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Zusammenfassung

Gegenstand der vorliegenden Arbeit ist die Untersuchungddstadien der Sternentwicklung,
insbesondere der Rontgenemissionseigenschaften tiesadifund kompakteberreste von Su-
pernovae.

Der erste Teil dieser Arbeit beschaftigt sich mit der Megsder Eigenbewegung des zentra-
len Neutronensterns im SupernoMaerrest (SNR) Puppis A. Dies geschah mit dem Ziel Mo-
dellparameter, die eine Kernkollaps-Supernova besobmeitveiter einzuschranken. Der Pro-
zess der zum Kollaps eines massereichen Sterns fuhrt &t gut verstanden, jedoch wird
der finale Explosionsmechanismus noch kontrovers digkutierfir existieren verschiede-
ne Modelle, die unterschiedliche maximale Eigenbewegnngehersagen. Diese Eigenbewe-
gung hangt von der Starke des Impulses ab, den der Prdtonenstern wahrend einer asym-
metrisch verlaufenden Supernova-Explosion erhalt unditseom finalen Explosionsmecha-
nismus. Bisher konnte die gemessene Eigenbewegung desoNensterns RX J0822-4300
in Puppis A von 1122 327 kms?! (68% Konfidenzniveau CL; Hui and Becker, 2006) und
1570+ 240 kms! (68% CL; Winkler and Petre, 2007) mit diesen Modellen nidntéichend
erklart werden. Im Rahmen dieser Dissertation wurde einewte Beobachtung des Neutro-
nensterns durchgefuhrt. Dadurch konnte der Zeitraunm dbe sich die verschiedenen Positi-
onsmessungen erstrecken auf 3886 Tage nahezu verdoppadnvZudem ist dies der langste
Zeitraum fur die Bestimmung der tangentialen Geschwikeligeines Neutronensterns im Ront-
genbereich. Die Datenauswertung ergab eine Eigenbeweatpmtleutronensterns RX J0822-
4300 von 7112 masyr?! (68% CL) mit einem Positionswinkel von 224 11° (68% CL). Die
GroRRenordnung und Bewegungsrichtung der Eigenbewegesd\Néutronensterns lassen sich
auf das optische Expansionszentrum von Puppis A zuricksodtieren und untermauern daher
die Richtigkeit der Messung. Bei einer angenommenen Enifeg zu Puppis A von 2 kpc findet
man eine tangentiale Geschwindigkeit von 87020 kms (68% CL). Dieser Wert ist deutlich
kleiner als in den zwei vorausgegangenen Untersuchungenvibdellierung des finalen Ex-
plosionsmechanismus wird hierdurch vereinfacht, da Mediésen Wert vorhersagen konnen.
Die neue Messung schlieRt eine Eigenbewegung von 900 ki{®§% CL) jedoch nicht vollig
aus, es bedarf jedoch eines hydrodynamischen Modells roitgradig antisymmetrischer Ex-
plosion um diese Geschwindigkeit erklaren zu konnenazli€h konnte aus der tangentialen
Geschwindigkeit des Neutronensterns und dem Abstand kemsder heutigen Position und dem
optischen Expansionszentrum déiserrests das Alter von Puppis A auf 445@50 Jahre (68%
CL) eingegrenzt werden.

Im zweiten Teil der Arbeit liegt der Fokus auf der Identifizieg und Untersuchung von
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SupernovaddJberresten. Ziel war es, die groRe Diskrepanz zwischenel@rmten und erwarte-
ten Anzahl an Supernovdberresten in unserer Galaxie zu erklaren. Superttherreste kann
man typischerweise iib¢6 — 10) x 10* Jahren beobachten, bevor sie mit der interstellaren Ma-
terie verschmelzen. Die Supernova-Rate in unserer Gatetragt~ 2 pro Jahrhundert. Daher
werden ungefahr 1200berreste in der MilchstraRe vermutet. Von diesen wurdshesi nur
274 entdeckt, die meisten davon im Radiobereich. Diese @&ramUberresten ist allerdings
nicht reprasentativ, da sie hauptsachlich helle, in @daldischen Scheibe liegendiberreste
beinhaltet. Deshalb wurden in dieser Arbeit die Daten detearund bisher einzigen Himmels-
durchmusterung mit einem abbildenden Teleskop im weicl@rigenband verwendet (ROSAT
Himmelsdurchmusterung) um nach weiteren Superndverresten zu suchen. Dazu wurde ei-
ne Liste von bisher unidentifizierten, ausgedehnten Ringjgellen analysiert (Schaucdel, 2003).
Dies fuihrte zur Identifizierung von zwei zuvor unbekanr@mpernovadiberresten im Rahmen
dieser Arbeit. Sie haben die Katalogbezeichnung SNR G3a84und SNR G38.7-1.4. Die
erste Quelle hat eine kreisformige Morphologie. Radinftarot- und Rontgenemission ist je-
doch nur im westlichen Bereich der Quelle feststellbar. Bastgenspektrum degberrests
weist Absorptionsspuren von interstellarem Gas und Statibiner Saulendichte des neutralen
Wasserstoffdy von (1,024 0,04) x 10?2 cm2 (68% CL) auf. Es lasst sich mit hinreichender
Gute mit dem Modell fur ein thermisch strahlendes Plasmgdches sich noch nicht im lonisati-
onsgleichgewicht befindet, wiedergeben. Das Plasma ha&gaktronentemperatur vomCBfé:%
Millionen Kelvin (68% CL). Im Radiobereich wurde nicht-ttmeische Emission mit einem Spek-
tralindex von—0,7+0, 2 (68% CL) gemessen - ein charakteristischer Wert filr judigerreste.
Eine detaillierte Analyse der Rontgendaten unter Verwegdder Sedov-Relation fir die adia-
batische Ausdehnung einer Explosionswolke legt eine Emifeg zumUberrest von 6 bis 12
kpc nahe, sowie ein Alter von ca. 5000 bis 7500 Jahren. Namegd®metrischen Zentrum des
Uberrests wurden zwei Punktquellen detektiert, die keigedstiick in anderen Wellenlangenbe-
reichen haben. Ob eine der Quellen der im Verlaufe der Soparentstandene Neutronenstern
ist, konnte aber noch nicht abschlieBend geklart werdenz@eite in dieser Arbeit identifizierte
Supernovadberrest, G38.7—1.4 besitzt ebenfalls eine kreisfornMigephologie. Radioemissi-
on ist nur im dstlichen Teil nachweisbar. Aul3erdem ist dieell@ durch thermische Rontgene-
mission im Zentrum gekennzeichnet. Die Identifizierungdatberrests basiert zusatzlich auf
der Detektion von polarisierter, nicht-thermischer Radisssion mit einem Spektralindex von
0,65+ 0,11 (68% CL) und von Filamenten indH und SlI-Beobachtungen - charakteristische
Merkmale einedJberrests.

Nachdem die Kandidatenliste mit Himmelsdurchmusterungmeh Quellkatalogen in an-
deren Wellenlangenbereichen korreliert worden ist urthigierte Rontgenbeobachtungen der
Quellen analysiert worden sind, verbleiben von ursprighg?05 Quellen 123 Kandidaten als
mogliche Supernov@lberreste. Von diesen Kandidaten erfilllen 73 strenger@vanlkriterien
bezuglich der Signifikanz der Quellen und/oder es wurdemg@igliches Gegenstiick in einem
anderen Wellenlangenbereich detektiert. Letzteres eaFdll bei insgesamt acht Quellen. Die-
se Quellen sind sehr vielversprechende Kandidaten, daedieere charakteristische Merkma-
le eines Supernovéberrests aufweisen. Zudem konnte gezeigt werden, dasSaflernova-
Uberreste, die zuerst im Rontgenbereich detektiert wosited, im Radiobereich entweder eine
irregulare Morphologie aufweisen oder sehr leuchtsciwmscd. Vermutlich wird dadurch die
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Identifizierung im Radiobereich erheblich erschwert. Digdysuchungen unterstreichen zudem
die Wichtigkeit zusatzlich in anderen Wellenlangenizren nach Supernovdberresten zu su-
chen. Dadurch und durch die sukzessive ldentifizierung g8werbleibenden Kandidaten kann
die Abweichung zwischen der erwarteten und der bekannteratfiran Supernovilberresten

in unserer Galaxie weiter verringert werden.

Zusatzlich zu der Identifikationsstudie und der Suche mecten Supernovalberresten wur-
de der im RASS detektierte und bereits frilher identifiei@tpernovalberrest SNR G296.7—
0.9 im Detail im Rontgenbereich untersucht. Die Morphatader Quelle ist durch einen hellen
Kreisbogen in stid-westlicher Richtung gekennzeichrezgmn Spektrum sich am besten mit dem
Modell fur ein thermisch strahlendes Plasma, welches isoadh nicht im lonisationsgleichge-
wicht befindet, beschreiben lasst. Das Plasma hat einér&ientemperatur von, fgjg Millio-
nen Kelvin (68% CL). Die Emission der Quelle im weichen Rjintbereich ist teilweise durch
interstellares Gas und Staub absorbiert worden, wobei @igeSdichte des neutralen Wasser-
stoffs 1 24f8:8; x 1072 cm~2 (68% CL) betragt. Zusatzlich wurde unter Verwendung cetdy-

Relation ein Alter von 5800 bis 7600 Jahren und eine Entfegnton 98:%:% kpc (68% CL)
abgeschatzt. Letzteres weist auf eine raumliche AsBorimnit einer nahegelegenen HIl-Region
hin. Es wurde kein Hinweis auf die Existenz eines zentralentfnensterns gefunden. Somit
kann die Art der Supernova, aus der tliverrest hervorgegangen ist, nicht eindeutig bestimmt
werden.

Im letzten Teil der Arbeit wird eine systematische Suchehnden Gegenstiicken von Ra-
diopulsaren im Rontgenbereich in den Archiven der Rombgpservatorien XMM-Newton und
Chandra durchgefuhrt. Ziel war es, Aufschluss Uber dehtrthermischen Emissionsmechanis-
mus im Hochenergiebereich und Uiber das Verhalten von Mdier Dichten Giber der Kerndichte
zu erhalten. In dieser Arbeit wurden 18 bisher unbekanntge@stiicke von Radiopulsaren im
Rontgenbereich identifiziert und deren Rontgenflusséiflent. Das Spektrum von sechs dieser
Quellen konnte durch ein Schwarzkorperspektrum und/etdePotenzgesetz angenahert wer-
den. Im Falle der verbleibenden 12 Rontgenquellen war emdwdie Photonenzahlrate oder
die Energieauflosung des verwendeten Detektors zu gesindass eine Spektralanalyse nicht
moglich war. Deshalb konnte der Rontgenfluss dieser @uelur unter Annahme charakteristi-
scher Spektralparameter fur Pulsare annahernd bestivarden. Fir alle Radiopulsare, die mit
den Rontgenobservatorien XMM-Newton und Chandra bedbgcaber nicht detektiert wor-
den sind, wurden obere Grenzen fur deren thermischen whd-thiermischen Rontgenfluss im
Energiebereich von 0,1 bis 2 keV bestimmt. Mithilfe diesezrt% wurde die nicht-thermische
Leuchtkraft fur 18 und obere Grenzen fur 228 Pulsare tmsti Die Untersuchung dieser Werte
bestatigt die Tendenz, dass mit zunehmender Empfindlichie Rontgenobservatorien immer
geringere Rontgeneffizienzen fur rotationsgetriebaniedPe gefunden werden. Die gemessene
Schwankung von mehr als drei GroRenordnungen in der Raefizienz muss in der Zukunft
in Simulationen von Pulsar-Populationen, die als Eingafyschiedene Modelle fur die Hoch-
energieemission von Pulsaren haben, reproduziert weizbaturch liefern die beobachtungsre-
levanten Ergebnisse dieser Arbeit eine weitere Vorgabeligitheoretische Untersuchung des
nicht-thermischen Emissionsmechanismus. Zudem wurde@30 Pulsare obere Temperatur-
grenzen bestimmt. Diese oberen Grenzen bewegen sich 2R x 10° K fur den Pulsar
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mit der Katalogbezeichnung PSR J2144-3933 uifd210° K fuir PSR J1822-1617. Es wurde
gezeigt, dass alle Werte mit aktuellen KilhlungsmodellgriNfeutronensterne vertraglich sind.



Summary

This work focuses on the end states of massive stars, maris@eon the X-ray emission prop-
erties of the compact and diffuse remnants of supernovae)($M., neutron stars and supernova
remnants.

The first part of this thesis deals with the measurement optbper motion of the central
neutron star in the supernova remnant Puppis A. The aim®p#nit was to validate or challenge
current core-collapse supernova models. The process lmhwalstar explodes in a core-collapse
supernova is reasonably well understood, with the excemtidhe final explosion mechanism.
Several models have been proposed for this last stage. & twdhvestigate the mechanism in
more detail the proper motion of a neutron star was examineis. motion depends on the kick
a neutron star gains in the supernova explosion and thusndsgstrongly on the final explosion
mechanism. Recently, the proper motion of the neutron skad®822-4300 in Puppis A was
measured to be 1122327 kms! (68% confidence level CL_; Hui and Becker, 2006) and 1570
240 kms! (68% CL; Winkler and Petre, 2007). These high velocities barnard to explain
using pulsar-kick models. In order to reduce the error baasid the discrepancy between, these
two measurements a new X-ray observation was obtained hwhas analyzed in detail in my
thesis. This new observation allowed a proper motion measent with a total time baseline of
3886 days, which is about twice as long as was available qusly. It is the longest baseline
used for a proper motion measurement in the X-ray regimersoAaalyzing the data yielded
a proper motion of 74 12 masyr' (68% CL) at a position angle of 244 11° (68% CL).
Both the magnitude and direction of the proper motion aregie@ment with RX J0822—-4300
originating near the optical expansion center of the sup&rnemnant. For an assumed distance
of 2 kpc to Puppis A, the proper motion corresponds to a taemlocity of 670+ 120 kms?t
(68% CL). This velocity is smaller than either of the two poaisly published numbers and
eases most challenges that RX J0822—-4300 previously pogaddar-kick models. However,
the measurement still allows a velocity of 900 km£95% CL), which would still require a
hydrodynamic kick model with a highly asymmetric explosiofdditionally, the age for the
supernova remnant Puppis A of 445050 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 taastification and investigation of
supernova remnants. The aim was to understand the largeplscy between the number of
known and expected supernova remnants in our Galaxy. Tiee istbout 1200 remnants, given
that they are visible fors (6 — 10) x 10* yrs until they merge with the surrounding interstellar
medium and that the expected supernova rate in our Galaxydgper century. The number
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of known supernova remnants 43 274, of which most remnants were detected in the radio
band. However, this sample is biased towards selectinglyniairge remnants at low galactic
latitude. Hence, various attempts have been made to seardchdm in other wavelengths.
Therefore, in this work the first imaging all-sky survey iretboft X-ray regime, the ROSAT
All-Sky Survey (RASS) was searched for supernova remnafités was done by analyzing
the candidate list, which_Schaudel (2003) obtained in aipvavanalysis of RASS data. My
research lead to the identification of two previously unknewpernova remnants, SNR G308.4—
1.4 and SNR G38.7-1.4. The former source was identified usiolgival data in the radio,
infrared and X-ray bands. Its shape is that of a shell-typemswva remnant. X-ray, radio- and
infrared emission is only seen in the eastern part of the amrrhe X-ray emission can best
be described by an absorbed non-equilibrium collisionasipla model with a hydrogen density
of Ny = (1.02+0.04) x 10?2 cm~2 (68% CL), a plasma temperature aB&32 million Kelvin
(68% CL), and an underabundance of iron, neon and magneasimell as an overabundance
in sulfur with respect to the solar values. The analysis ohigal ATCA radio data revealed
non-thermal emission from G308.4-1.4 with a radio spectdéx of —0.7 +0.2 (68% CL),
which is typical for young supernova remnants. A detailedlygsis using the Sedov solution
for the adiabatic expansion of a blast wave revealed thatdhmant is at a distance of 6 to
12 kpc and the progenitor star exploded about 5000 to 750& y&p. Two faint X-ray point
sources located near to the remnant’s geometrical cergedetected. Both sources have no
counterpart at other wavelengths, leaving them as carmadidat the compact remnant of the
supernova explosion. Additionally, the second supernexanant identified in this thesis, SNR
G38.7-1.4, was studied in the radio, optical and X-ray batigsidentification is based on its
polarized non-thermal radio emission having a spectrabaf —0.654+0.11 (68% CL), typical
for young supernova remnants, as well as on gsadd SlI filaments matching the radio emission
region and on its thermal X-ray emission.

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

Additionally, the RASS detected and previously identifiddR5G296.7-0.9 was studied in
more detail in this thesis using data from the X-ray sageKiMM-Newton. A spectro-imaging
analysis of this source was performed in order to deduceahie parameters of the remnant and
to search for evidence of an associated young neutron stéfrays, the remnant is characterized
by a bright arc located in the south-east direction. Its X$pectrum can be best described
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by an absorbed non-equilibrium collisional plasma modehwi hydrogen column density of
Ny = 1.247397 x 10?2 cm™2 (68% CL) and a plasma temperature 023 million Kelvin
(68% CL). The Sedov solution indicates a remnant age of 580®00 years and a distance of
9.8" (1);% kpc (68% CL), implying a spatial association with a closeHiy region. No evidence
was found for the existence of a young neutron star assdaréth the remnant. Thus, the type
of the SN in which this supernova remnant was formed is stitlanstrained.

In the last part of this work, a systematic search for the Xe@unterparts of radio pulsars in
the public archives of the XMM-Newton and Chandra X-ray abawries is presented. The aim
was to further shed light on the non-thermal high energy simismechanism of pulsars and to
infer the composition of matter at supernuclear densitreaddition to the 185 rotation-powered
pulsars known to emit in X-rays, 18 previously unknown X-@unterparts of radio pulsars
were detected. For 6 of them a fit to the energy spectrum wigh ontwo-component models
was possible. In all other cases the counting rates wereotwot the used detector had a poor
intrinsic energy resolution. Therefore, the energy flux ZAcdy luminosity were estimated by
assuming a non-thermal spectrum and an estimate for theg@edrcolumn density, which was
based on the radio dispersion measure. For pulsars obdgytbd XMM-Newton and Chandra
X-ray observatories, for which no source could be deteatgger limits on the non-thermal
and thermal X-ray flux have been derived in the 0.1 to 2 keV bardis, the non-thermal X-
ray luminosity for 18 and its upper limit for 228 pulsars wet#ained in this thesis and used to
further study the scatter in the relation of non-thermab}4uminosity to spin-down power. The
investigation confirms the trend for finding smaller X-raff@éncies with increasing sample size
and higher sensitivity of X-ray observatories. It was shdhat the X-ray efficiency differs by
more than three orders of magnitude among all X-ray detectadion-powered pulsars. In the
future this large scatter has to be reproduced by a simupatisdr population for which a certain
high energy emission model was assumed. Hence, the refthis study presented in this work
provides further input for the theoretical modeling of thghhenergy emission mechanism of
pulsars. Additionally, 230 upper limits on the blackbodyfeerature were derived in this thesis,
ranging from 22 x 10° K (PSR J2144-3933) to.2x 10° K (PSR J1822-1617). All measured
temperature upper limits are compatible with current cgpinodels.
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Chapter 1

Introduction

The field of neutron star and supernova remnant researclgsbtogether all disciplines in
physics. Here the length scales range from femtometersrgepmand the density ranges from
several times the nuclear density to 1 particle pef,dmthe core of a neutron star and over the
extend of a supernova remnant, respectively. Therefottejlee knowledge of nuclear, parti-
cle and condensed matter physics are required for unddistathe reactions and composition
occurring in the interior of neutron stars and at the shoohktfof supernova remnants. Addition-
ally, gravity must be considered, because masses of moneltié., interact within the small
volume of neutron stars and supernova remnants.

The outline of this thesis is the following: Firstly, in thext section a short historical review
of neutron star and supernova research is presented. éwlaliiy, open questions in this field of
research related to this work are discussed in this chapgettier with possible solutions. Next,
in Chaptei 2 the scientific background on neutron stars apereova remnants is summarized.
This is then followed by the results of my work. In Chaptér 8 fimdings of the investigation
of the proper motion of the neutron star in the SNR Puppis Athedvestern part of the SNR
in the X-ray regime are presented. In Chapter 4 a search fmreava remnant candidates in
the ROSAT All-Sky Survey is presented, in Chapter 5 the ifieation of SNR G308.4-1.4 as
supernova remnant is shown and in Chapter 6 the explorafiSiNB G296.7-0.9 in the X-ray
regime is given. In Chaptér 7 the outcome of a search for Xemnterparts of radio pulsars is
presented. Finally, this thesis is concluded with a disoassf all my results and an outlook.

1.1 Brief history

The existence of a star composed entirely of neutrons wagfioposed by Baade and Zwicky
(1934), motivated by the discovery of the neutron two yeafie by Chadwick (1932). In
addition, Baade and Zwicky (1934) predicted that such a thoeustar” would be formed in a
supernova (SN). Shortly after that, Tolman (1939) and Obhpaner and Volkoff|(1939) calcu-
lated the first models of neutron star structure based ontdtinssfield equation. They could
show that neutron stars are in a stable equilibrium with aitgbelow nuclear density and have
a radius on the order of 10 kilometers. However, observiegdatsmall bodies seemed beyond
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any possibility at that time, because neutron stars havé emdting areas. Hence, their residual
thermal luminosity would be too low to be observable at asimical distances with the instru-
ments available at that time (Shapiro and Teukolsky, 19B3grefore, neutron star research was
not paid much attention until the 1960s, when several dexdes were made that verified the
existence and observability of neutron stars.

In 1962 the first Galactic X-ray source outside the solar esystwas detected by
Giacconi et al.|(1962). Several theorists proposed thatgburce, designated Sco X-1, could
be a hot neutron star. Hence, they began investigating #rened evolution of such an object
(Shapiro and Teukolsky, 1983). The source was later idedtifis a low mass X-ray binary,
a system composed of an X-ray emitting neutron star and alwexVstar |(van der Klis et al.,
1996). However, in the early 1960s the idea of neutron s&bé-gay source was not taken se-
riously by astrophysicists. This picture changed soorr dffte first pulsating radio source was
discovered by Hewish et al. (1968), which was later assediaith a rapidly spinning neutron
star (Pacini, 1968&; Gald, 1968). Additionally, shortly bed this detection, it was argued that
a fast rotating and highly magnetized neutron star at theecer the Crab nebula might be its
source of energy (Pacini, 1967), which was detected onlyeaelater/(Staelin and Reifenstein,
1968;| Lyne and Graham-Smith, 2005). These discoverigat@iintensive theoretical work on
their properties and large surveys in the radio regime torfiode pulsating radio sources, i.e.,
pulsars. To date, more than 2250 pulsars are known (Marestetstl.; 2005) and their number
increased steadily in the past decades, because of laaytseff building even larger telescopes
and more sensitive detectors. More than 185 of theses shjert detected in the X-ray regime
(see Tablé Bl1), a number which has increased by an ordergiitnde in the last 15 years with
the increasing sensitivity of X-ray observatories.

Supernova and supernova remnant research started muieh. daot example, as early as in
185 A.D. a “guest star” was observed by Chinese astronoi@eegf and Stephenson, 2003). As
we know now it was a supernova and its remnant, supernovaar@(8NR) RCW 86, is still vis-
ible today (Williams et al., 2011). After that event only sither Galactic supernovae have been
recorded in historical records in the past two thousandsye&N 386 (G11.2—-0.3), SN 1006,
SN 1181 (3C58), Crab SN, Tycho SN, and the Kepler SN. Sevénal oecords of “guest stars”
by ancient Chinese astronomers exist. However, no solidift=ation with a known supernova
remnant has been possible so far for most of them (Green apth&iscon, 2003). Furthermore,
the first extragalactic supernova was observed on the 31pigad885/(Miller et al., 1922) and
was followed by large optical surveys to detect such timgatéde sources. With the advances
made in radio astronomy in the early 1950s, ten years befmdinst detection of a neutron
star, various extended sources were detected within o@x@athich had a non-thermal, power
law shaped radio spectrum. These sources were proposedhe bemnants of undetected su-
pernovae and their spectral shape was explained by synchrenission of relativistic charged
particles|(Reynolds, 2008, and references therein). Thssfikst confirmed by the identification
of the Crab nebula as an SNR and followed by the associatisawaral of these extended radio
sources with historical supernovae (Baade and Minkow$%4). Later, it was recognized by
several authors (e.g., Blandford and Ostriker, 1978) tiaticceleration of charged particles in
SNRs may be the main source of cosmic rays (Reynolds, 20@8j)laie, more than 274 SNRs
have been detected, most of them by their steep radio spe(Green, 2009).
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1.2 Supernovaremnants

Supernovae can occur in two ways, either by the thermonudiseuption of a white dwarf or
by the core-collapse of a massive star. The former caseasalked SN of type la. It is assumed
that the explosion occurs when a massive white dwarf accretdgter from a companion and the
mass exceeds the Chandrasekhar mass limit. Here the explosichanism is reasonably well
understood. Because in most cases the white dwarf exploileshe same physical conditions
their light curves are very similar. Hence, SNe of type la banused as distance indicators
and Perlmutter et al. (1999) used them to confirm the detectidhe accelerated expansion of
the universe. Thus, understanding the processes resfofwilan SN of type la is very crucial
to put better constraints on cosmological parameters. Mexyé is still unclear in what kind
of progenitor system such an SN can explode. No progenitstesys of thermonuclear SNe
have been observed so far, because white dwarfs are faintesoand thus, white dwarfs are
only observable in the solar neighborhood. Neverthelemsows progenitor systems have been
proposed, which are more or less supported by observatidhg scemnants of these SNe type
(see Section 2.1.1 for more details).

As mentioned in the first section, only 7 galactic SNe havenlseserved directly within
the last 2000 years (Green and Stephenson, 2003). Addltiotitee SN of the brightest SNR
in the radio sky, Cassiopeia A, as well as the SN of the your@ekctic SN (SNR G1.9+0.3,;
Reynolds et all, 2008) were missed by optical observerbgimy due to visible-band interstellar
dust extinction. The only SN observed with modern telessapas the SN 1987A in the Large
Magellanic Cloud. Therefore, the only way to study SNe iradetith a sufficiently large sample
is by investigating their remnants, because SNRs are ddisleror up to 18 yrs (Frail et al.,
1994) and let one draw conclusions on the underlying SN exphomechanism.

However, a small sample size is also the main problem in tmyessng the remnants of ther-
monuclear SNe, because only four SNRs are known in our Gdtaxwhich clear evidence
exists that their progenitor star exploded in an SN of typeFlarthermore, in the nearby dwarf
galaxies Small and Large Magellanic Cloud (SMC and LMC) alBySNRs are identified as
the remnants of an SN of type la (Reynolds, 2008). Thus, fqmdiore SNRs which can be
identified as the diffuse remnant of this kind of SN event iseesial, because it will allow us
to pinpoint the binary companion of most SN la. For that, aeesive study of and search for
SNRs is needed to infer the type of SN and thus, increase thplsaof remnants of SN la.
For this reason an identification campaign of SNRs in the RDS&IASky Survey (RASS) was
performed based on the candidate list of Schaudel (2003)edder, deep spectro-imaging of a
known (SNR G296.7-0.9; Sectidh 6) and candidate (RASS SMididate G308—1.4; Section
[B) was performed to reveal their nature.

The second case in which a star can end its evolution is by dhiapse of the iron core
of a massive star. Here the process is reasonably well uodedrsvith the exception of the
final explosion mechanism. Several models have been prdgos¢his last stage. In order to
understand the mechanism in more detail various obsenatioethods have been proposed. For
example, the proper motion of a neutron star (NS) can befigatsd, because it depends on the
kick a neutron star gains in the SN where they are formed.efbes, the proper motion strongly
depends on the final explosion mechanism. The proper moteasurement of the neutron star
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RX J0822-4300 in Puppis A by Hui and Becker (2006).and Win&tet Petrie (2007) can be hard
to explain with these explosion models (see Sedtion R.T.Phfare details). In order to reduce
the error bars of and the discrepancy between these two nesasnts a new X-ray observation
was analyzed (see Chapiter 313.1). With this additionalitlati#l be possible to validate current

core-collapse SN models or challenge them even further.

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

Furthermore, SNR shocks are collisionless pIa@,nmhich are not yet well understood
(Vink,, 2006), but are thought to be excellent particle aedbrs [((Reynolds, 2008). Thus in-
vestigating and understanding the origin of the thermalr@omthermal part of their spectrum
can help to explain the interaction of a shock wave with timeieeis interstellar medium (ISM)
and to confirm that SNRs are responsible for the Galacticribanion to the measured cosmic
ray spectrum.(Reynolds, 2008). Both emission mechanismhbevexplained in Section 2.2.3.

Finally, current estimates for the Galactic SN rate are mjileg various approaches and
yield rate estimates between 0.8 and 2.8 SNe per centurySseton[2.1.3). Furthermore,
Keane and Kramer (2008) showed that the NS birth rate exdbed3N rate, which would indi-
cate that the Galactic SN rate currently found in the liten@is on the upper side of the range.
Therefore, assuming this is true and using an average SERirtie of~ 60 kyrs (Frail et al.,
1994), more than 1000 SNRs can be found in the Galaxy. By 2P0D9,known SNRs were
published|(Green, 2009, and references therein). Thusga taumber of SNRs are not detected
so far, mostly due to difficulties in finding very faint objectSome remnants will never be ob-
servable, because they are hidden behind dust, in partiemtaants located behind the Galactic
Center will never be seen from Earth. Most SNRs were detecatede radio band, but this
sample is biased towards selecting mainly large remnamasvadalactic latitude (Green, 2004).
Only three SNRs of the 274 remnants listed in Green (2009 hagiameter ok 3’ and five
supernova remnants are at a galactic attitibfle- 7° . Hence, various attempts have been made
to search for SNRs in other wavelengths, e.g., Sabin et@L3Rin an optical | survey and
Helfand et al.|(2006) in the infrared regime. What is moreRQ8u(1998) and Schaudel (2003)
made use of the first imaging all-sky survey in the soft X-regime, the ROSAT All-Sky Sur-
vey (RASS) and pinpointed several SNR candidates. In Chiditee candidate list of Schaudel
(2003) will be used and the candidates will be cross-caedlavith current catalogues in var-
ious wavelengths to identify their origin and to reduce tiseipancy between the number of
expected and already identified remnants.

1The interstellar medium has such a low densityl( cm3) 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 obserualthe universe. Their density can
reach values of more than 10 times the nuclear density. The goal in this field of research
is to explore the composition of matter at a density two timlesve the nuclear density, where
the composition of a neutron star is no longer constrainethbgretical modeling of nuclear
matter and particle physics experiments: Is the neutrarceta composed out of normal nucleon
matter or is “exotic” matter needed to explain observatto@ne way to address this question
is to study the mass-radius relation, which depends styomglthe assumed equation of state
and the composition of the neutron star core. However, nioisdths been measured with high-
accuracy and more importantly, no radius has been infeareahy NS with a very accurate mass
measurement. Hence, only weak restrictions can be put demaahigh densities. Another very
promising approach is the investigation of the thermal@oh (cooling) of neutron stars, which
is heavily affected by the behavior of matter at high deesi{see Sectidn 2.3.1 for more detail
on the composition and cooling of a neutron star).

For constraining the equation of state through the invastg of the cooling of neutron stars
the temperature and the age of a large sample of neutronistaeeded. Even upper limits on
the thermal emissivity can help to put more significant c@msts on cooling models and the
assumptions made in them. However, only a few neutron starkreown with measured tem-
peratures and they have large uncertainties, both in agb@adhetric luminosity. Furthermore,
only for a few pulsars deep upper limits on the temperatuve baen obtained. Therefore, it is
important to increase the sample of known thermal-emittiagtron stars and in the case of a
non-detection of thermal emission from a neutron star teriopper limits on the temperature.
In Chaptei ¥ this was done by using the archives of the X-ragnlatories XMM-Newton and
Chandra. Here the minimal cooling paradigm was furtheetebly searching for neutron stars
whose temperature deviates from the predicted coolingecurv

In recent years a lot of progress has been made in identithi@gnon-thermal high energy
emission mechanism of pulsars (ee 2.3.2 for more detatlseoproposed high energy emission
mechanisms and the advances made in recent years). Howasestill not fully understood
which physical processes are responsible for the singlicjgaemission of pulsars at high en-
ergies. A more detailed study will be possible in the futurhwhe ongoing search for pulsars
with the Fermi satellite. Furthermore, studying the higlergy emission properties in other
wavelengths will be of importance. For example, studyiregdbpendence of the emitted energy
in one wavelength regime on the total emitted power, as do@aapter 7, can help to understand
the high energy emission even further, because the scaiteiolbe reproduced by a simulated
pulsar population for which a certain high energy emissiaueh was assumed

Furthermore, neutron stars manifest themselves in a nuofbéifferent ways: rotation-
powered pulsars, magnetars, central compact objects irsSidRating radio transients, X-ray
dim isolated neutron stars, and the recently discovereuimittent pulsars (reviews of the dif-
ferent classes of neutron stars can be found in Becker (2609)ey (2009), de Luce (2008),
McLaughlin (2009)| Turolla (2009), and Lyne (2009), redpety). The fact that the NS birth
rate exceeds the SN rate (Keane and Kramer,|2008) could @sdint that there is an evolution
of the type of NSs with time. It might be that, for example atain-powered pulsars, rotating
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radio transients and X-ray dim isolated neutron stars dferdhnt manifestations of the same
type of neutron star (Keane and Kramer, 2008). Howeverilitr&eds to be proven whether
such an evolution exists in nature and even if it exists itilsr®t clear what physical parameters
are necessary so that a neutron star is born or evolves infahese classes. Also how core
collapse SNe influence the birth properties of neutron s&ags, the magnetic field strength of
the compact remnant, needs to be elucidated.

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

A star is born, undergoes different periods of evolutiorstates and has to die at the end. Its
ashes enriches the environment and helps to create newHt@&svork focuses on the end states
of massive stars, more precisely on the X-ray emission ptiegeof neutron stars (NSs) and
supernova remnants (SNRs). In the following, the life anatllef stars will be outlined briefly.
In the Sections 2]2 and Section]2.3 our knowledge about fimmeproperties and evolution of
NSs and SNRs will be described in detail.

Stars are formed in dense gas or dust clouds in the ISM. Fonglea in our Galaxy star
formation takes place mainly in the spiral arms. These daué stable as long as their internal
pressure compensates the gravitational force. When twaslare merging or an external force
is acting on the cloud (e.g., occurrence of a close-by supearexplosion) the cloud collapses
and fragments into smaller units. During the collapse tlagrfrented cloud is heated up to
(5—10) x 10° K where it reaches a thermostatic equilibrium and becomgsaily thick. When
the temperature of the cloud is high enough to stop matten fedling into the central region,
the star reaches hydrostatic equilibrium. This collapkegabout 19— 1P yrs for a star with
1 M. After the star reaches the so-called Hayashi line the tathonal energy produced by
the still ongoing contraction of the inner region of the stalt be carried to the envelope by
convection or radiation for low-mass or high-mass starspeetively. The contraction remains
until the core temperature of the protostar is high enougtted the first thermonuclear reaction
- burning the less abundant Deuterium. Finally the so-dalletostar reaches the zero age main
sequence (ZAMS), where all stars with a mass larger thanNa H8tart burning their Hydrogen
(H) core.

From now on, in general the evolution of stars is the follayvimThe star burns the most
abundant elements in its core until it is almost depletedethfgst H, Helium (He) until Nickel
(Ni) is burned to Iron (Fe). After about 99% of the nuclei a¢ ttenter are fused to heavier
elements the burning stops and starts in an outer shell.r&#fat, at the time when about 95%
of the central fuel is burned the core contracts until thereétemperature is high enough to start
the fusion of the next heavier element in the core, becausi¢hat reaction starts the gravitation
is not balanced by radiation pressure. Additionally, theetspe expands and cools down. These
steps are repeated with small variation and smaller tinbescentil the core is entirely made up
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of Fe, the element with the highest nuclear binding energypeleon and thus, further fusion is
energetically unfavorable. Exceptions of this are stath wimass at the zero age main sequence
Mzams Of less than 9 M. Here the collapse of the central region is stopped by theHaessure

of degenerated electrons before the critical temperaturf@$ion of He (0.08 M < Mzams < 0.5
M), Carbon (0.5 M, s Mzams < 7 M) or Neon (7 My < Mzaus < 8 M) is reached (see Figure
[2.1). In these cases the remaining star is called a whitefdWéD) 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 10* km. Thereafter the white dwarf cools down, if no mass trarfsten

a companion occurs (see Section 2.1.1).

The core temperature and density of stars in the mass rangeB\W4aus < 9 Mg is high
enough that atoms capture electrons before the neon butenmgerature is reached and emit
neutrinos, which leave the star instantaneously. Thissléa@ sudden decrease in pressure (see
Figure[2.1). Finally, this ends the life of such a star in aecollapse supernova (SN). For stars
with Mzams = 9 M, a similar process happens after Neon, Oxygen and Silicoariseld and
the core is composed entirely #fFe. At this stage the temperature in the core is high enough
to photodisintegrate Iron into Helium nuclei and the sulbsedgly emitted neutrinos cause an
instantaneous loss of pressure and a core-collapse SN iga®[2.1). Stars witiM > 100
M. are even hotter and become instable because of electranepogair creation after the
central C burningL()ALo_o_sJ_e;LeﬂdL,_ZQOZ), but also exploda aore-collapse SN. All these SNe
are defined as SN of type Ib, Ic or I, depending on the exigtemdack of H, He and Si lines
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in their early spectra (Vink, 2012). The current theordticaderstanding of SNe is summarized
in Sectior 2.11 and the evolutionary track for various masagsliscussed above, are depicted in
Figure2.2.

Stars loose mass during their evolution due to stellar wiiitisis, theitMzays is larger than
the mass at their death. For massive stars these winds &g thy radiation with mass loss rates
M < 10* Mo /yr (van Loon et al., 2005) that sum up to 50% mass loss in grgire life. During
the He burning in the core or in the shell (at the asymptotmgbranchM < 10° Mo /yr, e.g.,

a 5 M, star can loose up to 80% of its mass by winds. These mattepwstfire especially
important when investigating SNRs, because the SN shock wasweeping up this matter and
is responsible for the shape and size of the remnant (see)elo

Furthermore, about 80% of all stars are in systems with omaaye companions and there-
fore, the WD stadium does not have to be the death of a star.cdfrlaon-oxygen WD has a
mass close to the Chandrasekhar limit and accretes massfbamary star it explodes in a ther-
monuclear runaway (SN of type la). The current understandfrthermonuclear SNe will be
discussed in Sectidn 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 mashenthat lead to the explosion
of an SN: The thermonuclear explosion of C/O WD (SN type laj dre core-collapse of an
evolved star (SN types Ib, Ic, I). In the following the cumteunderstanding of the explosion
mechanisms are summarized including current estimatdsofrates.

2.1.1 Thermonuclear supernovae

In a thermonuclear SNe the energy comes from explosive aublérning rather than from the
released energy of the gravitational collapse in a corkjosé SN. Hence, it is called a ther-
monuclear SN. It is assumed that the explosion occurs whegmsaine WD accretes matter from
a companion and the mass exceeds the Chandrasekhar massThas, almost all progenitors
of SNe la must have similar evolution tracks with only someabrariations in the peak bright-
ness of the explosion and they can occur in almost all stelfsironments, because WD can be
found in young and old stellar populations. These conchssire observationally confirmed:
85% of all SN la have very similar peak luminosities, light\ves, and spectra. Moreover, SN la
are also observed in elliptical galaxies, which are thouglte old and have very little star for-
mation (Hakobyan et al., 2011). In the case of core-coll&gi$ealmost all events are observed
in spiral galaxies| (Hakobyan et/al., 2011). In addition, #meount of energy produced in the
conversion of 1.4 M of C,0 into Fe is in the same order as the observed energy oNala S
explosion of~ 10°! erg (Thielemann et al., 2004). Because their light curvesvary similar
these SNe can be used as distance indicBt@tss finding led to the detection of the accelerated
expansion of the universe (Perlmutter etlal., 1999).

Currently, the models that explain the measured propesfias SN la are the deflagration-
detonation transitions models (see Hillebrandt and NieanE000) for a review). In these mod-
els the WD ignites near the center; in the beginning the adiweethermonuclear wave moves
through the star subsonically (deflagration) and the staxpanding. At a certain point the
remaining star detonates and the nuclei are mostly fusedt¢omediate mass elements, e.g.,
Silicon (Vink,2012). This completely disrupts the WD andemmpact remnant is left behind.

The deflagration-detonation transition model is reasgnadell supported by observations,
because it can very accurately reproduce SN la spectragimctlirves which are dominated by
the radioactive decay GPNi into °6Co and finally into®®Fe. Additionally, the resulting nucle-
osynthesis abundances with respect to the solar valuer guod agreement with observations
(Hillebrandt and Niemeyer, 2000, and references therein).

