature, plane-parallel shock plasma model (in XSPECVPSHOCK)
as used by Katsuda (2003) when studying the X-ray emission ofPuppis A. The results are listed
in Table 3.5.

The element abundance was studied in detail to find clear differences in the emission proper-
ties between the regions of interest and the Puppis A SNR. Forthat reason emission-line equiva-
lent width (EW) images were created by following the method described in Hwang et al. (2000)
and Park et al. (2002). The resulting images in the lines of O Lyα, Fe L, Ne Heα, Mg Heα, Si
Heα, and S Heα are shown in Figure 3.6. For the image generation the same energy bands for
the selected lines and the underlying continuum are used as in Katsuda (2003). All images are
binned with 20′′ and smoothed by a Gaussian kernel withσ = 60′′.

Optical emission

Figure 3.7 shows images of the western part of Puppis A taken with the Hα + [NII], [SII], and
[OIII] filters. Here the continuum emission was subtracted following the method described in
Waller (1990) in order to allow a clear detection of the filament structure. In all three images no
difference in the strength and size of the filaments between the region of interest and the optical
bright region in the south-east of the image can be seen.
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Table 3.5: Spectral parameters of the best-fit models for different regions in the western part of Puppis A.

# NH [1022cm−2] kBT [keV] τα [1011 s/cm3] C/N/O/Ne/Mg/Si/Feβ Normγ [10−2 cm−5] χ2/d.o.f.

1 0.47±0.01 0.34±0.01 0.9±0.1 3.1(5)/1.4(1)/1.0(-)/1.0(-)/0.4(1)/0.5(1)/0.4(1) 4.1±0.4 645/350

2 0.34±0.01 0.43±0.01 1.3±0.1 1.0(-)/0.3(1)/0.5(1)/0.8(1)/0.4(1)/0.4(1)/0.3(1) 5.7±0.4 1307/457

3 0.35±0.01 0.28±0.01 2.2±0.3 1.7(3)/0.9(1)/0.7(1)/1.0(-)/0.4(1)/0.8(1)/0.4(1) 3.6±0.5 594/334

4 0.28±0.01 0.55±0.01 1.4±0.1 1.0(-)/0.2(1)/0.4(1)/0.7(1)/0.5(1)/0.6(1)/0.4(1) 2.3±0.2 787/443

5 0.38±0.01 0.31±0.01 1.2±0.2 4.2(5)/1.1(1)/1.0(-)/1.0(-)/0.5(1)/0.7(1)/0.7(1) 2.7±0.3 434/258

Notes.(α) ionization timescale(β ) Abundance with respect to the solar value, truncated to the first decimal
digit. A – indicates that no deviation from solar abundance was inferred.(γ) Norm= 10−14

4π[DA (1+z)]2
∫

nenHdV,
whereDA is the angular diameter distance to the source in cm andne andnH are the post-shock electron
and hydrogen densities in cm−3, respectively.

O S Si

Fe Mg Ne

Figure 3.6: EW images for O Lyα , Fe L, Ne Heα , Mg Heα , Si Heα , and S Heα scaled with increasing
intensity from green to yellow. All images are overlaid withthe XMM-Newton X-ray contours.
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Figure 3.7: The western part of Puppis A observed at a wavelength around the Hα + [NII], [SII], and
[OIII] emission line. The filaments are shown in yellow. All images are overlaid with the XMM-Newton
X-ray contours.
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Radio, infrared and γ-ray emission

Using data from the Sydney University Molonglo Sky Survey (SUMSS, Bock et al., 1999) at 843
MHz we found an arc matching the southern feature. However, no difference to the emission
from the whole remnant is observable. In addition, data fromthe Wide-field Infrared Survey
Explorer (WISE, Wright et al., 2010) was used to investigatethe region in the infrared regime at
22 µm. The infrared and X-ray emission region of the western edgehave a perfect match and no
difference is noticeable. Furthermore, the Puppis A SNR canbe seen inγ-rays with the Fermi
Large Area telescope (Hewitt et al., 2012). Therefore, we inspected the Fermi archive, but no
emission in this region can be seen.

3.4 Summary

Two previous proper motion measurements of RX J0822–4300, incorporating the same Chandra
HRC data sets, produced discrepant results. HB06 found a proper motion of 104±35 mas yr−1 at
a position angle of 240◦±28◦. WP07, using a different analysis approach, found a considerably
higher value of 165±25 mas yr−1 at a position angle of 248◦±14◦. A combined analysis, incor-
porating a new deep observation and a total time baseline twice as long as available previously,
yields an improved value that is smaller than either of the two published numbers, but at a posi-
tion angle consistent with both. We now find with high confidence a value for the proper motion
of 71±12 mas yr−1 at a position angle of 244◦±11◦. For an assumed distance to Puppis A of
2 kpc, the proper motion corresponds to a tangential velocity of 672±115 kms−1. This smaller
velocity eases most challenges that RX J0822–4300 previously posed to pulsar-kick models, but
still requires a hydrodynamic kick model in a highly asymmetric explosion. Considering the
proper motion based age estimate as a second and independentmeasurement to the one inferred
from the motion of optical filaments, it can be averaged to 4450±750 yrs which implies that
Puppis A is slightly older than the generally accepted 3700 yrs.

Furthermore, after studying the western part of the Puppis ASNR in the radio, infrared,
optical, X-ray, andγ-ray regime there is no single evidence that the western sphere-like structure
is different to the Puppis A SNR. This feature belongs to the Puppis A SNR and the sphere-like
shape is probably evolving in a bubble in the highly inhomogeneous medium surrounding the
remnant.

The detailed discussion of the results is presented in Chapter 8.



Chapter 4

Supernova remnant candidates in
the ROSAT All-Sky Survey

This chapter is adopted from a paper draft, which will be submitted toAstronomy & Astrophysics.

4.1 Introduction

Supernovae (SNe) mark the end of stellar evolution of massive stars as well as the beginning
of stellar evolution by enrichment and decompression of theinterstellar medium. Our solar
system showing imprints in metal abundance of an SN is a very good example for this process
(Gritschneder et al., 2012). Thus, it is crucial to understand the processes happening in such
cataclysmic events.

However, only seven Galactic supernovae have been observedwith historical records in the
past two millennia – SN 185 (RCW 86), SN 386 (G11.2–0.3), SN 1006, SN 1181 (3C58), Crab
SN, Tycho SN, and the Kepler SN. Ancient Chinese astronomersrecorded several other guest
stars, but for most of them no solid identification with a known supernova remnant has been pos-
sible so far (Green and Stephenson, 2003). Moreover, in the last 400 years no SN has been di-
rectly observed in our Galaxy (Green and Stephenson, 2003).A reason for that is the interstellar
dust which leads to visible-band extinction of the supernova. For example, the supernova Cas-
siopeia A (Cas A) which exploded about 300 years ago may belong to this group. No widespread
reports of Cas A exist in the literature of the 17th century (cf. Hartmann et al., 1997). A more
recent example is the youngest supernova known in our Galaxy, G1.9+0.3, which was totally
missed by optical observatories about 100 years ago (Reynolds et al., 2008).

Therefore, the best possibility to study SN is to observe their remnants which are detectable
for more than 104 years (e.g., SNR W28 has an age of≈ 3.6× 104 yrs and is detected in X-
rays (Rho and Borkowski, 2002)) over a large range of the electromagnetic band: First, from
the emission of the remnant in the radio band which is mostly caused by synchrotron radiation
to the emission in the infrared band by, for example, stochastically or thermally heated dust
(Pinheiro Gonçalves et al., 2011). Second, from optical emission due to the cooling of shocked
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interstellar cloud material in the case of evolved remnants(Fesen et al., 1985) to ultraviolet and
X-ray emission which arises from thermal radiation (Blair et al., 2006). And finally emission in
the high energy regime up to 1 TeV (see Reynolds (2008) for more details about the different
emission mechanism). Up to now 274 supernova remnants in ourGalaxy are known. However,
the majority of supernova remnants that have been identifiedso far were found in radio surveys in
which the observations are unhampered by interstellar dust(Green, 2009, and references therein).

However, the expected rate of SN in our Galaxy is 1 to 3 per century (Keane and Kramer,
2008). Assuming that the lifetime of an SNR in which it is bright enough to be detected is a few
10 to 100 kyrs there is a discrepancy by a factor of 2 to 5 between observed and expected SNRs.
As the SNR rate is well established the discrepancy is probably explained by the fact that the
radio sample of SNR is not complete. Physical reasons which may prevent a remnant from being
radio bright and hence being missed in radio surveys are for example:

• An SN-shock wave, which expands within the hot phase of the ISM and reaches a very
large diameter until it has swept up sufficient mass from the low density gas to form a radio
shell. In this case density inhomogeneities in such a large volume will cause distortions in
the shell and make the identification as an SNR rather difficult, in particular in the presence
of confusing unrelated emission from the same area.

• An SN-shock wave, which expands in a very dense medium would result in a rather short
SNR life-time, because material is quickly swept up and decelerated. Such an environ-
ment is likely to be relevant, e.g., for massive star membersof OB-associations that are
surrounded by dense molecular clouds and warm gas. Even during their short lifetime
such events are difficult to identify within the strong thermal radio emission from those
regions.

Given these selection effects in radio surveys and the detection of previous un-
known SNR in the X-ray band (e.g., Pfeffermann and Aschenbach, 1996; Busser et al., 1996;
Asaoka and Aschenbach, 1994; Asaoka et al., 1996; Egger et al., 1996; Folgheraiter et al., 1996)
it was an obvious task to start searching for SNR and SNR candidates in the X-ray band by using
the ROSAT All-Sky survey. It was the first all-sky survey performed with an imaging X-ray
telescope. Bußer (1998) found≈ 400 SNR candidates in the RASS data, which Schaudel et al.
(2002) reduced to 210 candidates after a re-processing of the RASS data and a correlation with
various multi-wavelength source catalogs. The RASS re-processing with more stringent param-
eters removed many spurious sources from the data and thus provided a clearing of the candi-
date list (Voges et al., 1999). From their candidate list several sources have meanwhile been
confirmed as SNR (Jackson et al., 2008; Prinz and Becker, 2013; Roberts and Brogan, 2008;
Stupar et al., 2007; Tian et al., 2010; Prinz and Becker, 2012; Brogan et al., 2006). Moreover,
Schaudel (2003) claimed the identification of another SNR designated with G38.7–1.4 in the
RASS data with the help of a deep radio observation with the Effelsberg 100 m telescope.

In the last ten years new sky surveys in various wavelength regimes were conducted and
X-ray telescopes with better spatial and spectral resolution were launched. Therefore, we re-
analyzed the candidate list of Schaudel et al. (2002) in thiswork. In Section 4.2 we describe the
used observations and data reduction. In Section 4.3 we present a detailed analysis of selected
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candidates with archival pointed X-ray observations and the correlation of the remnant candidates
with catalogs and images in the radio, infrared, optical, Hα , UV and γ-ray band. In the same
section the final candidate list and a detailed description of promising and identified candidates
is given. In Section 4.4 we conclude by focusing on the futureprospects of this project.

4.2 X-ray observations and data analysis

The X-ray data used in this paper originate from the ROSAT AllSky Survey, observed with
the Position Sensitive Proportional Counter (PSPC, Briel and Pfeffermann, 1986). The PSPC
provided a moderate energy resolution of 0.43 keV at 0.93 keV, a field-of-view of 2◦ and a
spatial resolution of∼ 25′′ in pointing mode (Briel and Pfeffermann, 1986). The detector was
sensitive to incoming photons with an energy of 0.1 to 2.4 keV, best suited for the search for new
SNR, because the expected temperature of these objects ranges from several million Kelvin for
evolved remnants to∼ 107 K for young SNRs.

The RASS was the first all-sky with an imaging telescope in thesoft X-ray band. The main
part of the survey was carried out in 1990 and 1991. The exposure times varied between∼ 400
and 40 000 s in the ecliptic plane and the poles (Voges et al., 1999). Furthermore, the average
spatial resolution expressed in form of FWHM (full width at half maximum) in the scan mode
was approximately 90′′ (Boese, 2000). We used the archival RASS data reprocessed with the
Standard Analysis Software System III (SASS III) version 8.2.0.1

To identify the supernova remnant candidates in the RASS images we first created a list of
extended (with a diameterd ≥ 5′) and unidentified X-ray sources which are at low Galactic
latitude (|b| ≤ 15◦) based on the analysis of Bußer (1998) and Schaudel (2003). In addition,
this list contains the objects, which Schaudel (2003) claimed to be no SNRs. The net counting
rate for the SNR candidates were obtained by subtracting thebackground events from the events
extracted in a ellipse around the source position and dividing by the effective exposure time. In
some cases we had to adjust the position of Schaudel (2003) because the morphology of some
sources changed slightly in the SASS III processing. The background contribution was calculated
by averaging the counts of six regions around the source position which had the same area as the
region used for extracting the source counts and had no othersources in it.

The relative low exposure of a few hundred seconds for most parts of the Galactic disc and
the poor spatial resolution of the RASS data do not allow for aqualitative spectral analysis of
these sources in order to identify them as SNR by their X-ray morphology and spectral source
properties. Therefore, only a quantitative study could be performed to discriminate between e.g.,
Galactic and extragalactic background sources.

First, we determined if the sources are indeed extended or seemingly extended spherical
sources in the RASS. For that we applied the growth curve analysis (GCA) of Böhringer et al.
(2000) which was designed to characterize Galaxy Clusters (GCls) in the RASS. The GCA
method determines the probability of a source to be extended. This is done by comparing

1Access to various public archives of X-ray observatories under
http://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl

http://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl
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Figure 4.1: Comparison of the cu-
mulative photon count profile for
G337.2+13.0 (upper panel) and G38.7–
1.4 (lower panel) with the expected
profile for a point source including the
background contribution (dashed line).
The dotted lines indicate the expected
profile with a variation of the back-
ground of±30% and the dashed dotted
line shows the background contribution.
All profiles are normalized to 1 at the
outer radius of 6′

the expected cumulative count profile for a point source including the background contribu-
tion with the cumulative and unbinned photon count profile ofthe source with the help of
the Kolmogorov-Smirnov (K-S) test. The expected profile of the ROSAT RASS point-spread-
function was taken from Boese (2000). The probability of thesource extendPext is then defined
asPext=− log10(K-S probability) and the energy band with the highest signal-to-noise ratio was
used for the calculation. Only those sources withPext > 2 were kept in the list of SNR candi-
dates. This criterion was used for RASS selected GCls and results in a misclassification rate
of about 5% (Böhringer et al., 2000). Two examples are shownin Figure 4.1. In the upper di-
agram the X-ray count profile of 2MASS J15472911–3754587 is plotted, which was listed in
Schaudel (2003) as SNR candidate G337.2+13.0 and identifiedas point source with an archival
ROSAT HRI observation. In the lower panel the profile of G38.7–1.4 can be seen, which is a very
promising candidate (Schaudel et al., 2002). The probability of the source extend isPext = 0.3
for G337.2+13.0 andPext = 6.9 for G38.7–1.4 in the soft and hard ROSAT band, respectively.

Second, we accepted all sources with a net count rate at a signal-to-noise ratio (S/N) greater
than 5σG in the soft, hard or broad ROSAT band. The variableσG is defined asσG = 1+
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√

cbg+0.75, wherecbg are the background counts. This criterion ensures that no background
feature is included by chance. The candidates, which haveS/N < 5σG and a counterpart in other
wavelengths are also included in the list.

In the next section the cross-correlation of all candidateswith catalogs and archival observa-
tions in the radio, infrared, optical, ultraviolet, X-ray andγ-ray band is explained. The reason for
this correlation is to remove already identified sources from the final list. For example, HII re-
gions or GCls would be extended sources in the RASS, but wouldhave one or more counterparts
in other wavelengths which may be already identified. In thiswork we put more emphasis on
correlating the X-ray contours of the SNR candidates with images in other wavelengths to ensure
that the X-ray contours match the position of the presumablecounterpart in other wavelengths.

4.3 Results and discussion

4.3.1 Correlation with archival observations and catalogs

Table 4.1 gives an overview of the sky surveys and instruments used in this work. These surveys
and instruments will be described in more detail in the following sections.

Table 4.1: Summary of the used sky surveys and observatories in the radio, infrared, optical, UV, X-ray
andγ-ray regime.

Survey/Telescope band sky coverage Ref.

SUMSS radio (0.843 GHz) b<−30◦ 1
NVSS radio (1.4 GHz) b>−40◦ 2

Effelsberg Survey radio (2.695 GHz) b>−40◦ 3
PMN radio (4.85 GHz) b<+10◦ 4
87GB radio (4.85 GHz) 0◦ < b< 70◦ 5

Effelsberg 100 m radio (4.85 GHz) - -

WISE IR (12 and 22µm) > 99% of sky 6

ESO DSS2red optical (650±80 nm) 98% of sky -
SuperCOSMOS Hα (659.0±2.5 nm) −75◦ < δ <+2.5◦ 7

|b|< 10◦

SHASSA Hα (656.3 nm) −90◦ < δ <+15◦ 8

GALEX UV (154 and 232 nm) ∼ 30000 deg2 9

ROSAT X-ray (0.1-2.4 keV) - 10
XMM-Newton X-ray (0.15-15 keV) - 11

Fermi LAT γ-ray (0.02 - 300 GeV) whole sky 12

References. (1) Bock et al. (1999); (2) Condon et al. (1998); (3) Reich et al. (1984);(4)
Griffith and Wright (1993); (5) Condon et al. (1989); (6) Wright et al. (2010); (7) Parker et al. (2005); (8)
Gaustad et al. (2001); (9) Morrissey et al. (2007); (10) Briel and Pfeffermann (1986); (11) Strüder et al.
(2001); (12) Atwood et al. (2009)
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Pointed X-ray observations

Using the NASA web-tool HEASARC Browse1 we searched the archives of the Chandra X-ray
observatory, ROSAT, Suzaku, Swift, XMM-Newton, ASCA and BeppoSAX for pointed observa-
tions of the SNR candidates. A sample of 5 of the 73 detected sources have been observed with
longer exposures. These observations of the X-ray observatories XMM-Newton and ROSAT
were analyzed in addition to the RASS data as they provide spectral information with better
signal-to-noise ratios and higher spatial resolution.

In the final list (Table A.1 and Table A.2) all remnants with archival X-ray observations are
flagged with a pointing flag of 1. A pointing flag of 2 is given if archival observations exist where
the source is at the edge of the detector. All other sources have a pointing flag of 3.

In addition, Table 4.2 lists all used data sets and Table 4.3 summarizes the results of the spa-
tial analysis of these observations. With the exception of G309.8–2.5 all used data are taken with
the ROSAT PSPC. The FWHM of the PSPCB PSF in pointing mode is 12′′/50′′/95′′/140′′/190′′

at an off-axis angle of 0′/24′/36′/48′/57′ (Boese, 2000). We verified if the candidates observed
with ROSAT are extended by applying the GCA method (see Section 4.2). The resulting prob-
ability is also given in Table 4.3. The ROSAT data was reducedwith the HEASOFT software
package, version 6.11.

After extraction of the source and background counts the resulting spectra were binned to
have about 10 to 15 spectral bins in order to oversample the five ROSAT PSPC spectral channels
at most by a factor of three. The spectral fitting was done withthe X-Ray Spectral Fitting
Package (XSPEC) version 12.7.0u. Only for one candidate we had enough counts for a detailed
spectral analysis (G265.8–7.1). Additionally, we analyzed the spectra of G38.7–1.4 and G309.8–
2.5 because Schaudel (2003) claimed that G38.7–1.4 is indeed a SNR and G309.8–2.5 is listed
as SNR candidate in Duncan et al. (1997) where it is designated with G309.8–2.6. In this cases
we fitted various absorbed spectral models to the energy distribution: A blackbody spectrum,
a power law model, a model of a collisional plasma which is in non-equilibrium and allows
a temperature evolution (GNEI, Borkowski et al., 2001), a hot diffuse gas model (MEKAL), a
model for a collisionally-ionized diffuse gas (APEC) and a thermal bremsstrahlung model. The
results for all fits with an reducedχ2 less than two and reasonable fit parameters are listed in
Table 4.4. Here we added the information on the integrated hydrogen column densityNH toward
the sources derived by Kalberla et al. (2005) which indicates if the candidate is of Galactic origin.
The derived values forNH are based on HI emission line measurements at 21 cm and refer to the
entire hydrogen column density in the line of sight.

In the case of G309.8–2.5, the SNR candidate in Duncan et al. (1997), two XMM-Newton
and one Chandra observations are available. All three had the pulsar PSR J1357-6429 as target.
First, we checked if the X-ray emission of the pulsar is responsible for the X-ray emission seen in
the RASS. We used the spectral parameters derived by Lemoine-Goumard et al. (2011) and con-
verted it to a PSPC count rate using the web-interface of the Portable, Interactive Multi-Mission
Simulator (WebPIMMS), version 4.1b.1. This resulted in a count rate of≈ 0.02, whereas the
count rate in the RASS hard band is 0.12±0.03. Therefore, we started with the analysis of the

1Accessible underhttp://heasarc.gsfc.nasa.gov/Tools/w3pimms.html

http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html
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Table 4.2: Used archival pointed observations.

candidate Detector Obs.ID texp/teff
α offsetβ

ksec/ksec ′

G35.9+6.0 ROSAT/PSPCB rp400266n00 12.4/7.8 40
G38.7–1.4 ROSAT/PSPCB rp400271a01 20.1/9.5 49

ROSAT/HRI rh500509n00 11.9/- 2
ROSAT/PSPCB rp400271n00 2.8/1.3 49

G176.0–11.8 ROSAT/PSPCB rp201015n00 10.1/5.7 43
G265.8–7.1 ROSAT/PSPCB rp300289n00 27.0/16.4 30

ROSAT/PSPCB rp300289m01 6.7/4.4 32
G309.8–2.5 XMM-Newton 0603280101 84.9/- 3

Chandra/ACIS-I 10880 60.0/- 4
XMM-Newton 0306910101 14.9/- 4

Notes.(α) Exposure time on-axistexp and on sourceteff
(β ) Off-axis angle between source position and

pointing of telescope.

Table 4.3: Results of the spatial analysis of the SNR-candidates with archival pointed observations listed
in Table 4.2.

candidate R.A. DEC extent count rate Pext

(J2000) (J2000) arcmin2 10−2 cts/s

G38.7–1.4 19:07:05 +04:30:35 15×11 5.0(6) 11.4α

G35.9+6.0β 18:35:15 +05:24:23 9×8 4.3(4) 10.7
G176.0–11.8β 04:51:38 +25:28:04 11×7 3.9(6) 8.3α

G265.8–7.1 08:22:11 -49:30:29 15×12 15.3(5) > 40

Notes.(α) calculated in the ROSAT hard band.(β ) not enough counts for spectral analysis.

Table 4.4: Results of the spectral analysis of selected SNR candidates.

SNR candidate Model NH T1/Γ χ2(d.o.f.) f0.1−2.4

1022 cm−2 keV/- ergs cm−2s−1

G38.7–1.4α bb 0.40.3
−0.2 0.19+0.07

−0.05 15.16(11) 7.6×10−12

NLAB
H = 9.1×1021cm−2 gnei 0.20.5

−0.1 0.2+0.3
−0.1 13.9(9) 6.8×10−12

Raymond 0.010.07
−0.01 1.3±0.2 15.6(11) 2.6×10−12

brems 0.60.3
−0.2 0.3+0.3

−0.1 15.2(11) 6.4×10−11

G265.8–7.1α bb 0.2±0.1 0.13+0.02
−0.01 13.0(11) 2.1×10−11

NLAB
H = 4.1×1021cm−2 MEKAL 0 .670.10

−0.06 0.14+0.02
−0.03 16.2(11) 7.0×10−10

gnei 0.50.3
−0.4 0.14+0.04

−0.02 12.7(9) 1.9×10−10

brems 0.440.13
−0.11 0.17±0.03 13.3(11) 4.4×10−10

Notes.(α) energy range restricted to 0.44-2.04 keV
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Figure 4.2: XMM-Newton MOS1/2
exposure-corrected image of G309.8–2.5 in
the 0.1-9 keV range overlaid with the RASS
image. The XMM-Newton image shows the
result if all point-like sources are removed.
The image is binned with∼ 3′′ per pixel and
smoothed by a adaptive filter.
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archival data. However, the first observation with XMM-Newton is contaminated by soft proton
flares and the Chandra observation has a much lower sensitivity than the XMM-Newton obser-
vation. Analyzing the second XMM-Newton data set (obs.ID 0603280101) with the help of the
XMM-Newton SAS and the XMM-Newton Extended Source AnalysisSoftware (XMM-ESAS),
both in version 11.0 and removing all point sources we found no excess emission surrounding
PSR J1357-6429 which matches the RASS contours (see Figure 4.2).

Radio band

For the comparison of the X-ray emission regions with radio images we used the NRAO VLA
Sky Survey (NVSS, Condon et al., 1998) for source with a declination δ above−40◦. For
sources withδ <−40◦ we made use of the Sydney University Molonglo Sky Survey (SUMSS,
Bock et al., 1999). Both surveys had a resolution of 45′′. In most cases this data was sufficient to
search for correlations. However, for remnants with an extent larger than 1◦ and to look for faint
radio emission we compared the X-ray contours with the data taken in the Parkes-MIT-NRAO
surveys (PMN, Griffith and Wright, 1993) and the 4.85 GHz sky survey (87GB, Condon et al.,
1989). These surveys have a resolution of 3.′5 (FWHM) and have the advantage of a lower noise
level. For extended sources, which have an extend of severaltimes the resolution of the survey
or are faint close to the noise level this is more important than having images with high spatial
resolution.

To describe the presence or absence of radio emission comingfrom the candidates in the final
list we use the following classification scheme: (1) good positional match between the radio and
X-ray contours, (2) extended radio emission within or closeto the X-ray position of the SNR
candidate, (3) no radio emission and (4) only point-like sources within the extent of the X-ray
emission. These radio flags for every candidate is listed in Table A.1 and Table A.2.

In five cases we detected contours in the radio band which havea good match with the X-ray
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Figure 4.3: RASS images of the remnant candidates which have a good positional match between its
radio and X-ray contours:Upper left: G38.7–1.4 with Effelsberg 4.85 GHz contour lines at 80, 110,140,
170, and 200 mJy;Upper center:G55.6+2.0 overlaid with PMN 4.85 GHz contour lines at 5, 10, 15, 20,
25, 50, 75 and 150 mJy;Upper right: G83.2+6.9 with NVSS 1.4 GHz contour lines at 0.7, 0.8, 1.0, 1.1,
and 1.3 mJy.;Lower left: G309.8–2.5 with radio contours of the SUMSS 0.843 GHz surveyat 0.5, 1.25,
2, 2.75, 3.5, and 10 mJy;Lower right: G321.7–3.5 overlaid with SUMSS 0.843 GHz radio contours at
0.1, 0.6, 1.0, 1.5, 2, 5, and 8 mJy.

emission region: G38.7–1.4, G55.6+2.0, G83.2+6.9, G309.8–2.5 and G321.7–3.5. Their X-ray
images with the radio contours as overlay are displayed in Figure 4.3.

Additionally, for G38.7–1.4 and G83.2+6.9 we found two archival Effelsberg observations.
Both sources were observed in July 2001 for 1.8 hrs and 1 hr with the Effelsberg 100 m telescope
at a frequency of 4.85 GHz. These data sets were analyzed as described in Schaudel (2003).

Infrared

The correlation in the infrared regime was done with the helpof the public available images of
the Wide-Field Infrared Survey Explorer (WISE, Wright et al., 2010) where the whole sky was
observed at 3.4, 4.6, 12, and 22µm with an angular resolution of 6.′′1, 6.′′4, 6.′′5, and 12.′′0,
respectively.

The presence of infrared emission is described similar to that of the radio emission. The
infrared levels listed in Table A.1 and Table A.2 have the following meaning: (1) good positional
match between the infrared and X-ray contours, (2) extendedinfrared emission within or close to
the X-ray position of the SNR candidate which could be related to the candidate, (3) no infrared
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Figure 4.4: RASS images of the SNR candidates which have a good positional match between its infrared
and X-ray contours. Both images are overlaid with the WISE infrared contours.

emission or infrared emission which belongs to a larger emission region and is very likely not
related to the SNR candidate.

Two candidates have a level 1 match between the X-ray and infrared contours: G55.6+2.0
and G312.4+4.8. Their X-ray images with the infrared contours overlaid are displayed in Figure
4.4.

Optical band and Hα

The 1σRASS positional accuracy of the RASS sources is≈ 13′ and the maximal extent of bright
sources in the RASS is 2.′5 (Voges et al., 1999). However, there is still the possibility of having a
point-like source, e.g. a young star, producing an extendedsource in the RASS. To exclude this
possibility we correlated the position of the SNR candidates which had an extent of less than 30′

with the SIMBAD database2 and the ESO DSS2red images and searched for bright sources with
a visual magnitudeV of less than 12 within a box of length 3σRASS.

Moreover, in the course of analyzing the candidate list of Schaudel (2003) we found sev-
eral candidates which seem to be extended in the RASS but are just several point-like sources
when using high-resolution images of archival X-ray observations. For example, this is the case
for the massive star-forming complex NGC 6357 (Wang et al., 2007b) which was denoted with
G353.2+0.9 in Schaudel (2003).

Therefore, we added an optical flag in the resulting candidate lists to indicate if two or more
point-like sources with a visual magnitude less than 12 are within the X-ray bright region. This
is indicated with a level 2 flag. Level 1 corresponds to no morethan one optical sources with
V < 12mag and no source withV < 10mag within the X-ray contours. A level 3 flag was given
for candidates with an extent greater than 30′ that had a good positional match between bright
emission region in the DSS2red images and the X-ray contours.

2http://simbad.u-strasbg.fr/simbad/

http://simbad.u-strasbg.fr/simbad/
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In addition, we investigated the existence of filament structures using the Hα , SII, and OIII
emission lines. In March 2012 and Mai 2013 some of the southern sources were observed with
the Wide Field Imager (WFI) at the 2.2 m MPG/ESO telescope at La Silla, Chile. The exposures
were taken with the Hα + [NII], [SII], and [OIII] filters with an exposure time of 3600 s. In
addition, the broadband filters for the visual and red band were used with an exposure time
of 300 s. However, a source was only observed with the [SII], and [OIII] filter if filamentary
structures were seen with the Hα + [NII] filter. For the reduction of the data we made use of
the Theli package3 (Erben et al., 2005). All frames were bias-subtracted and flat-field-corrected
using a set of flat-field taken in twilight. Furthermore, a superflat was generated and a collapse-
correction was applied. Finally, the continuum emission was subtracted following the method
described in Waller (1990) in order to allow a clear detection of the filament structure.

For the remaining southern sources we made use of the publicly available AAO/UKST Su-
perCOSMOS Hα survey (Parker et al., 2005) at a wavelength of 659.0± 2.5 nm. This survey
covered the sky at−75◦ < δ < +2.5◦ and Galactic latitude of|b| < 10◦ with a resolution of
∼ 1′′. For all other sources located south ofδ < 15◦ we correlated the X-ray contours with the
Southern H-Alpha Sky Survey Atlas (SHASSA, Gaustad et al., 2001). This survey covers the sky
between+15◦ < δ <−90◦ at an angular resolution of≈ 0.′8. In the case of the other remaining
sources we made use of a full-sky Hα map (Finkbeiner, 2003). However, with its 6′ (FWHM)
resolution we were not able to search for filamentary structure associated with an SNR.

Using the WFI images and these surveys we detected five SNR candidates, which shows
some filamentary structure around the X-ray contours (see Figure 4.5): G38.7–1.4, G290.4–
1.9, G295.4–3.0, G312.4+4.8, and G319.8–2.0. However, forthe SNR candidates G290.4–1.9,
G295.4–3.0, and G319.8–2.0 the correlation between the region of X-ray emission and filaments
is only weak.

UV

To search for correlations between the candidates and sources in the ultraviolet (UV) we used the
Galaxy Evolution Explorer (GALEX, Morrissey et al., 2007).This survey covered about 30000
deg2 of the sky in the far UV at 1350-1780 and near UV at 1770-2730 with a spatial resolution
of 4.′′3 and 5.′′3. No extended source was detected in the images matching theX-ray contours
of the SNR candidates. In addition, we did not find any bright UV source matching the X-ray
position.

γ-rays

To find matches between the SNR candidates andγ-ray sources we used the Fermi Large Area
Telescope (LAT) Second Source Catalog (Nolan et al., 2012).This catalog contains all sources
detected in the first 24 months of the LAT science mission.

The LAT is sensitive to photons with energies from 20 MeV to 300 GeV and monitors the
whole sky approximately every three hours. It has an energy dependent PSF with a FWHM of
∼ 1◦ at 1 GeV. Therefore, the position of LAT sources is only knownwith a high uncertainty of

3Seehttp://www.astro.uni-bonn.de/theli/.

http://www.astro.uni-bonn.de/theli/
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Figure 4.5: WFI Hα + [NII] images of G38.7–1.4 (a), G290.4–1.9 (c), G295.4–3.0 (d), G312.4+4.8 (e),
and G319.8–2.0 (f ) overlaid with the contours of the RASS X-ray emission in white. Additionally, SNR
candidate G38.7–1.4 is shown in [SII] (b) and for this source the Effelsberg radio contours are addedin
yellow.
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Figure 4.6: The distribution of the 73 RASS SNR candidates across the sky. The sources with an extent
of less than 30′ are indicated by circles. Here the red circles show candidates, which had a signal-to-noise
ratio less than 5σG, but have counterparts in other wavelength regimes with high probability. Candidates
with an extent of 30′ to 60′, 60′ to 120′, and greater than 120′ are presented by plus, cross and star signs.
The image shows an Aitoff-Hammer projection in Galactic coordinates.

the order of several arcminutes. We searched for sources in the catalog whose position is less
than 3 times the positional uncertainty in theγ-ray coordinates away from a remnant candidate
of our list. We found one match, G309.8-2.5. However, thisγ-ray source designated with 2FGL
J1356.0-6436 is associated with the pulsar PSR J1357-6429 (Lemoine-Goumard et al., 2011).

The lack ofγ-ray emission from the SNR candidates can be explained by thepoor spatial
resolution of the Fermi-LAT telescope which makes it hard todistinguish faint extended sources
from the diffuse emission of the Galactic plane. From the 274known SNRs only 7 have been
detected by Fermi-LAT so far (Nolan et al., 2012).

4.3.2 Final list of candidates

After the correlation we were left with 123 SNR candidates. However, after applying the selec-
tion criteria introduced in section 4.2 regarding the extent, the signal-to-noise ratio of the sources
and having a counterpart in other wavelengths a total of 73 remnant candidates remained, which
we will discuss in the following section.

Figure 4.6 depicts the distribution of the remaining RASS SNR candidates, plotted according
to their position in Galactic coordinates. Table A.1 and Table A.2 list the coordinates, count
rates, hardness ratios and flags of all remaining SNR candidates after correlation with archival
observations and catalogs. The list is sorted by the Galactic latitude of the source. Table A.1
contains 73 high significant SNR candidates, whereof 46, 10,4, and 13 are sources with a di-
ameterd < 30′, 30′ < d < 60′, 60′ < d < 120′ andd > 120′, respectively. 50 candidates do not
fulfill the criteria established in Section 4.2 and are listed separately in Table A.2.

The standard ROSAT hardness ratiosHR1 andHR2 are defined the following way:

HR1=
B−A
B+A

, HR2=
D−C
D+C

, (4.1)
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whereA,B,C andD represents all counts in the ROSAT PSPC channels 11-41, 52-201, 52-
90, and 91-201, respectively. For bright sources these values can give hints on the origin and
the temperature of the source. For example, a source with twopositive hardness ratiosHR1 and
HR2 is strongly absorbed and/or has a high temperature of several million Kelvin.

4.3.3 Candidates of special interest

We found five diffuse emission regions in the radio and three in the infrared band matching the
X-ray contours as well as five candidates with optical filaments in Hα , which will be discussed
in detail in the following.

G38.7–1.4:This candidate was first mentioned by Schaudel et al. (2002) and claimed to be an
SNR by Schaudel (2003). Moreover, based on its emission in the Hα wavelength regime
it is listed as an SNR candidate in Sabin et al. (2013), where it is designated with G038.7–
1.3. It shows X-ray emission in the RASS with an extent of 13′×10′. Based on the fits
to the two ROSAT PSPC data sets (see Section 4.3.1) we conclude that the origin of the
X-ray emission is thermal. The inferredNH places the source within our Galaxy. In the
infrared regime extended emission can be seen in the direction of the remnant candidate
which does not correlate with the X-ray bright region.

In both, the Effelsberg Galactic Plane 11 cm-survey and the pointed Effelsberg 6 cm data,
we detected the incomplete radio shell (see upper and middlepanel in Figure 4.7), which
matches the X-ray emission region. The total flux in the Effelsberg Galactic Plane survey
at 2.695 GHz is 1.7± 0.3 Jy. For the calculation of the spectral indexα we used the
T-T plot method (Turtle et al., 1962) and the definitionSν = S0ν−α , whereSν is the flux
density at frequencyν. Using the T-T plot method has the advantage that a differentoffset
in the two wavelengths is taken into account. In this methodα is determined by plotting
the flux densitySν of all map pixels in a given spatial region for the two frequenciesν1 and
ν2 against each other. Both images were convolved with the samebeam. The slopea of a
linear regression fit to the data yields the mean spectral indexα = log(a)

log(ν1/ν2)
of the selected

region. In order to deduce the error inα we used the following method (Leahy et al.,
1998): First, we fitted both,Sν1 againstSν2 and vice versa. The average spectral index was
then taken as the best estimate forα and one half of the difference in the two slopes as
the error ofα, because it is larger than the statistical error. This is displayed in the lower
panel of Figure 4.7. The fits resulted inα =−0.65±0.11, indicating that the candidate is
a young to middle-aged SNR (Dickel, 1991).

In the pointed Effelsberg observation at 4.85 GHz the StokesparameterQ andU were
recorded. Hence, we were able to create a linear polarization Ip =

√

Q2+U2 image and
to deduce the polarization vectors. The polarization is mostly parallel to the shell which is
displayed in the upper panel of Figure 4.7. Only the bright central part of the shell shows
a different orientation, tilted by 45◦. In this region two compact sources can be detected in
the NVSS survey at 1.4 GHz. Using the T-T plot method the spectral index in this part is
−1.2±0.4, indicating a source of extragalactic origin.
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Figure 4.7: Upper left: Radio image of SNR G38.7–1.4 at 4.85 GHz taken with the Effelsberg 100 m
telescope, overlaid with contour lines from 2 to 38 mJy/beamin steps of 6 mJy/beam and polarization
vectors. The vectors point in the direction of the electric field and the strength is given relative to 6
mJy/pixel;Upper right: Radio image of SNR G38.7–1.4 at 2.695 GHz from the Effelsberg11 cm survey
(Reich et al., 1984), overlaid with contour lines at 60 to 140mJy/beam in steps of 20 mJy/beam;Lower:
T-T plot for the determination of the spectral index of the remnant. The two different fits to the data are
indicated by dashed and dotted lines and the straight line shows the mean slope.
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The polarized, non-thermal radio emission and the thermal X-ray emission directly points
towards an SNR interpretation. However, deeper radio and X-ray observations are needed
to derive fundamental parameters of this SNR, such as age anddistance and to search for
a possible neutron star associated with the remnant.

G55.6+2.0This source is remarkable because it has a match in both infrared and radio. The
infrared image shows a perfect semi circle which matches theX-ray contours. Moreover,
in the PMN 4.85 GHz radio survey a bright source is detected inthe north of G55.6+2.0
which diffuses towards the south. Thus, this source is a verypromising SNR candidate and
needs deeper observations, both in the X-rays and in the radio band to uncover its origin.

G83.2+6.9The small X-ray source with an extent of about 6′×6′ is surrounded by an incomplete
radio shell in the NVSS data at 1.4 GHz (Fig. 4.3 lower right).A faint radio point source
is located very close to the central brightened X-ray source. The radio and X-ray flux of
G83.2+6.9 is marginally above the noise level in the NVSS andRASS data. Additionally,
Schaudel (2003) reported on radio data obtained at 4.85 GHz with the Effelsberg 100 m
telescope. Using the NVSS and the Effelsberg data sets he inferred that the spectral index is
about -0.9 with high uncertainty due to small flux values. In addition, no significant amount
of polarization was found. The WISE image at 22 micron shows aextended source which
is probably not connected to the SNR candidate. Although non-thermal radio emission
was detected, the nature of G83.2+6.9 is still unclear and needs to be investigated in more
detail.

G265.8–7.1The SNR candidate consists of a bright X-ray shell which is slightly elongated in
south-north direction. The spectral analysis of this source revealed thermal emission from
an extended source with a temperature of 1.5 to 2 million Kelvin. The fitted hydrogen
column density does not allow a clear conclusion if it is of Galactic or extragalactic ori-
gin. No radio emission from G265.8–7.1 is detected in the SUMSS survey and only two
bright spots can be seen in the X-ray bright region of the candidate, which could be con-
nected to the source. Therefore, the nature of this source isstill unclear and needs further
exploration.

G290.4–1.9 and G295.4–3.0In the Hα images of these sources some filamentary structure is
detectable. However, it does not match the X-ray contours very well and in the radio and
infrared regime no diffuse emission is detectable. Thus, wehave no proof for a connection
between the filaments and the bright X-ray sources.

G309.8–2.5This SNR candidate consists of a bright radio shell in the east and a smaller em-
bedded X-ray emission region. G309.8–2.5 is listed as an SNRcandidate in Duncan et al.
(1997) where it is designated with G309.8–2.6. The absence of X-ray emission in the long
XMM-Newton exposure can be explained by the fact that the PSPCB detector had a low
noise level and was more sensitive to soft X-ray emission. Inthe case of XMM-Newton
the soft X-ray emission was blocked by the medium filter used in the observation and the
remaining soft X-ray emission was dominated by the particlebackground.
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The infrared image shows extended emission close to the X-ray position of the SNR candi-
date, which cannot be clearly associated with the remnant candidate. Thus, more informa-
tion about the radio emission must be obtained to draw a final conclusion about the origin
of this source.

G312.4+4.8For this source an infrared counterpart was detected. However, the extent of the
infrared source is 6′ × 5′, a factor 2 to 3 smaller than the X-ray source. Furthermore,
faint filaments can be seen in Hα , perfectly matching the X-ray contours. No extended
counterpart is detected in the radio band. Therefore, it shows signs of an SNR origin, but
further studies are needed to claim an identification as SNR.

G319.8–2.0The Hα image of this candidate shows some filamentary structure on the south-
western edge matching the X-ray contours. However, this optical emission could be related
to a larger emission region, as can be seen in Figure 4.5. Furthermore, no diffuse emission
is detectable in the radio and infrared regime. Thus, we haveno proof for a connection
between the filaments and the bright X-ray source.

G321.7–3.5This remnant candidate consists of an incomplete X-ray shell matching very well
with the region of radio emission in the north (see figure 4.3). No infrared emission con-
nected with this sources can be seen. Thus, more informationabout the X-ray and radio
emission must be obtained to draw some conclusion about the origin of this source.

4.3.4 Identified candidates

Schaudel (2003) lists 210 SNR candidates. From these candidates 27 can be found in the lit-
erature and are listed in Table 4.5. Here the type of the source and the references is given. In
the following details to all other identification are given,which cannot be found in literature and
could be identified by archival X-ray observations, using the GCA method mentioned above,
and/or cross-correlation with multi-wavelength catalogs.

G1.1-0.8 In several observations this former candidate turns out to be part of a larger emission
region.

G1.85-2.52This candidate is part of the Galactic bulge.

G7.6+2.0 After the latest reprocessing of the RASS data no source can be detected any more.
Furthermore, in a Suzaku observation (Obs.ID 507065010) nosource can be seen.

G7.9–6.4 In two pointed ROSAT PSPC observations (rp201546n00, rp300050n00) no source is
detectable, thus it is very likely a background feature.

G11.61+3.96This source cannot be distinguished from other nearby emitting regions.

G17.03–3.48Here several SNRs can be seen within the region defined by Schaudel (2003) and
thus, are responsible for the emission seen in the RASS.
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Table 4.5: List of identified SNR candidates which can be found in literature.

Source Identification(α) Reference

G7.48–1.51 SNR G7.5–1.7 Roberts and Brogan (2008)
G26.6+1.8 Herbig Stars AS 310 Stelzer et al. (2009)
G31.9–1.1 X-ray point source (AX J1853.3–0128) Muno et al. (2008)
G33.7+7.6 Star (1RXS J182549.2+040925) Fuhrmeister and Schmitt (2003)
G67.4+10.7 ClG (CIZA J1916.1+3525) Kocevski et al. (2007)
G69.45+1.19 SNR G69.4+1.2 Yoshita et al. (2000)
G85.4+0.8 SNR G85.4+0.7 Jackson et al. (2008)

G151.9+11.7 ClG (CIZA J0515.3+5845) Ebeling et al. (2002)
G178.9+16.0 QSO (NVSS J065039.9+374256) Flesch (2010)
G207.73+1.55 part of Monogem Ring Plucinsky et al. (1996)
G229.2–17.2 ClG (CIZA J0616.3–2156) Kocevski et al. (2007)
G256.7–6.7 Seyfert 2 Galaxy (IGR J07565–4139) de Rosa et al.(2008)
G286.8–0.1 part of Eta Carinae surrounding nebula Seward etal. (1979)
G287.6–0.8 Eta Carinae and surrounding nebula Seward et al.(1979)
G288.1–0.1 part of Eta Carinae surrounding nebula Seward etal. (1979)
G296.7–0.9 SNR G296.7–0.9 Robbins et al. (2012)
G307.5+5.0 ClG (CIZA J1324.6–5736) Mullis et al. (2005)
G308.3–1.4 SNR G308.4–1.4 Prinz and Becker (2012) and Chapter 5

G314.6+13.6 ClG (CIZA J1358.9–4750) Kocevski et al. (2007)
G320.47–1.67 SNR G320.6–1.6 Milne et al. (1993)
G328.1+15.8 Probably extragalactic origin Kaplan et al. (2006)
G332.5–5.6 SNR G332.5–5.6 Stupar et al. (2007)

G337.51+12.70 Lupus star forming region Krautter et al. (1997)
G342.4–1.9 XTE J1704–445 Markwardt et al. (2007)

G349.1+13.0 CIZA J1627.9–2952 Kocevski et al. (2007)
G353.2+0.9 massive star-forming region (NGC 6357) Wang et al. (2007b)
G353.6–0.8 SNR G353.6–0.7 Tian et al. (2010)

Notes.(α) SNR: Supernova remnant; GCl: Galaxy cluster; QSO: Quasar

G17.8–12.9This former candidate consists of two point sources, which were identified by ana-
lyzing different spectral bands. One source is vanishing inthe soft band. And the other is
probably the X-ray counterpart of the star HD 179024 (V = 8.2mag).

G27.48–0.25In its center the SNR Kes 73 can be found. Furthermore, this region cannot be
separated from a larger emission region, which is probably the galactic plane.

G31.4–0.4In a SWIFT observation (Obs.ID 00044524001) of the region around this source
only a point-like source can be detected. A likely counterpart for that source is 2MASS
J18495543–0134087, a star withK = 8.8mag.

G35.2+17.1Applying the GCA method yieldedPext = 1.0 and using the brightest pixel of the
source as centerPext = 0.1. For this source two archival ROSAT PSPC observations were
analyzed with a net exposure of 5.4 ksec. The source is detected with a count rate of
12.1±0.6 cts/ksec. However, the probability of having an extended source in this pointed
observations arePext = 1.4 andPext = 1.9. Therefore, this source is not extended and
is probably the X-ray counterpart of TYC 1011–976–1, a star with an optical magnitude
V = 11.1mag.

G38.3+10.6This source is not extended (Pext = 1.4) in the ROSAT hard X-ray band. It has
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probably an optical counterpart with TYC 1014–1444–1, a star with V = 10.8mag.

G46.7–12.7is probably a point-like source, because of its small extendin the RASS. Further-
more, a radio source is at the center of the X-ray emission region.

G56.3–2.3Using an archival SWIFT observation (Obs.ID 00036931001) this source could be
identified as point-like source. It is the X-ray counterpartof the bright star HD 350379
(V = 9.2mag).

G57.0+4.3Using two ROSAT PSPC pointings (rp200052a01, rp200052n00)this source could
be identified as point-like X-ray source.

G57.4+6.1With the help of a ROSAT PSPC pointing (rp300337n00) this former candidate was
identified as point-like source and can be associated with the star HD 343989 (V = 9.3mag).

G63.4+0.4Three ROSAT PSPC observations of the region around this source can be found in
the ROSAT archive (rp500086n00, rp500083n00, and rp500087n00). A bright star (HD
187614,V = 9.3mag) matches the position of the X-ray source in the merged PSPC image
very well. Furthermore, the spectral analysis of this data indicates a close by source,
because of a smallNH in the best-fit.

G70.5+1.6 In an archival ROSAT PSPC observation (rp500124n00) a point-like source is de-
tectable within the X-ray emission region of this former candidate. This is likely the coun-
terpart of the star TYC 2674–5404–1 (V = 11.0mag).

G73.1+5.5 In a SWIFT observation (Obs.ID 00039881001) only a point-like source is de-
tectable, which is denoted with 1RXS J195225.7+380014 in Voges et al. (1999).

G73.2–15.9No extended source can be detected in a SWIFT observation (Obs.ID 00035783001)
of this region. Therefore, the X-ray emission seen in the RASS is probably from the X-
ray source seen in the SWIFT image, which was also detected inthe XMM-Newton slew
survey where it is designated with XMMSL1 J211420.7+252419.

G74.1+0.3Four observations with the ROSAT PSPC detector (rp200564n00, rp500247n00,
rp500248a01, rp500248n00) are available for this source. Merging the images two
point-like sources are clearly detectable. Both are very likely stars, TYC 2674–5404–1
(K = 7.6mag) and HD 193093 (V = 8.3mag).

G75.43–0.22The region covered by this remnant contains the pulsar wind nebula G75.2+0.1 of
PSR J2021+3651 and is probably responsible for the X-ray emission seen in the RASS.

G76.3+0.4The source region was covered two times with ROSAT PSPC (rp900158a00,
rp900158a01) and only a point-like source can be detected inthe merged image. However,
it has no counterpart in other wavelengths, as already notedby Mukherjee et al. (2000).

G77.88–4.63In an archival SWIFT pointing (Obs.ID 00039892001) only twopoint-like sources
and no extended emission can be seen.
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G79.43–4.89In a ROSAT PSPC pointing (rp400138n00) only point sources and no extended
emission is detectable.

G84.6–0.1Observations with SWIFT, ROSAT HRC and ROSAT PSPC cover the X-ray emis-
sion region of this source. All show only X-ray emission of point-like sources.

G88.6+6.0This former candidate was observed with SWIFT (Obs.ID 00031798001) and
ROSAT PSPC (rp500224n00). In both images a point-like source can be seen at the west-
ern edge of the emission region defined by Schaudel (2003). Ithas a counterpart in the
optical regime, the binary star HD 235299 (K = 7.8mag)

G94.8–4.9In a deep ROSAT PSPC observation (rp201522n00) only two point-like sources at
the southern edge of the emission region defined by Schaudel (2003) and no extended
emission can be seen.

G103.5–8.8The source region was observed twice with the SWIFT satellite (Obs.ID
00040190001 and 00040190002) and shows only a point-like source designated with
1RXS J225010.6+492609 in Voges et al. (1999).

G105.6+13.6In a deep observation with XMM-Newton (Obs.ID 0673540901) several point
sources and no extended emission is detectable within the source region. Thus, the X-ray
emission in the RASS is due to the point-like sources.

G110.9+2.8The source region was covered in an archival ROSAT PSPC observation
(rp500322n00) and indicates that the extended X-ray emission is due to several point
sources. These sources probably belong to Cep OB3, a young association of O and B
stars (Naylor and Fabian, 1999).

G127.4-0.7In an archival SWIFT observation only one point-like X-ray source was detected in
the RASS emission region (1RXS J012944.6+614756).

G148.3–13.1Three galaxies are detectable within the X-ray emitting area and the central galaxy
is a radio galaxy. Therefore, this candidate is very likely agalaxy cluster.

G153.3+3.8In the latest reprocessing of the RASS data only a point-likesource can be seen with
a positional discrepancy to the coordinates given in Schaudel (2003). This new position is
in agreement with a bright flaring star HD 232979 (V = 8.6mag).

G173.9+0.3This source is likely the X-ray counterpart of the HII regions S237.

G187.7+0.4Analyzing an archival ROSAT PSPC observation (rp201225n00) an X-ray source
is detected close to the RASS position, which is point-like and has a counterpart with the
star V* V391 Gem (K = 8.9mag).

G193.0+12.4The former candidate consists of two point-like sources, the radio galaxy 2MASX
J07012902+2313260 and an X-ray point source.
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G198.7+4.0The source is a point-like source and has an optical counterpart TYC 758–2255–1
with K = 9.3mag.

G203.4+9.0The extended X-ray emission of this source is coming from three point-like sources,
as can be seen in an archival SWIFT observation (Obs.ID 00038566001). None of the three
sources have a counterpart in other wavelength regimes.

G218.6–15.7In two SWIFT observations (Obs.ID 00038647001 and Obs.ID 00046979001) this
source is still extended. However, spectral analysis revealed a hot plasma with a temper-
ature of 3.5±1.2 keV and anNH = 3±2×1021 cm−2. All other plasma models either
produce similar results for the temperature andNH or are unreasonable. Therefore, G218.6-
15.7 is a galaxy cluster.

G226.0+0.5This source was already identified by Schaudel (2003) as galaxy, but was still listed
as an SNR candidate.

G238.5–6.4This former candidate is probably a galaxy cluster, becausefive 2MASS galaxies
are detected within 3′ around the center of it.

G258.3+1.5The X-ray emission of this source is probably coming from a bright star (TYC
7662–2949–1,K = 8.0mag) and several other point sources, which can be seen in the radio
band.

G262.8–9.1Two ROSAT observations cover the region of this source (rh201688n00,
rp400158n00), but only two point-like sources are detectable.

G271.6+2.8In a ROSAT PSPC observation (rp900377n00) only a point-likesource is de-
tectable, which is probably the counterpart of the bright star TYC 8171–980–1 (V =
10.5mag).

G290.9–1.1Four archival ROSAT observations cover the region of this former candidate
(rp200699n00, rp500307a01, rp500307n00, rp900526n00) and only a point-like source
is detectable in the merged image. This is likely the X-ray counterpart of the binary star
HD 306131 (V = 9.3mag).

G292.3+0.6No extend source can be seen in an archival ASCA (Obs.ID 43025000) and ROSAT
PSPC (rp900165n00) observation. It could be some residual emission form the bright high
mass X-ray binary Cen X–3.

G294.9–1.6In a PSPC pointing (rp200706n00) covering the region of thissource several point
sources can be detected. Two of them are eclipsing binary stars (V* V1051 Cen with
V = 7.2magand V* V871 Cen withV = 6.5mag).

G299.3–0.6In a pointed Suzaku observation (Obs.ID 507064010) only a point-like source and
no extended emission is detectable.
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Figure 4.8: XMM-Newton MOS1/2 exposure-corrected image (left) and spectrum (right) of G332.5+6.3.
The XMM-Newton image shows the result after removal of all point-like sources. The image is binned
with ∼ 3′′ per pixel and smoothed by an adaptive filter. The spectrum wasfitted with MEKAL for the
source and a power law for every detector to model the residual soft-proton contamination.

G305.5–1.9One SWIFT (Obs.ID 00020064001) and two ROSAT PSPC pointings
(rp190243n00, rp190600n00) are available for this candidate. The SWIFT observa-
tion shows several point sources and in the ROSAT pointing noextended emission can be
seen.

G322.5+6.3This candidate was observed with XMM-Newton (Obs.ID 0204710201) for 6.9
ksec. The data reduction was performed with the Extended Source Analysis Software
(XMM-ESAS) package (Snowden et al., 2008). The resulting spectrum was fitted with
an emission spectrum from a hot diffuse gas (MEKAL) and yielded aχ2 = 131.7 for 138
d.o.f., a hydrogen column densityNH = 2.8±0.1×1021 cm−2, and a temperature ofkBT =
3.7±0.3 keV. The hydrogen column density is in the same order as the integrated hydrogen
columnNH density toward the sources derived by Kalberla et al. (2005). In addition the
temperature is one order of magnitude larger than what is expected for evolved SNRs.
Thus, the remnant candidate is very likely a galaxy cluster.Figure 4.8 shows the X-ray
image and spectrum of this source.

G332.9+1.9On the northern edge of this former candidate a HII region (GAL 333.04+02.02)
and on the southern edge a bright star (HD 144918,V = 9.9mag) can be found.

G334.44–3.19In all RASS bands no source can be found which is matching the region defined
by Schaudel (2003). Therefore, it is assumed that this is a background feature.

G337.2+13.0Analyzing an archival ROSAT HRI observations (rh201941n00) only a point
source could be detected. It is probably the counterpart of the bright star HD 140901
(V = 6.0mag). In addition, this region was observed with Chandra (Obs.ID 13769) and also
no extended source can be seen.
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G338.3+15.3Several ROSAT PSPC pointings are available for this source.However only a
point source is detected in the merged image. With high probability this is the X-ray
counterpart of the TTauri star 2MASS J15443529–3521492 (K = 8.8mag).

G351.17+6.64In three archival SWIFT observation (Obs.ID 00030890005, Obs.ID
00090247001, and Obs.ID 00030890006), which cover most of the SNR candidate,
only three bright point-like sources can be seen. Two are probably the X-ray counterparts
of TYC 7364–1316–1 and HD 152805, stars with a visual magnitude of 10.7 and 7.5. The
third source is the X-ray point source 1RXS J65633.7–322513. There is no sign of an
extended emission around these sources.

G353.7+16.0In an archival XMM-Newton observation this candidate consists of three point-
like sources: the TTauri stars 2MASS J16312012–2430052 with K = 6.7mag, 2MASS
J16311574–2434022 withK = 7.1mag, and 2MASS J16311501–2432436 withK = 8.7mag.

G353.7+17.7Using a pointed ROSAT PSPC observation (rp900362n00) threepoint-like sources
were identified. These sources are probably two stars in double systems, HD 147932
(V = 7.3mag) and HR 6112 (V = 5.1mag), and an X-ray point-like source.

G355.7+10.6The extended source seen in RASS consists of three point-like sources, two of
them seem to have a counterpart in the radio band.

G358.2+6.5In an archival ROSAT PSPC observation only a point-like source can be detected.
Its position is close to the star CD–26 12037, which has a visual magnitude of 11.5.

G359.8–14.1A bright binary star (HR 7029 ,V = 4.8mag) is within the X-ray emission region
and is responsible for the X-ray emission with high probability.

4.4 Conclusion and future prospects

In this chapter the re-analysis of the RASS SNR candidates list of Schaudel (2003) was presented.
After correlating the source list with various sky surveys and source catalogs as well as analyzing
archival X-ray observations 123 sources remained as SNR candidates. 73 of these sources fulfill
the criteria that the source significance is> 5σG and/or have a counterpart in other wavelengths.
Therefore, these sources are no fluctuations in the X-ray background. In addition, the possibility
that these SNR candidates are point sources can be ruled out,because it was shown that all
spherical symmetric sources are extended (95% CL). However, the remaining 50 candidates do
not fulfill one or more of the selection criteria. Thus, it cannot be excluded that some of these
sources are indeed fluctuations in the X-ray background.

Nevertheless, it is still possible that some of these 123 sources are of extragalactic origin.
For example, galaxy clusters are extended sources and have temperatures of a few times 107 K
(Böhringer and Werner, 2010). Hence, they can be seen in theRASS and can be confused with
SNRs. With the RASS data it is not possible to decide whether the source emission originates
from inside or outside the Galaxy, because in the RASS the temperature or the hydrogen column
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density cannot be measured, because of the short exposures and the poor spectral resolution. The
only indication of their origin is the hardness ratio. Galaxy clusters, for example, have hard-
ness ratiosHR1 andHR2 roughly in the range from 0 to +1, because of their high temperature
(Böhringer et al., 2000). Supernova remnants have lower temperatures and higher absorption by
the interstellar medium. Therefore, the hardness ratioHR1 is in the same order as galaxy clus-
ters, butHR2 should be. 0 (Voges et al., 1999; Schaudel, 2003). This is the case for more than
80% of the remnant candidates.

In addition, the conclusion of Schaudel (2003) that candidate G38.7–1.7 is an SNR could be
confirmed. This source shows non-thermal polarized radio emission, filaments in Hα and ther-
mal X-ray emission. In addition, the fitted hydrogen column density places this source within
our Galaxy. All these are clear indicators that G38.7–1.4 isan SNR. Furthermore, the SNR
candidate G265.8–7.1 shows emission from a thermally emitting plasma in the X-ray regime,
four candidates have counterparts in the radio band (G55.6+2.0, G83.2+6.9, G309.8–2.5, and
G321.7–3.5), two X-ray sources show related emission in theinfrared regime (G55.6+2.0 and
G312.4+4.8), and four objects show some filamentary structure around the X-ray emission re-
gion in Hα (G290.4–1.9, G295.4–3.0, G312.4+4.8, and G319.8–2.0). Inaddition, for three SNR
candidates archival X-ray observations were analyzed and indicate X-ray emission from an ex-
tended source. These candidates are of special interest, because they show several properties
typical for SNRs.

The origin of the remaining SNR candidates is still unclear.However, they are promising
remnant candidates, because they are extended and bright inthe soft X-ray regime.

Assuming that the remaining 123 SNR candidates mentioned above are indeed SNRs and
adding them to the≈ 280 SNRs known (including the two remnants identified in thiswork -
G38.7–1.4 and G308.4–1.4) the discrepancy between the expected and measured SN rate in our
Galaxy can be explained to some extent. Nevertheless, searching for SNRs in the RASS survey
yielded a large number of additional SNRs and by gradually identifying the 123 candidates, the
discrepancy between the expected and measured number of supernova remnants in our Galaxy
can be further reduced.

In the future, the most promising SNR candidates will be followed-up in the radio, optical
(Hα ) and X-ray band by using the candidate list (Table A.1). Thiswill help to pinpoint the origin
of the detected X-ray emission.

Additionally, by the end of 2015 eROSITA, the successor of the ROSAT mission, will start
to image the whole X-ray sky with an increased sensitivity and with a higher spatial and spec-
tral resolution. The eROSITA telescopes on board of the Russian Spektrum-Roentgen-Gamma
mission will be approximately 20 times more sensitive than the RASS mission and will have a
resolution of 25′′ to 30′′ in survey mode. The average exposure will be≈ 3 ks (Predehl et al.,
2010). Therefore, we will be able to study the candidates in much more detail. The longer and
deeper exposures will enable us to perform a spectro-imaging analysis of the candidates. Par-
ticularly the remnant candidates with a large extent can only be studied in detail with eROSITA
because the current X-ray observatories have a field of view of ∼ 30′ and need several pointings
to cover the larger remnants.



Chapter 5

Exploring the supernova remnant
G308.4–1.4

The content of this chapter is adopted from Prinz and Becker (2012) published inAstronomy &
Astrophysics.

5.1 Introduction

Supernovae (SNe), the core-collapse of massive stars or thethermonuclear disruption of white
dwarfs, are rare events, occurring on average every 50 yearsin the Galaxy (Keane and Kramer,
2008). However, only seven Galactic SNe have been observed with historical records in the
past two thousand years – SN 185 (RCW 86), SN 386 (G11.2–0.3),SN 1006, SN 1181 (3C58),
Crab SN, Tycho SN, and the Kepler SN. Several other records ofguest stars by ancient Chinese
astronomers exists. However, no solid identification with aknown supernova remnant (SNR)
has been possible for most of them so far (Green and Stephenson, 2003). Most Galactic SNe
go unobserved owing to visible-band extinction by interstellar dust. For example, SN Cas A
may belong to this group. No widespread reports of Cas A existin the literature of the 17th
century (cf. Hartmann et al., 1997). A more recent example isthe youngest supernova known
in our Galaxy, G1.9+0.3, which was totally missed by opticalobservatories about 100 years
ago (Reynolds et al., 2008). The majority of supernova remnants that have been identified so
far were found in radio surveys in which the observations areunhampered by interstellar dust
(Green, 2009, and references therein). Nevertheless, the radio band is not free of selection ef-
fects. Supernova remnants with a diameter of< 3′ are difficult to identify. Only three of the 274
remnants listed in the Green catalog fall into this category. In addition, most searches for SNRs
focus on the Galactic plane, leaving remnants located at a higher galactic latitude underrepre-
sented. Only five supernova remnants with|b| > 7◦ are listed in Green’s catalog. Hence, small
remnants at high latitude are easily missed in radio surveys.

Most SNRs emit thermal radiation when the SN blast wave expands into the surrounding
interstellar medium (ISM), forms a shock wave at the shock front, which then ionizes the atoms,
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and increases the temperature to 106−107 K. Therefore, the successful completion of the ROSAT
All-Sky Survey (RASS) in the X-ray regime provided a new window for finding SNRs and the
compact objects that may reside within them. The seven X-raydetected and radio-quiet central
compact objects that were associated with SNRs (see Gotthelf and Halpern, 2008a, for a review)
are a good example for the impact on pulsar and SN science of X-ray observatories. Additionally,
X-ray observations of SNRs at moderate spectral resolutioncan determine remnant properties
such as shock velocities, post-shock gas densities and temperature as well as swept-up shell
mass and overall morphology.

The ROSAT All-Sky survey has demonstrated the potential power for finding new
SNRs (Pfeffermann and Aschenbach, 1996; Busser et al., 1996; Asaoka and Aschenbach, 1994;
Asaoka et al., 1996; Egger et al., 1996; Folgheraiter et al.,1996). This has motivated Bußer
(1998) and Schaudel et al. (2002) to investigate the all-skysurvey data more systematically to
search for unidentified supernova remnants. They analyzed RASS data in a systematic search
for extended (≥ 5′) X-ray sources at Galactic latitudes (b ≤ ±15◦) by correlating them with
databases such as SIMBAD, NED, NVSS, SUMSS, DSSII, NRAO, ATNF, Parkes, and the
Effelsberg radio survey data. From their candidate list several sources have meanwhile been
confirmed as SNR (e.g., Jackson et al., 2008; Robbins et al., 2012; Roberts and Brogan, 2008;
Stupar et al., 2007; Tian et al., 2010). These identifications suggest that many of their SNR can-
didates are indeed radio-under-luminous, explaining why past radio surveys could not detect or
identify them before.

In Schaudel (2003) nine sources are listed that appear to be very promising SNR candi-
dates. One of them is G308.4–1.4 designated with G308.3–1.4in Schaudel et al. (2002) and
Schaudel (2003). Since the RASS had only an average exposuretime of ∼ 400s for sources
in the Galactic plane the available ROSAT data do not supporta detailed spectral and spatial
analysis of these sources. However, G308.4–1.4 appears in the RASS data as a spherical center-
filled X-ray source, whereas in the Sydney University Molonglo Sky Survey (SUMSS) two ra-
dio arcs have been detected that partly overlap with the RASSdata (see Fig. 5.1). Moreover,
G308.4–1.4 is listed in the MOST supernovae remnant catalogas a possible SNR candidate
(Whiteoak and Green, 1996).

In this paper we report on the identification of G308.4–1.4 asan SNR using archival data from
the Chandra, SWIFT, ATCA, and WISE observatories. The results of the spatial and spectral
analysis of the X-ray and radio data are presented in Sect. 5.2 and 5.3, respectively. In Sect. 5.4
we report on data of G308.4–1.4 in other wavelength regimes.A concluding discussion about
the identification of G308.4–1.4 and its central sources is given in Sect. 5.5. Furthermore, in the
same section we use the inferred spectral parameters of the SNR to derive an estimate for the
age, the radius, the expansion velocity and the distance to the remnant. Section 5.6 provides a
summary.

5.2 X-ray observations and data analysis

The SNR candidate G308.4–1.4 was observed with the AdvancedCCD Imaging Spectrometer
(ACIS-I) on board the Chandra X-ray observatory on 26 and 27 June 2010 (obs.ID. 11249) for
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Figure 5.1: ROSAT RASS 30′ × 30′ image
of G308.4–1.4 (0.1-2.4 keV) overlaid with the
SUMSS image at 843 MHz (contour lines at
4, 8, 12, 16, and 25 mJy). The half-power
beam-width of the telescope is 43′′. The
RASS image is binned with 0.75′ per pixel
and smoothed by a Gaussian kernel ofσ ≈ 2′.

≈ 15.1 ks. All data were uncontaminated by soft proton flares. After dead-time correction 14.9
ks of good data remained. Standard processed data were used with up-to-date calibration applied.
The data were reduced with the Chandra Interactive Analysissoftware CIAO, version 4.3. For
the spectral fitting we used the X-Ray Spectral Fitting Package (XSPEC) developed by NASA,
version 12.7.0.

In addition to Chandra, we used the SWIFT observatory to analyze X-ray point sources de-
tected in the central region of the remnant. G308.4–1.4 was observed three times with the Swift
X-ray Telescope (XRT) on 17 June 2011 (obs.ID 00032030001),7 (obs.ID 00032030002) and
11 August 2011 (obs.ID 00032030003) for 3.5 ks, 4.2 ks and 1.3ks, respectively. These data
were reduced with the HEASOFT software package, version 6.11. For the spatial and spectral
analysis we used the high-resolution Chandra data because they contain five times more counts
of G308.4–1.4.

To calculate the error in the X-ray flux we used a publicly available XSPEC tool1. For the
spectral analysis of the extended source emission we restricted the energy range to 0.5− 4.0
keV because the count rate detected at higher energies is toosparse for a meaningful spectral
analysis. Below 0.5 keV the detector and telescope responseis not well established. In all other
cases the energy range was restricted to 0.1–5 keV. All errors in this publication represent the 1σ
confidence range for one parameter of interest, unless stated otherwise.

5.2.1 Spatial analysis

Inspecting Fig.5.2, the X-ray image of G308.4–1.4 shows strong emission in the eastern part.
This region has a circular shape with a diameter of∼ 8.4′. The radiation is fading toward the
geometrical center of the source. The coordinate of the circle center is RAc = 13h41m23.9s±
0.7s, DECc =−63◦43′08′′±04′′, which was obtained by fitting an annulus to the outer skirts of

1fluxerror.tcl, seehttp://heasarc.nasa.gov/xanadu/xspec/fluxerror.html

http://heasarc.nasa.gov/xanadu/xspec/fluxerror.html
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Figure 5.2: Chandra ACIS-I color im-
age of G308.4–1.4 (red 0.1-1.0 keV,
green 1-1.5 keV and blue 1.5-5 keV).
The images are binned with 1′′ per pixel
and smoothed by a Gaussian kernel of
σ = 3′′. 20 point sources were detected
in the 12′×12′ area around the center of
G308.4–1.4 (c.f. Table 5.1).
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the extended emission.
Searching for point sources in a 12′× 12′ box around G308.4–1.4 using a wavelet source

detection algorithm (CIAO-toolwavdetect) yielded a list of 21 sources. Their position, posi-
tional error and signal-to-noise ratio are listed in Table 5.1. The sources themselves are marked
in Fig. 5.2. Cross-correlating the sources with the help of the VizieR online tool2 we found seven
matches. They are included with their positional error in Table 5.1.

Eight of the detected sources are located within the extended emission of G308.4–1.4 and
two of them (# 1 and # 10) are within≈ 1 arcmin of the geometrical center of the SNR candi-
date. Source 1 is the brightest among all detected point sources and its designation is CXOU
J134124.22–634352.0. Its position is coincident with 2MASS J13412422–6343520. In the opti-
cal source catalogs this source has no information about itsproper motion. Hence we cannot put
better constraints on the positional coincidence of source# 1 and the 2MASS object. Source 10
has no optical counterpart and is designated with CXOU J134127.12–634327.7.

5.2.2 Spectral analysis of G308.4–1.4

To extract the spectra of the SNR candidate we first removed all point-like sources and then
selected all photons in a circular sector with a radius of 4.2′ and opening angle of≈ 136◦ (see
Fig. 5.2). The background spectrum was derived from all photons in an annular sector with
the same opening angle as the circular one but with the radii 5.5′ and 7.2′. After subtracting
the background contribution (0.054 cts/pix) 11 752 counts for the spectral analysis of the whole
remnant-candidate remained. Additionally, the emission region of G308.4–1.4 was divided into

2http://vizier.u-strasbg.fr/viz-bin/VizieR

http://vizier.u-strasbg.fr/viz-bin/VizieR
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Table 5.1: Detected sources in a 12′ × 12′ box around G308.4–1.4. The sources are denoted as in Fig.
5.2.

Source RA (J2000) DEC (J2000) δ RA δ DEC S/N optical counterpart (positional discrepancy)
h:m:s d:m:s arcsec arcsec σG

α

1 13:41:24.217 -63:43:52.04 0.41 0.40 63.0 2MASS J13412422–6343520 (0.07′)
2 13:40:50.534 -63:38:03.12 0.45 0.42 2.7
3 13:41:24.203 -63:47:24.47 0.70 0.42 3.1
4 13:41:21.634 -63:47:05.63 0.44 0.43 25.5 2MASS J13412162–6347053 (0.27′)
5 13:40:38.921 -63:46:38.83 0.54 0.45 3.3 2MASS 13403887–6346384 (0.48′)
6 13:41:05.585 -63:46:25.89 0.47 0.42 4.9
7 13:41:10.742 -63:45:36.11 0.52 0.42 4.9
8 13:41:04.580 -63:44:56.66 0.52 0.42 6.7
9 13:40:44.230 -63:44:29.50 0.65 0.41 2.4
10 13:41:27.121 -63:43:27.72 0.56 0.44 3.8
11 13:41:14.267 -63:39:45.91 0.57 0.43 9.7 3UC 053–222814 (0.02′)
12 13:40:38.666 -63:39:04.77 0.61 0.43 9.0 2MASS J13403862–6339044 (0.41′)
13 13:41:02.437 -63:38:00.00 0.56 0.44 0.8
14 13:40:36.217 -63:45:57.41 0.47 0.44 2.0
15 13:41:01.308 -63:43:23.50 0.40 0.40 2.9
16 13:41:11.249 -63:39:44.07 0.76 0.44 4.7
17 13:41:54.767 -63:39:20.68 0.91 0.67 6.7 2MASS J13415473–6339207 (0.22′)
18 13:41:18.147 -63:37:01.87 1.31 0.53 3.8
19 13:41:14.934 -63:48:38.00 0.67 0.54 3.2
20 13:41:49.497 -63:46:23.59 1.06 0.65 4.1
21 13:41:43.058 -63:38:38.10 1.24 0.50 5.4 2MASS J13414304–6338371 (0.93′)

Notes.(α) σG = 1+
√

cbg+0.75, wherecbg are the background counts.

four separate regions, which are illustrated in Fig. 5.2. The net counts are 4095 for the inner
sector and 7658 for the outer shell, and 4499 for the northernpart of the outer shell and 3158 for
the southern part. The spectrum of every single region was binned with at least 50 counts per
bin. Only the spectra of the southern and northern parts of the outer rim were binned with at least
75 counts per bin.

To fit the X-ray spectrum of G308.4–1.4 we tried various one- and two-component spectral
models. However, only a model of an absorbed collisional plasma that is in non-equilibrium and
allows a temperature evolution (Borkowski et al., 2001) reproduces the energy distribution of the
extended source. In XSPEC this model is implemented asVGNEI. To improve the goodness of
the fit and to obtain the abundance of metals in the plasma, we thawed the parameter of every
single metal and monitored the improvement of the fit statistic.

The analysis results in a best-fit model with a reducedχ2 of 1.03 for 95 degrees of free-
dom (d.o.f.) and a hydrogen column densitynH = 1.02±0.04×1022 cm−2. The value fornH

is lower than the integrated hydrogen column density towardG308.4–1.4, which is 1.31×1022

cm−2 (Kalberla et al., 2005) and 1.45×1022 cm−2 (Dickey and Lockman, 1990). These values
are based on HI emission line measurements at 21 cm and therefore refer to the entire hydrogen
column density in the line of sight. The temperature of the plasma is found to be 6.3+1.2

−0.7 million
Kelvin. The best fit was obtained when thawing the abundance in neon, magnesium, sulfur and
iron, which differ significantly from the solar values: Ne= (0.72±0.14) Ne⊙, Mg = 0.70+0.09

−0.08

Mg⊙, S= 2.3+0.7
−0.8 S⊙, and Fe= 0.70+0.14

−0.12 Fe⊙. The ionization timescaleτ0 = t0Ne (t0 is the
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Figure 5.3: Spectrum and fitted model
of the X-ray emission of the whole rem-
nant.

Mg Xi
|

Si XIII
|
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Ne IX
|

remnant’s age andNe the post-shock electron number density) is 2.7×1010 s/cm3 and the ion-
ization timescale-averaged temperature〈kT〉 =

∫ t0
ts T(t)Ne(t)dt/τ = 1.2+2.2

−0.4 keV (ts is the age
of the shock). Thus, the unabsorbed flux of G308.4–1.4 in the energy band 0.5− 4.0 keV is
fX = 1.61+0.15

−0.23×10−10 ergs cm−2s−1. The model fit and the raw spectrum are shown in Fig.
5.3. The fitted parameters are listed in Table 5.2.

Adding a second plasma component that is in non-equilibriumresults inχ2
red = 1.06 for 91

d.o.f. and hence is no improvement over a single component model. The other models that
we fitted to the spectral distribution are a hot diffuse gas model (VMEKAL, χ2

red = 2.92 for 96
d.o.f.), a model for a collisionally ionized diffuse gas (VAPEC, χ2

red = 2.34 for 96 d.o.f.) and a
thermal bremsstrahlung model (χ2

red = 7.7 for 101 d.o.f.). None of these models can reproduce
the spectrum of G308.4–1.4. However, all three model fits result in nH ≈ 1×1022 cm−2 and a
plasma temperature of∼ 0.5 keV.

The inner sector and the outer rim

As mentioned in Sect. 5.2.2, the extended source was dividedinto four regions. This was done
to investigate the spatial variation of the hot plasma. To extract the background spectra of the
inner sector and the outer rim we used the same area on the detector as for the whole remnant.
The northern and southern region of the outer rim were analyzed separately. For the background
we used only the part of this annular sector that has the same opening angle as the source region.

First we fitted the plasma model with freenH. In every one of the four spectral fits we found
a hydrogen column density that agrees well with thenH of the whole remnant. Second, we fitted
the spectra with annH fixed to the value of the whole remnant. The fitted value fornH and the
results of the fits with a fixed column density are summarized in Table 5.2. The spectra with the
respective fits are shown in Fig. 5.4.

Within the statistical uncertainties, all regions turned out to have a similar temperature. Only
the ionization timescale-averaged temperature was varying. The large statistical uncertainty also
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Table 5.2: Spectral parameters of the best-fit model for different parts of SNR G308.4–1.4.

Whole remnant Inner rim Outer rim Outer rim north Outer rim south

nH [1022cm−2] 1.02±0.04 1.05+0.11
−0.09 1.00±0.05 1.02±0.09 0.99±0.09

kBT [keV] 0.54+0.10
−0.06 0.55+0.08

−0.10 0.54+0.08
−0.05 0.50+0.12

−0.06 0.57±0.08

Neα [Ne⊙] 0.72±0.14 0.7±0.3 0.73+0.15
−0.14 0.5±0.2 0.8±0.2

Mgα [Mg⊙] 0.70+0.09
−0.08 0.80+0.20

−0.17 0.67+0.10
−0.09 0.83+0.14

−0.13 0.62+0.14
−0.12

Sα [S⊙] 2.3+0.7
−0.8 3.0+1.9

−1.0 1.7+0.8
−0.7 2.4+1.3

−1.0 −
Feα [Fe⊙] 0.70+0.14

−0.12 0.9±0.3 0.64+0.14
−0.12 − 0.45+0.19

−0.15

τβ [1010 s/cm3] 2.7 8.1 2.1 5.2 2.0

〈kT〉γ [keV] 1.2+2.2
−0.4 0.72+0.75

−0.12 1.4+1.6
−0.5 0.81+0.76

−0.15 1.1+1.4
−0.4

Normδ [10−2 cm−5] 3.3±0.9 0.9+0.5
−0.2 2.4±0.5 1.4±0.4 1.0±0.3

χ2 98.19 57.54 76.81 38.74 18.55

d.o.f. 95 57 77 38 27

fXε [10−10 ergs cm−2s−1] 1.61+0.15
−0.23 0.30+0.01

−0.02 1.25+0.08
−0.09 0.55+0.02

−0.04 0.56+0.07
−0.06

Notes.(α) abundance with respect to solar value(β ) ionization timescale(γ) ionization timescale-averaged
temperature(δ ) Norm= 10−14

4π[DA (1+z)]2
∫

NeNHdV, whereDA is the angular diameter distance to the source in

cm,Ne andNH are the post-shock electron and hydrogen densities in cm−3, respectively.(ε) X-ray flux in
the energy range 0.5 to 4.0 keV

Figure 5.4: Spectrum and fitted model of the X-ray emission of the variousregions.Upper left: inner part
of the remnant,upper right: outer rim,lower left: outer rim north andlower right: outer rim south.
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prevents us from concluding on a temperature evolution withthe distance to the expected cen-
ter of the remnant. No variation of the neon and magnesium abundance over the surface of the
remnant is detectable. The only noticeable change in abundance is in sulfur and iron in the outer
rim. The spectrum in the northern rim shows an abundance in iron comparable with the solar
value. In the southern rim no significant deviation from the solar value was found in the abun-
dance of sulfur. Furthermore, the ionization timescale varies with distance from the remnant’s
center and the direction of the expanding shock wave into theISM. The highest values forτ were
found for the inner sector (8.1×1010 s/cm3) and the lower one in the southern part of the rim
(2.0×1010 s/cm3), which implies a different post-shock electron number density in the inner and
outer regions of the SNR candidate.

5.2.3 The central sources

As mentioned above, two point sources were detected close tothe presumed center of the rem-
nant, source # 1 (CXOU J134124.22–634352.0) and # 10 (CXOU J134127.12–634327.7). For
the spectral analysis of source # 1 we used all photons withina circular region of radius 10 arcsec
centered on the source position. The background was extracted from an annulus with radii 15′′

and 20′′. After background correction 195 source counts in the energy band between 0.5 and 10.0
keV remained. We used the CIAO toolpsextract to compute the response matrices necessary
to compensate for the changing spectral response of the CCD and the telescope with energy and
off-axis angle. The spectrum was binned with at least 20 counts per bin.

A single absorbed blackbody or a single absorbed power law model for fitting the spectral
distribution gives poor results. In the case of a blackbody spectrum the reducedχ2 = 2.67 for
6 degrees of freedom is unacceptably large. The power law model fit results in a reducedχ2

of 0.94 (6 d.o.f.). However, the post-fit residuals show systematic derivations between the data
points and the fitted model. Therefore, we used a two-component absorbed blackbody model
that resulted inχ2 = 1.62 (4 d.o.f.) and anH = 1.34+1.80

−1.31×1022 cm−2. To better constrain the
spectral parameters we fixednH to the hydrogen column density obtained from fits to G308.4–
1.4. This yielded a reasonable fit withχ2 = 1.96 for 5 d.o.f. (see Fig. 5.6). The temperatures
of the two blackbodies areT1 = 1.3+0.3

−0.2×106 K and T2 = 6.4+2.8
−1.4×106 K. The normalization

factors of the two blackbodies areK1 = 7+21
−5 ×10−5 andK2 = (1.3±+0.4)×10−6. Using these

values and the distance to the sourceD10 in units of 10 kpc we estimated the emitting source
radiusR as follows:

Ri =

√

Ki ·D2
10×1039 erg/s

4πσBT4 m, (5.1)

whereσB is the Stefan-Boltzmann constant. Because we do not know thedistance to G308.4–1.4
we considered the emitting radius as a function of the distance to the source. This is illustrated
in Fig. 5.5. The result for the second blackbody isR2 = 340+302

−158D
−1
10 m. The unabsorbed flux in

the energy band 0.5 to 10 keV isfX = 2.2+0.5
−1.9×10−12 ergs cm−2s−1 and in the energy band 0.3

to 3.5 fX = (4±2)×10−12 ergs cm−2s−1.
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Figure 5.5: Dependence of the
blackbody-emitting radiusR1 of
the first blackbody in the double
blackbody spectral fit on the dis-
tance to source # 1 in kpc (equation
5.1). The error range is gray shaded
and the green line indicates the up-
per limit on the radius of a neutron
star.

Figure 5.6: Spectrum of source # 1 fitted with
a double blackbody spectrum.

Additionally, we tried a model composed of a blackbody and a power law with the same fixed
nH as before. This gives a reasonable fit withχ2=2.17 (5 d.o.f.). The photon index is 2.4+1.0

−1.2 and
the blackbody temperature is(1.3±0.3)×106 K. With the normalization ofK1 = 9+53

−7 ×10−5

the emitting radius is 73+216
−45 D−1

10 km. The unabsorbed flux in the energy band 0.5 to 10 keV is
fX = 2.5+0.5

−2.3×10−12 ergs cm−2s−1.
As mentioned in section 5.2.1, the position of source # 1 is consistent with 2MASS

J13412422–6343520, a star with a magnitude ofB = 19.7, R= 19.6, J = 14.0, H = 13.3 and
K = 13.1. This implies an X-ray-to-visual flux ratio of log( fX/ fV) = log( fX)+V/2.5+5.37=
1.55 (Maccacaro et al., 1988). HerefX is the X-ray flux in the 0.3−3.5 keV band in ergs cm−2

s−1, V is the visual magnitude; we assumed thatV ≈ R.
In addition we tried to fit various plasma models to the sourcespectrum. The only reasonable

fit was found when using a collisionally ionized diffuse gas model (APEC ). The goodness of fit
that we found for 6 d.o.f. wasχ2

red = 0.78 for the following spectral parameters:nH < 0.47×1022
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Table 5.3: Spectral fit results of the central source # 1.

Model χ2/d.o.f. nH Γ/kT1 K1 kT2 K2 f 0.5−10
X / f 0.3−3.5

X

1022 cm−2 -/keV keV 10−12ergs cm−2 s−1

BBα,δ 16.00/6 1.2×10−4 0.44 9.9×10−7 – – −/−
PLα,γ 5.62/6 < 0.33 2.2+0.9

−0.4 3.9+4.3
−0.9×10−5 – – 0.16+0.03

−0.02/0.16+0.04
−0.03

BB+BBβ 1.96/5 1.34+1.80
−1.31 0.11+0.03

−0.02 7+21
−5 ×10−5 0.55+0.24

−0.12 (1.3±−0.4)×10−6 2.2+0.5
−1.9/4±2

PL+BBβ ,γ 2.74/5 < 3.8 2.4+1.0
−1.2 7+11

−5 ×10−5 0.11±0.03 9+53
−7 ×10−5 2.5+0.5

−2.3/5+3
−4

APEC 4.66/6 < 0.47 2.7+1.5
−1.2 9.0+3.0

−1.5×10−5 – – 0.13+0.03
−0.02/0.11+0.04

−0.03

BREMSα,δ 6.98/6 1.8×10−9 2.1+2.1
−0.8 5.1+2.3

−1.3×10−5 – – −/−
RAYMONDα 5.70/6 < 0.21 2.8+2.0

−1.1 8.9+1.8
−0.8×10−5 – – 0.13±−0.02/0.11+0.02

−0.01

Notes.(α) fit shows systematic derivations between the data points andthe fitted model.(β ) the spectral
parameters are calculated withnH fixed to the value obtained in the fit to the spectrum of G308.4–1.4.
(γ) Power law norm in photons keV−1cm−2s−1 at 1 keV.(δ ) some errors could not be calculated.

cm−2, T = 3.1+1.7
−1.4×107 K. For this model the flux in the 0.3 to 3.5 keV range isfX = 1.1+0.2

−0.1×
1013 ergs cm−2s−1. Thus, the X-ray-to-visual flux ratio is log( fX/ fV) = 0.25. Again no variation
in the spectral parameters between the flaring and quiescence epoch are detectable. All fitted
models and their inferred spectral parameters are listed inTable 5.3.

Temporal analysis of source # 1

To search for any temporal variability we binned the photon time of arrivals with 400 s per bin
(see Fig. 5.7). The data clearly show a flare in the first kilo-seconds of the observation. The
spectral parameter of the double blackbody in the flaring andquiescence epoch match the overall
spectrum within the error bars. Varying only the normalizations of the two blackbodies, the
flux in the quiescence epoch is withf 0.5−10

X = (1.9±0.3)×10−12 ergs cm−2s−1 slightly lower
than the flux in the total exposure. However, the flux in the time interval when the source was
flaring is f 0.5−10

X = (5.2±1.5)×10−12 ergs cm−2s−1, three times the quiescence flux. However,
the sparse photon statistics lead to large uncertainties inthe derived errors of the quiescence
and flaring fluxes and thus they are only rough estimates. Merging the SWIFT observations we
cannot detect a source at the position of source # 1. In the merged image a total of four counts
were recorded within a circle with radius 15 arcsec (equals an encircled energy of 70 %) centered
on the position of source # 1 . The total exposure time of the source was 8344 s. Hence, the 3σ
upper limit for the counting rate is approximately 8.6× 10−4 cts/s. Using the mission count
rate simulator for X-ray observatories WebPIMMS3 with the SWIFT response and the spectral
parameters derived for a double blackbody spectrum, the upper limit on the flux is≈ 5.3×10−13

ergs cm−2 s−1. For theAPEC model the upper limit is≈ 2.3×10−14 ergs cm−2 s−1. These
limits are less than 25 % of the average flux in the Chandra observation, clearly indicating that
the source flux is variable on time scales of at least several hours to weeks.

3http://heasarc.nasa.gov/Tools/w3pimms.html

http://heasarc.nasa.gov/Tools/w3pimms.html
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Figure 5.7: Flux variation of source # 1 in
the Chandra observation binned with 400 s
per bin and scaled with the mean flux in the
whole exposure. The red arrow indicates the
3σ upper limit derived with the SWIFT obser-
vations.

Extent of source # 1

With the help of a one-dimensional distribution of the counts per 0.5′′ bin along a vertical line
in the Chandra image around source # 1 we checked if the sourceis extended. The resulting
diagram was obtained by integrating all counts within 5′′×0.5′′ rectangular apertures moving
along the western direction with 0.5′′ steps. We compared this with the count distribution of a
point source simulated with MARX4. However, no excess emission of point source # 1 could be
detected.

For source # 10, the other source located close to the center of the remnant, we detected only
eight net counts. Hence, the count rate is(5.1± 1.9)×10−4 cts/s, but no spectral analysis is
possible because of the limited statistics.

5.3 Radio observation and data analysis

The source G308.4–1.4 was observed for 11.25 hours with the Australia Telescope Compact
Array, a synthesis telescope near Narrabri, New South Waleson 11 January 2002 at 1.432 and
2.448 GHz with 13 channels per band. The single-pointing continuum observations of the source
G308.4–1.4 were carried out with the array configuration 0.75C (maximum baseline length is 750
m). All four Stokes parameters have been recorded.

The flux density calibration was performed through observations of PKS B1934–638, which
is the standard primary calibrator for ATCA observations. Phases were calibrated using ob-
servations of secondary calibrating sources PKS 1329–665.Since the primary beam response
is frequency-dependent, we did not merge the data from two observing bands before imaging
and cleaning. Every single observing run and each of the two observing bands were calibrated
separately following the standard procedures for ATCA observations.

4MARX is a software that can be used to simulate the performance of the Chandra X-ray observatory; see
http://space.mit.edu/cxc/marx/

http://space.mit.edu/cxc/marx/
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Figure 5.8: Gray-scale image of SNR G308.4–1.4. The left image displaysthe SNR at 1.4 GHz and on
the right the same region at 2.5 GHz. The 1.4 GHz image is smoothed with a beam of 63.6′′×53.2′′ and
the 2.5 GHz with a beam of 35.2′′×29.3′′.

The reduction was carried out using the ATNF release of the Multichannel Image Recon-
struction, Image Analysis and Display (MIRIAD, Sault et al., 1995). A number of steps in the
reduction process (i.e. “flagging“) were performed interactively.

Because of the poor phase stability during the observation,the scalar averaging of gains over
the interval of 5 min (the length of secondary calibrator scan) was performed. Then, a total-
intensity continuum image square region was formed using multi-frequency synthesis, uniform
weighting and a cell size of 10 arcsec. At the stage of the dirty map production all correlations
with 6th baseline were excluded to obtain images with bettersignal-to-noise ratio. The next
step was to de-convolved both images using the standard CLEAN algorithm (Clark, 1980) with
10 000 iterations. The resulting images were restored and corrected for the mean primary beam
response of the ATCA antennas. The final images have synthesized beam sizes of 63.6′′×53.2′′

and 35.2′′×29.3′′ for the 1.384 GHz and 2.496 GHz band, respectively.
In both frequency bands the images show two radio arcs (see Fig. 5.8). The eastern arc

matches the X-ray emission region. For the western arc no counterpart is visible in the X-ray
regime. There are also two radio-bright knots within the arcs that have neither a counterpart
in X-rays (see Fig. 5.9) nor in the optical band (dss2red). Nodifference can be seen to the
morphology of the extended source in the SUMSS 843 MHz map.

The flux densities of G308.4–1.4 without the two bright knotsare 235, 174, and 110 mJy at
843, 1384, and 2496 MHz, respectively. These values were obtained by integrating the emission
within multiple polygons enclosing the remnant. The 843 MHzflux density was deduced from
the SUMSS image. The bright southern knot has a flux density of110, 75, and 70 mJy at 843,
1384, and 2496 MHz, whereas for the northern knot we measureda flux density of 96, 76, and
56 mJy at 843, 1384, and 2496 MHz. In all cases we assumed a conservative error of 20% in the
flux density.

The rms noise levels are 0.28 mJy beam−1 and 0.05 mJy beam−1 for the 1.384 GHz and
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Figure 5.9: Chandra 15′ × 15′ image
of G308.4–1.4 overlaid with the ATCA
data at 1.4 GHz. The contour levels are
4, 8, 12, 16, and 24 mJy beam−1. The
radio image has a full width at half max-
imum (FWHM) of 63.6′′×53.2′′ and the
X-ray image is binned with 1′′ per pixel.

2.496 GHz image. The levels were measured by integrating over nearby source-free regions.
The spectral indices were computed using the total flux density measurements in all available
frequencies (0.843, 1.384, and 2.496 GHz). Fitting the datawith a power lawSν ∝ να , we
obtained a spectral index for the northern knotα = −0.50± 0.14 and for the southern knot
α = −0.49±0.16, respectively. The radio emission of the two arcs, however, have a spectral
indexα =−0.7±0.2. No significant polarized radio emission could be detected.

5.4 Observations in other wavelength regimes

The region around G308.4–1.4 was observed in the four infrared bands 3, 5, 12, and 22µm
during the Wide-field Infrared Survey (WISE, Wright et al., 2010). With the 22µm filter an
extended infrared emission is detectable that overlaps with the radio and X-ray emission regions
(see Fig. 5.10). After subtracting the background contribution the intensity image in the 22µm
band was converted into a flux image using the explanatory supplement to the WISE All-Sky
Data Release Products5. We did not apply color correction because the emission mechanism in
the infrared regime is uncertain. In addition, the integrated flux was not corrected for extinction.
To compare the infrared with the 1.4 GHz image the flux densityin the 22µm observation was
scaled to Jy/beam, where the beam is 63.6×53.2 arcsec2. Using the region of infrared emission
that is clearly associated with the remnant, the integratedflux of G308.4–1.4 in the 22µm band
is≈ 1.7 Jy.

The shock wave of an SN that is running into the interstellar medium can interact with ad-

5http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec2_3f.html

http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec2_3f.html
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Figure 5.10: 10′ × 10′ WISE image of
the region around G308.4–1.4 at 22 mi-
cron with the radio contour lines in white
at 3, 8, 12, 16, and 24 mJy and the X-ray
contours in black.

jacent molecular clouds and produceγ-rays via decays ofπ0 (Abdo et al., 2011). We therefore
checked the archive of the Fermi Large-Area Telescope for aγ-ray source at the position of
G308.4–1.4. The Fermiγ-ray satellite monitors the sky continuously since August 2008. How-
ever, no source has been detected close to G308.4–1.4 in the Fermi-LAT Second Source Catalog
(Nolan et al., 2012) and investigating the images ourselveswe found noγ-ray emission matching
the X-ray morphology.

5.5 Discussion and conclusion

Comparing the fittednH with the integrated hydrogen column density toward the source of
Kalberla et al. (2005) and Dickey and Lockman (1990) places G308.4–1.4 within our Galaxy.

The plasma model we used to fit the energy spectrum of G308.4–1.4 was especially designed
to improve the modeling of X-ray spectra of SNR. Other plasmamodels assume ionization equi-
librium and are therefore not able to reproduce the spectra of young SNRs that are not evolved
enough to reach ionization equilibrium (Borkowski et al., 2001). Furthermore, the temperature
of the plasma of approximately 6 million Kelvin is in the typical range for SNRs (McKee, 1987).

The analysis of the archival ATCA radio data revealed non-thermal emission with a spectral
index of≈ −0.7, which is typical for young to middle-aged SNRs (Dickel, 1991). The spectral
index has a large error due to the noise in the 2.5 GHz observation but still agrees with the
expected value of 0.4 to 0.5 for middle-aged SNR.

Infrared radiation from SNRs is expected to come either fromthermal emission of dust grains
in the hot plasma that are heated through collision, or from the forbidden lines of elements
such as neon, oxygen, and iron (Seok et al., 2008). Several authors were able to show that by
comparing the infrared and radio emission it is possible to distinguish between SNRs and HII-
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regions (Fürst et al., 1987; Broadbent et al., 1989; Pinheiro Gonçalves et al., 2011). Moreover, in
the work by Pinheiro Gonçalves et al. (2011) the ratio between the flux density in the MIPSGAL
24-µm (Carey et al., 2009) and the 1.4-GHz band was used. These authors found that the ratio
is ≤ 10 for SNR and higher than 30 for HII-regions. For SNR G308.4–1.4 the 22µm band was
observed, which covers roughly the wavelength range from 20µm to 27µm. Thus, the band
is comparable with the MIPSGAL 24µm band, which is sensitive for infrared emission in the
range from 20µm to 30µm (Pinheiro Gonçalves et al., 2011). The 22-µm to 1.4-GHz ratio for
G308.4–1.4 is≈ 10. Hence, the infrared emission matching the radio and X-ray morphology and
the measured 22-µm to 1.4-GHz ratio additionally supports that G308.4–1.4 isan SNR.

The lack ofγ-ray emission from G308.4–1.4 can be explained by the poor spatial resolution
of the Fermi-LAT telescope (∼ 1◦ at 1 GeV), which makes it hard to distinguish faint extended
sources from the diffuse emission of the Galactic plane. Of the 274 known SNRs only seven
have been detected by Fermi-LAT so far (Nolan et al., 2012).

There are various physical scenarios to show what might cause a plasma to emit X-rays.
However, the two emission models for hot diffuse (MEKAL, Mewe et al., 1986) and collision-
ally ionized diffuse gas (APEC, Smith et al., 2001), which are often used to describe the X-ray
emission of Galaxy Clusters (ClGs), cannot reproduce the spectrum of G308.4–1.4. Moreover,
the temperature of ClGs is typically several 107 K (Böhringer and Werner, 2010), one order of
magnitude higher than the fitted value. Thus, we can concludethat G308.4–1.4 is not a ClG. In
addition, we can exclude that G308.4–1.4 is a planetary nebula (PN) because its X-ray flux is
three orders of magnitude higher than the flux of the brightest PN detected in X-rays, which is at
a distance of≈ 1 kpc (Guerrero et al., 2006) and because of the low 22-µm to 1.4-GHz flux ratio.
Furthermore, the temperature of G308.4–1.4 is a factor of two higher than the highest measured
temperature of the hotter, type 2 PNe (Guerrero et al., 2000).

Based on these results we conclude that G308.4–1.4 is indeeda supernova remnant. Only
the eastern part of the remnant can be seen in the radio-, infrared- and X-ray regime, which is is
not unusual for SNRs (e.g., Castro et al., 2011). A reason forthat could be that its shock wave
is expanding in more dense ISM in the east or the emission in the western part is absorbed by
ISM that is in front of the SNR. Figure 5.10 shows an extended and infrared-bright region in the
northwestern part of the SNR, whose emission is not correlated with the SNR.