However, it is still unclear in what kind of progenitor syst@an SN la can explode, because
WD are faint sources and thus, no progenitor system of an 3Mdaebeen observed so far. As
mentioned before, a WD must accrete matter in a close bingtes. But this still allows
several possibilities for the mass donor star: A second Waulfte degenerate system) or a

IModels with sub-Chandrasekhar masses for the WD have pnsbésplaining observations but could be re-
sponsible for low luminosity SN la (Hillebrandt and Niemey2000)

2An empirical relation has been found by Phillips (1993), ethielates the peak brightness of an SN event with
its post peak decline time, which allows a calibration ofpleak brightness.
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single degenerate system with either a main sequence owoaredwstar. To accrete matter onto
the WD it is crucial that the mass transfer rate is in a cemanye, because a higher rate would
lead to a common envelope phase which results in an unstadsde transfer and a lower rate
would lead to novae in which accreted matter is blown off thB.Warious channels that lead

to type la SNe are reviewed in Wang and Han (2012). An exanagpla table mass transfer is
given byl Hachisu et all (1999). They could demonstrate thAtDathat undergoes rapid mass
accretion can produce a thermonuclear SN, if it is staldllzga strong, optically thick wind.

With the advances made in X-ray spectroscopy it is now ptssibidentify SNRs of SN
la in our Galaxy or the close-by dwarf galaxies (SMC and LMCY#erent stages of their
evolution (a summary table of known SNR of SN la is given inRARO012)). The basic criteria
to distinguish between the SNR of a thermonuclear or colleqzse SN is the asymmetry of the
remnant (Lopez et al., 2009), the existence of a neutronastswciated with the SNR and the
yield of the most abundant elements in the spectrum of the. SNRhermore, with the detection
of light echoes of historical SNRs, e.g., the Tycho SNR of$iNeobserved in the year 1572, a
clear evidence for the type of the SN has been found, bechase tight echoes preserve some
of the spectra of the SN and it can be restored with differemaging in the optical wavelength
regime (Krause et al., 2008; Rest et lal., 2005, 2008).

As aforesaid, stars loose some of their mass at severalsstigig their life time: at the
main sequence, as red giant, at the asymptotic giant brarfobno a WD itself (van Loon et al.,
2005;/Kato, 1997). The companion candidates can have végratit wind properties which
shape their circumstellar medium (CSM) and leave imprintg.i By studying the CSM and
its interaction with a remnant of an SN la it is therefore palssto rule out some progenitor
systems. Many optically observed remnants have so-cal&oh&@-dominated shocks that are
only observable if the fraction of neutral gas is high (He2@10). Hence, a companion which
ionizes its surrounding can be excluded. Such sourcesas®tballed supersoft sourd@White
dwarfs can be observed as supersoft sources, if they adtydtegen-rich matter onto their
surface and burn it there (Kahabka and van den Heuvel, 199&ddition, investigation of the
X-ray spectra of various SNRs by Badenes et al. (2007) andddaki et al. (2006) led to the
rejection of the model of Hachisu et al. (1999) which was nwgr@d above, because no signs
for the large winds predicted by this model where found irstheemnants. Furthermore, a
detailed examination of the Kepler SNR led to the conclusiat the progenitor system was
composed of a C/O WD with a star located at the asymptotict dieemch ((Chiotellis et al.,
2012). Nevertheless, it is not clear whether the Kepler SN avaery particular event or the
prototype of an SN la, because of the unusual morphologyso&tiR.

2.1.2 Core-collapse supernovae

As explained in the first section of this chapter a star withassVzams = 8 My ends its life
in a core-collapse SN. The gravitative collapse releasenargy of the order of 8 erg and is
finally stopped when the core density reaches nuclear geAsithis density a proto-neutron star

3Supersoft sources are identified by their very soft X-raycspeand their high luminosities, which range from
10%6to 10%8ergs ™.
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or for the most massive stafglfavs = 25 M) a black hole is formed (Janka, 2012). Oriy1%

of the gravitational energy is used for the explosion, tmeai@ing 99% leave the star in the form
of neutrinos, which only interact with neutron star mattethie first 10 s when the proto-neutron
star is still very hot and dense (Mazure and Basa, 2009). wL&ines from SN 1987A in the
LMC (Hirata et al., 1987; Bionta et al., 1987), the closest@served with modern telescopes
support this theoretical prediction.

According to theory, matter from the outer stellar layers pulled inward, bounce back
from the proto-neutron star and create a radially propagainock wave after the collapse in the
center has stopped. However, in numerical simulationsstiigk wave is stopped by the outer
layers and cannot produce the observed SN. How a massiviinstiéy explodes is still an open
guestion and a field of intense research. Several mechahianesbeen proposed by which a
massive star explodes in a core-collapse SN. A good revieth@wrurrent status of modeling
core-collapse SN can be found. in Janka (2012). In the foligwihe most promising models and
how they can be tested by current instruments are summarized

A mechanism that is studied in detail is the neutrino heatibigre the main idea is that
energy is deposited in an accretion layer at a radius clogetproto-neutron star by absorption
of neutrinos leaving the proto-neutron star. This leadsdtmbal runaway instability that finally
triggers the SN. For example, this assumption was impleaaeoy Blondin et al. (2003) in the
so-called non-spherically symmetric standing accretioock model. It can explain neutron
star kicks with velocities up to 1000 kmi/s (Wongwathanatate 2013, and will be discussed
below in more detail), the asymmetries in the SNRs mentianeskection 2.1.1 and the high-
velocity clumps of inner-core elements in the outer laydrthe exploding star, as seen in the
SN 1987A (Hammer et al., 2010). Furthermore, simulatiormistihat in this framework spin
periods between 100 ms and several seconds can be achievadwWdthanarat et al., 2013)
and, if rotation of the collapsing core is assumed, even ghienated NS spin periods at birth
of ~ 10 ms may be reachable (Ott et al., 2006). However, the obdapin-kick alignment is
not reproducible in any simulation so far and the maximall@sipn energy and Nickel mass
obtained in this model is less than2 x 10° erg and below 0.1 M, much less than observed in
high luminosity SNe/ (Janka, 2012).

Other mechanisms, which can successfully explode a stén@armagnetohydrodynamic and
the acoustic mechanism. The former is based on the assuntpibcompressional amplifica-
tion of the non-radial magnetic field strength during cadkajnd secondary amplifications lead
to the explosive runaway (Wheeler et al., 2002) that caneexphe observed population of high
luminosity SNe. The acoustic mechanism is based on a segosldack which is initiated by
gravity-mode oscillations of the proto-neutron star cornamplitudes on the order of kilome-
ters that finally leads to a disruptian (Burrows etial., 2006)

For core-collapse SNe it is more difficult to compare sineddight curves and spectra with
observations, because of the diversity of observed SNe. eMervthere are some diagnostics.
As mentioned before the most abundant elements in type | &Niet@rmediate mass elements.
In contrast, yields in core-collapse SNe are dominated byetaments produced in the stellar
burning phases, e.g., Carbon, Oxygen. Thus, element yirlsisnulations have to match the
abundances measured for a core-collapse SN.

To date, other validation of core-collapse SN models canectsom studying Oxygen-rich
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SNR or the youngest near-by core-collapse SN 1987A (dedadsgiven in_Vink (2012) and
references therein). Another way to rule out unrealistieamllapse SN models is by inves-
tigating the proper motion of neutron stars. The averag@eronotion in three dimensions
of non-recycled NSs are- 400 kms* (Hobbs et al., 2005), which cannot be explained by a
binary breakup.(Janka, 2012). Additionally, a turbuleansfer of momentum between proto-
neutron star and shock shortly after the onset of the SN sigriocan be ruled out, because
the maximal velocity of an NS in this case 46200 kms! (Janka and Mueller, 1994). For
electro-magnetically driven kicks, where the NS is acegbst along its spin axis by radiation
from an off-centered rotating magnetic dipole a proper orotf 1000 kms?! can be achieved
(Lai,'2001). However, it requires a period of the NS~omilliseconds|(Lai, 2001), which is not
observed in young NSs. In the framework of the neutrino-retigriield driven kick model it
is assumed that a large magnetic field introduces an asyminetne neutrino emission (Lai,
20021). This model can only explain velocities of the orde25® kms* when a magnetic field
greater than 18 G is assumed (Lai et al., 2001). However, this magnetic fiehgth is much
higher than the measured values for most NSs. Another kiathareésm relies on anisotropic
neutrino emission, which could in general accelerate thédN@locities of~ 300 kms?, if the
neutrino emissivity is stable. This is not the case and theaml effect on the velocity is on the
order of 10 kms? (Janka, 2012, and references therein).

A more realistic calculation was presented by Burrows g28107) where they assume that
the NS kick is produced by strong anisotropic winds. Theideigrediction for the NS kick
velocity v is

Vi ~ 1OOOm5ETrg-sin(a) kms1, (2.1)
with the explosion energl in erg,a a parameterization of the explosion anisotropy. Here it was
assumed that the wind speed can be approximated by the speed.dn this model measured
proper motions of 1000 kms! can be explained with a large anisotropy in the explosion.

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

A
Vk ~540— = kms %, (2.2)
I'i,7 - Vs 5000

whereA_3 is a mass defect in units of 18 Mg that is moving with a velocitys soo in units of
5000 kms! away from the NS with an initial radius f 7 in units of 10 cm. Thus, a slowly
moving shell withvs ~ 3000 kms® can accelerate the NS to a velocity=eP00 kms..

2.1.3 Supernova rates

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

e Using the observed SN rate in Milky Way like nearby spiralagés (Sbc galaxies) and
scale it to the size of the Milky Way results in an SN rfs of 2.8+ 0.6 century?!
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with a systematic error of factor 2 (Li etlal., 2011). For codlapse SN they calculated
Bcc = 2.3+ 0.5 century .

e Measuring the abundance of the radioactive elerffitfrom massive stars in our Galaxy
(Diehl et al.} 2006) leads tBcc = 1.9+ 1.1 century L.

e Keane and Kramer (2008) fourfééc = 1.1+ 0.9 andfBcc = 0.8+ 0.4 depending on the
used initial mass functidh They also showed that the NS birth rate exceeds the SN rate
and therefore, it is possible that their Galactic SN ratedslow.

2.2 Supernova remnants

In the following sections, first the classification schemeS6iRs will be described and then
the current understanding of the evolution and the highgghemission mechanisms will be
summarized, in which the latter is crucial for the identifica as SNR and inferring fundamental
parameters of the SNR.

2.2.1 Classification

For only a few SNRs a clear distinction can be made betwedn phaeent SN, core-collapse
or thermonuclear. Therefore, in literature SNRs are grdupetheir morphology into shell-
type SNRs, plerions, composite and thermal-composite SiN&s Figuré 213 for examples of
the different morphologies). A shell-like structure isatied when the shock wave propagates
through the ISM and heats the plasma. Hence, an SNR that shasksa structure is named
shell-type SNR and this group includes most know remnanfdeAon is a non-thermal wind of
relativistic electrons and positrons, accelerated t@tritativistic energies by a rapidly rotating
neutron star (pulsar), also referred to as pulsar wind re®MVN; see Kargaltsev etial. (2013)
for a review and a listing of known PWN). Remnants with a PWNKr@unded by a shell are
designated as composite SNRs, but only a few of this kind bega detected so far. The thermal-
composite SNRs show a shell-like structure in the radio Eartithermal X-ray emission from
the center of the remnant.

2.2.2 Evolutionary states

The evolution of SNRs is divided into four states (Woltje9,72), whereéMg; is the mass ejected
with a velocityVy and total energg, Msy = 41ppR3/3 the swept-up mass witR the radius of
the shock frontpg the density of the ISM ande /dt 54 the energy loss per time:

Phase I: Ejecta dominated phaseMej > Msy. The ejecta, with a characteristic initial explo-
sion velocity of 5x10° km/s (core-collapse SN) to 1810° km/s (thermonuclear SN;
Reynolds| 2008), forms a blast wave. The matter behind xpsweding almost free and

4The initial mass function is the probability distributidmat a star at the zero age main sequence has an initial
mass in the range oh+dm
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Figure 2.3: The classification of SNRs by means of their morpholddgper left: The Kepler SNR (SN
1604) is a shell-type SNR with a size df Burkey et al., 2013)Upper right: Here the plerion or PWN
around PSR B1509-58 is showhower 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 SRDErts et all, 2003).ower right: The
remnant W28 is an example for a thermal-composite SNR. Adiges are false-color images with red
indicating a low energy, green a medium energy and blue adnighgy. In the case afthe optical image

is overlaid in gray and the radio image in orange. (Imagetesyr NASA CXC Photo album)
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is therefore cooling down adiabatically. Later, it is refeebby the reverse shock. A con-
tact discontinuity is formed between the shock-heated I8SM and the ejected matter.
This two-shock structure exists unllej =~ Msy,. At this point all ejecta are shocked and the
SNR will reach the next phase. Phase I lasts for hundredots#nd years depending on
the density of the ambient medium and on the ejected masslfieiand McKee, 1999).
The shock wave radiuR in this phase can be approximated®y] t™ (Chevalier, 1982),
with t the age of the remnant anal= (n— 3)/(n—s) the so-called deceleration parameter.
m can be measured by comparing the SNR radius of two or morehsp@ shed light
on the medium surrounding the SNR indicatedrbgnd the type of SNR itself]. It is
expected that = 10— 12 for core-collapse SNe amd= 7 for thermonuclear SN. Further-
more,s = 0 for a constant medium around the SNR anrd?2 for a medium shaped by the
progenitor’s stellar wind (Patnaude and Fesen, 2009). ¥ample, the core-collapse SN
1993J hasn= 0.845+ 0.005 (Marcaide et al., 2009) in agreement witk- 9 for a core-
collapse SN and= 2 for a circumstellar wind. In the case of the young SNR CassaA
m= 0.65+0.02 (Patnaude and Fesen, 2009), indicating a remnant bepieese | and ||
(see below) and = 2. Thus, studying the expansion or the proper motion of filzinef
young remnants provides an insight into the ambient mediuahttze SN itself.

Phase IlI: Sedov phaseMg; < Msw and [ de/dtodt < €. After several times the ejected mass
has been swept up, the evolution can be estimated by the Smdfiesimilar solution
(Sedov, 1959). Here it is assumed that the explosion is ati@tevolves in a uniform
medium with homogeneous density and radiative losses al@iide. The radius can be
expressed aB [ t%(5-9 (Culhane| 1977; Vink, 2012). Thus= 2/5 fors= 0 and if a
remnant is crossing from phase I to Il it should have a deagtar parameter close to 0.4
and 2/3, depending on the ambient medium as seen in Cassidpki the Sedov formal-
ism various fundamental parameters of the SNR can be estiijdte expansion velocity,
age of the remnant and distance (see set of equations iro8&cH and Section 6.3.2).
This phase lasts for up to tens of thousand of years, depgrmfirthe initial explosion
energy and the density of the ISM/CSM (Blondin etlal., 1998).

Phase Ill: Momentum conservation phaseAt a certain time in the evolution of an SNR the
cooling time of the shock-heated plasma is less than the fhe eemnant and radiative
losses cannot be neglected any more. This is due to fashgoafimatter located behind
the shock front, e.g., oxygen line emission (Vink, 2012).e®volution of the system
is then dominated by momentum conservation instead of gregservation; pressure
forces can be neglected. At the transition between Phagsallllathe post-shock tem-
perature is about PK, the expansion velocity is less than 200 km/s and the dext@e
parametem~ 1/4 (Vink,2012).

Phase 1V: 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 tethedr-
ature of the ISM the remnant merges with the ISM.

These discrete phases are an oversimplification and irtyrgadiSNR cannot always be so
easily assign a phase. Furthermore, different parts of aR 8idy have swept up different
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amounts of mass due to inhomogeneities in the surroundirdjumeand the explosion itself.

Therefore, it seems that some regions of the remnant maydiéferent phases, even though all
regions have the same age. For example, the SNR RCS 86, thabpeaemnant of the SN in

185 A.D., has an emission region in the southwest that seefns in phase 11l and one in the
north that is in phase | (Williams etlal., 2011).

2.2.3 High energy emission

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

Thermal X-ray emission

The shock wave of an SN is observable as hot, X-ray emittiagrph, which is in a first-order
approximation optically thin. Furthermore, the plasmaangg 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 absgattermal continuum emis-
sion by bremsstrahlung, recombination, two-photon preegsind line-emission from collision
excitation of ions|(Vink, 2012). In order to show how to extramportant properties of an SNR
these processes are summarized in the following, basedeoretiews of Mewe| (1999) and
Kaastra et &l. (2008):

e Bremsstrahlung or free-free (ff) emission is caused by tikson of an ion with a free
electron and the emissivigg is given by

_ hv
& =EM-gg(Te) Te 1/Zexp<—k—_|_) (2.3)
e

with the gaunt factogi ~ 1, the electron temperatufi and a normalization constant
called emission measufeM that depends on the electrog and ion densities; and
the ion chargeZ;. For abundances on the order of solar abundances or bElbins
dominated by electrons colliding with hydrogen (H) or helifHe) ions. ThusgM [0
NeYi niZi2 ~ Nghy. For young, and hence hot, SNRs this does not have to be theands
the continuum contribution of heavier elements must bertak® account. Moreover,
in X-ray astronomy the integral over the plasma volwhe measured in a spectral fit.
Hence,EM O f, nenydV /(4rd?), with d the distance to convert to flux units.

e Recombination or free-bound (fb) emission occurs when a électron is captured by
an ion and a photon is emitted (the reverse process of phagaition). It dominates the
continuum emission in some cases, e.g., for temperakgiigs= 0.1 keV it dominants the
spectrum aE > 1 keV.
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e Two-photon emission is caused by excitation of the metést2ad level and emission of
two photons when decaying into the 1s ground state. A normehyl from 2s to 1s is
forbidden by quantum-mechanical selection rules. Thd @targy of the two photons
is equal to the difference in energy between state 2s and d.& aymmetric spectrum
around this energy difference is measurable. This is inquaar important for H and He
ions and for a temperaturekeV < kg Te < 5 keV. This process can only happen when
the density is low enough that no collisional excitation ihigher state occurs before the
decay|(Mewe et al., 1936).

e Line emission is caused when an excited ion in sjatecays back into a lower statand
emits a photon with an enerdy = Ej — Ej. In SNRs the dominant process is collisional
excitation, in most cases electron-ion collisions.

All these emission processes have to be modeled when fittsjgeetrum of an SNR. As
mentioned before, in some cases SNRs have not reachedo@lisquilibrium. In young SNRs,
for example, after the shock wave changed its temperatuyerapidly, the plasma did not had
enough time to reach ionization balance again. This noiiliegum ionization (NEI) implicates
that the change per unit time of the ion concentratipwith chargeZ is given by the ionization
and recombination rate of ions with— 1 andZ + 1, respectively. These coupled differential
equations have to be solved numerically and the solutiontdvd® included when fitting the
spectrum. The time evolution of a plasma in NEI can be deedrly the so-called ionization
age of the plasmact, wheret is the age of the SNR. Nevertheless, it should be kept in mind
that the temperature measured in spectral fitting of NElmpéesis the electron temperature
and is in general not equal to the ion temperature. After amptareaches equilibridinit is
called collisional ionization equilibrium (CIE) and carmyfexample, be observed in clusters of
galaxies (see Bohringer and Werner, 2010, for a review)iaedolved SNRs. For typical SNR
temperatures (8keV < kg Te < 4keV) the time a plasma needs to reach CIE and thus, ion and
electron temperature balancenig ~ 102 cm3s.

Non-thermal X-ray emission

SNRs have typical magnetic fields of 10 to 50G (Hinton and Hofmann, 2009) and thus,
emit non-thermal X-ray emission by synchrotron radiatidnggrating relativistic electrons
(Ginzburg and Syrovatskii, 1965). With this magnetic fiettesgth the relativistic electrons
have energies of 10 to 100 TeV and thus, SNRs can be detectieelsatenergies (Nolan et al.,
2012). The non-thermal contribution to the X-ray spectrdraroSNR can best be described by
a power lawl O E", with the photo indexX .
Zirakashvili and Aharonian (2007) showed that high shodkaiies ( > 2000 kms!) are

necessary for SNRs to emit synchrotron radiation in X-rays leence, this process can only be
observed in young remnants. Finding more SNRs that show &mplaw spectrum can help to

Slonization equilibrium means that the net charge afterzatibn and recombination of an ion concentratign
with chargeZ is zero
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further constrain the emission mechanism in SNRs and exfiai reason why some SNRs are
only synchrotron radiators and show no or only very faintrie emission.

As aforementioned, SNRs are considered to be the main sofim@smic rays up to the
“knee’. Using the galactic cosmic ray density ef 1.8 eV/cn? (Webber, 1998) and the
average time the comic rays spend in the Galaxy, a total pofver 10*! erg/s is required
(Ginzburg and Syrovatskij, 1967). The only known Galactbearses that can be responsible
for such energetic particles are SNRs. With a rater@ per century (see Sectibn R.2) they pro-
duce~ 10* erg/s. Thus, about 10% of their total explosion energy mapaat for accelerating
cosmic rays.

Cosmic rays are thought to be produced by the so-calleddiicstr Fermi process or diffuse
shock acceleration (Bell, 1978). In this framework chargadicles, which have high enough
energies to pass the shock front, are repeatedly scattistically when crossing the shock
front. This is because of the presence of a turbulent magfiekil. Each time a particle crosses
the shock front its energy increases due to different plagtaities upstream and downstream
(Bell, 11978; Vink, 2012). More information can be found iretheview 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 observalbihe universe. Their densities can
reach values of more than 10 times the nuclear depsgity 2.8 x 10 g/cn?® (Tsuruta, 2009).
Matter at these densities is stable against the gravitationce because of the Fermi pressure
of the highly degenerated neutrons and protons (Yakovlewathick| 20045]. In addition, the
relative low temperature in addition to the nuclear denisityeutron stars cannot be reached in
laboratories. This can be illustrated in a phase diagramerevliensity is plotted against temper-
ature (see Figuffe 2.4). The experiments at the Large Hadotin€r (LHC) at Cern reach com-
parable energy densities, but at very high temperaturesharsgdlow matter densities. Currently
at the GSI Helmholtzzentrum fur Schwerionenforschungtaed-acility for Antiproton and lon
Research (FAIR) in Darmstadt a heavy-ion experiment i il which will explore matter at
higher densities as at Cern but with lower temperatureg$l(i2006). A detailed review of other
experiments to study the structure of dense matter can ImelfiouLattimer and Prakash (2007).
Therefore, matter at low temperature and several timesaudensity can only be studied in
neutron stars.

At an energy of- 3 x 10'° eV the cosmic ray spectrum changes its slope from a power Iwindex —2.7 to
an index of—3.1. This spectral feature is called “knee”.
A neutron star mainly consists of neutrons and only a feweugrof protons, hence the name neutron star
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The composition of a typical neutron star is shown in FiguBeehd is reviewed in Haensel et al.
(2007) and Yakovlev and Pethick (2004): It is expected thhirmatmosphere exists at the sur-
face of the star, which is made up of a plasma composed of iggdrdHelium and Iron nuclei.
This is the last scattering surface of photons coming frasrdmthe star and thus, determine the
observed spectrum and temperature, which is of high impoetéor exploring NSs, especially
if the cooling of these kind of objects with time is studiedhig'is a major part of this work
(SectiorL¥) and will be explained in detail in the next seattio

Below that layer four regions can be distinguished, whiclitémature are refereed to as outer
and inner crust and outer and inner core. The matter in ther @otist consists of ions and a
highly degenerated electron gas, which becomes relagidasp > 10° g/cnP. With increasing
density the nuclei can capture neutrons and become neutton This layer has a thickness
of ~ 100 m and at the boundary between inner and outer crust thetglépnp ~ 4 x 10t
g/c?. When the density exceedsp neutrons begin to drop out of the nucleons and thus,
the inner crust contains free neutrons in addition to aivéstic electron gas and neutron rich
atomic nuclei. Here, protons are in all probability a supaductor of type Il and neutrons in a
superfluid phase. The density at the base of the crust is &b, the density where nuclei
are disintegrated. This layer is about one kilometer thick.

In the outer core, where the density i$0 < p < 2pp, matter is in the so called n-pse-
composition, that is a composition of mainly neutrons andddition several percent protons,
electrons and possibly muons. All particles are stronglyeterated (Yakovlev and Pethick,
2004). This layer is several kilometers thick and if the &t a low mass the outer core reaches
to the center of the star. The discrimination in outer an@frmore has no physical interpretation,
it is only given by the fact that belowd the composition of a neutron star is reasonably well
constrained by theoretical modeling of nuclear matter aartigge physics experiments. Above
2po there are many suggestions for the constituents in the icorerand 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 compositiorhefitiner core. The main four

hypotheses are:

1. Nucleon matterNo inner core as in the case of low-mass stars.

2. Hyperons:At higher densities the chemical potential can be high ehdagreate hyper-
ons, e.g./\ andZ~ which are the lightest hyperons.

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

4. Quark confinementtn some theories it is predicted that above several timekauden-
sity a phase transition occurs and matter consists of demahfip and down quarks and
some percentage of strange quarks (Weber et al.,l 2009). eAetensities the neutron
and proton chemical potential exceeds the mass of up, dod/steenge quarks and thus,
neutron and protons may be broken up into their quark comstis.

Here points 2-4 are called “exotic” matter. The questiorh@y is it possible to determine the
actual composition of neutron stars and whether exoticenattneeded to explain the observa-
tions? Even if one massive star shows some indications oé&fample Quark confinement, this
does not rule out the possibility that the core of a less masgar is just made up of hadronic
matter. Many efforts have been made in the last decades todexsome of the possibilities
mentioned above and to combine observations with theatetiodels. In all these attempts the
starting point is the equation of state (EOS) of dense mdirause in nature only one EOS
of dense matter is realized. The EOS describes the depemdétite pressure on the energy
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Figure 2.6: Diagram of the non-rotating
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densitye and strongly depends on the constituents assumed in theot@® NS. As afore-

mentioned, foip < po the EOS has been calculated reasonable well, however atidsr@dove

nuclear density the EOS cannot be tested in laboratoriehasdo be modeled theoretically.
Thus, many different EOSs can be found in the literature ésanre shown in Figure _2.6) as-
suming different compositions and different particle ratgions. In addition, the Einstein field
equation for a spherical symmetric system has to be solvedittin the global structure of an
NS, because of the strong gravitational field introducedrbi&. This calculation results in the
Tolman-Oppenheimer-Volkoff equation (TQV, Tolman, 198&1penheimer and Volkoff, 1939).

Providing an EOS and assuming energy conservation, the Ed\be solved and a relation
between the madd and the radiu® can be obtained for the given EOS. Thus, using these two
most basic measurable quantities of neutron stars it islgeds rule out unrealistic EOSs.

The most precise mass determination is obtained by timingrpipulsars and measuring
of at least two relativistic effects. These effects areeeed inl Lattimer|(2012) and include
the advance of the periastron of the binary orbit, the oripéaiod decay due to the emission
of gravitational waves and the Shapiro delay, caused by tén@tgtional field of the compan-
ion. With this method more than 30 precise mass measurenerstpossible (Lattimer, 2012),
including the recently discovered, two most massive NS& BE514-2230 with D7+ 0.04
M. (Demorest et al., 2010) and PSR J0348+0432 widii2 0.04 M., (Antoniadis et al., 2013).
These two neutron stars can rule out many soft EOSs, whiamotaxplain such massive stars
(see Figuré 216) and set strong limits on the maximally cahB®S (Prakash, 2013). However,
Quark matter in neutron stars cannot be ruled out as statedthyner (2012). For example, the
simplified MIT bag model EOS (Chodos el al., 1974) can be @edbut more detailed studies
show that a hybrid star, where a first order phase transigétwden quark and nuclear matter is
possible, can produce a 2\star (Alford et al., 2013).

Even if a lot of progress has been made in constraining the, BO@®Righ-accuracy radius
measurement is available. And what is more important, nsaoas been inferred for any NS
with a very accurate mass measurement. Most observaticthbais to determine the radius of
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a neutron star are summarized in Lattimer (2012). For exentipé radius can be inferred from
the thermal X-ray flux of isolated neutron stars, where thenadization of the fitted blackbody
spectrum to such a starlisR?/D?, whereD is the distance to the source. However, the distances
have in most cases large uncertainties and the emissiot conrle from a hotter or colder region
of the NS surface. Only for a few sources the radius could t&mdd with high confidence (see
the caption of Figure 716 for a summary of known thermal engtiNSs).

Cooling

Therefore, many other ways to look for signatures of “eXatiatter have been proposed. One
very promising way is to study the thermal evolution (cog)inf neutron stars, that is the change
of the temperatur& with timet (see Figuré 217). The main advantage of this method is tleat th
temperature of an NS is easily extracted from the X-ray spectbf an NS and even upper limits
on the temperature can help to constrain the cooling (Bestkal:,l 1993b; Becker, 1995). In
addition, the age of NSs, which are observable as rotation-powered pulsarspe estimated
from their spin-down rates:

T=P/2P, (2.4)

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

dEn _ o dTs_
da ~ Vdt

This equation states that the luminosity emitted by neagrinom the whole stdr,, and photons
from the surface., = 47TGBR2TS4 (og Is the Stefan-Boltzmann constant ahdhe temperature
on the surface) must be balanced by a change in the thermajyeoententEy, of the star
and by some heating mechanidtintaking place in the star (reviewed lin_Page etlal. (2006)).
Ew is given by the product of the specific h&t = 5;Cy i and the temperaturg, where the
indexi of the sum denotes all constituent particles (electrongnmauneutrons, protons,.).
To obtain a cooling curve, th®l vs R relation has to be inferred first, as explained before.
However, for the cooling further input parameters have tedesidered: Besides the EOS and
the constitute particles, the most important factor thdemheines the cooling is the neutrino
emissivityq, = 25!+ g3V (see Table 1 in Page et/ al. (2006) for a summary of neutrinttiemi
processes and their time scales). The neutrino processetheinighest., is the so called direct
URCA (dURCA) process:

Ly —Ly+H. (2.5)

Bi — Bx+/+vy, (2.6)
Bo+¢ — Bi+vy. (2.7)

HereB; are baryons (neutron, proton) ahAds a lepton (electron or muon). Including this pro-
cess in cooling models shows that the thermal evolution o stiars is not consistent with data
(Tsuruta, 1998, Figure 15). Moreover, fBf = neutron the dURCA process is only allowed
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at high enough densities (Lattimer et al., 1991), otherilsePauli Exclusion Principle pro-
hibits it (Tsuruta, 2009). In this case the dURCA processiade be modified and a bystander
baryon has to be included in the process to ensure energy ame@ntum conservation. This is
the so called modified URCA (MURCA) process and reduces thssenty by more than six
orders of magnitude, letting the star cool more slowly. Hesveif some of the exotic matter
listed above is present dURCA processes are possible, butveimaller impact on the cooling
(Lattimer and Prakasn, 2007). Another very important asfpe¢he cooling is the pairing effect
of a degenerated system of fermions, including the neugmission from Cooper pair braking
and formation. This is discussed in detail by Page et al.42@009). In general, the pairing
reduces the cooling by neutrinos, because the pairing igetieally favorable and an energy
gap is formed. Hence, less fermions contributed soby proces$ 216 ard 2.7. However, when
the temperature is close to a critical temperature Coopebpaking and formation occurs and
neutrinos are emitted by the following process:

n+n— [nn) + v,vy, (2.8)

where[nn| denotes the formation of a Cooper pair. Thus, taking all tieistrino sources into
account and model the various layers in a consisted wayfisudif

The envelope of the neutron star is reasonable well modelddree models can be taken
from literature ((Gudmundsson et al., 1932; Potekhin etl&197). However, the interior has to
be solved numericalﬂ( adjusted to be continuous when reaching the envelope terctiaé star
is built has to satisfy the relativistic form of equation]2/ cooling scenario, termed minimal
cooling (Page et al., 2004, 2009) can reasonably well maiskrvational data (see Figure]7.6).
This scenario does not allow any dURCA processes from barymit the Cooper pair braking

8A cooling code, written by Dany Page taking into account nudsthe physics presented in this section, is
available ahtt p: /7 wwv. ast roscu. unam nx/ neutrones/|
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and formation process and all slow neutrino processessatiatludes effects on the cooling due
to uncertainties in the composition of the envelope and dubéd large magnetic field of NSs
(see below). In the former only a small fraction of heavy edais can significantly increa3e
(Page et all, 2004).

Mass

In the framework of the minimal cooling scenario, the effetthe NS mass on the cooling
is negligible, because all processes included in this moaet no energy or density threshold
(Page et all, 2004). This picture drastically changes itnreu emission via the direct URCA
channel is allowed. As mentioned before dJURCA processe®msepossible above a criti-
cal density [(Lattimer et al.,, 1991) and thus, it occurrenepethds on mass. Above a critical
mass neutrinos are emitted by the dURCA process and hercB3hs cooling down very fast
(Tsuruta, 2009). Below that mass limit the NS is evolving lik the case of the minimal cooling
scenario.

Magnetic field and rotation

For a complete modeling of an NS the strong magnetic feldp to 13° G and the rotatiorf
of up to 700 Hz has to be taken into account. In 2D simulatibesmpact ofB on the cooling
was investigated by Aguilera et al. (2008) and they showatl fiir B ~ 104 G the cooling is
significantly affected and has to be taken into account whedaing such a star. However, the
magnetic field has no effect on the composition (LattimerRrakash, 2007). Rotation signif-
icantly affects the composition, and thus the cooling, mly dor frequencies above 50% the
Kepler frequenc@(Weber et al., 2013a). The Kepler frequency depends on nmakis & 1000
Hz. Therefore, only a few known pulsars will show a changeoohposition by their rotation.
The understanding of cooling neutron stars has been braudlg step forward with the
rapidly cooling of the central compact object in the SNR @gs=sa A (Ho and Heinke, 2009).
In a later publication, Shternin et/al. (2011) found a dexbifithe temperature from 2.12 million
Kelvin to 2.02 million Kelvin in the time span from January@Dto November 2010. They
could also show that this decline can be explained by thetffi@ttheutrons recently become su-
perfluid, a result which was confirmed by Page et al. (2011 Bdaschke et l/ (2012). However,
Elshamouty et all (2013) claims that the error in the tentpeganeasurement is underestimated
because of the complexity of the bright and varying SNR bemlgd and thus the decline with
time is not significant. Therefore, more observations aszled 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 tempexatuthe order of million degrees
as shown in the last section. Thus, their thermal emissinrbealetected in the soft X-ray band.
On the other hand neutron stars are fast rotators with pefrodh milliseconds to seconds and

9The Kepler frequency is the maximal frequency at which acarrotate before it is disrupted
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have large magnetic fields from 4G to 10'°> G, which accelerates electrons to ultra relativistic
velocities. Thus, synchrotron and curvature radiatiorméted by the gyrating electrons. This
emission is the reason that neutron stars can be observadsasspand as non-thermal X-ray
sources. The first magnetosphere model was proposed bydsidmd Julian (1969), shortly
after the first detection of a radio pulsarlby Hewish et al6@)%nd was improved ever since. To
date, over 2200 pulsars are kn(@mManchester et al., 2005). However, the origin of the non-
thermal emission is still not fully understood and severatlgls have been proposed to explain
the observed radiation. In the following the current untderding of particle acceleration in the
pulsar magnetosphere and what observational proof thardasor of a model is summarized.

If the rotational and magnetic field axis are aligned, theelntz force on the charged particles
is larger than the gravitational force by more than 10 ordéraagnitude, because of the strong
magnetic field (Lorimer and Kramer, 20(@).Therefore, charges are pulled from the surface
and the neutron star cannot be surrounded by a vacuum (Gibidned Julian, 1969). This is
also predicted for a non-aligned rotator (Mestel, 1971).

The ambient plasma rotates at the same angular vel@cig the star, because it experi-
ences the same field as the interior of the star. Howevergasdkcalled light cylinder radius
R.c = Q/cof the neutron star the magnetic field lines break-up, becau®-rotation above this
radius would implyQ > ¢, wherec is the speed of light (see Figure2.8). In the region withetbs
field lines no particle emission is possible, because tlg®reis in a force-free state. Thus, all
non-thermal emission models of pulsars have focused onpée field lines. Two zones in the
magnetosphere of the neutron star were identified in whielidice-free state is locally violated
and hence, particles could be accelerated and photons étecrithese two zones are located in
the inner and other magnetosphere, where a depletion ohplasexpected. Furthermore, three
different models can be found in literature. These theosidisbe explained in the following,
based on the reviews of Harding (2009) and Lorimer and Krg@@94). They only differ in the
location where the particles are accelerated, but theysalime that the emission comes from
curvature radiation. The curvature radiation can be seengameralization of synchrotron radi-
ation, where the motion of the extremely relativistic paes follows the curved field lines. The
electron (or positron) will be accelerated transverse ¢ocilirved magnetic field lines and pho-
tons are emitted under a pitch a@elose to zerol(Lyne and Graham-Smith, 2005). Here the
curvature radius depends only on the geometry of the magfielti and the emission spectrum
dE/dt.

Polar cap The open field lines on the surface of the neutron star defiagdtar cap. In the
polar cap model an accelerating gap just above this polamitipa large residual elec-
tric field is predicted, where a dense electron-positron plaisma is required (Sturraock,
1971). Therefore, charged particles are accelerated imgapeto relativistic velocities
along the curved magnetic field lines and emphotons, either by curvature radiation
(Ruderman and Sutherland, 1975) or inverse Compton sicafi@augherty and Harding,

10A listing of all known pulsars can be foundfatt p: / / www. at nf . csi r 0. au/ peopl e/ pul sar/ psrcat/

The gravitational forceyay ON an electron at the surface Fgray ~ 10718 N and the electric forc&e ~
10°%,/(P/s)"1.P/10° 15N

12The pitch angle is the angle between velocity vector and migfield.
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1986). If the energy of a created photon exceeds twice thermass of an electron,

electron-positron pairs are created in the strong magfietttat the pair formation front

(see Figuré 2]9), leading to further production of photomd particles (see right side of
Figure[2.8) and an increase of the initial plasma densityrigyto three orders of magnitude
(Arendt and Eilek, 2002). It is thought that this secondaair plasma is responsible for
the observed coherent radio emission and that its resamarse Compton scattering with
infrared photons may explain the incoherent high energyssiom (Lorimer and Kramer,

2004). Therefore, a lack of such cascades can hamper the eadssion and a pulsar
would be radio quiet. In addition, these secondary prosess®/ be quenched by mag-
netic fields above a critical valuByi; ~ 4.4 x 1013 G (Baier and Katkav, 2007), which

could explain the lack of radio emission of magn@rs

Slot gap Here the acceleration occurs also in the polar cap regidmsiiilar electromagnetic
pair cascades. However, in any polar cap model a slot gapharacteristic feature which
cannot be avoided (Muslimov and Harding, 2003). The slotigaphigh-altitude accel-
eration region near the rim of the polar cap where the pamé&ion front approaches
asymptotically the last open field line and the parallel eledield E; — O (see Figure
[2.9). Thus, the electrons may be accelerated over longemndiss and radiaterays into
the outer magnetosphere, resulting in a beam, which is maader and less collimated as
in the polar cap model (Pierbattista et al., 2012). It shd@doted that Dyks and Rudak
(2003) developed a model (called the two-pole caustic myadeich is based only on ge-
ometric considerations and on the slot gap theory to exfilgtih curves of pulsars at high
energy.

Outer gap This particle acceleration region is a vacuum gap locatéigeabuter magnetosphere
at the so-called null line whei@ - B = 0, which separates particles with different charges.
This can be seen on the left side of Figlrel 2.8 where the oajgrigyclose to the light
cylinder. Because the charges change sign at the null lieeiafltowing charge would not
be replaced and thus, an extended gap occurs (Hollow| 19¢Bner and Kramer, 2004).

L3Neutron stars with strong magnetic fields ab&g are called magnetars and can be observed as anomalous
X-ray pulsars (AXPs) and soft gamma repeaters (SGRs). SaafREsposito (2011) for a review.
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Figure 2.9: lllustration of the slot gap in the
pulsars magnetosphere. The figure shows
high-altitude acceleration gap near the rim
the polar cap wher&; — 0 and the pair for-
mation front approaches asymptotically the It
open field line at high altitudeAésg indicates
the slot gap thicknessép sg the colatitude at
the center of the slot gap and the magnetic
field axis. (taken from Muslimov and HardIn
(2003))
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The resulting electric field accelerates electron-posipairs downwards to the surface,
which then radiateg-rays tangential to the magnetic field lines by curvatureatazh
and synchrotron emission (Lorimer and Kramer, 2004). Ndoradission is expected to
come from outer gap models (Lorimer and Kramer, 2004). Arepion might be the
Crab pulsar/(Lorimer and Kramer, 2004). The relevant preeesre different than for
polar cap models and the most important factor here is thal lmagnetic field, which
is much weaker than on the surface. Thus, higher Lorentoifagtare needed to emit
photons.