Using the inferred spectral parameters we can estimate fundamental characteristics of the
remnant, such as the distance from Earth and its age.

5.5.1 Distance

To derive a rough estimate for the distance to SNR G308.4–1.4we used a method described by
various authors (Sun et al., 1999; Safi-Harb et al., 2001; Gonzalez and Safi-Harb, 2003): From
the distribution of mean color excess〈EB-V〉 per kiloparsec derived by Lucke (1978) we found
〈EB-V〉 = (0.3±0.1) mag kpc−1. Using the fitted hydrogen column density for the whole rem-
nant nH = (1.02± 0.04)× 1022 cm−2, the relation between the hydrogen column densitynH
and the visual extinctionAV of Predehl and Schmitt (1995)nH = (1.79±0.03)×1021 cm−2AV

and adopting the relation betweenAV and the color excessAV/〈EB-V〉 = (3.2±0.2) (Zombeck,
2007), the distance to G308.4–1.4 isd = 5.9± 2.0 kpc. We note that this distance is a lower
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boundary of the real distance. This is because the mean colorexcess〈EB-V〉 we used was derived
for reddening layer up to 2 kpc. For distance estimates for Galactic PNe the reddening inferred
distances are mostly significantly shorter than distances derived with other methods (Phillips,
2006). This leads us to assume thatd ≈ 6 kpc is the lower boundary limit for the distance to
SNR G308.4–1.4.

Another approach to determine the distance to G308.4–1.4 uses the fact that the radius of the
remnantRs can be determined in two ways, whereRs depends on the distanced with different
exponents. The first equation is a result of the Sedov analysis discussed in the next section
(equation 5.4) and depends ond1/6. The second equation to determined is simply the comparison
of the radius of the remnant in pc (Rs) and in arcmin (θ ), d = Rs/θ , which depends linearly on
the distance unitd. Using these dependencies we derive

d = 7420· (θ [arcmin])−3/5
(

E51

Ts[K]

)2/5( f
Norm

)1/5

= 9.8+0.9
−0.7 kpc, (5.2)

whereTs is the post-shock temperature andE51 the SN explosion released kinetic energy in units
of 1051 ergs.

Furthermore, with the help of the ATCA radio observations and the publicly available HI data
from the Southern Galactic Plane Survey (SGPS; McClure-Griffiths et al., 2005), it is possible
to constrain the distance using the Galactic rotation modelof Fich et al. (1989). For the region
around G308.4–1.4 the SGPS archive provides ATCA data observed with a beam size of 130′′×
130′′ and a 1σ sensitivity of∼ 1.6 K. However, the data cover only the northern part of the
remnant. The SGPS archive also holds Parkes data that cover the region around the SNR, but with
an angular resolution of 15′. This beam is twice the size of the remnant’s diameter. Therefore,
we chose to use the ATCA data for the subsequent analysis.

First, we convolved the radio continuum image at 1.4 GHz to the same beam size as the
SGPS data. We assumed that the emission of the remnant does not vary significantly across
the emission region. Second, the convolved image was used togenerate an on-source spectrum
of SNR G308.4–1.4 by averaging the HI emission for every velocity bin in the HI data cube
at which the radio continuum emission was higher than 5 mJy. The off-source spectrum was
computed by taking the average of the emission in the surrounding of the on-source region of
the remnant. These two profiles and the difference plot between these two profiles are shown
in Fig. 5.11. The difference profile is dominated by drifts inthe zero level. This is because
the source is at the border of the image and as we are using public data, the pointing is not
perfect for the method applied. In addition to the drifts, wedetect one absorption feature with
a significance of> 3σ at Vr ∼ 30 km/s. With the standard IAU parameter for the distance to
the center of the GalaxyR0 = 8.5 kpc and the solar orbit velocity ofV0 = 220 km/s derived by
Kerr and Lynden-Bell (1986) and the already mentioned Galactic rotation model we deduce a
distance to G308.4–1.4 of 2.0±0.6 kpc and 12.5±0.7 kpc. For the error estimate we assumed
an uncertainty in the velocity-to-distance conversion of 7km/s as suggested by various authors
(e.g., Clifton et al., 1988) and used the FWHM of the feature as the uncertainty in the velocity
determination. Based on the calculated lower limit for the distance of the remnant we can rule
out the lower value as unreasonable. The low significance of the absorption feature leads to the
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Figure 5.11: Top: HI spectrum on- and
off-source (continuous and dotted line,
respectively) in the direction of SNR
G308.4–1.4. Bottom: Difference profile
with the 3σ level indicated by a dotted
vertical line.

conclusion that the Sedov-analysis-based distance approximation is the more reliable estimate
for the distance to SNR G308.4–1.4. Thus, in the following all important quantities are given in
units ofd9.8 = d/9.8 kpc. Using the flux values deduced for G308.4–1.4 we computeits X-ray
luminosity to beL0.5−4

X = 1.8+0.3
−0.2×1036 d−2

9.8 erg/s.

5.5.2 Age

First we deduced the post-shock hydrogen densityNH. Using the normalization constant de-
rived in the model fit of a collisional plasma that is in non-equilibrium (VGNEI) and assuming
that the hydrogen and electron densities are constant over the volumeV of the emission region,

we derived the following relation:NeNH = Norm· πD2
A

10−14V cm−6. V can be approximated by a

sphere with radiusr ≈ 4.2′π
180 ·D of which only a fraction of∼ 136

360 is sufficiently bright to be
detected in the X-ray regime. Therefore, the volume isV = 1.14×1054 (r[arcmin])3d3

kpccm3 =

7.98×1058d3
9.8cm3. Heredkpc is the distance to G308.4–1.4 in kpc. For a fully ionized plasma

with cosmic abundances (≈ 10% He) the ratio between hydrogen and electron density can be
estimated byNH/Ne ≈ 0.8. Thus, the post-shock hydrogen densityNH = (0.77±0.11) d−1/2

9.8

cm−3 and the corresponding swept-up massM = 1.4NHmHV ∼ 71.7d5/2
9.8 M⊙ (Slane et al., 2002).
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The age of the remnant can be approximated by (McKee, 1987)

t = 2.71×109
(

E51

NH

)
1
3

T
− 6

5
s d

1
6
9.8 yr. (5.3)

Assuming that the explosion energy is equal to the canonicalvalue of 1051 ergs and the fitted
temperature is approximatelyTs, the derived value for the hydrogen density suggests an age of
≈ 5000−7500 years for SNR G308.4–1.4. Using this result we can calculate the theoretical
radius of the remnant (Culhane, 1977)

Rs= 0.34

(

E51

NH

)1
5

t
2
5 pc= 11.9+1.9

−1.8d
1
6
9.8 pc (5.4)

and the shock velocity (Sedov, 1959)

vs =
2
5

Rs

t
= 730+190

−160 km/s, (5.5)

which is independent of the assumed distance. The age for thetransition from the Sedov-phase
into the radiative phase is about 29 kyr (Blondin et al., 1998). The fact that G308.4–1.4 is much
younger than the transition time scale suggests that G308.4–1.4 is in the Sedov-phase. Further-
more, the energy spectrum of the remnant supports that G308.4–1.4 is in the Sedov-phase.

However, the derived parameters should only be seen as roughestimates because we were
unable to determine whether a full temperature equilibriumis already established. If this is not
the case, a generally higher ion temperature, which determines the SNR dynamics, would lead
to a higher shock velocity and subsequently to, e.g., an overestimation of the remnant’s age.

5.5.3 The central sources CXOU J134124.22–634352.0 and
CXOU J134127.12–634327.7

No radio counterpart for CXOU J134124.22–634352.0 has beendetected in the ATCA and
SUMSS observations of G308.4–1.4. An explanation could be that the variable source is also
variable in the radio band and therefore the source was missed in all previous observations of
this region. To decide if this is the case new observations are needed.

Additionally, CXOU J134124.22–634352.0 has no compact/extended X-ray emission as seen
in other young and powerful pulsars. Its best-fit spectral model consists of two blackbodies.
Thus, source # 1 shows some properties that have been also seen in central compact objects
(CCO, see Gotthelf and Halpern, 2008a, for a review). These CCOs are young neutron stars that
are located in SNRs with an age of less than 10 kyr. They have X-ray luminosities between 1032

and 1033 erg/s in the energy range 0.5-10 keV. No CCO has a detected counterpart in the radio
and optical band so far. For one member of the CCO group, 1E 161348–5055 in RCW 103, flares
have been detected in which the flux varies between 0.8 and 60×10−12 ergs cm−2 s−1. This is
comparable to source # 1 whose maximum flux is≈ 10−11 ergs cm−2 s−1 and the upper limit
derived from the SWIFT observations is≈ 5×10−13 ergs cm−2 s−1.
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Using the distance derived in Sect. 5.5.1 the luminosity of CXOU J134124.22–634352.0
is L0.5−10

X = 2.5+1.2
−0.6× 1034 d−2

9.8 erg/s. This is slightly higher than the derived luminosity for
the normal population of CCO (Becker, 2009, p.121), only theflaring CCO in RCW 103 has a
comparable luminosity of 0.1−8×1034 erg/s (de Luca, 2008).

Krautter et al. (1999) found for all X-ray-bright stars withan optical counterpart a ratio of
log( fX/ fV) = −2.46±1.27 in the ROSAT All-Sky Survey. Therefore, the X-ray-to-visual flux
ratio of 1.55 and the fittednH, which is on the order of what has been observed for G308.4–1.4,
suggest a CCO interpretation for source # 1.

Assuming that the source is indeed the compact remnant, we can derive the proper motion of
the objectµ =

√

(RAc−RA#1)2+(DECc−DEC#1)2/t = (45±4)′′/t using the inferred center
and the age of the SNR. We deduce the proper motion to beµ = 7±2 mas/yr= 320±100 km/s.
The upper limit onµ is higher than the mean two-dimensional proper motion of pulsars in SNRs
of ∼ 227 km/s (Hobbs et al., 2005), but would not be an exception. For example, the CCO RX
J0822-4300 in the SNR Puppis A has a 2d proper motion of 672±115 km/s (Becker et al., 2012).

Nevertheless, the lower limit of the inferred emitting radius of the blackbody in the double
blackbody or the power law-blackbody spectral fit is on the order of the expected value for the
neutron star radius of 10 to 20 km only if the source is at a distance of at least 7 kpc (see Fig. 5.5).
Moreover, we found an infrared and optical source whose position is consistent with source # 1.
The spectral distribution of the source allows us to fit a collisionally ionized diffuse gas model
(APEC), which Osten et al. (2005) used to model the energy distribution in the X-ray band of
the M dwarf flare star EV Lacertae. In addition, the fitted hydrogen column density is consistent
with that of a nearby star and the X-ray-to-visual flux ratio is 0.25, only 2σ higher than the value
for stars derived by Krautter et al. (1999).

Using the stellar density in the direction of G308.4–1.4 we can derive the chance association
of the observed 2MASS source with the compact remnant candidate. The chance association
is given byPcoin =

N
lRAlDecl.

π δRA δDEC, whereN is the number of sources detected within a
rectangular region of lengthlRA and widthlDecl. andδRA, δDEC are the errors in the position of
the source. The 2MASS catalog contains 2206 point-like sources in a box with side length of 5
arcmin around the center of the remnant and the chance association is 1.3%. Thus, the possibility
of a false association between the X-ray and the 2MASS sourcecannot be excluded.

Until now, we did not discuss the western radio arc, which hasno counterpart in the X-
ray and infrared image. The arc could be interpreted as a relativistic radio jet of a source at the
geometrical center of the SNR. If that is the case, the central source is either a black hole of stellar
mass or a neutron star in a binary system (Mirabel and Rodrı́guez, 1999, and reference therein).
Especially the possibility that the central source is a black hole is an interesting speculation
which, if proven, would mean that G308.4–1.4 is the remnant of a type II core-collapse SN.
Thus, would be the first one known that left a black hole.

To obtain a rough estimate of the source flux of the other source in the center of the rem-
nant, source # 10, we assumed that the source is a CCO, should have at least a spectrum with
a blackbody of temperature 2.6 million Kelvin as the CCO in Puppis-A (cf. Table 6.4, Becker,
2009). Using the WebPIMMS tool with the source count rate andthe fittednH of the SNR the
flux in the 0.3−3.5 keV range isfX ≈ 2.2×10−14 ergs cm−2s−1 and in the 0.5−10 keV range
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Table 5.4: Fundamental parameters of SNR G308.4–1.4.

SNR

distance 9.8+0.9
−0.7 kpc

age 5000−7500 yrs

radius ∼ 4.2′/ 11.9+1.9
−1.8d

1/6
9.8 pc

expansion velocity 730+190
−160 km/s

is fX ≈ 1.9×10−14 ergs cm−2s−1. The normalization of a blackbody with this flux, temperature
andnH is 2.5×10−5, which corresponds to an emitting radius of the source of≈ 9d−1

9.8 km. This
value perfectly agrees with the expected value for the neutron star radius. The corresponding
luminosity in the energy band 0.5−10 keV isL0.5−10

X = 2.1×1032 d−2
9.8 erg/s, a typical value

for CCOs. Furthermore, the X-ray-to-visual flux ratio is log( fX/ fV) > 0.11 taking into account
that no optical source was detected in the USNO-B1.0 catalogand the limiting magnitude of
this catalog is 21 (Monet et al., 2003). Thus, no clear evidence for the origin of the emission of
source # 10 could be found.

Finally we mention that the detector support structure of Chandra covers the central part of
G308.4–1.4 (see Fig. 5.2). It is therefore not excluded fromour observations that other faint
X-ray point sources are located at this position. However, the non-detection of a source in the
SWIFT data at the assumed position of the remnant’s expansion center sets a strict upper limit of
5×10−13 ergs cm−2 s−1 on the flux of such an object.

5.6 Summary

The high-resolution imaging and spectroscopic capabilityof Chandra revealed that the X-ray
emission of the source is an extended plasma and G308.4–1.4 is indeed a supernova remnant.
The emission region is spherically symmetric with a diameter of 8.4 arc-minutes and an excess
emission toward the east.

The radio morphology at 0.843, 1.384 and 2.496 GHz is characterized by two arcs. The
eastern arc matches the X-ray and infrared contours. The second arc, which is bending in the west
and shows a decreasing brightness toward the center of G308.4–1.4, has no counterpart in other
wavelengths. The remnant without the two bright knots has a spectral index ofα =−0.7±0.2.

The Sedov analysis lead to the conclusion that the SNR is about 6200 years old and is ex-
panding with a velocity on the order of≈ 730 km/s. All fundamental parameters of the SNR are
summarized in Table 5.4.

The X-ray point-like source CXOU J134124.22–634352.0, located close to the geometrical
center of the SNR G308.4–1.4, is seen to exhibit variable andflaring X-ray emission. How-
ever, no certain conclusion on the origin of this source and the other central source CXOU
J134127.12–634327.7 could be drawn. Deeper observations of the central part of SNR G308.4–
1.4 are needed to resolve the obvious ambiguities.



Chapter 6

Supernova remnant G296.7–0.9 in
X-rays

This chapter is adopted from Prinz and Becker (2013) published inAstronomy & Astrophysics.

6.1 Introduction

Every year, several hundred supernova (SN) events are observed, representing the end state of
stellar evolution in which a core-collapse of a massive staror the thermonuclear disruption of a
white dwarf takes place. SNe are the most energetic events that can be observed in the universe.
They are often as bright as a whole galaxy, and their extreme brightness allows them to be
seen up to distances of Gpc (Rodney et al., 2011). On this scale, though, the only information
obtainable from them is the characteristic rising and fading of their light as a function of time,
i.e., their photometric light curve, and their spectral evolution, both of which are important for
their classification (Sako et al., 2008). Most of these events are discovered in the optical band by
comparing observations taken at different epochs.

In our own Galaxy, the rate of observed SNe is small. For core-collapse SNe, it averages only
about two per century. This estimate is suggested by theγ-ray radiation from26Al in the Galaxy
(Diehl et al., 2006), in which a certain yield is expected to be formed in each core-collapse SN.
Many SNe, though, remain unobserved due to optical light extinction. The last recorded SN in
our Galaxy, the Kepler SN, was observed in AD 1604, and only six other SNe have been detected
in the Galaxy in the past two thousand years (Green and Stephenson, 2003). The optical light
from the two youngest Galactic SNe, G1.9+0.3 and Cas A, was not observed about 100 and 350
years ago, respectively (Reynolds et al., 2008; Green and Stephenson, 2003).

If there is no direct light from an SN observed, then we at least have the opportunity to study
the light of the remnants of several nearby SNe because the light of these supernova remnants
(SNRs) remain visible in various spectral bands for up to 105 years. Although the light echo
from the SN Cas A was found recently (Rest et al., 2008), it is one of the few cases so far where
the SN light could be studied a few hundred years after the SN.Thus, the most promising way
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to learn about the evolution of an SN shock front and the feedback on the evolution of their host
galaxy is to study the diffuse emission of SNRs.

In the last few years, several new SNRs have been detected thanks to the increasing sensitivity
of modern X-ray observatories. One of those remnants is G296.7–0.9, which was first detected
in X-rays by Schaudel et al. (2002) and later identified to be an SNR by Schaudel (2003) and
Robbins et al. (2012). It is a shell-like SNR in which X-ray and radio emissions have been
detected. In addition, filaments in the infrared and Hα band were detected in near the source
(Robbins et al., 2012). Whether they are associated with theremnant still remains to be shown.

A first detailed study of the SNR G296.7–0.9 was presented by Robbins et al. (2012) using
ROSAT PSPC data. As this detector had roughly five independent energy channels in the range
0.1-2 keV, the spectral results of their analysis were very limited. They suggested that the X-rays
were emitted from a thermal plasma. Robbins et al. (2012) were therefore not able to put any
constraints with high confidence on the derived spectral parameters. The ROSAT data did not
allow them to deduce parameters such as the age or the expansion velocity of the remnant.

In this work we report on an XMM-Newton observation that was targeted on SNR G296.7–
0.9. The results of the spatial and spectral analysis of thisdata are presented in Section 6.2. In
the discussion in Section 6.3, we use the inferred spectral parameters of G296.7–0.9 to derive an
estimate for its age, radius, expansion velocity, and distance. Section 6.4 provides the concluding
summary.

6.2 X-ray observation and data reduction

G296.7–0.9 was observed for 13.6 ksec on 28 June 2011 with EPIC cameras (Strüder et al., 2001)
on board the X-ray observatory XMM-Newton (ObsID 0675070101). The two MOS and the PN
cameras were operated in full-frame mode using the medium filter. Part of the observation was
taken with the filter wheel in closed position because the observation was strongly affected by
particle background radiation. Therefore, the performed duration was only 4.4 ksec and 5.5 ksec
for the PN and MOS1/2 detectors, respectively.

We used the XMM SAS version 11.0.0 to reprocess and reduce thedata. Times of high
background activity were identified by inspecting the lightcurves of the MOS1/2 and PN data
at energies above 10 keV. After removing these times, the effective exposures of the PN, MOS1,
and MOS2 cameras were 3.7 ksec, 5.1 ksec, and 5.3 ksec, respectively. We extracted images and
exposure maps in the five standard bands of XMM-Newton using all EPIC instruments. Single
and double events were selected from the PN data and single toquadruple events from the MOS
data sets.

For the spectral fitting, we used the X-Ray Spectral Fitting Package (XSPEC) version 12.7.0u.
The energy range was restricted to 0.4−6.0 keV because the count rate detected at higher ener-
gies was too sparse for a meaningful spectral analysis. Below 0.4 keV, the detector and telescope
response is not well established. All given uncertainties represent the 1σ confidence range for
one parameter of interest, unless stated otherwise.
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Figure 6.1: 30′ × 30′ XMM-
Newton MOS1/2 color image of
G296.7–0.9 (red 0.5–0.9 keV,
green 0.9–1.3 keV, and blue 1.3–2
keV). The superimposed images
are binned with 6′′ per pixel and
smoothed by a Gaussian kernel of
σ = 30′′ to enhance the visibility
of the diffuse emission. The
photons detected in the annular
sector shown in white were used
for spectral analysis of the SNR.

6.2.1 Spatial analysis

Figure 6.1 shows the X-ray color image of SNR G296.7–0.9. A bright arc that appears to lie along
an elliptical shell is clearly detected in the south-east. Its center is at RAc = 11h55m52.′′3±0.′′7,
DECc =−63◦06′29′′±3′′ with a semimajor axis of 5′ and a semiminor axis of 3.′75.

We searched for point sources with a signal-to-noise ratio (S/N) of at least 3σ in the five
standard bands using a sliding box source detection algorithm (SAS tooledetect chain). Five
point sources were detected (see Fig. 6.1), which all have anS/N≥ 7σG (σG = 1+

√

cbg+0.75,
wherecbg are the background counts). Their position, positional error, S/N, and count rate in the
merged image are listed in Table 6.1.

In order to search for optical counterparts, we cross-correlated the position of each X-ray

Table 6.1: Detected sources in XMM-Newton observation 0675070101. The sources are denoted as in
Fig. 6.1.

No. RA (J2000) DEC (J2000) S/N Rate
h:m:s d:m:s σG cts/ksec

1 11 : 57 : 05.7±0.3 −63 : 04 : 53±2 7.7 5.2
2 11 : 56 : 53.9±0.3 −63 : 05 : 13±2 8.5 5.7
3 11 : 55 : 28.6±0.3 −63 : 03 : 18±2 7.0 4.1
4 11 : 54 : 51.2±0.3 −63 : 13 : 31±2 34.1 26.4
5 11 : 54 : 31.1±0.3 −63 : 01 : 33±2 22.2 16.4
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source with the various online catalogs provided by the VizieR service1. We found a candidate
counterpart for source #5, HD 103442 (Høg et al., 2000), which is an A3/4IV star with an optical
magnitudeV = 8.8. Its angular separation from source #5 is 4.′′0, corresponding to twice the
observatory’s absolute astrometric accuracy2. The source densityρ in this region of the Galactic
plane using the Tycho-2 catalog isρ ≈ 0.09 arcmin−2. The probability of a chance association
computes then likePcoin= ρ ·δ 2, whereδ is the angular separation between the optical and X-ray
source. For the optical counterpart of source #5, we computea chance probability of 4×10−4

for a mis-identification. Its X-ray flux within the 0.3 to 3.5 keV band is 1.2×10−12 erg cm−2

s−1, yielding an X-ray-to-visual flux ratio of log( fX/ fV) = −3.1. This is in the allowed range
of −3.86±0.79 for A-type stars (Maccacaro et al., 1988; Agüeros et al.,2009), which further
strengthens the association between source #5 and its candidate optical counterpart.

No source has been detected close to the geometrical center of the SNR. Using the merged
MOS1/2 data, we determined a 3σ upper limit on the count rate of a hypothetical central X-ray
source of 4.3×10−3 cts/s in the energy range 0.2 to 12 keV.

6.2.2 Spectral analysis

The energy spectrum of G296.7–0.9 was extracted from an elliptical annular sector with the
center at RAc and DECc, semimajor axes of 5′ and 2.′9, semiminor axes of 3.′75 and 2.′2, and an
opening angle of 140◦. The background spectrum was derived from a nearby region placed on
the same MOS1/2 chip with the same size as the source region. The background contribution
was found to be≈ 50% in the two MOS cameras and≈ 71% in the PN data. After subtracting
the background, 1232, 1236, and 3077 source counts remainedin the MOS1, MOS2, and PN
data. For the spectral analysis of the remnant, these countswere binned to have at least 75 counts
per bin in the case of the MOS1/2 observations and 150 counts per bin for the PN data.

We checked whether the spectral fitting results would changeif we model the instrumental
background according to the suggestions made by Kuntz and Snowden (2008). They proposed
to add a Gaussian at the fluorescence line of Al Kα atE = 1.49 keV with zero width and a power
law for modeling the remaining soft proton contamination, which is not convolved with the
instrumental response. From this analysis, however, the model fits were not significantly better
than without adding these components using the standard F-test. Thus, the following results were
obtained without modeling the instrumental background separately.

We fitted the spectrum of G296.7–0.9 with various models: A hot diffuse gas model
(MEKAL), a model for a collisionally ionized diffuse gas (APEC), a power law model, a ther-
mal bremsstrahlung model, a Raymond-Smith diffuse gas model, a non-equilibrium collisional
plasma that allows a temperature evolution (GNEI) or has a constant temperature (NEI, see Fig-
ure 6.2), a plane-parallel shock plasma model (PSHOCK), an ionization equilibrium collisional
plasma model (EQUIL), and a Sedov model with separate ion and electron temperatures. For
spectral models withχ2

red< 1.4, all fit parameters are listed in Table 6.2.
In the following, we will use the best-fit results of theNEI model to derive related SNR

1http://vizier.u-strasbg.fr/viz-bin/VizieR
2xmm.vilspa.esa.es/docs/documents/CAL-TN-0018.pdf.

http://vizier.u-strasbg.fr/viz-bin/VizieR
xmm.vilspa.esa.es/docs/documents/CAL-TN-0018.pdf
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Figure 6.2: Spectrum
and fitted model (NEI)
of the X-ray emission of
SNR G296.7–0.9. The
black colored line indi-
cates the MOS1 data, the
red the MOS2, and the
green the PN data.

Table 6.2: Spectral parameters of the best-fit models for SNR G296.7–0.9.

model NH [1022cm−2] kBT [keV] τα kBTe
β /〈kT〉γ [keV] Normδ χ2/d.o.f. fXε

NEI 1.24+0.07
−0.05 0.53+0.08

−0.07 1.2+0.8
−0.4 -/- 1.3+0.6

−0.3 89.3/94 5.2+1.1
−0.9

PSHOCK 1.16+0.14
−0.06 0.54+0.08

−0.06 8+15
−7 -/- 1.1+0.6

−0.2 87.5/94 3.5+0.5
−0.3

SEDOV 1.27+0.10
−0.09 0.35+0.19

−0.08 6+7
−4 < 0.54/- 2.3+2.1

−0.9 89.4/93 8±3

GNEI 1.27±0.08 0.49+0.11
−0.08 1.0+0.8

−0.5 -/0.55+0.11
−0.08 1.5+0.9

−0.6 88.6/93 6.0+1.0
−1.5

EQUIL 1.10±0.04 0.52±0.04 - -/- 1.09+0.21
−0.15 96.8/95 2.5±0.2

APEC 1.23±0.05 0.38+0.10
−0.03 - -/- 2.0+0.6

−0.5 107.0/95 4.6+0.6
−0.5

Notes. (α) ionization timescale in units of 1011 s/cm3 (β ) electron temperature immediately
behind the shock front(γ) ionization timescale-averaged temperature〈kT〉 =

∫ t0
ts T(t)ne(t)dt/τ

(δ ) Norm= 10−14

4π[DA (1+z)]2
∫

nenHdV in units of 10−2 cm−5, whereDA is the angular diameter distance to

the source in cm andne andnH are the post-shock electron and hydrogen densities in cm−3, respectively.
(ε) X-ray flux in the energy range 0.5 to 4.0 keV in 10−11 erg cm−2s−1.
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parameters. For all models with a non-equilibrium equationof state, we measure an ionization
timescale valueτ = t0ne < 1012 scm−3 (t0 is the age of the remnant andne the post-shock elec-
tron number density), which is smaller than the expected timescale at which collisional ionization
equilibrium is reached (Borkowski et al., 2001). Therefore, theAPEC andEQUIL models are
unlikely to apply. For theGNEI model, the temperature and the ionization timescale-averaged
temperature are almost the same, which is no improvement over the NEI model. Addition-
ally, we will not use the results of theSEDOV model any further, because the determination
of the post-shock temperatureTe in that model is only possible at energies above 3 to 4 keV
(Borkowski et al., 2001), where the spectrum of G296.7–0.9 is not well constrained.

The value forNH in theNEI model fit is slightly lower than the average integrated hydrogen
column density toward SNR G296.7–0.9, which isNLAB

H = 1.39× 1022cm−2 (Kalberla et al.,
2005). This value is based on HI emission line measurements at a radio frequency of 21 cm
and refers to the entire hydrogen column density along the line of sight. The temperature of
the plasma is 6.2+0.9

−0.8×106 K. No improvement in the best-fit statistic was observed whenwe
allowed the abundances to differ from the solar values. Using the derived parameters of theNEI
model fit, the flux in the 0.5 to 4 keV band is 5.2+1.1

−0.9×10−11 erg/cm2/s.
In addition, we investigated the spatial variation of the spectral parameters by extracting all

photons in the northern and southern part of the remnant. However, no difference was found
within the derived errors.

6.3 Discussion

6.3.1 Comparison with the ROSAT results

Schaudel (2003) and Robbins et al. (2012) independently analyzed two pointed ROSAT PSPCB
observations. These data were taken between 1 and 8 February1993 and 19 and 21 February
1998. Both authors found that the temperatures of the X-ray emitting gas and the hydrogen
column densityNH are lower by at least a factor of two when compared with the results deduced
in our work. Only Schaudel (2003) found aNH that is comparable with our value listed in Table
2 by fitting the Raymond-Smith model, though his value had a much higher uncertainty. As
mentioned in the introduction, the PSPCB had about five independent energy channels, which
limits the conclusions drawn from their spectral fits, especially when 70 spectral bins were used
as in the work of Robbins et al. (2012). The latter corresponds to an oversampling of about 15
times the spectral resolution of the detector!

6.3.2 Distance and age

Using the deduced spectral parameters from theNEI fit, we can derive basic properties of the
remnant, such as the distanced, post-shock hydrogen densitynH, swept-up massM, the age
of the remnantt, the radius in pcRs, and the shock velocityvs. We used the following set of
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equations, which is described in detail in Prinz and Becker (2012) and references therein:

dSedov = 7420·θ−3/5
(

E51

Ts

)2/5( f
Norm

)1/5

[kpc]

dReddening = NH/(NH/AV ·AV/EB−V ·EB−V/kpc) [kpc]

Vemit = 3.029×1054 · f ·θ3 · (dSedov[kpc])3 [cm3]

nH = 70.27

√

Norm
dSedov· f ·θ3 [cm−3]

M = 1.4 ·nH ·mH ·V [kg]

t = 2.71×109
(

E51

nH

)1
3

T
− 6

5
s [yr]

Rs = 0.34

(

E51

nH

) 1
5

t
2
5 [pc]

vs = 0.4 ·Rs/t [km/s].

Hereθ =
√

major×minor axis is the reduced radius of the remnant in arcmin,E51 the explosion
energy in units of 1051 erg,Ts the fitted plasma temperature,f the filling factor to correct for the
morphology of the SNR, Norm the normalization of the spectral fit, NH the fitted column density,
Vemit the X-ray emitting volume, andmH the mass of a hydrogen atom. The errors listed with
the numbers deduced from these equations are statistical errors. The systematic errors might be
larger but are unknown.

The Sedov-analysis-based distance isdSedov= 9.8+1.1
−0.7 kpc. In the following, we give all im-

portant quantities in units ofd9.8 = d/9.8 kpc becausedSedovhas a smaller uncertainty than other
distance estimates. From Figure 6.1 we infer that onlyf = 15% of the remnant is bright enough
to be used for spectral analysis. Therefore, the post-shockhydrogen densityNH is 0.73+0.18

−0.10

and the swept-up mass isM = 29M⊙ d5/2
9.8 . Assuming that the explosion energyE is equal to

the canonical value of 1051 erg, the age of the remnant is 5800 to 7600 years and the radiusis
Rs = 12.2+1.2

−0.8 d1/6
9.8 pc. We derive a shock velocityvs of 720+130

−100 km/s. Using the flux values
deduced in Section 6.2 we compute its luminosity to beL0.5−4

X = 6.0+1.8
−1.4×1035 d2

9.8 erg/s.

Independently of the Sedov analysis, another method that allows us to estimate the rem-
nant’s distance makes use of a relation between the visible extinction AV and the color excess
AV/EB−V = 3.2±0.2. The remnant’s color excess was not known, so we used the distribution
of the mean color excessEB−V per kiloparsec derived by Lucke (1978). In the direction of the
remnant, we findEB−V/kpc= 0.25±0.10. In addition, we used the relation betweenNH and the
visual extinctionAV of Predehl and Schmitt (1995)NH/AV = (1.79±0.03)×1021 cm−2. This
leads to a distance ofdReddening= 9±4 kpc, which is in agreement with the distance deduced
from the Sedov analysis. However, the mean color excess〈EB−V〉 that we used to calculate
dReddeningwas derived for a reddening layer up to 2 kpc and thus is just a rough estimate.



94 Supernova remnant G296.7–0.9 in X-rays

6.3.3 Central neutron star

To obtain a rough estimate of the flux upper limit for a hypothetical compact source in the cen-
ter of the remnant, we assumed that the source has propertiessimilar to a central compact ob-
ject (CCO), because no compact source or radio pulsar has been detected in G296.7–0.9 so far
(Robbins et al., 2012). Like other CCOs, e.g., the one in the SNR Puppis A, we assume that the
spectrum is dominated by blackbody emission with a temperature of≈ 2.6×106 Kelvin and a
luminosity in the 0.5-10 keV band of at least 1032 erg/s (see Becker (2009) for a review). This
corresponds to a flux in this energy range of≈ 9×10−15 erg cm−2s−1. Using the WebPIMMS
tool with the fittedNH of the SNR, the count rate in the 0.2-12 keV range is> 2×10−4 cts/s
for the merged MOS1 and MOS2 observations, an order of magnitude lower than the derived 3σ
upper limit for a point-like source at the center of the remnant. That we do not detect emission
from a CCO in G296.7–0.9 does therefore not mean that there isnone. The observation might
not be deep enough to detect it. The type of the supernova is also unconstrained.

6.4 Conclusion and summary

The remnant is characterized by a bright arc in the south-east direction and by diffuse emission
with low surface brightness in its western part. We showed that the X-ray emission of G296.7–
0.9 is in agreement with coming from a collisionally heated plasma that has not yet reached
equilibrium. The Sedov analysis leads to the conclusion that the SNR is about 6600 years old
and expanding with a velocity on the order of≈ 720 km/s.

The close-by HII region G296.593–0.975 has a velocity of+25±1 km s−1, based on mea-
sured hydrogen recombination lines (Caswell and Haynes, 1987). With the standard IAU pa-
rameter for the distance to the center of our GalaxyR0 = 8.5 kpc and the solar orbit velocity
of V0 = 220 km/s (Kerr and Lynden-Bell, 1986) and the Galactic rotation model of Fich et al.
(1989), we deduce a distance to the HII region of 9.3±0.6 kpc. For the error estimate, we as-
sumed an uncertainty in the velocity-to-distance conversion of 7 km/s (e.g., Clifton et al., 1988).

The deduced distancedSedovis in good agreement with the distance of the close-by HII region
G296.593–0.975. This is a strong indicator for a spatial association between the SNR and the
HII region, as already suggested by Robbins et al. (2012).

The observation used in this analysis was strongly affectedby particle background radiation,
which led to a net observation time that was shorter by a factor of three than the approved ex-
posure time. Therefore, only limited statements can be madeabout the existence of a compact
source located near the center of the SNR. Deeper observations might help to clarify this question
and shed light on the type of the SN.



Chapter 7

A search for X-ray counterparts of
radio pulsars

This chapter is adopted from a paper draft, which will be submitted toAstronomy & Astrophysics.
The detailed discussion of the results is presented in Chapter 8.

7.1 Introduction

Neutron stars (NSs) are the most dense objects observable inthe universe and thus a powerful
laboratory to study dense matter. In laboratories nuclear physicists are currently investigating
the equation of state (EOS) of dense matter with comparable or even higher energy densities
of ≥ 170 MeV fm−3 (Hands, 2001), but much lower baryonic densities than in neutron stars.
This is done for example by studying the isospin diffusion inheavy-ion collisions (Tsang et al.,
2009) and the electric dipole polarizability of208Pb (Piekarewicz et al., 2012). These and other
experimental data show a remarkable agreement with modeling of astrophysical observations
(see Lattimer (2012) for a review). However, the parametersdetermined in nuclear experiments
have large uncertainties when applied to neutron rich matter. Therefore, one needs other obser-
vational constraints on the dense matter EOS, which help to understand the internal composition
of neutron stars.

In recent years, a large step forward in constraining the EOSof dense matter was made
by the discovery of two neutron stars with high masses: PSR J1614-2230 with 1.97± 0.04
M⊙ (Demorest et al., 2010) and PSR J0348+0432 with 2.01±0.04 M⊙ (Antoniadis et al., 2013).
These are the first neutron stars with such high masses and small uncertainties in the mass de-
termination. All high mass NSs detected so far have large uncertainties and were used with
caution (see Lattimer (2012) for a summary of neutron star mass measurements). The 2M⊙
NS measurement alone can rule out all EOS that do not allow such a massive neutron star (e.g.,
Demorest et al., 2010, Figure 3). In this case most EOSs that assume exotic matter to be present
in the central part of the star at densities a few times the nuclear density can be ruled out. In the
literature, charged mesons,K− or π− condensates, hyperons and deconfined quarks are denoted
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as exotic matter. However, their existence in neutron star interiors cannot be excluded. Thus,
finding neutron stars that show signs for exotic matter in itsinterior is one of the main goals of
studying neutron stars.

Another very promising approach to rule out EOSs of dense matter is to look at the evolution
of the thermal radiation from neutron stars with time and compare it with models. Furthermore,
this attempt gives insight into the complex composition of the interior of a neutron star. NSs
are hot, around 106 K at the surface, and are thus observable in the soft X-ray regime. Several
attempts have been made to learn more about the interior by comparing observed surface temper-
atures of neutron stars with theoretical predictions, in which a certain composition in the interior
of the star is assumed (Becker et al., 1993b; Becker, 1995; Tsuruta, 1998; Yakovlev and Pethick,
2004; Page et al., 2004, 2009). However, only in the last decade the number of neutron stars
that clearly showed thermal emission from the whole surfaceand cover a large range of ages
increased by a factor of four. Using that sample, a reasonable study could be performed, e.g.,
Page et al. (2009). Page et al. (2004) introduced the minimalcooling paradigm, which includes
the cooling by Cooper-pair breaking and formation in addition to the standard cooling scenario
(Tsuruta, 1998). This scenario could well explain the observed temperatures of neutron stars
within the uncertainties, but not within one single model and composition of the envelope. Nev-
ertheless, only about 18 isolated neutron stars show thermal emission from the whole surface
(Page et al., 2004, 2009;Özel, 2013; Zhu et al., 2011), whereof five have no distance estimate
and therefore, are not easily compared among each other (Tsuruta, 2009). Using the ROSAT All-
Sky Survey Becker et al. (1993b) derived 2σ upper limits on the temperature for several other
pulsars. However, with some exceptions the measured temperature upper limits were all above
106 K for neutron star ages above 104 years, too high and too old to challenge up-to-date cooling
models.

Apart from this the high energy emission of pulsars is still poorly understood. However, in
recent years several attempts have been made to connect measured X-ray quantities with funda-
mental properties of a radio pulsar. Since the first imaging telescope with focusing optics, the
Einstein X-ray observatory (Giacconi et al., 1979), was launched various authors analyzed the
existence of a correlation between the X-ray luminosityLX and the spin-down energy losṡE
in different energy bands, e.g., Seward and Wang (1988) usedEinstein observations and found
LX(0.2−4keV)≈ 101.39Ė, Becker and Trümper (1997) fittedLX(0.1−2.4keV)≈ 101.03Ė with
ROSAT data, and at harder X-rays Possenti et al. (2002) derived with the help of ASCA, RXTE,
BeppoSAX, Chandra, and XMM-Newton dataLX(2−10keV) ≈ 101.34Ė. In addition, Li et al.
(2008) fittedLX(2−10keV)≈ 100.92Ė and Becker (2009)LX(0.1−2keV)≈ 100.997Ė, both de-
duced with XMM-Newton and Chandra observations. The large spread in the fitted quantities
can be explained by the fact that different approaches were applied and in some samples the
thermal emission was included. However, in all these a largescatter in the derived values forLX
is detectable and Possenti et al. (2002) already showed thatthe fit is not acceptable in terms of
theχ2 statistic.

Furthermore, with the increasing sensitivity and angular resolution of the currently flying
X-ray satellites the sample of rotation-powered pulsars that are detected in X-rays is steadily
increasing, to≈ 185 by September 2013 (see Table B.1). This enables us to reduce the bias in
the current sample, which represents mainly the luminous X-ray pulsars and allows to search



7.2 Observations and data reduction 97

for underluminous ones. This increases the dispersion in the LX − Ė correlation even more,
e.g. PSR J2022+3842 has an X-ray efficiencyµX = LX/Ė = 6×10−5 in the 2–10 keV range
(Arzoumanian et al., 2011) and Kargaltsev et al. (2012) found thatµX of PSR J0940–5428 and
PSR J1913+1011 is below 4.0×10−6 and 3.3× 10−6 in the 0.5–8 keV energy range, respec-
tively. Kargaltsev et al. (2012) concluded that the scatterin the X-ray efficiency cannot only
be explained by incorrectly derived distances and missing beaming corrections of the radiation
coming from the pulsars magnetosphere. This indicates thatthe X-ray luminosity does not only
depend on the spin-down luminosity. However, another parameter that determines how luminous
a pulsar is at high energies is still unknown.

To sum up, it is crucial to enlarge the sample of known X-ray pulsars that would help to
follow the cooling of neutron stars over a larger range of ages and reduce the bias to the brightest
sources in theLX − Ė correlation even more. Even upper limits on the thermal and non-thermal
emission can help to put more significant constraints on these curves.

Hence, we searched for undetected X-ray counterparts of radio pulsars in the archives of
XMM-Newton and Chandra using the coordinates of all known pulsars. The data were taken
from the ATNF Pulsar Catalogue (Manchester et al., 2005)1, which currently lists 2267 pulsars.
In Section 7.2 we describe the used observations and providethe details of the data processing
and data filtering of the XMM-Newton and Chandra observations. Furthermore, we explain the
criteria that have to be met for a positive detection and how fluxes and upper limits were derived.
The results of the spatial and spectral analysis of the detected and the upper-limits for the not-
detected pulsars are given in Section 7.3. In Section 7.4 we give a concluding summary about
the findings and in Section 8.3 the results are discussed in detail.

7.2 Observations and data reduction

We made use of all public data from the archives of the two X-ray observatories XMM-Newton2

and Chandra3 available by September 2013 and searched for X-ray counterparts of all known
isolated radio pulsars and millisecond pulsars in our Galaxy, listed in the ATNF Pulsar Catalogue
(Manchester et al., 2005). The two observatories used here are ideal for the search, because of
their large collecting power compared to other missions andgood sky coverage after 14 years of
observation: The XMM-Newton observatory covered 504 deg2 by 2009 (Watson et al., 2009) and
the Chandra X-ray satellite 310 deg2 by 2007 (Evans et al., 2010)). We found 164 observations
taken with XMM-Newton and 188 taken with Chandra where the field-of-view (FOV) covers
the position of a radio pulsar, summing up to a total of 7.8 Msec observation time. In total
255 pulsars were observed. A summary of the used observations, used instruments, filters, and
exposure times is given in Table B.2.

For the reduction of XMM-Newton data we used the XMM-Newton Science Analysis Soft-
ware (SAS), version 12.0.1. In case of the Chandra data we used standard processed level-2
data and the Chandra Interactive Analysis of Observations (CIAO) software, version 4.4. In

1http://www.atnf.csiro.au/research/pulsar/psrcat/
2http://xmm.esac.esa.int/xsa/index.shtml
3http://cda.harvard.edu/chaser/

 http://www.atnf.csiro.au/research/pulsar/psrcat/
http://xmm.esac.esa.int/xsa/index.shtml
http://cda.harvard.edu/chaser/
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both cases we had to remove flares from the observation. As forXMM-Newton these flares are
mostly coming from soft protons hitting the detector. To remove these time intervals of high
particle background we inspected the light curves of the MOS1/2 and PN event files at energies
above 10 keV. We created a light curve with a bin size of 100 s and detected flares in almost
all XMM-Newton data sets. Therefore, we rejected time intervals in which the count rate per
bin was 3σ higher than the mean count rate without flares. Regarding Chandra observations we
made use of the CIAOdeflare script, which applies the criterion mentioned above automatically.

The effective exposure timet(θ) was obtained by generating an exposure map with the SAS-
tool eexpmap or the CIAO-toolfluximage after correcting for times with high background and
dead time correction. In both cases the task takes into account the vignetting of the telescope at
an off-axis angleθ . The net exposure on the sourcet(θ) and on the background regiontBG(θ)
was then calculated by averaging the exposure map over the source and background region,
respectively. This has to be done to include the effect of theCCD gaps on the exposure time.
The on-axis exposureton-axisandt(θ) are listed in Table B.2.

7.2.1 Spatial analysis

In order to search for a possible X-ray counterpart in the available datasets where a pulsar was
observed we applied a sliding box source detection algorithm for XMM-Newton data (SAS-
tool edetect chain) using the five standard bands(0.2− 0.5 keV, 0.5− 2 keV, 2− 4.5 keV,
4.5−7.5 keV, and 7.5−12 keV) or a wavelet source detection algorithm for observations with
Chandra (CIAO-toolwavdetect) in the energy range 0.1–10 keV. The derived source positions
were then compared with the radio timing position of the corresponding pulsar. The uncertainties
in right ascensionδRA and declinationδDEC were determined by combining the statistical
errors of the X-ray source position and the absolute astrometric accuracy of the corresponding
X-ray observatory squared. For Chandra ACIS-S, ACIS-I and HRC-S data the 68 % confidence
level is≈ 0.21′′,≈ 0.4′′ and≈ 0.36′′, respectively.4 The absolute astrometric accuracy for XMM-
Newton data is≈ 2′′ (r.m.s.).5

We claim a possible detection, if the distance∆ between the X-ray position (RAX, DECX)
and the radio timing position (RAR, DECR)

∆ =
√

(RAR−RAX)2+(DECR−DECX)2 ≤ 3σ . (7.1)

The uncertaintyσ in this equation was obtained by deducing the error in∆.
To exclude the possibility that an X-ray source is by chance at the position of the neutron

star, we calculate the probability of a coincidencePcoin as follows:

Pcoin=
NX

lRAlDecl.
πδRAδDEC, (7.2)

4Seehttp://cxc.harvard.edu/cal/ASPECT/celmon/ for more details about Chandra absolute as-
trometric accuracy.

5More information can be found atxmm.vilspa.esa.es/docs/documents/CAL-TN-0018.pdf.

http://cxc.harvard.edu/cal/ASPECT/celmon/
xmm.vilspa.esa.es/docs/documents/CAL-TN-0018.pdf
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whereNX is the number of sources detected within the FOV of the observation with lengthlRA

and widthlDecl.. Pcoin should be below 10−3 to exclude a by-chance detection of an X-ray source
as the X-ray counterpart of a radio pulsar.

Additionally, we correlated the positions of the X-ray sources with the USNO-B Catalog,
which covers the whole sky and is thought to be complete down to a visible magnitude ofV = 21
(Monet et al., 2003). The correlation was done using the online tool VizieR6. This data allowed
us to put constraints on the X-ray-to-visual flux ratio (Maccacaro et al., 1988)

log( fX/ fV) = log( fX)+V/2.5+5.37. (7.3)

Here fX is the X-ray flux in the 0.3–3.5 keV band in erg cm−2 s−1. If no optical source could be
detected within an error box of side length 3σ around the source, we took the limiting magnitude
of the USNO-B Catalog as an estimate forV. For stars, the ratio log( fX/ fV) should be in
the range log( fX/ fV) = −2.46±1.27 (Krautter et al., 1999). Therefore, log( fX/ fV) should be
greater than−1.19 to exclude a false detection as a star. The resulting detection will be described
in the next section.

7.2.2 Spectral analysis

All used focal instruments are CCDs and thus provide spectral information for the detected X-
ray counterparts. The only exceptions are the HRC detectorsof the Chandra X-ray observatory,
which are microchannel plate instruments and have a spectral resolution of∆E/E ≈ 1 at 1 keV.7

However, the quality of spectral fits and the constraints on the parameters of the spectral model
are strongly dependent on the photon statistics and thus vary among the detected counterparts.

For data obtained with XMM-Newton the corresponding response and effective area of the
pulsar and the background were extracted using the SAS-script especget. For the PN camera
we used only those events with a detection pattern between 1 and 4 (single and double events).
For the MOS camera we included triple events as well, which have a pattern between 5 and 12.
The pattern value indicates which neighboring pixels on thedetector are hit by a single photon.
In case of Chandra observations we extracted the source and background spectra as well as the
corresponding response and effective area files with the CIAO-scriptspecextract. Both scripts
execute all the steps necessary for spectral fitting, including the binning of the resulting spectrum.

Furthermore, if we detected a possible X-ray counterpart ofa radio pulsar with more than 70
source counts a power law and blackbody model spectra were fitted to the extracted energy dis-
tribution. This was done by using the software package XSPEC, version 12.7.0u. Additionally,
the sparse photon statistics for most detected radio pulsars requires to fix the hydrogen column
densitiesNH. We estimatedNH by using the dispersion measureDM of the radio timing solution
and assumed a 10 % ionization degree of the interstellar medium along the line of sight towards
the pulsar. The values for the dispersion measure are taken from the ATNF Pulsar Catalogue
(Manchester et al., 2005). If the calculatedNH is higher than the average integrated hydrogen

6http://vizier.u-strasbg.fr/viz-bin/VizieR
7See “The Chandra Proposers’ Observatory Guide”

http://cxc.harvard.edu/proposer/POG/pog_pdf.html.

http://vizier.u-strasbg.fr/viz-bin/VizieR
http://cxc.harvard.edu/proposer/POG/pog_pdf.html
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column densityNLAB
H towards the source of the LAB Survey of Galactic HI (Kalberlaet al.,

2005) then this value is adopted.NLAB
H is based on HI emission line measurements at a radio

frequency of 21 cm and refers to the entire hydrogen column density along the line of sight.
As mentioned before, for sources observed with the HRC cameras no spectral information

can be obtained from the pulsar. The only information we haveis the counting rate in the energy
range of the camera where it is sensitive to incoming photons. In this case and in the case
of observations with less than 70 source counts we obtained constraints on the X-ray flux and
luminosity by converting the pulsar counting rate into an equivalent flux. First, we obtained the
net counting rate for these pulsar counterparts by dividingthe source counts derived with the
source detection software by the effective exposure timet(θ). The X-ray flux was then deduced
for a typical pulsar spectrum using the method described in Section 7.2.4. As a typical pulsar
spectrum we assumed a power law model with photon index 1.7 (Becker, 2009) and a hydrogen
column density based on the dispersion measure as mentionedin the last paragraph.