Furthermore, in the pulsars magnetosphere the energy éfeeipirays are limited, due to
pair creation when the magnetic field reaches high values nmximal energy of a photon
Emax O 1/B, with B the magnetic field. Thus, the highest energies can be fouttuefst out in
the gap. For example, this can be seen in the Crab pulsarewiemain pulse iy-rays comes
before the optical main pulse (Abdo et al., 2010a). Henealyshg the difference in the pulse
arrival time can help to distinguish between the three n®detcribed above.

Additionally, the outer gap spectrum should extend to higimergies and thus, a simple dis-
crimination between polar cap and outer gap is possiblelnyystg pulsar at GeV energies. In
the last years a large progress was made in this energy regitimehe Large Area Telescope
(LAT) on-board of the Fermi satellite (Atwood et al., 200Hfter three years of scanning the
whole sky in the energy range 20 MeV to 300 GeV, about 123 gamnayaulsars were detected
above 0.1 GeV (see Tallle B.1). This large sample allows fpuladion synthesis by comparing
their global properties with model predictions. Pierlsa#tiet al. (2012) used the three models
polar cap, slot gap and outer gap to created a simulatedrpdgalation and compared it with
the Fermi LAT data. Their finding was that the outer gap modsi ldescribes thg-ray pul-
sar population, because the predicted luminosity and bésercan easily explain the observed
pulsars, whereas in the case of the slot gap and polar capl thegecannot. Nevertheless, all
models fail to explain the number of Fermi detected pulsaits ligh spin-down luminositg.



Chapter 3

The supernova remnant Puppis A

The content of this chapter is adopted from the referred mpeptitled “The Proper Motion of
the Central Compact Object RX J0822-4300 in the Supernowan@at Puppis A’ published in
The Astrophysical JourngBecker et al., 2012) to which | contributed the data analgsid the
drafting. In addition, this chapter contains a draft of theay and optical study of the western
part of this remnant, which will be submitted Astronomy & Astrophysics

In this chapter | address the proper motion of the centralpamnobject RX J0822—-4300
in the supernova remnant Puppis A. Furthermore, | will amave question, is there a second
supernova remnant overlapping Puppis A? The detailed sksmol of the results is presented in
Chaptef 8.

3.1 Introduction

There has long been broad consensus that core-collapsesuge - the explosions of massive
progenitors that produce Types I, Ib, and Ic events at ledsave behind a compact stellar
remnant: either a neutron star or a black hole. Numerousaler@mpact objects (CCOs) have
been found within supernova remnant (SNR) shells (cf. Be(x@09) for a review), including
near the centers of all three of the “oxygen-rich” SNRs (éhatth optical filaments dominated
by ejecta that stem only from core-collapse supernovaehenGalaxy: Cas Al (Tananbaum,
1999;| Chakrabarty et al., 2001), Puppis|A (Petre et al., 1966 Figuré 3]1), and G292.0+1.8
(Hughes et all, 2001; Camilo et al., 2002b).

Observations of proper motions for these CCOs, and of thetsepominated filaments, pro-
vide the opportunity to investigate the dynamics of corbapse explosions, as imprinted on
the compact remnant and the ejecta. Anisotropies and/alarigets appear typical of the
ejecta distribution from core-collapse explosions. Thase predicted from two- and three-
dimensional models for core-collapse SNe (e.g., Burroved £1995] Scheck et al., 2004, 2006;
Wongwathanarat et al., 2010), and have been observed inra# bf the Galactic oxygen-rich
remnants. Asymmetries in the ejecta distribution are tydseked to the recoil of a CCO through
conservation of momentum: if the explosion expels ejectdepentially in one direction, the
CCO must recoil in the opposite direction. One expects #usif 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 rec
green, and blue component of th
image corresponds to the 0.3-0.
keV, 0.7-1.0 keV and 1.0-8.0 keV |
band, respectively. The data ar
Gaussian-smoothed to an angule
resolution of 10 arcsec and the in
tensity scale is square root. The |
blue dot in the center is the CCC
RX J0822-4300. (taken from
Dubner et al.[(2013))
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Puppis A, where Winkler et al. (1988) found that all the Visigjecta knots are moving generally
toward the north and east.

Following the discovery of RX J0822—-4300 near the centerugs A (Petre et al., 1996),
measuring its proper motion and recoil velocity was of obgiinterest, and observations with
this goal were carried out early in the Chandra mission. Wee lpaeviously done two inde-
pendent studies of the proper motion of RX J0822—-4300 in eqigbapers:. Hui and Becker
(2006), henceforth HB0O6, and Winkler and Petre (2007), atmth WP07. Both these papers
were based on the same three epochs of data from the ChandraveiRhe 5.3-year period
1999 December—2005 April, and both measured a motion taotidwest, as expected, but with
surprisingly high velocity: HB06 measured= 107+ 34 masyr?, while WP07 found 165
25 masyr?, corresponding to a transverse velocity of 14227 kms ', or 1570+ 240 kms %,
respectively, if we take Puppis As distance as 2 kpc. Botts¢hvalues are large compared
with the typical birth velocities for pulsars ef 500 kms! (Caraveo, 1993: Frail et al., 1994;
Hobbs et al., 2005). Furthermore, a recoil velocity muclydarthan 1000 knms' challenges
models for producing pulsar kicks. Therefore, we have ua#ten this joint follow-up study,
taking advantage of Chandra’s unique spatial resolutidh avtime baseline twice as long as for
our previous measurements (see Sedfion3.3.1).

Furthermore, the Puppis A supernova remnant is one of th¢ shadied SNRs, because of
its apparent large size of 6050 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 ymguliar region for supernova
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remnant research, where, in addition to Puppis A, two mopesiova remnants are seen to be
located in a~ 10 degree small part of the sky. All three remnants, interglst are believed
to be physically unrelated, partly overlapping each othst by chance along the line of sight.
There is no other place in our Galaxy where this is seen. hsdherefore to be a big surprise
that there might be even a forth remnant located at the edte dtuppis A remnant.

Dubner et al.|(2013) studied the Puppis A SNR in detail in thea)Xregime with XMM-
Newton and Chandra (see Figlire]3.1). They confirm that thgutar structure of the remnant
is due to the evolution of it in an inhomogeneous intersteladium and that a broad band with
crosses the remnant from northeast to southwest is causausbyption of foreground gas.

However, Dubner et al. (2013) did not discuss a emissiororelgicated at the western side
of the remnant. This almost perfectly circular shaped enisteature was already noticed in
archival ROSAT HRI data. It is reminiscent of a shell-typ@awmova remnant which is laying
by coincidence on the edge of the Puppis A SNR. The locatidhisfcircular structure at this
position does not fit to the overall shape of the remnant atvéstern side. This brings up
the question what has caused this peculiar feature. Is itipent of shock/cloud interactions
as suggested by Dubner et al. (2013) for a southwesternréeatus it indeed a second SNR
which is just by coincidence close to Puppis A. In SectionZtBese questions will be answered
with the help of an archival X-ray observation with XMM-Newt, images of all-sky surveys
in the radio and infrared wavelength regime and deep opblesérvation 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 éas bbserved on four occasions
with the High Resolution Camera (HRC), the first of these iI@d®ecember. The first three

observations have been already archived for several y&esause of the importance of RX
J0822-4300 and the somewhat discrepant results found by ldB® WPO07, a new observation
was proposed and carried out 2010 August, 10-11. The new\@tgm was carried out as two

consecutive ObsIDs, with exposure times-ofi0 and~ 38 ks, with no intervening repointing,

so they we have merged the event data for these in our andlysatotal exposure of 78.9 ks.

All observations are summarized in Tablel3.1.

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

Instrument Obsld 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 observatiortshame reprocessed the events
using thechandr a_r epr o script. This and all subsequent analysis has been carrtagsog
CIAO 4.4, and CALDB 4.4.8 to ensure that the latest corredtioave been applied uniformly.

At the ~ 2 kpc distance of Puppis A, a 1000 km'stransverse velocity of RX J0822-4300
would result in a proper motion of onky 0.1”yr—1. Even for Chandra, whose absolute aspect
resolutio] is ~ 0”6, the measurement of such a small proper motion is a challdrartunately,
there are three nearby X-ray sources whose positions ayewedl determined, since all cor-
respond to optical stars in the UCAC3 (Zacharias et al., @@ 2MASS |(Cutri et all, 2003)
catalogs. Both HB06 and WPO07 used these stars for astrancetriection in their analysis of
the 1999- 2005 data. We summarize their properties in Tablé 3.2 usiegame nomenclature
as in HBOG6. All three sources are detected with high sigmfteain the 2010 observation. Using
wavedet ect we determined their position and count rates, includingéhaf RX J0822—-4300,
as listed in Table_313. An image depicting their locatioriatiee to RX J0822-4300 is shown in
Fig.[3.2.

Table 3.2: Position, proper motion and angular distance of astromggference stars near to RX J0822—
4300 as listed in the UCAC3 catalag (Zacharias et al.,[2009).

Designation Position (J2000.0) Proper Motion od
Short 3UCAC R.A. DEC URA. Hpecl.
(hms) (dms) mas yrt masyr! arcmin

A 094-058669 08 21 46.292(1) -430203.64(5)}-143+20 —-36+55 2.8
B 095-060051 08 22 24.003(3) -425759.37(2) .084.0 102+20 5.3

Table 3.3: Properties of the astrometric reference stars

X-ray? OpticaF
ObsID Epoch Source R.A. DEC Counts  Rate R.A. DEC
(hms) (dms) cts/ks (hms) (dms)
749 1999.97 NS 08 2157.411(01) -4300 16.63(01) 2544 257.0
A 08 21 46.295(10) -43 02 03.26(17) 46 4.6 082146.292(01) 0203.64(02)
B 08 22 24.008(25) -42 57 59.58(17) 46 4.7 082224.003(03) 57489.37(04)
C 08 21 48.874(18)  -43 01 28.13(26) 13 1.3 082148.876(06) 01433.33(09)
1851 2001.07 NS 082157.390(01) -430016.91(01) 5005 256.5
A 08 21 46.316(09)  -43 02 03.77(11) 70 3.6 082146.291(01) 0203.64(02)
B 08 22 23.930(21) -42 57 59.38(20) 139 7.1 0822 24.003(03) 2 57459.36(04)
C 0821 48.880(17) -43 01 28.62(28) 11 0.5 082148.870(07) 01438.33(09)
4612 2005.31 NS 08 2157.374(01) -430017.07(01) 5596 261.6
A 08 21 46.297(08)  -43 02 03.70(08) 91 43 082146.285(02) 02483.66(05)
B 08 22 24.006(11) -42 57 59.60(23) 57 2.7 082224.003(04) 57439.31(05)
c 0821 48.881(22) -43 01 28.40(26) 7 0.3 082148.849(10) 1433032(11)
11819/12201 2010.61 NS 08 2157.329(01) -430017.38(01) 2915274.7
A 08 21 46.268(08)  -43 02 03.93(07) 132 4.0 082146.279(03) 3 02403.68(08)
B 0822 23.979(13) -42 57 59.60(23) 96 2.9 082224.003(07) 57489.26(06)
C 08 21 48.853(22) -4301 28.68(17) 21 0.6 082148.822(14) 03438.31(15)

Notes.(?) 10 uncertainty of the last two digits in parentheses.

Inttp:/7cxc. harvard. edu/ cal / ASPECI/ cel mon/
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Figure 3.2: The 2010 epoch Chandra HRC-I image with reference souraefRxnJ0822—-4300 marked
by circles. NS marks the position of RX J0822-4300; A, B andh& of the fiducial stars used as local
calibrators for absolute astrometry. The field measures%drgmin and is oriented north up, east left.

In order to achieve the highest accuracy in measuring theepnmotion of RX J0822-4300,
we followed the method described§B.4 of WP0O7 with some improvements: we first measured
the X-ray positions of RX J0822—-4300 and the reference #taB and C in each of the three
archival datasets and in the 2010 observati@iA.1). The X-ray and optical positions of the stars
were then used to transform the respective images of ea@naiti®n to an absolute reference
frame §3.2.1). This procedure is necessary in order to include tRE+$ observation into our
analysis, as there are small systematic effects and offs#is rotation between the HRC-I and
HRC-S detectors (WPO07). The transformation coefficientsrd@ned this way were then used to
derive the position of the neutron star at the corresponejpagh. We calculate the error budget
exactly, rather than use the approximate method of WPO&twhads to somewhat larger errors
for the corrected X-ray positions of RX J0822—-4300 in the:92005 data when compared to
their work.

Spatial analysis

In order to determine the position of the three references stad RX J0822—4300 we first gen-
erated a point-spread function (PSF) for every source i ef¢he four observations. This
is required as the PSF broadens for sources at larger cffaangles, leading to a larger posi-
tion uncertainty when using theavedet ect tool. These positions were then used as input to
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ChaRT3 which computed the PSF for a point source at any off-axisean@lhe computations
were performed by generating 10 rays ffior a peak energy of either 1.5 keV (WB & TP, the
same as used by HBOG6) or 1.0 keV (FW, as in WPQ7); the resuhBfes are virtually identical.
The rays were then projected onto the HRC detector u\s‘lialg@ to create an image of the PSF.

We obtained best-fit positions for all three reference stadfor RX J0822—-4300 at each
of the epochs usin§herpa Chandra’s modeling and fitting pack%eWe followed theSherpa
thread “Accounting for PSF Effects in 2D Image Fitting”, imigh a simulated PSF is convolved
with an assumed source model to produce the best fit to thalastgervational data. For each
of the sources, we used a 2-D Gaussian model whose width veaseéba small value—in most
cases equal to the bin size used in the images—so that srraikio fluctuations in different
PSFs and in the data did not lead to divergence. In our indkgreranalyses, we used binnings
of 0.5x 0.5 and 1x 1 pixel for RX J0822-4300, andx 1 and 2x 2 pixels for stars A, B, and
C. In each case a PSF was constructed WM#rx to match the bin size for the data. Because
of the relatively low count rates for the three referencesstae used the C-statistic to measure
the goodness of fit. To obtain uncertainties, we usedStherpaprocedurer eg_pr oj to map
out 1o, 90%-confidence, and2contours in(x,y) detector coordinates. In every case, the best
fits obtained with different binning choices were consistbat smaller bin sizes generally gave
somewhat smaller uncertainties.

Early in our data analysis we found a subtle software bug éttmerpapackage for CIAO
version 4.3. By defaulBherpawas using the brightest pixel in the PSF-image as the referen
point for the convolution, regardless of the PSF-inputipms specified to the task at the com-
mand line. For near on-axis sources, the brightest pixdhiays very close to the nominal PSF
center, but there can be significant displacements for acedbat is a few arcminutes off-axis,
with direction differences that depend on roll angle. Thig hppears to be a long-standing one,
and was apparently at work in the analysis reported in WR&7twio of us (WB & TP) were
able to approximately reproduce those results for the 48¥% data. (HB06 used a different
approach that did not involve PSF fits, so the result theyrtedavas not affected.)

The Chandra Help Desk was able to identify this bug and eadlgtprovided us with a
workaroundd, which WB & TP have then used for all subsequent analysiss Warkaround
has been incorporated into CIAO version 4.4, which PFW hasl tis give essentially identi-
cal results. There are other differences between both t86-2@ analyses and the present one
that relate to the data themselves. Subsequent to therearhg/ses, there has been a complete
reprocessing of all the Chandra data. Differences inclgdeal improved aspect files and up-
dated values for the degap corrections, detector gain fengkescope effective focal length. As
noted earlier, the present analysis has incorporated aktalrent wisdom regarding telescope
and instrument performance.

The fitted X-ray positions of RX J0822-4300 (labeled as NS) @t of the three fiducial
reference stars are listed for each of the four observaiiofable 3.8, along the respective HRC
counting rates.

2Chandra Ray Tracent t p: // cxc. har var d. edu/ char t /i ndex. ht m
Shttp://space. m t. edu/ CXC/ MARX/

4ntt p: /7 cxc. harvar d. edu/ sher pa/

Sseeht t p: // cxc. har var d. edu/ sher pa/ bugs/ pst . ht m
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Transformation to the world coordinate system (WCS)

In order to determine the position of RX J0822—-4300 relatovéhe three reference stars we
assume a linear transformation with four free parameteasistations in Right Ascensiotia,
and in Declinationtpe), a scale factor, and a rotation of the detectér The transformation
can be expressed in the following way:

XA —ya 1 0 r cosd Xp
yaA Xa 0 1 rsin@ | [ Ya
X8 —yg 1 O traA o Xf3 ’ (3.1)
Ys X8 0 1 tpecl Ya

wherex;, y; is the x-, and y-position of starin the HRC image at epoch andx,, y, are the
corresponding optical coordinates of stailhese coordinates are given by the UCAC3 catalog
and are corrected for proper motion (see Tablé 3.2 and TaBje Bve used stars A and B to
calculate the transformation and star C to verify the r@sgipparameters. Multiplying equation
[3.1 with the inverse of the matrix leads to the missing patersg, ty, r and6. The position of
RX J0822-4300 at epoch can then be calculated straightforwardly by the followiogation:

X, rcosd -—rsinf XNS tRA
< y’zs) o < rsin@ rcosf ) < VNS ) + ( tpec ) (3.2)

Calculating the transformation gives a rotation an@leof —0.061(31)°, 0.076(28)°,
—0.018(27)° and 0000(29)° and a scale factarof 1.00059(60), 1.00182(52), 1.00044(40) and
1.00033(45) for the epochs 1999.97 (HRC-I), 2001.07 (HRC2805.31 (HRC-I) and 2010.61
(HRC-I), respectively (numbers in parentheses representmcertainty in the final digits). The
values ofr and 8 for the HRC-I observations match within ther error and are significantly
smaller than these for the HRC-S observatitgn andtpeq Used in the translations of the po-
sition of RX J0822-4300 from the image- to the world coorténsystem are all below.9".
Indeed, the largest shift is@9’ for the y-coordinate in the 2010 HRC-I observation. The posi
tions of the neutron star in the four epochs are listed in&l@b}.

To estimate the error in the coordinates of RX J0822—-430Wised the Gaussian elimination
algorithm to solve equatian 3.1 foy ty, r and8. We then inserted these parameters into equation
[3.2. This results in equations f&j;5 andyy s that depend only on values with known erroxs;

YA, X8, YB, Xa, Ya, X5, Y5, XNs andyns. The uncertainties in these two neutron star coordinates at
each epoch can then be derived through straightforward propagation:

IX\s 2 ) oxXys 2 oxXys 2 )
o o [ ZDNS 3.3
Ps \/< X ) T ( Oy ) Tt <5YNS) s (33)
The same formula is applicable fog/NS. The corresponding values are listed in parentheses
in Table[3.4.
To check the robustness of our results we applied severss-aioecks. We first repeated the

transformation using the fiducial points B & C rather than A &Te positions of RX J0822—
4300 obtained this way are also listed in Tabld 3.4 for comspar As can be seen, they have




36

The supernova remnant Puppis A

Table 3.4: Positions of RX J0822—-4300

Epoch Ref. Stars R.A. DECY
(hms) (dms)
1999.97 A&B  082157.403(11) -430016.80(13)
B&C  082157.409(16) -430016.72(21)
2001.07 A&B  082157.398(10) -430016.74(10)
B&C  082157.403(15) -4300 16.65(22)
2005.31 A&B 08 21 57.363(08) -430016.93(10)
B&C  082157.349(19) -430016.92(22)
201061 A&B  082157.343(08) -430017.08(11)
B&C 082157.312(21) -430016.99(18)

Notes.(?) 10 uncertainty of the last two digits in parentheses.

larger errors than using the reference stars A & B (becaaseCshas only a few counts at each
epoch) but match the other positions within thee Uncertainty range. Using the combination of
stars A & C rather than A & B leads to large errors, as A and C acatkd quite close to one
another and are in approximately the same direction relativkRX J0822—4300. In a third test
we calculated the position of RX J0822-4300 by applying @nyo-dimensional translation of
the four images. We weighted the shifts of the three referatars inversely as the variance and
calculated their mean for every epoch. The results for tis#ipa of RX J0822-4300 differ for
the HRC-I observations by at most 0.4 pixel from the onesutated according to equatién B.1.
For the HRC-S image the difference in xas1 pixel, though this is mainly due to systematic
offsets between the HRC-S and HRC-I detectors. This is aen § we compare the scale
factors and rotation angles which we computed for the HRGdIFHARC-S observations.

3.2.2 XMM-Newton

The western part of the Puppis A SNR was observed with the ERb@&ras (Strider etlal., 2001)
on board of the X-ray observatory XMM-Newton (Obs.ID 0308%31) for 38.2 ksec. The two
MOS and the PN camera were operated in full-frame mode ubiaghin filter. We used the
XMM SAS version 12.0.1 to reprocess and reduce the data. b$ereation was affected by high
particle background radiation. Therefore, times of higbKgaound activity were identified by
inspecting the light curves of the MOS1/2 and PN data at éeeebove 10 keV. After removing
these times, the net exposures of the PN, and MOS1/2 camerasé® ksec, and 10.6 ksec,
respectively.

For the spectral fitting, we used the X-Ray Spectral Fittiagkdge (XSPEC) version 12.7.0u.
Single and double events were selected from the PN data egié $o quadruple events from the
MOS data sets. Below 0.4 keV, the detector and telescopemssps 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 Fieldgler (WFI) at the 2.2 m
MPG/ESO telescope at La Silla, Chile on March 2012, 14-15% @kposures were taken with
the Hy + [NII], [SII], and [Oll1] filters for 10800 s, 3600 s, and 36039 In addition, the same
region was observed with the broadband filters for the viandlred band with an exposure time
of 300 s.

For the reduction of the data we made use of the Theli pak(ﬁgtben et al., 2005). All
frames were bias-subtracted and flat-field-corrected uaisgt of flat-field taken in twilight.
Furthermore, a superflat was generated and a collapseztorravas applied. All observations
were taken in photometric nights with a seeing betweéhand ¢'9.

All given uncertainties represent the tonfidence 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 basefi3&86 days we used all
four positions obtained from the observations between 2398nd 2010.61 and fitted a linear
function toxyg(T) andyyg(T) separately:

xns(T) = UxT + consg, (3.4)

yns(T) = py T +consy. (3.5)

In these fits the projected proper motion coordinakeand i, were taken as free parameters
for which we finduga = —63.6+11.9 masyr! andupeq = —31.2+13.2 masyr?, implying a
total proper motion ofiot = 71+ 12 masyr?. For the position angle we find 24411 degrees,
in excellent agreement with the position angle of 243 degeseimplied by the location of the
optical expansion center (Winkler et al., 1988). The cqroesling transverse space velocity for
RX J0822-4300 i$672+ 115)d, kms™1, scaled relative to a distancedf = d/2 kpc.

Figure[3.8 shows the actual data for RX J0822—4300 at the tHRC-| epochs, after align-
ment to a common coordinate system, and Figure 3.4 showsdiegssion of RX J0822—4300
and the linear fit to its positions as measured by Chandra.

3.3.2 Isthere a second supernova remnant in Puppis A?
X-ray emission

Five regions were selected for spectral analysis: Regiondl5awere used for extracting the
spectrum of the peculiar feature, region 2 and 4 for the specdf Puppis A and region 3 for the
spectrum of the central bright emission region. This isstllated in Figuré_315. All spectra were

6Seeht t p: // www. ast ro. uni - bonn. de/ t hel i /..
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Figure 3.4: Four positions of RX J0822-4300 measured over a baselin88#f @ays. Their & position
uncertainty is indicated. Observation dates are labelelde gray shaded bar depicts the direction to
the remnants optical expansion center, i.e. to the birtbeptd RX J0822—4300. The straight blue line
indicates the CCQ'’s proper motion path as fitted from the fmsitions. 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 mgifor spectral analysis
and the background region are indicated by circkRight: Model spectra of the five selected regions. To
show the difference between the spectral shapes the spéatrgion 2 to 5 were scaled by an arbitrary
factor. In addition, for the spectrum of region 1 the errorshaf 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 shoakmpk model (in XSPE@PSHOCK)
as used by Katsuda (2003) when studying the X-ray emissi®uppis A. The results are listed
in Table[3.5.

The element abundance was studied in detail to find cleaardiftces in the emission proper-
ties between the regions of interest and the Puppis A SNRhiabreason emission-line equiva-
lent width (EW) images were created by following the methedatibed in Hwang et al. (2000)
and Park et al! (2002). The resulting images in the lines o@,[Fe L, Ne He&xr, Mg Hea, Si
Hea, and S He are shown in Figure_3.6. For the image generation the sanmrgyebands for
the selected lines and the underlying continuum are used ldatsuda/(2003). All images are
binned with 20 and smoothed by a Gaussian kernel with- 60".

Optical emission

Figure[3.7 shows images of the western part of Puppis A taktémthe H, + [NII], [SII], and
[OllI] filters. Here the continuum emission was subtractelibfving the method described in
Waller (1990) in order to allow a clear detection of the filarhstructure. In all three images no
difference in the strength and size of the filaments betwieemdgion 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 differenioregin the western part of Puppis A.

#  Ny[10%2cm 2]  kgT[keV] 19[10' s/cn?] CIN/O/Ne/Mg/SilFé Norm’[1072cm™®]  x2/d.o.f.
1 047+001  034+001 09401 3.1(5)/1.4(1)/1.0(-)/1.0(-)/0.4(1)/0.5(1)/0.4(1) 1404 645/350
2 0344001 0434001 13+0.1 1.0(-)/0.3(1)/0.5(1)/0.8(1)/0.4(1)/0.4(1)/0.3(1) 7504 1307/457
3 0354001  028+001 22403 1.7(3)/0.9(1)/0.7(1)/1.0(-)/0.4(1)/0.8(1)/0.4(1) 6305 594/334
4 0284001 0554001 14+01 1.0(-)/0.2(1)/0.4(1)/0.7(1)/0.5(1)/0.6(1)/0.4(1) 3202 7871443
5  038+001  031+001 12402 4.2(5)/1.1(1)/1.0(-)/1.0(-)/0.5(1)/0.7(1)/0.7(1) 7203 434/258

Notes.(?) ionization timescalé®) Abundance with respect to the solar value, truncated to ihiedécimal

digit. A —

. . .. . 14
indicates that no deviation from solar abundanees mferred () Norm:m [ nenydV,

whereD, is the angular diameter distance to the source in crnarsehdny are the post-shock electron
and hydrogen densities in crf respectively.

Figure 3.6: EW images for O Ly, Fe L, Ne H&xr, Mg Hea, Si Hexr, and S Her scaled with increasing

intensity from green to yellow. All images are overlaid witle XMM-Newton X-ray contours.
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Figure 3.7: The western part of Puppis A observed at a wavelength ardumdéit + [NII], [SII], and
[Olll] emission line. The filaments are shown in yellow. Athages are overlaid with the XMM-Newton

X-ray contours.
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Radio, infrared and y-ray emission

Using data from the Sydney University Molonglo Sky Survek&SS, Bock et al., 1999) at 843
MHz we found an arc matching the southern feature. Howewediffierence to the emission
from the whole remnant is observable. In addition, data ftbenWide-field Infrared Survey
Explorer (WISE| Wright et all, 2010) was used to investigageregion in the infrared regime at
22 um. The infrared and X-ray emission region of the western éxdye a perfect match and no
difference is noticeable. Furthermore, the Puppis A SNRlmaseen irny-rays with the Fermi
Large Area telescope (Hewitt et al., 2012). Therefore, vepécted the Fermi archive, but no
emission in this region can be seen.

3.4 Summary

Two previous proper motion measurements of RX J0822—-48@0rporating the same Chandra
HRC data sets, produced discrepant results. HB06 foundeeprootion of 10435 masyr! at
a position angle of 240t 28°. WPQ7, using a different analysis approach, found a corelidie
higher value of 16525 masyr? at a position angle of 248 14°. A combined analysis, incor-
porating a new deep observation and a total time baselireet@as long as available previously,
yields an improved value that is smaller than either of the pablished numbers, but at a posi-
tion angle consistent with both. We now find with high conficera value for the proper motion
of 71+ 12 masyr?! at a position angle of 244t 11°. For an assumed distance to Puppis A of
2 kpc, the proper motion corresponds to a tangential vel@i6 72+ 115 kms . This smaller
velocity eases most challenges that RX J0822—-4300 prdyipased to pulsar-kick models, but
still requires a hydrodynamic kick model in a highly asymnwoeéxplosion. Considering the
proper motion based age estimate as a second and indepemeksurement to the one inferred
from the motion of optical filaments, it can be averaged to044550 yrs which implies that
Puppis A is slightly older than the generally accepted 37480 y

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

The detailed discussion of the results is presented in @H&pt



Chapter 4

Supernova remnant candidates In
the ROSAT All-Sky Survey

This chapter is adopted from a paper draft, which will be sii@ehtoAstronomy & Astrophysics

4.1 Introduction

Supernovae (SNe) mark the end of stellar evolution of massiars as well as the beginning
of stellar evolution by enrichment and decompression ofitiberstellar medium. Our solar
system showing imprints in metal abundance of an SN is a veog @xample for this process
(Gritschneder et al., 2012). Thus, it is crucial to underdtthe processes happening in such
cataclysmic events.

However, only seven Galactic supernovae have been obsetredistorical records in the
past two millennia — SN 185 (RCW 86), SN 386 (G11.2-0.3), SBG1GN 1181 (3C58), Crab
SN, Tycho SN, and the Kepler SN. Ancient Chinese astronomeexaded several other guest
stars, but for most of them no solid identification with a kmosupernova remnant has been pos-
sible so far|(Green and Stephenson, 2003). Moreover, ira§tedD0 years no SN has been di-
rectly observed in our Galaxy (Green and Stephenson, 200@&ason for that is the interstellar
dust which leads to visible-band extinction of the supeandwor example, the supernova Cas-
siopeia A (Cas A) which exploded about 300 years ago may betothis group. No widespread
reports of Cas A exist in the literature of the 17th centufyfartmann et all, 1997). A more
recent example is the youngest supernova known in our Gaaky9+0.3, which was totally
missed by optical observatories about 100 yearslago (Resyebhal., 2008).

Therefore, the best possibility to study SN is to observé tieennants which are detectable
for more than 16 years (e.g., SNR W28 has an age~08.6 x 10* yrs and is detected in X-
rays (Rho and Borkowski, 2002)) over a large range of thetrelsagnetic band: First, from
the emission of the remnant in the radio band which is mostlised by synchrotron radiation
to the emission in the infrared band by, for example, staatelly or thermally heated dust
(Pinheiro Goncalves et al., 2011). Second, from opticaksion due to the cooling of shocked
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interstellar cloud material in the case of evolved remnéfgsen et all, 19385) to ultraviolet and
X-ray emission which arises from thermal radiation (Bldiak,|2006). And finally emission in
the high energy regime up to 1 TeV (see Reynolds (2008) forerdetails about the different
emission mechanism). Up to now 274 supernova remnants ialaxy are known. However,
the majority of supernova remnants that have been idensiiddr were found in radio surveysin
which the observations are unhampered by interstellar(@rsen, 2009, and references therein).

However, the expected rate of SN in our Galaxy is 1 to 3 perurgriKeane and Kramer,
2008). Assuming that the lifetime of an SNR in which it is birignough to be detected is a few
10 to 100 kyrs there is a discrepancy by a factor of 2 to 5 betwbserved and expected SNRs.
As the SNR rate is well established the discrepancy is piglatplained by the fact that the
radio sample of SNR is not complete. Physical reasons whahprevent a remnant from being
radio bright and hence being missed in radio surveys arexamele:

e An SN-shock wave, which expands within the hot phase of tiv &#d reaches a very
large diameter until it has swept up sufficient mass fromakedensity gas to form a radio
shell. In this case density inhomogeneities in such a laogignve will cause distortions in
the shell and make the identification as an SNR rather difficuparticular in the presence
of confusing unrelated emission from the same area.

e An SN-shock wave, which expands in a very dense medium wasldltrin a rather short
SNR life-time, because material is quickly swept up and eated. Such an environ-
ment is likely to be relevant, e.g., for massive star memb&@B-associations that are
surrounded by dense molecular clouds and warm gas. Evengdineir short lifetime
such events are difficult to identify within the strong thatmadio emission from those
regions.

Given these selection effects in radio surveys and the tietecof previous un-
known SNR in the X-ray band (e.q., Pfeffermann and Aschemb®896; Busser et al., 1996;
Asaoka and Aschenbach, 1994; Asaoka et al.,|1996; Egger 298b| Folgheraiter et al., 1996)
it was an obvious task to start searching for SNR and SNR dateh in the X-ray band by using
the ROSAT All-Sky survey. It was the first all-sky survey merhed with an imaging X-ray
telescope. Buf3er (1998) founegd400 SNR candidates in the RASS data, which Schaude| et al.
(2002) reduced to 210 candidates after a re-processinged®A8S data and a correlation with
various multi-wavelength source catalogs. The RASS regesing with more stringent param-
eters removed many spurious sources from the data and thusl@d a clearing of the candi-
date list (Voges et ali, 1999). From their candidate listes@vsources have meanwhile been
confirmed as SNR_(Jackson et al., 2008; Prinz and Becker,; ZRdBerts and Brogan, 2008;
Stupar et al., 2007; Tian etlal., 2010; Prinz and Becker, |128t@gan et al., 2006). Moreover,
Schaudell(2003) claimed the identification of another SNBigihated with G38.7-1.4 in the
RASS data with the help of a deep radio observation with thel$tferg 100 m telescope.

In the last ten years new sky surveys in various wavelengghmes were conducted and
X-ray telescopes with better spatial and spectral resmiutvere launched. Therefore, we re-
analyzed the candidate listiof Schaudel et al. (2002) invtoisk. In Sectio 4.2 we describe the
used observations and data reduction. In Se¢tidn 4.3 wemtrasdetailed analysis of selected
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candidates with archival pointed X-ray observations aeathrrelation of the remnant candidates
with catalogs and images in the radio, infrared, opticgl, HV and y-ray band. In the same
section the final candidate list and a detailed descriptfggramising and identified candidates
is given. In Section 4]4 we conclude by focusing on the fuprespects of this project.

4.2 X-ray observations and data analysis

The X-ray data used in this paper originate from the ROSAT 34 Survey, observed with
the Position Sensitive Proportional Counter (PSPC, BndlRfeffermann|, 1986). The PSPC
provided a moderate energy resolution of 0.43 keV at 0.93 kefkld-of-view of 2 and a
spatial resolution of- 25" in pointing mode|(Briel and Pfeffermann, 1986). The deteutas
sensitive to incoming photons with an energy of 0.1 to 2.4, ket suited for the search for new
SNR, because the expected temperature of these objectesriing several million Kelvin for
evolved remnants te- 10’ K for young SNRs.

The RASS was the first all-sky with an imaging telescope instbfeé X-ray band. The main
part of the survey was carried out in 1990 and 1991. The expdsues varied betweex 400
and 40000 s in the ecliptic plane and the poles (Voges! et29)1 Furthermore, the average
spatial resolution expressed in form of FWHM (full width alhmaximum) in the scan mode
was approximately 90(Boese| 2000). We used the archival RASS data reprocesskbdhei
Standard Analysis Software System Il (SASS III) version. @[]

To identify the supernova remnant candidates in the RASgénave first created a list of
extended (with a diametat > 5') and unidentified X-ray sources which are at low Galactic
latitude (b| < 15°) based on the analysis of BuRer (1998) and Schaudel ((20@63ddition,
this list contains the objects, which Schaudel (2003) otmirto be no SNRs. The net counting
rate for the SNR candidates were obtained by subtractingablkground events from the events
extracted in a ellipse around the source position and digitlly the effective exposure time. In
some cases we had to adjust the position of Schaudel|(20038ube the morphology of some
sources changed slightly in the SASS Ill processing. Thidracind contribution was calculated
by averaging the counts of six regions around the sourcgéipsvhich had the same area as the
region used for extracting the source counts and had no stheces in it.

The relative low exposure of a few hundred seconds for mass$ p&the Galactic disc and
the poor spatial resolution of the RASS data do not allow fqualitative spectral analysis of
these sources in order to identify them as SNR by their X-raypimology and spectral source
properties. Therefore, only a quantitative study couldédxqumed to discriminate between e.g.,
Galactic and extragalactic background sources.

First, we determined if the sources are indeed extendedeamisgly extended spherical
sources in the RASS. For that we applied the growth curveyaisa{GCA) of Bohringer et al.
(2000) which was designed to characterize Galaxy Clustef3ly) in the RASS. The GCA
method determines the probability of a source to be extendHus is done by comparing

LAccess to various public archives of X-ray observatoriedeun
http:// heasarc. gsfc. nasa. gov/ cgi - bi n/ WBBr owse/ w3br owse. pl
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the expected cumulative count profile for a point sourceuidiclg the background contribu-
tion with the cumulative and unbinned photon count profiletred source with the help of
the Kolmogorov-Smirnov (K-S) test. The expected profilehdd ROSAT RASS point-spread-
function was taken from Boese (2000). The probability ofsharce exten®ey; is then defined
asPext = —l0g;o(K-S probability) and the energy band with the highest signal-to-noise rati® w
used for the calculation. Only those sources VA > 2 were kept in the list of SNR candi-
dates. This criterion was used for RASS selected GCls andtsdas a misclassification rate
of about 5% |(Bohringer et al., 2000). Two examples are shiowkigure[4.1. In the upper di-
agram the X-ray count profile of 2MASS J15472911-3754581atqu, which was listed in
Schaudel/(2003) as SNR candidate G337.2+13.0 and iderasi@adint source with an archival
ROSAT HRI observation. In the lower panel the profile of G38.4 can be seen, which is a very
promising candidate (Schaudel et al., 2002). The proltglafithe source extend By = 0.3
for G337.2+13.0 an@.y; = 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 atal4@noise ratio$/N) greater
than 50 in the soft, hard or broad ROSAT band. The variableis defined asog = 1+
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\/Cog+ 0.75, wherecpg are the background counts. This criterion ensures that okgnaund
feature is included by chance. The candidates, which BaMe< 50 and a counterpart in other
wavelengths are also included in the list.

In the next section the cross-correlation of all candidatiéls catalogs and archival observa-
tions in the radio, infrared, optical, ultraviolet, X-ragay-ray band is explained. The reason for
this correlation is to remove already identified sourcemftbe final list. For example, HIl re-
gions or GCls would be extended sources in the RASS, but wwaud one or more counterparts
in other wavelengths which may be already identified. In Wsk we put more emphasis on
correlating the X-ray contours of the SNR candidates withges in other wavelengths to ensure
that the X-ray contours match the position of the presumeatimterpart 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 instrusnesed in this work. These surveys
and instruments will be described in more detail in the follm sections.

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

Survey/Telescope band sky coverage Ref.
SUMSS radio (0.843 GHz) b< -3¢ 1
NVSS radio (1.4 GHz) b> —4¢ 2
Effelsberg Survey radio (2.695 GHz) b> —-4¢ 3
PMN radio (4.85 GHz) b<+10 4
87GB radio (4.85 GHz) O<b< 70 5
Effelsberg 100 m radio (4.85 GHz) - -
WISE IR (12 and 22um) > 99% of sky 6
ESO DSS2red optical (65080 nm) 98% of sky -
SuperCOSMOS H(6590+25nm) -75<d<+25 7
Ib| < 10°
SHASSA H, (656.3 nm) —90° < 0 < +15° 8
GALEX UV (154 and 232nm)  ~ 30000 ded 9
ROSAT X-ray (0.1-2.4 keV) - 10
XMM-Newton X-ray (0.15-15 keV) - 11
Fermi LAT y-ray (0.02 - 300 GeV) whole sky 12

References. (1) |Bocketal. [(1999); (2)._Condonetlal.. (1998); (3)__Reichlet £1984);(4)
Griffith and Wright (1993); (5) Condon etlal. (1989); (6) Whicet al. (2010); (7). _Parker etlal. (2005); (8)
Gaustad et al. (2001); (9) Morrissey et al. (2007); (10) Baiel Pfeffermann (1986); (11) Strider et al.
(2001); (12) Atwood et al! (2009)
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Pointed X-ray observations

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

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

In addition, Tablé 412 lists all used data sets and Tlableuh#zarizes the results of the spa-
tial analysis of these observations. With the exception23%8-2.5 all used data are taken with
the ROSAT PSPC. The FWHM of the PSPCB PSF in pointing mode/ig3¥ /95" /140" /190"
at an off-axis angle of'924' /36 /48 /57 (Boese, 2000). We verified if the candidates observed
with ROSAT are extended by applying the GCA method (see &&di2). The resulting prob-
ability is also given in Tablé_ 413. The ROSAT data was redus@l the HEASOFT software
package, version 6.11.

After extraction of the source and background counts theltieg spectra were binned to
have about 10 to 15 spectral bins in order to oversample ta&RISAT PSPC spectral channels
at most by a factor of three. The spectral fitting was done With X-Ray Spectral Fitting
Package (XSPEC) version 12.7.0u. Only for one candidateasleehough counts for a detailed
spectral analysis (G265.8—7.1). Additionally, we anatittee spectra of G38.7-1.4 and G309.8—
2.5 because Schaudeal (2003) claimed that G38.7-1.4 isdrel&NR and G309.8-2.5 is listed
as SNR candidate In Duncan et al. (1997) where it is designaitih G309.8—2.6. In this cases
we fitted various absorbed spectral models to the energgitdisbn: A blackbody spectrum,

a power law model, a model of a collisional plasma which is am4equilibrium and allows

a temperature evolutiotGNEI, Borkowski et al.; 2001), a hot diffuse gas modglHEKAL), a
model for a collisionally-ionized diffuse ga8PEC) and a thermal bremsstrahlung model. The
results for all fits with an reducegl? less than two and reasonable fit parameters are listed in
Table[4.4. Here we added the information on the integratelddgen column densitiy toward

the sources derived by Kalberla et al. (2005) which inddtihe candidate is of Galactic origin.
The derived values fdly are based on HI emission line measurements at 21 cm andodfer t
entire hydrogen column density in the line of sight.

In the case of G309.8-2.5, the SNR candidate in Duncan €297}, two XMM-Newton
and one Chandra observations are available. All three readulsar PSR J1357-6429 as target.
First, we checked if the X-ray emission of the pulsar is resgae for the X-ray emission seen in
the RASS. We used the spectral parameters derived by L enBooenard et al. (2011) and con-
verted it to a PSPC count rate using the web-interface of thi@abBle, Interactive Multi-Mission
Simulator (WebPIMMS), version 4.Th. This resulted in a count rate ef 0.02, whereas the
count rate in the RASS hard band idR+ 0.03. Therefore, we started with the analysis of the

LAccessible undént t p: // heasar c. gsf c. nasa. gov/ Tool s/ wW3pi mrs. ht m


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

4.3 Results and discussion 49

Table 4.2: Used archival pointed observations.

candidate Detector Obs.ID  texplter” offsef’
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-| 10880 60.0/- 4
XMM-Newton 0306910101 14.9/- 4

Notes. @ Exposure time on-axitxp and on sourcees ) Off-axis angle between source position and
pointing of telescope.

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

candidate R.A. DEC extent countrate Payt
(J2000)  (J2000) arcmin 10 2cts/s

G38.7-1.4 19:07:05 +04:30:35 1511 5.0(6) 11.4
G35.9+6.6 18:35:15 +05:24:23 98 4.3(4) 10.7
G176.0-11.8 04:51:38 +25:28:04 1%7 3.9(6) 8.3

G265.8-7.1 08:22:11 -49:30:29 512 15.3(5) >40

Notes.(® calculated in the ROSAT hard barl@. not enough counts for spectral analysis.

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

SNR candidate Model \¥ Ty /T x2(d.o.f) fo1_24
10?2 cm—2 keV/- ergs cm?s!
G38.7-1.4 bb 04%3, 019733 15.16(11) 76x 10712
N8 =9.1x 10%%em2  gnei 0203, 0.2133 13.99) 68x 10712
Raymond 001°97,  1.3+02 15.6(11) 26x10*?
brems 06°3, 0323  152(11) 64x10°
G265.8-7.¢ bb 02401 013733 13.0011) 21x10°%!
N8 =4.1x 10%%em™2 MEKAL 0.67°%, 014709  16.2(11) 70x10710
gnei 05%3, 0147952  12.7(9) 19x 10710

brems ~ 044°33, 017+£0.03 13.3(11) #4x101°

Notes.(?) energy range restricted to 0.44-2.04 keV
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archival data. However, the first observation with XMM-Newis contaminated by soft proton
flares and the Chandra observation has a much lower setysitian the XMM-Newton obser-
vation. Analyzing the second XMM-Newton data set (obs.ID3BB0101) with the help of the
XMM-Newton SAS and the XMM-Newton Extended Source Anah&idtware (XMM-ESAS),
both in version 11.0 and removing all point sources we foun@xcess emission surrounding
PSR J1357-6429 which matches the RASS contours (see Eid)re 4

Radio band

For the comparison of the X-ray emission regions with radiages we used the NRAO VLA
Sky Survey (NVSS, Condon etlal., 1998) for source with a datibn & above—40°. For
sources withd < —40° we made use of the Sydney University Molonglo Sky Survey (S3yi
Bock et al.; 1999). Both surveys had a resolution df.46 most cases this data was sufficient to
search for correlations. However, for remnants with anrexteger than 1 and to look for faint
radio emission we compared the X-ray contours with the datart in the Parkes-MIT-NRAO
surveys (PMN, Griffith and Wright, 1993) and the 4.85 GHz sukywsy (87GB, Condon et al.,
1989). These surveys have a resolution’df FWHM) and have the advantage of a lower noise
level. For extended sources, which have an extend of sewaed the resolution of the survey
or are faint close to the noise level this is more importaahthaving images with high spatial
resolution.

To describe the presence or absence of radio emission cdramgdhe candidates in the final
list we use the following classification scheme: (1) goodtpmsal match between the radio and
X-ray contours, (2) extended radio emission within or clas¢he X-ray position of the SNR
candidate, (3) no radio emission and (4) only point-likersea within the extent of the X-ray
emission. These radio flags for every candidate is listecibie[A.1 and Table Al2.

In five cases we detected contours in the radio band whichdgeed match with the X-ray
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Figure 4.3: RASS images of the remnant candidates which have a goodgmagitmatch between its
radio and X-ray contourdJpper left: G38.7-1.4 with Effelsberg 4.85 GHz contour lines at 80, 1141,
170, and 200 mJIyJpper center:G55.6+2.0 overlaid with PMN 4.85 GHz contour lines at 5, 1%, 20,

25, 50, 75 and 150 mJyipper right: G83.2+6.9 with NVSS 1.4 GHz contour lines at 0.7, 0.8, 1.0, 1.
and 1.3 mJy.Lower left: G309.8-2.5 with radio contours of the SUMSS 0.843 GHz suatey/5, 1.25,

2, 2.75, 3.5, and 10 mJy,ower 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, G3@03Band G321.7-3.5. Their X-ray
images with the radio contours as overlay are displayedgnrei4.3.

Additionally, for G38.7-1.4 and G83.2+6.9 we found two avahEffelsberg observations.
Both sources were observed in July 2001 for 1.8 hrs and 1 hrthét Effelsberg 100 m telescope
at a frequency of 4.85 GHz. These data sets were analyzedeastde in Schaudel (2003).

Infrared

The correlation in the infrared regime was done with the loélihe public available images of
the Wide-Field Infrared Survey Explorer (WISE, Wright et &010) where the whole sky was
observed at 3.4, 4.6, 12, and 22n with an angular resolution of/&, 64, 65, and 120,
respectively.

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

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

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

Optical band and Hg

The lorass positional accuracy of the RASS sources-id3 and the maximal extent of bright
sources in the RASS is2 dMQg_e_s_ej_dlL_lQEQ). However, there is still the posgipdf having a
point-like source, e.g. a young star, producing an extesdedce in the RASS. To exclude this
possibility we correlated the position of the SNR candidathich had an extent of less thar 30
with the SIMBAD databageand the ESO DSS2red images and searched for bright sourtes wi
a visual magnitud¥ of less than 12 within a box of lengthogass

Moreover, in the course of analyzing the candidate list dfa®clel (2003) we found sev-
eral candidates which seem to be extended in the RASS butistregveral point-like sources
when using high-resolution images of archival X-ray obagons. For example, this is the case
for the massive star-forming complex NGC 6357 (Wang et 807b) which was denoted with
G353.2+0.9 in Schaudel (2003).

Therefore, we added an optical flag in the resulting candilists to indicate if two or more
point-like sources with a visual magnitude less than 12 atieimthe X-ray bright region. This
is indicated with a level 2 flag. Level 1 corresponds to no nibes one optical sources with
V < 12" and no source witR < 10M29 within the X-ray contours. A level 3 flag was given
for candidates with an extent greater than 8@t had a good positional match between bright
emission region in the DSS2red images and the X-ray contours

2http://si nbad. u- strasbg. fr/ si nbad/
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In addition, we investigated the existence of filament stmgs using the H, SlI, and OllI
emission lines. In March 2012 and Mai 2013 some of the sontbeurces were observed with
the Wide Field Imager (WFI) at the 2.2 m MPG/ESO telescopedbilla, Chile. The exposures
were taken with the K + [NII], [SII], and [OIlIl] filters with an exposure time of 36Ds. In
addition, the broadband filters for the visual and red bantewsed with an exposure time
of 300 s. However, a source was only observed with the [Shgl OIII] filter if filamentary
structures were seen with the,H [NII] filter. For the reduction of the data we made use of
the Theli packa&(Erben et al., 2005). All frames were bias-subtracted andiélld-corrected
using a set of flat-field taken in twilight. Furthermore, aeddlat was generated and a collapse-
correction was applied. Finally, the continuum emissioms wabtracted following the method
described in Waller (1990) in order to allow a clear detattbthe filament structure.

For the remaining southern sources we made use of the puhbiiailable AAO/UKST Su-
perCOSMOS H survey (Parker et al., 2005) at a wavelength of.65992.5 nm. This survey
covered the sky at-75° < & < 4+2.5° and Galactic latitude ofb| < 10° with a resolution of
~ 1”. For all other sources located southd 15° we correlated the X-ray contours with the
Southern H-Alpha Sky Survey Atlas (SHASSA, Gaustad et AD]12. This survey covers the sky
between+15° < d < —90° at an angular resolution ef 0/8. In the case of the other remaining
sources we made use of a full-sky, kihap (Finkbeiner, 2003). However, with its @WHM)
resolution we were not able to search for filamentary strecigsociated with an SNR.

Using the WFI images and these surveys we detected five SN&Rdedes, which shows
some filamentary structure around the X-ray contours (sgeré&id.b): G38.7-1.4, G290.4—
1.9, G295.4-3.0, G312.4+4.8, and G319.8-2.0. Howeveth®SNR candidates G290.4-1.9,
G295.4-3.0, and G319.8-2.0 the correlation between therred X-ray emission and filaments
is only weak.

uv

To search for correlations between the candidates andesourthe ultraviolet (UV) we used the
Galaxy Evolution Explorer (GALEX, Morrissey et al., 2007Mhis survey covered about 30000
ded of the sky in the far UV at 1350-1780 and near UV at 1770-273¢h wispatial resolution
of 4’3 and 3'3. No extended source was detected in the images matching-tag contours
of the SNR candidates. In addition, we did not find any brigkt $burce matching the X-ray
position.

y-rays

To find matches between the SNR candidatesyaral/ sources we used the Fermi Large Area
Telescope (LAT) Second Source Catalog (Nolan 2t al., 20IRis 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 t® eV and monitors the
whole sky approximately every three hours. It has an eneggendent PSF with a FWHM of
~ 1° at 1 GeV. Therefore, the position of LAT sources is only knamith a high uncertainty of

3Seeht t p: // www. ast ro. uni - bonn. de/ t hel i /.
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Figure 4.5: WFI Hy + [NI] images of G38.7-1.4d), G290.4-1.9¢), G295.4-3.0), G312.4+4.8¢),
and G319.8-2.0ff overlaid with the contours of the RASS X-ray emission in tehiAdditionally, SNR

candidate G38.7-1.4 is shown in [SIH)(and for this source the Effelsberg radio contours are adued
yellow.
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Figure 4.6: The distribution of the 73 RASS SNR candidates across theky sources with an extent
of less than 30are indicated by circles. Here the red circles show caneiglathich had a signal-to-noise
ratio less than g, but have counterparts in other wavelength regimes with pigbability. Candidates
with an extent of 30to 60, 60 to 120, and greater than 12@re presented by plus, cross and star signs.
The image shows an Aitoff-Hammer projection in Galacticrcatates.

the order of several arcminutes. We searched for sourcd®inatalog whose position is less
than 3 times the positional uncertainty in tjp@ay coordinates away from a remnant candidate
of our list. We found one match, G309.8-2.5. However, thiay source designated with 2FGL
J1356.0-6436 is associated with the pulsar PSR J1357-6428dine-Goumard et al., 2011).

The lack ofy-ray emission from the SNR candidates can be explained bpdbe spatial
resolution of the Fermi-LAT telescope which makes it hardigginguish faint extended sources
from the diffuse emission of the Galactic plane. From the R7dwn 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 candidateswidver, after applying the selec-
tion criteria introduced in sectidn 4.2 regarding the ektdre signal-to-noise ratio of the sources
and having a counterpart in other wavelengths a total of fheat candidates remained, which
we will discuss in the following section.

Figurel4.6 depicts the distribution of the remaining RASSRSdndidates, plotted according
to their position in Galactic coordinates. Table ]A.1 andl&&h.2 list the coordinates, count
rates, hardness ratios and flags of all remaining SNR catediddter correlation with archival
observations and catalogs. The list is sorted by the Galéatitude of the source. Tahble A.1
contains 73 high significant SNR candidates, whereof 4641@nd 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 Sectign 4.2 and are lisseparately in Table Al.2.

The standard ROSAT hardness ratitR1 andHR2 are defined the following way:

B-—A D-C

HR1=_—-, HR2=

4.1
B+A’ D+C’ (4.1)
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whereA,B,C andD represents all counts in the ROSAT PSPC channels 11-4105252-
90, and 91-201, respectively. For bright sources theseesatan give hints on the origin and
the temperature of the source. For example, a source witlpositive hardness ratid$R1 and
HR2 is strongly absorbed and/or has a high temperature ofaewdlion Kelvin.

4.3.3 Candidates of special interest

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

(G38.7-1.4: This candidate was first mentioned by Schaudel et al. (208@)ck&imed to be an
SNR by Schaudel (2003). Moreover, based on its emissioreifighwavelength regime
itis listed as an SNR candidatelin Sabin etlal. (2013), whesalesignated with G038.7—
1.3. It shows X-ray emission in the RASS with an extent dfX430. Based on the fits
to the two ROSAT PSPC data sets (see Se¢tion]4.3.1) we canthatithe origin of the
X-ray emission is thermal. The inferrédy places the source within our Galaxy. In the
infrared regime extended emission can be seen in the direofithe remnant candidate
which does not correlate with the X-ray bright region.

In both, the Effelsberg Galactic Plane 11 cm-survey and thetpd Effelsberg 6 cm data,
we detected the incomplete radio shell (see upper and mpddiiel in Figuré 4]7), which
matches the X-ray emission region. The total flux in the Bliefg Galactic Plane survey
at 2.695 GHz is 7 + 0.3 Jy. For the calculation of the spectral indexwe used the
T-T plot method|(Turtle et al., 1962) and the definitiBh= Sv—9, whereS, is the flux
density at frequency. Using the T-T plot method has the advantage that a differisét

in the two wavelengths is taken into account. In this metbidd determined by plotting
the flux densitys, of all map pixels in a given spatial region for the two freqciesv; and
Vo against each other. Both images were convolved with the e@am. The slopea of a

linear regression fit to the data yields the mean spectrakind= |0£|](28£73/2) of the selected
region. In order to deduce the error inwe used the following method (Leahy et al.,
1998): First, we fitted botlf,, againstS,, and vice versa. The average spectral index was
then taken as the best estimate foand one half of the difference in the two slopes as
the error ofa, because it is larger than the statistical error. This ipldiged in the lower
panel of Figuré 4]7. The fits resulteddn= —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 StggameteiQ andU were
recorded. Hence, we were able to create a linear polanzkfie /Q?+U? image and

to deduce the polarization vectors. The polarization istipgsrallel to the shell which is
displayed in the upper panel of Figlrel4.7. Only the briginticé 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 spkictdex 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 Hféaty 100 m
telescope, overlaid with contour lines from 2 to 38 mJy/bearsteps of 6 mJy/beam and polarization
vectors. The vectors point in the direction of the electradfiand 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 Effelsidrgm survey

i 4), overlaid with contour lines at 60 to t4dy/beam in steps of 20 mJy/beabmwer:
T-T plot for the determination of the spectral index of thenmant. The two different fits to the data are
indicated by dashed and dotted lines and the straight lioesthe mean slope.
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The polarized, non-thermal radio emission and the thermi@yXemission directly points
towards an SNR interpretation. However, deeper radio amay)ébservations are needed
to derive fundamental parameters of this SNR, such as agdistahce and to search for
a possible neutron star associated with the remnant.

Gb55.6+2.0This source is remarkable because it has a match in bothredftand radio. The
infrared image shows a perfect semi circle which matcheXthey contours. Moreover,
in the PMN 4.85 GHz radio survey a bright source is detectatiéemnorth of G55.6+2.0
which diffuses towards the south. Thus, this source is apernising SNR candidate and
needs deeper observations, both in the X-rays and in the baaid to uncover its origin.

G83.2+6.9 The small X-ray source with an extent of abolk®' is surrounded by an incomplete
radio shell in the NVSS data at 1.4 GHz (Fig.14.3 lower rigltfaint radio point source
is located very close to the central brightened X-ray saufdes radio and X-ray flux of
(G83.2+6.9 is marginally above the noise level in the NVSSRA&S data. Additionally,
Schaudel (2003) reported on radio data obtained at 4.85 Gttzthne Effelsberg 100 m
telescope. Using the NVSS and the Effelsberg data setsdreadfthat the spectral index is
about -0.9 with high uncertainty due to small flux values.ddiéion, no significant amount
of polarization was found. The WISE image at 22 micron showstanded source which
is probably not connected to the SNR candidate. Althoughthemmal radio emission
was detected, the nature of G83.2+6.9 is still unclear aedst be investigated in more
detail.

G265.8-7.1The SNR candidate consists of a bright X-ray shell whichighsly elongated in
south-north direction. The spectral analysis of this seuevealed thermal emission from
an extended source with a temperature of 1.5 to 2 million kel he fitted hydrogen
column density does not allow a clear conclusion if it is ofldgtc or extragalactic ori-
gin. No radio emission from G265.8-7.1 is detected in the S3Murvey and only two
bright spots can be seen in the X-ray bright region of the ickted, which could be con-
nected to the source. Therefore, the nature of this soustdliianclear and needs further
exploration.

G290.4-1.9 and G295.4-3.In the H, images of these sources some filamentary structure is
detectable. However, it does not match the X-ray contoungwell and in the radio and
infrared regime no diffuse emission is detectable. Thushawe 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 aad a smaller em-
bedded X-ray emission region. G309.8-2.5 is listed as an &\ididate in Duncan et al.
(1997) where it is designated with G309.8-2.6. The absehXeay emission in the long
XMM-Newton exposure can be explained by the fact that theGES8etector had a low
noise level and was more sensitive to soft X-ray emissiorthéncase of XMM-Newton
the soft X-ray emission was blocked by the medium filter ugeithé observation and the
remaining soft X-ray emission was dominated by the parbelekground.
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The infrared image shows extended emission close to the Xasition of the SNR candi-
date, which cannot be clearly associated with the remnanatidate. Thus, more informa-
tion about the radio emission must be obtained to draw a foratlasion about the origin
of this source.

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

G319.8-2.0The H, image of this candidate shows some filamentary structurdhersouth-
western edge matching the X-ray contours. However, thisalgmission could be related
to a larger emission region, as can be seen in Figure 4.5héfumbre, no diffuse emission
is detectable in the radio and infrared regime. Thus, we Inavproof for a connection
between the filaments and the bright X-ray source.

G321.7-3.5This remnant candidate consists of an incomplete X-rayl siaiching very well
with the region of radio emission in the north (see fidure .4NB) infrared emission con-
nected with this sources can be seen. Thus, more informakiont the X-ray and radio
emission must be obtained to draw some conclusion aboutigjie of this source.

4.3.4 Identified candidates

Schaudell (2003) lists 210 SNR candidates. From these cedi@7 can be found in the lit-
erature and are listed in Takle 1.5. Here the type of the soamd the references is given. In
the following details to all other identification are givevhich cannot be found in literature and
could be identified by archival X-ray observations, using GCA method mentioned above,
and/or cross-correlation with multi-wavelength catalogs

G1.1-0.8 In several observations this former candidate turns ouetpdst 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 eatetected any more.
Furthermore, in a Suzaku observation (Obs.ID 50706501@pnece can be seen.

G7.9-6.41n two pointed ROSAT PSPC observations (rp201546n00, r30000) no source is
detectable, thus it is very likely a background feature.

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

G17.03-3.48Here several SNRs can be seen within the region defined byu8ehg003) 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 litere.

Source Identificatiofd) 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 et2008)
G33.7+7.6 Star (1RXS J182549.2+040925) Fuhrmeister ahohit2003)
G67.4+10.7 CIG (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 CIG (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 CIG (CIZA J0616.3-2156) Kocevski et al. (2007)
G256.7-6.7 Seyfert 2 Galaxy (IGR J07565—-4139) de Rosa Q08)
G286.8-0.1 part of Eta Carinae surrounding nebula Sewald @979)
G287.6-0.8 Eta Carinae and surrounding nebula Seward(@0aR)
G288.1-0.1 part of Eta Carinae surrounding nebula Sewal @979)
G296.7-0.9 SNR G296.7-0.9 Robbins et al. (2012)
G307.5+5.0 CIG (CIZA J1324.6-5736) Mullis et al. (2005)
G308.3-1.4 SNR G308.4-1.4 Prinz and Becker (2012) and Eti8pt
G314.6+13.6 CIG (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 006
G332.5-5.6 SNR G332.5-5.6 Stupar et al. (2007)
G337.51+12.70 Lupus star forming region Krautter et al9{)9
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) Wand, ¢2@07b)
G353.6-0.8 SNR G353.6-0.7 Tian et al. (2010)

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

G17.8-12.9This former candidate consists of two point sources, whiehavidentified by ana-
lyzing different spectral bands. One source is vanishirthénsoft band. And the other is
probably the X-ray counterpart of the star HD 179024 8.2™M29),

G27.48-0.25In its center the SNR Kes 73 can be found. Furthermore, tigi®mecannot be
separated from a larger emission region, which is probdtgygtalactic plane.

G31.4-0.4In a SWIFT observation (Obs.ID 00044524001) of the regicuad this source
only a point-like source can be detected. A likely countdrfa that source is 2MASS

J18495543-0134087, a star with= 8.8Ma9,

G35.2+17.1Applying the GCA method yieldeBey; = 1.0 and using the brightest pixel of the
source as centéleyt = 0.1. For this source two archival ROSAT PSPC observations were

analyzed with a net exposure of 5.4 ksec. The source is éetedth a count rate of
12.1+ 0.6 cts/ksec. However, the probability of having an extendergce in this pointed
observations ar€.y = 1.4 andPsyt = 1.9. Therefore, this source is not extended and
is probably the X-ray counterpart of TYC 1011-976-1, a stiin &an optical magnitude

VvV =111ma9
(G38.3+10.6This source is not extende®(; = 1.4) in the ROSAT hard X-ray band. It has
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probably an optical counterpart with TYC 1014-1444-1, awtth V = 10.8Ma9

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

G56.3-2.3Using an archival SWIFT observation (Obs.ID 00036931061 source could be
identified as point-like source. It is the X-ray counterpafrthe bright star HD 350379

(V = 9.2mag),

G57.0+4.3 Using two ROSAT PSPC pointings (rp200052a01, rp200052ti8)source could
be identified as point-like X-ray source.

G57.4+6.1 With the help of a ROSAT PSPC pointing (rp300337n00) thiger candidate was
identified as point-like source and can be associated watktdr HD 343989 = 9.3M39),

G63.4+0.4Three ROSAT PSPC observations of the region around thiceaan be found in
the ROSAT archive (rp500086n00, rp500083n00, and rp5000®&7 A bright star (HD
187614V = 9.3M29 matches the position of the X-ray source in the merged P&R@Qe
very well. Furthermore, the spectral analysis of this datiicates a close by source,
because of a smally in the best-fit.

G70.5+1.61In an archival ROSAT PSPC observation (rp500124n00) a pgiatsource is de-
tectable within the X-ray emission region of this former dalate. This is likely the coun-
terpart of the star TYC 2674-5404-1 £ 11.0M29),

G73.1+5.5In a SWIFT observation (Obs.ID 00039881001) only a poike-lsource is de-
tectable, which is denoted with 1RXS J195225.7+380014 ge¥eet al.|(1999).

G73.2-15.9No extended source can be detected in a SWIFT observatianl{D®0035783001)
of this region. Therefore, the X-ray emission seen in the RASprobably from the X-
ray source seen in the SWIFT image, which was also detectiduk iIKMM-Newton slew
survey where it is designated with XMMSL1 J211420.7+252419

G74.1+0.3Four observations with the ROSAT PSPC detector (rp200584ni600247n00,
rp500248a01, rp500248n00) are available for this sourceergMg the images two
point-like sources are clearly detectable. Both are vekslyi stars, TYC 2674-5404-1
(K =7.6M29) and HD 193093\ = 8.3M29).

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

G76.3+0.4The source region was covered two times with ROSAT PSPC (®8a00,
rp900158a01) and only a point-like source can be detectdgtimerged image. However,
it has no counterpart in other wavelengths, as already rimtédukherjee et &l. (2000).

G77.88-4.63In an archival SWIFT pointing (Obs.ID 00039892001) only tmant-like sources
and no extended emission can be seen.



62 Supernova remnant candidates in the ROSAT All-Sky Survey

G79.43-4.89In a ROSAT PSPC pointing (rp400138n00) only point sources ram extended
emission is detectable.

G84.6—-0.10bservations with SWIFT, ROSAT HRC and ROSAT PSPC cover thayxemis-
sion region of this source. All show only X-ray emission ofrgdike sources.

(G88.6+6.0This former candidate was observed with SWIFT (Obs.ID 00@8001) and
ROSAT PSPC (rp500224n00). In both images a point-like sooan be seen at the west-
ern edge of the emission region defined by Schaudel (2003)asita counterpart in the
optical regime, the binary star HD 235230 £ 7.8M29)

G94.8-4.91In a deep ROSAT PSPC observation (rp201522n00) only twot & sources at
the southern edge of the emission region defined by Schaf@éB) and no extended
emission can be seen.

G103.5-8.8The source region was observed twice with the SWIFT satel{Dbs.ID
00040190001 and 00040190002) and shows only a point-likeceodesignated with
1RXS J225010.6+492609!in Voges et al. (1999).

G105.6+13.6In a deep observation with XMM-Newton (Obs.ID 0673540904yesal point
sources and no extended emission is detectable within tireescegion. 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 \aifsr
(rp500322n00) and indicates that the extended X-ray eamsisi due to several point
sources. These sources probably belong to Cep OB3, a yosogiaison of O and B
stars|(Naylor and Fabian, 1999).

G127.4-0.71In an archival SWIFT observation only one point-like X-rayusce was detected in
the RASS emission region (LRXS J012944.6+614756).

(G148.3-13.1Three galaxies are detectable within the X-ray emitting amd the central galaxy
is a radio galaxy. Therefore, this candidate is very likejadaxy cluster.

G153.3+3.8In the latest reprocessing of the RASS data only a pointsidtece can be seen with
a positional discrepancy to the coordinates given in Schig@@03). This new position is
in agreement with a bright flaring star HD 2329%0=¢ 8.6™M29).

G173.9+0.3This source is likely the X-ray counterpart of the HIl regsd®237.

G187.7+0.4Analyzing an archival ROSAT PSPC observation (rp20122%@d0X-ray source
is detected close to the RASS position, which is point-likd has a counterpart with the
star V* V391 Gem K = 8.9Ma9),

(G193.0+12.4The former candidate consists of two point-like sourcesy#uio 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 cousnteffy C 758-2255-1
with K = 9.3Ma9

G203.4+9.0The extended X-ray emission of this source is coming froredlpoint-like sources,
as can be seenin an archival SWIFT observation (Obs.ID (BER®)1). None of the three
sources have a counterpart in other wavelength regimes.

G218.6-15.7In two SWIFT observations (Obs.ID 00038647001 and Obs.I®8979001) this
source is still extended. However, spectral analysis tedea hot plasma with a temper-
ature of 35+ 1.2 keV and arNy = 3+ 2 x 10?1 cm2. All other plasma models either
produce similar results for the temperature &lycbr are unreasonable. Therefore, G218.6-
15.7 is a galaxy cluster.

(G226.0+0.5This source was already identifiedby Schaudel (2003) axgdiat was still listed
as an SNR candidate.

(G238.5-6.4This former candidate is probably a galaxy cluster, becéiuse2MASS galaxies
are detected within’around the center of it.

G258.3+1.5The X-ray emission of this source is probably coming from mhdrstar (TYC
7662—2949-1K = 8.0M39) and several other point sources, which can be seen in tie rad
band.

G262.8-9.1Two ROSAT observations cover the region of this source (1638n00,
rp400158n00), but only two point-like sources are detdetab

G271.6+2.8In a ROSAT PSPC observation (rp900377n00) only a point-tikarce is de-
tectable, which is probably the counterpart of the briglar IYC 8171-980-1\ =
10.5Ma9),

G290.9-1.1Four archival ROSAT observations cover the region of thismier candidate
(rp200699n00, rp500307a01, rp500307n00, rp900526nad)oaty a point-like source
is detectable in the merged image. This is likely the X-rayrterpart of the binary star
HD 306131y = 9.3Ma9),

(G292.3+0.6No extend source can be seen in an archival ASCA (Obs.ID 431I2%nd ROSAT
PSPC (rp900165n00) observation. It could be some residuakeon form the bright high
mass X-ray binary Cen X-3.

G294.9-1.6In a PSPC pointing (rp200706n00) covering the region ofsbisrce several point
sources can be detected. Two of them are eclipsing binary 64 V1051 Cen with
V =7.2"8and V* V871 Cen withv = 6.5M29),

G299.3-0.6In a pointed Suzaku observation (Obs.ID 507064010) onlyiatie source and
no extended emission is detectable.
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Figure 4.8: XMM-Newton MOS1/2 exposure-corrected imadgft) and spectrumright) of G332.5+6.3.
The XMM-Newton image shows the result after removal of aihpdike sources. The image is binned
with ~ 3" per pixel and smoothed by an adaptive filter. The spectrumfittad with MEKAL for the
source and a power law for every detector to model the relssadfaproton contamination.

G305.5-1.90ne SWIFT (Obs.ID 00020064001) and two ROSAT PSPC pointings
(rp190243n00, rp190600n00) are available for this candidaThe SWIFT observa-
tion shows several point sources and in the ROSAT pointingxtended emission can be
seen.

(G322.5+6.3This candidate was observed with XMM-Newton (Obs.ID 02®21) for 6.9
ksec. The data reduction was performed with the Extendedc8otinalysis Software
(XMM-ESAS) packagel(Snowden et/al., 2008). The resultingctpim was fitted with
an emission spectrum from a hot diffuse geHEKAL) and yielded g2 = 1317 for 138
d.o.f., a hydrogen column densify = 2.8-£0.1 x 10?1 cm™2, and a temperature &g T =
3.7+0.3 keV. The hydrogen column density is in the same order asitagriated hydrogen
columnNy density toward the sources derived by Kalberla et al. (200%rddition the
temperature is one order of magnitude larger than what ieaggd for evolved SNRs.
Thus, the remnant candidate is very likely a galaxy cluskégure[4.8 shows the X-ray
image and spectrum of this source.

(G332.9+1.90n the northern edge of this former candidate a HIl region I(G&83.04+02.02)
and on the southern edge a bright star (HD 144918,9.9M29) can be found.

(G334.44-3.19In all RASS bands no source can be found which is matchingatien defined
bylSchaudel (2003). Therefore, it is assumed that this i<kgraund feature.

(G337.2+13.0Analyzing an archival ROSAT HRI observations (rh201941n6aly a point
source could be detected. It is probably the counterparh@foright star HD 140901
(V = 6.0M39), In addition, this region was observed with Chandra (@»43769) and also
no extended source can be seen.



4.4 Conclusion and future prospects 65

(338.3+15.3Several ROSAT PSPC pointings are available for this souktewever only a
point source is detected in the merged image. With high fmtibathis is the X-ray
counterpart of the TTauri star 2MASS J15443529-3521K92 8.8M29),

G351.17+6.64In three archival SWIFT observation (Obs.ID 00030890005phs.
00090247001, and Obs.ID 00030890006), which cover moshef3SNR candidate,
only three bright point-like sources can be seen. Two arbabtly the X-ray counterparts
of TYC 7364-1316-1 and HD 152805, stars with a visual mageitef 10.7 and 7.5. The
third source is the X-ray point source 1RXS J65633.7—3225M%ere is no sign of an
extended emission around these sources.

G353.7+16.0In an archival XMM-Newton observation this candidate cetsbf three point-
like sources: the TTauri stars 2MASS J16312012-24300582 Mit= 6.7M29 2MASS
J16311574-2434022 with = 7.1M39 and 2MASS J16311501-2432436 with= 8.7Ma9,

G353.7+17.7Using a pointed ROSAT PSPC observation (rp900362n00) tfoex-like sources
were identified. These sources are probably two stars inldaystems, HD 147932
(V =7.3"39 and HR 6112V = 5.1M39), and an X-ray point-like source.

G355.7+10.6The extended source seen in RASS consists of three poesblrces, 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 seuwran be detected.
Its position is close to the star CD—-26 12037, which has aaVisiagnitude of 11.5.

G359.8-14.1A bright binary star (HR 7029V, = 4.8M29) is within the X-ray emission region
and is responsible for the X-ray emission with high prolghil

4.4 Conclusion and future prospects

In this chapter the re-analysis of the RASS SNR candidaesflSchaude| (2003) was presented.
After correlating the source list with various sky survegd aource catalogs as well as analyzing
archival X-ray observations 123 sources remained as SN&dates. 73 of these sources fulfill
the criteria that the source significancesi®og and/or have a counterpart in other wavelengths.
Therefore, these sources are no fluctuations in the X-raygoaand. In addition, the possibility
that these SNR candidates are point sources can be rulethen#yse it was shown that all
spherical symmetric sources are extended (95% CL). Howtheeremaining 50 candidates do
not fulfill one or more of the selection criteria. Thus, it cahbe excluded that some of these
sources are indeed fluctuations in the X-ray background.

Nevertheless, it is still possible that some of these 123c&suare of extragalactic origin.
For example, galaxy clusters are extended sources and érmaypetatures of a few times 1&
(Bohringer and Werner, 2010). Hence, they can be seen iIRA®S and can be confused with
SNRs. With the RASS data it is not possible to decide whetineisburce emission originates
from inside or outside the Galaxy, because in the RASS thpeeature or the hydrogen column



66 Supernova remnant candidates in the ROSAT All-Sky Survey

density cannot be measured, because of the short exposdrdsegooor spectral resolution. The
only indication of their origin is the hardness ratio. Galatusters, for example, have hard-
ness ratio$dR1 andHR2 roughly in the range from 0 to +1, because of their high taetpee
(Bohringer et al., 2000). Supernova remnants have lowepégatures and higher absorption by
the interstellar medium. Therefore, the hardness tf1 is in the same order as galaxy clus-
ters, butHR2 should bes 0 (Moges et al., 1999; Schaudel, 2003). This is the case foe than
80% of the remnant candidates.

In addition, the conclusion of Schaudel (2003) that candi&88.7—1.7 is an SNR could be
confirmed. This source shows non-thermal polarized radissan, filaments in ld and ther-
mal X-ray emission. In addition, the fitted hydrogen colunamsity places this source within
our Galaxy. All these are clear indicators that G38.7—-1.4nsSNR. Furthermore, the SNR
candidate G265.8-7.1 shows emission from a thermally iegifilasma in the X-ray regime,
four candidates have counterparts in the radio band (G236€83.2+6.9, G309.8-2.5, and
G321.7-3.5), two X-ray sources show related emission inrtfrared regime (G55.6+2.0 and
G312.4+4.8), and four objects show some filamentary strectound the X-ray emission re-
gion in Hy (G290.4-1.9, G295.4-3.0, G312.4+4.8, and G319.8-2.@d(diition, for three SNR
candidates archival X-ray observations were analyzed raaiddate X-ray emission from an ex-
tended source. These candidates are of special interestideethey show several properties
typical for SNRs.

The origin of the remaining SNR candidates is still unclddawever, they are promising
remnant candidates, because they are extended and bripbktsoft X-ray regime.

Assuming that the remaining 123 SNR candidates mentionedeafire indeed SNRs and
adding them to thez 280 SNRs known (including the two remnants identified in thak -
G38.7-1.4 and G308.4-1.4) the discrepancy between thetexjand measured SN rate in our
Galaxy can be explained to some extent. Nevertheless,hsegror SNRs in the RASS survey
yielded a large number of additional SNRs and by graduabyiidying the 123 candidates, the
discrepancy between the expected and measured numberesheug remnants in our Galaxy
can be further reduced.

In the future, the most promising SNR candidates will bediekd-up in the radio, optical
(Hg) and X-ray band by using the candidate list (Tdblel A.1). Twilshelp to pinpoint the origin
of the detected X-ray emission.

Additionally, by the end of 2015 eROSITA, the successor ef ROSAT mission, will start
to image the whole X-ray sky with an increased sensitivitgl aith a higher spatial and spec-
tral resolution. The eROSITA telescopes on board of the iBnsSpektrum-Roentgen-Gamma
mission will be approximately 20 times more sensitive thasm RASS mission and will have a
resolution of 28 to 30’ in survey mode. The average exposure will-b& ks (Predehl et al.,
2010). Therefore, we will be able to study the candidatesushmmore detail. The longer and
deeper exposures will enable us to perform a spectro-irgagialysis of the candidates. Par-
ticularly the remnant candidates with a large extent cag balstudied in detail with eROSITA
because the current X-ray observatories have a field of view30' 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 Be@@tZ%) published iiAstronomy &
Astrophysics

5.1 Introduction

Supernovae (SNe), the core-collapse of massive stars ahé¢n@onuclear disruption of white
dwarfs, are rare events, occurring on average every 50 ye#re Galaxy|(Keane and Kramer,
2008). However, only seven Galactic SNe have been obseritadhigtorical records in the
past two thousand years — SN 185 (RCW 86), SN 386 (G11.2-8I\B},006, SN 1181 (3C58),
Crab SN, Tycho SN, and the Kepler SN. Several other recordsi@dt stars by ancient Chinese
astronomers exists. However, no solid identification witkhawn supernova remnant (SNR)
has been possible for most of them so far (Green and Stephe?@03). Most Galactic SNe
go unobserved owing to visible-band extinction by intdlatedust. For example, SN Cas A
may belong to this group. No widespread reports of Cas A exighe literature of the 17th
century (cf. Hartmann et al., 1997). A more recent examptéasyoungest supernova known
in our Galaxy, G1.9+0.3, which was totally missed by optichkervatories about 100 years
ago (Reynolds et al., 2008). The majority of supernova rertmthat have been identified so
far were found in radio surveys in which the observationsierieampered by interstellar dust
(Green, 2009, and references therein). Neverthelessathe band is not free of selection ef-
fects. Supernova remnants with a diametexd are difficult to identify. Only three of the 274
remnants listed in the Green catalog fall into this categbmgaddition, most searches for SNRs
focus on the Galactic plane, leaving remnants located afjlaehigalactic latitude underrepre-
sented. Only five supernova remnants whih> 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 expamo the surrounding
interstellar medium (ISM), forms a shock wave at the shocktfrwhich then ionizes the atoms,
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and increases the temperature t8 200’ K. Therefore, the successful completion of the ROSAT
All-Sky Survey (RASS) in the X-ray regime provided a new womdfor finding SNRs and the
compact objects that may reside within them. The seven Xdesgcted and radio-quiet central
compact objects that were associated with SNRs (see GadtittHalpern, 2008a, for a review)
are a good example for the impact on pulsar and SN scienceay ¥bservatories. Additionally,
X-ray observations of SNRs at moderate spectral resolu@mndetermine remnant properties
such as shock velocities, post-shock gas densities andetatnpe as well as swept-up shell
mass and overall morphology.

The ROSAT All-Sky survey has demonstrated the potential gvovor finding new
SNRs (Pfeffermann and Aschenbach, 1996; Busser et al.; F8@®ka and Aschenbach, 1994;
Asaoka et al., 1996; Egger et el., 1996; Folgheraiterletl®96). This has motivated BulRer
(1998) and Schaudel etial. (2002) to investigate the allsskyey data more systematically to
search for unidentified supernova remnants. They analyZ&iSRiata in a systematic search
for extended ¥ 5') X-ray sources at Galactic latitudels € +15°) by correlating them with
databases such as SIMBAD, NED, NVSS, SUMSS, DSSII, NRAO, BTRarkes, and the
Effelsberg radio survey data. From their candidate lisessvsources have meanwhile been
confirmed as SNR (e.d., Jackson etlal., 2008; Robbins etGl2; Roberts and Brogan, 2008;
Stupar et al., 2007; Tian etlal., 2010). These identificatEuggest that many of their SNR can-
didates are indeed radio-under-luminous, explaining wdmst padio surveys could not detect or
identify them before.