The usedDM andNH for the possible X-ray counterparts are listed in Table 7.3.Additionally,
NH andNLAB

H are given in Table B.3 for all analyzed pulsars.

7.2.3 Timing analysis

The timing resolution of the ACIS and the EPIC-MOS camera (∼ 1 s) was insufficient to study
the pulsed emission of the pulsars. Additionally, the time resolution of the EPIC-PN CCDs de-
pends on the used observation mode. For all observations that had a high enough time resolution
to study the temporal properties of a rotating neutron star we converted the event time tags to the
Barycentric Dynamical Time using the SAS-toolbarycen with the radio timing position. Af-
ter folding the events with the pulsar’s rotation frequencygiven by the ATNF Pulsar Catalogue
(Manchester et al., 2005) we searched for a periodic signal by applying the H-test (de Jager et al.,
1989). However, for none of the detected counterparts a pulsed emission could be found with
high significance (95% confidence level).

7.2.4 Upper limits

For all observations where no source close to the radio position was detected we derived an upper
limit on the count rate as follows: First, we extracted the countsNi including the background
contribution for every single data set from XMM-Newton or Chandra within a circle of radius
r = 30′′ or r = 2′′ about the radio position in the energy bandEmin to Emax = 4.5 keV. Emin is
0.2 keV for XMM-Newton and 0.1 keV for Chandra events. For Chandra data sets were the
pulsar was observed far off-axis the radius had to be adjusted, because above≈ 4′ the point-
spread-function broadens significantly. Hence, for an off-axis angle 4′ < θ ≤ 8′ the applied
radiusr = 5′′ and forθ > 8′ the radiusr = 10′′. The background countsBi were extracted from
an annulus of inner radiusr inner= 1.5r and outer radiusrouter= 2.5r. To obtain the background
counts in the source region, we had to normalize these countsto the source region by the fraction
c1 between source region area and annulus area and by the fraction c2 betweent(θ) andtBG(θ)
. Because we used a finite region, we had to correct for the missing flux in the unselected wings
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of the point-spread function. This encircled energy fraction (EEFi) was calculated with the help
of theeregionanalyse- (XMM-Newton) andpsf-tool (Chandra).

If ∑n
i Ni > 20 counts, wheren is the number of X-ray observations of a single pulsar, we

derived thex·σ upper limit on the count rate with the following equation:

UL(x·σ) =
max

(

∑n
i

Ni−c1c2·Bi
EEFi

,0
)

+x·∑n
i

√
Ni+c2

1c2
2Bi

EEFi

∑n
i ti(θi)

. (7.4)

Otherwise, the upper limit was derived using the Bayesian approach introduced by Kraft et al.
(1991).

Assuming a pure blackbody (BB) spectrum and neglecting the influence of the magnetic field
and the neutron star atmosphere we can deduce the 3σ upper limit on the effective temperature
Te = T∞(1+z) (T∞ is the temperature measured by a distant observer) by minimizing the differ-
enceUL(3σ)−ULBB(Te) (Becker et al., 1993b; Becker, 1995), where

ULBB(Te) = const.·
∫ Emax

Emin

E2Aeff(E) ·exp(−σ(E) ·Nul
H )

exp(E(1+z)/kBTe)
dE. (7.5)

Here const.= 2π(1+z)2R2
0

h3c2d2
ul

with zthe gravitational red shift for a neutron star with radiusR0=11.43

km and massM = 1.4M⊙, h the Planck constant,c the speed of light anddul the upper limit of
the distance to the pulsar. Furthermore,σ(E) is the interstellar photoelectric absorption cross
section (Morrison and McCammon, 1983),Nul

H the upper limit of the hydrogen column density,
kB is the Boltzmann constant andAeff is the weighted effective area of all used instruments with
which a certain source was observed:

Aeff(E) =
∑n

i Ai(E)ti(θi)

∑n
i ti(θi)

, (7.6)

whereAi is the on-axis effective area of the instrument used in thei th observation of the pul-
sar. Because the count rate is already vignetting correctedwe used the on-axis effective area
obtained with the SAS-taskcalview for the XMM-Newton EPIC cameras with different filters.
The Chandra ACIS and HRC effective area were taken from the Portable, Interactive Multi-
Mission Simulator (WebPIMMS), version 4.6.8 Nul

H is calculated as described in Section 7.2.2,
except that we add the error ofDM to obtain the upper limit ofNH.

The distance estimate is based on the work by Verbiest et al. (2012), where they present a
detailed analysis of all measured distances to pulsars. Forall other sources we used the NE2001
model of Cordes and Lazio (2002) to transform the measuredDM to a distance. We apply a
distance error of 20 % to 120 % depending on their Galactic coordinates. This large difference in
the used uncertainties is because the error ind is larger for a pulsar in a region of small electron
density than in a region with higher density (Cordes and Lazio, 2002).

To estimate the 2σ upper limit of the non-thermal X-ray efficiency we derived anexpression
for ULmodel in a similar way as for the blackbody spectrum, except that weinserted a power law

8Seehttp://heasarc.nasa.gov/docs/software/tools/pimms.html

http://heasarc.nasa.gov/docs/software/tools/pimms.html
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Table 7.1: Pulsar parameters of detected radio pulsars.

PSR RA DEC ∆ S/N Pcoin log( fX/ fV )

hh:mm:ss dd:mm:ss arcsec σ (α)
G

J0117+5914 01 : 17 : 38.5±0.3 +59 : 14 : 38±2 1.6±2.1 16.9 1.3×10−4 > 0.2
J0543+2329 05 : 43 : 09.5±0.2 +23 : 29 : 07±2 3.4±4.8 5.9 2.8×10−4 >−0.4
J0907–5157 09 : 07 : 15.6±0.2 −51 : 58 : 01±2 3.4±2.3 6.3 4.1×10−4 >−0.5
J0922+0638 09 : 22 : 14.16±0.14 +06 : 38 : 24±2 2.4±2.1 17.8 6.3×10−4 >−0.7
J1105–6107 11 : 05 : 26.03±0.07 −61 : 07 : 50.4±0.3 1.4±0.5 4.4 3.2×10−4 >−0.4
J1112–6103 11 : 12 : 14.87±0.03 −61 : 03 : 30.7±0.2 0.6±0.5 43.0 4.1×10−4 > 0.0
J1224–6407 12 : 24 : 21.8±0.3 −64 : 07 : 55±2 2.9±2.3 6.1 2.3×10−4 >−0.3
J1301–6310 13 : 01 : 28.2±0.3 −63 : 10 : 42±2 1.9±2.3 10.4 2.0×10−4 >−0.2
J1341–6220 13 : 41 : 43.1±0.3 −62 : 20 : 18±2 4.2±2.4 6.4 3.4×10−3 >−0.8
J1600–3053 16 : 00 : 51.8±0.2 −30 : 53 : 49±2 0.8±2.4 5.8 3.0×10−5 >−0.6
J1658–5324 16 : 58 : 39.35±0.05 −53 : 24 : 06.8±0.3 0.2±0.3 9.6 6.2×10−6 >−0.1
J1730–2304 17 : 30 : 21.5±0.2 −23 : 04 : 30±2 2.7±2.1 24.4 5.5×10−4 >−0.2
J1825–0935 18 : 25 : 30.7±0.2 −09 : 35 : 23±2 1.5±2.3 6.7 2.4×10−5 >−1.1
J1843–1113 18 : 43 : 41.25±0.02 −11 : 13 : 30.6±0.4 0.5±0.4 2.8 5.2×10−6 >−0.6
J1911–1114 19 : 11 : 49.5±0.2 −11 : 14 : 23±2 3.1±2.8 6.5 8.7×10−4 >−0.8
J1933–6211 19 : 33 : 32.49±0.05 −62 : 11 : 46.3±0.4 0.7±0.4 3.7 1.6×10−5 >−0.6
J2017+0603 20 : 17 : 22.70±0.01 +06 : 03 : 05.4±0.2 0.2±0.2 8.7 3.6×10−6 >−0.3
J2222–0137 22 : 22 : 05.95±0.01 −01 : 37 : 15.7±0.2 0.1±0.2 8.9 2.0×10−5 >−0.7

Notes.(α) σG = 1+
√

cbg+0.75, wherecbg are the background counts.

model (PL) with photon indexΓ = 1.7 (Becker, 2009) and minimizingUL(2σ)−ULPL(K) with

ULPL(K) = K
∫ Emax

Emin

E−Γ exp(−σ(E) ·Nul
H ) ·Aeff(E)dE. (7.7)

Using the resulting value for the normalization constantK and the assumed photon index we
can derive the flux upper limit in a certain energy range by integrating the power law model with
the derived normalization over this energy band.

In the following, all given uncertainties represent the 1σ confidence range for one parameter
of interest, unless stated otherwise.

7.3 Results

7.3.1 Detections

In addition to the already known pulsars, we found 18 X-ray sources close to the corresponding
radio timing positions. Their X-ray images are displayed inFigure 7.1. The coordinates of the
X-ray counterparts, the discrepancy between X-ray and radio position∆, the chance probability
Pcoin and the X-ray to visual flux ratio are summarized in Table 7.1.For six neutron stars a
detailed spectral analysis was possible. The results of this analysis are shown in Table 7.2. In
Table 7.3 all fundamental parameters of the detected pulsars are listed, including the flux, the
luminosity and the X-ray efficiencyµ0.1–2 keV in the 0.1–2 keV range.

In the following paragraphs we will give a short overview of the detected counterparts of
radio pulsars and if applicable, give detailed informationabout the spectral analysis.
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Figure 7.1: X-ray images of the region around all radio pulsars where an X-ray counterpart was detected.
Each panel has a size of 1.′5×1.′5 for XMM-Newton observations and 15′′×15′′ for Chandra observations.
North is up and east is to the left. The cross marks the radio position of the pulsar and the red circle
indicates the 3σ uncertainty in the measured X-ray position.
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Table 7.2: Spectral parameters of detected pulsars with more than 70 source counts.

PSR model χ2/d.o.f. NH Γ/Temit Normβ Remit

1022 cm−2 -/keV km

J0117+5914 BBα 12.2/13 < 0.48 0.18+0.04
−0.03 3.7+1.3

−1.1×10−7 0.4±0.2

PLα 13.2/13 0.5+0.7
−0.5 3.3±0.5 (8±2)×10−6 -

J0922+0638 PL 4.0/8 < 0.12 2.3+0.8
−0.4 1.9+0.9

−0.4×10−6 -

J1112-6103 PL 9.7/11 1.2+1.1
−1.0 1.5±0.7 1.3+2.3

−0.8×10−5 -

J1301-6310 BBα 23.8/16 < 0.09 0.25+0.08
−0.07 9+4

−2×10−8 0.08+0.04
−0.03

PLα 16.4/16 < 0.39 3.4+0.8
−0.6 (3.2±0.7)×10−6 -

J1341-6220 PLα 13.6/23 4±3 1.1±0.7 1.5+2.1
−1.0×10−6 -

J1730-2304 BBα 12.2/18 < 0.53 0.26+0.06
−0.21 1.5+0.4

−0.7×10−7 0.026+0.009
−0.023

PLα 17.0/17 < 0.47 2.7+0.9
−0.5 3.3+0.9

−1.2×10−6 -

Notes.(α) Spectral parameters were obtained withNH fixed to DM based value(β ) PL: photons keV−1

cm−2 s−1 at 1 keV; BB:L[1039erg/s]/(D[10kpc])2, whereL is the source luminosity andD the distance to
the source.

Table 7.3: Pulsar parameters of radio pulsars which have a counterpartin the X-ray band.

PSR DM P log(Age) log(Ė) nH d model f0.1–2 keV L0.1–2 keV µ0.1–2 keV

pc cm−3 ms yrs erg s−1 1021 cm−2 kpc erg s−1 cm−2 erg s−1

J0117+5914 49.423 101 5.4 35.3 1.5 2.2 BB (3.1±0.6)×10−14 (1.8±0.4)×1031 (8±2)×10−5

PL 1.8+1.4
−0.8×10−13 1.1+0.9

−0.4×1032 (5±2)×10−4

J0543+2329 77.7115 245 5.4 34.6 2.4 2.1 PLα (8±2)×10−15 (4.1±1.1)×1030 (10±3)×10−5

J0907-5157 103.72 253 6.3 33.6 3.2 0.9 PLα (7±2)×10−15 (7±2)×1029 (1.5±0.4)×10−4

J0922+0638 27.271 430 5.7 33.8 0.8 1.1 PL 1.2+1.4
−0.6×10−14 1.7+2.0

−0.9×1030 (2.6±1.4)×10−4

J1224-6407 97.47 216 5.8 34.3 3.0 4.0 PLα (10±3)×10−15 (1.9±0.5)×1031 (10±3)×10−4

J1301-6310 86.1 663 5.3 33.9 2.7 1.9 BB (7.4±1.4)×10−15 (3.0±0.6)×1030 (4.0±0.8)×10−4

PL 9+7
−4×10−14 3+3

−2×1031 (5±2)×10−3

J1341-6220 717.3 193 4.1 36.1 22.1 11.1 PL 5+4
−3×10−15 7+6

−4×1031 (5±3)×10−5

J1600-3053 52.3262 3 9.8 33.9 1.6 2.4 PLα (6±2)×10−15 (4.1±1.1)×1030 (5.1±1.3)×10−4

J1730-2304 9.617 8 9.8 33.2 0.3 0.5 BB 1.4+0.1
−0.2×10−14 4.9+0.4

−0.6×1029 (3.3±0.4)×10−4

PL 3.5+1.8
−1.1×10−14 1.2+0.6

−0.4×1030 (8±2)×10−4

J1825-0935 19.38 769 5.4 33.7 0.6 0.9 PLα (1.7±0.4)×10−14 (1.6±0.4)×1030 (3.4±0.8)×10−4

J1911-1114 30.9750 3 9.6 34.1 1.0 1.2 PLα 3.7+0.9
−0.8×10−15 6.5+1.6

−1.5×1029 (5.6±1.3)×10−5

J1105-6107 271.01 63 4.8 36.4 8.4 5.0 PLα (1.0±0.3)×10−14 3.0+0.8
−0.9×1031 (1.2±0.4)×10−5

J1112-6103 599.1 64 4.5 36.7 18.5 12.3 PL 4+3
−2×10−14 6+5

−4×1032 (1.4±0.9)×10−4

J1658-5324 30.8 2 9.5 34.5 1.0 0.9 PLα (1.6±0.3)×10−14 (1.7±0.3)×1030 (5.6±1.1)×10−5

J1843-1113 59.96 1 9.5 34.8 1.9 1.7 PLα (7±3)×10−15 (2.5±1.0)×1030 (4±2)×10−5

J1933-6211 11.499 3 10.2 33.5 0.4 0.5 PLα (6±2)×10−15 (2.0±0.7)×1029 (6±2)×10−5

J2017+0603 23.918 2 9.7 34.1 0.7 1.6 PLα (1.1±0.3)×10−14 (3.3±0.8)×1030 (2.4±0.6)×10−4

J2222-0137 3.27511 32 10.0 31.7 0.10 0.3 PLα 4.5+1.0
−0.9×10−15 (5.2±1.1)×1028 (10±2)×10−4

Notes.(α) Flux derived using PIMMS with a power law model and a photon index of 1.7.
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PSR B0114+58

The pulsar PSR B0114+58 (PSR J0117+5914) was first detected in the Princeton-NRAO pulsar
survey (Stokes et al., 1985). We made use of an archival XMM-Newton observation (see Table
B.2) and extracted the counts in a circle of radius 20′′ about the pulsars X-ray position. The back-
ground spectra were extracted from an annulus with inner andouter radius of 45′′ and 75′′. The
extracted counts were binned with at least 8 counts/bin in case of the PN data and 5 counts/bin
for the two MOS data sets.

First, we fitted the energy spectra with an absorbed power lawand free varyingNH. This
resulted inχ2 = 12.1 for 12 d.o.f. andNH = 0.5+0.7

−0.5×1022 cm−2 in agreement with theDM
based estimate ofNH = 0.15×1022 cm−2. To put better constraints on the remaining parameter
we fixedNH to theDM-based value. This gave an acceptable result (χ2 = 13.2, 13 d.o.f.) with a
photon indexΓ = 3.3±0.5. Using a blackbody model gave also an acceptable fit withχ2 = 12.2
(13 d.o.f.). The resulting blackbody temperature is 2.1+0.4

−0.3×106 K with a normalization factor
K = 3.7+1.3

−1.1×10−7. Using the normalization factorK = L39/D2
10 (L39= L/1039 erg/s andD10=

d/10 kpc) we can estimate the emitting source radiusRas follows:

R=

√

K ·D2
10×1039 erg/s

4πσBT4 = (0.4±0.2) km, (7.8)

whereσB is the Stefan-Boltzmann constant.

PSR B0540+23

The 246 ms pulsar B0540+23 (PSR J0543+2329) was first detected by Davies et al. (1972). In an
archival X-ray observation with XMM-Newton we found a very faint source with 17±4 source
counts close to the radio position. Taking the exposure times listed in Table B.2 into account, we
derive a count rate of(0.9±0.4) cts/ksec in the energy range 0.2 to 12 keV. Thus, the X-ray flux
in the 0.1 to 2 keV range, applying Equation 7.7, isF0.1–2 keV

X = (8±2)×10−15 erg s−1 cm−2.

PSR B0905–51

B0905–51 (PSR J0907–5157) is an old pulsar and was detected by Manchester et al. (1978). An-
alyzing an archival XMM-Newton and two Chandra ACIS-I observations of the SNR G272.2–3.2
we detected two faint sources close to the radio position. However, only in the XMM-Newton
data the second source is detectable with a good signal-to-noise ration (S/N>6) and it dominates
over the other source only above 1 keV. In addition, this source is closer to the radio position of
PSR B0905–51 with a discrepancy of 3.4±2.3 arcsec. We measured 48±12 counts after back-
ground subtraction and hence, an X-ray flux of 7±2× 10−15 erg s−1 cm−2 in the 0.1–2 keV
band.

The other source is more than 15 arcsec displaced to the southand thus, cannot be the coun-
terpart of PSR B0905–51.
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PSR B0919+06

The pulsed radio emission of the middle-aged pulsar PSR B0919+06 (PSR J0922+0638) was first
recorded in the second Molonglo pulsar survey (Manchester et al., 1978). Verbiest et al. (2012)
found the distance to PSR B0919+06 to be 1.1±0.2 kpc by measuring the parallax of this pulsar.

The pulsars energy spectrum was extracted from the PN and MOS1/2 data (see Table B.2) by
selecting all events detected in a circle of radius 15′′ centered on the pulsar’s X-ray position. The
background spectrum was extracted from an annulus around the pulsar with the same radii as for
PSR B0114+58. The spectral data were binned to have at least 20 counts/bin and 10 counts/bin
for data obtained at the PN and MOS CCDs, respectively. Fitting a power law model gave a
χ2 = 4.0 for 8 d.o.f. and anNH < 1.2×1021cm−2. This is in agreement with the dispersion-
based value of 8.42×1020 cm−2. The fitted photon indexΓ is 2.3+0.8

−0.4. A single blackbody fit
showed systematic deviation between data point and model and did not result in an acceptable fit
(χ2 = 15.9, 8 d.o.f.).

PSR J1112–6103

PSR J1112–6103 was discovered by the Parkes multibeam pulsar survey (Manchester et al.,
2001). Two observations with Chandra are covering the radioposition of the pulsar (see Ta-
ble B.2).

With the CIAO-toolsrcextent we found that the source is extended at a 90 % confidential
level. To proof the existence of a PWN around PSR J1112–6103 we produced radial profiles
centered on the deduced X-ray position (see Table 7.1) for both ACIS observations. The profiles
were obtained by integrating all counts in 12 concentric, equally-spaced annuli with a minimum
radius of 0.′′5 and maximum radius 6′′ and dividing by the respective areas. This profiles were
then compared with the profile of a point source at the same off-axis angle, simulated with
MARX9 and convolved with a Gaussian with a full width at half maximum (FWHM) of 1′′ as
used by Romani and Ng (2003) to detect a faint PWN surroundingPSR J0538+2817. Figure
7.2 shows the resulting diagram obtained for obs.ID 6706. Noextension of the X-ray source
is visible with a significance of 3σ . Therefore, we see no evidence for a PWN surrounding
J1112–6103.

The counts within an aperture of 3′′ about the X-ray position were extracted for spectral
fitting of the pulsar. These counts were binned to have at least 20 cts/bin. We fitted an absorbed
power law on the energy distribution of the pulsar, which resulted in χ2 = 17.6 and 27 degrees
of freedom (see Figure 7.3. Furthermore, a blackbody model fit resulted in an acceptable fit
(χ2 = 26.0 for 29 d.o.f.), but with a blackbody temperature ofT = (1.4±0.2)×107 K, a factor
of 10 higher than the highest temperature of all known neutron stars with thermal emission. Thus,
the spectral energy distribution cannot be described by a single blackbody spectrum.

The fitted column densityNH = 1.2+1.1
−1.0 × 1022 cm−2 is in agreement with the results of

the LAB Survey of Galactic HI (Kalberla et al., 2005), where the NH in the direction of PSR
J1112-6103 is between 1.0×1022 cm−2 and 1.3×1022 cm−2 and with theDM based estimate
of NH = 1.8×1022 cm−2.

9Seehttp://space.mit.edu/cxc/marx/

http://space.mit.edu/cxc/marx/
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Figure 7.2: Top: Radial intensity dis-
tribution around PSR J1112–6103 in
obs.ID 6706. The red line shows
the simulated distribution for a point
source convolved with a Gaussian with
a FWHM=1′′ . Bottom: Difference be-
tween this two profiles, expressed in
terms of the 1σ uncertainty in the de-
rived counts per annulus.
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Figure 7.3: X-ray spectrum of PSR
J1112–6103 fitted with a power law
model. Theχ2 statistic is shown for
comparison.



108 A search for X-ray counterparts of radio pulsars

PSR J1105–6107

The young pulsar PSR J1105–6107 was discovered by Kaspi et al. (1997) and an association with
the supernova remnant G290.1-0.8 (MSH 11-61A) was suggested for this source (Kaspi et al.,
1997). After merging two Chandra observations we detected afaint source close to the radio
position with 19± 5 source counts after background subtraction. With the deduced exposure
times (see Table B.2) the count rate in the energy range 0.1–10 keV is(0.8±0.2) cts/ksec. The
X-ray flux in the 0.1 to 2 keV range isF0.1–2 keV

X = (1.0±0.3)×10−14erg s−1 cm−2 (Equation
7.7).

PSR B1221–63

The radio emission from PSR B1221–63 (PSR J1224–6407) was first detected by
Komesaroff et al. (1973). The distance to this source is(4±2) kpc (Verbiest et al., 2012). An
archival XMM-Newton observation was found for this source (see Table B.2). In the merged
XMM-Newton image(30±8) cts were detected from the possible X-ray counterpart of this pul-
sar. These counts are already corrected for the encircled energy fraction. Using the net exposure
time on this source of 3.9 and 6.4 ksec for the PN and the two MOScameras the count rate is
(1.8±0.5) cts/ksec in the merged image in the energy band 0.2–12 keV. Using Equation 7.7 the
X-ray flux in the 0.1 to 2 keV range isF0.1–2 keV

X = (1.0±0.3)×10−14 erg s−1 cm−2.

PSR J1301–6310

The middle-aged pulsar PSR J1301–6310 was discovered in theParkes multibeam pulsar survey
(Kramer et al., 2003a). For the spectral analysis we had to exclude the observation with the
MOS1 CCDs in obsID 0303440101, because the pulsar could not be detected in this observation.
We extracted the events within a circle of 20′′ radius and binned the extracted counts with at least
20 cts/bin for the PN camera and 10 cts/bin for the MOS cameras.

Using both, a power law and a blackbody spectrum gave similarfindings. The fit of a power
law results inχ2 = 15.2 for 15 d.o.f. and anNH < 3.9×1021 cm−2. Using a blackbody spectrum
leads toχ2 = 17.0 for 15 d.o.f.,NH ≤ 9×1020 cm−2. After fixing NH to theDM based value
of 2.6× 1021 cm−2 both fits are still reasonable (see Table 7.2). The normalization factor is
K = 9+4

−2×10−8 and thus, the emitting source radius isR= 0.09±0.03 km.

PSR B1338–62

PSR B1338–62 (PSR J1341-6220) is a young, Vela-like pulsar discovered in 1985 at the Parkes
radio telescope (Manchester et al., 1985). The pulsar is associated with the supernova remnant
G308.8–0.1 (Kaspi et al., 1992) and according to Wang et al. (2000) among the most actively
glitching pulsars known. Two X-ray sources were found closeto the radio position in the merged
PN and MOS observations (see Table B.2):S1 with the coordinates RA= 13h41m43.1s±0.3s,
DEC=−62◦20m18s±2s andS2 with RA= 13h41m43.3s±0.3s, DEC=−62◦20m06s±2s.

Correlating both sources with the 2MASS All-Sky Catalog of Point Sources (Cutri et al.,
2003) gave a match forS2, 2MASS J13414307-6220063 with a positional discrepancy of1.′′5±
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2.′′2. SourceS1 is close to the pulsar radio timing position, the differenceis 4.′′2± 2.′′4. This
source is only distinguishable fromS2 at energies above∼ 2 keV (see Figure 7.1).

In order to fit the energy distribution of the detected X-ray source we extracted the counts
within a radius of 12.′′5 aboutS1 in obs.ID 0301740101 and excluded the region aroundS2. The
background spectra were extracted from a region close to thesource. The other two observations
are highly contaminated by particle background radiation.Therefore, the effective exposures
are too short for a spectral analysis. The resulting background subtracted count rates are listed
in Table B.2. The counts were binned with at least 10 counts per bin for the PN-camera and 5
cts/bin for MOS1/2. Using a power law to fit the energy spectragave a good result (χ2 = 3.1
for 8 d.o.f.) withNH = 4±3×1022 cm−2. This is in agreement with theDM based value of
2.2×1022 cm−2. After fixing NH to theDM based value the fit was still good withχ2 = 3.2 (9
d.o.f.) and a photon indexΓ = 1.1±0.7. A blackbody model fit gaveχ2 = 2.8 for 7 d.o.f. with
fixed NH, but the resulting value for the temperaturekT = 1.2+1.6

−0.4 K is too high to be consistent
with emission coming from the neutron star surface or a hot spot.

PSR J1600–3053

The high Galactic latitude binary pulsar J1600–3053 was detected by Jacoby et al. (2007). A
very faint source was found close to the radio position in an archival XMM-Newton observation
(see Table B.2). With the help of the XMM-Newton source detection software we detected a
source with 37±10 source counts close the the radio position. With the net exposure of 24.5
ksec and 23.5 ksec for the MOS1 and MOS2 cameras the count rateis (8±2) cts/ksec in the
merged MOS1/2 image in the 0.2–12 keV band. Further, the PN camera was operated in timing
mode, therefore no imaging with this instrument was possible.

PSR J1658–5324

This pulsar was detected in a survey of unidentified Fermi LATsources with the Parkes radio
telescope (Kerr et al., 2012). Using the coordinates given in the Second Fermi Large Area Tele-
scope Catalog of Gamma-ray Pulsars (Abdo et al., 2013) we detected a source with 25.9±5.3
counts close to the radio position. The positional discrepancy is 0.22±0.28 arcsec.

PSR J1730–2304

The solitary millisecond pulsar J1730–2304 was discoveredby Lorimer et al. (1995). In an
XMM-Newton observation (see Table B.2) the source spectrumwas extracted from a circle
of radius 20′′ around the X-ray source, which was detected 2.′′7 off the radio position of PSR
J1730–2304. These counts were binned with at least 20 cts/bin and 10 cts/bin for the PN and
MOS camera, respectively.

Fitting a single power law or blackbody spectrum yielded model spectra with large deviations
from the recorded ones at an energy of≈ 1.4 keV. Adding a Gaussian line profile at this energy
results in aχ2 = 17.0 for 16 d.o.f. in case of the power law. As for the blackbody model fit the
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model still shows systematic deviations from the data points. The line center is at 1.36+0.08
−0.1 keV.

However, the origin of the line is unclear and could be instrumental.

PSR B1822-09

The middle-aged pulsar B1822-09 (PSR J1825–0935) was first mentioned in the literature by
Davies et al. (1972). In an XMM-Newton observation with a netexposure time of 1.3,3.8 and
4.3 ksec for the PN, MOS1, and MOS2 camera, the observation was not deep enough to study
this neutron star in the X-ray regime in detail. Nevertheless, we found an X-ray source only 1.5′′

off the radio coordinates. The X-ray source has 46±11 source counts and thus, a count rate of
(4.9±1.2) cts/ksec.

PSR J1843–1113

The solitary millisecond pulsar PSR J1843–1113 was discovered in the Parkes multibeam pulsar
survey (Hobbs et al., 2004). In an archival Chandra HRC-S observation we found a source with
6.8± 2.8 net source counts only 0.′′5± 0.′′4 off the radio timing position. With the effective
exposure time of 19.9 ksec the counting rate is(0.34±0.14) cts/ksec in the 0.1–10 keV band.

PSR J1911–1114

PSR J1911–1114 was discovered by Lorimer et al. (1996) and isa binary millisecond pulsar.
Because the PN camera of the pointed XMM-Newton observationof this pulsar was taken in
timing mode, only the MOS1 and MOS2 camera can be used for spatial analysis. Close to the
radio position of the pulsar a source was detected with 54±13 source counts, observed in the
merged MOS1 and MOS2 image with 51.5 ksec (MOS1) and 48.7 ksec(MOS2) exposure time.
Therefore, the count rate is(0.54±0.13) cts/ksec.

PSR J1933–6211

The binary pulsar PSR J1933–6211 has a period of 3.4 ms and a companion with a minimum
mass of 0.32M⊙. It was discovered with four other recycled pulsars, including J1600–3053 in a
high Galactic latitude survey by Jacoby et al. (2007). In a Chandra HRC-S observation (obs. ID
9115) we found a source with 10.0±3.5 source counts and a distance to the radio timing position
of 0.′′7±0.′′4. With the effective exposure time of 19.9 ks the counting rate is(0.5±0.2) cts/ksec
in the 0.1–10 keV band.

PSR J2017+0603

PSR J2017+0603 is a millisecond pulsar in a binary system andwas first detected by its pulsed
emission with the Fermi satellite in theγ-ray regime (Cognard et al., 2011). In the discovery
paper they derived an upper limit on the X-ray flux in the 0.5–8keV band ofF0.5–8 keV

X < 6×
10−14 erg s−1cm−2. Using an archival Chandra ACIS-S observation we detected an X-ray source
with 19±5 source counts with a discrepancy to the radio coordinates of 0.′′2. With the exposure
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Table 7.4: The pulsars with the lowest X-ray efficiency upper limit.

PSR Ė
4πd2 Ė µPL

0.1–2 keV d log(τ) Bsurf

erg s−1 cm−2 erg s−1 kpc yrs G

J0940–5428 1.9×10−09 1.9×10+36 2.2×10−6 3.0 4.6 1.7×10+12

J1913+1011 1.1×10−09 2.9×10+36 6.9×10−6 4.8 5.2 3.5×10+11

J1730–3350 8.2×10−10 1.2×10+36 9.7×10−6 3.5 4.4 3.5×10+12

J2129–5721 8.3×10−10 1.6×10+34 2.1×10−5 0.4 9.5 2.8×10+08

J1928+1746 3.9×10−10 1.6×10+36 2.1×10−5 5.8 4.9 9.6×10+11

J1835–1106 1.9×10−10 1.8×10+35 3.5×10−5 2.8 5.1 1.9×10+12

J1702–4310 2.0×10−10 6.3×10+35 4.5×10−5 5.2 4.2 7.4×10+12

J1906+0746 7.7×10−11 2.7×10+35 4.5×10−5 5.4 5.1 1.7×10+12

J1739–3023 3.0×10−10 3.0×10+35 5.7×10−5 2.9 5.2 1.2×10+12

J1828–1101 3.0×10−10 1.6×10+36 6.3×10−5 6.6 4.9 1.0×10+12

time of 9.9 ksec this corresponds to a count rate of(1.9±0.5) cts/ksec and a flux ofF0.1–10 keV
X =

(1.1±0.3)×10−14 erg s−1cm−2 (Equation 7.7) in the 0.1–10 keV energy band.

PSR J2222–0137

The recently discovered millisecond pulsar PSR J2222–0137is a mildly recycled binary pulsar
(Boyles et al., 2013). It was observed with the ACIS-S cameraon board the Chandra X-ray
observatory with a net exposure of 27.4 ksec. We found a source with 26± 5 source counts,
leading to a count rate of(1.0±0.2) cts/ksec in the 0.1–10 keV energy band.

7.3.2 Upper limits

In Table B.3 the results for the non-thermal fluxFPL
0.1–2 keVand the upper limit on the blackbody

temperatureT∞ as measured by a distant observer are listed (see also Figure7.4 for an overview of
these sources including the 18 detected PSRs in aP-Ṗ diagram). Furthermore, the non-thermal
luminosity LPL

0.1–2 keV= 4πd2
ULFPL

0.1–2 keV and the X-ray efficiencyµPL
0.1–2 keV= LPL

0.1–2 keV/Ė are
added, wherėE = −4π2I ṖP−3 is the spin-down luminosity andI ≈ 1045 g cm2 the moment of
inertia. In Table 7.4 the pulsars with the lowest X-ray efficiency in the energy band 0.1 – 2 keV
of all non-detected sources can be found.

Figure 7.5 displays the dependence of the isotropic X-ray luminosityL0.1−2
X in the 0.1–2 keV

band on the spin-down luminositẏE. We added the X-ray luminosity for all detected X-ray
pulsar candidates for which we were able to fit a spectrum in red and for which we had to assume
the spectral shape in blue. Furthermore, we added the 2σ upper limit on the non-thermal X-ray
luminosity for all pulsars, for which at least a dispersion measure dependent distance estimate
and the rotation periodP and period derivativėP are known. The gray shaded region in this
graph shows the correlation betweenL0.1−2

X andĖ found by Becker (2009):

L0.1−2
X = 10−3.24+0.26

−0.66Ė−0.997+0.008
−0.001. (7.9)
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Figure 7.4: Distribution of pulsars in aP-Ṗ diagram. The 18 newly detected X-ray pulsars and the pulsars
for which upper limits were calculated are indicated by green dots and circles, respectively.
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Figure 7.5: Spin-down luminositydE/dt = Ė plotted against the isotropic X-ray luminosityL0.1−2
X in the

0.1–2 keV band of the newly detected pulsars. The red error bars are used for pulsars where a spectral
analysis was possible. For the remaining detected pulsars blue error bars were used. In case of the non-
detected pulsars the 2σ upper limit is indicated with an arrow. The straight line represent the relation
found by Becker (2009) with the error range indicated by the gray shaded region.

For this fit he used≈ 80 rotation-powered pulsars for which spectral information was obtained
in XMM-Newton and Chandra observations.

In Figure 7.6 we plot the derived 3σ temperature upper limits at infinityT∞ against the age
of the pulsar. If no association with a hosting supernova remnant is possible the only way to
estimate the age of a pulsar is by its spin-down ageτ = 2P/Ṗ. The uncertainty inτ is not known
by now and therefore,τ should be used with caution. In Figure 7.6 we show an error barin the
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x-direction only if kinematic informations are available, i.e., the age is known with accurately
determined errors.

To compare the data with actual cooling models we used the cooling curves of Page et al.
(2009). For the computation of the curves they used a 1.4 M⊙ neutron star with the equation
of state (EOS) of Akmal et al. (1998), different neutron1S0, proton1S0, and neutron3P2 gap
models taken from Page et al. (2004). They showed that the cooling of a neutron star in the
minimal cooling paradigm is only slightly dependent on the neutron star mass and the used
neutron and proton1S0 gap model. The main uncertainty in the minimal cooling paradigm are a
possible time evolution of the chemical composition of the envelope and the number of different
gap models that are allowed by current measurements. Therefore, we compare our data with the
allowed range given by the sum of all uncertainties mentioned before in Figure 7.6.

In Figure 7.6 we also plot the bolometric luminosity againstthe age and add the neutron stars
for which thermal emission from the surface has been detected or upper limits on the temper-
ature have been derived. These data are taken from Page et al.(2004, 2009),Özel (2013), and
Zhu et al. (2011). Additionally, for the central compact object in Puppis-A we adopted the new
age estimate of Becker et al. (2012). By using the bolometricluminosity we are able to compare
all derived luminosities with each other and with model predictions, because these values are
independent of the assumed radius for an upper limit and of the used spectral model to derive a
temperature.

Figure 7.6 (following page): Comparison of the derived upper limits on the temperature (upper
panel) and bolometric luminosity (lower panel) of the radio pulsars with minimal cooling models
taken from Page et al. (2009). The upper limits are indicatedby arrows. All models are com-
puted for a 1.4 M⊙ star with the equation of state (EOS) of Akmal et al. (1998), different neutron
1S0, proton 1S0, and neutron3P2 gap models as introduced by Page et al. (2004): The area in dark
and light gray contain models computed with heavy- and light-element dominated envelope, respec-
tively. The error bar indicate the error range in temperature or bolometric luminosity of all pulsars
with detected thermal emission. (1) Cas A: Shternin et al. (2011); Fesen et al. (2006); (2) J0822–
4300: Zavlin et al. (1999); Becker et al. (2012); (3) J1210–5226: Zavlin et al. (1998); Roger et al.
(1988); (4) B0833–45: Pavlov et al. (2001); Aschenbach et al. (1995); (5) B1706–44: McGowan et al.
(2004); Koribalski et al. (1995); (6) B0656+14: Marshall and Schulz (2002); Brisken et al. (2003);
(7) J0633+1748: Halpern and Wang (1997); Caraveo et al. (2001); (8) B1055–52: De Luca et al.
(2005); Kramer et al. (2003a); (9) J1856–3754: Burwitz et al. (2003); Mignani et al. (2013); (10)
J0720–3125: Kaplan et al. (2003); Tetzlaff et al. (2011); (11) J0538+2817: Zavlin and Pavlov (2004b);
Kramer et al. (2003b); (12) B2334+61: McGowan et al. (2006);Yar-Uyaniker et al. (2004); (13) J1119–
6127: Safi-Harb and Kumar (2008); Kumar et al. (2012). In addition, all pulsars with derived temper-
ature upper limit are indicated by a red arrow. (a) Crab: Weisskopf et al. (2011); (b) J0205+6449:
Slane et al. (2004a); Fesen et al. (2008); (c) J1124–5916: Hughes et al. (2003); Camilo et al. (2002b);
(d) RX J0007.0+7302: Halpern et al. (2004); Slane et al. (2004b); (e) B2224+65: Gonzalez et al. (2004);
(f) B1929+10: Hui and Becker (2007b); (g) B0950+08: Becker et al. (2006); Chatterjee et al. (2004);
(h) B0628–28: Zavlin and Pavlov (2004a); Brisken et al. (2002); (i) B0823+26: Becker et al. (2005); (k)
J2043+2740: Becker et al. (2004); Brisken et al. (2002). We added the error in the age for pulsars with
known kinematic age.
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Table 7.5: The pulsars with the lowest 3σ temperature upper limit (indicated by a black arrow in the
upper panel of Figure 7.6).Left: Young neutron stars withτ ≤ 5× 104 yrs. Right: Neutron stars with
τ > 5×104 yrs.

PSR log(age) T∞
yrs 105 K

J0940–5428 4.63 7.3
J1524–5706 4.70 9.8
J1730–3350 4.42 11.0
J1637–4642 4.62 12.1
J1907+0918 4.58 12.1
J1702–4310 4.23 12.3
J1413–6141 4.13 12.6
J1841–0524 4.48 12.8
J1726–3530 4.16 14.1
J1837–0604 4.53 15.2
J1646–4346 4.51 15.6

PSR log(age) T∞
yrs 105 K

J0157+6212 5.29 5.5
J1457–5902 5.70 5.8
J1846–0257 5.65 6.0
J0742–2822 5.20 7.8
J1913+0446 4.96 9.2
J1801–2304 4.77 9.6
J1850–0026 4.83 10.6
J1928+1746 4.92 10.9
J1055–6028 4.73 11.1
J1828–1101 4.89 11.1
J1841–0345 4.75 11.3
J1806–2125 4.80 11.7

In Table 7.5 we summarize the neutron stars with the lowest 3σ upper limit on the surface
temperature in our sample, which are indicated by a black arrow in the upper panel of Figure 7.6.

For some pulsars either no distance or period derivative canbe determined, because of miss-
ing values forṖ and/orDM in the literature. Nevertheless, these objects are added inthe resulting
list (Table B.3).

7.4 Summary and future prospects

In a systematical search within the archives of the X-ray observatories Chandra and XMM-
Newton we detected 18 previously unknown X-ray counterparts of radio pulsars. For 6 of them
we were able to fit the X-ray spectrum of the pulsar and derive the X-ray flux and luminosity. In
all other cases the counting rates were too low or the used detector had a poor intrinsic energy
resolution. Therefore, the energy flux and X-ray luminositywere estimated by assuming a non-
thermal spectrum and an estimate for the hydrogen column density, which was based on the
radio dispersion measure. For pulsars observed in the X-rayband, for which no source could
be detected upper limits on the non-thermal and thermal X-ray flux have been derived. We
have confirmed the trend for finding smaller X-ray efficiencies with increasing sample size and
higher sensitivity of X-ray observatories. Moreover, we have summarized possible explanations
for the large dispersion in this relationship and concludedthat they are not sufficient to explain
the observed data points. Regarding the thermal emission wefound that all our measurements
are compatible with a neutron star composed only of nucleonic matter. No enhanced cooling
mechanism, nor exotic matter has to be included to explain the obtained temperature upper limits.
However, it does not rule out the possibility that “exotic” matter is present in the core of neutron
stars, because only upper limits were used for this comparison.
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The sources in Table 7.5 and Table 7.4 are of particular interest, because investigating them
in more detail could help us to put better constraints on the cooling of neutron stars or the models
that explain the non-thermal emission of pulsars. Detecting, for example, a neutron star with a
surface temperature lower than the expectations from the minimal cooling paradigm, one has to
include enhanced cooling mechanism in the modeling of the interior of a neutron star.

In 2015 eROSITA, the successor of the ROSAT mission, will start to image the whole X-ray
sky with increased sensitivity (Merloni et al., 2012). Thiswill enable us to study all≈ 2250
known pulsars in the X-ray band with three times better resolution and 20 times larger sensitivity
than in the ROSAT All-Sky Survey. Thus, the eROSITA survey will add data to the analysis done
here with a larger and even less biased sample. The pulsars inthe eROSITA sample will have
equal exposures and will cover the whole galactic plane. However, the exposure will be only 3
ksec. The average exposure in the sample studied with XMM-Newton in this chapter was ten
times higher. In the case of a non-detection a upper limit on the thermal and non-thermal flux can
be calculated, which will then be in general lower than the already derived limits. Nevertheless,
it will further constrain the cooling of neutron stars and the dependence of the non-thermal X-ray
luminosity and the spin-down energy loss.

The detailed discussion of the results is presented in Chapter 8.
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Chapter 8

Discussion and future prospects

In this chapter I will summarize and discuss the results obtained in my thesis. Finally, future
prospects in this field of research are presented.

8.1 Modeling supernova explosions

By measuring the proper motion of a neutron star it is possible to validate current core-collapse
SN models. Two previous proper motion measurements of the Central Compact Object RX
J0822–4300 in the SNR Puppis A seemed to challenge models forproducing neutron star kicks.
In these measurements the same Chandra HRC data sets were used, but produced discrepant re-
sults. Hui and Becker (2006) found a proper motion of(104±35) mas yr−1 at a position angle
of 240◦±28◦. Winkler and Petre (2007), using a different analysis approach, found a consider-
ably higher value of(165±25) mas yr−1 at a position angle of 248◦±14◦. In Chapter 3.3.1 a
combined analysis, incorporating a new deep observation and a total time baseline twice as long
as was available previously, yields an improved value that is smaller than either of the two pub-
lished numbers, but at a position angle consistent with both. The proper motion was measured
with high confidence and yielded a value of(71±12) mas yr−1 at a position angle of 244◦±11◦.
The much smaller value compared to the result of Winkler and Petre (2007) is due to a bug in
the PSF fitting routine, which I found in the Chandra softwareby redoing their analysis. Further-
more, the 68% confidence levels of the proper motion measuredby Hui and Becker (2006) and
in this thesis are in agreement. For an assumed distance to Puppis A of 2 kpc the proper motion
corresponds to a tangential velocity of(670±120) kms−1.

Even though RX J0822–4300 is not moving as fast as previouslythought, its association
with a supernova remnant of well-constrained age and reasonably well-localized explosion cen-
ter (Winkler et al., 1988) makes it worthwhile to reexamine the implications of the revised ve-
locity on explosion kinematics and dynamics. The reduced tangential velocity of the neutron
star means a proportionately smaller momentum. Assuming a typical neutron star mass of 1.4
M⊙, its momentum is∼ 2×1041gcms−1, roughly a factor of two smaller than the estimate in
Winkler and Petre (2007). Their paper compared the momentumof the neutron star with that of
the optical filaments moving in the opposite direction at approximately 1500 kms−1. Assuming
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a typical knot mass of 0.04 M⊙(Winkler et al., 1988), the momentum per knot in the direction
opposite to the neutron star is∼ 1.2×1041gcms−1. The momentum of the neutron star would
thus be balanced by about 16 such knots, which roughly corresponds to the known number. Thus,
to the degree of accuracy to which the filament mass can be inferred, a momentum balance is
still feasible.

More drastic is the reduction of the estimate of the kinetic energy carried by the stellar rem-
nant: 6.5× 1048ergs, which is a quarter of that estimated in Winkler and Petre (2007). This
corresponds to only 0.6 percent of the nominal 1051 ergs produced in a canonical core-collapse
supernova explosion. This reduced value undoubtedly posesless of a challenge for supernova
models. In fact, a potential discrepancy, as pointed out in Winkler and Petre (2007), is resolved.
Using the prediction for the kick velocity from the explosion model of Burrows et al. (2007);
Scheck et al. (2004, 2006); Wongwathanarat et al. (2010) given in Equation 2.1 and the previ-
ous tangential velocity value, even for the most extreme values of anisotropy, corresponding to
sinα ∼ 1, the explosion energy needed to be higher than the canonical 1051 ergs. With the new,
reduced tangential velocity, a range of values of sinα = 0.6 to 0.8 is consistent with an explosion
having an energy of 1051 ergs. Interestingly, this range of sinα indicates a highly asymmetric
explosion.

Additionally, the revised proper motion has mild implications regarding the age of Puppis A.
The proper motions of the optical filaments point back to a common location at RA (2000.) =
08h22m27.′′5; Decl (2000.)= −42◦57′29′′; presumably the site of the explosion (Winkler et al.
1988). If no deceleration is assumed, the remnant age inferred from the filament motion is 3700±
300 years. The path of the neutron star, projected backward in time, passes directly through the
elliptical region in which the explosion is likely to have occurred. The distance between the
current neutron star location and the nominal explosion center is 371±31 arc seconds. Using
the new proper motion measurement of 71±12 mas yr−1 and assuming that the neutron star was
born within the optically-defined explosion location its age should be(5.2±1.0)×103 years. The
age inferred from the neutron star and filament motions can beconsidered as two independent
measurements of the same quantity. They average to 4450±750 yrs for the age of Puppis A,
slightly older than the generally accepted 3700 yrs.

While the tangential velocity of RX J0822–4300 is not as extreme as previously thought,
it is still high, though more consistent with other fast moving neutron stars (e.g., Hobbs et al.,
2005). In light of this new proper motion measurement the implications for kick mechanisms
are briefly reconsidered. As discussed in Winkler and Petre (2007), electromagnetically driven
or neutrino/magnetic field driven mechanisms are generallynot capable of providing a kick ve-
locity in excess of 500 kms−1. Even with the lower velocity, these mechanisms are thus unlikely
to be applicable to RX J0822–4300: hydrodynamic recoil mechanisms are the only ones capable
of providing a sufficient kick. In fact, recent studies (e.g., Nordhaus et al., 2012) suggest that
kick velocities as high as∼ 600 kms−1 are easily induced by hydrodynamically driven mech-
anisms after about 1 second of post-bounce evolution duringcore collapse. In the models of
Nordhaus et al. (2012) the gravitational pull of slowly moving ejecta in front of the nascent neu-
tron star can continue to accelerate it to considerably higher velocities.

Strong independent evidence supporting a hydrodynamic kick mechanism for RX J0822–
4300 comes from the implications associated with the discovery and the modeling of its pulsa-
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tions. Gotthelf and Halpern (2009a) discovered a period of 112 ms in RX J0822–4300. This
periodicity had been missed by prior investigators becauseof an abrupt 180-degree phase change
of the pulse profile at about 1.2 keV. The period and the very small period derivative imply a sur-
face magnetic field strength of. 9.8×1011G and a spin-down age of larger than 2.2×105 yrs.
The very low magnetic field gives rise to the attribution of “antimagnetar” to this object. Energy-
and pulse-phase resolved spectroscopy led to a model that reproduces the observed properties.
The model consists of two antipodal hot spots, modeled by blackbodies whose crossover in flux
corresponds to the energy at which the phase reverses. The angles from the hot spot to the pole
and from the line of sight to the rotation axis are degenerate; one has a value of 86◦, the other
a value of 6◦ (Gotthelf et al., 2010b). Interestingly, the model degeneracy allows either for the
spin axis to be parallel with the direction of motion, or for the spin and kick directions to be
maximally misaligned.

The two most constraining aspects of these results on possible kick models are the low mag-
netic field and the initial spin period. Models invoking magnetic processes require the nascent
neutron star to have a high magnetic field and/or high initialspin periods (Lai, 2001). As pointed
out in Gotthelf and Halpern (2009a), the only current modelssatisfying these new constraints
are the hydrodynamical ones that potentially produce very high velocities. Thus, despite the less
restrictive, lower inferred space velocity of RX J0822–4300, the conclusion of Winkler and Petre
(2007) regarding likely ejection mechanisms still holds.