In [Schaudel[(2003) nine sources are listed that appear teetyepromising SNR candi-
dates. One of them is G308.4-1.4 designated with G308.3r1Sthaudel et al. (2002) and
Schaudel! (2003). Since the RASS had only an average exptswef ~ 400s for sources
in the Galactic plane the available ROSAT data do not suppalttailed spectral and spatial
analysis of these sources. However, G308.4-1.4 appedrs RASS data as a spherical center-
filled X-ray source, whereas in the Sydney University Molon§ky Survey (SUMSS) two ra-
dio arcs have been detected that partly overlap with the R&88 (see Figl_5.1). Moreover,
G308.4-1.4 is listed in the MOST supernovae remnant cataéog possible SNR candidate
(Whiteoak and Green, 1996).

In this paper we report on the identification of G308.4—1.4raSNR using archival data from
the Chandra, SWIFT, ATCA, and WISE observatories. The tesflthe spatial and spectral
analysis of the X-ray and radio data are presented in 5&tark{ 5.8, respectively. In Sett. 5.4
we report on data of G308.4-1.4 in other wavelength regimesoncluding discussion about
the identification of G308.4-1.4 and its central sourcesvisrgin Sect[ 5.5. Furthermore, in the
same section we use the inferred spectral parameters oNRet& derive an estimate for the
age, the radius, the expansion velocity and the distandeetoeimnant. Sectidn 5.6 provides a
summary.

5.2 X-ray observations and data analysis

The SNR candidate G308.4—1.4 was observed with the Adva@€fdl Imaging Spectrometer
(ACIS-1) on board the Chandra X-ray observatory on 26 andu2ie 2010 (obs.ID. 11249) for
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~ 15.1 ks. All data were uncontaminated by soft proton flares. rAdead-time correction 14.9
ks of good data remained. Standard processed data were itBeghvo-date calibration applied.
The data were reduced with the Chandra Interactive Anasgafisvare CIAO, version 4.3. For
the spectral fitting we used the X-Ray Spectral Fitting PgekgSPEC) developed by NASA,
version 12.7.0.

In addition to Chandra, we used the SWIFT observatory toyaeaX-ray point sources de-
tected in the central region of the remnant. G308.4-1.4 \waswed three times with the Swift
X-ray Telescope (XRT) on 17 June 2011 (obs.ID 000320300019ps.ID 00032030002) and
11 August 2011 (obs.ID 00032030003) for 3.5 ks, 4.2 ks anckg,3espectively. These data
were reduced with the HEASOFT software package, versioh. @br the spatial and spectral
analysis we used the high-resolution Chandra data bechege&ontain five times more counts
of G308.4-1.4.

To calculate the error in the X-ray flux we used a publicly llde XSPEC tod. For the
spectral analysis of the extended source emission weatestrthe energy range to3- 4.0
keV because the count rate detected at higher energies sptoee for a meaningful spectral
analysis. Below 0.5 keV the detector and telescope respsmsx well established. In all other
cases the energy range was restricted to 0.1-5 keV. Allsemdhis publication represent the'l
confidence range for one parameter of interest, unlessisititerwise.

5.2.1 Spatial analysis

Inspecting Fig.5]2, the X-ray image of G308.4-1.4 showsnstremission in the eastern part.
This region has a circular shape with a diameterd.4’. The radiation is fading toward the
geometrical center of the source. The coordinate of théecaenter is RA = 13'41M23.95 4+
0.7, DEC. = —63°4308" + 04", which was obtained by fitting an annulus to the outer skirts of

Hluxerror.tcl, seeht t p: // heasar c. nasa. gov/ xanadu/ xspec/ f I uxerror . ht m
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the extended emission.

Searching for point sources in a’212 box around G308.4-1.4 using a wavelet source
detection algorithm (CIAO-toolvavdetect) yielded a list of 21 sources. Their position, posi-
tional error and signal-to-noise ratio are listed in Tabe T he sources themselves are marked
in Fig.[5.2. Cross-correlating the sources with the helpef\izieR online todd we found seven
matches. They are included with their positional error ibl&g.1.

Eight of the detected sources are located within the exttedassion of G308.4-1.4 and
two of them (# 1 and # 10) are withis 1 arcmin of the geometrical center of the SNR candi-
date. Source 1 is the brightest among all detected pointeswand its designation is CXOU
J134124.22—-634352.0. Its position is coincident with 2MAR 3412422-6343520. In the opti-
cal source catalogs this source has no information abopitafger motion. Hence we cannot put
better constraints on the positional coincidence of so#irtend the 2MASS object. Source 10
has no optical counterpart and is designated with CXOU J2B4P—-634327.7.

5.2.2 Spectral analysis of G308.4-1.4

To extract the spectra of the SNR candidate we first remoVeploait-like sources and then
selected all photons in a circular sector with a radius.a@f dnd opening angle of 136 (see
Fig. [5.2). The background spectrum was derived from all @m®tin an annular sector with
the same opening angle as the circular one but with the rasliahd 7.2. After subtracting
the background contribution (0.054 cts/pix) 11 752 couatgtie spectral analysis of the whole
remnant-candidate remained. Additionally, the emissemian of G308.4-1.4 was divided into

2http://vizier.u-strasbg.fr/viz-bin/Vizi eR
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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) 0RA O DEC S/N  optical counterpart (positional discrepancy)

h:m:s d:m:s arcsec  arcsec og”

1 13:41:24.217 -63:43:52.04 0.41 0.40 63.0 2MASS J1341:2812£23520 (0.0
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 0.43 255 2MASS J1341:288£7053 (0.27
5 13:40:38.921 -63:46:38.83 0.54 0.45 3.3 2MASS 134038846884 (0.4§
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 053-222817)

12 13:40:38.666  -63:39:04.77 0.61 0.43 9.0 2MASS J134038829044 (0.4)

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 J134153339207 (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 J134143888371 (0.93

Notes.® gg = 1+ ,/Cog+ 0.75, wherecyg are the background counts.

four separate regions, which are illustrated in Hig.] 5.2e Tkt counts are 4095 for the inner
sector and 7658 for the outer shell, and 4499 for the nortparnof the outer shell and 3158 for
the southern part. The spectrum of every single region waseli with at least 50 counts per
bin. Only the spectra of the southern and northern partssodtiter rim were binned with at least
75 counts per bin.

To fit the X-ray spectrum of G308.4—1.4 we tried various ome vo-component spectral
models. However, only a model of an absorbed collisionampkthat is in non-equilibrium and
allows a temperature evolutian (Borkowski et al., 2001 yoepices the energy distribution of the
extended source. In XSPEC this model is implemented@NEI. To improve the goodness of
the fit and to obtain the abundance of metals in the plasmahawed the parameter of every
single metal and monitored the improvement of the fit siatist

The analysis results in a best-fit model with a redugédf 1.03 for 95 degrees of free-
dom (d.o.f.) and a hydrogen column dengity= 1.02+ 0.04 x 10?2 cm 2. The value fomy
is lower than the integrated hydrogen column density tov@868.4—1.4, which is.B1 x 10?2
cm 2 (Kalberla et al., 2005) and.45 x 10?2 cm~2 (Dickey and Lockman, 1990). These values
are based on HI emission line measurements at 21 cm anddherefer to the entire hydrogen
column density in the line of sight. The temperature of trespia is found to be.8" %2 million
Kelvin. The best fit was obtained when thawing the abundameeon, magnesium, sulfur and

iron, which differ significantly from the solar values: Ne(0.72+ 0.14) Ne,, Mg = 0.70"5 o3

Mg, S=2.3"9{ Ss, and Fe= 0.707913 Fe.. The ionization timescaley = toNe (1o is the
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remnant’s age anbe the post-shock electron number density) ig 2 10'° s/cn? and the ion-
ization timescale-averaged temperat(k@) = [{°T (t)Ne(t)dt/T = 1.2757 keV (ts is the age

of the shock). Thus, the unabsorbed flux of G308.4-1.4 in tteggy band &b — 4.0 keV is

fx = 1.617933 x 10719 ergs cnr?s~. The model fit and the raw spectrum are shown in Fig.
B.3. The fitted parameters are listed in Table 5.2.

Adding a second plasma component that is in non-equilibresualts in)(rzed = 1.06 for 91
d.o.f. and hence is no improvement over a single componenemarhe other models that
we fitted to the spectral distribution are a hot diffuse gasieh@/MEKAL, szed = 2.92 for 96
d.o.f.), a model for a collisionally ionized diffuse gasAPEC, szed = 2.34 for 96 d.o.f.) and a
thermal bremsstrahlung modedl?gd = 7.7 for 101 d.o.f.). None of these models can reproduce
the spectrum of G308.4-1.4. However, all three model fitsltés ny ~ 1 x 10?2 cm2 and a
plasma temperature of 0.5 keV.

The inner sector and the outer rim

As mentioned in Secf. 5.2.2, the extended source was dividedour regions. This was done
to investigate the spatial variation of the hot plasma. Tiwaex the background spectra of the
inner sector and the outer rim we used the same area on thetateds for the whole remnant.
The northern and southern region of the outer rim were ardlgeparately. For the background
we used only the part of this annular sector that has the sper@mg angle as the source region.

First we fitted the plasma model with freg. In every one of the four spectral fits we found
a hydrogen column density that agrees well withiheof the whole remnant. Second, we fitted
the spectra with any fixed to the value of the whole remnant. The fitted valuerigrand the
results of the fits with a fixed column density are summarinethible 5.2. The spectra with the
respective fits are shown in Fig. 5.4.

Within the statistical uncertainties, all regions turned t® have a similar temperature. Only
the ionization timescale-averaged temperature was \@riline large statistical uncertainty also
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Table 5.2: Spectral parameters of the best-fit model for differentpaftSNR G308.4-1.4.

Whole remnant Innerrim  Outerrim  Outer rim north  Outer rinuto
ny [10%%2cm 2] 1.02+0.04  105'$% 1.00+£0.05  102+0.09 099+ 0.09
ke T [keV] 054752  0559% 0547338 0.50"0%2 0.57+0.08
Ne? [Ne.] 0.72+0.14 07+03 073703 0.5+0.2 0.8+0.2
Mg Mg .] 070°3% 0807379 067°33 0833 06278
S7[S:] 23794 3.033 1.7758 24713 -
Fef [Fes] 0.70°013 0.9+03 06451 - 0.457012
8 [1010 s/cn] 2.7 8.1 2.1 5.2 2.0
(KT)Y [keV] 1.2722 0727515 14738 0.815 72 1.1754
Norm®[102 cm 9] 33+09  09'05 24405 14404 10403
X2 98.19 57.54 76.81 38.74 18.55
d.o.f. 95 57 77 38 27
fx€[1010 ergs cnmr?s1] 1.617373 03099 125908 0.5578.54 0.56" 396

Notes.(®) abundance with respect to solar valBkeionization timescal&) ionization timescale-averaged
temperaturd® Norm:%fNeNHdV, whereD, is the angular diameter distance to the source in

4nDa (142

cm, Ne andNy are the post-shock electron and hydrogen densities it? craspectively(®) X-ray flux in

the energy range 0.5 to 4.0 keV

normalized counts s * keV '

Figure 5.4: Spectrum and fitted model of the X-ray emission of the varregsons.Upper left inner part
of the remnantupper right outer rim,lower left outer rim north andower right outer rim south.
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prevents us from concluding on a temperature evolution thi¢hdistance to the expected cen-
ter of the remnant. No variation of the neon and magnesiumddmce over the surface of the
remnant is detectable. The only noticeable change in almeeda in sulfur and iron in the outer
rim. The spectrum in the northern rim shows an abundanceemdomparable with the solar
value. In the southern rim no significant deviation from tb&asvalue was found in the abun-
dance of sulfur. Furthermore, the ionization timescaléegawith distance from the remnant’s
center and the direction of the expanding shock wave intt8Ne The highest values farwere
found for the inner sector (8 x 10'° s/cn?) and the lower one in the southern part of the rim
(2.0 x 1019 s/cr?), which implies a different post-shock electron numbersitgrin the inner and
outer regions of the SNR candidate.

5.2.3 The central sources

As mentioned above, two point sources were detected clage toresumed center of the rem-
nant, source # 1 (CXOU J134124.22—-634352.0) and # 10 (CXC341Pl7.12—634327.7). For
the spectral analysis of source # 1 we used all photons wathircular region of radius 10 arcsec
centered on the source position. The background was extréicim an annulus with radii 15
and 20. After background correction 195 source counts in the gnieagd between 0.5 and 10.0
keV remained. We used the CIAO top$extract to compute the response matrices necessary
to compensate for the changing spectral response of the @@Eha telescope with energy and
off-axis angle. The spectrum was binned with at least 20 tsoper bin.

A single absorbed blackbody or a single absorbed power ladehfor fitting the spectral
distribution gives poor results. In the case of a blackbquictrum the reduceg? = 2.67 for
6 degrees of freedom is unacceptably large. The power lanehfitdesults in a reduceg?
of 0.94 (6 d.o.f.). However, the post-fit residuals show eysitic derivations between the data
points and the fitted model. Therefore, we used a two-compaatesorbed blackbody model
that resulted inx? = 1.62 (4 d.o.f.) and ay = 1.34"189 x 10?2 cm2. To better constrain the
spectral parameters we fixeg to the hydrogen column density obtained from fits to G308.4—
1.4. This yielded a reasonable fit wigt = 1.96 for 5 d.o.f. (see Figl_5.6). The temperatures
of the two blackbodies arg = 1.3793 x 10° K and T, = 6.4738 x 10° K. The normalization

factors of the two blackbodies akg = 7f§1 x 107° andKy = (1.3+40.4) x 1078, Using these
values and the distance to the souzg in units of 10 kpc we estimated the emitting source
radiusR as follows:

(5.1)

R — Ki - D%, x 1039 ergls _
4miog T4 ’

whereog is the Stefan-Boltzmann constant. Because we do not knodistence to G308.4-1.4
we considered the emitting radius as a function of the digtdao the source. This is illustrated
in Fig.[5.5. The result for the second blackbodyRis= 340"322D; } m. The unabsorbed flux in

the energy band 0.5 to 10 keV ig = 2.2J_r%8 x 10~12 ergs cm?s~1 and in the energy band 0.3
to 3.5 fx = (4+£2) x 10712 ergs cm?s L.
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Figure 5.5: Dependence of the
blackbody-emitting radiusR; of
the first blackbody in the double
100} blackbody spectral fit on the dis-
tance to source # 1 in kpc (equation
[B.7). The error range is gray shaded
and the green line indicates the up-
per limit on the radius of a neutron
star.
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Figure 5.6: Spectrum of source # 1 fitted with
| a double blackbody spectrum.

.
1 2
Energy (keV)

Additionally, we tried a model composed of a blackbody andwgr law with the same fixed
ny as before. This gives a reasonable fit with= 2.17 (5 d.o.f.). The photon index iszﬂjzg and
the blackbody temperature (&.3+0.3) x 10f K. With the normalization oK; = 9753 x 1075
the emitting radius is 73:°D 5 km. The unabsorbed flux in the energy band 0.5 to 10 keV is
fx =2.5703x 10~ *2 ergs cnr2s 1,

As mentioned in sectiof 5.2.1, the position of source # 1 igsigtent with 2MASS
J13412422-6343520, a star with a magnitud&ef 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 1¢@x / fy) = log(fx) +V /2.5+5.37=
1.55 (Maccacaro et al., 1988). Hefg is the X-ray flux in the B — 3.5 keV band in ergs cn?

s 1,V is the visual magnitude; we assumed tat R.

In addition we tried to fit various plasma models to the sogpmxtrum. The only reasonable
fit was found when using a collisionally ionized diffuse gasdel APEC ). The goodness of fit
that we found for 6 d.o.f. wag2 , = 0.78 for the following spectral parametersj < 0.47 x 10?2
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Table 5.3: Spectral fit results of the central source # 1.

Model x?/d.o.f. Ny rKTy K1 KT Kz £05-107£03-35
10722 cm 2 -lkeV keV 10 1%ergs cm?2s1
BB 16.00/6  12x 107 0.44 99x 1077 - - ~I-
pLYY 5.62/6 <0.33 22789  39733x10°% - - 0167305/0.167304
BB+BBP 1.96/5 134189 011%2%%  7t2'x105  055'327  (1.3+-04)x10°° 2279314+ 2
PL+BBAY 2.74/5 <38 24119 711x10° 0114003 923 x107° 259353
APEC 466/6 <047 2715 9.0732x10°° - - 0137593/0.11+33%
BREMS™9 6.98/6 18x10° 21'21  51t23x10°° - - /-
RAYMOND®  5.70/6 <021 2829 gol¥x10° - - 013+ -0.02/011'3%2

Notes.(@ fit shows systematic derivations between the data pointstanéitted model®) the spectral
parameters are calculated with fixed to the value obtained in the fit to the spectrum of G30B4l—
") Power law norm in photons ke¥¥cm=2s~1 at 1 keV.(9) some errors could not be calculated.

cm~2, T =3.1777 x 107 K. For this model the flux in the 0.3 to 3.5 keV rangefis= 1.15% x
10" ergs cnr?s~L. Thus, the X-ray-to-visual flux ratio is I¢dy / fy) = 0.25. Again no variation
in the spectral parameters between the flaring and quiesapuch are detectable. All fitted
models and their inferred spectral parameters are list@ebie 5. 3.

Temporal analysis of source # 1

To search for any temporal variability we binned the photoretof arrivals with 400 s per bin
(see Fig.[5J7). The data clearly show a flare in the first kiloesids of the observation. The
spectral parameter of the double blackbody in the flaringoanelscence epoch match the overall
spectrum within the error bars. Varying only the normalas of the two blackbodies, the
flux in the quiescence epoch is witl§>~10 = (1.9+0.3) x 10712 ergs cm?s* slightly lower
than the flux in the total exposure. However, the flux in theetinterval when the source was
flaring is f3°10 = (5.24+1.5) x 107 1? ergs cm?s ™1, three times the quiescence flux. However,
the sparse photon statistics lead to large uncertaintiéseirderived errors of the quiescence
and flaring fluxes and thus they are only rough estimates. iMgthe SWIFT observations we
cannot detect a source at the position of source # 1. In thgedemage a total of four counts
were recorded within a circle with radius 15 arcsec (equaksircled energy of 70 %) centered
on the position of source # 1 . The total exposure time of thecgowas 8344 s. Hence, the' 3
upper limit for the counting rate is approximately6& 10~ cts/s. Using the mission count
rate simulator for X-ray observatories WebPIMRASith the SWIFT response and the spectral
parameters derived for a double blackbody spectrum, therujppit on the flux is~ 5.3 x 1013
ergs cnt? s, For theAPEC model the upper limit isc 2.3 x 10714 ergs cmt? s™1. These
limits are less than 25 % of the average flux in the Chandrareasen, clearly indicating that
the source flux is variable on time scales of at least severaktio weeks.

%htt p: // heasar c. nasa. gov/ Tool s/ wW3pi mrs. ht mi


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
e < 3o upper limit derived with the SWIFT obser-

[ ‘:mfri vations.

55374.00 55374.05 55374.10 55374.1:
Time [MJD]

[ergs/cm?/s]

fluxgs-10

Extent of source # 1

With the help of a one-dimensional distribution of the caupér 05” bin along a vertical line
in the Chandra image around source # 1 we checked if the s@imdended. The resulting
diagram was obtained by integrating all counts withfnx50.5” rectangular apertures moving
along the western direction with® steps. We compared this with the count distribution of a
point source simulated with MARX However, no excess emission of point source # 1 could be
detected.

For source # 10, the other source located close to the ceittex temnant, we detected only
eight net counts. Hence, the count raté5sl + 1.9) x 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 tistrélia Telescope Compact
Array, a synthesis telescope near Narrabri, New South Waiekl January 2002 at 1.432 and
2.448 GHz with 13 channels per band. The single-pointingicanm observations of the source
G308.4-1.4 were carried out with the array configuratioBQ.fmaximum baseline length is 750
m). All four Stokes parameters have been recorded.

The flux density calibration was performed through obsérnatof PKS B1934—638, which
is the standard primary calibrator for ATCA observationdhages were calibrated using ob-
servations of secondary calibrating sources PKS 1329-6@%ce the primary beam response
is frequency-dependent, we did not merge the data from tveerving bands before imaging
and cleaning. Every single observing run and each of the tvgewing bands were calibrated
separately following the standard procedures for ATCA olagéns.

4MARX is a software that can be used to simulate the performariche Chandra X-ray observatory; see
http://space. mt. edu/ cxc/ mar x/


http://space.mit.edu/cxc/marx/

78 Exploring the supernova remnant G308.4-1.4

—63°38'|— — - -

T -, ] 5 a B

!

IS

[
1
|
T

|

°

!
IS
=

T

|

T

|

@

Declination (J2000)
mly/Beam

|
kS
L]
T

' _ B & ' Jr e

—4B'- — - -

_s50' - | -

| . . | . L I h . | n JL L I n n | . h | n A | n AL
13"42™30° 42700° 41™30° 41™00° 13842™30° 42™00° 41™30° 41™00°
Right Ascension (J2000) Right Ascension (J2000)

Figure 5.8: Gray-scale image of SNR G308.4-1.4. The left image displagSNR at 1.4 GHz and on
the right the same region at 2.5 GHz. The 1.4 GHz image is dmdowith a beam of 68" x 53.2” and
the 2.5 GHz with a beam of 38’ x 29.3".

The reduction was carried out using the ATNF release of théidhannel Image Recon-
struction, Image Analysis and Display (MIRIAD, Sault et 41995). A number of steps in the
reduction process (i.e. “flagging"“) were performed intéxedy.

Because of the poor phase stability during the observatiescalar averaging of gains over
the interval of 5 min (the length of secondary calibratorrgoaas performed. Then, a total-
intensity continuum image square region was formed usinlgi4inequency synthesis, uniform
weighting and a cell size of 10 arcsec. At the stage of the didp production all correlations
with 6th baseline were excluded to obtain images with bediggmal-to-noise ratio. The next
step was to de-convolved both images using the standard GlL&gorithm (Clark| 1980) with
10000 iterations. The resulting images were restored améated for the mean primary beam
response of the ATCA antennas. The final images have sym#itebeam sizes of 68’ x 53.2”
and 352" x 29.3" for the 1.384 GHz and 2.496 GHz band, respectively.

In both frequency bands the images show two radio arcs (spelFB). The eastern arc
matches the X-ray emission region. For the western arc noteqeart is visible in the X-ray
regime. There are also two radio-bright knots within thesaflat have neither a counterpart
in X-rays (see Fig.[ 5]9) nor in the optical band (dss2red). diference 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 krents 235, 174, and 110 mJy at
843, 1384, and 2496 MHz, respectively. These values wegaradtt by integrating the emission
within multiple polygons enclosing the remnant. The 843 Mhix density was deduced from
the SUMSS image. The bright southern knot has a flux densityi06f 75, and 70 mJy at 843,
1384, and 2496 MHz, whereas for the northern knot we measufieck density of 96, 76, and
56 mJy at 843, 1384, and 2496 MHz. In all cases we assumed argatige error of 20% in the
flux density.

The rms noise levels are 0.28 mJy beanand 0.05 mJy beant for the 1.384 GHz and
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| Figure 5.9: Chandra 15x 15 image

{ of G308.4-1.4 overlaid with the ATCA

1 data at 1.4 GHz. The contour levels are

4, 8, 12, 16, and 24 mJy beam The

radio image has a full width at half max-

imum (FWHM) of 636" x 53.2” and the
X-ray image is binned with"1per pixel.
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2.496 GHz image. The levels were measured by integrating @by source-free regions.
The spectral indices were computed using the total flux denseasurements in all available
frequencies (0.843, 1.384, and 2.496 GHz). Fitting the dath a power lawS, O v¥, we
obtained a spectral index for the northern koot —0.50+ 0.14 and for the southern knot
a = —0.49+40.16, respectively. The radio emission of the two arcs, howeweve a spectral
indexa = —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 edrlbands 3, 5, 12, and 22m
during the Wide-field Infrared Survey (WISE, Wright et alQ1®). With the 22um filter an
extended infrared emission is detectable that overlagstiv radio and X-ray emission regions
(see Fig[5.10). After subtracting the background contigimthe intensity image in the 22m
band was converted into a flux image using the explanatorgleoent to the WISE All-Sky
Data Release Produitswe did not apply color correction because the emission ar@sm in
the infrared regime is uncertain. In addition, the integgetux was not corrected for extinction.
To compare the infrared with the 1.4 GHz image the flux densithe 22um observation was
scaled to Jy/beam, where the beam i$66353.2 arcseé. Using the region of infrared emission
that is clearly associated with the remnant, the integréiedof G308.4—1.4 in the 2m band
is~ 1.7 Jy.

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

Shttp://w se2.i pac. cal t ech. edu/ docs/ r el ease/ al | sky/ expsup/ sec2 3f. htni


http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec2_3f.html
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jacent molecular clouds and produgeays via decays off® dAbQQ_el_al.J_ZQﬂl). We therefore
checked the archive of the Fermi Large-Area Telescope fpiray source at the position of
G308.4-1.4. The Fermyray satellite monitors the sky continuously since Augu3® How-
ever, no source has been detected close to G308.4-1.4 ietme-EAT Second Source Catalog
(Nolan et al., 2012) and investigating the images oursebesfound noy-ray emission matching
the X-ray morphology.

5.5 Discussion and conclusion

Comparing the fittechy with the integrated hydrogen column density toward the c®wf
Kalberla et al.|(2005) and Dickey and Lockrman (1990) place8x4—1.4 within our Galaxy.

The plasma model we used to fit the energy spectrum of G308l 4vls especially designed
to improve the modeling of X-ray spectra of SNR. Other plasmoalels assume ionization equi-
librium and are therefore not able to reproduce the speftyaung SNRs that are not evolved
enough to reach ionization equilibrium (Borkowski et aD02). Furthermore, the temperature
of the plasma of approximately 6 million Kelvin is in the tgal range for SNRM 87).

The analysis of the archival ATCA radio data revealed nam+ttal emission with a spectral
index of~ —0.7, which is typical for young to middle-aged SN@I@& The spectral
index has a large error due to the noise in the 2.5 GHz obsenvhtt 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 fisenmal emission of dust grains
in the hot plasma that are heated through collision, or fromforbidden lines of elements
such as neon, oxygen, and iron (Seok et al., 2008). Sevetr@rauvere able to show that by
comparing the infrared and radio emission it is possibleistirdyuish between SNRs and Hll-




5.5 Discussion and conclusion 81

regions|(Furst et al., 1987; Broadbent €tlal., 1989; Proh@bncalves et al., 2011). Moreover, in
the work by Pinheiro Goncalves et al. (2011) the ratio betwide flux density in the MIPSGAL
24-um (Carey et all, 2009) and the 1.4-GHz band was used. Thelseradbund that the ratio
is < 10 for SNR and higher than 30 for Hll-regions. For SNR G308.4-the 22um band was
observed, which covers roughly the wavelength range froq0to 27 um. Thus, the band
is comparable with the MIPSGAL 24m band, which is sensitive for infrared emission in the
range from 2Qum to 30um (Pinheiro Gongalves etlal., 2011). The 2&xto 1.4-GHz ratio for
G308.4-1.4is< 10. Hence, the infrared emission matching the radio andywarphology and
the measured 2pm to 1.4-GHz ratio additionally supports that G308.4—1 dnsSNR.

The lack ofy-ray emission from G308.4—1.4 can be explained by the paatiadpesolution
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. @f274 known SNRs only seven
have been detected by Fermi-LAT so far (Nolan et al., 2012).

There are various physical scenarios to show what mightecauslasma to emit X-rays.
However, the two emission models for hot diffus@¢EKAL, Mewe et al., 1986) and collision-
ally ionized diffuse gasAPEC, |Smith et al., 2001), which are often used to describe thayX-r
emission of Galaxy Clusters (CIGs), cannot reproduce tleetspm of G308.4—1.4. Moreover,
the temperature of CIGs is typically several’ 30 (Bohringer and Werner, 2010), one order of
magnitude higher than the fitted value. Thus, we can conchateG308.4-1.4 is not a CIG. In
addition, we can exclude that G308.4-1.4 is a planetarylagBIN) because its X-ray flux is
three orders of magnitude higher than the flux of the brigiRékdetected in X-rays, which is at
a distance ok 1 kpc (Guerrero et al., 2006) and because of the loyu&2to 1.4-GHz flux ratio.
Furthermore, the temperature of G308.4-1.4 is a factor oftigher 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 irmlsadernova remnant. Only
the eastern part of the remnant can be seen in the radicareédfrand X-ray regime, which is is
not unusual for SNRs (e.g., Castro etlal., 2011). A reasothfdrcould be that its shock wave
is expanding in more dense ISM in the east or the emissioneinvigstern part is absorbed by
ISM that is in front of the SNR. Figuife 5.110 shows an extendwtliafrared-bright region in the
northwestern part of the SNR, whose emission is not cogelaith the SNR.

Using the inferred spectral parameters we can estimateafoadtal 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#4.4sed a method described by
various authors (Sun etlal., 1999; Safi-Harb et al., 2001;z8lez and Safi-Harb, 2003): From
the distribution of mean color exceéSg.y) per kiloparsec derived by Lucke (1978) we found
(Eg.v) = (0.3£0.1) mag kpc . Using the fitted hydrogen column density for the whole rem-
nantny = (1.02+0.04) x 10°? cm~2, the relation between the hydrogen column density
and the visual extinctioA, of Predehl and Schmitt (199%) = (1.79+0.03) x 107 cm—2Ay
and adopting the relation betweA and the color excessdy /(Eg.v) = (3.2+0.2) (Zombeck,
2007), the distance to G308.4—1.4ds= 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 meanedaessEg.y) we used was derived

for reddening layer up to 2 kpc. For distance estimates fdactia PNe the reddening inferred
distances are mostly significantly shorter than distanesset with other methods (Phillips,

2006). This leads us to assume that: 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—gglthe fact that the radius of the
remnantRs can be determined in two ways, whdRedepends on the distandewith different
exponents. The first equation is a result of the Sedov arsatliscussed in the next section
(equatio 5.4) and depends@t®. The second equation to determihis simply the comparison
of the radius of the remnant in pBJ) and in arcmin @), d = Rs/0, which depends linearly on
the distance unid. Using these dependencies we derive

E 2/5 f 1/5
d = 7420 (6 [arcmir])~%/° <ﬁ5|<1]> <Norm> =9.8709 kpc, (5.2)

whereTs is the post-shock temperature dig] the SN explosion released kinetic energy in units
of 10°1 ergs.

Furthermore, with the help of the ATCA radio observationg tre publicly available HI data
from the Southern Galactic Plane Survey (SGPS; McCluréiBs et al., 2005), it is possible
to constrain the distance using the Galactic rotation moti€ich et al. [(1989). For the region
around G308.4-1.4 the SGPS archive provides ATCA data ebdevith a beam size of 130«
130’ and a I sensitivity of ~ 1.6 K. However, the data cover only the northern part of the
remnant. The SGPS archive also holds Parkes data that bevedion around the SNR, but with
an angular resolution of 15This beam is twice the size of the remnant’s diameter. Toeze
we chose to use the ATCA data for the subsequent analysis.

First, we convolved the radio continuum image at 1.4 GHz ®gshme beam size as the
SGPS data. We assumed that the emission of the remnant dbeamgignificantly across
the emission region. Second, the convolved image was usgehirate an on-source spectrum
of SNR G308.4-1.4 by averaging the HI emission for every aigtdbin in the HI data cube
at which the radio continuum emission was higher than 5 mhe dff-source spectrum was
computed by taking the average of the emission in the sudiogrof the on-source region of
the remnant. These two profiles and the difference plot batwkese two profiles are shown
in Fig. [5.11. The difference profile is dominated by driftstie zero level. This is because
the source is at the border of the image and as we are using dth, the pointing is not
perfect for the method applied. In addition to the drifts, detect one absorption feature with
a significance of> 30 atV; ~ 30 km/s. With the standard IAU parameter for the distance to
the center of the Galaxiy = 8.5 kpc and the solar orbit velocity & = 220 km/s derived by
Kerr and Lynden-Bell (1986) and the already mentioned Gialaotation model we deduce a
distance to G308.4-1.4 of@+ 0.6 kpc and 15+ 0.7 kpc. For the error estimate we assumed
an uncertainty in the velocity-to-distance conversion &hv's as suggested by various authors
(e.g.,Clifton et al., 1988) and used the FWHM of the featgé¢h& uncertainty in the velocity
determination. Based on the calculated lower limit for tietahce of the remnant we can rule
out the lower value as unreasonable. The low significanckeofbsorption 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 3o level indicated by a dotted

vertical line.
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conclusion that the Sedov-analysis-based distance appatign is the more reliable estimate
for the distance to SNR G308.4-1.4. Thus, in the followirdgnaportant quantities are given in
units ofdgg = d/9.8 kpc. Using the flux values deduced for G308.4—-1.4 we comigideray
luminosity to beL$>* = 1.8753 x 10%¢ dg 3 erg/s.

5.5.2 Age

First we deduced the post-shock hydrogen derjty Using the normalization constant de-
rived in the model fit of a collisional plasma that is in norugiprium (VGNEI) and assuming
that the hydrogen and electron densities are constant logeolumeV of the emission region,

2
we derived the following relationNeNy = Norm- 1(7;';15\/ cm 8. V can be approximated by a

sphere with radius ~ %27. D of which only a fraction of~ 2 is sufficiently bright to be

detected in the X-ray regime. Therefore, the volumé is 1.14x 10°* (r[arcmi))3d?  cm® =

7.98 x 10°8d3 secm®. Heredyp is the distance to G308.4-1.4 in kpc. For a fully ionized pias
with cosmic abundances<(10% He) the ratio between hydrogen and electron density ean b

estimated byN/Ne =~ 0.8. Thus, the post-shock hydrogen dendity = (0.77+0.11) dgy 2/

9.8
cm 2 and the corresponding swept-up mbs: 1.4ANymyV ~ 71.7dg/82M@ (Slane et all, 2002).
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The age of the remnant can be approximated by (McKee, 1987)
E 3 6 1
t=271x10° (N—f:) To °dgg yr. (5.3)

Assuming that the explosion energy is equal to the canonaake of 13! ergs and the fitted
temperature is approximately, the derived value for the hydrogen density suggests anfage o
~ 5000— 7500 years for SNR G308.4-1.4. Using this result we can tatkeuhe theoretical
radius of the remnant (Culhane, 1977)

1
Es1 ) ® 1
Rszo.34<N—5:) t5 pc= 1191348, pc (5.4)

and the shock velocity (Sedov, 1959)

Vs = g% = 7307120 km/s, (5.5)
which is independent of the assumed distance. The age farahstion from the Sedov-phase
into the radiative phase is about 29 kyr (Blondin et al., )998e fact that G308.4—1.4 is much
younger than the transition time scale suggests that G308l4s in the Sedov-phase. Further-
more, the energy spectrum of the remnant supports that @308. is in the Sedov-phase.

However, the derived parameters should only be seen as esighates because we were
unable to determine whether a full temperature equilibrisi@ready established. If this is not
the case, a generally higher ion temperature, which detesrthe SNR dynamics, would lead
to a higher shock velocity and subsequently to, e.g., anestienation of the remnant’s age.

5.5.3 The central sources CXOU J134124.22-634352.0 and
CX0OU J134127.12-634327.7

No radio counterpart for CXOU J134124.22-634352.0 has letected in the ATCA and
SUMSS observations of G308.4-1.4. An explanation couldhaéthe variable source is also
variable in the radio band and therefore the source was thissall previous observations of
this region. To decide if this is the case new observatioasiaeded.

Additionally, CXOU J134124.22—-634352.0 has no compatgfeked X-ray emission as seen
in other young and powerful pulsars. Its best-fit spectraleh@onsists of two blackbodies.
Thus, source # 1 shows some properties that have been alsanseentral compact objects
(CCO, see Gotthelf and Halpern, 2008a, for a review). Th&®<are young neutron stars that
are located in SNRs with an age of less than 10 kyr. They haxeyXuminosities between $0
and 132 erg/s in the energy range 0.5-10 keV. No CCO has a detectedarpart in the radio
and optical band so far. For one member of the CCO group, 1B48%5055 in RCW 103, flares
have been detected in which the flux varies between 0.8 and18012 ergs cn? s1. This is
comparable to source # 1 whose maximum fluxsi40~ 1 ergs cm? s~1 and the upper limit
derived from the SWIFT observationsAs5 x 1013 ergs cnt2 s 1.
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Using the distance derived in Sedt._5]5.1 the luminosity ¥OC J134124.22-634352.0
is LY> 710 = 25732 < 10% dg 3 erg/s. This is slightly higher than the derived luminosity f
the normal population of CCQO (Becker, 2009, p.121), onlyftaeng CCO in RCW 103 has a
comparable luminosity of.@ — 8 x 10%* erg/s (de Luca, 2008).

Krautter et al.[(1999) found for all X-ray-bright stars wigim optical counterpart a ratio of
log(fx/fv) = —2.46+1.27 in the ROSAT All-Sky Survey. Therefore, the X-ray-toés flux
ratio of 1.55 and the fittedy, which is on the order of what has been observed for G30844-1.
suggest a CCO interpretation for source # 1.

Assuming that the source is indeed the compact remnant, nvéezéave the proper motion of
the object = \/(RA.— RAu)2+ (DEC; — DECy)2/t = (45+4)" /t using the inferred center
and the age of the SNR. We deduce the proper motion [ob€& + 2 mas/yr= 320+ 100 km/s.
The upper limit onu is higher than the mean two-dimensional proper motion afgmslin SNRs
of ~ 227 km/s|(Hobbs et al., 2005), but would not be an excepti@n.ekample, the CCO RX
J0822-4300 in the SNR Puppis A has a 2d proper motion oft6l/I5 km/s|(Becker et al., 2012).

Nevertheless, the lower limit of the inferred emitting raglof the blackbody in the double
blackbody or the power law-blackbody spectral fit is on theeoof the expected value for the
neutron star radius of 10 to 20 km only if the source is at adis# of at least 7 kpc (see Fig.15.5).
Moreover, we found an infrared and optical source whosdiposs consistent with source # 1.
The spectral distribution of the source allows us to fit aisimhally ionized diffuse gas model
(APEC), which|Osten et al. (2005) used to model the energy digtdbun the X-ray band of
the M dwarf flare star EV Lacertae. In addition, the fitted logln column density is consistent
with that of a nearby star and the X-ray-to-visual flux rai®i25, only 2 higher than the value
for stars derived by Krautter etlal. (1999).

Using the stellar density in the direction of G308.4—1.4 ae derive the chance association
of the observed 2MASS source with the compact remnant catedidThe chance association
is given byPeoin = |RA| 1T ORA ODEC, whereN is the number of sources detected within a
rectangular region of IengﬂlﬁA and widthlpe, anddRA ODEC are the errors in the position of
the source. The 2MASS catalog contains 2206 point-likessim a box with side length of 5
arcmin around the center of the remnant and the chance assads 1.3%. Thus, the possibility
of a false association between the X-ray and the 2MASS saanweot be excluded.

Until now, we did not discuss the western radio arc, which masounterpart in the X-
ray and infrared image. The arc could be interpreted as avist& radio jet of a source at the
geometrical center of the SNR. If that is the case, the clesurace is either a black hole of stellar
mass or a neutron star in a binary system (Mirabel and Rodrigl999, and reference therein).
Especially the possibility that the central source is alblacle is an interesting speculation
which, if proven, would mean that G308.4-1.4 is the remndr# type Il 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 sour¢he center of the rem-
nant, source # 10, we assumed that the source is a CCO, shauddahleast a spectrum with
a blackbody of temperature 2.6 million Kelvin as the CCO ippig-A (cf. Table 6.4, Becker,
2009). Using the WebPIMMS tool with the source count rate tedfittedny of the SNR the
flux in the 03— 3.5 keV range isfx ~ 2.2 x 10~ 14 ergs cm?s~! and in the 06— 10 keV range
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Table 5.4: Fundamental parameters of SNR G308.4-1.4.

SNR
distance B2 kpc
age 50006- 7500 yrs
radius ~4.2/11919428 pc
expansion velocity 73020 km/s

is fx ~ 1.9 x 10~14ergs cnT?s~1. The normalization of a blackbody with this qux temperatur
andny is 2.5 x 10>, which corresponds to an emitting radius of the source Gﬁ g km. This
value perfectly agrees with the expected value for the pautar radius. The correspondlng
luminosity in the energy band.®— 10 keV isL%> 19 = 2.1 x 10°? dy 2 erg/s, a typical value
for CCOs. Furthermore, the X-ray-to-visual flux ratio is (6g/ fy) > 0.11 taking into account
that no optical source was detected in the USNO-B1.0 cattabthe limiting magnitude of
this catalog is 21 (Monet et al., 2003). Thus, no clear ewsddor the origin of the emission of
source # 10 could be found.