The solution that favors spin-kick alignment is supported circumstantially by the fact that
such alignment is observed in a number of neutron stars (e.g., Figure 5 in Wang et al., 2007a).
More specific support from within Puppis A comes from the alignment of HI cavities, which
presumably represent the path of jets from the initial explosion, along the direction of motion
of the neutron star (Reynoso et al., 2003). Further, the comparison of numerical simulations
with the distribution of pulsars with known spin-kick angles suggests that the observed spin-kick
distribution requires the initial spin period to be shorterthan the kick timescale (Wang et al.,
2007a). Since the hydrodynamic recoil time scale (& 1 s) is considerably longer than the 112 ms
pulsation period, one might reasonably expect spin-kick alignment in RX J0822–4300.

8.2 Supernova remnants

8.2.1 Is there a second supernova remnant in Puppis A?

In Chapter 3.3.2 the question was investigated, whether theemission from an almost perfectly
circular region located at the western side of Puppis A is a second SNR that is just by coincidence
close to Puppis A or whether it is the imprint of shock/cloud interactions of Puppis A with the
surrounding medium. After studying the western part of Puppis A in radio, infrared, optical,
X-ray, andγ-ray there is no single evidence that the western sphere-like structure is different to
Puppis A. Therefore, we conclude that this feature belongs to Puppis A and that this sphere-like
shape is probably evolving in a bubble in the highly inhomogeneous medium surrounding the
remnant. However, how this feature evolved into a nearly perfect circular shape is still unclear
and has to be further investigated, e.g., with a deeper Chandra observation.
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8.2.2 Supernova remnant candidates in the ROSAT All-Sky Survey

In Chapter 4 the re-analysis of the RASS SNR candidate list ofSchaudel (2003) was presented.
After correlating the source list with various sky surveys and source catalogs as well as analyzing
archival X-ray observations 123 sources remained as SNR candidates. 73 of these sources fulfill
the criteria that the source significance is> 5σG and/or have a counterpart in other wavelengths.
Therefore, these sources are no fluctuations in the X-ray background. In addition, the possibility
that these SNR candidates are point sources can be ruled out,because it was shown that all
spherical symmetric sources are extended (95% CL). However, the remaining 50 candidates do
not fulfill one or more of the selection criteria. Thus, it cannot be excluded that some of these
sources are indeed fluctuations in the X-ray background.

Nevertheless, it is still possible that some of these 123 sources are of extragalactic origin.
For example, galaxy clusters are extended sources and have temperatures of a few times 107 K
(Böhringer and Werner, 2010). Hence, they can be seen in theRASS and can be confused with
SNRs. With the RASS data it is not possible to decide whether the source emission originates
from inside or outside the Galaxy, because in the RASS neither the temperature nor the hydrogen
column density can be measured, because of the short exposures and the poor spectral resolution.
The only indication of their origin is the hardness ratio. Galaxy clusters, for example, have hard-
ness ratiosHR1 andHR2 roughly in the range from 0 to +1, because of their high temperature
(Böhringer et al., 2000). Supernova remnants have lower temperatures and higher absorption by
the interstellar medium. Therefore, their hardness ratioHR1 is in the same order as for galaxy
clusters, butHR2 should be. 0 (Voges et al., 1999; Schaudel, 2003). This is the case for more
than 80% of the remnant candidates.

In addition, the conclusion of Schaudel (2003) that candidate G38.7–1.7 is an SNR could be
confirmed. This source shows non-thermal polarized radio emission, filaments in Hα and ther-
mal X-ray emission. In addition, the fitted hydrogen column density places this source within
our Galaxy. All these are clear indicators that G38.7–1.4 isan SNR. Furthermore, the SNR
candidate G265.8–7.1 shows emission from a thermally emitting plasma in the X-ray regime,
four candidates have counterparts in the radio band (G55.6+2.0, G83.2+6.9, G309.8–2.5, and
G321.7–3.5), two X-ray sources show related emission in theinfrared regime (G55.6+2.0 and
G312.4+4.8), and four objects show some filamentary structure around the X-ray emission re-
gion in Hα (G290.4–1.9, G295.4–3.0, G312.4+4.8, and G319.8–2.0). Inaddition, for three SNR
candidates archival X-ray observations were analyzed and indicate X-ray emission from an ex-
tended source. All these candidates are of special interest, because they show several properties
typical for SNRs.

The origin of the remaining SNR candidates is still unclear.However, they are promising
remnant candidates, because they are extended and bright inthe soft X-ray regime.

8.2.3 G308.4-1.4

In Chapter, 5 the RASS SNR candidate G308.4–1.4 was examinedin detail and the following ar-
guments are in favor of an SNR interpretation: First, comparing the fittedNH with the integrated
hydrogen column density toward G308.4–1.4 (Kalberla et al., 2005; Dickey and Lockman, 1990)
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places the source within our Galaxy. In addition, the plasmamodel used to fit the energy
spectrum of G308.4–1.4 was especially designed to improve the modeling of X-ray spectra of
SNR. Other plasma models assume ionization equilibrium andare therefore not able to repro-
duce the spectra of young SNRs that are not evolved enough to reach ionization equilibrium
(Borkowski et al., 2001). Second, the temperature of the plasma of approximately 6 million
Kelvin is in the typical range for SNRs (McKee, 1987). Third,the analysis of the archival ATCA
radio data revealed non-thermal emission with a spectral index of−0.7±0.2, which is typical for
young to middle-aged SNRs (Dickel, 1991). The spectral index has a large error due to the noise
in the 2.5 GHz observation but still agrees with the expectedvalue of -0.4 to -0.5 for middle-aged
SNRs. Fourth, the 22-µm to 1.4-GHz flux ratio for G308.4–1.4 is≈ 10, the upper limit for SNRs
(Carey et al., 2009; Pinheiro Gonçalves et al., 2011). Hence, the infrared emission matching the
radio and X-ray morphology and the measured 22-µm to 1.4-GHz flux ratio additionally supports
that G308.4–1.4 is an SNR. Next, the lack ofγ-ray emission from G308.4–1.4 can be explained
by the poor spatial resolution of the Fermi-LAT telescope (∼ 1◦ at 1 GeV), which makes it hard
to distinguish faint extended sources from the diffuse emission of the Galactic plane. Of the 274
known SNRs only seven have been detected by Fermi-LAT so far (Nolan et al., 2012). Finally,
G308.4–1.4 is neither a galaxy cluster, nor a planetary nebula. There are various physical scenar-
ios to show what might cause a plasma to emit X-rays. However,the two emission models for hot
diffuse (MEKAL, Mewe et al., 1986) and collisionally ionized diffuse gas (APEC, Smith et al.,
2001), which are often used to describe the X-ray emission ofgalaxy clusters, cannot reproduce
the spectrum of G308.4–1.4. Moreover, the temperature of galaxy clusters is typically several
107 K (Böhringer and Werner, 2010), one order of magnitude higher than the fitted value. In
addition, G308.4–1.4 cannot be a planetary nebula because its X-ray flux is three orders of mag-
nitude higher than the flux of the brightest planetary nebuladetected in X-rays, which is at a
distance of≈ 1 kpc (Guerrero et al., 2006) and because of the low 22-µm to 1.4-GHz flux ratio.
Furthermore, the temperature of G308.4–1.4 is a factor of two higher than the highest measured
temperature of the hotter, type 2 planetary nebulae (Guerrero et al., 2000).

Based on these results it was concluded in this thesis that G308.4–1.4 is indeed a supernova
remnant. Only the eastern part of the remnant can be seen in the radio-, infrared- and X-ray
regime, which is not unusual for SNRs (e.g., Castro et al., 2011). A possible explanation could
be that its shock wave is expanding in more dense ISM in the east or the emission in the western
part is absorbed by ISM that is in front of the SNR. In the infrared a bright and extended region
can be seen in the northwestern part of the SNR, whose emission is not correlated with the SNR.
The radio morphology of the remnant at 0.843, 1.384 and 2.496GHz is characterized by two arcs.
The eastern arc matches the X-ray and infrared contours. Thesecond arc, which is bending in
the west and shows a decreasing brightness toward the centerof G308.4–1.4, has no counterpart
in other wavelengths. Its nature is not clear by now and has tobe studied in more detail.

A Sedov analysis suggests that the SNR is about 6200 years oldand is expanding with a
velocity on the order of≈ 730 km/s. All fundamental parameters of the SNR are summarized in
Table 5.4.

The X-ray point-like source CXOU J134124.22–634352.0 (source # 1), located close to the
geometrical center of the SNR G308.4–1.4, is seen to exhibitvariable and flaring X-ray emission.
It has no extended X-ray emission as seen in other young and powerful pulsars. Its best-fit
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spectral model consists of two blackbodies. Thus, source # 1shows some properties that have
been also seen in central compact objects (CCO, see Gotthelfand Halpern, 2008a, for a review).
No CCO has a detected counterpart in the radio and optical band so far. For one member of the
CCO group, 1E 161348–5055 in RCW 103, flares have been detected in which the flux varies
between 0.8 and 60×10−12 ergs cm−2 s−1. This is comparable to source # 1 whose maximum
flux is ≈ 10−11 ergs cm−2 s−1 and the upper limit derived from the SWIFT observations is
≈ 5×10−13 ergs cm−2 s−1. The luminosity of source # 1 isL0.5−10

X = 2.5+1.2
−0.6×1034 d−2

9.8 erg/s.
This is slightly higher than the derived luminosity for the normal population of CCO (Becker,
2009, p.121), only the flaring CCO in RCW 103 has a comparable luminosity of 0.1−8×1034

erg/s (de Luca, 2008). Krautter et al. (1999) found for all X-ray-bright stars with an optical
counterpart a ratio of log( fX/ fV) = −2.46± 1.27 in the ROSAT All-Sky Survey. Therefore,
the X-ray-to-visual flux ratio of 1.55 and the fittedNH, which is on the order of what has been
observed for G308.4–1.4, suggest a CCO interpretation for source # 1.

Assuming that the source is indeed the compact remnant, we can derive the proper motion of
the objectµ =

√

(RAc−RA#1)2+(DECc−DEC#1)2/t = (45±4)′′/t using the inferred center
and the age of the SNR. We deduce the proper motion to beµ = 7±2 mas/yr= 320±100 km/s.
The upper limit onµ is higher than the mean two-dimensional proper motion of pulsars in SNRs
of ∼ 227 km/s (Hobbs et al., 2005), but would not be an exception. For example, the CCO RX
J0822-4300 in the SNR Puppis A has a 2d proper motion of 670±120 km/s (Becker et al., 2012).

Nevertheless, the lower limit of the inferred emitting radius of the blackbody in the double
blackbody or the power law-blackbody spectral fit is on the order of the expected value for the
neutron star radius of 10 to 20 km only if the source is at a distance of at least 7 kpc (see Fig. 5.5).
Moreover, we found an infrared and optical source whose position is consistent with source # 1.
The spectral distribution of the source allows us to fit a collisionally ionized diffuse gas model
(APEC), which Osten et al. (2005) used to model the energy distribution in the X-ray band of
the M dwarf flare star EV Lacertae. In addition, the fitted hydrogen column density is consistent
with that of a nearby star and the X-ray-to-visual flux ratio is 0.25, only 2σ higher than the value
for stars derived by Krautter et al. (1999). Therefore, no certain conclusion on the origin of this
source could be drawn.

Using the stellar density in the direction of G308.4–1.4 we can derive the chance association
of the observed 2MASS source with the compact remnant candidate. The chance association
is given byPcoin =

N
lRAlDecl.

π δRA δDEC, whereN is the number of sources detected within a
rectangular region of lengthlRA and widthlDecl. andδRA, δDEC are the errors in the position of
the source. The 2MASS catalog contains 2206 point-like sources in a box with side length of 5
arcmin around the center of the remnant and the chance association is 1.3%. Thus, the possibility
of a false association between the X-ray and the 2MASS sourcecannot be excluded.

Until now, we did not discuss the western radio arc, which hasno counterpart in the X-
ray and infrared image. The arc could be interpreted as a relativistic radio jet of a source at the
geometrical center of the SNR. If that is the case, the central source is either a black hole of stellar
mass or a neutron star in a binary system (Mirabel and Rodrı́guez, 1999, and reference therein).
Especially the possibility that the central source is a black hole is an interesting speculation
which, if proven, would mean that G308.4–1.4 is the remnant of a type II core-collapse SN.
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Thus, would be the first one known that left a black hole.
To obtain a rough estimate of the source flux of the other source in the center of the rem-

nant, source # 10, we assumed that the source is a CCO, should have at least a spectrum with
a blackbody of temperature 2.6 million Kelvin as the CCO in Puppis-A (cf. Table 6.4, Becker,
2009). Using the WebPIMMS tool with the source count rate andthe fittednH of the SNR the
flux in the 0.3−3.5 keV range isfX ≈ 2.2×10−14 ergs cm−2s−1 and in the 0.5−10 keV range
is fX ≈ 1.9×10−14 ergs cm−2s−1. The normalization of a blackbody with this flux, temperature
andnH is 2.5×10−5, which corresponds to an emitting radius of the source of≈ 9d−1

9.8 km. This
value perfectly agrees with the expected value for the neutron star radius. The corresponding
luminosity in the energy band 0.5−10 keV isL0.5−10

X = 2.1×1032 d−2
9.8 erg/s, a typical value

for CCOs. Furthermore, the X-ray-to-visual flux ratio is log( fX/ fV) > 0.11 taking into account
that no optical source was detected in the USNO-B1.0 catalogand the limiting magnitude of
this catalog is 21 (Monet et al., 2003). Thus, no clear evidence for the origin of the emission of
source # 10 could be found.

Finally, it should be mentioned that the detector support structure of Chandra covers the
central part of G308.4–1.4 (see Fig. 5.2). It is therefore not excluded from our observations
that other faint X-ray point sources are located at this position. However, the non-detection of a
source in the SWIFT data at the assumed position of the remnant’s expansion center sets a strict
upper limit of 5×10−13 ergs cm−2 s−1 on the flux of such an object. Deeper observations of the
central part of SNR G308.4–1.4 are needed to resolve the obvious ambiguities.

8.2.4 G296.7-0-9

In Chapter 6 the X-ray emission of the RASS selected SNR candidate G296.7-0-9 was studied
in detail. This candidate was already identified as SNR by Robbins et al. (2012). However, they
only investigated the radio emission of G296.7-0-9. In X-rays the remnant is characterized by
a bright arc in the south-west direction and by diffuse emission with low surface brightness in
its western part. It could be shown that the X-ray emission ofG296.7–0.9 is in agreement with
coming from a collisionally heated plasma that has not yet reached equilibrium. The Sedov
analysis leads to the conclusion that the SNR is about 6600 years old and expanding with a
velocity on the order of≈ 720 km/s.

The deduced distancedSedov= 9.8+1.1
−0.7 kpc is in good agreement with the distance of the

close-by HII region G296.593–0.975. This is a strong indicator for a spatial association between
the SNR and the HII region, as already suggested by Robbins etal. (2012).

The observation used in this analysis was strongly affectedby particle background radiation,
which led to a net observation time that was shorter by a factor of three than the approved ex-
posure time. Therefore, only limited statements can be madeabout the existence of a compact
source located near the center of the SNR. That no emission from a CCO in G296.7–0.9 was
detected does therefore not mean that there is none. The observation might not be deep enough
to detect it. Thus, the type of the supernova is unconstrained. Deeper observations might help to
clarify this question and shed more light on the type of the SN.
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Table 8.1: SNRs discovered in the ROSAT All-Sky Survey

SNR radio X-ray reference

G7.5–1.7 part of rim centrally brightened Roberts and Brogan (2008)
G13.3–1.3 amorphous emission elongated emission Seward etal. (1995)
G28.8+1.5 part of rim centrally brightened Schwentker (1994)
G32.1–0.9 possible faint shell diffuse, with clumps Folgheraiter et al. (1996)
G38.7–1.4 bright arc centrally brightened this work
G69.4+1.2 single arc elongated emission Asaoka et al. (1996), Yoshita et al. (2000)
G85.4+0.7 faint, incomplete shell centrally brightened Jackson et al. (2008)
G156.2+5.7 faint shell filamentary ring Pfeffermann et al. (1991)
G189.6+3.3 single arc complete shell Asaoka and Aschenbach(1994)
G272.2–3.2 diffuse shell centrally brightened Egger et al.(1996)
G296.7–0.9 bilateral part of shell Robbins et al. (2012) andthis work
G299.2–2.9 faint source centrally brightened Busser et al.(1996)
G308.4–1.4 two bright arcs diffuse, brighter to west this work
G320.6–1.6 faint shell part of shell Milne et al. (1993)
G332.5–5.6 bipolar shell, central emission centrally brightened Stupar et al. (2007)
G347.3–0.5 faint emission non-thermal Pfeffermann and Aschenbach (1996)
G353.6–0.7 shell shell Tian et al. (2010)

8.2.5 Concluding remarks on supernova remnants

Bußer (1998) predicted the number of X-ray SNRs detectable in the RASS to be 215±5 SNRs.
To obtain this number he simulated the theoretical distribution of SNe in our Galaxy and the
RASS count rate of their remnants. He included only simulated remnants with a signal-to-noise
ratio of≥ 2σ and a diameter≥ 15 arcmin as well as smaller SNRs with more than 1000 counts.
Correlating the list of known SNRs with the RASS images a counterpart for about 80 SNRs
was detected in the X-ray regime, which fulfill the criteria aforementioned. Therefore, 135±5
unidentified SNRs are expected to be detectable in the RASS, which is in agreement with the
number of 123 RASS SNR candidates found in my work.

Assuming that the remaining 123 SNR candidates mentioned above are indeed SNRs and
adding them to the≈ 280 SNRs known (including the two remnants identified in thiswork -
G38.7–1.4 and G308.4–1.4) the discrepancy between the expected and measured SN rate in our
Galaxy can be explained to some extent. Nevertheless, searching for SNRs in the RASS survey
yielded a large number of additional SNRs and by gradually identifying the 123 candidates, the
discrepancy between the expected and measured number of supernova remnants in our Galaxy
can be further reduced.

All 17 SNRs listed in Table 8.1, including the three SNRs studied in this work, were first
detected in the RASS survey and their identification was mostly based on the X-ray emission.
In some cases the candidates were subsequently observed andidentified in the radio band with
deep pointed observations. As can be seen, all X-ray selected SNRs are faint and/or irregularly
shaped in the radio regime. This likely hampers the identification of SNRs in the radio band
and supports the view that it is important to search for SNRs in various wavelengths and not to
rely on radio surveys alone. Furthermore, with the exception of a few sources, most RASS SNR



8.3 Neutron stars and pulsars 127

candidates show only very faint or no radio emission. If theyare indeed SNRs the lack of radio
emission can be explained by, e.g., a weak magnetic field (seethe introduction of Chapter 4 for
more reasons for the non-detection of radio emission). Therefore, the lack of an identification
of the RASS selected SNR candidates in the radio band is no criterion to exclude these X-ray
objects from being SNRs.

8.3 Neutron stars and pulsars

In Chapter 7 a systematic search for the X-ray counterparts of radio pulsars in the archives of
the Chandra and XMM-Newton X-ray observatories is presented. With the exception of J1341–
6220, which will be discussed in the next paragraph, all 18 detected X-ray counterparts of radio
pulsars fulfill the following criteria (see also Section 7.2): The discrepancy between the radio
and X-ray source position is less than 3σ , the possibility that an X-ray source is by-chance
at the pulsar’s position is below 10−3 and the X-ray-to-visual flux ratio is greater than−1.2.
Furthermore, the non-thermal X-ray efficiency of all sources is in agreement with the predictions
made by Becker (2009). Only a small scatter is noticeable, which is probably due to the normal
scattering (e.g. Becker et al., 2010, figure 18) and to the uncertainties introduced by assuming
the spectral parameters for the pulsars with less than 70 detected counts. The uncertainties that
can cause the scatter in equation 7.9 will be discussed in thenext section.

Further, four of the 18 sources were mentioned in the literature. J1341–6220 is listed as
radio pulsar with X-ray counterpart in Kaplan et al. (2004) and Smith et al. (2008), but no de-
tailed analysis of the X-ray properties of PSR J1341–6220 was presented by the authors. For
this source the probability of a by-chance detection is not negligible. Nevertheless, all other cri-
teria are fulfilled by this pulsar. For the radio pulsars PSR J1112–6103 and PSR J2222–0137 a
detection is claimed by Townsley et al. (2011) and Boyles et al. (2011), respectively. However,
they did not investigate the X-ray data in detail. For the detection of an X-ray counterpart of
the radio pulsar PSR J1105–6107 two contradicting references can be found. Gotthelf and Kaspi
(1998) used data taken with the ASCA observatory and claimeda detection. On the other hand
Kargaltsev et al. (2012) listed this source as non-detectedin a Chandra observation. The analy-
sis presented in this work is based on two Chandra ACIS-S observations and clearly shows an
X-ray source close to the radio timing position. Hence, it confirms the detection claimed by
Gotthelf and Kaspi (1998). Nevertheless, the parameters deduced by Gotthelf and Kaspi (1998)
cannot be confirmed. Their spectral parameters for PSR J1105–6107 lead to a count rate for the
Chandra ACIS-S detector of 0.04 cts/s, two orders of magnitude higher than the rate measured
in the merged Chandra ACIS-S image. For all pulsars that wereobserved with a temporal res-
olution of at least five times the pulsars period (PSR J0922+0638, PSR J1301–6310, and PSR
J1825–0935) the non-detection of a pulsed signal can be explained by the low count number.

Therefore, the detection of the 18 X-ray counterparts of radio pulsars listed in Table 7.1 is
claimed. To date, more than 200 pulsars are detected in the X-ray band (see Table B.1). This, in
addition to the calculated upper limits, enables a more detailed study of the non-thermal X-ray
emission of pulsars, which is presented in the next section.
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Non-thermal X-ray emission

First, the reliability of the measured upper limits on the non-thermal X-ray emission was verified,
by comparing the values derived in Section 7.2.4 with upper limits found in the literature. The
limits on µX of Kargaltsev et al. (2012) were confirmed, even though a different energy band and
a larger confidential level of 95.4 % was used in this work. Only in the case of PSR J1837–0604
our derived upper limit on the flux is three times higher. However, this can be explained by
the fact that in Kargaltsev et al. (2012) the counts were not corrected for the encircled energy
fraction.

Thereafter, the non-thermal X-ray luminosity for 18 and theupper limit on it for 228 pulsars
was used to further study the scatter in the relation of the non-thermal X-ray luminosity to the
spin-down power. Eleven sources were found with upper limits onµ0.1–2 keV below 10−4 and
one detected source withµ0.1–2 keV= (1.2± 0.4)× 10−5 (PSR J1105–6107), also lower than
10−4. The investigation confirms the trend for finding smaller X-ray efficiencies with increasing
sample size and higher sensitivity of X-ray observatories.The X-ray efficiency can be as high as
1.9×10−3, e.g., for the Crab pulsar (Becker, 2009), but also be below 3.1×10−6.

It should be noted that young pulsars withĖ > Ėc ≈ 4×1036 erg/s could manifest a distinct
pulsar wind nebula (PWN, Gotthelf, 2004). If such a PWN exists and/or thermal emission from
the pulsar’s surface is hot enough to contribute to the X-rayemission, the non-thermal X-ray
efficiency of several pulsars is much lower than the determined upper limit.

Theory predicts a distinct relation between the X-ray efficiency and the spin-down power.
The detected large scatter contradicts such a tight relation and favors the interpretation of Becker
(2009) that it represents an average approximation to the X-ray efficiency rather than a fixed cor-
relation. A reason for the large dispersion could be unfavorable viewing angles (Possenti et al.,
2002, and references therein). Because the orientation of the pulsar’s magnetic axes with respect
to the observer’s line of sight might not have been optimal and no beaming correction can be
applied to the observed luminosity, the X-ray efficiency of these pulsars appears to be smaller
than that of pulsars with optimal geometry. However, Kargaltsev and Pavlov (2010) reviewed
all known PWNe and investigated their X-ray efficiency. Theyfound a smaller but still large
scatter in the measured luminosities, despite of the fact that PWN emission is thought to be un-
beamed (Gaensler and Slane, 2006). Therefore, the beaming angle can contribute only a small
scatter inµX for most pulsars, although in some extreme cases the effect could be 1 to 2 orders
of magnitude, e.g, the Vela pulsar (Possenti et al., 2002).

Additionally, wrongly determined distances can contribute to another uncertainty in the de-
rived X-ray luminosities. Although the errors in the distance measurement were included in the
calculations, most distances used in this work are based on the dispersion measure and large
fluctuations inDM are not included in the model calculations. This could introduce a scatter of
roughly one order of magnitude in the derived X-ray luminosity for a few sources.

Another reason for the large scatter could be a wrongly determined spin-down luminosity.
In the last years several intermittent pulsars have been discovered (e.g., Kramer et al., 2006;
Camilo et al., 2012; Lorimer et al., 2012), which seemed likeordinary radio pulsars, but switch
their radio emission off quasi-periodically with different spin-down rates at time scales from
months to years. In the so called on-state the spin-down rateincreases by a factor of 2 to 3
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compared to the off-state. Because the spin-down luminosity is proportional to the spin-down
rate and for some radio pulsars only a few observations existit is possible that some sources have
a lowerĖ than calculated with the period and period derivative takenfrom literature.

Taking all these sources of uncertainty into account it is still unclear where the large scatter
in µX of three orders of magnitude is coming from. However, in the future high energy emission
models have to reproduce this large scatter in the measured relation.

Thermal X-ray emission

As for the non-thermal X-ray emission, the reliability of the measured upper limits were tested.
Temperature upper limits for eight pulsars can be found in the literature (Gonzalez et al., 2004;
Kaplan et al., 2009; Olausen et al., 2013; Keane et al., 2013), including the coolest pulsar in the
sample presented in this work, PSR J2144–3933. For six pulsars similar values for the temper-
ature upper limit were found, with a minor deviation of±10 %. This small discrepancy may
be due to the fact that Olausen et al. (2013) did not include the distance error in their calcu-
lations. Additionally, it is difficult to compare the results in detail because all aforementioned
authors used slightly different methods to calculate the upper limits and no detailed informa-
tion is given in Olausen et al. (2013) about the effective exposure time and extracted region for
PSRs J1814–1744 and J1847–0130. However, the method used inthis work makes use of all
archival observations of one pulsar and, thus, derives in general deeper upper limits. In case
of PSR B1845–19 (Olausen et al., 2013) and PSR J0157+6212 (Gonzalez et al., 2004) a much
lower temperature upper limit was found in this work. For PSRB1845–19 it is because two
archived XMM-Newton observations were used instead of one (Olausen et al., 2013). In the
case of PSR J0157+6212 the difference is partly due to using different values forNH, but a large,
and yet unexplained, difference remains between the measured upper limit here and the work by
Gonzalez et al. (2004).

In total, 230 3σ upper limits on the blackbody temperature were derived, ranging from 18.8
eV (PSR J2144–3933) to 218.6 eV (PSR J1822–1617). All measured temperature upper limits
are in agreement with current cooling models, which assume only nuclear matter in the core of
a neutron star and Cooper-pair breaking and formation as themain source of neutrino emission.
These models include the uncertainties regarding the allowed amounts of light elements in the
envelope of the star and the different possible neutron3P2 gap models. A comparison of the data
presented in this work with other cooling curves (e.g. Tsuruta, 1998; Yakovlev and Pethick, 2004;
Tsuruta, 2009) confirms the conclusion that for all measureddata points in this work standard
cooling with Cooper-pair breaking and formation is sufficient to explain the temperature upper
limits.

8.4 Future prospects

Chapter 3 showed that it is possible to measure the proper motion of a neutron star in the X-ray
regime with high precision. For this analysis only two reference sources with known proper
motion are needed and even observations taken with different instruments can be used. At the



130 Discussion and future prospects

moment, I am searching the archive of the Chandra X-ray observatory for observations of pulsars
which are appropriate for a proper motion measurement. For that a pulsar should have been
observed at least two times and the observations should lie more then one year apart. These
data will then be analyzed as described in Chapter 3.3.1 to calculate the proper motion of these
sources. For pulsars with known proper motion in other wavelengths the analysis will indicate
how accurate it can be measured in the X-ray regime. In case ofthe remaining pulsars the proper
motion or an upper limit on it will be measured for the first time. This is important in particular
for sources which are radio quiet or whose position cannot bemeasured with high accuracy in
the radio regime because of timing noise. Hence, with the exception of a few nearby pulsars,
which can be seen in the infrared, using Chandra X-ray observations is the only way to measure
this important parameter.

Currently, I am analyzing an archival XMM-Newton observation of the SNR G38.7–1.4,
which will help to shed light on the age and distance to this source. Furthermore, another XMM-
Newton observation of SNR G308.4–1.4 will become availablesoon and it may help to reveal
the origin of the central compact object, which remained an open question in Chapter 5.

In the future, the most promising SNR candidates will be followed-up in the radio, optical
(Hα ) and X-ray band by using the candidate list (Table A.1). Thiswill help to pinpoint the origin
of the detected X-ray emission.

Additionally, tests of different thermonuclear and core-collapse SN models will be obtained
in the future by, for example, measuring the electron neutrinos, muon neutrinos and tau neu-
trinos coming from a close-by SN and comparing it with model predications, as well as the
gravitational wave signal of an SN, which can be even extragalactic. The large distance range
for gravitational waves is due to the fact that here the amplitude is measured, which decreases
with ∼ 1/r, whereas for neutrinos the intensity of the emission is measured, which decreases
with ∼ 1/r2. Furthermore, gravitational waves are not subject to absorption and a signal could
be observed even through highly absorbing objects, like dark clouds. The measured gravita-
tional wave signal depends strongly on the progenitor system and the explosion mechanism.
Thus, a detected SN signal will immediately rule out most explosion models. Furthermore,
observing gravitational waves from binaries with two neutron stars or a neutron star with a
black hole would yield the masses of the two gravitating bodies as well as the radius of the
NS (Lattimer and Prakash, 2007). In addition, the gravitational wave pattern depends on the
interior of the NS (Lattimer and Prakash, 2007) and thus, after the first gravitational wave de-
tections of NS binaries it will be possible to find the true nature of matter at supernuclear
densities. Nevertheless, until now only indirect measurements of gravitational waves have
been reported. These were obtained by measuring the orbitaldecay of two neutron stars in
a binary system (Weisberg et al., 2010). In the next years theadvanced LIGO1 should start
its operation and it is assumed that it can observe 40 NSs per year which are spiraling in
(Harry and LIGO Scientific Collaboration, 2010).

Furthermore, it would be very important to study the pulsars, which have a very low temper-
ature or non-thermal flux upper limit and are young and energetic (see Table 7.4 and Table 7.5),
because these objects could help to put better constraints on the cooling of neutron stars or the

1Laser Interferometer Gravitational-wave Observatory
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models that explain the non-thermal emission of pulsars. Ifone detects, for example, a neutron
star with a surface temperature lower than the expectationsfrom the minimal cooling paradigm,
one has to include enhanced cooling mechanisms in the modeling of the interior of a neutron star.

8.4.1 Future X-ray missions

By the end of 2015 eROSITA, the successor of the ROSAT mission, will start to image the
entire X-ray sky with a surpassing sensitivity and a higher spatial and spectral resolution than
ROSAT. It will be composed of seven identical telescopes which all have a CCD in its focus.
The eROSITA telescopes on board of the Russian Spektrum-Roentgen-Gamma mission will be
approximately 20 times more sensitive in the soft X-ray bandthan the RASS. Furthermore, in the
hard X-ray regime (2-10 keV) it will survey the sky for the first time with an imaging telescope
(Merloni et al., 2012). It will have a resolution of 25 arcsecto 30 arcsec in survey mode, the
average exposure in the galactic plane will be about 3 ksec (Predehl et al., 2010).

Therefore, it will be possible to study the SNR candidates presented in Chapter 4 in much
more detail: The higher resolution will allow a spatial investigation of the sources. This will
reveal whether the RASS emission of the candidates is comingfrom one extended source or
from two or more point sources. In addition, the deeper exposure times and the higher spectral
resolution will provide data for a spectral analysis of the candidates to rule out an extragalactic
origin. Additionally, if the candidates show emission froma thermal plasma it will be possible
to calculate fundamental parameters for the remnant, e.g.,age and distance. In particular, the
remnant candidates with a large extent can be studied in detail with eROSITA, because the cur-
rent X-ray observatories have a field of view of only∼ 30′ and need several pointings to cover
the larger remnants. The prospects of X-ray all-sky surveysfor large SNRs was impressively
shown with the HEAO-1 survey and RASS, where a large, close-by and old SNR with a di-
ameter of approximately 25 degrees was detected, the Monogem Ring (Plucinsky et al., 1996).
With current telescopes, e.g., XMM-Newton, more than 1000 pointings would be necessary to
cover the remnant and in a single observation the remnant would only be recorded as high X-ray
background.

It should be mentioned that some of the candidates may be missed. The ROSAT PSPC
detector used for the RASS had the major advantage of very lowdetector noise and a spectral
response down to 0.1 keV provided perfect conditions to search for SNRs (Voges et al., 1999).
This is because extended sources can be strongly affected bythe background and SNRs emit
mostly in the soft X-ray band. On the other hand, the eROSITA detectors are CCDs, which are
only sensitive to incoming photons in the energy range 0.3-10 keV, and have a higher background,
comparable with the EPIC cameras on-board of XMM-Newton (Merloni et al., 2012). Thus,
faint extended sources will be harder to detect, as in the RASS. This was already shown for the
SNR candidate G309.8–2.5 in Chapter 4, where a bright sourceis detected in RASS, but a deep
observation with XMM-Newton of this region did not show any extended source emission.

For all 274 known SNRs which emit X-rays, a detailed analysiswill be possible and for the
remaining sources X-ray counterparts can be searched for. In particular, the remnants G38.7–1.4,
G296.7–0.9 and G308.4–1.4, which were explored in this workcan be studied in more detail. In
the case of G308.4–1.4 a deep spectro-imaging analysis was already done, but the origin of the
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central compact objects is still not solved. It could be the compact remnant belonging to the
SNR.

The identification of previously unknown SNR with eROSITA will allow a search for neu-
tron stars residing within the diffuse remnants. This couldbe a central neutron star without a
counterpart in other wavelength regimes. Only seven members of this class of neutron stars are
known to date and finding more of these sources may help to understand how this manifestation
of neutron stars is related to other classes and which parameters decided that a neutron star can
be observed as central compact object.

Further, the eROSITA survey will add data to the analysis done in Chapter 7 with a larger
and even less biased sample. In the eROSITA survey a detailedsearch for X-ray counterparts
of all known pulsars without detected X-ray counterpart canbe conducted. The pulsars in the
eROSITA sample will have equal exposures and will cover the whole galactic plane. However,
the exposure will be only 3 ksec. The average exposure in the sample studied with XMM-Newton
in Chapter 7 was ten times higher. In the case of a non-detection a upper limit on the thermal
and non-thermal flux can be calculated, which will be in general lower than the already derived
limits. Nevertheless, it will further constrain the cooling of neutron stars and the dependence of
the non-thermal X-ray luminosity and the spin-down energy loss, because of the ten times larger
sample of observed neutron stars.

Because microcalorimeters are now operating in space (e.g., NuSTAR; Harrison et al., 2013)
it will be possible to study the emission of X-ray sources in much more detail. These detectors
will have a typical spectral resolution of 2.5 eV at 5 keV, 60 times better than current observato-
ries (Nandra et al., 2013). However, the energy range of the microcalorimeter operating on the
NuSTAR satellite, which was launched in June 2012, is not suitable for studying SNRs. There-
fore, one has to wait for future missions, like Athena+ (Nandra et al., 2013), the next large X-ray
mission that is proposed to be launched after 2028. It will probably have an effective area of 2 m2

at 1 keV and an angular resolution on-axis of 5 arcsec (Nandraet al., 2013). Two detectors are
planned, a CCD camera and an X-ray microcalorimeter. The latter will have a spectral resolution
of 2.5 eV at 6 keV and hence, will allow investigations of SNRsby different spectral line diag-
nostics, which are hardly possible to date. In addition, thelarge collection power will make it
possible to study neutron stars in much more detail. For example, it might enable a investigation
of the cooling of a very young NS in the SN 1987A, which has to befound yet (Manchester,
2007).

Not only in the X-ray band new larger telescopes are planned.For example in the radio
band the square kilometer array will start to observe the radio sky with 10 to 100 times higher
sensitivity using single telescopes build all around the world. These telescopes will have a total
collecting power of nearly one million square meters (Smitset al., 2009) and will lead to the
detection of many new pulsars and supernova remnants. Additionally, the sample of neutron
stars with accurate mass and radius measurement will increase even further. Finally, it could
help to identify the 123 SNR candidates presented in Chapter4.
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8.4.2 Occultations

The X-ray emission of neutron stars can also be used to investigate small objects in the solar
system, namely Kuiper Belt objects, main-belt asteroids and trans-Neptunian objects. These
objects can be investigated through stellar occultation ofa bright background source and most
detections of such objects have been made in the optical. However, small objects with a diameter
of less than a few kilometers are only detectable because of the broadening of their shadow by
diffraction (see Roques and Moncuquet, 2000, for more details). The characteristic scaled of
this effect, the so-called Fresnel diffraction effect, isd ≈

√

λD/2 =
√

92·D[AU]/E[keV] m,
whereλ is the wavelength,E the energy of the photons andD the distance to the occulting
objects. Therefore, the occultation of an object with a diameter of∼ 100 m at a distance of 40
AU has the largest shadow broadening at an energy of∼ keV, hence the X-ray regime. Only a few
of these small objects have been detected so far (Chang et al., 2006) with low significance and
therefore, the density of such objects is poorly known. However, this information is important
for understanding the formation of planets (Roques and Moncuquet, 2000).

In X-rays accreting neutron stars like Scorpius X-1, the brightest X-ray source outside the
solar system can be used to search for occultations. This wasalready done by Chang et al.
(2006) using Scorpius X-1 observations of the Rossi X-ray Timing Explorer (RXTE). However,
they claimed some detections, which could not be verified (Chang et al., 2013). In the future
large X-ray telescopes will be launched and finding occultations of small solar system bodies
will help to increase our knowledge of these objects regarding their occurrence and will finally
tell us more about the formation of the solar system. To investigate if this is possible, the effect
of occultations was studied assuming a telescope with an effective area on the order of square
meters, like it is expected for Athena+ (Nandra et al., 2013)and using the theory of Roques et al.
(1987) and Roques and Moncuquet (2000). It could be shown that an occultation can be detected
easily (see Figure 8.1), if the temporal resolution of the detector is in the order of milliseconds
and the behavior of it at this high count rates can be understood in detail. The latter was the
main problem with the RXTE detectors, because random fluctuations in the measured source
flux by high-energy photons or protons were wrongly identified as occultations (Chang et al.,
2013). Furthermore, with this large collecting power, not only Scorpius X-1 can be used as a
bright background source, but also several other bright X-ray sources may be used (Chang et al.,
2013).
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Figure 8.1: Left: Occultation profile with diffraction for a point source as background source and a
spherical object as foreground source with a diameter of 80 mat a distance of 40 AU.Right: Simulated
occultation profile as seen by a X-ray telescope with an effective area on the order of square meters. Here
the X-ray flux of the Low Mass X-ray Binary GX 17+2 was used for simulating the background source
and a time resolution of 0.5 ms was assumed.



Appendix A

Supernova remnant candidates in
the ROSAT All-Sky Survey

A.1 Source catalogue of high significant sources

Table A.1: Source catalogue of the SNR candidates.

No. Source R.A. (J2000) DEC (J2000) extend count rate S/N HR1 HR2 type/P
(α)
ext pointing IR Radio optical(Hα )

hh:mm:ss dd:mm:ss arcmin cts/s σG flag/- flag flag flag flag

1 G11.0+6.9 17:44:38 -16:00:27 290x270 19.67±0.72 41 +1.00 -0.20 - 3 3 3 1
2 G12.0+8.4 17:41:22 -14:22:41 250x250 18.00±0.62β 44 +1.00 -0.15 - 3 3 3 1
3 G13.0-14.9 19:11:21 -24:15:27 15x13 0.19±0.05 6 +0.84 -0.00 s/5.8 3 3 3 2
4 G16.5-8.6 18:52:49 -18:26:30 180x160 6.67±0.45 23 +0.55 -0.51 - 3 3 3 1
5 G16.7+15.9 17:25:01 -06:33:25 20x10 0.16±0.03 8 +0.41 -0.02 - 3 3 4 1
6 G22.4+9.5 17:58:14 -04:53:46 40x35 0.31±0.06β 8 +0.71 -0.04 - 3 3 3 1
7 G24.0+6.1 18:13:15 -05:05:08 120x120 2.34±0.18β 22 +0.63 -0.09 - 3 3 3 1
8 G24.1-0.3 18:36:24 -08:02:36 35x20 0.28±0.05 8 +0.79 +0.65 - 2 3 2 1
9 G25.2-1.9 18:44:05 -07:44:22 80x65 1.47±0.17β 13 +1.00 -0.14 - 3 3 3 1
10 G26.7-3.6 18:53:01 -07:09:45 180x180 5.70±0.33 24 +0.98 -0.28 - 3 3 3 1
11 G35.9+6.0 18:35:21 +05:24:23 14x10 0.11±0.03 6 +0.45 +0.13 - 1 3 3 1
12 G38.7-1.4 19:06:59 +04:30:15 13x10 0.09±0.03β 5 +0.99 +0.32 s/6.9 1 2 1 1(1)
13 G43.8+2.5 19:02:30 +10:46:13 110x50 0.54±0.09β 11 +0.95 +0.41 - 3 3 2 1
14 G55.6+2.0 19:27:10 +21:02:02 13x12 0.07±0.03β 4 +1.00 +0.85 s/10.3 3 1 1 2
15 G66.7-9.8 20:35:51 +24:13:33 13x11 0.08±0.02β 5 +0.89 +0.05 s/3.9 2 3 4 1
16 G71.2-2.9 20:21:45 +31:49:14 18x10 0.10±0.02 7 +0.07 +0.16 - 3 2 4 1
17 G72.1+9.2 19:33:35 +38:54:53 18x9 0.09±0.03 5 +0.72 +0.14 - 3 3 3 2
18 G75.8+8.0 19:47:52 +41:30:52 13x9 0.11±0.02β 7 +0.70 +0.03 s/5.5 3 2 3 1
19 G75.8+15.6 19:10:51 +44:55:59 16x9 0.11±0.03β 7 +0.83 -0.06 s/6.0 3 3 4 1
20 G77.3-4.5 20:45:33 +35:49:06 170x105 2.06±0.22 14 +0.84 -0.19 - 3 3 3 1
21 G77.6+3.4 20:13:41 +40:38:42 90x90 5.82±0.17 54 +0.56 +0.02 - 1 3 2 1
22 G78.0+5.3 20:06:45 +42:00:25 12x8 0.07±0.02β 6 +0.86 -0.05 s/3.9 3 2 3 1
23 G80.7+2.8 20:25:55 +42:54:08 40x35 0.51±0.07 11 +0.92 -0.08 - 3 3 2 1
24 G81.1-1.1 20:44:10 +40:49:29 40x40 0.48±0.06β 11 +0.89 +0.18 - 3 2 2 3
25 G83.2+6.9 20:14:48 +47:11:23 6x6 0.01±0.01β 2 +0.33 -0.43 - 3 2 1 1
26 G83.8+10.3 19:59:17 +49:29:14 25x20 0.10±0.02β 8 +0.37 +0.16 - 3 3 3 2
27 G85.7+10.6 20:03:16 +51:16:34 16x11 0.11±0.02 9 +0.64 +0.38 s/18.5 3 3 4 2
28 G98.6-5.7 22:14:11 +49:36:58 35x35 0.20±0.06β 5 +0.79 +0.06 - 3 3 3 1
29 G100.2-2.7 22:11:40 +53:00:39 24x14 0.14±0.03 8 +0.71 +0.23 - 3 2 3 2
30 G104.7+9.9 21:38:00 +65:41:54 45x30 0.34±0.05β 10 +0.87 -0.44 - 3 3 3 1
31 G105.7-8.1 23:00:06 +51:01:26 160x160 4.38±0.30β 22 -0.18 -0.36 - 3 2 3 1
32 G108.3+9.9 22:05:52 +67:53:59 350x210 4.54±0.23β 29 +1.00 -0.30 - 3 3 3 1
33 G124.5-5.4 01:02:54 +57:28:04 12x8 0.14±0.03 7 -0.07 -0.22 s/4.7 3 3 4 1
34 G125.3+10.0 01:23:32 +72:44:22 14x13 0.10±0.02β 8 +0.91 +0.71 s/10.6 3 3 3 1
35 G129.5-2.8 01:43:08 +59:26:08 30x18 0.09±0.03β 6 +1.00 +0.14 - 3 3 3 1
36 G135.2-1.8 02:28:15 +58:47:11 23x16 0.06±0.02β 6 +0.97 +0.36 - 3 3 3 2
37 G141.5+0.5 03:19:02 +57:56:29 16x10 0.08±0.02 5 +0.45 +1.00 s/5.4 3 3 4 1
38 G141.6-0.6 03:15:24 +56:55:37 20x9 0.09±0.02 6 -0.41 +0.07 - 3 3 3 2

Continued on next page
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Table A.1 – continued from previous page

No. Source R.A. (J2000) DEC (J2000) extend count rate S/N HR1 HR2 type/P(α)
ext pointing IR Radio optical(Hα )

39 G176.0-11.8 04:51:48 +25:31:13 15x10 0.10±0.03β 6 +1.00 +0.36 - 1 3 2 1
40 G176.0+2.7 05:46:51 +33:43:59 16x11 0.08±0.02β 8 +1.00 +0.21 - 3 2 3 1
41 G180.0+6.5 06:11:46 +32:10:52 16x8 0.10±0.03β 6 +0.85 -0.08 s/8.7 3 3 3 2
42 G188.1-3.3 05:51:38 +20:16:39 11x6 0.07±0.02 6 +0.54 +0.13 - 3 3 3 1
43 G197.4+0.1 06:22:51 +13:49:48 50x40 0.24±0.05β 7 +1.00 +0.17 - 3 3 3 1
44 G222.0+14.4 07:59:17 -01:19:02 13x11 0.18±0.04β 7 +0.42 +0.07 s/10.4 3 3 3 1
45 G223.7+0.0 07:11:12 -09:32:28 15x12 0.10±0.03β 5 +0.23 +0.69 s/3.9 3 3 4 1
46 G253.0+15.5 09:12:14 -25:26:10 25x21 0.18±0.04 7 +0.46 -0.15 - 3 3 3 2
47 G253.0+13.7 09:06:14 -26:36:07 12x12 0.11±0.02β 7 +0.17 +0.13 s/7.8 3 3 4 1
48 G253.8-1.6 08:11:03 -36:27:46 240x200 5.00±0.44 19 -0.53 -0.51 - 3 2 2 1
49 G254.4+10.3 08:58:21 -29:53:10 15x11 0.11±0.03β 6 +0.27 +0.70 s/6.3 3 2 4 1
50 G259.1+11.7 09:17:43 -32:24:36 13x10 0.09±0.02β 6 +0.45 +0.26 s/2.5 3 3 4 1
51 G260.3-9.6 07:52:18 -46:11:37 15x10 0.11±0.03 6 +0.50 +0.20 - 3 3 2 1
52 G265.8-7.1 08:22:21 -49:32:07 17x13 0.18±0.03 11 +0.92 -0.17 s/22.2 1 2 3 1
53 G272.2-8.9 08:36:45 -55:46:06 16x12 0.11±0.03 6 +0.95 +0.19 - 3 3 3 1
54 G276.2-7.7 09:01:58 -58:05:56 18x14 0.18±0.04 6 +0.54 -0.14 s/7.5 3 3 3 1
55 G285.7+4.0 10:48:39 -54:41:42 11x9 0.15±0.04β 5 +0.22 +0.07 s/2.9 3 3 3 2
56 G286.6-15.2 09:10:49 -70:39:31 18x12 0.11±0.03 6 +0.55 -0.13 - 3 3 4 1
57 G290.4-1.9 11:01:06 -62:06:05 20x10 0.16±0.05 5 +0.67 +0.26 - 3 3 3 2(1)
58 G294.7-0.3 11:40:34 -62:01:34 11x9 0.13±0.03 8 +0.23 -0.22 s/4.0 3 2 3 1
59 G295.4-3.0 11:39:53 -64:46:16 13x7 0.10±0.03β 6 +0.51 -0.15 - 3 2 3 2(1)
60 G309.4-3.2 13:53:52 -65:16:08 220x180 6.29±0.39β 25 +0.86 +0.10 - 3 3 3 1
61 G309.8-2.5 13:56:13 -64:31:37 19x12 0.12±0.03β 6 +0.83 +0.75 - 1 2 1 1
62 G312.1+4.2 14:00:04 -57:26:48 240x140 9.13±0.46β 30 +0.49 -0.26 - 3 3 3 1
63 G312.4+4.8 14:01:07 -56:49:53 17x12 0.10±0.03β 4 +0.67 +0.52 - 3 1 4 1(1)
64 G314.7-1.2 14:33:30 -61:40:18 25x20 0.21±0.05 6 +0.57 +0.56 - 3 2 3 1
65 G317.4+18.2 14:06:34 -42:35:39 20x20 0.43±0.09 7 +0.30 +0.22 - 3 3 4 1
66 G319.8-2.0 15:13:59 -60:06:18 20x14 0.12±0.04 5 +0.52 -0.05 - 3 2 3 1(1)
67 G321.7-3.5 15:33:18 -60:16:28 27x18 0.25±0.06 6 +0.60 -0.43 - 3 3 1 1
68 G330.4-4.6 16:28:24 -55:27:08 230x110 13.56±0.49 44 -0.40 -0.47 - 3 3 3 1
69 G333.5-2.5 16:31:57 -51:46:01 37x37 0.42±0.11β 6 +0.57 -0.40 - 3 3 2 1
70 G333.5+8.1 15:49:05 -43:55:29 180x180 3.73±0.43 12 +0.85 -0.46 - 3 3 2 1
71 G335.3+10.7 15:47:41 -40:53:47 55x50 0.94±0.14β 10 +0.41 -0.25 - 3 3 3 1
72 G335.6-1.6 16:36:45 -49:35:50 60x52 0.91±0.14 10 +0.29 +0.01 - 3 3 3 1
73 G343.9+3.9 16:44:35 -39:46:58 290x210 8.08±0.42β 29 +1.00 -0.24 - 3 3 2 1

Notes. (α)morphology of SNR candidate and if spherical (s) than the probability Pext is added (see Section 4.2 for details).(β )count rate and image in
ROSAT hard band.

A.2 Source catalogue of low significant sources

Table A.2: Source catalogue of the SNR candidates.

No. Source R.A. (J2000) DEC (J2000) extend count rate S/N HR1 HR2 type/P
(α)
ext pointing IR Radio optical(Hα )

hh:mm:ss dd:mm:ss arcmin cts/s σG flag/- flag flag flag flag

1 G0.4-7.9 18:18:28 -32:27:47 14x10 0.09±0.06β 1.7 +1.00 +0.52 s/1.3 2 3 4 2
2 G13.1+6.3 17:51:19 -14:30:47 24x21 0.12±0.05β 3.7 +1.00 -0.53 - 3 2 3 1
3 G15.9-3.9 18:34:06 -16:55:40 27x24 0.16±0.07β 3.1 +1.00 +0.23 - 3 2 3 1
4 G17.8-12.5 19:10:05 -19:03:06 11x9 0.07±0.03β 3.4 +0.98 +0.20 s/3.1 2 2 4 1
5 G23.6-4.2 18:49:23 -10:13:33 13x9 0.07±0.03β 3.4 +1.00 -0.06 - 3 3 3 1
6 G26.3-9.8 19:14:42 -10:15:26 15x15 0.07±0.04β 2.5 +1.00 +0.51 - 3 3 2 1
7 G34.5-12.0 19:37:07 -04:02:51 12x9 0.08±0.03β 4.7 +0.84 +0.56 s/2.4 3 2 4 2
8 G35.6-5.8 19:16:52 -00:15:10 16x9 0.09±0.03β 4.2 +0.94 +0.15 - 3 3 4 1
9 G38.5+7.3 18:35:14 +08:13:50 15x15 0.08±0.03β 4.0 +1.00 -0.05 - 3 2 3 1
10 G42.0-11.4 19:48:40 +02:42:27 15x15 0.09±0.04β 3.1 +0.78 +0.15 - 3 3 3 1
11 G46.8-2.2 19:24:55 +11:17:09 10x10 0.03±0.01 3.7 +1.00 +0.56 s/2.0 3 3 2 1
12 G56.2+8.2 19:04:34 +24:23:46 19x17 0.06±0.02β 4.9 +1.00 +0.35 - 3 3 3 1
13 G64.0-0.1 19:53:13 +27:17:03 14x10 0.05±0.02β 3.1 +1.00 +1.00 s/3.2 3 2 2 1
14 G66.8-1.3 20:04:34 +29:04:15 18x12 0.05±0.02β 3.9 +1.00 +0.06 - 3 3 3 1
15 G80.8+6.7 20:08:08 +45:10:31 11x11 0.05±0.02 3.8 +0.20 -0.24 s/3.4 3 2 3 2
16 G83.9+12.4 19:47:53 +50:35:32 12x9 0.04±0.02β 3.8 +0.74 -0.21 s/4.7 3 3 4 2
17 G95.4-3.8 21:51:31 +49:14:38 10x9 0.05±0.02 4.1 +0.26 +0.17 s/1.0 3 3 4 1
18 G106.0+13.2 21:23:26 +68:55:06 13x13 0.05±0.02 4.1 -0.05 +0.23 s/4.9 3 3 4 1
19 G107.9-1.3 22:53:58 +58:03:01 23x16 0.06±0.03β 2.4 +1.00 +0.96 s/5.3 3 2 3 2
20 G117.1-0.9 00:02:10 +61:23:12 27x12 0.07±0.03 3.2 +0.02 +0.17 - 3 2 3 2
21 G118.8-11.5 00:25:21 +51:07:25 12x10 0.03±0.02 2.3 +0.92 +0.48 - 3 2 3 1
22 G118.9-15.3 00:28:20 +47:21:06 17x9 0.06±0.02β 3.8 +1.00 -0.53 - 3 3 3 1
23 G128.2+2.6 01:41:55 +64:58:39 7x7 0.02±0.01 2.4 +0.13 +0.44 s/2.3 3 3 3 1
24 G138.8-12.5 02:24:46 +47:29:10 10x10 0.06±0.02β 4.5 +0.45 -0.02 s/3.4 3 2 3 2

Continued on next page
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Table A.2 – continued from previous page

No. Source R.A. (J2000) DEC (J2000) extend count rate S/N HR1 HR2 type/P(α)
ext pointing IR Radio optical(Hα )

25 G141.6+2.0 03:26:05 +59:11:08 14x9 0.05±0.02β 3.8 +0.30 +0.07 s/3.5 3 3 3 2
26 G142.7+8.9 04:09:31 +63:54:21 11x11 0.04±0.01β 4.1 +0.92 +0.36 s/2.1 3 3 4 1
27 G142.7-8.3 02:56:31 +49:44:36 20x13 0.05±0.02β 3.0 +1.00 +0.31 - 3 3 3 1
28 G146.0+12.0 04:49:58 +63:34:43 15x8 0.07±0.02β 4.5 +0.19 +0.27 s/1.6 3 3 3 1
29 G149.2+15.1 05:27:38 +62:47:43 16x12 0.04±0.02β 3.3 +1.00 +0.20 - 3 3 3 2
30 G162.9+13.9 06:05:57 +50:30:17 16x10 0.07±0.03 3.5 +0.52 +0.27 s/2.8 3 3 2 2
31 G173.1-0.1 05:27:49 +34:42:02 17x12 0.07±0.02 4.1 +0.89 +0.60 - 3 2 2 2
32 G178.3-3.3 05:28:36 +28:38:09 8x8 0.04±0.01β 4.2 +0.74 -0.36 s/0.5 3 2 4 1
33 G219.4-14.6 06:10:21 -12:14:43 15x10 0.05±0.02 3.5 +0.59 +0.70 s/1.9 3 3 3 1
34 G221.7+1.5 07:12:50 -07:07:43 18x10 0.07±0.03β 3.8 +0.72 +0.30 - 3 3 3 1
35 G253.8-3.0 08:05:09 -37:16:57 24x20 0.08±0.02β 4.9 +0.43 -0.17 - 3 3 3 1
36 G254.8-7.1 07:49:50 -40:11:34 19x10 0.11±0.04β 4.6 +0.57 -0.56 - 3 3 4 1
37 G255.5+10.8 09:03:31 -30:22:08 9x9 0.05±0.02 3.1 +0.49 +0.50 s/0.8 3 3 3 1
38 G258.3-7.5 07:57:29 -43:27:02 12x8 0.08±0.03 4.5 +0.84 -0.04 - 2 3 3 2
39 G259.4+10.9 09:15:49 -33:12:09 28x28 0.12±0.05 3.5 +0.28 +0.11 - 3 3 2 1
40 G261.6+15.6 09:38:30 -31:23:04 15x11 0.04±0.02 2.8 -0.08 -0.96 - 3 3 3 1
41 G265.2+8.1 09:25:32 -39:13:01 12x8 0.06±0.02β 4.3 +0.58 +0.08 s/3.3 3 3 3 1
42 G266.1+9.7 09:34:18 -38:43:20 14x10 0.05±0.02 4.0 +0.90 -0.33 s/1.3 3 3 4 2
43 G266.4+9.7 09:35:53 -38:53:53 12x8 0.08±0.03β 4.3 +0.94 +0.35 s/4.6 3 3 4 1
44 G278.0+12.4 10:32:51 -43:41:59 20x11 0.14±0.04β 4.5 +0.04 +0.35 - 3 3 3 2
45 G310.8-1.2 14:01:60 -62:58:46 10x8 0.05±0.02β 4.8 +1.00 -0.12 s/3.2 3 3 3 2
46 G315.5+0.4 14:34:23 -59:54:42 20x13 0.11±0.04 3.6 +0.18 +0.76 - 3 2 3 2
47 G334.1-8.9 17:08:20 -55:21:03 21x17 0.15±0.07β 3.2 +0.28 -0.19 - 3 4 2 1
48 G334.5-9.3 17:12:03 -55:16:20 13x10 0.07±0.04 2.3 +1.00 +0.07 s/2.0 3 3 4 1
49 G335.9-4.4 16:51:31 -51:10:53 19x12 0.10±0.05β 2.9 +0.83 +0.13 - 3 3 3 1
50 G355.8-7.1 18:04:54 -36:07:23 15x15 0.21±0.08 3.4 +1.00 +0.12 - 3 2 3 1

Notes. (α)morphology of SNR candidate and if spherical (s) than the probability Pext is added (see Section 4.2 for details).(β )count rate and image in
ROSAT hard band.

A.3 RASS images of all SNR candidates

In the following the RASS images of all remaining supernova remnant candidates are shown in
the same order as in Table A.1. They are divided in five groups depending on their extent and
signal-to-noise ratio (S/N). All RASS images have been exposure corrected, were binnedwith
0.′75 per pixel and smoothed by a Gaussian kernel ofσ = 4.′5 in order to reduce the noise and to
keep a moderate resolution.

The displayed images have a size of 1◦×1◦, 1.◦5×1.◦5, 3◦×3◦, 6◦×6◦, 9◦×9◦, 15◦×15◦

for SNR candidates with a semi-major axis of less then 20′,30′,1◦,2◦,3◦ and 5◦, respectively. For
sources with a semi-major axis greater than 5◦ the image has a size of 17.◦5×17.◦5. The only
exception is the SNR candidate G83.2+6.9 with an image size of 20′×20′.
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A.3.1 High significant candidates with an extent of less than30 arcmin
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A.3.2 Low significant candidates with an extent of less than 30 arcmin
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A.3.3 Candidates with an extent between 30 and 60 arcmin
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A.3.4 Candidates with an extent between 60 and 120 arcmin
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A.3.5 Candidates with an extent of more than 120 arcmin
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Appendix B

A search for X-ray counterparts of
radio pulsars

B.1 List of pulsars detected at high energies

Table B.1: List of all detected pulsars in X-rays and/orγ-rays

PSR X-ray Type X-ray reference γ-ray γ-ray reference

1 J0007+7303 p Vela-like Caraveo et al. (2010) p Abdo et al. (2013)
2 J0023+0923 d MSP Gentile et al. (2013) p Abdo et al. (2013)
3 B0021-72C d MSP Cameron et al. (2007) - -
4 B0021-72D p MSP Cameron et al. (2007) - -
5 B0021-72E d MSP Cameron et al. (2007) - -
6 B0021-72F d MSP Cameron et al. (2007) - -
7 B0021-72G d MSP Cameron et al. (2007) - -
8 B0021-72H d MSP Cameron et al. (2007) - -
9 B0021-72I d MSP Cameron et al. (2007) - -
10 B0021-72J d MSP Cameron et al. (2007) - -
11 B0021-72L d MSP Cameron et al. (2007) - -
12 B0021-72M d MSP Cameron et al. (2007) - -
13 B0021-72N d MSP Cameron et al. (2007) - -
14 J0024-7204O p MSP Cameron et al. (2007) - -
15 J0024-7204Q d MSP Cameron et al. (2007) - -
16 J0024-7204R p MSP Cameron et al. (2007) - -
17 J0024-7204S d MSP Cameron et al. (2007) - -
18 J0024-7204T d MSP Cameron et al. (2007) - -
19 J0024-7204U d MSP Cameron et al. (2007) - -
20 J0024-7204W d MSP Cameron et al. (2007) - -
21 J0024-7204Y d MSP Cameron et al. (2007) - -
22 J0030+0451 p MSP Bogdanov and Grindlay (2009) p Abdo et al.(2013)
23 J0034-0534 d MSP Zavlin (2006) p Abdo et al. (2013)
24 CXOU J010043.1-721134 d AXP McGarry et al. (2005) - -
25 J0101-6422 - MSP - p Abdo et al. (2013)
26 J0102+4839 - MSP - p Abdo et al. (2013)
27 J0106+4855 - Old - p Abdo et al. (2013)
28 J0108-1431 p MSP Pavlov et al. (2009) - -
29 4U 0142+614 p AXP Hellier (1994) - -
30 J0205+6449 p Crab-like Murray et al. (2002) p Abdo et al. (2013)
31 J0218+4232 p MSP Kuiper et al. (2002) p Abdo et al. (2013)
32 J0248+6021 - Vela-like - p Abdo et al. (2013)
33 J0307+7443 - MSP - p Ray et al. (2012)
34 J0340+4130 - MSP - p Abdo et al. (2013)
35 J0357+3205 d Cooling De Luca et al. (2011) p Abdo et al. (2013)
36 B0355+54 d Cooling McGowan et al. (2007) - -
37 SGR 0418+5729 p AXP van der Horst et al. (2009) - -
38 RX J0420.0-5022 p XINS Haberl et al. (1999) - -
39 J0437-4715 p MSP Becker et al. (1993a) p Abdo et al. (2013)
40 SGR 0501+4516 p AXP Göǧüş et al. (2010b) - -
41 SGR 0526-66 d AXP Danner et al. (1998) - -
42 B0531+21 p Crab-like Massaro et al. (2000) p Abdo et al. (2013)

Continued on next page
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PSR X-ray Type X-ray reference γ-ray γ-ray reference

43 J0537-6910 p Crab-like Chen et al. (2006) - -
44 J0538+2817 p Cooling McGowan et al. (2003) - -
45 B0540-69 p Crab-like Kaaret et al. (2001) - -
46 J0610-2100 - MSP - p Abdo et al. (2013)
47 J0613-0200 d MSP Marelli et al. (2011) p Abdo et al. (2013)
48 J0614-3329 d MSP Ransom et al. (2011) p Abdo et al. (2013)
49 J0622+3749 - Cooling - p Abdo et al. (2013)
50 B0628-28 p Old Becker et al. (2005) - -
51 J0631+1036 d Vela-like Torii et al. (2001) p Abdo et al. (2013)
52 J0633+0632 d Vela-like Ray et al. (2011) p Abdo et al. (2013)
53 J0633+1746 p Cooling De Luca et al. (2005) p Abdo et al. (2013)
54 B0656+14 p Cooling De Luca et al. (2005) p Abdo et al. (2013)
55 RX 0720-3125 p XINS Kaplan et al. (2003) - -
56 J0726-2612 p Cooling Speagle et al. (2011) - -
57 J0729-1448 d Vela-like Kargaltsev et al. (2012) p Abdo et al. (2013)
58 J0734-1559 - Cooling - p Abdo et al. (2013)
59 J0737-3039A p MSP Pellizzoni et al. (2008) p Guillemot et al. (2013)
60 B0740-28 - Cooling - p Abdo et al. (2013)
61 J0751+1807 d MSP Webb et al. (2004) p Abdo et al. (2013)
62 RX J0806.4-4123 p XINS Haberl and Zavlin (2002) - -
63 RX J0822-4300 p CCO Gotthelf and Halpern (2009a) - -
64 B0823+26 d Old Becker et al. (2004) - -
65 B0833-45 p Vela-like Manzali et al. (2007) p Abdo et al. (2013)
66 B0834+06 d Old Gil et al. (2008) - -
67 CXOU J085201.4-461753 d CCO Kargaltsev et al. (2002) - -
68 J0855-4644 d Cooling Acero et al. (2013) - -
69 B0906-49 d Cooling Kargaltsev et al. (2012) p Abdo et al. (2013)
70 J0940-5428 - Vela-like - p Abdo et al. (2013)
71 B0943+10 d Old Zhang et al. (2005) - -
72 B0950+08 p Old Becker et al. (2004) - -
73 J1012+5307 d MSP Webb et al. (2004) - -
74 J1016-5857 d Vela-like Camilo et al. (2001) p Abdo et al. (2013)
75 J1019-5749 - Cooling - p Abdo et al. (2013)
76 J1023+0038 p MSP Bogdanov et al. (2011) - -
77 J1023-5746 d Crab-like Kargaltsev et al. (2012) p Abdo et al. (2013)
78 J1024-0719 p MSP Zavlin (2006) p Abdo et al. (2013)
79 J1028-5819 d Vela-like Abdo et al. (2009) p Abdo et al. (2013)
80 J1044-5737 - Vela-like - p Abdo et al. (2013)
81 B1046-58 d Vela-like Gonzalez et al. (2006) p Abdo et al. (2013)
82 1E 1048.1-5937 p AXP Tiengo et al. (2002) - -
83 B1055-52 p Cooling De Luca et al. (2005) p Abdo et al. (2013)
84 J1105-6107 d Vela-like Gotthelf and Kaspi (1999) p Abdo etal. (2013)
85 J1112-6103 - Vela-like - p Abdo et al. (2013)
86 J1119-6127 p Crab-like Gonzalez et al. (2005) p Abdo et al.(2013)
87 J1124-3653 d MSP Gentile et al. (2013) p Abdo et al. (2013)
88 J1124-5916 p Crab-like Camilo et al. (2002b) p Abdo et al. (2013)
89 J1125-5825 - MSP - p Abdo et al. (2013)
90 J1135-6055 - Vela-like - p Abdo et al. (2013)
91 B1133+16 d Old Kargaltsev et al. (2006b) - -
92 1E 1207.4-5209 p CCO Gotthelf and Halpern (2007) - -
93 J1231-1411 d MSP Ransom et al. (2011) p Abdo et al. (2013)
94 B1257+12 d MSP Pavlov et al. (2007) - -
95 J1301-6305 d Vela-like H.E.S.S. Collaboration et al. (2012) - -
96 B1259-63 d Cooling Chernyakova et al. (2006) - -
97 RX J1308.6+2127 p XINS Kaplan and van Kerkwijk (2005) - -
98 J1311-3430 d MSP Ray et al. (2013) p Pletsch et al. (2012)
99 J1357-6429 p Crab-like Zavlin (2007) p Abdo et al. (2013)
100 J1400-6325 p Vela-like Renaud et al. (2010) - -
101 J1410-6132 - Vela-like - p Abdo et al. (2013)
102 RXS J141256.0+792204 p MSP Zane et al. (2011) - -
103 J1413-6205 d Vela-like Kargaltsev et al. (2012) p Abdo etal. (2013)
104 J1418-6058 d Vela-like Marelli et al. (2011) p Abdo et al.(2013)
105 J1420-6048 p Vela-like Roberts et al. (2001) p Abdo et al.(2013)
106 J1429-5911 - Vela-like - p Abdo et al. (2013)
107 J1446-4701 - MSP - p Abdo et al. (2013)
108 B1451-68 d Old Posselt et al. (2011) - -
109 J1459-6053 p Vela-like Pancrazi et al. (2012) p Abdo et al. (2013)
110 J1509-5850 d Cooling Hui and Becker (2007a) p Abdo et al. (2013)
111 B1509-58 p Crab-like Cusumano et al. (2001) p Abdo et al. (2013)
112 J1514-4946 - MSP - p Abdo et al. (2013)
113 J1524-5625 d Vela-like Kargaltsev et al. (2012) - -
114 J1531-5610 d Vela-like Kargaltsev et al. (2012) p Abdo etal. (2013)
115 B1534+12 d MSP Kargaltsev et al. (2006a) - -
116 1E 1547.0-5408 d AXP Gelfand and Gaensler (2007) - -
117 J1600-3053 - MSP - p Abdo et al. (2013)
118 CXOU J160103.1-513353 d CCO Park et al. (2009) - -
119 RX J1605.3+3249 d XINS van Kerkwijk et al. (2004) - -
120 J1614-2230 p MSP Pancrazi et al. (2012) p Abdo et al. (2013)
121 B1610-50 d Crab-like Pivovaroff et al. (2000) - -
122 J1617-5055 p Crab-like Becker and Aschenbach (2002) - -
123 J1620-4927 - Cooling - p Abdo et al. (2013)
124 J1622-4950 d Crab-like Levin et al. (2010) - -
125 B1620-26 d MSP Pavlov et al. (2007) - -
126 SGR 1627-41 d AXP Wachter et al. (2004) - -

Continued on next page
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PSR X-ray Type X-ray reference γ-ray γ-ray reference

127 CXOU J164710.2-455216 p AXP An et al. (2013) - -
128 J1648-4611 - Cooling - p Abdo et al. (2013)
129 J1658-5324 - MSP - p Abdo et al. (2013)
130 J1701-3006B d MSP Becker et al. (2010) - -
131 J1701-3006C d MSP Becker et al. (2010) - -
132 J1702-4128 d Vela-like Chang et al. (2008) p Abdo et al. (2013)
133 1RXS J170849.0-400910 p AXP den Hartog et al. (2008) - -
134 B1706-44 p Vela-like McGowan et al. (2004) p Abdo et al. (2013)
135 J1713+0747 - MSP - p Abdo et al. (2013)
136 1WGA J1713.4-3949 d CCO Lazendic et al. (2003) - -
137 J1714-3810 p Crab-like Sato et al. (2010) - -
138 J1718-3718 d Vela-like Kaspi and McLaughlin (2005) - -
139 J1718-3825 d Vela-like Hinton et al. (2007) p Abdo et al. (2013)
140 B1719-37 d Cooling Oosterbroek et al. (2004) - -
141 B1727-33 - Vela-like - p Abdo et al. (2013)
142 J1732-3131 d Cooling Ray et al. (2011) p Abdo et al. (2013)
143 J1734-3333 d Crab-like Olausen et al. (2010) - -
144 J1740+1000 p Cooling Kargaltsev et al. (2008) - -
145 J1740-5340A d MSP Bogdanov et al. (2010) - -
146 J1741+1351 - MSP - p Abdo et al. (2013)
147 J1741-2054 d Cooling Camilo et al. (2009b) p Abdo et al. (2013)
148 J1744-1134 d MSP Becker and Trümper (1999) p Abdo et al. (2013)
149 J1745+1017 - MSP - p Barr et al. (2013)
150 J1746-3239 - Cooling - p Abdo et al. (2013)
151 J1747-2809 d Crab-like Camilo et al. (2009a) - -
152 J1747-2958 d Vela-like Gaensler et al. (2004) p Abdo et al. (2013)
153 J1747-4036 - MSP - p Abdo et al. (2013)
154 J1748-2021B d Crab-like Becker et al. (2010) - -
155 B1744-24A d Crab-like Becker et al. (2010) - -
156 B1757-24 d Vela-like Kaspi et al. (2001) p Abdo et al. (2013)
157 B1800-21 d Vela-like Kargaltsev et al. (2007) - -
158 J1803-2149 - Vela-like - p Abdo et al. (2013)
159 SGR 1806-20 p AXP Mereghetti et al. (2005) - -
160 J1809-1917 d Vela-like Kargaltsev and Pavlov (2007) - -
161 XTE 1810-197 p AXP Levin et al. (2010) - -
162 J1809-2332 d Vela-like Van Etten et al. (2012) p Abdo et al. (2013)
163 J1810+1744 d MSP Gentile et al. (2013) p Abdo et al. (2013)
164 J1811-1925 p Vela-like Roberts et al. (2003) - -
165 J1813-1246 d Vela-like Ray et al. (2011) p Abdo et al. (2013)
166 J1813-1749 p Crab-like Gotthelf and Halpern (2009b) - -
167 J1816+4510 - MSP - p Kaplan et al. (2012)
168 J1819-1458 p RRAT McLaughlin et al. (2007) - -
169 B1820-30A - MSP - p Abdo et al. (2013)
170 B1821-24A p MSP Becker et al. (2010) - -
171 J1824-2452G d MSP Becker et al. (2010) - -
172 J1824-2452H d MSP Becker et al. (2010) - -
173 J1826-1256 d Vela-like Marelli et al. (2011) p Abdo et al.(2013)
174 B1823-13 d Vela-like Gaensler et al. (2003) - -
175 SGR J1833-0832 p AXP Göǧüş et al. (2010a) - -
176 J1833-1034 d Crab-like Matheson and Safi-Harb (2010) p Abdo et al. (2013)
177 J1834-0845 d AXP Esposito et al. (2013) - -
178 J1835-1106 - Cooling - p Abdo et al. (2013)
179 RX J1836.2+5925 d XINS Halpern et al. (2007a) p Abdo et al.(2013)
180 J1838-0537 - Crab-like - p Abdo et al. (2013)
181 J1838-0655 p Vela-like Gotthelf and Halpern (2008b) - -
182 1E 1841-045 p AXP Gotthelf et al. (2002) - -
183 J1846+0919 - Cooling - p Abdo et al. (2013)
184 J1846-0258 p Crab-like Kumar and Safi-Harb (2008) - -
185 J1849-0001 p Vela-like Gotthelf et al. (2010a) - -
186 CXOU J185238.6+004020 p CCO Halpern et al. (2007b) - -
187 B1853+01 d Vela-like Petre et al. (2002) - -
188 J1856+0245 d Vela-like Nice et al. (2013) - -
189 RX J1856.5-3754 p XINS Mereghetti et al. (2012) - -
190 J1858-2216 - MSP - p Abdo et al. (2013)
191 J1902-5105 - MSP - p Abdo et al. (2013)
192 J1907+0602 d Vela-like Abdo et al. (2010b) p Abdo et al. (2013)
193 SGR 1900+14 p AXP Göǧüş et al. (2011) - -
194 J1909-3744 d MSP Kargaltsev et al. (2012) - -
195 J1910-5959B d MSP Becker et al. (2010) - -
196 J1910-5959C d MSP Becker et al. (2010) - -
197 J1910-5959D d MSP Becker et al. (2010) - -
198 B1916+14 d Vela-like Zhu et al. (2009) - -
199 J1930+1852 p Crab-like Camilo et al. (2002a) - -
200 B1929+10 p Old Becker et al. (2006) - -
201 B1937+21 p MSP Nicastro et al. (2004) p Abdo et al. (2013)
202 B1951+32 d Cooling Li et al. (2005) p Abdo et al. (2013)
203 J1953+1846A d MSP Becker et al. (2010) - -
204 J1954+2836 - Vela-like - p Abdo et al. (2013)
205 J1957+5033 - Cooling - p Abdo et al. (2013)
206 J1958+2846 d Vela-like Marelli et al. (2011) p Abdo et al.(2013)
207 B1957+20 d MSP Huang and Becker (2007) p Abdo et al. (2013)
208 J2017+0603 - MSP - p Abdo et al. (2013)
209 J2021+3651 p Vela-like Hessels et al. (2004) p Abdo et al.(2013)
210 J2021+4026 p Vela-like Lin et al. (2013) p Abdo et al. (2013)

Continued on next page
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PSR X-ray Type X-ray reference γ-ray γ-ray reference

211 J2022+3842 p Crab-like Arzoumanian et al. (2011) - -
212 J2028+3332 - Cooling - p Abdo et al. (2013)
213 J2030+3641 - Cooling - p Abdo et al. (2013)
214 J2030+4415 - Cooling - p Abdo et al. (2013)
215 J2032+4127 d Cooling Camilo et al. (2009b) p Abdo et al. (2013)
216 J2043+1711 - MSP - p Abdo et al. (2013)
217 J2043+2740 d Old Becker et al. (2004) p Abdo et al. (2013)
218 J2047+1053 - MSP - p Abdo et al. (2013)
219 J2051-0827 d MSP Wu et al. (2012) p Abdo et al. (2013)
220 J2055+2539 d Old Marelli et al. (2011) p Abdo et al. (2013)
221 J2111+4606 - Vela-like - p Abdo et al. (2013)
222 J2124-3358 p MSP Zavlin (2006) p Abdo et al. (2013)
223 J2139+4716 - Old - p Abdo et al. (2013)
224 J2214+3000 d MSP Ransom et al. (2011) p Abdo et al. (2013)
225 J2215+5135 d MSP Gentile et al. (2013) p Abdo et al. (2013)
226 B2224+65 d Old Hui and Becker (2007b) - -
227 J2229+6114 p Vela-like Halpern et al. (2001) p Abdo et al.(2013)
228 J2238+5903 - Vela-like - p Abdo et al. (2013)
229 J2240+5832 - Cooling - p Abdo et al. (2013)
230 J2241-5236 d MSP Keith et al. (2011) p Abdo et al. (2013)
231 J2256-1024 d MSP Gentile et al. (2013) p Gentile et al. (2013)
232 1E 2259+586 p AXP Içdem et al. (2012) - -
233 J2302+4442 d MSP Cognard et al. (2011) p Abdo et al. (2013)
234 CXOU J232327.9+584842 d CCO Page et al. (2011) - -
235 B2334+61 d Vela-like McGowan et al. (2006) - -

Notes. In total 185 NSs are detected in X-rays and 123 in theγ-ray regime, whereas 73 are detected in both regimes. Of the X-ray pulsars 17 are
Anomalous X-ray Pulsars (AXPs) or Soft Gamma-ray Repeaters(SGRs), 7 Central Compact Objects (CCOs), 22 Crab-like pulsars (τ ≤ 104 yrs), 41
Vela-like pulsars (104 yrs< τ ≤ 105 yrs), 17 cooling NSs (105 yrs< τ ≤ 106 yrs), 11 old NSs (106 yrs< τ ≤ 108 yrs), and 62 millisecond pulsars (MSPs,
τ > 108 yrs andP< 20 ms). In theγ-ray regime 46 MSPs, 9 Crab-like pulsars, 39 Vela-like pulsars, 24 cooling NSs, and 4 old NSs are detected so far.
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Table B.2

PSR satellite(α) obsID date instrument(β) filter ton-axis t(θ ) θ (γ) count rate(δ ) flag(δ )

ksec ksec arcmin cts/ksec

J0117+5914 X 0112200201 2002-07-09 PN/FF Medium 5.8 5.1 1.7 18.71 d
X 0112200201 2002-07-09 MOS1 Medium 7.9 7.7 1.7 3.23 d
X 0112200201 2002-07-09 MOS2 Medium 8.1 7.9 1.7 3.84 d

J0134–2937 X 0654800501 2010-12-30 PN/FF Medium 30.4 11.8 11.4 3.44 ul
X 0654800501 2010-12-30 MOS1 Medium 39.0 2.1 11.4 1.44 ul
X 0654800501 2010-12-30 MOS2 Medium 39.5 19.1 11.4 1.55 ul

J0139+5814 X 0103262501 2003-01-16 PN/FF Medium 2.7 2.4 1.7 2.86 ul
X 0103262501 2003-01-16 MOS1 Medium 4.4 4.3 1.7 1.95 ul
X 0103262501 2003-01-16 MOS2 Medium 4.4 4.2 1.7 0.74 ul

J0157+6212 X 0150820201 2003-03-06 PN/SW Thin 12.1 8.4 1.8 4.06 ul
X 0150820201 2003-03-06 MOS1 Medium 12.8 12.6 1.8 0.94 ul
X 0150820201 2003-03-06 MOS2 Medium 13.3 11.4 1.8 1.23 ul

J0248+6021 C 13289 2012-09-25 ACIS-I - 9.3 8.6 0.3 1.15 ul
J0543+2329 X 0103262801 2003-10-09 PN/FF Medium 5.5 4.9 1.7 5.89 d

X 0103262801 2003-10-09 MOS1 Medium 7.6 7.5 1.7 0.41 d
X 0103262801 2003-10-09 MOS2 Medium 7.5 7.1 1.7 3.00 d

J0609+2130 C 12687 2011-04-14 ACIS-S - 5.1 5.0 0.3 0.62 ul
J0622+3749 C 12842 2011-01-29 ACIS-I - 2.1 1.9 2.2 1.56 ul
J0742–2822 X 0103262401 2002-10-11 PN/FF Medium 2.7 2.4 1.7 14.54 ul

X 0103262401 2002-10-11 MOS1 Medium 5.1 5.0 1.7 3.54 ul
X 0103262401 2002-10-11 MOS2 Medium 5.7 5.5 1.7 2.22 ul

J0828–3417 X 0400020101 2006-11-13 PN/FF Thin 35.4 30.6 1.7 1.34 ul
X 0400020101 2006-11-13 MOS1 Thin 41.5 40.7 1.7 0.58 ul
X 0400020101 2006-11-13 MOS2 Thin 42.3 40.8 1.7 0.54 ul

J0847–4316 C 7626 2007-02-08 ACIS-I - 10.8 8.6 1.1 0.54 ul
J0907–5157 X 0112930101 2001-12-11 PN/EFF Thin 12.1 5.5 9.0 8.10 d

X 0112930101 2001-12-10 MOS1 Thin 23.0 11.2 9.0 2.91 d
X 0112930101 2001-12-10 MOS2 Thin 23.8 13.2 9.0 3.77 d
C 9147 2008-08-26 ACIS-I - 42.2 20.7 9.3 1.44 d
C 10572 2008-08-27 ACIS-I - 23.1 11.1 9.3 1.45 d

J0922+0638 X 0502920101 2007-11-09 PN/LW Thin 15.5 14.2 1.7 9.50 d
X 0502920101 2007-11-09 MOS1 Thin 25.2 24.7 1.7 1.83 d
X 0502920101 2007-11-09 MOS2 Thin 24.9 23.5 1.7 2.64 d

J0940–5428 C 9077 2008-08-20 ACIS-I - 10.2 9.1 0.8 0.34 ul
J0943+1631 X 0046940201 2001-05-07 MOS1 Medium 5.2 1.8 11.6 1.72 ul

X 0046940201 2001-05-07 MOS2 Medium 4.9 2.0 11.6 1.54 ul
X 0046940401 2001-11-02 MOS1 Medium 14.9 5.3 14.7 0.58 ul
X 0046940401 2001-11-02 MOS2 Medium 14.7 4.4 14.7 0.71 ul

J1001–5939 C 12561 2011-10-08 ACIS-S - 19.0 17.2 0.2 0.24 ul
J1038+0032 C 13801 2012-01-18 ACIS-S - 3.5 3.5 0.2 0.89 ul
J1055–6022 X 0600030101 2010-01-21 PN/FF Medium 16.5 10.5 4.4 3.56 ul

X 0600030101 2010-01-21 MOS1 Medium 18.9 9.2 4.4 1.90 ul
X 0600030101 2010-01-21 MOS2 Medium 20.0 11.8 4.4 1.33 ul

J1055–6028 X 0600030101 2010-01-21 PN/FF Medium 16.5 10.8 5.5 3.52 ul
X 0600030101 2010-01-21 MOS1 Medium 18.9 14.6 5.5 1.48 ul
X 0600030101 2010-01-21 MOS2 Medium 20.0 14.6 5.5 1.36 ul

J1103–5403 C 12538 2011-09-08 ACIS-S - 10.0 9.9 0.2 0.80 ul
J1104–6103 C 4380 2002-10-01 ACIS-S - 11.9 8.0 7.6 1.55 ul

C 2780 2002-09-29 ACIS-S - 11.8 7.9 7.6 0.30 ul
J1105–6107 C 4380 2002-10-01 ACIS-S - 11.9 11.5 2.0 1.15 d

C 2780 2002-09-29 ACIS-S - 11.8 11.4 2.0 0.53 d
J1107–5907 C 12688 2011-03-31 ACIS-S - 5.1 5.0 0.3 1.67 ul
J1112–6103 C 6706 2006-09-16 ACIS-S - 34.6 33.3 0.1 3.54 d

C 8905 2007-11-10 ACIS-I - 59.1 53.0 2.4 2.82 d
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J1157–6224 X 0503780301 2008-02-16 PN/FF Medium 15.9 4.5 12.8 12.20 ul
X 0503780301 2008-02-16 MOS1 Medium 18.8 5.3 12.8 3.80 ul
X 0503780301 2008-02-16 MOS2 Medium 17.6 5.2 12.8 2.99 ul
X 0550170101 2008-08-16 MOS1 Medium 45.3 15.0 14.2 2.51 ul
X 0550170101 2008-08-16 MOS2 Medium 45.9 18.8 14.2 1.58 ul

J1159–7910 X 0550120601 2009-03-16 PN/FF Medium 2.9 0.6 11.7 15.38 ul
X 0550120601 2009-03-16 MOS1 Medium 9.7 3.0 11.7 4.30 ul
X 0550120601 2009-03-16 MOS2 Medium 9.2 1.1 11.7 8.11 ul

J1224–6407 X 0103260901 2002-08-10 PN/FF Medium 4.3 3.9 1.7 8.45 d
X 0103260901 2002-08-10 MOS1 Medium 6.6 6.4 1.7 4.42 d
X 0103260901 2002-08-10 MOS2 Medium 6.6 6.4 1.7 1.57 d

J1225–6408 X 0103260901 2002-08-10 MOS1 Medium 6.6 3.2 9.2 0.95 ul
X 0103260901 2002-08-10 MOS2 Medium 6.6 2.7 9.2 3.64 ul
X 0653030501 2010-08-08 MOS2 Thick 17.7 7.7 5.7 0.40 ul
X 0653030601 2010-08-14 MOS1 Medium 18.5 2.4 5.7 1.28 ul
X 0653030601 2010-08-14 MOS2 Thick 18.6 8.7 5.7 2.14 ul
X 0653030701 2010-08-16 MOS1 Medium 18.3 4.7 5.8 3.19 ul
X 0653030701 2010-08-16 MOS2 Thick 18.6 8.5 5.8 1.32 ul

J1301–6310 X 0303440101 2005-07-12 PN/LW Thin 27.1 24.9 1.8 4.76 d
X 0303440101 2005-07-12 MOS1 Medium 29.8 27.3 1.8 1.06 d
X 0303440101 2005-07-12 MOS2 Medium 29.7 28.5 1.8 2.71 d
X 0302340101 2005-07-14 PN/FF Medium 24.2 11.4 11.3 3.83 d
X 0302340101 2005-07-14 MOS1 Medium 30.1 15.0 11.3 2.72 d
X 0302340101 2005-07-14 MOS2 Medium 30.5 16.3 11.3 2.84 d

J1302–6313 X 0302340101 2005-07-14 MOS1 Medium 30.0 25.6 5.2 0.74 ul
X 0302340101 2005-07-14 MOS2 Medium 30.7 26.0 5.2 1.35 ul
X 0303440101 2005-07-12 MOS1 Medium 29.8 19.7 5.3 0.90 ul
X 0303440101 2005-07-12 MOS2 Medium 29.7 20.0 5.3 1.26 ul
C 6098 2004-09-25 ACIS-I - 4.7 3.8 3.9 0.76 ul

J1303–6305 X 0302340101 2005-07-14 MOS1 Medium 30.3 19.2 8.5 1.40 ul
X 0302340101 2005-07-14 MOS2 Medium 30.6 17.6 8.5 1.24 ul
X 0303440101 2005-07-12 MOS1 Medium 29.8 10.4 12.3 1.44 ul
X 0303440101 2005-07-12 MOS2 Medium 29.8 10.5 12.3 1.59 ul
C 6098 2004-09-25 ACIS-I - 4.7 3.6 6.2 1.30 ul

J1305–6256 X 0303100201 2005-08-25 PN/FF Medium 5.1 1.4 13.1 45.55 ul
J1306–6242 X 0303100201 2005-08-25 PN/FF Medium 8.1 4.6 6.9 6.12 ul

X 0303100201 2005-08-25 MOS1 Medium 7.3 4.9 6.9 2.78 ul
X 0303100201 2005-08-25 MOS2 Medium 10.7 7.0 6.9 2.14 ul

J1309–6526 X 0090030201 2004-07-20 PN/FF Thick 75.7 33.8 8.1 1.31 ul
X 0090030201 2004-07-20 MOS1 Thick 84.9 39.8 8.1 0.98 ul
X 0090030201 2004-07-20 MOS2 Thick 90.4 36.2 8.1 0.95 ul
X 0605670201 2009-07-19 PN/FF Thick 52.3 22.5 8.1 1.74 ul
X 0605670201 2009-07-19 MOS1 Thick 53.7 25.0 8.1 1.11 ul
X 0605670201 2009-07-19 MOS2 Thick 53.2 20.9 8.1 1.27 ul

J1317–5759 X 0406450101 2006-07-16 PN/SW Thin 25.1 17.3 1.8 3.80 ul
X 0406450101 2006-07-16 MOS1 Thin 29.7 28.7 1.8 1.36 ul
X 0406450101 2006-07-16 MOS2 Thin 30.6 28.9 1.8 1.03 ul

J1317–6302 C 9049 2008-09-11 ACIS-I - 5.1 4.1 7.9 0.69 ul
J1320–3512 C 13797 2012-03-20 ACIS-S - 3.5 3.4 0.2 0.90 ul
J1324–6302 C 1913 2001-09-10 ACIS-S - 5.1 3.2 11.4 2.09 ul
J1333–4449 C 13800 2012-03-28 ACIS-S - 3.5 3.4 0.2 0.85 ul
J1339–4712 C 13799 2012-05-13 ACIS-S - 3.5 3.4 0.2 0.85 ul
J1341–6220 X 0301740101 2005-07-26 PN/LW Thick 35.5 32.6 1.7 3.98 d

X 0301740101 2005-07-26 MOS1 Thick 37.3 34.1 1.7 1.98 d
X 0301740101 2005-07-26 MOS2 Thick 36.9 35.8 1.7 1.26 d
X 0143400201 2003-07-17 PN/LW Thick 6.2 5.7 1.7 5.44 d
X 0143400201 2003-07-17 MOS1 Thick 6.6 6.5 1.7 4.57 d
X 0143400201 2003-07-17 MOS2 Thick 6.5 6.3 1.7 2.45 d
X 0143400101 2003-02-11 PN/LW Thick 5.3 4.9 1.7 9.78 d
X 0143400101 2003-02-11 MOS1 Thick 4.9 4.8 1.7 2.52 d
X 0143400101 2003-02-11 MOS2 Thick 5.3 5.0 1.7 4.29 d
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J1355–5925 X 0007422301 2001-02-08 PN/FF Medium 12.1 3.1 12.5 7.56 ul
X 0007422301 2001-02-08 MOS1 Medium 14.8 4.7 12.5 0.66 ul
X 0007422301 2001-02-08 MOS2 Medium 14.6 4.6 12.5 3.21 ul

J1355–6206 C 13806 2012-05-28 ACIS-S - 3.5 3.4 0.2 0.85 ul
J1359–6038 X 0007421101 2002-02-13 MOS1 Medium 10.3 3.4 14.6 0.90 ul

X 0007421101 2002-02-13 MOS2 Medium 10.5 3.7 14.6 0.83 ul
J1412–6145 C 1985 2001-07-26 ACIS-I - 9.4 8.5 0.3 0.36 ul
J1413–6141 C 1985 2001-07-26 ACIS-I - 9.4 6.9 8.7 0.81 ul
J1425–5723 C 12686 2011-06-02 ACIS-S - 5.1 5.0 0.3 0.62 ul
J1432–5032 X 0690210101 2012-08-10 PN/FF Thick 11.5 7.7 3.8 2.32 ul

X 0690210101 2012-08-10 MOS1 Thick 13.1 8.8 3.8 1.39 ul
X 0690210101 2012-08-10 MOS2 Thick 13.1 10.4 3.8 1.68 ul

J1444–5941 C 8235 2007-10-19 ACIS-S - 1.8 0.9 9.6 3.35 ul
J1453–6413 X 0103261001 2001-02-28 PN/SW Medium 4.8 3.3 1.8 5.82 ul

X 0103261001 2001-02-28 MOS1 Medium 5.7 5.6 1.8 2.35 ul
X 0103261001 2001-02-28 MOS2 Medium 5.6 4.9 1.8 0.63 ul

J1457–5900 C 11880 2010-05-05 ACIS-S - 10.2 9.9 0.6 0.31 ul
J1457–5902 C 11880 2010-05-05 ACIS-S - 10.2 10.0 1.0 0.31 ul
J1507–6640 X 0551430301 2009-02-02 PN/FF Medium 26.3 7.6 11.2 5.41 ul

X 0551430301 2009-02-02 MOS1 Medium 30.6 9.4 11.2 2.08 ul
X 0551430301 2009-02-02 MOS2 Medium 30.9 10.7 11.2 2.00 ul

J1511–5835 C 11881 2010-06-14 ACIS-S - 10.0 6.7 13.0 0.46 ul
J1514–5925 X 0207050101 2004-09-14 PN/FF Medium 4.7 0.9 9.9 35.44 ul

X 0207050101 2004-09-14 MOS1 Medium 10.5 4.1 9.9 10.17 ul
X 0207050101 2004-09-14 MOS2 Medium 10.6 4.6 9.9 8.28 ul
X 0302730101 2005-08-07 PN/FF Medium 15.9 4.7 10.1 19.55 ul
X 0302730101 2005-08-07 MOS2 Medium 13.9 6.5 10.1 5.93 ul

J1517–4636 X 0204710901 2004-08-03 PN/FF Medium 6.4 2.2 11.3 18.10 ul
X 0204710901 2004-08-03 MOS1 Medium 14.1 6.6 11.3 10.31 ul
X 0204710901 2004-08-03 MOS2 Medium 15.5 8.1 11.3 3.41 ul

J1524–5706 C 2784 2002-07-16 ACIS-I - 28.2 21.2 8.8 0.15 ul
J1529–5611 C 12417 2011-06-22 ACIS-I - 5.2 3.6 2.8 0.80 ul
J1535–4114 X 0652610201 2011-02-25 PN/FF Thick 72.4 33.6 6.1 1.59 ul

X 0652610201 2011-02-25 MOS1 Thick 102.3 80.3 6.1 0.62 ul
X 0652610201 2011-02-25 MOS2 Thick 80.9 64.3 6.1 0.60 ul

J1538–5551 C 10509 2009-01-24 ACIS-S - 4.6 2.8 8.8 1.12 ul
C 9600 2008-05-24 HRC-I - 1.2 0.9 10.6 10.56 ul

J1542–5034 C 12429 2011-10-09 ACIS-I - 5.1 4.8 13.0 1.49 ul
J1548–4821 C 13805 2012-07-28 ACIS-S - 3.5 3.4 0.2 0.85 ul
J1549+2113 X 0136040101 2002-02-18 PN/FF Thin 15.6 4.4 14.2 5.82 ul

X 0136040101 2002-02-18 MOS1 Thin 17.7 6.5 14.2 1.83 ul
X 0136040101 2002-02-18 MOS2 Thin 17.8 5.5 14.2 2.10 ul

J1553–5456 C 1955 2001-07-15 ACIS-I - 49.9 40.4 7.1 0.08 ul
J1554–5512 C 13767 2012-05-24 ACIS-I - 143.5 120.8 7.1 0.03 ul

C 13768 2012-05-22 ACIS-I - 161.5 135.9 7.1 0.02 ul
C 14430 2012-05-27 ACIS-I - 37.1 31.5 7.1 0.18 ul

J1555–2341 X 0112380101 2000-08-26 PN/FF Medium 34.8 13.8 12.6 2.21 ul
X 0112380101 2000-08-26 MOS1 Medium 37.8 17.1 12.6 1.22 ul
X 0112380101 2000-08-26 MOS2 Medium 39.4 12.6 12.6 1.23 ul

J1600–3053 X 0503190401 2008-02-17 MOS1 Medium 25.0 24.5 1.7 1.59 d
X 0503190401 2008-02-17 MOS2 Medium 25.3 23.5 1.7 1.66 d

J1611–5847 C 13802 2012-05-21 ACIS-S - 3.5 3.4 0.2 0.91 ul
J1613–5211 X 0555660101 2008-08-15 PN/FF Medium 21.6 18.1 2.9 3.78 ul

X 0555660101 2008-08-15 MOS1 Medium 32.3 29.1 2.9 1.20 ul
X 0555660101 2008-08-15 MOS2 Medium 31.7 30.0 2.9 1.08 ul

J1614–5144 X 0406650101 2006-08-15 PN/EFF Medium 19.7 14.83.3 2.61 ul
X 0406650101 2006-08-15 MOS1 Medium 30.9 27.8 3.3 0.97 ul
X 0406650101 2006-08-15 MOS2 Thin 30.7 28.2 3.3 1.04 ul
X 0406550101 2007-02-13 PN/FF Medium 7.7 2.9 4.5 7.73 ul
X 0406550101 2007-02-13 MOS1 Medium 12.0 10.0 4.5 6.55 ul
X 0406550101 2007-02-13 MOS2 Medium 11.7 10.1 4.5 1.86 ul
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J1616–5109 X 0302390101 2005-08-23 MOS1 Medium 60.8 25.7 12.3 1.45 ul
X 0302390101 2005-08-23 MOS2 Medium 60.1 28.3 12.3 1.72 ul

J1616–5208 C 2546 2002-10-23 ACIS-S - 41.4 30.5 11.7 0.70 ul
J1620–4927 X 0406750201 2007-02-25 PN/FF Medium 6.0 1.3 11.5 13.71 ul

X 0406750201 2007-02-25 MOS1 Medium 7.6 2.4 11.5 3.92 ul
X 0406750201 2007-02-25 MOS2 Medium 3.7 0.7 11.5 11.14 ul

J1622–4944 C 10929 2009-07-10 ACIS-I - 20.1 15.8 6.1 0.20 ul
C 8161 2007-06-13 ACIS-S - 2.9 2.5 3.0 1.23 ul

J1623–4949 X 0654110101 2011-02-22 MOS1 Thin 55.6 25.1 12.3 2.99 ul
X 0654110101 2011-02-22 MOS2 Thin 55.6 27.1 12.3 1.56 ul
C 8161 2007-06-13 ACIS-S - 2.9 1.3 10.9 3.12 ul

J1625–4904 X 0403280201 2007-02-14 MOS1 Medium 15.2 5.3 10.2 7.59 ul
X 0403280201 2007-02-14 MOS2 Medium 15.6 5.8 10.2 4.78 ul

J1625–4913 X 0403280201 2007-02-14 PN/FF Medium 7.6 2.7 10.7 8.39 ul
X 0403280201 2007-02-14 MOS1 Medium 15.2 5.8 10.7 4.49 ul
X 0403280201 2007-02-14 MOS2 Medium 17.7 6.4 10.7 3.50 ul