Finally we mention that the detector support structure cdri@ina covers the central part of
G308.4-1.4 (see Fid._5.2). It is therefore not excluded foamobservations that other faint
X-ray point sources are located at this position. However,rfon-detection of a source in the
SWIFT data at the assumed position of the remnant’s expacsiater sets a strict upper limit of
5x 1013 ergs cm? s~1 on the flux of such an object.

5.6 Summary

The high-resolution imaging and spectroscopic capabdfthandra revealed that the X-ray
emission of the source is an extended plasma and G308.4-lhdged a supernova remnant.
The emission region is spherically symmetric with a diamefe8.4 arc-minutes and an excess
emission toward the east.

The radio morphology at 0.843, 1.384 and 2.496 GHz is chanaed by two arcs. The
eastern arc matches the X-ray and infrared contours. Tle@deac, which is bending in the west
and shows a decreasing brightness toward the center of &308, has no counterpart in other
wavelengths. The remnant without the two bright knots hgseatsal index ofr = —0.7+0.2.

The Sedov analysis lead to the conclusion that the SNR ist&#8l0 years old and is ex-
panding with a velocity on the order ef 730 km/s. All fundamental parameters of the SNR are
summarized in Table 5.4.

The X-ray point-like source CXOU J134124.22-634352.0aled close to the geometrical
center of the SNR G308.4-1.4, is seen to exhibit variablefimohg X-ray emission. How-
ever, no certain conclusion on the origin of this source dradther central source CXOU
J134127.12-634327.7 could be drawn. Deeper observatidhe oentral 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) pubtishAstronomy & Astrophysics

6.1 Introduction

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

In our own Galaxy, the rate of observed SNe is small. For cotlepse SNe, it averages only
about two per century. This estimate is suggested by4tay radiation from?®Al in the Galaxy
(Diehl et al., 2006), in which a certain yield is expected &oftrmed in each core-collapse SN.
Many SNe, though, remain unobserved due to optical lighhetion. The last recorded SN in
our Galaxy, the Kepler SN, was observed in AD 1604, and onlptier SNe have been detected
in the Galaxy in the past two thousand years (Green and Stephe2003). The optical light
from the two youngest Galactic SNe, G1.9+0.3 and Cas A, waslmserved about 100 and 350
years ago, respectively (Reynolds etlal., 2008; Green awh8hsaon, 2003).

If there is no direct light from an SN observed, then we attlbase the opportunity to study
the light of the remnants of several nearby SNe becauseghedf these supernova remnants
(SNRs) remain visible in various spectral bands for up t® yiéars. Although the light echo
from the SN Cas A was found recently (Rest et al., 2008), ihis of the few cases so far where
the SN light could be studied a few hundred years after theT8Ns, the most promising way
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to learn about the evolution of an SN shock front and the faeklion the evolution of their host
galaxy is to study the diffuse emission of SNRs.

In the last few years, several new SNRs have been detectabttathe increasing sensitivity
of modern X-ray observatories. One of those remnants is G298, which was first detected
in X-rays byl Schaudel et al. (2002) and later identified to bhe&SAIR by Schaudel (2003) and
Robbins et al.|(2012). It is a shell-like SNR in which X-raydaradio emissions have been
detected. In addition, filaments in the infrared ang bhnd were detected in near the source
(Robbins et al!, 2012). Whether they are associated withetm@ant still remains to be shown.

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

In this work we report on an XMM-Newton observation that wargeted on SNR G296.7—
0.9. The results of the spatial and spectral analysis ofdhia are presented in Sectlon]6.2. In
the discussion in Sectidn 6.3, we use the inferred spedrahpeters of G296.7-0.9 to derive an
estimate for its age, radius, expansion velocity, and dégtaSectioh 614 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 &dPheras (Struder et/al., 2001)
on board the X-ray observatory XMM-Newton (ObsID 067507010 he two MOS and the PN
cameras were operated in full-frame mode using the mediten. flPart of the observation was
taken with the filter wheel in closed position because theenfagion was strongly affected by
particle background radiation. Therefore, the performaction 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 reduceddtee Times of high
background activity were identified by inspecting the lightves of the MOS1/2 and PN data
at energies above 10 keV. After removing these times, tleeie exposures of the PN, MOS1,
and MOS2 cameras were 3.7 ksec, 5.1 ksec, and 5.3 ksec, treslyedVe extracted images and
exposure maps in the five standard bands of XMM-Newton uditgRAC instruments. Single
and double events were selected from the PN data and singletiruple events from the MOS
data sets.

For the spectral fitting, we used the X-Ray Spectral Fittiagkdge (XSPEC) version 12.7.0u.
The energy range was restricted td 8 6.0 keV because the count rate detected at higher ener-
gies was too sparse for a meaningful spectral analysisvwB@l keV, the detector and telescope
response is not well established. All given uncertaintggsesent thed confidence range for
one parameter of interest, unless stated otherwise.
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6.2.1 Spatial analysis

Figurel6.1 shows the X-ray colorimage of SNR G296.7-0.9.ightiarc that appears to lie along
an elliptical shell is clearly detected in the south-eastcénter is at RA= 11"55M52"3+ 07,
DEC; = —63°06'29" & 3" with a semimajor axis of’sand a semiminor axis of’ 35.

We searched for point sources with a signal-to-noise r&idl) of at least & in the five
standard bands using a sliding box source detection ahgoiSAS tooledetect_chain). Five
point sources were detected (see Eigl 6.1), which all ha®& N 70 (0g = 14 |/Cog+ 0.75,
wherecyg are the background counts). Their position, positionalre8/N, and count rate in the
merged image are listed in Tablel6.1.

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

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

No. RA (J2000) DEC (J2000) S/IN Rate
h:m:s d:m:s oc Ccts/ksec
1 11:57:057+0.3 —-63:04:53+2 7.7 5.2
2 11:56:539+03 -63:05:13-2 85 5.7
3 11:55:286+03 -63:03:18:2 7.0 4.1
4 11:54:5124+0.3 —-63:13:314+2 34.1 26.4
5 11:54:311+03 -63:01:33:2 222 164
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source with the various online catalogs provided by theaRzservicd. We found a candidate
counterpart for source #5, HD 103442 (Hgq et al., 2000), wisan A3/41V star with an optical
magnitudeV = 8.8. Its angular separation from source #5 {94corresponding to twice the
observatory’s absolute astrometric accu@ad;he source density in this region of the Galactic
plane using the Tycho-2 cataloggs~ 0.09 arcmin 2. The probability of a chance association
computes then likB.yin, = p - 82, whered is the angular separation between the optical and X-ray
source. For the optical counterpart of source #5, we compateance probability of & 104
for a mis-identification. Its X-ray flux within the 0.3 to 3.®¥ band is 12 x 1012 erg cnt?
s~1, yielding an X-ray-to-visual flux ratio of logfx /fy) = —3.1. This is in the allowed range
of —3.86+0.79 for A-type stars|(Maccacaro et al., 1988; Agileros eR&l09), which further
strengthens the association between source #5 and itdea@diptical counterpart.

No source has been detected close to the geometrical cénter SNR. Using the merged
MOS1/2 data, we determined a ipper limit on the count rate of a hypothetical central X-ray
source of 43 x 1073 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 aotielli annular sector with the
center at RA and DEG, semimajor axes of'@nd 29, semiminor axes of/35 and 22, and an
opening angle of 140 The background spectrum was derived from a nearby regexegion
the same MOS1/2 chip with the same size as the source regiosbdckground contribution
was found to bex 50% in the two MOS cameras ared71% in the PN data. After subtracting
the background, 1232, 1236, and 3077 source counts remairted MOS1, MOS2, and PN
data. For the spectral analysis of the remnant, these caunésbinned to have at least 75 counts
per bin in the case of the MOS1/2 observations and 150 coentsip for the PN data.

We checked whether the spectral fitting results would ché@inge model the instrumental
background according to the suggestions made by Kuntz amddm (2008). They proposed
to add a Gaussian at the fluorescence line of &l&E = 1.49 keV with zero width and a power
law for modeling the remaining soft proton contaminatiorhist is not convolved with the
instrumental response. From this analysis, however, thdehfils were not significantly better
than without adding these components using the standagstFthus, the following results were
obtained without modeling the instrumental backgrounceztply.

We fitted the spectrum of G296.7-0.9 with various models: A tiffuse gas model
(MEKAL), a model for a collisionally ionized diffuse ga8REC), a power law model, a ther-
mal bremsstrahlung model, a Raymond-Smith diffuse gas maden-equilibrium collisional
plasma that allows a temperature evoluti@NEI) or has a constant temperatuMdt], see Fig-
ure[6.2), a plane-parallel shock plasma mo&S8KOCK), an ionization equilibrium collisional
plasma modelEQUIL), and a Sedov model with separate ion and electron tempesatéor
spectral models Witb(rzed < 1.4, all fit parameters are listed in Talhle6.2.

In the following, we will use the best-fit results of tiNElI model to derive related SNR

Ihttp://vizier.u-strasbg.fr/viz-bin/Vizi eR
Zxmm vi | spa. esa. es/ docs/ docunent s/ CAL- TN- 0018. pdf..
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Table 6.2: Spectral parameters of the best-fit models for SNR G29697-0.

model Ny [10%%cm 2]  kgT [keV] ¢ ke TP /(kT)Y[keV] Norm®  x?/d.o.f. fy &

0.07 0.08 0.8 0.6 11
NEI 1.24t8_$.,1 0'53t8'8§ 1.2%% g /- 1.3j8_g 89.3/94 52t8‘§
PSHOCK  1.16'328 0.5475%8  gtl /- 11428 87.5/94 3533
SEDOV 1.277339 0.3570%  6'] < 0.54/- 23723 89.4/93  8t3
GNEI 1.27+£0.08  049°3% 10798 -/0.55' 552 15792  88.6/93 60712
EQUIL 1.10+£0.04 052+0.04 - - 109921  96.8/95 25+0.2
APEC 1.23+0.05 038333 - -/ 20752 107.095 46138

Notes. @ jonization timescale in units of 1 s/cn? ®) electron temperature immediately
behind the shock front®) ionization timescale-averaged temperatufleT) = [T (t)ne(t)dt/T

©) Normz#ﬁzﬂzfnemdv in units of 102 cm~°, whereD, is the angular diameter distance to

the source in cm ands andny are the post-shock electron and hydrogen densities i craspectively.
(€) X-ray flux in the energy range 0.5 to 4.0 keV in1® erg cm2s 1.
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parameters. For all models with a non-equilibrium equatibstate, we measure an ionization
timescale valug = tone < 1012 scnt 2 (tg is the age of the remnant angd the post-shock elec-
tron number density), which is smaller than the expectedsiale at which collisional ionization
equilibrium is reached (Borkowski etlal., 2001). Therefdhee APEC andEQUIL models are
unlikely to apply. For theSNEI model, the temperature and the ionization timescale-geera
temperature are almost the same, which is no improvememttbeeNEI model. Addition-
ally, we will not use the results of th @ EDOV model any further, because the determination
of the post-shock temperatuiig in that model is only possible at energies above 3 to 4 keV
(Borkowski et al., 2001), where the spectrum of G296.7-9r8t well constrained.

The value folNy in the NEI model fit is slightly lower than the average integrated hygero
column density toward SNR G296.7-0.9, whichN§'B = 1.39 x 10??2cm~2 (Kalberla et al.,
2005). This value is based on HI emission line measuremerdsadio frequency of 21 cm
and refers to the entire hydrogen column density along tie df sight. The temperature of
the plasma is 03 x 10f K. No improvement in the best-fit statistic was observed wiven
allowed the abundances to differ from the solar values. @#ie derived parameters of the|
model fit, the flux in the 0.5 to 4 keV band is5 53 x 10~ erg/ent/s.

In addition, we investigated the spatial variation of thecpal parameters by extracting all
photons in the northern and southern part of the remnant. edery 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) independentlyzedhtwo pointed ROSAT PSPCB
observations. These data were taken between 1 and 8 Feli@@8yand 19 and 21 February
1998. Both authors found that the temperatures of the X-maijtiag gas and the hydrogen
column densityNy are lower by at least a factor of two when compared with theltesleduced
in our work. Only . Schaudel (2003) found\ that is comparable with our value listed in Table
2 by fitting the Raymond-Smith model, though his value had @hrhigher uncertainty. As
mentioned in the introduction, the PSPCB had about five iaddpnt energy channels, which
limits the conclusions drawn from their spectral fits, esglgcwhen 70 spectral bins were used
as in the work of Robbins et al. (2012). The latter corresgdndan oversampling of about 15
times the spectral resolution of the detector!

6.3.2 Distance and age

Using the deduced spectral parameters fromNEs fit, we can derive basic properties of the
remnant, such as the distandgpost-shock hydrogen density;, swept-up mas#l, the age
of the remnant, the radius in pdRs, and the shock velocitys. We used the following set of
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equations, which is described in detail in Prinz and BecR84.P) and references therein:

B\ 2/5 fo\1/5
— .9 3/5( =51

dReddening = NH/(NH/AV 'AV/EB—V . EB—V/kpC) [kpc]
Vemit = 3.029x 10°*. f - 6% (dsedofkpd)® [

[ Norm _3
ng = 7027,/——— |[cm
: dSedov' f- 93 [ ]

M = 14.-ny-my-V [Kkg|
1

3 __6
t = 271x 109<i—51) Ts ° [yr]
H

1
5
Ry = 0.34<E—51) t5 [pd
Ny

Heref6 = \/majorx minor axis is the reduced radius of the remnant in arciinthe explosion
energy in units of 18 erg, Ts the fitted plasma temperaturithe filling factor to correct for the
morphology of the SNR, Norm the normalization of the spéfditr;aNy the fitted column density,
Vemit the X-ray emitting volume, anty the mass of a hydrogen atom. The errors listed with
the numbers deduced from these equations are statistioas.elhe systematic errors might be
larger but are unknown.

+1.1

The Sedov-analysis-based distancédsiov= 9.8" 57 kpc. In the following, we give all im-
portant quantities in units af g = d/9.8 kpc becausdsegoyhas a smaller uncertainty than other
distance estimates. From Figlrel6.1 we infer that dnty 15% of the remnant is bright enough

to be used for spectral analysis. Therefore, the post-shpdkogen densityy is 0.737918

and the swept-up mass i = 29M, dg/82. Assuming that the explosion energyis equal to
the canonical value of £ erg, the age of the remnant is 5800 to 7600 years and the radius
Rs = 12.2+12 d2® pc. We derive a shock velocitg of 7207130 km/s. Using the flux values
deduced in Sectidn 8.2 we compute its luminosity ta §&* = 6.07 18 x 10°° d2; erg/s.
Independently of the Sedov analysis, another method thawvslus to estimate the rem-
nant’s distance makes use of a relation between the visdbiecdon Ay and the color excess
Ay /Eg_y = 3.2+0.2. The remnant’s color excess was not known, so we used thrédi®n
of the mean color exce$ss v per kiloparsec derived hy Lucke (1978). In the directionfadf t
remnant, we findeg_y /kpc= 0.25+ 0.10. In addition, we used the relation betwég¢nand the
visual extinctionAy of Predehl and Schmitt (1998} /Ay = (1.7940.03) x 10?* cm2. This
leads to a distance @reddening= 9+ 4 Kpc, which is in agreement with the distance deduced
from the Sedov analysis. However, the mean color ex¢Egsy) that we used to calculate
dreddeningvas derived for a reddening layer up to 2 kpc and thus is justigiT estimate.
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6.3.3 Central neutron star

To obtain a rough estimate of the flux upper limit for a hypdtitted compact source in the cen-
ter of the remnant, we assumed that the source has propgrtidar to a central compact ob-
ject (CCO), because no compact source or radio pulsar hasdetected in G296.7-0.9 so far
(Robbins et al., 2012). Like other CCOs, e.g., the one in tHR Buppis A, we assume that the
spectrum is dominated by blackbody emission with a tempegaif~ 2.6 x 10° Kelvin and a
luminosity in the 0.5-10 keV band of at least*¥@rg/s (see Becker (2009) for a review). This
corresponds to a flux in this energy range~0® x 10-1° erg cn?s1. Using the WebPIMMS
tool with the fittedNy of the SNR, the count rate in the 0.2-12 keV range-i& x 1074 cts/s
for the merged MOS1 and MOS2 observations, an order of magmibwer than the derived3
upper limit for a point-like source at the center of the remtn& hat we do not detect emission
from a CCO in G296.7-0.9 does therefore not mean that therens. The observation might
not be deep enough to detect it. The type of the supernovaasualconstrained.

6.4 Conclusion and summary

The remnant is characterized by a bright arc in the southel@stion and by diffuse emission
with low surface brightness in its western part. We showedl tifie X-ray emission of G296.7—
0.9 is in agreement with coming from a collisionally heatdasma that has not yet reached
equilibrium. The Sedov analysis leads to the conclusiohtti@ SNR is about 6600 years old
and expanding with a velocity on the order=0f720 km/s.

The close-by HII region G296.593-0.975 has a velocity-86+ 1 km s™1, based on mea-
sured hydrogen recombination lines (Caswell and Hayne®7)19With the standard IAU pa-
rameter for the distance to the center of our GalRsy= 8.5 kpc and the solar orbit velocity
of Vp = 220 km/s |(Kerr and Lynden-Bell, 1986) and the Galactic foratnodel of Fich et al.
(1989), we deduce a distance to the HIl region &00.6 kpc. For the error estimate, we as-
sumed an uncertainty in the velocity-to-distance coneersi 7 km/s (e.g., Clifton et al., 1988).

The deduced distanckqoyiS in good agreement with the distance of the close-by Hibreg
(G296.593-0.975. This is a strong indicator for a spatiab@ation between the SNR and the
HIl region, as already suggested by Robbins et al. (2012).

The observation used in this analysis was strongly affdayguiarticle background radiation,
which led to a net observation time that was shorter by a faftthree than the approved ex-
posure time. Therefore, only limited statements can be mahdeat the existence of a compact
source located near the center of the SNR. Deeper obsarsatight 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 sii@ehtoAstronomy & Astrophysics
The detailed discussion of the results is presented in @Hapt

7.1 Introduction

Neutron stars (NSs) are the most dense objects observathle imiverse and thus a powerful
laboratory to study dense matter. In laboratories nuclégsipists are currently investigating
the equation of state (EOS) of dense matter with comparabéyen higher energy densities
of > 170 MeV fm2 (Hands,/ 2001), but much lower baryonic densities than irtroaustars.
This is done for example by studying the isospin diffusiol&avy-ion collisions (Tsang etlal.,
2009) and the electric dipole polarizability #18Pb (Piekarewicz et al., 2012). These and other
experimental data show a remarkable agreement with magefirastrophysical observations
(see Lattimer (2012) for a review). However, the parameadetermined in nuclear experiments
have large uncertainties when applied to neutron rich mafteerefore, one needs other obser-
vational constraints on the dense matter EOS, which helpdenstand the internal composition
of neutron stars.

In recent years, a large step forward in constraining the BO&nse matter was made
by the discovery of two neutron stars with high masses: PSR 432230 with 197+ 0.04
M. (Demorest et al., 2010) and PSR J0348+0432 witii2 0.04 M., (Antoniadis et al., 2013).
These are the first neutron stars with such high masses antwroertainties in the mass de-
termination. All high mass NSs detected so far have largetainties and were used with
caution (see Lattimer (2012) for a summary of neutron stassmaeasurements). TheMz,
NS measurement alone can rule out all EOS that do not allotv sucassive neutron star (e.g.,
Demorest et al., 2010, Figure 3). In this case most EOSs $isahae exotic matter to be present
in the central part of the star at densities a few times thésancensity can be ruled out. In the
literature, charged mesonts; or 1~ condensates, hyperons and deconfined quarks are denoted
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as exotic matter. However, their existence in neutron sti@riors cannot be excluded. Thus,
finding neutron stars that show signs for exotic matter imitsrior is one of the main goals of
studying neutron stars.

Another very promising approach to rule out EOSs of denséamiatto look at the evolution
of the thermal radiation from neutron stars with time and pare it with models. Furthermore,
this attempt gives insight into the complex compositiontd interior of a neutron star. NSs
are hot, around FOK at the surface, and are thus observable in the soft X-raynegSeveral
attempts have been made to learn more about the interiombhpaong observed surface temper-
atures of neutron stars with theoretical predictions, ifcila certain composition in the interior
of the star is assumed (Becker etlal., 1993b; Becker, 1998ui 1998; Yakovlev and Pethick,
2004;| Page et al., 2004, 2009). However, only in the lastdiethe number of neutron stars
that clearly showed thermal emission from the whole surtaueg cover a large range of ages
increased by a factor of four. Using that sample, a reasersthdy could be performed, e.g.,
Page et al. (2009). Page et al. (2004) introduced the mirgowing paradigm, which includes
the cooling by Cooper-pair breaking and formation in additio the standard cooling scenario
(Tsuruta, 1998). This scenario could well explain the obsgrtemperatures of neutron stars
within the uncertainties, but not within one single moded aomposition of the envelope. Nev-
ertheless, only about 18 isolated neutron stars show themigsion from the whole surface
(Page et al., 2004, 200Dzel,| 2013 Zhu et all, 2011), whereof five have no distantmate
and therefore, are not easily compared among each othaufiisg009). Using the ROSAT All-
Sky Survey Becker et al. (1993b) derived 2pper limits on the temperature for several other
pulsars. However, with some exceptions the measured tetuperupper limits were all above
10° K for neutron star ages above*years, too high and too old to challenge up-to-date cooling
models.

Apart from this the high energy emission of pulsars is stibgy understood. However, in
recent years several attempts have been made to connectreteXsray quantities with funda-
mental properties of a radio pulsar. Since the first imagagstope with focusing optics, the
Einstein X-ray observatory (Giacconi et al., 1979), wastded various authors analyzed the
existence of a correlation between the X-ray lumino&ityand the spin-down energy lo&s
in different energy bands, e.g., Seward and Wang (1988) Eselein observations and found
Lx (0.2—4keV) ~ 10-3%E, Becker and Triimper (1997) fittég (0.1 — 2.4 keV) ~ 10-%3E with
ROSAT data, and at harder X-rays Possenti et al. (2002)etriith the help of ASCA, RXTE,
BeppoSAX, Chandra, and XMM-Newton datg (2 — 10keV) ~ 10-34E. In addition, Li et al.
(2008) fittedLy (2 — 10keV) ~ 10°92E and Becker (2009)x (0.1—2keV) ~ 10°97E, both de-
duced with XMM-Newton and Chandra observations. The laggead in the fitted quantities
can be explained by the fact that different approaches wgpéeal and in some samples the
thermal emission was included. However, in all these a lacgéter in the derived values fog
is detectable and Possenti et al. (2002) already showedhidit is not acceptable in terms of
the x statistic.

Furthermore, with the increasing sensitivity and anguésotution of the currently flying
X-ray satellites the sample of rotation-powered pulsasd #re detected in X-rays is steadily
increasing, tox 185 by September 2013 (see TablelB.1). This enables us toedha bias in
the current sample, which represents mainly the luminowayXpulsars and allows to search
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for underluminous ones. This increases the dispersiondrLi+ E correlation even more,
e.g. PSR J2022+3842 has an X-ray efficiepgy— LX/E = 6 x 1072 in the 2—-10 keV range
(Arzoumanian et all, 2011) and Kargaltsev etal. (2012) ¢otlmat yx of PSR J0940-5428 and
PSR J1913+1011 is belowOx 10 and 33 x 1079 in the 0.5-8 keV energy range, respec-
tively. [Kargaltsev et al. (2012) concluded that the scatiethe X-ray efficiency cannot only
be explained by incorrectly derived distances and misseagriing corrections of the radiation
coming from the pulsars magnetosphere. This indicatedhiaX-ray luminosity does not only
depend on the spin-down luminosity. However, another patanthat 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-rajsars that would help to
follow the cooling of neutron stars over a larger range ofaay&l reduce the bias to the brightest
sources in thé.x — E correlation even more. Even upper limits on the thermal andthermal
emission can help to put more significant constraints oretbasves.

Hence, we searched for undetected X-ray counterparts af padsars in the archives of
XMM-Newton and Chandra using the coordinates of all knowisgs. The data were taken
from the ATNF Pulsar Catalogue (Manchester et al., :ﬁ%mich currently lists 2267 pulsars.
In Section 7.P we describe the used observations and prtvedeetails of the data processing
and data filtering of the XMM-Newton and Chandra observatidfurthermore, we explain the
criteria that have to be met for a positive detection and howell and upper limits were derived.
The results of the spatial and spectral analysis of the theteand the upper-limits for the not-
detected pulsars are given in Section 7.3. In Sec¢tioh 7.4iveeagconcluding summary about
the findings and in Sectidn 8.3 the results are discusseddil.de

7.2 Observations and data reduction

We made use of all public data from the archives of the two Kefaservatories XMM-Newtdh
and Chandfhavailable by September 2013 and searched for X-ray couartsrpf all known
isolated radio pulsars and millisecond pulsars in our Galésted in the ATNF Pulsar Catalogue
(Manchester et al., 2005). The two observatories used hmerel@al for the search, because of
their large collecting power compared to other missionsgoatl sky coverage after 14 years of
observation: The XMM-Newton observatory covered 504dBg2009 (Watson et al., 2009) and
the Chandra X-ray satellite 310 delgy 2007 (Evans et al., 2010)). We found 164 observations
taken with XMM-Newton and 188 taken with Chandra where thilfad-view (FOV) covers
the position of a radio pulsar, summing up to a total of 7.8 dsbkservation time. In total
255 pulsars were observed. A summary of the used obsersatised instruments, filters, and
exposure times is given in Takle B.2.

For the reduction of XMM-Newton data we used the XMM-Newtanedice Analysis Soft-
ware (SAS), version 12.0.1. In case of the Chandra data we steedard processed level-2
data and the Chandra Interactive Analysis of Observati@&@) software, version 4.4. In

Ihttp: //ww. at nf. csi ro. au/ r esear ch/ pul sar/ psr cat/
2http: // xnm esac. esa. i nt/ xsal/ i ndex. sht ni
Shtt p: /7 cda. har var d. 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. A§Midri-Newton these flares are
mostly coming from soft protons hitting the detector. To ome these time intervals of high
particle background we inspected the light curves of the MR&nd PN event files at energies
above 10 keV. We created a light curve with a bin size of 100dsdetected flares in almost
all XMM-Newton data sets. Therefore, we rejected time wes in which the count rate per
bin was 3 higher than the mean count rate without flares. Regardingi@habservations we
made use of the ClA@eflare script, which applies the criterion mentioned above autaraby.

The effective exposure tint¢€6) 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 attio@ vignetting of the telescope at
an off-axis angled. The net exposure on the sout¢€) and on the background regitgs(0)
was then calculated by averaging the exposure map over tireesand background region,
respectively. This has to be done to include the effect ofG® gaps on the exposure time.
The on-axis exposultg,.axisandt(6) are listed in Table BI2.

7.2.1 Spatial analysis

In order to search for a possible X-ray counterpart in thelavie datasets where a pulsar was
observed we applied a sliding box source detection algariir XMM-Newton data (SAS-
tool edetect_chain) using the five standard band8.2 — 0.5 keV, 05— 2 keV, 2— 4.5 keV,
45—-75keV, and 75— 12 keV) or a wavelet source detection algorithm for obs@matwith
Chandra (CIAO-toolvavdetect) in the energy range 0.1-10 keV. The derived source position
were then compared with the radio timing position of the egponding pulsar. The uncertainties
in right ascensiordRA and declinationrdDEC were determined by combining the statistical
errors of the X-ray source position and the absolute astimicreccuracy of the corresponding
X-ray observatory squared. For Chandra ACIS-S, ACIS-I aReCIS data the 68 % confidence
levelis~0.21”, ~ 0.4” and~ 0.36", respectivelﬁ The absolute astrometric accuracy for XMM-
Newton data iz 2" (r.m.s.

We claim a possible detection, if the distankdetween the X-ray positiorRAx, DECx)
and the radio timing positiorRAR, DECR)

A= \/(RAR—RA()ZHDECR—DECXVgsa. (7.1)

The uncertainty in this equation was obtained by deducing the errdk.in
To exclude the possibility that an X-ray source is by chartcie position of the neutron
star, we calculate the probability of a coincideisg, as follows:

N
Peoin = ——~— TORASDEC, (7.2)
IralDecl.

4Seeht t p: // cxc. har var d. edu/ cal / ASPECT/ cel nmon/|for more details about Chandra absolute as-
trometric accuracy.
SMore information can be found &tmm vi | spa. esa. es/ docs/ docunent s/ CAL- TN- 0018. pdf.
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whereNy is the number of sources detected within the FOV of the olasienv with lengthlra
and widthlpegl.. Peoin Should be below 10° 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 soes with the USNO-B Catalog,
which covers the whole sky and is thought to be complete dovanvisible magnitude of =21
(Monet et al., 2003). The correlation was done using thenertibol Viziefl. This data allowed
us to put constraints on the X-ray-to-visual flux ratio (Macaro et al., 1988)

log(fx/fv) =log(fx)+V/2.5+45.37. (7.3)

Here fy is the X-ray flux in the 0.3-3.5 keV band in erg cAs L. If no optical source could be
detected within an error box of side lengttr a&round the source, we took the limiting magnitude
of the USNO-B Catalog as an estimate ¥r For stars, the ratio lddx/fy) should be in
the range lo@fx /fy) = —2.46+ 1.27 (Krautter et al., 1999). Therefore, Idg /fy) should be
greater thanr-1.19 to exclude a false detection as a star. The resultingtimtetill be described

in the next section.

7.2.2 Spectral analysis

All used focal instruments are CCDs and thus provide splati@mation for the detected X-
ray counterparts. The only exceptions are the HRC deteofdle Chandra X-ray observatory,
which are microchannel plate instruments and have a spees@ution ofAE /E ~ 1 at 1 ke\
However, the quality of spectral fits and the constraintshenpgarameters of the spectral model
are strongly dependent on the photon statistics and thysavaong the detected counterparts.
For data obtained with XMM-Newton the corresponding resgoand effective area of the
pulsar and the background were extracted using the SABtespecget. For the PN camera
we used only those events with a detection pattern between % gsingle and double events).
For the MOS camera we included triple events as well, whicke lzapattern between 5 and 12.
The pattern value indicates which neighboring pixels ondétector are hit by a single photon.
In case of Chandra observations we extracted the sourceamhkgriound spectra as well as the
corresponding response and effective area files with th€&&ériptspecextract. Both scripts
execute all the steps necessary for spectral fitting, imaetpithe binning of the resulting spectrum.
Furthermore, if we detected a possible X-ray counterpaatrafdio pulsar with more than 70
source counts a power law and blackbody model spectra wee fa the extracted energy dis-
tribution. This was done by using the software package XSRESion 12.7.0u. Additionally,
the sparse photon statistics for most detected radio guteguires to fix the hydrogen column
densitiedNy. We estimated\y by using the dispersion measu#/ of the radio timing solution
and assumed a 10 % ionization degree of the interstellarumediong the line of sight towards
the pulsar. The values for the dispersion measure are ta@enthe ATNF Pulsar Catalogue
(Manchester et al., 2005). If the calculat¥d is higher than the average integrated hydrogen

®http: //vi zi er.u-strasbg. fr/vi z- bi n/ Vi zi eR
’See “The Chandra Proposers’ Observatory Guide”
http://cxc. harvard. edu/ proposer/ PO& pog_pdf. htnil
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column densityN}{*® towards the source of the LAB Survey of Galactic HI (Kalberal.,
2005) then this value is adoptetil;*® is based on HI emission line measurements at a radio
frequency of 21 cm and refers to the entire hydrogen columsitealong the line of sight.

As mentioned before, for sources observed with the HRC casrmeo spectral information
can be obtained from the pulsar. The only information we hatiee counting rate in the energy
range of the camera where it is sensitive to incoming photdnsthis case and in the case
of observations with less than 70 source counts we obtaiossti@ints on the X-ray flux and
luminosity by converting the pulsar counting rate into anieglent flux. First, we obtained the
net counting rate for these pulsar counterparts by dividimegsource counts derived with the
source detection software by the effective exposure tifie The X-ray flux was then deduced
for a typical pulsar spectrum using the method describeceti®n[7.2.4. As a typical pulsar
spectrum we assumed a power law model with photon index @k@, 2009) and a hydrogen
column density based on the dispersion measure as mentiottezllast paragraph.

The usedM andNy for the possible X-ray counterparts are listed in Tablé Additionally,
Ny andNK*B are given in TablgBI3 for all analyzed pulsars.

7.2.3 Timing analysis

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

7.2.4 Upper limits

For all observations where no source close to the radioipositas detected we derived an upper
limit on the count rate as follows: First, we extracted therdsN; including the background
contribution for every single data set from XMM-Newton ora@dra within a circle of radius
r = 30" or r = 2" about the radio position in the energy bafgdi, t0 Emax = 4.5 keV. Enin is
0.2 keV for XMM-Newton and 0.1 keV for Chandra events. For @fra data sets were the
pulsar was observed far off-axis the radius had to be adjustecause above 4’ the point-
spread-function broadens significantly. Hence, for anagft angle 4< 6 < 8 the applied
radiusr = 5" and for@ > 8 the radiug = 10”. The background coun were extracted from
an annulus of inner radiug,ner = 1.5r and outer radiusyyer= 2.5r. To obtain the background
counts in the source region, we had to normalize these ctwtiie source region by the fraction
c1 between source region area and annulus area and by thefregctietweert(8) andtgs(0)

. Because we used a finite region, we had to correct for thamgiflsix in the unselected wings
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of the point-spread function. This encircled energy flati{E EFR) was calculated with the help
of theeregionanalyse- (XMM-Newton) andpsf-tool (Chandra).

If S'N; > 20 counts, wher@ is the number of X-ray observations of a single pulsar, we
derived thex- g upper limit on the count rate with the following equation:

max< n Ni—c1C-Bj ,O) +X- ZP \/ NH—C%C%Bi

| EER EER
>'i(6)

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

Assuming a pure blackbody (BB) spectrum and neglectingtti@gnce of the magnetic field
and the neutron star atmosphere we can deduceahgpPer limit on the effective temperature
Te = Tw(1+2) (Tw is the temperature measured by a distant observer) by nzmigiihe differ-
enceUL(30) —ULgg(Te) (Becker et al., 1993b; Becker, 1995), where

UL(x-0) = (7.4)

Emax EZAeff(E) . exp(—U(E) : Nll—J||)

ULgg(Te) = const: / dE. 7.5
=(Te tn  OXPE(L+2)/kaTe (79

H - 2n(1+z)2R% . . . . . -
ere const= “WPE with zthe gravitational red shift for a neutron star with radigs=11.43

km and mas$ = 1.4M., h the Planck constang the speed of light and, the upper limit of
the distance to the pulsar. FurthermoogE) is the interstellar photoelectric absorption cross
section|(Morrison and McCamman, lS)SBlﬁ' the upper limit of the hydrogen column density,
ks is the Boltzmann constant ardy is the weighted effective area of all used instruments with
which a certain source was observed:

_ 2IAE)(6)
Siti(e)

whereA, is the on-axis effective area of the instrument used ini theobservation of the pul-
sar. Because the count rate is already vignetting corregeedsed the on-axis effective area
obtained with the SAS-tastalview for the XMM-Newton EPIC cameras with different filters.
The Chandra ACIS and HRC effective area were taken from threaBle, Interactive Multi-
Mission Simulator (WebPIMMS), version &Nﬂ' is calculated as described in Section 7.2.2,
except that we add the error DM to obtain the upper limit oNy.

The distance estimate is based on the work by Verbiest é2@12), where they present a
detailed analysis of all measured distances to pulsarsalFother sources we used the NE2001
model of Cordes and Lazio (2002) to transform the measDigdto a distance. We apply a
distance error of 20 % to 120 % depending on their Galacticdinates. This large difference in
the used uncertainties is because the errdriglarger for a pulsar in a region of small electron
density than in a region with higher density (Cordes and ¢.&2002).

To estimate the @ upper limit of the non-thermal X-ray efficiency we derivedexpression
for ULmogel iN @ similar way as for the blackbody spectrum, except thainserted a power law

Aett(E) (7.6)

8Seeht t p: // heasar c. nasa. gov/ docs/ sof t war e/ t ool s/ pi ns. ht
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Table 7.1: Pulsar parameters of detected radio pulsars.

PSR RA DEC A SIN Peoin log(fx/fv)
hh:mm:ss dd:mm:ss arcsec aéa)
J0117+5914 01:17:38+0.3 +59:14:38+2 16+21 169 13x10* > 0.2
J0543+2329 05:43:09+0.2 +23:29:0H2 34+48 5.9 28x10°* >-04
J0907-5157 09:07:16+0.2 —51:58:01+2 34+23 6.3 41x 104 >-05
J0922+0638 09:22:1%6+0.14 +06:38:24+2 24+21 178 63x10% >-07
J1105-6107 11:05:283+0.07 —61:07:504+0.3 14405 4.4 32x 104 >-0.4
J1112-6103 11:12:187+0.03 —61:03:307+0.2 06+05 43.0 41x10* > 0.0
J1224-6407 12:24:28+0.3 —64:07:55+2 29+23 6.1 23x10°* >-03
J1301-6310 13:01:28+0.3 —63:10:42+2 19+23 104 20x10* > -0.2
J1341-6220 13:41:4B+0.3 —62:20:18+2 42424 6.4 34x10°3 >-08
J1600-3053 16:00:58+0.2 —30:53:49+2 08+24 5.8 30x10°° > —-0.6
J1658-5324 16:58:3%5+005 —-53:24:068+0.3 02+0.3 9.6 62x 106 >-0.1
J1730-2304 17:30:28+0.2 —23:04:30+2 27+21 244 55x10°4 >-02
J1825-0935 18:25:3D+0.2 —09:35:23+2 15+23 6.7 24x10°° >-11
J1843-1113 18:43:425+0.02 —-11:13:306+04 05+04 2.8 52x10°° > —-06
J1911-1114 19:11:48+0.2 —-11:14:23+2 31+28 6.5 87x 104 > -0.8

J1933-6211 19:33:329+0.05 —-62:11:463+04 07+04 3.7 16x10°° > —-06
J2017+0603 20:17:220£0.01 +06:03:054+0.2 02+0.2 8.7 36x 1076 >-03
J2222-0137 22:22:085+0.01 —-01:37:157+02 01+02 8.9 20x 1075 >-07

Notes.@ gg = 1+ ,/Cpg+ 0.75, wherecyg are the background counts.

model (PL) with photon indek = 1.7 (Becker, 2009) and minimizindL(20) —ULp| (K) with

Emax
ULp(K) =K A E~" exp(—a(E)-NY) - Aci(E)dE. (7.7)
Using the resulting value for the normalization constarstind the assumed photon index we
can derive the flux upper limit in a certain energy range bggrdting the power law model with
the derived normalization over this energy band.
In the following, all given uncertainties represent tleedonfidence 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-rayrees close to the corresponding
radio timing positions. Their X-ray images are displayedFigure[7.1. The coordinates of the
X-ray counterparts, the discrepancy between X-ray andnaositionA, the chance probability
P.oin and the X-ray to visual flux ratio are summarized in Tdblé 7Fbr six neutron stars a
detailed spectral analysis was possible. The results sfahalysis are shown in Takle I7.2. In
Table[7.8 all fundamental parameters of the detected puiarlisted, including the flux, the
luminosity and the X-ray efficiencyg 1_» kevin the 0.1-2 keV range.

In the following paragraphs we will give a short overview bétdetected counterparts of
radio pulsars and if applicable, give detailed informatidmout the spectral analysis.
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Figure 7.1: X-ray images of the region around all radio pulsars where @ayXcounterpart was detected.
Each panel has a size dBlx 1/5 for XMM-Newton observations and 1% 15’ for Chandra observations.
North is up and east is to the left. The cross marks the radsitipp of the pulsar and the red circle
indicates the & uncertainty in the measured X-ray position.



104 A search for X-ray counterparts of radio pulsars

Table 7.2: Spectral parameters of detected pulsars with more thanuf@esgounts.

PSR model x2/d.o.f. Ny I/ Temit Norm? Remit
102cm2  -lkeV km
Jo117+5914 BB 12.2/13 <048 018533 37 13x107 04+02
PLY  13.2/13 05737 33405  (8+2)x10°° -
J0922+0638  PL 408 <012 23108 1.9739 x 1076 -
J1112-6103 PL 9711 2}l 15+07  13%Z3x10°° -
J1301-6310 BB  23.8/16 <009 02533 9t4x10°8 0.08"3%3
PLY  16.4/16 <039 34758 (32+07)x10° -
J1341-6220 PE  13.6/23 4:3 11+07  15'21x10° -
J1730-2304 BB 12.2/18 <053 026739  15704x107 002673353
PLY  17.0/17 <047 27+93 33799x10°® -

Notes.(@ Spectral parameters were obtained vith fixed to DM based valué) PL: photons keV?!
cm? s at1keV, BB:L[10®%rg/d/(D[10kpd)?, whereL is the source luminosity ard the distance to

the source.