J1632–4757 X 0128531101 2003-03-04 PN/LW Medium 4.8 3.0 8.9 5.03 ul
X 0128531101 2003-03-04 MOS2 Medium 5.0 2.8 8.9 3.61 ul
X 0201700301 2004-08-19 PN/FF Thin 35.2 22.8 4.0 1.92 ul
X 0556140101 2008-08-14 PN/FF Thin 5.5 3.6 4.0 4.86 ul
X 0556140101 2008-08-14 MOS1 Thin 9.4 6.3 4.0 1.93 ul
X 0556140101 2008-08-14 MOS2 Thin 9.1 6.9 4.0 1.82 ul
X 0556140201 2008-08-16 PN/FF Thin 2.5 1.7 3.9 11.80 ul
X 0556140201 2008-08-16 MOS1 Thin 3.5 2.4 3.9 1.30 ul
X 0556140201 2008-08-16 MOS2 Thin 3.5 2.8 3.9 2.08 ul
X 0556140301 2008-08-18 PN/FF Thin 5.0 3.3 4.0 8.47 ul
X 0556140301 2008-08-18 MOS1 Thin 6.7 4.5 4.0 2.69 ul
X 0556140301 2008-08-18 MOS2 Thin 6.1 4.8 4.0 4.00 ul
X 0556140401 2008-08-20 PN/FF Thin 8.3 5.1 4.0 3.87 ul
X 0556140401 2008-08-20 MOS1 Thin 12.5 8.5 4.0 1.63 ul
X 0556140401 2008-08-20 MOS2 Thin 12.5 9.9 4.0 1.48 ul
X 0556140501 2008-08-21 PN/FF Thin 2.0 1.3 4.0 10.54 ul
X 0556140501 2008-08-21 MOS1 Thin 4.9 3.4 4.0 0.92 ul
X 0556140501 2008-08-21 MOS2 Thin 4.3 3.4 4.0 0.91 ul
X 0556140601 2008-08-22 PN/FF Thin 10.7 5.7 4.1 3.17 ul
X 0556140601 2008-08-22 MOS1 Thin 14.0 9.5 4.1 1.55 ul
X 0556140601 2008-08-22 MOS2 Thin 13.4 10.4 4.1 1.49 ul
X 0556140701 2008-08-24 PN/FF Thin 6.2 3.3 3.9 10.42 ul
X 0556140701 2008-08-24 MOS1 Thin 10.0 6.9 3.9 1.71 ul
X 0556140701 2008-08-24 MOS2 Thin 9.8 7.7 3.9 1.73 ul
X 0556140801 2008-08-26 PN/FF Thin 8.9 4.5 4.0 3.94 ul
X 0556140801 2008-08-26 MOS1 Thin 11.1 7.7 4.0 1.77 ul
X 0556140801 2008-08-26 MOS2 Thin 11.2 8.8 4.0 1.56 ul
X 0556141001 2008-09-17 PN/FF Thin 4.2 2.5 4.0 5.02 ul
X 0556141001 2008-09-17 MOS1 Thin 7.0 4.9 4.0 2.68 ul
X 0556141001 2008-09-17 MOS2 Thin 6.4 5.0 4.0 0.62 ul
C 10088 2009-06-22 ACIS-I - 9.8 7.0 8.3 0.44 ul
C 8155 2007-10-23 HRC-I - 2.7 1.9 12.7 1.65 ul

J1633–4805 C 10982 2010-06-05 ACIS-S - 100.0 65.1 8.2 0.25 ul
J1636–4803 C 9007 2008-05-27 HRC-I - 1.2 0.9 14.3 3.57 ul
J1637–4553 X 0103261101 2002-02-23 PN/FF Medium 4.0 3.5 1.8 14.91 ul

X 0103261101 2002-02-23 MOS1 Medium 5.3 5.2 1.8 3.97 ul
X 0103261101 2002-02-23 MOS2 Medium 6.2 5.8 1.8 3.88 ul

J1637–4642 C 12518 2011-06-11 ACIS-I - 19.8 15.1 8.6 0.93 ul
J1637–4721 X 0204500201 2004-02-16 MOS1 Thin 18.1 6.6 14.4 2.18 ul

X 0204500201 2004-02-16 MOS2 Thin 18.0 7.1 14.4 2.42 ul
X 0204500301 2004-09-04 PN/FF Thin 28.7 7.8 13.9 3.42 ul
X 0204500301 2004-09-04 MOS1 Thin 32.2 5.5 13.9 4.61 ul
X 0307170201 2005-08-19 PN/FF Medium 42.2 18.0 12.8 2.34 ul
X 0307170201 2005-08-19 MOS1 Medium 63.8 28.8 12.8 1.96 ul
X 0307170201 2005-08-19 MOS2 Medium 69.9 32.0 12.8 0.91 ul

Continued on next page



B.2 Used observations 163

Table B.2 – continued from previous page

PSR satellite(α) obsID date instrument(β) filter ton-axis t(θ ) θ (γ) count rate(δ ) flag(δ )

C 12525 2011-06-14 ACIS-I - 19.8 18.5 13.1 1.00 ul
C 12522 2011-06-13 ACIS-I - 19.3 15.8 5.4 0.20 ul
C 12523 2011-06-14 ACIS-I - 19.3 16.0 6.6 0.19 ul
C 12503 2011-02-05 HRC-I - 1.2 0.8 13.8 3.64 ul

J1638–4725 C 12522 2011-06-13 ACIS-I - 19.3 16.1 6.4 0.19 ul
C 6261 2005-05-04 ACIS-S - 10.2 9.9 0.6 0.42 ul

J1640–4648 C 12510 2011-06-09 ACIS-I - 20.2 17.9 0.7 0.28 ul
C 12513 2011-06-27 ACIS-I - 20.4 19.2 12.7 0.88 ul

J1646–4346 X 0553110201 2009-03-09 PN/FF Medium 2.7 1.5 2.2 21.27 ul
X 0553110201 2009-03-09 MOS1 Medium 3.1 3.0 2.2 9.41 ul
X 0553110201 2009-03-09 MOS2 Medium 2.8 2.7 2.2 21.95 ul

J1648–4458 X 0512180101 2008-03-21 MOS2 Medium 27.2 10.0 12.3 1.91 ul
J1648–4611 C 11836 2010-01-24 ACIS-I - 10.2 8.7 4.9 0.35 ul
J1649–4349 C 6270 2005-10-21 HRC-I - 4.2 4.1 0.2 0.75 ul
J1650–4341 C 13777 2012-06-22 ACIS-S - 8.1 7.9 0.2 0.39 ul
J1652–4406 C 8145 2007-10-25 ACIS-S - 2.2 1.0 11.2 3.13 ul
J1653–4315 C 13774 2012-07-07 ACIS-S - 5.1 5.0 0.2 0.62 ul
J1654–4140 X 0109490101 2001-09-05 PN/FF Thick 29.8 12.1 10.7 3.05 ul

X 0109490101 2001-09-05 MOS1 Thick 32.9 16.4 10.7 1.01 ul
X 0109490101 2001-09-05 MOS2 Thick 32.5 15.6 10.7 1.61 ul
X 0109490201 2001-09-06 PN/FF Thick 16.4 6.9 10.7 5.14 ul
X 0109490201 2001-09-06 MOS1 Thick 19.3 9.6 10.7 1.79 ul
X 0109490201 2001-09-06 MOS2 Thick 19.4 9.3 10.7 1.49 ul
X 0109490301 2001-09-07 PN/FF Thick 28.7 12.5 10.8 2.46 ul
X 0109490301 2001-09-07 MOS1 Thick 33.2 16.6 10.8 1.24 ul
X 0109490301 2001-09-07 MOS2 Thick 34.0 16.3 10.8 1.23 ul
X 0109490401 2001-09-08 PN/FF Thick 11.8 5.3 10.7 3.86 ul
X 0109490401 2001-09-08 MOS1 Thick 19.7 10.0 10.7 2.30 ul
X 0109490401 2001-09-08 MOS2 Thick 19.4 9.3 10.7 2.83 ul
X 0109490501 2001-09-09 PN/FF Thick 24.9 11.1 10.8 2.50 ul
X 0109490501 2001-09-09 MOS1 Thick 30.9 15.5 10.8 1.46 ul
X 0109490501 2001-09-09 MOS2 Thick 30.9 14.8 10.8 1.32 ul
X 0109490601 2001-09-10 PN/FF Thick 30.3 13.4 10.8 3.22 ul
X 0109490601 2001-09-10 MOS1 Thick 32.8 16.4 10.8 1.30 ul
X 0109490601 2001-09-10 MOS2 Thick 32.8 15.7 10.8 1.80 ul
C 5372 2005-07-03 ACIS-I - 77.2 58.6 9.6 0.22 ul

J1658–5324 C 12535 2011-01-25 ACIS-S - 10.0 9.4 4.4 3.84 d
J1702–4217 C 13776 2012-06-24 ACIS-S - 8.7 8.5 0.2 0.57 ul
J1702–4306 C 9083 2009-01-30 ACIS-I - 9.8 9.4 3.2 0.33 ul
J1702–4310 C 9083 2009-01-30 ACIS-I - 9.8 9.6 0.8 0.32 ul
J1703–4851 C 4446 2004-02-04 ACIS-S - 29.8 18.2 11.9 0.57 ul
J1705–1906 X 0112200501 2002-03-14 PN/FF Medium 3.6 3.2 1.7 9.64 ul

X 0112200501 2002-03-14 MOS1 Medium 6.0 5.9 1.7 3.67 ul
X 0112200501 2002-03-14 MOS2 Medium 6.2 5.7 1.7 2.76 ul

J1705–4108 X 0406750301 2007-02-25 PN/FF Medium 5.9 5.2 2.3 2.54 ul
X 0406750301 2007-02-25 MOS1 Medium 7.6 7.0 2.3 1.40 ul
X 0406750301 2007-02-25 MOS2 Medium 7.4 6.4 2.3 0.48 ul

J1706–4310 C 3791 2003-06-19 HRC-I - 1.0 0.9 8.1 3.60 ul
J1707–4053 X 0144080101 2002-09-27 PN/FF Medium 10.9 9.6 0.9 1.94 ul

X 0144080101 2002-09-27 MOS1 Medium 17.0 16.5 0.9 0.89 ul
X 0144080101 2002-09-27 MOS2 Medium 17.0 16.0 0.9 1.94 ul

J1709–3626 C 12505 2011-03-06 HRC-I - 1.1 1.0 7.7 6.23 ul
J1709–4401 X 0105470201 2000-09-11 MOS1 Medium 13.4 5.9 9.9 3.89 ul

X 0105470201 2000-09-11 MOS2 Medium 13.4 4.8 9.9 8.16 ul
X 0105470501 2001-08-28 MOS1 Medium 6.0 2.5 9.8 9.93 ul
X 0105470501 2001-08-28 MOS2 Medium 6.8 2.2 9.8 10.93 ul

J1711–3826 C 13621 2012-06-30 ACIS-I - 49.8 35.3 8.3 0.32 ul
J1712–2715 X 0206610101 2004-08-29 PN/EFF Thin 43.3 9.6 14.1 3.30 ul

X 0206610101 2004-08-29 MOS1 Thin 47.9 15.5 14.1 1.30 ul
X 0206610101 2004-08-29 MOS2 Thin 47.8 15.9 14.1 1.26 ul

J1715–3859 C 8976 2008-09-22 ACIS-I - 1.2 0.9 6.4 3.52 ul
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PSR satellite(α) obsID date instrument(β) filter ton-axis t(θ ) θ (γ) count rate(δ ) flag(δ )

J1716–3720 C 9607 2008-09-20 ACIS-S - 1.4 0.8 12.8 4.11 ul
J1717–3737 C 2785 2002-05-13 ACIS-S - 56.5 18.0 15.2 1.15 ul
J1717–4043 C 7536 2007-10-23 HRC-I - 1.2 1.1 4.8 4.19 ul
J1717–40433 C 7536 2007-10-23 HRC-I - 1.2 1.1 5.0 3.56 ul
J1718–3714 C 2785 2002-05-13 ACIS-S - 56.5 43.0 11.8 0.37 ul

C 10768 2009-10-23 ACIS-S - 37.7 32.5 5.0 0.10 ul
J1718–4539 X 0200680201 2004-09-22 MOS1 Medium 14.0 5.3 14.4 2.73 ul

X 0200680201 2004-09-22 MOS2 Thick 22.6 9.1 14.4 1.59 ul
J1719–1438 X 0674950201 2012-02-20 PN/FF Thin 3.3 2.9 1.7 5.99 ul

X 0674950201 2012-02-20 MOS1 Thin 3.9 3.8 1.7 0.80 ul
X 0674950201 2012-02-20 MOS2 Thin 3.9 3.5 1.7 0.87 ul

J1720–3659 C 10525 2009-02-08 ACIS-S - 7.8 4.7 8.8 0.66 ul
J1721–1936 C 9957 2009-07-10 ACIS-S - 16.0 6.7 2.5 0.46 ul
J1723–3659 X 0103261201 2002-02-24 MOS1 Medium 6.4 2.4 11.7 6.51 ul

X 0103261201 2002-02-24 MOS2 Medium 6.1 2.7 11.7 3.35 ul
J1725–3546 C 10514 2009-02-06 ACIS-S - 5.5 3.3 12.9 0.94 ul

C 8222 2007-10-23 HRC-I - 1.2 0.9 13.2 14.82 ul
J1726–3530 C 8154 2007-10-26 ACIS-S - 2.3 1.5 13.3 2.01 ul

C 10514 2009-02-06 ACIS-S - 5.5 3.9 5.0 0.75 ul
J1730–2304 X 0650140101 2011-03-29 PN/FF Thin 9.1 7.8 1.7 12.52 d

X 0650140101 2011-03-29 MOS1 Thin 22.6 20.7 1.7 3.32 d
X 0650140101 2011-03-29 MOS2 Thin 22.6 21.1 1.7 5.53 d

J1730–3350 C 9080 2008-10-27 ACIS-I - 10.1 9.8 0.8 0.31 ul
J1730–3353 C 9080 2008-10-27 ACIS-I - 10.1 9.0 5.5 0.82 ul
J1731–1847 X 0694710101 2012-09-01 PN/FF Thin 21.5 18.9 1.7 5.30 ul

X 0694710101 2012-08-31 MOS1 Medium 36.5 33.4 1.7 1.67 ul
X 0694710101 2012-08-31 MOS2 Medium 38.3 37.2 1.7 1.75 ul

J1732–3426 X 0405680201 2007-03-21 MOS2 Medium 24.6 7.9 12.1 5.95 ul
J1733–3030 C 8686 2008-05-22 ACIS-I - 2.2 2.0 14.1 6.54 ul
J1733–3322 X 0553850101 2009-03-09 MOS1 Medium 10.5 1.3 11.5 2.38 ul

X 0553850101 2009-03-09 MOS2 Medium 10.6 3.8 11.5 8.10 ul
X 0653320101 2011-03-11 MOS2 Medium 39.7 14.5 11.4 1.69 ul
C 674 2000-08-02 HRC-I - 15.1 13.1 6.8 0.70 ul

J1733–3716 C 12683 2011-05-06 ACIS-S - 2.0 1.3 8.5 2.36 ul
J1735–3258 X 0654190101 2011-03-06 PN/FF Medium 18.0 11.8 8.1 3.06 ul

X 0654190101 2011-03-06 MOS1 Medium 21.4 15.4 8.1 1.22 ul
X 0654190101 2011-03-06 MOS2 Medium 21.3 13.9 8.1 1.39 ul
C 9050 2009-02-06 ACIS-I - 4.8 3.9 8.1 0.79 ul

J1736–2843 C 9993 2009-02-03 ACIS-I - 2.2 2.0 4.9 1.56 ul
J1739–2903 X 0304220101 2005-09-29 MOS1 Medium 6.8 3.6 10.5 0.86 ul

X 0304220101 2005-09-29 MOS2 Medium 6.4 3.6 10.5 0.85 ul
C 8678 2008-05-18 ACIS-I - 2.2 1.8 7.1 1.71 ul
C 8679 2008-05-18 ACIS-I - 2.2 1.6 7.7 1.80 ul

J1739–3023 X 0554720101 2008-10-01 PN/LW Medium 32.8 14.7 5.3 5.24 ul
X 0554720101 2008-10-01 MOS1 Medium 39.3 25.1 5.3 0.96 ul
X 0561580101 2009-03-11 MOS1 Thin 34.0 24.4 8.1 1.85 ul
X 0561580101 2009-03-11 MOS2 Thin 33.2 21.7 8.1 1.12 ul

J1739–3049 C 2687 2002-05-07 ACIS-I - 21.0 14.2 13.9 0.22 ul
J1739–3951 C 12685 2011-02-01 ACIS-S - 5.1 5.0 0.3 0.62 ul
J1740–3052 X 0301730101 2006-03-05 PN/FF Thick 55.6 25.2 10.7 1.61 ul

X 0301730101 2006-03-05 MOS1 Thick 61.3 31.7 10.7 0.84 ul
X 0301730101 2006-03-05 MOS2 Thick 60.7 32.9 10.7 0.95 ul
C 11837 2010-07-24 ACIS-I - 10.0 8.1 7.5 0.38 ul

J1741–2719 C 8667 2008-05-17 ACIS-I - 2.2 1.7 5.9 1.83 ul
J1741–2733 C 8666 2008-05-18 ACIS-I - 2.2 0.8 4.9 3.49 ul
J1743–3150 C 13573 2011-11-02 ACIS-I - 2.0 0.4 9.5 7.90 ul

C 13576 2011-11-02 ACIS-I - 2.0 1.8 6.1 1.64 ul
J1743–3153 C 13576 2011-11-02 ACIS-I - 2.0 1.9 0.9 1.51 ul
J1744–3130 C 8751 2008-05-15 ACIS-I - 2.2 1.9 3.3 1.52 ul
J1744–3922 X 0304960301 2006-02-28 PN/SW Medium 3.8 2.6 1.7 11.88 ul

X 0304960301 2006-02-28 MOS2 Medium 4.5 4.3 1.7 2.69 ul
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PSR satellite(α) obsID date instrument(β) filter ton-axis t(θ ) θ (γ) count rate(δ ) flag(δ )

J1745–3040 X 0103261301 2001-03-21 PN/FF Medium 4.3 3.8 1.7 3.57 ul
X 0103261301 2001-03-21 MOS1 Medium 7.3 7.2 1.7 1.69 ul
X 0103261301 2001-03-21 MOS2 Medium 7.4 6.7 1.7 1.75 ul

J1747–2802 C 1036 2000-10-27 ACIS-S - 35.5 22.3 9.0 0.53 ul
C 2274 2001-07-16 ACIS-I - 10.6 10.0 12.5 0.31 ul

J1748–3009 C 8756 2008-05-13 ACIS-I - 2.2 1.5 10.0 1.91 ul
C 8755 2008-05-13 ACIS-I - 2.2 2.0 13.0 3.20 ul
C 8744 2008-05-15 ACIS-I - 2.2 1.9 4.0 1.49 ul

J1749–3002 C 8755 2008-05-13 ACIS-I - 2.2 1.9 3.6 1.53 ul
J1751–2857 X 0603850201 2010-04-07 MOS1 Medium 18.6 10.0 12.1 2.96 ul

X 0603850201 2010-04-07 MOS2 Medium 19.1 8.6 12.1 4.01 ul
C 7562 2008-02-05 ACIS-S - 4.8 3.0 11.2 4.39 ul
C 8722 2008-05-13 ACIS-I - 2.2 2.0 12.9 1.51 ul
C 8710 2008-05-13 ACIS-I - 2.2 1.6 1.9 3.07 ul

J1753–1914 C 13803 2012-07-18 ACIS-S - 3.5 3.4 0.2 0.85 ul
J1754–3443 X 0300690101 2006-04-02 PN/FF Thick 38.3 19.1 10.1 2.50 ul

X 0300690101 2006-04-02 MOS1 Thick 42.0 23.8 10.1 1.18 ul
X 0300690101 2006-04-02 MOS2 Thick 41.8 22.8 10.1 1.18 ul

J1755–2725 C 8717 2008-05-14 ACIS-I - 2.2 1.5 8.7 2.00 ul
C 8718 2008-05-14 ACIS-I - 2.2 1.9 6.1 1.66 ul

J1757–2421 X 0112201501 2002-09-09 PN/FF Medium 4.2 1.8 3.9 9.20 ul
X 0112201501 2002-09-09 MOS1 Medium 5.8 5.6 3.9 2.08 ul
X 0112201501 2002-09-09 MOS2 Medium 5.7 5.1 3.9 3.13 ul

J1759–2205 C 7471 2007-10-23 HRC-I - 1.2 1.1 6.6 2.89 ul
C 12506 2011-02-20 HRC-I - 1.1 1.0 6.6 3.12 ul

J1759–2302 X 0135742301 2003-03-20 PN/FF Medium 2.9 1.1 3.8 2.73 ul
X 0135742301 2003-03-20 MOS1 Medium 4.0 3.7 3.8 2.42 ul
X 0135742301 2003-03-20 MOS2 Medium 4.2 3.9 3.8 0.79 ul

J1759–2307 X 0135742301 2003-03-20 PN/FF Medium 2.9 1.9 5.7 6.33 ul
X 0135742301 2003-03-20 MOS1 Medium 4.0 3.2 5.7 0.96 ul
X 0135742301 2003-03-20 MOS2 Medium 4.2 3.0 5.7 1.02 ul

J1759–3107 C 10083 2009-08-05 HRC-I - 1.2 0.7 14.4 32.44 ul
J1801–2304 X 0135742501 2003-03-20 PN/FF Medium 2.3 1.8 5.5 11.30 ul

X 0135742501 2003-03-20 MOS1 Medium 3.3 2.8 5.5 1.09 ul
X 0135742501 2003-03-20 MOS2 Medium 3.2 2.6 5.5 1.19 ul

J1804–0735 C 8949 2008-10-31 ACIS-S - 15.2 15.0 0.2 0.37 ul
J1805–1504 X 0405390301 2007-03-03 MOS1 Medium 13.1 7.2 11.5 2.28 ul

C 7275 2006-03-28 HRC-I - 1.1 0.9 10.0 4.10 ul
J1806–2125 X 0405750201 2007-03-02 PN/FF Medium 10.7 4.9 11.3 5.09 ul

X 0405750201 2007-03-02 MOS1 Medium 14.9 8.5 11.3 3.99 ul
X 0405750201 2007-03-02 MOS2 Medium 15.4 6.5 11.3 2.49 ul

J1808–2701 X 0692210101 2012-09-15 PN/FF Thin 4.8 4.2 1.7 4.48 ul
X 0692210101 2012-09-15 MOS1 Medium 16.5 15.1 1.7 1.60 ul
X 0692210101 2012-09-15 MOS2 Medium 16.7 16.1 1.7 1.93 ul

J1809–1850 X 0152835701 2003-10-09 PN/FF Medium 7.3 2.3 11.4 10.88 ul
X 0152835701 2003-10-09 MOS1 Medium 9.2 4.3 11.4 4.79 ul
X 0152835701 2003-10-09 MOS2 Medium 9.9 5.0 11.4 2.62 ul

J1809–2004 X 0152832901 2003-10-12 PN/FF Medium 6.3 4.4 7.2 4.78 ul
X 0152832901 2003-10-12 MOS1 Medium 7.7 6.2 7.2 1.82 ul
X 0152832901 2003-10-12 MOS2 Medium 8.0 5.6 7.2 1.51 ul

J1810–1820 C 13775 2012-04-22 ACIS-S - 5.1 5.0 0.2 0.97 ul
J1811–1049 C 9005 2009-02-15 HRC-I - 1.2 1.0 9.4 7.83 ul
J1811–1835 C 8167 2007-10-26 ACIS-S - 3.0 1.8 12.7 1.69 ul

C 8162 2007-05-04 ACIS-S - 2.8 1.8 8.4 5.49 ul
J1812–1910 X 0152835501 2003-09-12 MOS2 Medium 2.9 1.0 11.6 3.00 ul
J1814–1744 X 0207010101 2004-09-14 PN/FF Medium 0.9 0.7 1.5 38.36 ul

X 0207010101 2004-09-14 MOS1 Medium 6.0 5.7 1.5 3.60 ul
X 0207010101 2004-09-14 MOS2 Medium 5.9 5.7 1.5 6.61 ul

J1815–1738 X 0207010101 2004-09-14 PN/FF Medium 0.9 0.1 10.3 25.56 ul
X 0207010101 2004-09-14 MOS1 Medium 6.0 2.6 10.3 10.08 ul
X 0207010101 2004-09-14 MOS2 Medium 5.9 2.5 10.3 6.16 ul
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J1816–5643 C 13804 2012-04-24 ACIS-S - 3.5 3.4 0.2 0.91 ul
J1817–3618 C 2011 2001-10-24 ACIS-S - 29.0 28.6 0.6 0.24 ul
J1818–1448 C 5530 2005-05-23 ACIS-S - 9.2 6.9 11.9 0.87 ul

C 6288 2005-05-25 ACIS-S - 5.0 3.7 11.9 0.82 ul
C 6289 2005-05-28 ACIS-S - 15.1 11.4 11.9 1.29 ul

J1818–1519 X 0152834901 2003-04-04 PN/FF Medium 5.6 2.1 10.2 19.92 ul
X 0152834901 2003-04-04 MOS1 Medium 7.6 2.8 10.2 4.31 ul
X 0152834901 2003-04-04 MOS2 Medium 7.2 2.9 10.2 1.06 ul

J1818–1541 X 0152834801 2003-04-06 PN/FF Medium 5.8 1.7 12.8 13.53 ul
X 0152834801 2003-04-06 MOS1 Medium 6.8 1.9 12.8 7.97 ul
X 0152834801 2003-04-06 MOS2 Medium 7.0 1.4 12.8 8.46 ul

J1818–1556 C 7617 2007-10-21 ACIS-S - 5.1 4.6 6.5 0.67 ul
C 9609 2008-02-19 ACIS-S - 1.7 1.2 3.1 2.38 ul

J1819–1008 X 0403410101 2006-09-18 MOS1 Thin 2.6 1.4 12.2 10.90 ul
X 0403410101 2006-09-18 MOS2 Medium 2.6 1.2 12.2 2.49 ul
X 0403410101 2006-09-18 MOS1 Thin 44.6 23.2 12.2 1.89 ul
X 0403410101 2006-09-18 MOS2 Medium 45.9 22.3 12.2 1.26 ul

J1819–1510 X 0505240101 2008-03-31 PN/FF Medium 52.3 16.0 14.8 3.36 ul
X 0505240101 2008-03-31 MOS1 Medium 65.7 24.7 14.8 2.23 ul
X 0505240101 2008-03-31 MOS2 Medium 65.8 21.0 14.8 2.57 ul

J1821–1419 X 0004210201 2001-03-08 PN/FF Medium 3.5 1.5 10.1 8.47 ul
X 0004210201 2001-03-08 MOS1 Medium 6.4 3.7 10.1 0.83 ul
X 0004210201 2001-03-08 MOS2 Medium 6.5 3.8 10.1 2.09 ul

J1821–1432 C 11835 2010-08-14 ACIS-I - 10.0 9.0 3.5 0.34 ul
J1822–1606 C 13511 2011-07-28 HRC-I - 1.2 1.1 1.9 2.73 ul
J1822–1617 C 13511 2011-07-28 HRC-I - 1.2 0.8 13.7 25.76 ul
J1823–1347 X 0040140201 2002-03-23 PN/FF Medium 11.8 8.1 6.6 4.87 ul

X 0040140201 2002-03-23 MOS1 Medium 15.2 12.4 6.6 1.48 ul
X 0040140201 2002-03-23 MOS2 Medium 15.4 11.7 6.6 1.85 ul

J1824–1159 X 0051940101 2001-03-08 PN/FF Medium 4.7 1.0 10.1 12.07 ul
X 0051940101 2001-03-08 MOS1 Medium 7.5 3.4 10.1 3.99 ul
X 0051940101 2001-03-08 MOS2 Medium 7.6 3.5 10.1 2.57 ul

J1825–0935 X 0112201001 2002-04-08 PN/FF Medium 1.5 1.3 1.6 36.21 d
X 0112201001 2002-04-08 MOS1 Medium 3.8 3.8 1.6 8.08 d
X 0112201001 2002-04-08 MOS2 Medium 4.7 4.3 1.6 4.06 d

J1825–1446 X 0505530101 2008-04-10 PN/FF Medium 29.0 10.8 11.0 2.80 ul
X 0505530101 2008-04-10 MOS1 Medium 33.6 13.9 11.0 1.77 ul
X 0505530101 2008-04-10 MOS2 Medium 33.6 13.7 11.0 1.30 ul
C 5341 2004-07-11 ACIS-I - 18.2 15.4 5.9 0.91 ul
C 4600 2004-07-09 ACIS-I - 11.2 9.5 5.9 1.60 ul

J1826–1131 X 0051940301 2001-03-10 PN/FF Medium 5.8 4.7 5.0 4.45 ul
X 0051940301 2001-03-10 MOS1 Medium 8.5 7.3 5.0 0.42 ul
X 0051940301 2001-03-10 MOS2 Medium 8.5 6.9 5.0 0.45 ul

J1828–1007 X 0135741201 2001-09-10 PN/FF Medium 1.2 0.6 7.1 5.04 ul
X 0135741201 2001-09-10 MOS1 Medium 3.1 2.3 7.1 2.74 ul
X 0135741201 2001-09-10 MOS2 Medium 3.3 2.5 7.1 3.51 ul
X 0135745701 2002-09-27 PN/FF Medium 5.6 3.0 7.3 3.73 ul
X 0135745701 2002-09-27 MOS1 Medium 7.4 4.6 7.3 0.67 ul
X 0135745701 2002-09-27 MOS2 Medium 7.4 5.5 7.3 0.56 ul

J1828–1057 X 0104460401 2000-10-12 PN/FF Medium 3.3 1.3 11.4 2.36 ul
X 0104460401 2000-10-12 MOS1 Medium 6.6 2.9 11.4 1.06 ul
X 0104460401 2000-10-12 MOS2 Medium 7.6 3.2 11.4 3.83 ul
X 0135747001 2003-09-15 PN/FF Medium 4.1 1.6 11.5 8.64 ul
X 0135747001 2003-09-15 MOS1 Medium 6.4 2.9 11.5 1.07 ul
X 0135747001 2003-09-15 MOS2 Medium 6.5 2.7 11.5 1.16 ul

J1828–1101 X 0104460401 2000-10-12 PN/FF Medium 3.3 2.2 6.8 5.30 ul
X 0104460401 2000-10-12 MOS1 Medium 6.6 4.2 6.8 2.02 ul
X 0104460401 2000-10-12 MOS2 Medium 6.7 3.6 6.8 0.86 ul
X 0135747001 2003-09-15 PN/FF Medium 4.1 2.3 6.9 9.05 ul
X 0135747001 2003-09-15 MOS1 Medium 6.4 4.0 6.9 2.11 ul
X 0135747001 2003-09-15 MOS2 Medium 6.5 3.3 6.9 0.95 ul
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J1830–1059 X 0135745901 2002-10-03 MOS1 Medium 8.9 3.0 12.3 1.02 ul
X 0135745901 2002-10-03 MOS2 Medium 7.6 2.9 12.3 8.33 ul

J1831–0952 X 0135741701 2002-03-29 PN/FF Medium 3.3 1.5 11.5 14.95 ul
X 0135741701 2002-03-29 MOS1 Medium 6.8 3.4 11.5 6.72 ul
X 0135741701 2002-03-29 MOS2 Medium 6.9 3.3 11.5 3.98 ul

J1831–1223 X 0601270501 2010-03-11 PN/FF Thin 20.7 9.5 9.9 3.24 ul
X 0601270501 2010-03-11 MOS1 Thin 28.3 4.2 9.9 3.31 ul
X 0601270501 2010-03-11 MOS2 Thin 28.8 16.2 9.9 2.33 ul
C 9055 2008-04-27 ACIS-I - 4.8 3.6 10.3 0.87 ul

J1832+0029 C 9145 2007-10-19 ACIS-S - 20.1 19.8 0.3 0.20 ul
C 12556 2011-03-28 ACIS-S - 23.0 22.7 0.3 0.18 ul

J1832–0836 X 0511010801 2007-10-16 PN/FF Medium 25.3 4.7 5.0 8.26 ul
X 0511010801 2007-10-15 MOS1 Medium 28.3 20.7 5.0 0.96 ul
X 0511010801 2007-10-15 MOS2 Medium 28.7 22.6 5.0 1.74 ul

J1832–1021 X 0122700401 2000-04-15 PN/FF Medium 15.4 4.0 10.1 7.89 ul
X 0122700401 2000-04-15 MOS1 Medium 15.4 5.9 10.1 2.79 ul
X 0122700401 2000-04-15 MOS2 Medium 15.5 5.7 10.1 2.93 ul

J1833–1055 X 0122700201 2000-04-09 PN/FF Medium 24.5 8.7 13.8 2.39 ul
J1835–1106 C 9082 2008-10-27 ACIS-I - 10.1 9.0 0.8 0.34 ul
J1837–0559 C 1986 2001-07-02 ACIS-S - 9.1 5.4 9.5 0.57 ul
J1837–0604 C 1986 2001-07-02 ACIS-S - 9.1 8.5 5.1 1.48 ul
J1837–0653 X 0400910301 2006-10-18 MOS2 Medium 8.5 3.3 11.9 2.88 ul

X 0400910401 2006-10-18 PN/FF Medium 7.5 3.1 11.6 5.21 ul
X 0400910401 2006-10-18 MOS1 Medium 8.8 4.1 11.6 0.75 ul
X 0400910401 2006-10-18 MOS2 Medium 8.8 4.4 11.6 0.70 ul
X 0552950101 2008-10-16 MOS1 Medium 56.6 26.4 13.7 1.13 ul
X 0552950101 2008-10-16 MOS2 Medium 58.3 24.5 13.7 1.07 ul
C 6719 2006-08-19 ACIS-I - 20.2 16.0 7.1 0.18 ul
C 7545 2007-05-28 HRC-I - 1.2 0.9 11.7 13.97 ul

J1838–0537 X 0690010101 2012-09-13 PN/FF Medium 12.8 5.2 13.1 4.52 ul
X 0690010101 2012-09-13 MOS1 Medium 23.3 11.0 13.1 2.24 ul
X 0690010101 2012-09-13 MOS2 Medium 23.8 10.3 13.1 2.36 ul

J1838–0549 C 7493 2008-03-09 ACIS-I - 19.5 18.8 11.6 0.96 ul
J1840–1419 C 12463 2011-02-20 ACIS-S - 29.4 10.1 0.3 0.31 ul
J1841–0345 C 9084 2008-08-22 ACIS-I - 10.1 9.1 0.8 0.54 ul
J1841–0500 C 729 2000-07-23 ACIS-S - 29.6 20.4 3.2 0.15 ul

C 6732 2006-07-30 ACIS-S - 25.2 18.6 3.1 0.17 ul
J1841–0524 C 7552 2008-03-03 ACIS-I - 19.1 16.7 3.9 0.71 ul
J1842–0359 X 0302970301 2006-04-13 PN/EFF Medium 22.1 13.04.7 7.92 ul

X 0302970301 2006-04-13 MOS1 Medium 26.1 12.0 4.7 4.46 ul
X 0302970301 2006-04-13 MOS2 Medium 26.5 14.2 4.7 2.38 ul

J1843–0137 X 0301880501 2006-04-07 PN/FF Medium 6.6 2.0 9.0 29.44 ul
X 0301880501 2006-04-07 MOS1 Medium 12.7 5.8 9.0 7.80 ul
X 0301880501 2006-04-07 MOS2 Medium 14.0 6.6 9.0 5.64 ul

J1843–0355 C 2298 2001-05-20 ACIS-I - 99.9 74.7 6.5 0.04 ul
J1843–0408 C 949 2000-02-25 ACIS-I - 41.8 37.7 5.2 0.21 ul

C 1523 2000-02-24 ACIS-I - 58.5 54.1 5.1 0.13 ul
C 8169 2008-02-29 ACIS-S - 3.2 1.8 13.5 3.78 ul

J1843–1113 C 9114 2008-10-31 HRC-S - 20.1 19.9 0.3 1.45 d
J1844–0244 X 0602350101 2010-04-14 MOS2 Medium 50.4 16.8 10.8 2.35 ul

X 0602350201 2010-04-16 MOS2 Medium 42.0 14.5 10.8 1.49 ul
C 1964 2002-03-03 HRC-I - 19.7 14.4 12.0 3.11 ul
C 3897 2003-09-14 ACIS-S - 11.9 7.2 13.0 0.43 ul
C 7583 2007-11-05 ACIS-S - 5.2 2.5 14.2 1.22 ul
C 7582 2007-09-18 ACIS-S - 5.1 2.8 14.1 1.10 ul
C 7579 2007-04-22 ACIS-S - 5.0 3.7 10.7 0.83 ul

J1844–0256 C 11801 2010-06-17 ACIS-I - 30.0 20.4 9.0 0.46 ul
C 1964 2002-03-03 HRC-I - 19.7 19.4 0.5 0.16 ul
C 6659 2006-07-27 ACIS-S - 15.2 10.9 2.3 0.28 ul
C 6658 2006-02-21 ACIS-S - 15.1 13.7 1.1 0.23 ul
C 3897 2003-09-14 ACIS-S - 11.9 11.7 1.5 0.40 ul
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C 7583 2007-11-05 ACIS-S - 5.2 4.8 2.7 0.65 ul
C 7581 2007-08-04 ACIS-S - 5.1 5.0 2.4 0.98 ul
C 7582 2007-09-18 ACIS-S - 5.1 4.0 2.6 1.19 ul
C 7579 2007-04-22 ACIS-S - 5.0 5.0 0.9 0.62 ul
C 7580 2007-06-08 ACIS-S - 4.8 4.8 0.8 0.61 ul
C 7578 2007-02-19 ACIS-S - 4.7 4.6 1.2 0.66 ul

J1844–0310 C 11801 2010-06-17 ACIS-I - 30.0 25.0 6.4 0.24 ul
C 11232 2009-08-11 ACIS-I - 29.9 25.5 4.4 0.25 ul
C 3897 2003-09-14 ACIS-S - 11.9 7.3 13.3 0.42 ul
C 7582 2007-09-18 ACIS-S - 5.1 3.7 12.2 0.85 ul
C 8163 2007-05-24 ACIS-S - 2.8 2.5 5.6 1.16 ul

J1844–0433 X 0306170401 2006-04-03 PN/FF Medium 17.2 6.9 5.5 4.16 ul
X 0306170401 2006-04-03 MOS1 Medium 18.5 11.6 5.5 1.85 ul
X 0306170401 2006-04-03 MOS2 Medium 19.0 12.4 5.5 1.30 ul

J1845–0256 C 11801 2010-06-17 ACIS-I - 30.0 25.6 6.1 0.18 ul
C 11232 2009-08-11 ACIS-I - 29.9 24.5 7.8 0.16 ul
C 1964 2002-03-03 HRC-I - 19.7 18.9 3.6 0.16 ul
C 3897 2003-09-14 ACIS-S - 11.9 8.9 2.7 0.55 ul
C 7581 2007-08-04 ACIS-S - 5.1 4.9 2.2 0.62 ul
C 7583 2007-11-05 ACIS-S - 5.2 5.0 1.4 0.62 ul
C 7582 2007-09-18 ACIS-S - 5.1 4.9 1.5 0.91 ul
C 7579 2007-04-22 ACIS-S - 5.0 4.7 4.9 0.84 ul
C 7580 2007-06-08 ACIS-S - 4.8 4.5 4.8 0.97 ul
C 7578 2007-02-19 ACIS-S - 4.7 4.3 4.8 0.72 ul

J1845–0434 X 0306170401 2006-04-03 PN/FF Medium 17.2 8.8 9.8 3.78 ul
X 0306170401 2006-04-03 MOS1 Medium 18.5 11.3 9.8 1.68 ul
X 0306170401 2006-04-03 MOS2 Medium 19.0 9.3 9.8 2.14 ul
C 7505 2008-02-27 ACIS-S - 5.0 1.7 8.3 2.75 ul

J1846+0919 C 13793 2012-06-12 ACIS-S - 15.1 14.9 0.1 0.21 ul
J1846–0257 C 748 2000-10-15 ACIS-S - 37.8 30.4 3.1 0.17 ul

C 6686 2006-06-07 ACIS-S - 55.3 52.9 1.7 0.09 ul
C 7337 2006-06-05 ACIS-S - 17.8 17.0 1.7 0.25 ul
C 7338 2006-06-09 ACIS-S - 40.1 38.4 1.7 0.08 ul
C 7339 2006-06-12 ACIS-S - 45.1 43.1 1.7 0.07 ul

J1847–0130 X 0207010201 2004-10-22 PN/FF Medium 16.9 14.8 1.7 1.47 ul
J1848–0055 C 2786 2002-08-03 ACIS-S - 61.6 39.0 9.7 0.23 ul
J1848–0123 C 6587 2006-08-15 ACIS-S - 46.5 29.9 9.1 0.26 ul
J1848–1952 X 0653300101 2011-03-16 PN/LW Thin 18.2 16.6 1.8 2.56 ul

X 0653300101 2011-03-16 MOS1 Thin 36.2 35.6 1.8 1.23 ul
X 0653300101 2011-03-16 MOS2 Thin 37.5 35.5 1.8 0.77 ul
X 0554140401 2009-03-15 PN/LW Thin 11.3 10.2 1.8 12.77 ul
X 0554140401 2009-03-15 MOS1 Thin 9.7 9.2 1.8 2.96 ul
X 0554140401 2009-03-15 MOS2 Thin 10.8 9.7 1.8 2.78 ul

J1850–0026 X 0136030101 2003-09-25 MOS1 Medium 17.1 15.5 1.3 1.81 ul
X 0136030101 2003-09-25 MOS2 Medium 17.2 16.2 1.3 1.19 ul

J1850–0031 X 0136030101 2003-09-25 MOS1 Medium 17.2 9.2 7.0 1.51 ul
X 0136030101 2003-09-25 MOS2 Medium 17.1 7.5 7.0 1.00 ul

J1852+0008 X 0017740401 2003-10-05 PN/FF Medium 23.3 6.3 13.5 8.25 ul
X 0017740501 2003-10-21 PN/FF Medium 17.9 4.9 13.3 4.26 ul

J1852+0031 X 0204970201 2004-10-18 MOS1 Medium 30.8 17.5 8.2 1.06 ul
X 0204970201 2004-10-18 MOS2 Medium 30.4 19.8 8.2 0.95 ul
X 0204970301 2004-10-23 MOS1 Medium 30.6 18.4 8.2 1.40 ul
X 0204970301 2004-10-23 MOS2 Medium 30.6 18.8 8.2 1.43 ul
X 0400390201 2006-10-08 MOS2 Medium 28.1 18.5 8.0 1.01 ul
X 0400390301 2007-03-20 MOS1 Medium 33.1 16.3 9.9 1.23 ul
X 0400390301 2007-03-20 MOS2 Medium 33.8 15.2 9.9 1.36 ul
X 0550670201 2008-09-19 MOS2 Medium 21.8 14.3 7.8 1.26 ul
X 0550670301 2008-09-21 MOS2 Medium 30.7 20.2 7.8 1.03 ul
X 0550670401 2008-09-23 MOS2 Medium 36.0 23.6 7.8 2.00 ul
X 0550670501 2008-09-29 MOS2 Medium 33.3 21.9 7.8 1.01 ul
X 0550670601 2008-10-11 MOS2 Medium 36.0 23.5 8.0 1.51 ul
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PSR satellite(α) obsID date instrument(β) filter ton-axis t(θ ) θ (γ) count rate(δ ) flag(δ )

X 0550671001 2009-03-16 MOS1 Medium 22.5 10.3 9.9 1.74 ul
X 0550671001 2009-03-16 MOS2 Medium 24.8 11.3 9.9 1.44 ul
X 0550670901 2009-03-17 MOS1 Medium 25.5 12.0 9.9 1.52 ul
X 0550670901 2009-03-17 MOS2 Medium 25.3 11.4 9.9 2.39 ul
X 0550671201 2009-03-23 MOS1 Medium 17.8 9.0 9.9 2.98 ul
X 0550671201 2009-03-23 MOS2 Medium 22.4 10.0 9.9 1.88 ul
X 0550671101 2009-03-25 MOS1 Medium 7.5 3.8 9.8 0.81 ul
X 0550671101 2009-03-25 MOS2 Medium 8.7 3.9 9.8 0.80 ul
X 0550671301 2009-04-04 MOS1 Medium 22.2 11.4 9.8 2.47 ul
X 0550671301 2009-04-04 MOS2 Medium 22.9 10.6 9.8 3.24 ul
X 0550671901 2009-04-10 MOS1 Medium 16.7 8.6 9.7 1.94 ul
X 0550671901 2009-04-10 MOS2 Medium 17.5 8.2 9.7 1.75 ul
X 0550671801 2009-04-22 MOS1 Medium 28.5 14.5 9.6 1.27 ul
X 0550671801 2009-04-22 MOS2 Medium 28.3 14.0 9.6 1.78 ul
C 1982 2001-07-31 ACIS-I - 29.9 23.8 8.3 0.46 ul

J1852–0118 X 0652760201 2010-09-20 PN/FF Medium 25.0 9.2 12.1 4.37 ul
X 0652760201 2010-09-20 MOS1 Medium 26.4 11.1 12.1 1.74 ul
X 0652760201 2010-09-20 MOS2 Medium 26.3 9.4 12.1 1.85 ul

J1852–0127 X 0652760201 2010-09-20 PN/FF Medium 25.0 17.8 2.8 2.47 ul
X 0652760201 2010-09-20 MOS1 Medium 26.3 23.5 2.8 1.64 ul
X 0652760201 2010-09-20 MOS2 Medium 26.4 24.5 2.8 1.03 ul

J1853+1303 X 0503190301 2008-04-20 MOS1 Medium 14.8 14.6 1.7 2.00 ul
X 0503190301 2008-04-20 MOS2 Medium 18.5 17.7 1.7 1.44 ul

J1856+0102 X 0112201101 2003-03-27 PN/FF Medium 2.4 0.9 13.7 3.59 ul
X 0112201101 2003-03-27 MOS1 Medium 3.3 1.4 13.7 2.20 ul
X 0112201101 2003-03-27 MOS2 Medium 3.9 1.5 13.7 2.08 ul
X 0551060101 2009-04-24 PN/FF Medium 47.0 15.7 13.7 3.37 ul
X 0551060101 2009-04-24 MOS1 Medium 67.0 25.3 13.7 1.78 ul
X 0551060101 2009-04-24 MOS2 Medium 67.3 22.6 13.7 1.16 ul

J1901+0124 C 12500 2011-03-07 HRC-I - 1.1 1.1 3.5 3.83 ul
J1901+0510 X 0136030201 2003-09-21 MOS1 Medium 13.8 5.6 12.5 2.26 ul

X 0136030201 2003-09-21 MOS2 Medium 15.3 5.9 12.5 3.45 ul
J1905+0709 C 8147 2007-07-12 ACIS-S - 2.2 1.3 11.6 1.85 ul
J1905+0902 C 3793 2003-05-26 ACIS-I - 13.5 12.1 0.2 0.25 ul
J1906+0746 C 7618 2007-08-10 ACIS-I - 32.0 28.2 0.8 0.11 ul
J1906+0912 C 1954 2001-06-17 ACIS-I - 30.1 20.8 13.0 1.23 ul

C 6731 2006-06-04 ACIS-I - 25.0 18.1 13.0 0.17 ul
J1907+0534 C 7049 2006-06-28 ACIS-I - 10.1 9.0 15.3 0.34 ul
J1907+0918 C 1954 2001-06-17 ACIS-I - 30.1 27.1 2.4 0.11 ul

C 3449 2002-03-11 ACIS-S - 2.7 2.6 2.3 1.11 ul
C 6731 2006-06-04 ACIS-I - 25.0 14.4 2.4 0.22 ul

J1908+0734 C 9614 2008-02-28 ACIS-S - 1.5 0.5 11.5 7.74 ul
J1908+0839 C 8223 2007-06-26 ACIS-S - 3.5 2.2 7.7 1.43 ul
J1908+0916 C 3481 2002-04-15 ACIS-S - 1.1 0.7 9.2 4.17 ul
J1911–1114 X 0406620201 2007-04-27 MOS1 Medium 52.5 51.5 1.8 3.35 d

X 0406620201 2007-04-27 MOS2 Medium 51.7 48.7 1.8 3.59 d
J1913+0446 X 0075140401 2004-09-30 PN/FF Medium 29.7 13.2 10.4 3.10 ul

X 0075140401 2004-09-30 MOS1 Medium 31.8 13.5 10.4 1.79 ul
X 0075140401 2004-09-30 MOS2 Medium 31.6 17.0 10.4 2.20 ul

J1913+1011 C 3854 2003-07-15 ACIS-S - 19.8 18.1 0.6 0.33 ul
J1921+2153 X 0670940101 2012-03-20 PN/FF Thin 4.1 3.6 1.7 7.03 ul

X 0670940101 2012-03-20 MOS1 Thin 8.2 7.5 1.7 2.10 ul
X 0670940101 2012-03-20 MOS2 Thin 8.6 8.3 1.7 1.50 ul

J1928+1746 C 9081 2008-03-01 ACIS-I - 10.0 9.0 0.8 0.34 ul
J1933+2421 C 7335 2006-07-20 ACIS-S - 9.4 9.2 0.1 0.53 ul
J1933–6211 C 9115 2007-12-09 HRC-S - 20.2 19.9 0.3 1.68 d
J1954+2836 C 12148 2011-12-26 ACIS-I - 10.0 0.6 0.9 5.32 ul
J1954+2923 C 12684 2010-12-22 ACIS-S - 5.1 5.0 0.3 0.62 ul
J2005+3547 X 0556260301 2009-04-16 PN/FF Medium 43.5 21.2 7.1 2.05 ul

X 0556260301 2009-04-16 MOS1 Medium 50.0 25.3 7.1 1.03 ul
X 0556260301 2009-04-16 MOS2 Medium 51.0 28.2 7.1 1.56 ul
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PSR satellite(α) obsID date instrument(β) filter ton-axis t(θ ) θ (γ) count rate(δ ) flag(δ )

J2007+2722 C 6438 2006-12-10 ACIS-I - 22.9 17.8 5.8 0.17 ul
C 7254 2006-01-07 ACIS-I - 21.1 17.9 5.9 0.17 ul
C 8492 2007-01-29 ACIS-I - 51.1 47.6 6.0 0.06 ul

J2017+0603 C 12537 2011-07-30 ACIS-S - 10.0 9.9 0.3 2.94 d
J2129–5721 X 0406620401 2007-04-19 MOS1 Medium 55.4 54.4 1.7 1.60 ul

X 0406620401 2007-04-19 MOS2 Medium 55.6 53.6 1.7 0.72 ul
J2144–3933 X 0604550101 2009-10-24 PN/FF Thin 18.0 15.4 1.7 3.22 ul

X 0604550101 2009-10-23 MOS1 Thin 28.1 27.6 1.7 0.89 ul
X 0604550101 2009-10-23 MOS2 Thin 28.0 27.0 1.7 0.91 ul

J2222–0137 C 12237 2010-09-26 ACIS-S - 30.0 27.2 0.3 1.43 d
J2235+1506 C 13798 2011-12-30 ACIS-S - 3.5 3.4 0.2 0.91 ul
J2238+5903 C 13286 2012-04-21 ACIS-I - 10.0 8.8 4.1 5.32 ul

Notes. (α) C:Chandra X:XMM-Newton;(β) in the case of XMM-Newton EPIC-PN observations the used obser-
vation mode is added (EFF: Extended Full Frame; FF: Full Frame; LW: Large Window; SW: Small Window)(γ)

off-axis angle;(δ ) If flagged withul than 2σ upper limit on count rate, otherwise see text.

B.3 Upper limits

Table B.3

PSR DM P log(Age) log(Ė) NH/NLAB
H d f PL

0.1–2 keV log(LPL
0.1–2 keV) µPL

0.1–2 keV log(T∞)

pc cm−3 ms yrs erg s−1 1021 cm−2 kpc erg s−1 cm−2 erg s−1 K

J0134–2937 21.806 136 7.4 33.1 0.7/0.2 0.6 [2] 4.0×10−15 29.5 < 2.5×10−4 5.51
J0139+5814 73.779 272 5.6 34.3 2.3/4.0 2.6 [1] 7.8×10−15 30.9 < 3.8×10−4 5.85
J0157+6212 30.21 2351 5.3 32.8 0.9/8.1 1.7 [2] 5.3×10−15 30.6 < 6.4×10−3 5.74
J0248+6021 370 217 4.8 35.3 11.4/8.2 23.2 [3] 2.0×10−14 33.5 < 1.4×10−2 6.29
J0609+2130 38.73 55 9.6 31.7 1.2/3.8 1.2 [2] 4.1×10−15 30.3 < 3.4×10−2 5.79
J0622+3749 - 333 5.3 34.4 -/0.5 - 1.4×10−14 - - -
J0742–2822 73.782 166 5.2 35.2 2.3/6.2 2.0 [1] 1.7×10−14 31.3 < 1.2×10−4 5.89
J0828–3417 52.2 1848 7.5 30.8 1.6/6.7 0.5 [2] 2.3×10−15 29.1 < 1.9×10−2 5.63
J0847–4316 292.5 5977 5.9 31.3 9.0/1.3 5.1 [2] 5.3×10−15 31.4 < 1.1 5.97
J0940–5428 134.5 87 4.6 36.3 4.2/0.2 3.0 [2] 2.9×10−15 30.6 < 2.2×10−6 5.86
J0943+1631 20.32 1087 8.3 30.4 0.6/5.9 0.8 [2] 8.2×10−15 30.1 < 4.5×10−1 5.68
J1001–5939 113 7733 6.3 30.7 3.5/4.7 2.8 [2] 2.2×10−15 30.5 < 5.7×10−1 5.87
J1038+0032 26.59 28 9.8 32.0 0.8/9.8 1.2 [2] 5.5×10−15 30.3 < 1.6×10−2 5.77
J1055–6022 590 947 5.2 33.6 18.2/6.5 12.5 [2] 1.3×10−14 32.5 < 7.9×10−2 6.15
J1055–6028 635.9 99 4.7 36.1 19.6/1.9 15.5 [2] 6.9×10−15 32.5 < 2.4×10−4 6.04
J1103–5403 103.915 3 10.2 33.6 3.2/11.7 2.5 [2] 7.2×10−15 30.9 < 2.2×10−3 5.91
J1104–6103 78.506 280 6.4 33.5 2.4/1.4 1.9 [2] 5.5×10−15 30.5 < 1.0×10−3 5.81
J1107–5907 40.2 252 8.6 31.3 1.2/1.0 1.3 [2] 1.1×10−14 30.5 < 1.4×10−1 5.79
J1157–6224 325.2 400 6.2 33.4 10.0/3.7 4.0 [1] 1.3×10−14 31.8 < 2.4×10−2 6.01
J1159–7910 59.24 525 6.5 32.9 1.8/13.3 1.9 [2] 3.2×10−14 31.3 < 2.6×10−2 5.88
J1225–6408 415.1 419 6.8 32.7 12.8/10.9 10.4 [2] 1.7×10−14 32.5 < 6.2×10−1 6.19
J1302–6313 500 967 6.4 32.4 15.4/0.9 8.9 [2] 3.7×10−15 31.7 < 1.8×10−1 5.90
J1303–6305 343 2306 7.2 30.8 10.6/11.5 6.2 [2] 1.3×10−14 31.9 < 1.2×10+1 6.12
J1305–6256 967 478 6.6 32.9 29.8/0.3 11.9 [2] 7.6×10−14 33.3 < 2.4 6.08
J1306–6242 480 981 6.4 32.4 14.8/0.2 8.2 [2] 7.2×10−15 31.9 < 3.4×10−1 5.85
J1309–6526 340 398 8.5 31.1 10.5/2.9 7.6 [2] 3.2×10−15 31.5 < 2.7 5.95
J1317–5759 145.3 2642 6.5 31.4 4.5/9.8 3.1 [2] 8.6×10−15 31.2 < 5.3×10−1 5.95
J1317–6302 678.1 261 7.6 32.4 20.9/12.1 12.1 [2] 1.5×10−14 32.6 < 1.7 6.19
J1320–3512 16.42 458 9.6 29.9 0.5/4.7 0.7 [2] 5.2×10−15 29.6 < 5.4×10−1 5.64
J1324–6302 497 2483 7.6 30.4 15.3/1.8 8.2 [2] 1.5×10−14 32.2 < 7.0×10+1 6.04
J1333–4449 44.3 345 10.0 29.7 1.4/0.12 1.4 [2] 4.3×10−15 30.1 < 2.7 5.59
J1339–4712 39.9 137 9.6 30.9 1.2/0.9 1.2 [2] 5.4×10−15 30.1 < 1.7×10−1 5.75
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PSR DM P log(Age) log(Ė) NH/NLAB
H d f PL

0.1–2 keV log(LPL
0.1–2 keV) µPL

0.1–2 keV log(T∞)

J1355–5925 354.8 1213 6.5 32.1 10.9/1.0 7.3 [2] 1.0×10−14 32.0 < 7.2×10−1 5.93
J1355–6206 547 276 9.1 30.8 16.9/0.2 8.3 [2] 4.4×10−15 31.7 < 8.9 5.87
J1359–6038 293.71 127 5.5 35.1 9.1/19.3 5.0 [1] 3.7×10−14 32.3 < 1.8×10−3 6.16
J1412–6145 514.7 315 4.7 35.1 15.9/16.3 7.8 [2] 9.5×10−15 32.0 < 8.0×10−4 6.18
J1413–6141 677 285 4.1 35.8 20.9/3.6 10.1 [2] 1.0×10−14 32.3 < 3.2×10−4 6.10
J1425–5723 43.4 353 8.4 31.3 1.3/13.6 1.2 [2] 4.3×10−15 30.0 < 5.1×10−2 5.77
J1432–5032 113 2034 6.7 31.4 3.5/17.0 2.8 [2] 7.3×10−15 31.0 < 3.4×10−1 5.91
J1444–5941 177.1 2760 6.7 31.2 5.5/17.2 3.3 [2] 3.8×10−14 31.8 < 4.5 6.07
J1453–6413 71.07 179 6.0 34.3 2.2/7.8 2.8 [1] 1.0×10−14 31.3 < 1.1×10−3 5.90
J1457–5900 175 1498 6.8 31.6 5.4/1.9 3.2 [2] 2.3×10−15 30.6 < 9.6×10−2 5.86
J1457–5902 477.2 390 5.7 33.9 14.7/0.14 6.8 [2] 1.6×10−15 31.1 < 1.5×10−3 5.77
J1507–6640 129.8 355 6.7 33.0 4.0/2.1 3.6 [2] 1.0×10−14 31.3 < 2.2×10−2 5.90
J1511–5835 332 301 7.1 32.7 10.2/0.4 5.0 [2] 2.6×10−15 31.0 < 2.2×10−2 5.81
J1514–5925 194.1 148 5.9 34.5 6.0/5.6 3.5 [2] 4.5×10−14 32.0 < 2.7×10−3 6.06
J1517–4636 127.0 886 6.8 32.1 3.9/14.5 3.2 [2] 4.0×10−14 32.4 < 1.9 6.09
J1524–5706 833 1116 4.7 34.0 25.7/1.1 11.4 [2] 1.4×10−15 31.5 < 3.1×10−3 5.99
J1529–5611 149 822 6.5 32.5 4.6/14.6 2.7 [2] 1.1×10−14 31.2 < 4.9×10−2 6.00
J1535–4114 66.28 432 6.2 33.3 2.0/17.7 2.0 [2] 3.5×10−15 30.9 < 4.0×10−3 5.86
J1538–5551 603 104 5.7 35.0 18.6/0.9 7.5 [2] 1.9×10−14 32.8 < 5.7×10−3 6.08
J1542–5034 91.0 599 6.4 32.9 2.8/6.9 3.2 [2] 1.7×10−14 32.0 < 1.4×10−1 6.06
J1548–4821 126.0 145 9.5 31.0 3.9/13.7 4.4 [2] 8.2×10−15 32.0 < 8.8 6.05
J1549+2113 24.8 1262 7.4 31.2 0.8/1.0 2.1 [2] 7.8×10−15 30.9 < 4.8×10−1 5.76
J1553–5456 210 1081 6.0 32.7 6.5/12.0 3.8 [2] 1.2×10−15 31.0 < 2.1×10−2 6.02
J1554–5512 450 3418 6.2 31.5 13.9/19.7 6.4 [2] 1.1×10−15 31.4 < 8.7×10−1 6.10
J1555–2341 51.901 532 7.1 32.3 1.6/15.6 1.9 [2] 4.6×10−15 30.5 < 1.7×10−2 5.77
J1611–5847 79.9 354 9.4 30.3 2.5/1.2 1.7 [2] 6.1×10−15 31.0 < 5.7 5.88
J1613–5211 360.1 457 5.6 33.9 11.1/5.2 6.4 [2] 8.5×10−15 32.3 < 2.6×10−2 6.10
J1614–5144 748 1534 6.5 31.9 23.1/9.0 9.9 [2] 1.3×10−14 32.9 < 8.8 6.21
J1616–5109 1160 1219 6.0 32.6 35.8/17.3 15.2 [2] 2.5×10−14 33.5 < 8.2 6.35
J1616–5208 488 1025 5.7 33.0 15.1/17.3 7.8 [2] 1.4×10−14 32.7 < 4.7×10−1 6.23
J1620–4927 - 171 5.4 34.9 -/4.2 - 1.7×10−14 - - -
J1622–4944 755 1072 6.0 32.7 23.3/14.6 8.2 [2] 4.0×10−15 32.2 < 2.9×10−1 6.19
J1623–4949 183.3 725 5.4 33.6 5.7/1.5 3.6 [2] 1.6×10−14 32.1 < 2.7×10−2 5.97
J1625–4904 684.8 460 5.6 33.8 21.1/0.12 7.4 [2] 2.9×10−14 33.0 < 1.3×10−1 6.05
J1625–4913 720 355 5.9 33.8 22.2/13.2 7.7 [2] 4.4×10−14 33.2 < 2.6×10−1 6.28
J1632–4757 578 228 5.4 34.7 17.8/16.8 6.3 [2] 8.0×10−15 31.7 < 1.1×10−3 6.14
J1633–4805 1120 710 5.2 33.9 34.6/13.6 10.7 [2] 4.7×10−15 32.0 < 1.1×10−2 6.15
J1636–4803 503 1204 6.0 32.7 15.5/4.2 5.8 [2] 1.3×10−13 32.9 < 1.6 6.15
J1637–4553 193.23 118 5.8 34.9 6.0/18.3 3.2 [2] 3.5×10−14 31.8 < 8.1×10−4 6.05
J1637–4642 417.0 154 4.6 35.8 12.9/6.8 5.1 [2] 1.5×10−14 31.8 < 1.0×10−4 6.08
J1637–4721 448 1165 6.6 32.0 13.8/1.2 5.3 [2] 2.8×10−15 31.1 < 1.2×10−1 5.84
J1638–4725 552.1 763 6.4 32.6 17.0/16.1 6.1 [2] 2.9×10−15 31.3 < 4.4×10−2 6.11
J1640–4648 474 178 6.5 33.7 14.6/15.3 5.5 [2] 1.1×10−14 31.8 < 1.0×10−2 6.14
J1646–4346 490.4 231 4.5 35.6 15.1/7.2 5.8 [2] 1.3×10−13 32.9 < 2.1×10−3 6.19
J1648–4458 925 629 6.7 32.5 28.5/15.6 9.3 [2] 4.6×10−14 32.8 < 2.3 6.26
J1648–4611 392.9 164 5.0 35.3 12.1/2.5 5.0 [2] 4.0×10−15 31.2 < 8.1×10−5 5.99
J1649–4349 398.6 870 8.5 30.4 12.3/1.6 5.0 [2] 1.6×10−14 31.8 < 2.7×10+1 5.95
J1650–4341 673 309 8.5 31.3 20.8/14.2 7.5 [2] 7.6×10−15 31.9 < 3.3 6.15
J1652–4406 786 7707 7.1 29.9 24.3/15.3 8.4 [2] 6.4×10−14 32.9 < 9.5×10+2 6.27
J1653–4315 337 419 8.6 30.9 10.4/11.2 4.6 [2] 1.0×10−14 31.6 < 4.5 6.09
J1654–4140 307 1273 8.2 30.4 9.5/11.2 4.3 [2] 4.6×10−15 31.2 < 5.9 6.04
J1702–4217 629 227 8.5 31.6 19.4/2.1 7.1 [2] 4.4×10−15 31.6 < 9.9×10−1 5.97
J1702–4306 537 215 5.5 34.6 16.6/1.1 6.7 [2] 3.2×10−15 31.4 < 6.2×10−4 5.98
J1702–4310 377 240 4.2 35.8 11.6/9.7 5.2 [2] 6.3×10−15 31.5 < 4.5×10−5 6.09
J1703–4851 150.29 1396 6.6 31.9 4.6/4.2 3.0 [2] 5.7×10−15 30.9 < 1.2×10−1 5.93
J1705–1906 22.907 298 6.1 33.8 0.7/4.4 0.9 [2] 1.4×10−14 30.3 < 3.1×10−4 5.69
J1705–4108 1077 861 5.6 33.3 33.2/0.7 11.4 [2] 4.0×10−15 32.0 < 4.2×10−2 5.91
J1706–4310 656.1 616 6.2 33.0 20.2/6.8 10.0 [2] 1.8×10−13 33.5 < 2.9 6.27
J1707–4053 360.0 581 6.7 32.6 11.1/6.0 4.0 [1] 6.9×10−15 31.5 < 7.7×10−2 6.02
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PSR DM P log(Age) log(Ė) NH/NLAB
H d f PL

0.1–2 keV log(LPL
0.1–2 keV) µPL

0.1–2 keV log(T∞)

J1709–3626 393.6 447 6.5 33.0 12.1/13.4 5.9 [2] 5.1×10−13 33.5 < 3.1 6.29
J1709–4401 225.8 865 6.3 32.7 7.0/4.3 4.4 [2] 4.8×10−14 32.2 < 3.5×10−1 6.08
J1711–3826 376 465 6.0 33.5 11.6/5.8 4.7 [2] 4.8×10−15 31.2 < 6.1×10−3 6.01
J1712–2715 92.64 255 6.5 33.5 2.9/8.2 2.1 [2] 7.1×10−15 30.7 < 1.7×10−3 5.85
J1715–3859 817 928 6.5 32.3 25.2/12.9 9.5 [2] 8.0×10−14 33.1 < 5.7 6.29
J1716–3720 682.7 630 5.7 33.5 21.1/1.8 7.9 [2] 3.0×10−14 32.5 < 1.1×10−1 6.09
J1717–3737 525.8 682 6.3 32.8 16.2/1.6 5.7 [2] 8.1×10−15 31.7 < 7.0×10−2 5.96
J1717–4043 452.6 397 5.7 33.9 14.0/3.5 6.3 [2] 1.3×10−13 33.0 < 1.2×10−1 6.13
J1717–40433 539 349 6.5 33.2 16.6/13.4 7.6 [2] 3.2×10−13 33.5 < 2.0 6.29
J1718–3714 833 1289 5.9 32.7 25.7/2.6 9.9 [2] 2.0×10−15 31.5 < 7.1×10−2 5.97
J1718–4539 254 590 6.1 33.2 7.8/14.1 6.4 [2] 2.5×10−14 32.2 < 1.2×10−1 6.14
J1719–1438 36.766 5 10.1 33.2 1.1/13.1 1.2 [2] 7.5×10−15 30.3 < 1.3×10−3 5.72
J1720–3659 381.6 351 8.2 31.5 11.8/1.6 4.6 [2] 4.7×10−15 31.2 < 5.7×10−1 5.92
J1721–1936 75.7 1004 7.0 31.8 2.3/3.8 1.9 [2] 3.7×10−15 30.4 < 3.7×10−2 5.85
J1723–3659 254.2 202 5.6 34.6 7.8/3.5 3.5 [2] 4.9×10−14 32.0 < 2.8×10−3 6.04
J1725–3546 744 1032 6.0 32.7 23.0/12.7 8.7 [2] 6.6×10−14 32.9 < 1.6 6.24
J1726–3530 727 1110 4.2 34.5 22.4/10.8 8.4 [2] 9.3×10−15 32.1 < 3.3×10−3 6.15
J1730–3350 259 139 4.4 36.1 8.0/12.2 3.5 [2] 5.5×10−15 31.1 < 9.7×10−6 6.04
J1730–3353 256 3270 6.4 31.4 7.9/6.5 3.5 [2] 1.3×10−14 31.4 < 1.1 6.05
J1731–1847 106.56 2 9.2 34.9 3.3/4.0 2.6 [2] 1.5×10−14 31.2 < 2.2×10−4 5.91
J1732–3426 513.5 332 7.1 32.6 15.8/1.4 5.8 [2] 4.9×10−14 32.4 < 6.5×10−1 6.03
J1733–3030 636 362 6.5 33.1 19.6/1.8 9.5 [2] 6.8×10−14 33.0 < 7.8×10−1 6.17
J1733–3322 524.0 1245 6.7 31.9 16.2/11.5 5.8 [2] 2.8×10−14 32.2 < 1.9 6.16
J1733–3716 153.5 337 5.6 34.2 4.7/12.1 2.8 [2] 2.5×10−14 31.5 < 2.1×10−3 6.02
J1735–3258 754 350 5.3 34.4 23.3/11.3 9.6 [2] 1.3×10−14 32.3 < 8.5×10−3 6.17
J1736–2843 331 6445 6.5 30.6 10.2/9.3 4.9 [2] 3.0×10−14 32.1 < 2.7×10+1 6.15
J1739–2903 138.56 322 5.8 34.0 4.3/2.8 2.5 [2] 1.4×10−14 31.2 < 1.5×10−3 5.93
J1739–3023 170.0 114 5.2 35.5 5.2/6.0 2.9 [2] 1.2×10−14 31.2 < 5.7×10−5 5.97
J1739–3049 573.2 239 6.2 33.8 17.7/5.9 6.4 [2] 3.3×10−15 31.4 < 3.7×10−3 6.05
J1739–3951 24.6 341 8.4 31.3 0.8/12.3 0.8 [2] 3.8×10−15 29.6 < 2.0×10−2 5.68
J1740–3052 738.78 570 5.5 33.7 22.8/2.2 9.5 [2] 3.9×10−15 31.8 < 1.1×10−2 5.97
J1741–2719 361.9 346 7.8 31.9 11.2/3.1 5.2 [2] 2.2×10−14 32.0 < 1.3 6.08
J1741–2733 149.2 892 8.0 30.9 4.6/9.3 2.7 [2] 4.8×10−14 31.8 < 7.3 6.07
J1743–3150 193.05 2414 5.5 32.5 6.0/2.8 3.3 [2] 1.6×10−14 31.5 < 8.8×10−2 6.01
J1743–3153 505.7 193 5.5 34.8 15.6/0.8 6.6 [2] 1.4×10−14 32.0 < 1.8×10−3 6.04
J1744–3130 192.9 1066 5.9 32.8 6.0/5.5 3.3 [2] 2.2×10−14 31.6 < 6.1×10−2 6.06
J1744–3922 148.1 172 9.2 31.1 4.6/2.2 3.1 [2] 2.5×10−14 31.6 < 3.4 5.93
J1745–3040 88.373 367 5.7 33.9 2.7/3.3 1.9 [2] 8.6×10−15 30.7 < 6.4×10−4 5.85
J1747–2802 835 2780 7.3 30.6 25.8/6.2 11.1 [2] 5.5×10−15 32.1 < 2.7×10+1 6.10
J1748–3009 420.2 9 - - 13.0/9.1 5.1 [2] 2.2×10−14 32.0 - 6.12
J1749–3002 509.4 609 6.1 33.1 15.7/0.7 5.8 [2] 1.4×10−14 31.9 < 6.0×10−2 6.02
J1751–2857 42.808 3 9.7 33.9 1.3/2.7 1.1 [2] 1.9×10−14 30.6 < 5.4×10−4 5.79
J1753–1914 105.3 62 8.7 32.5 3.2/0.7 2.2 [2] 5.1×10−15 30.6 < 1.3×10−2 5.79
J1754–3443 187.7 361 7.0 32.7 5.8/8.9 4.1 [2] 9.4×10−15 31.4 < 5.9×10−2 6.02
J1755–2725 115 261 8.5 31.5 3.5/3.1 2.4 [2] 1.1×10−14 31.0 < 3.6×10−1 5.98
J1757–2421 179.454 234 5.5 34.6 5.5/3.1 4.4 [2] 1.4×10−14 31.7 < 1.2×10−3 5.98
J1759–2205 177.157 460 5.8 33.6 5.5/9.8 3.6 [2] 6.5×10−14 32.2 < 3.3×10−2 6.07
J1759–2302 889 810 6.1 32.9 27.4/10.3 11.6 [2] 2.6×10−14 32.8 < 7.4×10−1 6.22
J1759–2307 812.6 558 6.4 32.9 25.1/11.2 10.9 [2] 3.1×10−14 32.8 < 7.3×10−1 6.22
J1759–3107 128.6 1078 6.7 32.1 4.0/3.0 2.8 [2] 9.5×10−13 33.1 < 1.1×10+1 6.14
J1801–2304 1073.9 415 4.8 34.8 33.1/2.9 4.0 [1] 2.2×10−14 31.8 < 1.0×10−3 5.98
J1804–0735 186.316 23 8.9 33.2 5.7/3.1 5.0 [2] 3.3×10−15 31.2 < 9.6×10−3 5.94
J1805–1504 225 1181 7.8 30.8 6.9/3.0 4.4 [2] 2.5×10−14 31.9 < 1.3×10+1 6.01
J1806–2125 750.4 481 4.8 34.6 23.2/3.2 9.9 [2] 1.3×10−14 32.3 < 5.2×10−3 6.07
J1808–2701 95 2457 5.8 32.2 2.9/2.6 1.8 [2] 1.0×10−14 30.7 < 3.2×10−2 5.85
J1809–1850 598 1124 6.2 32.5 18.5/12.0 7.2 [2] 5.4×10−14 32.7 < 1.6 6.21
J1809–2004 867.1 434 6.0 33.5 26.8/0.7 10.9 [2] 6.4×10−15 32.1 < 3.7×10−2 5.94
J1810–1820 452.2 153 7.7 32.8 14.0/2.8 5.6 [2] 8.2×10−15 31.7 < 7.9×10−2 6.00
J1811–1049 253.3 2623 7.7 30.3 7.8/1.1 5.5 [2] 1.5×10−13 32.9 < 4.2×10+2 6.06
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PSR DM P log(Age) log(Ė) NH/NLAB
H d f PL

0.1–2 keV log(LPL
0.1–2 keV) µPL

0.1–2 keV log(T∞)

J1811–1835 761 557 6.1 33.2 23.5/4.5 9.3 [2] 2.1×10−14 32.5 < 2.2×10−1 6.11
J1812–1910 892 430 5.3 34.3 27.5/12.4 11.2 [2] 6.2×10−14 33.1 < 7.3×10−2 6.29
J1814–1744 792 3975 4.9 32.7 24.4/11.6 9.6 [2] 9.0×10−14 33.2 < 3.0 6.26
J1815–1738 728 198 4.6 35.6 22.5/11.2 8.8 [2] 9.4×10−14 33.1 < 3.2×10−3 6.26
J1816–5643 52.4 217 9.3 30.9 1.6/1.1 1.5 [2] 5.9×10−15 30.4 < 3.3×10−1 5.80
J1817–3618 94.3 387 6.5 33.1 2.9/10.5 2.4 [2] 2.1×10−15 30.3 < 1.5×10−3 5.84
J1818–1448 644 281 5.9 34.0 19.9/6.9 7.4 [2] 1.1×10−14 32.0 < 9.8×10−3 6.10
J1818–1519 845 939 6.6 32.3 26.1/2.8 9.6 [2] 3.3×10−14 32.7 < 2.6 6.10
J1818–1541 690 551 6.0 33.4 21.3/3.0 7.8 [2] 4.4×10−14 32.7 < 2.1×10−1 6.10
J1818–1556 230 952 7.3 31.5 7.1/3.2 3.9 [2] 4.7×10−15 31.1 < 3.8×10−1 5.95
J1819–1008 404 301 6.6 33.3 12.5/12.8 7.2 [2] 2.8×10−14 32.4 < 1.3×10−1 6.18
J1819–1510 421.7 226 8.7 31.4 13.0/13.5 5.3 [2] 1.7×10−14 31.9 < 3.1 6.14
J1821–1419 1123 1656 4.5 33.9 34.7/10.4 11.3 [2] 3.2×10−14 32.8 < 9.0×10−2 6.22
J1821–1432 570 1915 6.8 31.5 17.6/5.3 6.5 [2] 5.0×10−15 31.6 < 1.2 6.06
J1822–1606 - 8437 5.6 31.3 -/3.9 - 2.4×10−14 - - -
J1822–1617 647 831 6.8 32.1 20.0/12.2 9.4 [2] 2.1×10−12 34.5 < 2.5×10+2 6.43
J1823–1347 1044 617 6.0 33.2 32.2/1.7 10.5 [2] 8.5×10−15 32.2 < 1.0×10−1 6.00
J1824–1159 463.4 362 6.0 33.6 14.3/1.5 5.6 [2] 2.4×10−14 32.1 < 2.9×10−2 5.97
J1825–1446 357 279 5.3 34.6 11.0/3.8 5.1 [2] 5.7×10−15 31.4 < 6.1×10−4 5.97
J1826–1131 320.58 2093 6.8 31.3 9.9/0.9 4.6 [2] 6.3×10−15 31.4 < 1.1 5.84
J1828–1007 302.6 153 6.6 33.8 9.3/6.3 4.4 [2] 1.2×10−14 31.6 < 6.1×10−3 6.04
J1828–1057 245 246 5.3 34.7 7.6/5.0 4.0 [2] 1.6×10−14 31.6 < 8.0×10−4 6.02
J1828–1101 607.4 72 4.9 36.2 18.7/4.4 6.6 [2] 1.3×10−14 32.0 < 6.3×10−5 6.05
J1830–1059 161.50 405 5.0 34.6 5.0/11.6 3.2 [2] 5.0×10−14 31.9 < 2.4×10−3 6.06
J1831–0952 247 67 5.1 36.0 7.6/8.3 4.1 [2] 5.9×10−14 32.2 < 1.5×10−4 6.12
J1831–1223 342 2857 6.9 31.0 10.6/12.2 5.0 [2] 1.7×10−14 31.9 < 8.2 6.12
J1832+0029 28.3 533 6.7 32.6 0.9/15.9 1.3 [2] 6.8×10−16 29.5 < 7.2×10−4 5.66
J1832–0836 28.18 2 9.7 34.2 0.9/1.8 1.1 [2] 8.8×10−15 30.3 < 1.1×10−4 5.70
J1832–1021 475.7 330 6.1 33.7 14.7/7.9 5.8 [2] 2.8×10−14 32.2 < 3.5×10−2 6.13
J1833–1055 543 633 7.3 31.9 16.8/12.0 7.1 [2] 1.8×10−14 32.2 < 1.9 6.16
J1835–1106 132.679 165 5.1 35.3 4.1/14.2 2.8 [2] 4.5×10−15 30.8 < 3.5×10−5 5.97
J1837–0559 317.8 201 6.0 34.2 9.8/14.8 5.4 [2] 8.8×10−15 31.7 < 2.8×10−3 6.10
J1837–0604 462 96 4.5 36.3 14.3/15.4 6.4 [2] 2.9×10−14 32.3 < 1.0×10−4 6.18
J1837–0653 316.1 1905 7.6 30.6 9.8/15.4 5.3 [2] 1.0×10−14 31.7 < 1.1×10+1 6.09
J1838–0537 - 145 3.7 36.8 -/14.7 - 5.4×10−15 - - -
J1838–0549 274 235 5.0 35.0 8.5/15.3 5.1 [2] 1.7×10−14 31.9 < 7.9×10−4 6.11
J1840–1419 19.4 6597 7.2 29.9 0.6/3.7 0.8 [2] 1.8×10−15 29.3 < 2.5×10−1 5.63
J1841–0345 194.32 204 4.7 35.4 6.0/15.7 4.8 [2] 8.2×10−15 31.5 < 1.2×10−4 6.05
J1841–0500 532 912 5.6 33.3 16.4/14.4 7.0 [2] 1.6×10−15 31.1 < 7.4×10−3 6.08
J1841–0524 289 445 4.5 35.0 8.9/13.6 5.3 [2] 1.3×10−14 31.8 < 6.4×10−4 6.11
J1842–0359 195.98 1839 7.8 30.5 6.0/10.7 4.7 [2] 3.7×10−14 32.1 < 4.3×10+1 6.08
J1843–0137 486 669 6.6 32.5 15.0/10.9 7.9 [2] 8.9×10−14 33.1 < 4.0 6.26
J1843–0355 797.6 132 6.3 34.2 24.6/1.8 8.8 [2] 4.3×10−16 30.8 < 3.2×10−4 5.92
J1843–0408 246 781 6.7 32.3 7.6/16.9 5.2 [2] 2.5×10−15 31.1 < 5.9×10−2 6.02
J1844–0244 429 507 5.7 33.7 13.2/15.8 6.6 [2] 2.7×10−14 32.3 < 4.0×10−2 6.17
J1844–0256 820.2 272 - - 25.3/4.1 9.2 [2] 1.4×10−15 31.3 - 5.97
J1844–0310 836.1 525 5.9 33.4 25.8/4.8 9.2 [2] 6.2×10−16 31.0 < 3.3×10−3 5.98
J1844–0433 123.158 991 6.6 32.2 3.8/3.3 2.9 [2] 8.3×10−15 31.1 < 7.7×10−2 5.91
J1845–0256 - 6971 - - -/9.1 - 4.6×10−16 - - -
J1845–0434 230.8 486 5.8 33.6 7.1/16.2 5.1 [2] 1.6×10−14 31.8 < 1.8×10−2 6.07
J1846+0919 - 225 5.6 34.5 -/15.7 - 9.5×10−16 - - -
J1846–0257 237 4476 5.6 31.8 7.3/2.1 5.2 [2] 1.3×10−16 29.8 < 8.8×10−3 5.78
J1847–0130 667 6707 4.9 32.2 20.6/13.2 8.4 [2] 1.2×10−14 32.3 < 1.1 6.18
J1848–0055 1166 274 6.5 33.4 36.0/15.3 14.9 [2] 4.7×10−15 32.4 < 9.4×10−2 6.19
J1848–0123 159.531 659 6.3 32.9 4.9/16.7 4.4 [1] 2.8×10−15 30.9 < 1.1×10−2 5.94
J1848–1952 18.23 4308 6.5 31.1 0.6/8.8 0.8 [2] 4.5×10−15 29.6 < 3.8×10−2 5.58
J1850–0026 947 166 4.8 35.5 29.2/1.2 11.1 [2] 9.0×10−15 32.4 < 7.8×10−4 6.02
J1850–0031 895 734 7.0 32.1 27.6/12.9 10.5 [2] 2.2×10−14 32.8 < 4.6 6.23
J1852+0008 254.9 467 6.1 33.3 7.9/14.2 5.7 [2] 2.8×10−14 32.3 < 9.7×10−2 6.13
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PSR DM P log(Age) log(Ė) NH/NLAB
H d f PL

0.1–2 keV log(LPL
0.1–2 keV) µPL

0.1–2 keV log(T∞)

J1852+0031 787 2180 5.6 32.6 24.3/11.3 8.0 [1] 4.9×10−15 31.8 < 1.6×10−1 6.12
J1852–0118 286 451 6.6 32.9 8.8/2.0 5.9 [2] 8.8×10−15 31.9 < 9.6×10−2 5.96
J1852–0127 431 428 6.1 33.4 13.3/11.9 7.2 [2] 1.3×10−14 32.2 < 5.9×10−2 6.16
J1853+1303 30.5701 4 9.9 33.7 0.9/8.4 2.1 [2] 1.0×10−14 31.0 < 2.1×10−3 5.81
J1856+0102 554 620 6.9 32.3 17.1/13.4 8.5 [2] 1.6×10−14 32.4 < 1.3 6.20
J1901+0124 314.4 318 6.2 33.6 9.7/7.4 5.2 [2] 2.1×10−13 33.1 < 3.4×10−1 6.20
J1901+0510 429 614 5.5 33.7 13.2/12.5 7.3 [2] 4.7×10−14 32.8 < 1.1×10−1 6.23
J1905+0709 245.34 648 6.3 32.9 7.6/2.5 5.7 [2] 1.5×10−14 32.1 < 1.6×10−1 6.02
J1905+0902 433.4 218 6.0 34.1 13.4/3.0 9.1 [2] 3.0×10−15 31.8 < 4.4×10−3 6.06
J1906+0746 217.780 144 5.1 35.4 6.7/13.6 5.4 [2] 1.8×10−15 31.1 < 4.5×10−5 6.03
J1906+0912 265 775 8.0 31.0 8.2/5.7 6.4 [2] 7.6×10−15 31.9 < 6.6 6.09
J1907+0534 524 1138 6.8 31.9 16.2/4.2 9.6 [2] 4.5×10−15 32.0 < 1.1 6.09
J1907+0918 357.9 226 4.6 35.5 11.0/11.3 7.8 [2] 1.4×10−15 31.3 < 6.4×10−5 6.08
J1908+0734 11.104 212 6.6 33.5 0.3/0.5 1.0 [2] 4.3×10−14 31.0 < 2.9×10−3 5.77
J1908+0839 512.1 185 6.1 34.2 15.8/2.8 9.3 [2] 1.2×10−14 32.4 < 1.6×10−2 6.10
J1908+0916 249.8 830 8.1 30.8 7.7/3.3 5.9 [2] 3.7×10−14 32.5 < 4.7×10+1 6.12
J1913+0446 109.1 1616 5.0 33.4 3.4/13.5 3.8 [2] 1.2×10−14 31.6 < 1.6×10−2 5.96
J1913+1011 178.8 35 5.2 36.5 5.5/12.0 4.8 [2] 3.8×10−15 31.3 < 6.9×10−6 6.00
J1921+2153 12.455 1337 7.2 31.3 0.4/9.3 1.1 [2] 5.6×10−15 30.2 < 7.1×10−2 5.63
J1928+1746 176.68 68 4.9 36.2 5.5/3.5 5.8 [2] 4.3×10−15 31.5 < 2.1×10−5 6.04
J1933+2421 106.03 813 6.2 32.8 3.3/9.9 4.6 [2] 4.7×10−15 31.4 < 3.9×10−2 5.97
J1954+2836 - 92 4.8 36.0 -/11.2 - 4.4×10−14 - - -
J1954+2923 7.932 426 9.6 29.9 0.2/0.6 0.7 [2] 3.3×10−15 29.6 < 4.3×10−1 5.57
J2005+3547 401.6 615 7.5 31.7 12.4/0.6 30.0 [3] 3.1×10−15 32.9 < 1.6×10+1 6.06
J2007+2722 127.0 24 8.6 33.4 3.9/1.0 5.4 [2] 3.5×10−16 30.4 < 9.3×10−4 5.87
J2129–5721 31.853 3 9.5 34.2 1.0/7.2 0.4 [1] 7.7×10−15 29.5 < 2.1×10−5 5.64
J2144–3933 3.35 8509 8.4 28.5 0.10/6.4 0.2 [1] 3.3×10−15 28.1 < 4.0×10−1 5.34
J2235+1506 18.09 59 9.8 31.5 0.6/6.4 1.1 [2] 5.3×10−15 30.2 < 4.9×10−2 5.72
J2238+5903 - 162 4.4 35.9 -/6.4 - 4.4×10−14 - - -

References. [1] Verbiest et al. (2012); [2] Cordes and Lazio (2002); [3] Taylor and Cordes (1993).



Bibliography

Abdo, A. A., Ackermann, M., Ajello, M., Allafort, A., Baldini, L., Ballet, J., Barbiellini, G.,
Baring, M. G., Bastieri, D., and et al. (2011). Observationsof the Young Supernova Remnant
RX J1713.7-3946 with the Fermi Large Area Telescope.ApJ, 734:28.

Abdo, A. A., Ackermann, M., Ajello, M., Atwood, W. B., Axelsson, M., Baldini, L., Ballet, J.,
Barbiellini, G., Baring, M. G., and et al. (2010a). Fermi Large Area Telescope Observations
of the Crab Pulsar And Nebula.ApJ, 708:1254–1267.

Abdo, A. A., Ackermann, M., Ajello, M., Baldini, L., Ballet,J., Barbiellini, G., Bastieri, D.,
Baughman, B. M., Bechtol, K., and et al. (2010b). PSR J1907+0602: A Radio-Faint Gamma-
Ray Pulsar Powering a Bright TeV Pulsar Wind Nebula.ApJ, 711:64–74.

Abdo, A. A., Ackermann, M., Atwood, W. B., Baldini, L., Ballet, J., Barbiellini, G., Baring,
M. G., Bastieri, D., Baughman, B. M., and et al. (2009). Discovery of Pulsedγ-Rays from the
Young Radio Pulsar PSR J1028-5819 with the Fermi Large Area Telescope.ApJ, 695:L72–
L77.

Abdo, A. A., Ajello, M., Allafort, A., Baldini, L., Ballet, J., Barbiellini, G., Baring, M. G.,
Bastieri, D., Belfiore, A., Bellazzini, R., and et al. et al. (2013). The Second Fermi Large Area
Telescope Catalog of Gamma-Ray Pulsars.ApJS, 208:17.

Acero, F., Gallant, Y., Ballet, J., Renaud, M., and Terrier,R. (2013). A new nearby pulsar wind
nebula overlapping the RX J0852.0-4622 supernova remnant.A&A, 551:A7.
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Sources with the Nançay Radio Telescope.ApJ, 732:47.



182 Bibliography

Condon, J. J., Broderick, J. J., and Seielstad, G. A. (1989).A 4.85 GHz sky survey. I - Maps
covering delta between 0 and + 75 deg.AJ, 97:1064–1073.

Condon, J. J., Cotton, W. D., Greisen, E. W., Yin, Q. F., Perley, R. A., Taylor, G. B., and
Broderick, J. J. (1998). The NRAO VLA Sky Survey.AJ, 115:1693–1716.

Cordes, J. M. and Lazio, T. J. W. (2002). NE2001.I. A New Modelfor the Galactic Distribution
of Free Electrons and its Fluctuations.ArXiv Astrophysics e-prints.

Culhane, J. L. (1977). X-Rays from Supernova Remnants. In D.N. Schramm, editor,Super-
novae, volume 66 ofAstrophysics and Space Science Library, page 29.

Cusumano, G., Mineo, T., Massaro, E., Nicastro, L., Trussoni, E., Massaglia, S., Hermsen,
W., and Kuiper, L. (2001). The curved X-ray spectrum of PSR B1509-58 observed with
BeppoSAX.A&A, 375:397–404.

Cutri, R. M., Skrutskie, M. F., van Dyk, S., Beichman, C. A., Carpenter, J. M., Chester, T.,
Cambresy, L., Evans, T., Fowler, J., and et al. (2003).2MASS All Sky Catalog of point sources.

Danner, R., Kulkarni, S. R., and Trumper, J. (1998). The X-ray Counterpart to SGR 0526-66:
Results from a monitoring campaign of N49 with ROSAT. InAmerican Astronomical Society
Meeting Abstracts #192, volume 30 ofBulletin of the American Astronomical Society, page
875.

Daugherty, J. K. and Harding, A. K. (1986). Compton scattering in strong magnetic fields.ApJ,
309:362–371.

Davies, J. G., Lyne, A. G., and Seiradakis, J. H. (1972). Pulsar Associated with the Supernova
Remnant IC 443.Nature, 240:229–230.

de Jager, O. C., Raubenheimer, B. C., and Swanepoel, J. W. H. (1989). A poweful test for weak
periodic signals with unknown light curve shape in sparse data. A&A, 221:180–190.

de Luca, A. (2008). Central Compact Objects in Supernova Remnants. In C. Bassa, Z. Wang,
A. Cumming, & V. M. Kaspi, editor,40 Years of Pulsars: Millisecond Pulsars, Magnetars and
More, volume 983 ofAmerican Institute of Physics Conference Series, pages 311–319.

De Luca, A., Caraveo, P. A., Mereghetti, S., Negroni, M., andBignami, G. F. (2005). On the
Polar Caps of the Three Musketeers.ApJ, 623:1051–1069.

De Luca, A., Marelli, M., Mignani, R. P., Caraveo, P. A., Hummel, W., Collins, S., Shearer,
A., Saz Parkinson, P. M., Belfiore, A., and Bignami, G. F. (2011). Discovery of a Faint X-
Ray Counterpart and a Parsec-long X-Ray Tail for the Middle-aged,γ-Ray-only Pulsar PSR
J0357+3205.ApJ, 733:104.

de Rosa, A., Bassani, L., Ubertini, P., Panessa, F., Malizia, A., Dean, A. J., and Walter, R. (2008).
An X-ray view of absorbed INTEGRAL AGN.A&A, 483:749–758.



BIBLIOGRAPHY 183

Demorest, P. B., Pennucci, T., Ransom, S. M., Roberts, M. S. E., and Hessels, J. W. T. (2010). A
two-solar-mass neutron star measured using Shapiro delay.Nature, 467:1081–1083.

den Hartog, P. R., Kuiper, L., and Hermsen, W. (2008). Detailed high-energy characteristics
of AXP 1RXS J170849-400910. Probing the magnetosphere using INTEGRAL, RXTE, and
XMM-Newton. A&A, 489:263–279.

Dickel, J. (1991). The Radio Spectra of Supernova Remnants.In S. E. Woosley, editor,Super-
novae, page 675.

Dickey, J. M. and Lockman, F. J. (1990). H I in the Galaxy.ARA&A, 28:215–261.

Diehl, R., Halloin, H., Kretschmer, K., Lichti, G. G., Schönfelder, V., Strong, A. W., von Kienlin,
A., Wang, W., Jean, P., and et al. (2006). Radioactive26Al from massive stars in the Galaxy.
Nature, 439:45–47.

Dubner, G., Loiseau, N., Rodrı́guez-Pascual, P., Smith, M.J. S., Giacani, E., and Castelletti, G.
(2013). The most complete and detailed X-ray view of the SNR Puppis A. A&A, 555:A9.

Duncan, A. R., Stewart, R. T., Haynes, R. F., and Jones, K. L. (1997). Supernova remnant
candidates from the Parkes 2.4-GHz survey.MNRAS, 287:722–738.

Dyks, J. and Rudak, B. (2003). Two-Pole Caustic Model for High-Energy Light Curves of
Pulsars.ApJ, 598:1201–1206.

Ebeling, H., Mullis, C. R., and Tully, R. B. (2002). A Systematic X-Ray Search for Clusters of
Galaxies behind the Milky Way.ApJ, 580:774–788.

Egger, R., Greiner, J., and Aschenbach, B. (1996). G 272.2-3.2 - a young and centrally filled
supernova remnant discovered by ROSAT. In H. U. Zimmermann,J. Trümper, & H. Yorke,
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Göǧüş, E., Cusumano, G., Levan, A. J., Kouveliotou, C.,Sakamoto, T., Barthelmy, S. D., Cam-
pana, S., Kaneko, Y., Stappers, B. W., and et al. (2010a). Discovery of a New Soft Gamma
Repeater, SGR J1833-0832.ApJ, 718:331–339.
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A., Donato, D., Cheung, C. C., and et al. (2011). Discovery ofmillisecond pulsars in radio
searches of southern Fermi Large Area Telescope sources.MNRAS, 414:1292–1300.

Kerr, F. J. and Lynden-Bell, D. (1986). Review of galactic constants.MNRAS, 221:1023–1038.

Kerr, M., Camilo, F., Johnson, T. J., Ferrara, E. C., Guillemot, L., Harding, A. K., Hessels, J.,
Johnston, S., Keith, M., and et al. (2012). Five New Millisecond Pulsars from a Radio Survey
of 14 Unidentified Fermi-LAT Gamma-Ray Sources.ApJ, 748:L2.

Kocevski, D. D., Ebeling, H., Mullis, C. R., and Tully, R. B. (2007). A Systematic X-Ray
Search for Clusters of Galaxies behind the Milky Way. II. TheSecond CIZA Subsample.ApJ,
662:224–235.

Komesaroff, M. M., Ables, J. G., Cooke, D. J., Hamilton, P. A., and McCulloch, P. M. (1973).
Results and Implications of a Recent Search for High-Dispersion Pulsars.Astrophys. Lett.,
15:169.



BIBLIOGRAPHY 193

Koribalski, B., Johnston, S., Weisberg, J. M., and Wilson, W. (1995). H I line measurements of
eight southern pulsars.ApJ, 441:756–764.

Kraft, R. P., Burrows, D. N., and Nousek, J. A. (1991). Determination of confidence limits for
experiments with low numbers of counts.ApJ, 374:344–355.

Kramer, M., Bell, J. F., Manchester, R. N., Lyne, A. G., Camilo, F., Stairs, I. H., D’Amico, N.,
Kaspi, V. M., Hobbs, G., and et al. (2003a). The Parkes Multibeam Pulsar Survey - III. Young
pulsars and the discovery and timing of 200 pulsars.MNRAS, 342:1299–1324.
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Tiengo, A., Göhler, E., Staubert, R., and Mereghetti, S. (2002). The anomalous X-ray pulsar 1E
1048.1-5937: Phase resolved spectroscopy with the XMM-Newton satellite.A&A, 383:182–
187.

Tolman, R. C. (1939). Static Solutions of Einstein’s Field Equations for Spheres of Fluid.Phys-
ical Review, 55:364–373.

Torii, K., Saito, Y., Nagase, F., Yamagami, T., Kamae, T., Hirayama, M., Kawai, N., Sakurai, I.,
Namiki, M., Shibata, S., Gunji, S., and Finley, J. P. (2001).ASCA Detection of Pulsed X-Ray
Emission from PSR J0631+1036.ApJ, 551:L151–L154.

Townsley, L. K., Broos, P. S., Chu, Y.-H., Gruendl, R. A., Oey, M. S., and Pittard, J. M. (2011).
The Integrated Diffuse X-ray Emission of the Carina Nebula Compared to Other Massive
Star-forming Regions.ApJS, 194:16.

Truelove, J. K. and McKee, C. F. (1999). Evolution of Nonradiative Supernova Remnants.ApJS,
120:299–326.

Tsang, M. B., Zhang, Y., Danielewicz, P., Famiano, M., Li, Z., Lynch, W. G., and Steiner, A. W.
(2009). Constraints on the Density Dependence of the Symmetry Energy. Physical Review
Letters, 102(12):122701.

Tsuruta, S. (1998). Thermal properties and detectability of neutron stars. II. Thermal evolution
of rotation-powered neutron stars.Phys. Rep., 292:1–130.

Tsuruta, S. (2009). Neutron Star Cooling: II. In Becker, W.,editor, Astrophysics and Space
Science Library, volume 357 ofAstrophysics and Space Science Library, page 289.



BIBLIOGRAPHY 207

Turolla, R. (2009). Isolated Neutron Stars: The Challenge of Simplicity. In Becker, W., edi-
tor, Astrophysics and Space Science Library, volume 357 ofAstrophysics and Space Science
Library, page 141.

Turtle, A. J., Pugh, J. F., Kenderdine, S., and Pauliny-Toth, I. I. K. (1962). The spectrum of the
galactic radio emission, I. Observations of low resolving power. MNRAS, 124:297.

van der Horst, A. J., Connaughton, V., Kouveliotou, C., Briggs, M. S., Paciesas, W. S., Pal’Shin,
V., Golenetskii, S., Aptekar, R., Frederiks, D., and et al. (2009). Discovery of a new soft
gamma repeater source, SGR 0418+5729.The Astronomer’s Telegram, 2077:1.

van der Klis, M., Swank, J. H., Zhang, W., Jahoda, K., Morgan,E. H., Lewin, W. H. G., Vaughan,
B., and van Paradijs, J. (1996). Discovery of Submillisecond Quasi-periodic Oscillations in
the X-Ray Flux of Scorpius X-1.ApJ, 469:L1.

Van Etten, A., Romani, R. W., and Ng, C.-Y. (2012). A Chandra Proper Motion for PSR J1809-
2332.ApJ, 755:151.

van Kerkwijk, M. H., Kaplan, D. L., Durant, M., Kulkarni, S. R., and Paerels, F. (2004). A
Strong, Broad Absorption Feature in the X-Ray Spectrum of the Nearby Neutron Star RX
J1605.3+3249.ApJ, 608:432–443.

van Loon, J. T., Cioni, M.-R. L., Zijlstra, A. A., and Loup, C.(2005). An empirical formula
for the mass-loss rates of dust-enshrouded red supergiantsand oxygen-rich Asymptotic Giant
Branch stars.A&A, 438:273–289.

Verbiest, J. P. W., Weisberg, J. M., Chael, A. A., Lee, K. J., and Lorimer, D. R. (2012). On Pulsar
Distance Measurements and Their Uncertainties.ApJ, 755:39.

Vink, J. (2006). High Energy Emission from Supernova Remnants. In Meurs, E. J. A. and
Fabbiano, G., editors,Populations of High Energy Sources in Galaxies, volume 230 ofIAU
Symposium, pages 16–23.

Vink, J. (2012). Supernova remnants: the X-ray perspective. A&A Rev., 20:49.
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