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

PSR DM P logAge) log(E) Ny d model foa-2kev Loa-2kev Ho.1-2 kev
pcen®  ms yrs ergst  10%'cm?  kpc ergstcm? ergs?t
JO117+5914  49.423 101 5.4 35.3 1.5 2.2 BB (3.1+0.6)x10%  (1.8+0.4) x 10°% (8+2)x10°°
PL 183410713 11733 x 10°2 (5+2)x 104
J0543+2329  77.7115 245 5.4 34.6 2.4 21  9PL  (8+2)x 10715 (41£11)x10°  (10£3)x10°°
J0907-5157  103.72 253 6.3 336 3.2 09 9L (7£2)x107% (7£2) x 107° (15+0.4) x 107
J0922+0638  27.271 430 5.7 33.8 0.8 1.1 PL  2fEx10M 17539 x 10%° (26+1.4) x107*
J1224-6407 97.47 216 5.8 34.3 3.0 40 9PL  (10£3)x 1075  (1.9+05)x10%  (10+3)x107*
J1301-6310 86.1 663 5.3 33.9 2.7 1.9 BB (7.4+14)x107%  (30+06)x10°  (4.0+0.8)x10™*
PL 97 x 1014 33 x 10* (5+2) x 1073
J1341-6220 717.3 193 41 36.1 221 1.1 PL Hs101® 78 x 1081 (5+£3)x10°°
J1600-3053  52.3262 3 9.8 33.9 1.6 24  9PL  (6+2)x 10715 (41£11)x10°  (51+£1.3)x10™*
J1730-2304 9.617 8 9.8 33.2 0.3 0.5 BB  .4®BiIx10 49704 x 107° (3.3+£0.4) x 104
PL 35181014 1.2+58 x 10%° (8+2)x 104
J1825-0935 19.38 769 5.4 33.7 0.6 09 9L (L7+04)x10° (1.6+£04)x10° (34+0.8)x10*
J1911-1114  30.9750 3 9.6 34.1 1.0 12 9L 37793x10°%8 6.5718 x 107° (5.6+1.3) x10°°
J1105-6107  271.01 63 4.8 36.4 8.4 50 9L (10+03)x10°% 30755 x 10 (12+0.4) x 1075
J1112-6103 599.1 64 45 36.7 185 123 PL 2410 673 x 10%2 (14£0.9) x 10
J1658-5324 30.8 2 9.5 345 1.0 09 PL (16£03)x10* (17+03)x10® (56+11)x10°°
J1843-1113 59.96 1 9.5 34.8 1.9 1.7  PL  (7£3)x10°% (2.5+1.0) x 10%° (4£2) x10°°
J1933-6211  11.499 3 10.2 335 0.4 05 9L  (6+2)x10715 (2.0£0.7) x 107 (6£2) x10°°
J2017+0603  23.918 2 9.7 34.1 0.7 1.6 %PL (L1+03)x107 (3.3+£0.8)x10° (24+06)x10*
J2222-0137  3.27511 32 10.0 317 0.10 03 9PL 45733x10°% (52+11)x10%®  (10+2) x10°*

Notes.@ Flux derived using PIMMS with a power law model and a photateinof 1.7.
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PSR B0114+58

The pulsar PSR B0114+58 (PSR J0117+5914) was first detactbd Princeton-NRAO pulsar
survey (Stokes et al., 1985). We made use of an archival XM#AEN observation (see Table
[B.2) and extracted the counts in a circle of radiu$ @Bout the pulsars X-ray position. The back-
ground spectra were extracted from an annulus with inneoatet radius of 45and 7%. The
extracted counts were binned with at least 8 counts/binse cé the PN data and 5 counts/bin
for the two MOS data sets.

First, we fitted the energy spectra with an absorbed poweralaavfree varying\Ny. This
resulted inx? = 12.1 for 12 d.o.f. and\Ny = 0.579.% x 10?2 cm~2 in agreement with th®M
based estimate &y = 0.15x 10?2 cm~2. To put better constraints on the remaining parameter
we fixedNy to theDM-based value. This gave an acceptable regdltf 13.2, 13 d.o.f.) with a
photon indexX” = 3.3+ 0.5. Using a blackbody model gave also an acceptable fit Atk 12.2
(13 d.o.f.). The resulting blackbody temperature.'ﬂsfg:g1 x 10° K with a normalization factor
K =3.7713x 1077. Using the normalization factét = Lag/D?, (L3g = L/10% erg/s and 10 =
d/10 kpc) we can estimate the emitting source raélas follows:

K-D2,x 10% erg/s
R= 10 — (0.44+0.2) k 7.8
whereog is the Stefan-Boltzmann constant.

PSR B0540+23

The 246 ms pulsar BO540+23 (PSR J0543+2329) was first ddtegtBavies et €l/ (1972). In an
archival X-ray observation with XMM-Newton we found a vegjrit source with 1% 4 source
counts close to the radio position. Taking the exposuregilisted in Tablé B2 into account, we
derive a count rate 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]7.7E&! 2 keV= (84 2) x 10 %erg s cm~2.

PSR B0905-51

B0905-51 (PSR J0907-5157) is an old pulsar and was detectddiichester et al. (1978). An-
alyzing an archival XMM-Newton and two Chandra ACIS-I ob&gions of the SNR G272.2-3.2
we detected two faint sources close to the radio positionwveyer, only in the XMM-Newton
data the second source is detectable with a good signadise-ration §/N > 6) and it dominates
over the other source only above 1 keV. In addition, this s@is closer to the radio position of
PSR B0905-51 with a discrepancy ot 2.3 arcsec. We measured 482 counts after back-
ground subtraction and hence, an X-ray flux ot 2 x 10 ® erg s cm=2 in the 0.1-2 keV
band.

The other source is more than 15 arcsec displaced to the andtthus, 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 88%3.(PSR J0922+0638) was first
recorded in the second Molonglo pulsar survey (Manchestr,61978).| Verbiest et al. (2012)
found the distance to PSR B0919+06 to be#0.2 kpc by measuring the parallax of this pulsar.

The pulsars energy spectrum was extracted from the PN andlk2@ata (see Table B.2) by
selecting all events detected in a circle of radiu$ déntered on the pulsar’s X-ray position. The
background spectrum was extracted from an annulus aroenulikar with the same radii as for
PSR B0114+58. The spectral data were binned to have at leastuhts/bin and 10 counts/bin
for data obtained at the PN and MOS CCDs, respectively. ngiti power law model gave a
X2 = 4.0 for 8 d.o.f. and alNy < 1.2 x 10?lcm2. This is in agreement with the dispersion-
based value of 82 x 10?° cm~2. The fitted photon indek is 2.3793. A single blackbody fit
showed systematic deviation between data point and modalidmot result in an acceptable fit
(x2 =159, 8d.0.f.).

PSR J1112-6103

PSR J1112-6103 was discovered by the Parkes multibeanr musaey (Manchester et al.,
2001). Two observations with Chandra are covering the rpd&tion 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 J1112-6¥praduced radial profiles
centered on the deduced X-ray position (see Table 7.1) fibr AGIS observations. The profiles
were obtained by integrating all counts in 12 concentriciadlg-spaced annuli with a minimum
radius of @5 and maximum radius”6and dividing by the respective areas. This profiles were
then compared with the profile of a point source at the samevaf angle, simulated with
MARX[ and convolved with a Gaussian with a full width at half maxim(FWHM) of 1 as
used by Romani and Ng (2003) to detect a faint PWN surrounBi®g J0538+2817. Figure
[7.2 shows the resulting diagram obtained for obs.ID 6706.ekension of the X-ray source
is visible with a significance of @ Therefore, we see no evidence for a PWN surrounding
J1112-6103.

The counts within an aperture of &bout the X-ray position were extracted for spectral
fitting of the pulsar. These counts were binned to have at Basts/bin. We fitted an absorbed
power law on the energy distribution of the pulsar, whichutiesl in x? = 17.6 and 27 degrees
of freedom (see Figure 7.3. Furthermore, a blackbody motletésulted in an acceptable fit
(x? = 26.0 for 29 d.o.f.), but with a blackbody temperatureTof= (1.44-0.2) x 10° K, a factor
of 10 higher than the highest temperature of all known newgtars with thermal emission. Thus,
the spectral energy distribution cannot be described bgglesblackbody spectrum.

The fitted column densitiy = 1.2*73 x 10?2 cm~2 is in agreement with the results of
the LAB Survey of Galactic Hl (Kalberla et al., 2005), whehe Ny in the direction of PSR
J1112-6103 is between0x 10?2 cm~2 and 13 x 10?2 cm~2 and with theDM based estimate
of Ny = 1.8 x 10?2 cm 2,

9Seeht t p: // space. m t . edu/ cxc/ mar x/
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PSR J1105-6107

The young pulsar PSR J1105-6107 was discovered by Kaspi(&08l7) and an association with
the supernova remnant G290.1-0.8 (MSH 11-61A) was sugiéstehis sourcel (Kaspi et al.,
1997). After merging two Chandra observations we detecttaind source close to the radio
position with 19+ 5 source counts after background subtraction. With the cksdiexposure
times (see Table B|.2) the count rate in the energy range 0.keY is (0.8 +0.2) cts/ksec. The
X-ray flux in the 0.1 to 2 keV range BJ-1"2k®V= (1.04+0.3) x 10 1%erg st cm~2 (Equation
[7.7).

PSR B1221-63

The radio emission from PSR B1221-63 (PSR J1224-6407) wa$ detected by
Komesaroff et al.[(1973). The distance to this sourcglis 2) kpc (Verbiest et al., 2012). An
archival XMM-Newton observation was found for this soursedq Tablé Bl2). In the merged
XMM-Newton image(30+ 8) cts were detected from the possible X-ray counterpart ofghl-
sar. These counts are already corrected for the encirclgefraction. Using the net exposure
time on this source of 3.9 and 6.4 ksec for the PN and the two M&%eras the count rate is
(1.8+0.5) cts/ksec in the merged image in the energy band 0.2-12 kehgEsjuation 7.7 the
X-ray flux in the 0.1 to 2 keV range BY12kV= (1.0+0.3) x 10~ **erg st cm2.

PSR J1301-6310

The middle-aged pulsar PSR J1301-6310 was discovered ietlites multibeam pulsar survey
(Kramer et al.| 2003a). For the spectral analysis we had ¢ttud® the observation with the
MOS1 CCDs in obsID 0303440101, because the pulsar couldad¢tected in this observation.
We extracted the events within a circle of’2@dius 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 sifinidings. The fit of a power
law results iny? = 15.2 for 15 d.o.f. and aiNy < 3.9 x 10?1 cm~2. Using a blackbody spectrum
leads tox? = 17.0 for 15 d.o.f.,Ny < 9 x 1079 cm~2. After fixing Ny to theDM based value
of 2.6 x 10?1 cm2 both fits are still reasonable (see Tablel 7.2). The norntaizdactor is
K= 9f‘2" x 108 and thus, the emitting source radiudlis= 0.09+ 0.03 km.

PSR B1338-62

PSR B1338-62 (PSR J1341-6220) is a young, Vela-like puisapdered in 1985 at the Parkes
radio telescope (Manchester et al., 1985). The pulsar scaged with the supernova remnant
(G308.8-0.1/(Kaspi et al., 1992) and according to Wang eP80(f) among the most actively
glitching pulsars known. Two X-ray sources were found closthe radio position in the merged
PN and MOS observations (see TablelB.8):with the coordinates RA 13'41M43.15+ 0.35,
DEC= —62°20M18°+ 25 andS, with RA= 13"41M43.35+ 0.35, DEC= —62°20M06° + 25.
Correlating both sources with the 2MASS All-Sky Catalog @fir® Sources| (Cutri et al.,

2003) gave a match fa,, 2MASS J13414307-6220063 with a positional discrepancy/6f-
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2!'2. SourceS, is close to the pulsar radio timing position, the differeicd!2+2"4. This
source is only distinguishable fro8s at energies above 2 keV (see Figure 711).

In order to fit the energy distribution of the detected X-rayirce we extracted the counts
within a radius of 125 aboutS; in obs.ID 0301740101 and excluded the region aragndhe
background spectra were extracted from a region close tedinee. The other two observations
are highly contaminated by particle background radiatidherefore, the effective exposures
are too short for a spectral analysis. The resulting backgisubtracted count rates are listed
in Table[B.2. The counts were binned with at least 10 countdbefor the PN-camera and 5
cts/bin for MOS1/2. Using a power law to fit the energy spegame a good resulty? = 3.1
for 8 d.o.f.) withNy = 443 x 10?2 cm2. This is in agreement with thBM based value of
2.2 x 10?2 cm™2. After fixing Ny to theDM based value the fit was still good wigf = 3.2 (9
d.o.f.) and a photon index = 1.1+ 0.7. A blackbody model fit gavg? = 2.8 for 7 d.o.f. with
fixed Ny, but the resulting value for the temperatiie= 1.21%:2 K is too high to be consistent
with emission coming from the neutron star surface or a hot.sp

PSR J1600-3053

The high Galactic latitude binary pulsar J1600-3053 wasdaletl by Jacoby et al. (2007). A
very faint source was found close to the radio position inrahigal XMM-Newton observation
(see Table BJ2). With the help of the XMM-Newton source detecsoftware we detected a
source with 37 10 source counts close the the radio position. With the ngbsxe of 24.5
ksec and 23.5 ksec for the MOS1 and MOS2 cameras the courisri@e- 2) cts/ksec in the
merged MOS1/2 image in the 0.2-12 keV band. Further, the PMN@awas operated in timing
mode, therefore no imaging with this instrument was possibl

PSR J1658-5324

This pulsar was detected in a survey of unidentified Fermi IsAlirces with the Parkes radio
telescope (Kerr et al., 2012). Using the coordinates gimghe Second Fermi Large Area Tele-
scope Catalog of Gamma-ray Pulsars (Abdo et al., |2013) wextbet a source with 26+ 5.3
counts close to the radio position. The positional disanepas 022+ 0.28 arcsec.

PSR J1730-2304

The solitary millisecond pulsar J1730-2304 was discovéred.orimer et al. [(1995). In an
XMM-Newton observation (see Table B.2) the source spectwan extracted from a circle
of radius 20 around the X-ray source, which was detectéd@ &ff the radio position of PSR
J1730-2304. These counts were binned with at least 20 rctaftdl 10 cts/bin for the PN and
MOS camera, respectively.

Fitting a single power law or blackbody spectrum yielded ei@pectra with large deviations
from the recorded ones at an energyx01.4 keV. Adding a Gaussian line profile at this energy
results in ay2 = 17.0 for 16 d.o.f. in case of the power law. As for the blackbodydeidit the
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model still shows systematic deviations from the data [soifibe line center is at36"58 keV.,
However, the origin of the line is unclear and could be insteatal.

PSR B1822-09

The middle-aged pulsar B1822-09 (PSR J1825-0935) was festiamed in the literature by
Davies et al.[(1972). In an XMM-Newton observation with a egposure time of 1.3,3.8 and
4.3 ksec for the PN, MOS1, and MOS2 camera, the observatismatadeep enough to study
this neutron star in the X-ray regime in detail. Neverthglege found an X-ray source only5f’

off the radio coordinates. The X-ray source hast4Bl 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 digeoMa the Parkes multibeam pulsar
survey (Hobbs et al., 2004). In an archival Chandra HRC-®&masion we found a source with
6.8 & 2.8 net source counts only’B 4 0”4 off the radio timing position. With the effective
exposure time of 19.9 ksec the counting raté0i84+ 0.14) cts/ksec in the 0.1-10 keV band.

PSR J1911-1114

PSR J1911-1114 was discovered by Lorimer et al. (1996) aadbisary millisecond pulsar.
Because the PN camera of the pointed XMM-Newton observatidhis pulsar was taken in
timing mode, only the MOS1 and MOS2 camera can be used folatpatlysis. Close to the
radio position of the pulsar a source was detected with 38 source counts, observed in the
merged MOS1 and MOS2 image with 51.5 ksec (MOS1) and 48.7(k6&2) exposure time.
Therefore, the count rate {6.54+ 0.13) cts/ksec.

PSR J1933-6211

The binary pulsar PSR J1933-6211 has a period of 3.4 ms anchpatmwon with a minimum
mass of B2 M. It was discovered with four other recycled pulsars, inglgdl1600-3053 in a
high Galactic latitude survey hy Jacoby et al. (2007). In arf@lia HRC-S observation (obs. 1D
9115) we found a source with 1+ 3.5 source counts and a distance to the radio timing position
of 07+ 0”4. With the effective exposure time of 19.9 ks the countirig i®(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 systermnasdfirst detected by its pulsed
emission with the Fermi satellite in theray regime |(Cognard et al., 2011). In the discovery
paper they derived an upper limit on the X-ray flux in the 0.5e® band ofF?-58%eV < 6 x
1014 erg stem~2. Using an archival Chandra ACIS-S observation we deteatétHay source
with 19+ 5 source counts with a discrepancy to the radio coordindt®$2 With the exposure
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Table 7.4: The pulsars with the lowest X-ray efficiency upper limit.

PSR % E “5&—2 keV d Iog(r) Bsurt
ergstcm?  ergst? kpc  yrs G

J0940-5428 DBx10 % 19x10M3® 22x10% 30 4.6 17x10'1?
J1913+1011 1L x109 29x10M3¢ 69x106 48 52 35x10t1
J1730-3350 2x1010 12x10M3® 97x10% 35 44 35x10t1?
J2129-5721 8x1010 16x103* 21x10°5 04 95 28x10t08
J1928+1746 BDx 1010 16x10M3® 21x10° 58 49 96x10t1
J1835-1106 DPx1010 18x10"3 35x10° 2.8 51 19x10t12
J1702-4310 Dx1010 63x1073° 45x10° 52 4.2 74x10t1?
J1906+0746 7 x101 27x103% 45x10° 54 51 17x10t12
J1739-3023 ®x101°® 30x10™® 57x10° 29 52 12x10?
J1828-1101 ®x1010 16x10M3® 63x10° 66 4.9 10x10t1?

time of 99 ksec this corresponds to a count rat¢o®+0.5) cts/ksec and a flux gid-1-10 keV—
(1.1£0.3) x 10 % erg s tcm~? (EquatiorLZ.V) in the 0.1-10 keV energy band.

PSR J2222-0137

The recently discovered millisecond pulsar PSR J2222—-318 Mildly recycled binary pulsar
(Boyles et al.; 2013). It was observed with the ACIS-S canmréoard the Chandra X-ray
observatory with a net exposure of 27.4 ksec. We found a sowith 26+ 5 source counts,
leading to a count rate ¢fL.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 flBg}_, ., and the upper limit on the blackbody
temperaturd., as measured by a distant observer are listed (see also Figumr an overview of
these sources including the 18 detected PSRsAPaliagram). Furthermore, the non-thermal
luminosity LY, oy = 4md3 FJL , oy and the X-ray efficiencyly , oy = LEY 5 o/E are
added, wher& = —472IPP-3 is the spin-down luminosity and~ 10*® g cn? the moment of
inertia. In Tablé 714 the pulsars with the lowest X-ray effi@y in the energy band 0.1 — 2 keV
of all non-detected sources can be found.

Figure[75 displays the dependence of the isotropic X-rayiosityLy' 2 in the 0.1-2 keV
band on the spin-down luminosify. We added the X-ray luminosity for all detected X-ray
pulsar candidates for which we were able to fit a spectrumdmrel for which we had to assume
the spectral shape in blue. Furthermore, we addeddhepper limit on the non-thermal X-ray
luminosity for all pulsars, for which at least a dispersioaasure dependent distance estimate
and the rotation perio® and period derivativé® are known. The gray shaded region in this
graph shows the correlation betwegh'~2? andE found by Becker (2009):

0.26 0.008
1912 — 10-324° 0% —0.997"358% (7.9)
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Figure 7.4: Distribution of pulsars in &-P diagram. The 18 newly detected X-ray pulsars and the pulsars
for which upper limits were calculated are indicated by grdets and circles, respectively.
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Figure 7.5: Spin-down luminositydE /dt = E plotted against the isotropic X-ray luminosit}'~2 in the
0.1-2 keV band of the newly detected pulsars. The red ernsr d0@ used for pulsars where a spectral
analysis was possible. For the remaining detected pul$aesdoror bars were used. In case of the non-
detected pulsars theo2upper limit is indicated with an arrow. The straight line regent the relation
found by Becker (2009) with the error range indicated by ttay ghaded region.

For this fit he usedx 80 rotation-powered pulsars for which spectral infornraticas obtained
in XMM-Newton and Chandra observations.

In Figure[7.6 we plot the derivedd3temperature upper limits at infinifl, against the age
of the pulsar. If no association with a hosting supernovanam is possible the only way to
estimate the age of a pulsar is by its spin-down ageZP/P. The uncertainty irT is not known
by now and thereforeg should be used with caution. In Figurel7.6 we show an erroirbtre



114 A search for X-ray counterparts of radio pulsars

x-direction only if kinematic informations are availableg.i the age is known with accurately
determined errors.

To compare the data with actual cooling models we used thingoourves of Page et al.
(2009). For the computation of the curves they usedda\l;, neutron star with the equation
of state (EOS) of Akmal et all (1998), different neutrty, protonlSy, and neutror!P, gap
models taken from Page et al. (2004). They showed that thingoof a neutron star in the
minimal cooling paradigm is only slightly dependent on theutnon star mass and the used
neutron and protohSy gap model. The main uncertainty in the minimal cooling payadare a
possible time evolution of the chemical composition of theetope and the number of different
gap models that are allowed by current measurements. Tnerefe compare our data with the
allowed range given by the sum of all uncertainties mentidrefore in Figuré 716.

In Figure 7.6 we also plot the bolometric luminosity agathstage and add the neutron stars
for which thermal emission from the surface has been detemt@ipper limits on the temper-
ature have been derived. These data are taken|from Pagd28@d., 2009)Ozel (2018), and
Zhu et al. (2011). Additionally, for the central compacteitijin Puppis-A we adopted the new
age estimate of Becker et al. (2012). By using the bolomktninosity we are able to compare
all derived luminosities with each other and with model jc8dns, because these values are
independent of the assumed radius for an upper limit andeofisied spectral model to derive a
temperature.

Figure 7.6 (following page) Comparison of the derived upper limits on the temperatunepér
pane) and bolometric luminosity I¢wer pane) of the radio pulsars with minimal cooling models
taken from|[Page etall (2009). The upper limits are indicdigdarrows. All models are com-
puted for a 14 M. star with the equation of state (EOS) lof Akmal et al. (1998}ferent neutron
15y, proton 1Sy, and neutror®P, gap models as introduced by Page étlal. (2004): The area kn dar
and light gray contain models computed with heavy- and {gJaiment dominated envelope, respec-
tively. The error bar indicate the error range in tempermtor bolometric luminosity of all pulsars
with detected thermal emission. (1) Cas |A: Shternin etiad112; |[Fesen et al. (2006); (2) J0822—
4300: |Zavlin et all. [(1999);_Becker etlal. (2012); (3) J121ZR& |Zavlin et al. [(1998); _Roger etlal.
(1988); (4) B0833—-45! Pavlov etlal. (2001); Aschenbach.e1895); (5) B1706—44._McGowan et/al.
(2004); | Karibalski et al. | (1995); (6) B0656+14: Marshalda®chulz 1(2002); Brisken et all (2003);
(7) J0633+1748: | Halpern and Wang (1997); Caraveolet al. 1(2008) B1055-52: | De Luca et al.
(2005); | Kramer et al.| (2008a); (9) J1856—3754: Burwitz £t(@003);  Mignani et &l. [ (2013); (10)
J0720-3125| Kaplan etlal. (2003); Tetzlaff et al. (2011})(10538+2817| Zavlin and Pavlov (2004b);
Kramer et al.[(2003b); (12) B2334+61. McGowan et al. (200@)-Uyaniker et al.[(2004); (13) J1119-
6127: | Safi-Harb and Kumar (2008); Kumar et al. (2012). In tholdj all pulsars with derived temper-
ature upper limit are indicated by a red arrow. (a) Crab: Wipf et al. [(2011); (b) J0205+6449:
Slane et al.|(2004a); Fesen et al. (2008); (c) J1124-591@héhuet al.|(2003); Camilo etial. (2002b);
(d) RX JO007.0+7302:_Halpern et al. (2004); Slane et al. 4800(e) B2224+65._Gonzalez et al. (2004);
(f) B1929+10: | Hui and Becker (2007b); (g) B0950+08: Beckeale (2006); Chatterjee etlal. (2004);
(h) B0628-281 Zavlin and Pavlov (2004a); Brisken etlal. @0@i) B0823+26: Becker et al. (2005); (k)
J2043+2740| _Becker etlal. (2004); Brisken etlal. (2002). ited the error in the age for pulsars with
known kinematic age.
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Table 7.5: The pulsars with the lowestd3temperature upper limit (indicated by a black arrow in the
upper panel of Figure_7.6)Left: Young neutron stars witlh < 5 x 10* yrs. Right: Neutron stars with
T>5x 10 yrs.

PSR lodage Too PSR lodage Te
yrs 1P K yrs 1P K

J0940-5428 4.63 7.3 J0157+6212 5.29 5.5
J1524-5706 4.70 9.8 J1457-5902 5.70 5.8
J1730-3350 4.42 11.0 J1846-0257 5.65 6.0
J1637-4642 4.62 12.1 J0742-2822 5.20 7.8
J1907+0918 4.58 12.1 J1913+0446 4.96 9.2
J1702-4310 4.23 12.3 J1801-2304 4.77 9.6
J1413-6141 4.13 12.6 J1850-0026 4.83 10.6
J1841-0524 4.48 12.8 J1928+1746 4.92 10.9
J1726-3530 4.16 14.1 J1055-6028 4.73 111
J1837-0604 4.53 15.2 J1828-1101 4.89 111
J1646-4346 451 15.6 J1841-0345 4.75 11.3

J1806-2125 4.80 11.7

In Table[7.5 we summarize the neutron stars with the lowesti@per limit on the surface
temperature in our sample, which are indicated by a blackain the upper panel of Figure 7.6.

For some pulsars either no distance or period derivativeseadetermined, because of miss-
ing values foP and/orDM in the literature. Nevertheless, these objects are addée resulting
list (Table[B.3).

7.4 Summary and future prospects

In a systematical search within the archives of the X-rayeolmtories Chandra and XMM-
Newton we detected 18 previously unknown X-ray countegpairradio pulsars. For 6 of them
we were able to fit the X-ray spectrum of the pulsar and deheed-ray flux and luminosity. In
all other cases the counting rates were too low or the usetidethad a poor intrinsic energy
resolution. Therefore, the energy flux and X-ray luminosigre estimated by assuming a non-
thermal spectrum and an estimate for the hydrogen columsitgemwhich was based on the
radio dispersion measure. For pulsars observed in the Xaag, for which no source could
be detected upper limits on the non-thermal and thermalyXdtx have been derived. We
have confirmed the trend for finding smaller X-ray efficiesaith increasing sample size and
higher sensitivity of X-ray observatories. Moreover, wednaummarized possible explanations
for the large dispersion in this relationship and conclutied they are not sufficient to explain
the observed data points. Regarding the thermal emissidiouvel that all our measurements
are compatible with a neutron star composed only of nucteoratter. No enhanced cooling
mechanism, nor exotic matter has to be included to explainttained temperature upper limits.
However, it does not rule out the possibility that “exoticatter is present in the core of neutron
stars, because only upper limits were used for this conraris
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The sources in Table 1.5 and Tablel 7.4 are of particularéstebecause investigating them
in more detail could help us to put better constraints on tiudiieg of neutron stars or the models
that explain the non-thermal emission of pulsars. Detg¢fior example, a neutron star with a
surface temperature lower than the expectations from themal cooling paradigm, one has to
include enhanced cooling mechanism in the modeling of ttexior of a neutron star.

In 2015 eROSITA, the successor of the ROSAT mission, wiltstaimage the whole X-ray
sky with increased sensitivity (Merloni et/al., 2012). Thgl enable us to study alk 2250
known pulsars in the X-ray band with three times better rggmh and 20 times larger sensitivity
than in the ROSAT All-Sky Survey. Thus, the eROSITA survelf add data to the analysis done
here with a larger and even less biased sample. The pulstre #EROSITA sample will have
equal exposures and will cover the whole galactic plane. é¥aw the exposure will be only 3
ksec. The average exposure in the sample studied with XMMitdlein this chapter was ten
times higher. In the case of a non-detection a upper limihertltermal and non-thermal flux can
be calculated, which will then be in general lower than tmeady derived limits. Nevertheless,
it will further constrain the cooling of neutron stars and ttependence of the non-thermal X-ray
luminosity and the spin-down energy loss.

The detailed discussion of the results is presented in @H8pt
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Chapter 8

Discussion and future prospects

In this chapter | will summarize and discuss the resultsiobthin 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 posgiohalidate current core-collapse
SN models. Two previous proper motion measurements of thegr&eCompact Object RX
J0822-4300 in the SNR Puppis A seemed to challenge modgisdducing neutron star kicks.
In these measurements the same Chandra HRC data sets webrbutggoduced discrepant re-
sults.| Hui and Becker (2006) found a proper motior{ 14+ 35) masyr ' at a position angle
of 240° + 28°. Winkler and Petre (2007), using a different analysis apping found a consider-
ably higher value of 165+ 25) masyr ' at a position angle of 248 14°. In Chaptei 3.3]1 a
combined analysis, incorporating a new deep observatidradatal time baseline twice as long
as was available previously, yields an improved value thamaller than either of the two pub-
lished numbers, but at a position angle consistent with.bdltie proper motion was measured
with high confidence and yielded a value(@fl4+-12) masyr ! at a position angle of 244+ 11°.
The much smaller value compared to the result of Winkler agtdeF(20017) is due to a bug in
the PSF fitting routine, which | found in the Chandra softwayeedoing their analysis. Further-
more, the 68% confidence levels of the proper motion measwygtli and Becker (2006) and
in this thesis are in agreement. For an assumed distanceppdA of 2 kpc the proper motion
corresponds to a tangential velocity(670+ 120) kms™1,

Even though RX J0822-4300 is not moving as fast as previdhslyght, its association
with a supernova remnant of well-constrained age and redpmell-localized explosion cen-
ter (Winkler et al.; 1988) makes it worthwhile to reexamihe tmplications of the revised ve-
locity on explosion kinematics and dynamics. The reducedéatial velocity of the neutron
star means a proportionately smaller momentum. Assuminggiaal neutron star mass of 1.4
M, its momentum isv 2 x 10**gecms L, roughly a factor of two smaller than the estimate in
Winkler and Petre (2007). Their paper compared the momenfiuhe neutron star with that of
the optical filaments moving in the opposite direction atragimately 1500 kmst. Assuming
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a typical knot mass of 0.04 MWinkler et al., 1988), the momentum per knot in the diractio
opposite to the neutron stards1.2 x 10" gcms™1. The momentum of the neutron star would
thus be balanced by about 16 such knots, which roughly quorests to the known number. Thus,
to the degree of accuracy to which the filament mass can bgeédfea momentum balance is
still feasible.

More drastic is the reduction of the estimate of the kinetiergy carried by the stellar rem-
nant: 65 x 10*ergs, which is a quarter of that estimated in Winkler andeé2007). This
corresponds to only 0.6 percent of the nominai'l€rgs produced in a canonical core-collapse
supernova explosion. This reduced value undoubtedly gdesssof a challenge for supernova
models. In fact, a potential discrepancy, as pointed outimki&r and Petre (2007), is resolved.
Using the prediction for the kick velocity from the explosimodel of Burrows et all (2007);
Scheck et al.[ (2004, 2006); Wongwathanarat et al. (201@®ngin Equationn 2]1 and the previ-
ous tangential velocity value, even for the most extremaesbf anisotropy, corresponding to
sina ~ 1, the explosion energy needed to be higher than the cand@itaergs. With the new,
reduced tangential velocity, a range of values obsin0.6 to 0.8 is consistent with an explosion
having an energy of P8 ergs. Interestingly, this range of simindicates a highly asymmetric
explosion.

Additionally, the revised proper motion has mild implicats regarding the age of Puppis A.
The proper motions of the optical flaments point back to amam location at RA (2000.) =
08"'22M27"5; Decl (20003 —42°5729"; presumably the site of the explosion (Winkler et al.
1988). If no deceleration is assumed, the remnant age @aférom the filament motion is 3700
300 years. The path of the neutron star, projected backwatithe, passes directly through the
elliptical region in which the explosion is likely to haveaered. The distance between the
current neutron star location and the nominal explosioneres 371+ 31 arc seconds. Using
the new proper motion measurement ofi712 mas yr! and assuming that the neutron star was
born within the optically-defined explosion location itea&hould bé5.2+1.0) x 103years. The
age inferred from the neutron star and filament motions cacobsidered as two independent
measurements of the same quantity. They average to-4450 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 exte as previously thought,
it is still high, though more consistent with other fast nmayineutron stars (e.d., Hobbs et al.,
2005). In light of this new proper motion measurement thelicagions for kick mechanisms
are briefly reconsidered. As discussed in Winkler and P208%), electromagnetically driven
or neutrino/magnetic field driven mechanisms are genenaltycapable of providing a kick ve-
locity in excess of 500 kns'. Even with the lower velocity, these mechanisms are thuikelgl
to be applicable to RX J0822—-4300: hydrodynamic recoil rmai@ms are the only ones capable
of providing a sufficient kick. In fact, recent studies (eldordhaus et al., 2012) suggest that
kick velocities as high as- 600 kms are easily induced by hydrodynamically driven mech-
anisms after about 1 second of post-bounce evolution dwang collapse. In the models of
Nordhaus et al! (2012) the gravitational pull of slowly muykejecta in front of the nascent neu-
tron star can continue to accelerate it to considerablydrighlocities.

Strong independent evidence supporting a hydrodynamic rkiechanism for RX J0822—
4300 comes from the implications associated with the disgoand the modeling of its pulsa-
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tions. | Gotthelf and Halpern (2009a) discovered a period1ld ths in RX J0822—-4300. This
periodicity had been missed by prior investigators becafiaa abrupt 180-degree phase change
of the pulse profile at about 1.2 keV. The period and the vegligmeriod derivative imply a sur-
face magnetic field strength gf9.8 x 101G and a spin-down age of larger tha2 & 10° yrs.
The very low magnetic field gives rise to the attribution afitimagnetar” to this object. Energy-
and pulse-phase resolved spectroscopy led to a model fhratdeces the observed properties.
The model consists of two antipodal hot spots, modeled bgkbladies whose crossover in flux
corresponds to the energy at which the phase reverses. ghlesdrom the hot spot to the pole
and from the line of sight to the rotation axis are degeneraie has a value of 86the other

a value of 6 (Gotthelf et al.; 2010b). Interestingly, the model degangrallows either for the
spin axis to be parallel with the direction of motion, or foetspin and kick directions to be
maximally misaligned.

The two most constraining aspects of these results on pessdk models are the low mag-
netic field and the initial spin period. Models invoking matjn processes require the nascent
neutron star to have a high magnetic field and/or high irsgpéh periods (Lai, 2001). As pointed
out in|Gotthelf and Halpern (2009a), the only current modaissfying these new constraints
are the hydrodynamical ones that potentially produce vigly telocities. Thus, despite the less
restrictive, lower inferred space velocity of RX J0822-@3Be conclusion of Winkler and Petre
(2007) regarding likely ejection mechanisms still holds.

The solution that favors spin-kick alignment is supportedwnstantially by the fact that
such alignment is observed in a number of neutron stars @gure 5 inWang et al., 2007a).
More specific support from within Puppis A comes from the mtigent of HI cavities, which
presumably represent the path of jets from the initial eiplo, along the direction of motion
of the neutron star (Reynoso et al., 2003). Further, the emisgn of numerical simulations
with the distribution of pulsars with known spin-kick angleuggests that the observed spin-kick
distribution requires the initial spin period to be shottesn the kick timescale (Wang et al.,
2007a). Since the hydrodynamic recoil time scald ) is considerably longer than the 112 ms
pulsation period, one might reasonably expect spin-kighatent in RX J0822—-4300.

8.2 Supernovaremnants

8.2.1 Isthere a second supernova remnant in Puppis A?

In Chaptef 3.3]2 the question was investigated, whetheeittigsion from an almost perfectly
circular region located at the western side of Puppis A isarsg SNR that is just by coincidence
close to Puppis A or whether it is the imprint of shock/clonteractions of Puppis A with the
surrounding medium. After studying the western part of Raigpin radio, infrared, optical,
X-ray, andy-ray there is no single evidence that the western spheeestikicture is different to
Puppis A. Therefore, we conclude that this feature belood&ippis A and that this sphere-like
shape is probably evolving in a bubble in the highly inhommeegmis medium surrounding the
remnant. However, how this feature evolved into a nearlyegércircular shape is still unclear
and has to be further investigated, e.g., with a deeper Gharxervation.
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8.2.2 Supernova remnant candidates in the ROSAT All-Sky Swey

In Chaptef 4 the re-analysis of the RASS SNR candidate liScbhudell (2003) was presented.
After correlating the source list with various sky survegd aource catalogs as well as analyzing
archival X-ray observations 123 sources remained as SN&dates. 73 of these sources fulfill
the criteria that the source significancesi$og and/or have a counterpart in other wavelengths.
Therefore, these sources are no fluctuations in the X-raygoaand. In addition, the possibility
that these SNR candidates are point sources can be rulethenause it was shown that all
spherical symmetric sources are extended (95% CL). Howtheeremaining 50 candidates do
not fulfill one or more of the selection criteria. Thus, it cahbe excluded that some of these
sources are indeed fluctuations in the X-ray background.

Nevertheless, it is still possible that some of these 123cssuare of extragalactic origin.
For example, galaxy clusters are extended sources and érmypetatures of a few times 1&
(Bohringer and Werner, 2010). Hence, they can be seen IRA®S and can be confused with
SNRs. With the RASS data it is not possible to decide whetineisburce emission originates
from inside or outside the Galaxy, because in the RASS nditledemperature nor the hydrogen
column density can be measured, because of the short exgasu the poor spectral resolution.
The only indication of their origin is the hardness ratiol&& clusters, for example, have hard-
ness ratio$1R1 andHR2 roughly in the range from 0 to +1, because of their high tertpee
(Bohringer et al., 2000). Supernova remnants have lowepégatures and higher absorption by
the interstellar medium. Therefore, their hardness fdfdl is in the same order as for galaxy
clusters, buHR2 should beg 0 (Moges et al., 1999; Schaudel, 2003). This is the case foe mo
than 80% of the remnant candidates.

In addition, the conclusion of Schaudel (2003) that candi&88.7—1.7 is an SNR could be
confirmed. This source shows non-thermal polarized radissgan, filaments in ld and ther-
mal X-ray emission. In addition, the fitted hydrogen colunamsity places this source within
our Galaxy. All these are clear indicators that G38.7-1.4nsSNR. Furthermore, the SNR
candidate G265.8-7.1 shows emission from a thermally mgifilasma in the X-ray regime,
four candidates have counterparts in the radio band (G236€83.2+6.9, G309.8-2.5, and
G321.7-3.5), two X-ray sources show related emission inrtfrared regime (G55.6+2.0 and
(G312.4+4.8), and four objects show some filamentary strectound the X-ray emission re-
gion in Hy (G290.4-1.9, G295.4-3.0, G312.4+4.8, and G319.8-2.@dfdiition, for three SNR
candidates archival X-ray observations were analyzed raaidate X-ray emission from an ex-
tended source. All these candidates are of special intdresause they show several properties
typical for SNRs.

The origin of the remaining SNR candidates is still unclddawever, they are promising
remnant candidates, because they are extended and bripbktsoft X-ray regime.

8.2.3 G308.4-1.4

In Chapter| b the RASS SNR candidate G308.4-1.4 was exanmmedail and the following ar-
guments are in favor of an SNR interpretation: First, conmggthe fittedNy with the integrated
hydrogen column density toward G308.4—1.4 (Kalberla @05 Dickey and Lockman, 1990)
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places the source within our Galaxy. In addition, the plasnmael used to fit the energy
spectrum of G308.4-1.4 was especially designed to imptowertodeling of X-ray spectra of
SNR. Other plasma models assume ionization equilibriumaaadherefore not able to repro-
duce the spectra of young SNRs that are not evolved enougkath rionization equilibrium
(Borkowski et al.| 2001). Second, the temperature of them&aof approximately 6 million
Kelvin is in the typical range for SNRs (McKee, 1987). Thitite analysis of the archival ATCA
radio data revealed non-thermal emission with a spectiakiof—0.7+ 0.2, which is typical for
young to middle-aged SNRs (Dickel, 1991). The spectrabirides a large error due to the noise
in the 2.5 GHz observation but still agrees with the expeetdde of -0.4 to -0.5 for middle-aged
SNRs. Fourth, the 22m to 1.4-GHz flux ratio for G308.4-1.448 10, the upper limit for SNRs
(Carey et al., 2009; Pinheiro Goncalves etial., 2011). detie infrared emission matching the
radio and X-ray morphology and the measured22+to 1.4-GHz flux ratio additionally supports
that G308.4-1.4 is an SNR. Next, the lackyafay emission from G308.4—1.4 can be explained
by the poor spatial resolution of the Fermi-LAT telescopell at 1 GeV), which makes it hard
to distinguish faint extended sources from the diffuse siisof the Galactic plane. Of the 274
known SNRs only seven have been detected by Fermi-LAT si\faliaf et al.| 2012). Finally,
G308.4-1.4 is neither a galaxy cluster, nor a planetarylaefiere are various physical scenar-
ios to show what might cause a plasma to emit X-rays. Howéwvetwo emission models for hot
diffuse MEKAL, Mewe et al., 1986) and collisionally ionized diffuse ga$EC, |Smith et al.,
2001), which are often used to describe the X-ray emissi@alaixy clusters, cannot reproduce
the spectrum of G308.4—-1.4. Moreover, the temperature lakgalusters is typically several
10" K (Bohringer and Werner, 2010), one order of magnitude &ighan the fitted value. In
addition, G308.4-1.4 cannot be a planetary nebula bectaXeray flux is three orders of mag-
nitude higher than the flux of the brightest planetary nelggected in X-rays, which is at a
distance ok 1 kpc (Guerrero et al., 2006) and because of the loyu?Pto 1.4-GHz flux ratio.
Furthermore, the temperature of G308.4-1.4 is a factor oftigher than the highest measured
temperature of the hotter, type 2 planetary nebulae (Gueeteal., 2000).

Based on these results it was concluded in this thesis tha8.@31.4 is indeed a supernova
remnant. Only the eastern part of the remnant can be seer iratho-, infrared- and X-ray
regime, which is not unusual for SNRs (elg., Castro et all120A possible explanation could
be that its shock wave is expanding in more dense ISM in theoedlse emission in the western
part is absorbed by ISM that is in front of the SNR. In the irdcha bright and extended region
can be seen in the northwestern part of the SNR, whose emissiot correlated with the SNR.
The radio morphology of the remnant at 0.843, 1.384 and 2Z3#956is characterized by two arcs.
The eastern arc matches the X-ray and infrared contourssé&tend arc, which is bending in
the west and shows a decreasing brightness toward the c£1@808.4—1.4, has no counterpart
in other wavelengths. Its nature is not clear by now and hasg &tudied in more detail.

A Sedov analysis suggests that the SNR is about 6200 yeamndlds expanding with a
velocity on the order ofz 730 km/s. All fundamental parameters of the SNR are summeciiz
Table[5.4.

The X-ray point-like source CXOU J134124.22-634352.0 (e 1), located close to the
geometrical center of the SNR G308.4-1.4, is seen to extahdble and flaring X-ray emission.
It has no extended X-ray emission as seen in other young awerfd pulsars. Its best-fit
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spectral model consists of two blackbodies. Thus, sourceshotvs some properties that have
been also seen in central compact objects (CCQ, see GatigeHalpern, 2008a, for a review).
No CCO has a detected counterpart in the radio and optical barfar. For one member of the
CCO group, 1E 161348-5055 in RCW 103, flares have been détectehich the flux varies
between 0.8 and 60 10 12 ergs cm2 s~1. This is comparable to source # 1 whose maximum
flux is ~ 101! ergs cm? s and the upper limit derived from the SWIFT observations is
~5x 10713 ergs cnr? s71. The luminosity of source # 1 is3° 10 = 25712 x 1034 dg 2 ergls.
This is slightly higher than the derived luminosity for thermal population of CCO_(Becker,
2009, p.121), only the flaring CCO in RCW 103 has a comparaintériosity of 01 — 8 x 1034
erg/s (de Luca, 2008). Krautter et al. (1999) found for aliay-bright stars with an optical
counterpart a ratio of lddx/fv) = —2.46+ 1.27 in the ROSAT All-Sky Survey. Therefore,
the X-ray-to-visual flux ratio of 1.55 and the fitté;, which is on the order of what has been
observed for G308.4-1.4, suggest a CCO interpretatioroiaice # 1.

Assuming that the source is indeed the compact remnant, nveezéave the proper motion of
the objectu = /(RA. — RAs1)2+ (DEC, — DECy1)2/t = (45+ 4)" /t using the inferred center
and the age of the SNR. We deduce the proper motion fob€& + 2 mas/yr= 320+ 100 km/s.
The upper limit onu is higher than the mean two-dimensional proper motion ogmslin SNRs
of ~ 227 km/s|(Hobbs et al., 2005), but would not be an exceptian.ekample, the CCO RX
J0822-4300 in the SNR Puppis A has a 2d proper motion oft6IZZ0 km/s|(Becker et al., 2012).

Nevertheless, the lower limit of the inferred emitting raglof the blackbody in the double
blackbody or the power law-blackbody spectral fit is on theeoof the expected value for the
neutron star radius of 10 to 20 km only if the source is at adist of at least 7 kpc (see Fig.15.5).
Moreover, we found an infrared and optical source whoseiposs consistent with source # 1.
The spectral distribution of the source allows us to fit aisihally ionized diffuse gas model
(APEC), which|Osten et al. (2005) used to model the energy digtdbun the X-ray band of
the M dwarf flare star EV Lacertae. In addition, the fitted logln column density is consistent
with that of a nearby star and the X-ray-to-visual flux rai®i25, only 2 higher than the value
for stars derived by Krautter etlal. (1999). Therefore, nede conclusion on the origin of this
source could be drawn.

Using the stellar density in the direction of G308.4—-1.4 & derive the chance association
of the observed 2MASS source with the compact remnant catedidThe chance association
is given byPeoin = %n ORA ODEC, whereN is the number of sources detected within a
rectangular region of lengllga and widthlpe, anddRA dDEC are the errors in the position of
the source. The 2MASS catalog contains 2206 point-likeasim a box with side length of 5
arcmin around the center of the remnant and the chance assads 1.3%. Thus, the possibility

of a false association between the X-ray and the 2MASS saarweot be excluded.

Until now, we did not discuss the western radio arc, which masounterpart in the X-
ray and infrared image. The arc could be interpreted as avistac radio jet of a source at the
geometrical center of the SNR. If that is the case, the clestrace is either a black hole of stellar
mass or a neutron star in a binary system (Mirabel and Rodrigl999, and reference therein).
Especially the possibility that the central source is alblacle is an interesting speculation
which, if proven, would mean that G308.4-1.4 is the remndra type Il 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 sour¢he center of the rem-
nant, source # 10, we assumed that the source is a CCO, shauddahleast a spectrum with
a blackbody of temperature 2.6 million Kelvin as the CCO ippig-A (cf. Table 6.4, Becker,
2009). Using the WebPIMMS tool with the source count rate tredfittedny of the SNR the
flux in the 03— 3.5 keV range isfx ~ 2.2 x 10~ 14 ergs cm?s~! and in the 06— 10 keV range
is fx ~ 1.9 x 10~ 14 ergs cn2s~1. The normalization of a blackbody with this flux, temperatur
andny is 2.5 x 10~5, which corresponds to an emitting radius of the source 8ty g km. This
value perfectly agrees with the expected value for the paudtar radius. The corresponding
luminosity in the energy band.®— 10 keV isL$> 1% = 2.1 x 10%? dy 3 erg/s, a typical value
for CCOs. Furthermore, the X-ray-to-visual flux ratio is (ég/ fy) > 0.11 taking into account
that no optical source was detected in the USNO-B1.0 catatabthe limiting magnitude of
this catalog is 21 (Monet et al., 2003). Thus, no clear ewddor the origin of the emission of
source # 10 could be found.

Finally, it should be mentioned that the detector suppaticstire of Chandra covers the
central part of G308.4-1.4 (see Fig. 15.2). It is thereforeexxluded from our observations
that other faint X-ray point sources are located at thistpmsi However, the non-detection of a
source in the SWIFT data at the assumed position of the ret'srexpansion center sets a strict
upper limit of 5x 10~13 ergs cm? 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 th@obambiguities.

8.2.4 G296.7-0-9

In Chaptefb the X-ray emission of the RASS selected SNR dateliG296.7-0-9 was studied
in detail. This candidate was already identified as SNR byiRabet al.|(2012). However, they
only investigated the radio emission of G296.7-0-9. In Xsréhe remnant is characterized by
a bright arc in the south-west direction and by diffuse emirssvith low surface brightness in
its western part. It could be shown that the X-ray emissioG296.7—-0.9 is in agreement with
coming from a collisionally heated plasma that has not yatmed equilibrium. The Sedov
analysis leads to the conclusion that the SNR is about 6686sy&d and expanding with a
velocity on the order of 720 km/s.

The deduced distanaseqoy= 9.8153 kpc is in good agreement with the distance of the
close-by Hll region G296.593-0.975. This is a strong inicéor a spatial association between
the SNR and the Hll region, as already suggested by Robbais(@012).

The observation used in this analysis was strongly affdayguiarticle background radiation,
which led to a net observation time that was shorter by a faaftthree than the approved ex-
posure time. Therefore, only limited statements can be mhdeat the existence of a compact
source located near the center of the SNR. That no emissom & CCO in G296.7-0.9 was
detected does therefore not mean that there is none. Thevatiee might not be deep enough
to detect it. Thus, the type of the supernova is unconstiaiDeeper 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 Bno@®08)
G13.3-1.3 amorphous emission elongated emission Sewatd £995)
G28.8+1.5 part of rim centrally brightened Schwentker @)99
G32.1-0.9 possible faint shell diffuse, with clumps Folgtiter et al. (1996)
G38.7-1.4 bright arc centrally brightened this work
G69.4+1.2 single arc elongated emission Asaoka et al. (1986hita et al. (2000)
G85.4+0.7 faint, incomplete shell centrally brightened ck3an et al. (2008)
G156.2+5.7 faint shell filamentary ring Pfeffermann et 4891)
G189.6+3.3 single arc complete shell Asaoka and Ascheni®&g)
G272.2-3.2 diffuse shell centrally brightened Egger ef1#196)
G296.7-0.9 bilateral part of shell Robbins et al. (2012) tmslwork
G299.2-2.9 faint source centrally brightened Busser ¢18D6)
G308.4-1.4 two bright arcs diffuse, brighter to west thiskvo
G320.6-1.6 faint shell part of shell Milne et al. (1993)
G332.5-5.6 bipolar shell, central emission centrally lnéged Stupar et al. (2007)
G347.3-0.5 faint emission non-thermal Pfeffermann andhAsbach (1996)
G353.6-0.7 shell shell Tian et al. (2010)

8.2.5 Concluding remarks on supernova remnants

Buler (1998) predicted the number of X-ray SNRs detectabtled RASS to be 2155 SNRs.

To obtain this number he simulated the theoretical distitibuof SNe in our Galaxy and the
RASS count rate of their remnants. He included only simdlatéennants with a signal-to-noise
ratio of > 20 and a diametepr 15 arcmin as well as smaller SNRs with more than 1000 counts.
Correlating the list of known SNRs with the RASS images a tewgpart for about 80 SNRs
was detected in the X-ray regime, which fulfill the criterfar@mentioned. Therefore, 1355
unidentified SNRs are expected to be detectable in the RASEBhvis in agreement with the
number of 123 RASS SNR candidates found in my work.

Assuming that the remaining 123 SNR candidates mentionedeafire indeed SNRs and
adding them to thez 280 SNRs known (including the two remnants identified in thak -
G38.7-1.4 and G308.4-1.4) the discrepancy between thetedpand measured SN rate in our
Galaxy can be explained to some extent. Nevertheless,héegror SNRs in the RASS survey
yielded a large number of additional SNRs and by graduabyiidying the 123 candidates, the
discrepancy between the expected and measured numberesheuga remnants in our Galaxy
can be further reduced.

All 17 SNRs listed in Tablé 811, including the three SNRs &ddn this work, were first
detected in the RASS survey and their identification was pnastsed on the X-ray emission.
In some cases the candidates were subsequently observédkeatitied in the radio band with
deep pointed observations. As can be seen, all X-ray sdl&tRs are faint and/or irregularly
shaped in the radio regime. This likely hampers the ideatifim of SNRs in the radio band
and supports the view that it is important to search for SNR&rious wavelengths and not to
rely on radio surveys alone. Furthermore, with the exceptica few sources, most RASS SNR
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candidates show only very faint or no radio emission. If theyindeed SNRs the lack of radio
emission can be explained by, e.g., a weak magnetic fieldtiseatroduction of Chapterd 4 for
more reasons for the non-detection of radio emission). &theg, the lack of an identification
of the RASS selected SNR candidates in the radio band is texion to exclude these X-ray
objects from being SNRs.

8.3 Neutron stars and pulsars

In Chaptef ¥V a systematic search for the X-ray counterpdntadio pulsars in the archives of
the Chandra and XMM-Newton X-ray observatories is pregsentéith the exception of J1341—
6220, which will be discussed in the next paragraph, all 18ated X-ray counterparts of radio
pulsars fulfill the following criteria (see also Section]7.Zhe discrepancy between the radio
and X-ray source position is less thao,3the possibility that an X-ray source is by-chance
at the pulsar’s position is below 18 and the X-ray-to-visual flux ratio is greater thar.2.
Furthermore, the non-thermal X-ray efficiency of all sosrsein agreement with the predictions
made by Becker (2009). Only a small scatter is noticeablé;wis probably due to the normal
scattering (e.g. Becker etlal., 2010, figure 18) and to themaiaties introduced by assuming
the spectral parameters for the pulsars with less than &etéet counts. The uncertainties that
can cause the scatter in equafion 7.9 will be discussed inekiesection.

Further, four of the 18 sources were mentioned in the litgeat J1341-6220 is listed as
radio pulsar with X-ray counterpart in Kaplan et al. (20043 esmith et al. (2008), but no de-
tailed analysis of the X-ray properties of PSR J1341-6226€ pvasented by the authors. For
this source the probability of a by-chance detection is rgligible. Nevertheless, all other cri-
teria are fulfilled by this pulsar. For the radio pulsars P3R1.2-6103 and PSR J2222-0137 a
detection is claimed by Townsley et al. (2011) and Boyled.dP@11), respectively. However,
they did not investigate the X-ray data in detail. For theedgbn of an X-ray counterpart of
the radio pulsar PSR J1105-6107 two contradicting refe®nan be found. Gotthelf and Kaspi
(1998) used data taken with the ASCA observatory and claiméetection. On the other hand
Kargaltsev et al| (2012) listed this source as non-detdntedChandra observation. The analy-
sis presented in this work is based on two Chandra ACIS-Sradisens and clearly shows an
X-ray source close to the radio timing position. Hence, nfoms the detection claimed by
Gotthelf and Kaspi (1998). Nevertheless, the parametatsadel by Gotthelf and Kaspi (1998)
cannot be confirmed. Their spectral parameters for PSR 36105 lead to a count rate for the
Chandra ACIS-S detector of 0.04 cts/s, two orders of madaitugher than the rate measured
in the merged Chandra ACIS-S image. For all pulsars that wkserved with a temporal res-
olution of at least five times the pulsars period (PSR J098380PSR J1301-6310, and PSR
J1825-0935) the non-detection of a pulsed signal can baiega by the low count number.

Therefore, the detection of the 18 X-ray counterparts oforadlsars listed in Table 7.1 is
claimed. To date, more than 200 pulsars are detected in ttag ¥and (see Table B.1). This, in
addition to the calculated upper limits, enables a moreildéetatudy 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@fibermal X-ray emission was verified,
by comparing the values derived in Section 7.2.4 with upjpeitd found in the literature. The
limits on ux of Kargaltsev et all (2012) were confirmed, even though &fit energy band and
a larger confidential level of 95.4 % was used in this work.yOnithe case of PSR J1837-0604
our derived upper limit on the flux is three times higher. Hogre this can be explained by
the fact that in_Kargaltsev etlal. (2012) the counts were potected for the encircled energy
fraction.

Thereafter, the non-thermal X-ray luminosity for 18 and tipger limit on it for 228 pulsars
was used to further study the scatter in the relation of thethermal X-ray luminosity to the
spin-down power. Eleven sources were found with upper $imit L 1, ey below 104 and
one detected source Witly 1_» kev= (1.2 0.4) x 10~° (PSR J1105-6107), also lower than
10~4. The investigation confirms the trend for finding smalleras-efficiencies with increasing
sample size and higher sensitivity of X-ray observatorlé® X-ray efficiency can be as high as
1.9x 1073, e.g., for the Crab pulsar (Becker, 2009), but also be beldw30°.

It should be noted that young pulsars with> E¢ &~ 4 x 10%6 erg/s could manifest a distinct
pulsar wind nebula (PWN, Gotthelf, 2004). If such a PWN ex&td/or thermal emission from
the pulsar's surface is hot enough to contribute to the Xawmyssion, the non-thermal X-ray
efficiency of several pulsars is much lower than the detezthirpper limit.

Theory predicts a distinct relation between the X-ray efficy and the spin-down power.
The detected large scatter contradicts such a tight ralatid favors the interpretation|of Becker
(2009) that it represents an average approximation to the)éfficiency rather than a fixed cor-
relation. A reason for the large dispersion could be unfaviar viewing angles (Possenti et al.,
2002, and references therein). Because the orientatidgregfulsar’s magnetic axes with respect
to the observer’s line of sight might not have been optimal aa beaming correction can be
applied to the observed luminosity, the X-ray efficiency ludge pulsars appears to be smaller
than that of pulsars with optimal geometry. However, Kaigd and Pavlov (2010) reviewed
all known PWNe and investigated their X-ray efficiency. THeynd a smaller but still large
scatter in the measured luminosities, despite of the fattRRVN emission is thought to be un-
beamed|(Gaensler and Slane, 2006). Therefore, the beamghg @n contribute only a small
scatter inuy for most pulsars, although in some extreme cases the effetd be 1 to 2 orders
of magnitude, e.g, the Vela pulsar (Possenti et al., |2002).

Additionally, wrongly determined distances can contrébtd another uncertainty in the de-
rived X-ray luminosities. Although the errors in the distanrmeasurement were included in the
calculations, most distances used in this work are basetheulispersion measure and large
fluctuations inDM are not included in the model calculations. This could idtrce a scatter of
roughly one order of magnitude in the derived X-ray lumityp8or a few sources.

Another reason for the large scatter could be a wrongly detexd spin-down luminosity.
In the last years several intermittent pulsars have beeasowdised (e.g., Kramer etal., 2006;
Camilo et al.| 2012; Lorimer et al., 2012), which seemed tikéinary radio pulsars, but switch
their radio emission off quasi-periodically with diffetespin-down rates at time scales from
months to years. In the so called on-state the spin-downimateases by a factor of 2 to 3
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compared to the off-state. Because the spin-down lumindasiproportional to the spin-down
rate and for some radio pulsars only a few observations igiggbossible that some sources have
a lowerE than calculated with the period and period derivative tskem literature.

Taking all these sources of uncertainty into account itilsigtclear where the large scatter
in ux of three orders of magnitude is coming from. However, in titeirfe high energy emission
models have to reproduce this large scatter in the measeliacbn.

Thermal X-ray emission

As for the non-thermal X-ray emission, the reliability oktimeasured upper limits were tested.
Temperature upper limits for eight pulsars can be found énliterature |(Gonzalez et al., 2004;
Kaplan et al., 2009; Olausen et al., 2013; Keane et al.,|20d@uding the coolest pulsar in the
sample presented in this work, PSR J2144-3933. For six isusgailar values for the temper-
ature upper limit were found, with a minor deviation €0 %. This small discrepancy may
be due to the fact that Olausen et al. (2013) did not includedibtance error in their calcu-
lations. Additionally, it is difficult to compare the ressilin detail because all aforementioned
authors used slightly different methods to calculate thgenpgimits and no detailed informa-
tion is given in Olausen et al. (2013) about the effectiveosxje time and extracted region for
PSRs J1814-1744 and J1847-0130. However, the method uied wmork makes use of all
archival observations of one pulsar and, thus, derives neige deeper upper limits. In case
of PSR B1845-19 (Olausen et al., 2013) and PSR J0157+621Z &z et al., 2004) a much
lower temperature upper limit was found in this work. For PBEB45-19 it is because two
archived XMM-Newton observations were used instead of @lausen et all, 2013). In the
case of PSR J0157+6212 the difference is partly due to usifegetht values folNy, but a large,
and yet unexplained, difference remains between the megdsyoper limit here and the work by
Gonzalez et al! (2004).

In total, 230 3 upper limits on the blackbody temperature were derivedjirapfrom 18.8
eV (PSR J2144-3933) to 218.6 eV (PSR J1822-1617). All medgemperature upper limits
are in agreement with current cooling models, which assumherauclear matter in the core of
a neutron star and Cooper-pair breaking and formation as#ie source of neutrino emission.
These models include the uncertainties regarding the atlaamounts of light elements in the
envelope of the star and the different possible neutRrgap models. A comparison of the data
presented in this work with other cooling curves (e.g. Teuri993; Yakovlev and Pethick, 2004;
Tsuruta) 2009) confirms the conclusion that for all measdiad points in this work standard
cooling with Cooper-pair breaking and formation is suffintieo explain the temperature upper
limits.

8.4 Future prospects

Chaptef B showed that it is possible to measure the propeomat a neutron star in the X-ray
regime with high precision. For this analysis only two refeze sources with known proper
motion are needed and even observations taken with diffemsttuments can be used. At the
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moment, | am searching the archive of the Chandra X-ray ebtmy for observations of pulsars
which are appropriate for a proper motion measurement. haira pulsar should have been
observed at least two times and the observations shoulddre then one year apart. These
data will then be analyzed as described in Chdpter]3.3.1l¢olae the proper motion of these
sources. For pulsars with known proper motion in other wevgths the analysis will indicate
how accurate it can be measured in the X-ray regime. In catbeeo&maining pulsars the proper
motion or an upper limit on it will be measured for the first &nirhis is important in particular
for sources which are radio quiet or whose position cannahbasured with high accuracy in
the radio regime because of timing noise. Hence, with thegtien of a few nearby pulsars,
which can be seen in the infrared, using Chandra X-ray obsiens is the only way to measure
this important parameter.

Currently, | am analyzing an archival XMM-Newton obsereaatiof the SNR G38.7-1.4,
which will help to shed light on the age and distance to thigse. Furthermore, another XMM-
Newton observation of SNR G308.4-1.4 will become availaolen and it may help to reveal
the origin of the central compact object, which remained genaquestion in Chapter 5.

In the future, the most promising SNR candidates will bedfetd-up in the radio, optical
(Hq) and X-ray band by using the candidate list (Tdblel A.1). Twilshelp to pinpoint the origin
of the detected X-ray emission.

Additionally, tests of different thermonuclear and coattapse SN models will be obtained
in the future by, for example, measuring the electron neas; muon neutrinos and tau neu-
trinos coming from a close-by SN and comparing it with modeldications, as well as the
gravitational wave signal of an SN, which can be even exteagia. The large distance range
for gravitational waves is due to the fact that here the anbdi is measured, which decreases
with ~ 1/r, whereas for neutrinos the intensity of the emission is st which decreases
with ~ 1/r2. Furthermore, gravitational waves are not subject to git&or and a signal could
be observed even through highly absorbing objects, lik& deruds. The measured gravita-
tional wave signal depends strongly on the progenitor sysiad the explosion mechanism.
Thus, a detected SN signal will immediately rule out mostlesipn models. Furthermore,
observing gravitational waves from binaries with two nentistars or a neutron star with a
black hole would yield the masses of the two gravitating bsdis well as the radius of the
NS (Lattimer and Prakash, 2007). In addition, the grawutal wave pattern depends on the
interior of the NS |(Lattimer and Prakash, 2007) and thugradfie first gravitational wave de-
tections of NS binaries it will be possible to find the trueumatof matter at supernuclear
densities. Nevertheless, until now only indirect measem of gravitational waves have
been reported. These were obtained by measuring the odataly of two neutron stars in
a binary system_(Weisberg et al., 2010). In the next yearsathvanced LIG® should start
its operation and it is assumed that it can observe 40 NSs ¢ar which are spiraling in
(Harry and LIGO Scientific Collaboration, 2010).

Furthermore, it would be very important to study the pulsatsch have a very low temper-
ature or non-thermal flux upper limit and are young and ernier¢gee Tablé 714 and Table 7.5),
because these objects could help to put better constrairttseccooling of neutron stars or the

ILaser Interferometer Gravitational-wave Observatory
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models that explain the non-thermal emission of pulsarendf detects, for example, a neutron
star with a surface temperature lower than the expectationsthe minimal cooling paradigm,
one has to include enhanced cooling mechanisms in the mgd#lthe interior of a neutron star.

8.4.1 Future X-ray missions

By the end of 2015 eROSITA, the successor of the ROSAT missidglh start to image the
entire X-ray sky with a surpassing sensitivity and a highpatisl and spectral resolution than
ROSAT. It will be composed of seven identical telescopesciviaill have a CCD in its focus.
The eROSITA telescopes on board of the Russian Spektrumtge®Gamma mission will be
approximately 20 times more sensitive in the soft X-ray bidwach the RASS. Furthermore, in the
hard X-ray regime (2-10 keV) it will survey the sky for the fitsne with an imaging telescope
(Merloni et al., 2012). It will have a resolution of 25 arcgec30 arcsec in survey mode, the
average exposure in the galactic plane will be about 3 kseddhl et al., 2010).

Therefore, it will be possible to study the SNR candidates@nted in Chaptét 4 in much
more detail: The higher resolution will allow a spatial istigation of the sources. This will
reveal whether the RASS emission of the candidates is cofnimy one extended source or
from two or more point sources. In addition, the deeper exposmes and the higher spectral
resolution will provide data for a spectral analysis of thedidates to rule out an extragalactic
origin. Additionally, if the candidates show emission franthermal plasma it will be possible
to calculate fundamental parameters for the remnant, &g.,and distance. In particular, the
remnant candidates with a large extent can be studied il detta eROSITA, because the cur-
rent X-ray observatories have a field of view of oaly30 and need several pointings to cover
the larger remnants. The prospects of X-ray all-sky surdeysarge SNRs was impressively
shown with the HEAO-1 survey and RASS, where a large, clgsadd old SNR with a di-
ameter of approximately 25 degrees was detected, the Mam&jeg (Plucinsky et all, 1996).
With current telescopes, e.g., XMM-Newton, more than 100idjings would be necessary to
cover the remnant and in a single observation the remnanthvemly be recorded as high X-ray
background.

It should be mentioned that some of the candidates may besthisthe ROSAT PSPC
detector used for the RASS had the major advantage of veryl&ector noise and a spectral
response down to 0.1 keV provided perfect conditions tockefior SNRs|(Voges et al., 1999).
This is because extended sources can be strongly affectéieldyackground and SNRs emit
mostly in the soft X-ray band. On the other hand, the eROSIg#ectors are CCDs, which are
only sensitive to incoming photons in the energy range 0.BeV, and have a higher background,
comparable with the EPIC cameras on-board of XMM-Newton r{ie et al.,|2012). Thus,
faint extended sources will be harder to detect, as in theRA®Ris was already shown for the
SNR candidate G309.8-2.5 in Chapter 4, where a bright sasidetected in RASS, but a deep
observation with XMM-Newton of this region did not show angtended source emission.

For all 274 known SNRs which emit X-rays, a detailed analysisbe possible and for the
remaining sources X-ray counterparts can be searchedfparticular, the remnants G38.7-1.4,
G296.7-0.9 and G308.4-1.4, which were explored in this warkbe studied in more detail. In
the case of G308.4-1.4 a deep spectro-imaging analysislwasya done, but the origin of the
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central compact objects is still not solved. It could be tbenpact remnant belonging to the
SNR.

The identification of previously unknown SNR with eROSITAllvallow a search for neu-
tron stars residing within the diffuse remnants. This cdugda central neutron star without a
counterpart in other wavelength regimes. Only seven mesnifahis class of neutron stars are
known to date and finding more of these sources may help torstaahel how this manifestation
of neutron stars is related to other classes and which paeasn#ecided that a neutron star can
be observed as central compact object.

Further, the eROSITA survey will add data to the analysisedonChaptef]7 with a larger
and even less biased sample. In the eROSITA survey a detabedh for X-ray counterparts
of all known pulsars without detected X-ray counterpart barconducted. The pulsars in the
eROSITA sample will have equal exposures and will cover thelergalactic plane. However,
the exposure will be only 3 ksec. The average exposure irathele studied with XMM-Newton
in Chaptef.¥7 was ten times higher. In the case of a non-deteatupper limit on the thermal
and non-thermal flux can be calculated, which will be in gehlewer than the already derived
limits. Nevertheless, it will further constrain the codiof neutron stars and the dependence of
the non-thermal X-ray luminosity and the spin-down eneagps) because of the ten times larger
sample of observed neutron stars.

Because microcalorimeters are now operating in space Mu@TAR; Harrison et al., 2013)
it will be possible to study the emission of X-ray sources incimmore detail. These detectors
will have a typical spectral resolution of 2.5 eV at 5 keV, 60ds better than current observato-
ries (Nandra et al., 2013). However, the energy range of ticeogalorimeter operating on the
NuSTAR satellite, which was launched in June 2012, is ndabie for studying SNRs. There-
fore, one has to wait for future missions, like Athena+ (Nanet al.| 2013), the next large X-ray
mission that is proposed to be launched after 2028. It wilbpbly have an effective area of Zm
at 1 keV and an angular resolution on-axis of 5 arcsec (Nagtdah, 2013). Two detectors are
planned, a CCD camera and an X-ray microcalorimeter. Ther laill have a spectral resolution
of 2.5 eV at 6 keV and hence, will allow investigations of SNiysdifferent spectral line diag-
nostics, which are hardly possible to date. In addition,l#inge collection power will make it
possible to study neutron stars in much more detail. For el@rit might enable a investigation
of the cooling of a very young NS in the SN 1987A, which has tddaend yet (Manchester,
2007).

Not only in the X-ray band new larger telescopes are planrieat. example in the radio
band the square kilometer array will start to observe therskly with 10 to 100 times higher
sensitivity using single telescopes build all around theldvorhese telescopes will have a total
collecting power of nearly one million square meters (Smaital.,. 2009) and will lead to the
detection of many new pulsars and supernova remnants. iddity, the sample of neutron
stars with accurate mass and radius measurement will sereeen further. Finally, it could
help to identify the 123 SNR candidates presented in Chdpter
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8.4.2 Occultations

The X-ray emission of neutron stars can also be used to igatstsmall objects in the solar
system, namely Kuiper Belt objects, main-belt asteroid$ @ans-Neptunian objects. These
objects can be investigated through stellar occultatioa bfight background source and most
detections of such objects have been made in the optical ekgEwsmall objects with a diameter
of less than a few kilometers are only detectable becaudeediroadening of their shadow by
diffraction (see Rogues and Moncuquet, 2000, for more @¢taihe characteristic scatkof
this effect, the so-called Fresnel diffraction effectdis: \/AD/2= ,/92- D[AU]/E[keV] m,
whereA is the wavelengthE the energy of the photons ardl the distance to the occulting
objects. Therefore, the occultation of an object with a ditanof~ 100 m at a distance of 40
AU has the largest shadow broadening at an energylaV, hence the X-ray regime. Only a few
of these small objects have been detected sa far (Chang20ab) with low significance and
therefore, the density of such objects is poorly known. Hmwethis information is important
for understanding the formation of planets (Rogues and Mauet, 2000).

In X-rays accreting neutron stars like Scorpius X-1, thglmest X-ray source outside the
solar system can be used to search for occultations. Thisalwe@ady done by Chang et al.
(2006) using Scorpius X-1 observations of the Rossi X-ragiig Explorer (RXTE). However,
they claimed some detections, which could not be veritiedaf@ret al., 2013). In the future
large X-ray telescopes will be launched and finding ocdoltat of small solar system bodies
will help to increase our knowledge of these objects regaytheir occurrence and will finally
tell us more about the formation of the solar system. To itigate if this is possible, the effect
of occultations was studied assuming a telescope with @&ctefé area on the order of square
meters, like it is expected for Athena+ (Nandra et al., 2@I®) using the theory of Roques et al.
(1987) and Rogues and Moncuquet (2000). It could be showmthaccultation can be detected
easily (see Figure 8.1), if the temporal resolution of theedi®r is in the order of milliseconds
and the behavior of it at this high count rates can be undsadsito detail. The latter was the
main problem with the RXTE detectors, because random fltiohsin the measured source
flux by high-energy photons or protons were wrongly iderdiféees occultations (Chang et al.,
2013). Furthermore, with this large collecting power, nolyoScorpius X-1 can be used as a
bright background source, but also several other brighdyXsources may be used (Chang et al.,
2013).
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Figure 8.1: Left: Occultation profile with diffraction for a point source asckground source and a
spherical object as foreground source with a diameter of & endistance of 40 AURight: Simulated
occultation profile as seen by a X-ray telescope with an @ffearea on the order of square meters. Here
the X-ray flux of the Low Mass X-ray Binary GX 17+2 was used fonglating 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 countrate S/N HRL HR2 typePe(f[) pointing IR Radio optical(d)
hh:mm:ss dd:mm:ss arcmin cts/s oG flag/- flag flag flag flag
1 G11.0+6.9 17:44:38 -16:00:27 290x270  .@B+0.72 41 +1.00 -0.20 - 3 3 3 1
2 G12.0+8.4 17:41:22 -14:22:41 250x250 Q@+ 0.62° 44 +1.00 -0.15 - 3 3 3 1
3 G13.0-14.9 19:11:21 -24:15:27 15x13 .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  .6B+0.45 23 +0.55 -0.51 - 3 3 3 1
5 G16.7+15.9 17:25:01 -06:33:25 20x10 .16+0.03 8 +0.41 -0.02 - 3 3 4 1
6 G22.4+9.5 17:58:14 -04:53:46 40x35 .30+ 0.068 8 +0.71 -0.04 - 3 3 3 1
7 G24.0+6.1 18:13:15 -05:05:08 120x120 .32+0.18° 22 +0.63 -0.09 - 3 3 3 1
8 G24.1-0.3 18:36:24 -08:02:36 35x20 .28+0.05 8 +0.79 +0.65 - 2 3 2 1
9 G25.2-1.9 18:44:05 -07:44:22 80x65 41+£0417P 13 +1.00 -0.14 - 3 3 3 1
10 G26.7-3.6 18:53:01 -07:09:45 180x180 .7G+0.33 24 +0.98 -0.28 - 3 3 3 1
11 G35.9+6.0 18:35:21 +05:24:23 14x10 .10+ 0.03 6 +0.45 +0.13 - 1 3 3 1
12 G38.7-1.4 19:06:59 +04:30:15 13x10 .09+0.038 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 .50+ 0.09° 11 +0.95 +0.41 - 3 3 2 1
14 G55.6+2.0 19:27:10 +21:02:02 13x12  .00+0.038 4 +1.00 +0.85 s/10.3 3 1 1 2
15 G66.7-9.8 20:35:51 +24:13:33 13x11  .08+0.02° 5 +0.89 +0.05 s/3.9 2 3 4 1
16 G71.2-2.9 20:21:45 +31:49:14 18x10 .10+0.02 7 +0.07 +0.16 - 3 2 4 1
17 G72.1+9.2 19:33:35 +38:54:53 18x9 .00+ 0.03 5 +0.72 +0.14 - 3 3 3 2
18 G75.8+8.0 19:47:52 +41:30:52 13x9 10+0.028 7 +0.70 +0.03 s/5.5 3 2 3 1
19 G75.8+15.6 19:10:51 +44:55:59 16x9 10+0.03F 7 +0.83 -0.06 s/6.0 3 3 4 1
20 G77.3-4.5 20:45:33 +35:49:06 170x105 .0@+0.22 14 +0.84 -0.19 - 3 3 3 1
21 G77.6+3.4 20:13:41 +40:38:42 90x90 .83+0.17 54 +0.56 +0.02 - 1 3 2 1
22 G78.0+5.3 20:06:45 +42:00:25 12x8 .00+0.028 6 +0.86 -0.05 s/3.9 3 2 3 1
23 G80.7+2.8 20:25:55 +42:54:08 40x35 .50+ 0.07 11 +0.92 -0.08 - 3 3 2 1
24 G81.1-1.1 20:44:10 +40:49:29 40x40 .48+ 0.06° 11 +0.89 +0.18 - 3 2 2 3
25 G83.2+6.9 20:14:48 +47:11:23 6x6 .00-£0.018 2 +0.33 -0.43 - 3 2 1 1
26 G83.8+10.3 19:59:17 +49:29:14 25x20 10+0.028 8 +0.37 +0.16 - 3 3 3 2
27 G85.7+10.6 20:03:16 +51:16:34 16x11 .10+ 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 .20+ 0.06° 5 +0.79 +0.06 - 3 3 3 1
29 G100.2-2.7 22:11:40 +53:00:39 24x14 .19+ 0.03 8 +0.71 +0.23 - 3 2 3 2
30 G104.7+9.9 21:38:00 +65:41:54 45x30  .34+0.058 10 +0.87 -0.44 - 3 3 3 1
31 G105.7-8.1 23:00:06 +51:01:26 160x160 .38k-0.30° 22 -0.18 -0.36 - 3 2 3 1
32 G108.3+9.9 22:05:52 +67:53:59 350x210 .544-0.23° 29 +1.00 -0.30 - 3 3 3 1
33 G124.5-5.4 01:02:54 +57:28:04 12x8 .10+ 0.03 7 -0.07 -0.22 sl4.7 3 3 4 1
34 G125.3+10.0 01:23:32 +72:44:22 14x13  .1@+0.02° 8 +0.91 +0.71 s/10.6 3 3 3 1
35 G129.5-2.8 01:43:08 +59:26:08 30x18  .09+0.038 6 +1.00 +0.14 - 3 3 3 1
36 G135.2-1.8 02:28:15 +58:47:11 23x16  .06+0.028 6 +0.97 +0.36 - 3 3 3 2
37 G141.5+0.5 03:19:02 +57:56:29 16x10 .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 .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 countrate S/N HRL HR2 lypePégt) pointing IR Radio optical(id)
39 G176.0-11.8 04:51:48 +25:31:13 15x10 1@+0.038 6 +1.00 +0.36 - 1 3 2 1
40 G176.0+2.7 05:46:51 +33:43:59 16x11 .08:+0.028 8 +1.00 +0.21 - 3 2 3 1
41 G180.0+6.5 06:11:46 +32:10:52 16x8 10+0.038 6 +0.85 -0.08 s/8.7 3 3 3 2
42 G188.1-3.3 05:51:38 +20:16:39 11x6 .00+0.02 6 +0.54 +0.13 - 3 3 3 1
43 G197.4+0.1 06:22:51 +13:49:48 50x40 24+0.05° 7 +1.00 +0.17 - 3 3 3 1
44 G222.0+14.4 07:59:17 -01:19:02 13x11 18+0.048 7 +0.42 +0.07 s/10.4 3 3 3 1
45 G223.7+0.0 07:11:12 -09:32:28 15x12 10+0.03F 5 +0.23 +0.69 s/3.9 3 3 4 1
46 G253.0+15.5 09:12:14 -25:26:10 25x21 .18+ 0.04 7 +0.46 -0.15 - 3 3 3 2
47 G253.0+13.7 09:06:14 -26:36:07 12x12  .1D+0.02° 7 +0.17 +0.13 s/7.8 3 3 4 1
48 G253.8-1.6 08:11:03 -36:27:46 240x200 .0G+0.44 19 -0.53 -0.51 - 3 2 2 1
49 G254.4+10.3 08:58:21 -29:53:10 15x11  .1D+0.038 6 +0.27 +0.70 s/6.3 3 2 4 1
50 G259.1+11.7 09:17:43 -32:24:36 13x10 09+0.028 6 +0.45 +0.26 s/l2.5 3 3 4 1
51 G260.3-9.6 07:52:18 -46:11:37 15x10 .10+ 0.03 6 +0.50 +0.20 - 3 3 2 1
52 G265.8-7.1 08:22:21 -49:32:07 17x13 .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 .10+ 0.03 6 +0.95 +0.19 - 3 3 3 1
54 G276.2-7.7 09:01:58 -58:05:56 18x14 .18+0.04 6 +0.54 -0.14 sl7.5 3 3 3 1
55 G285.7+4.0 10:48:39 -54:41:42 11x9 .18:+0.048 5 +0.22 +0.07 s/2.9 3 3 3 2
56 G286.6-15.2 09:10:49 -70:39:31 18x12 .1D+0.03 6 +0.55 -0.13 - 3 3 4 1
57 G290.4-1.9 11:01:06 -62:06:05 20x10 .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 .18+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 10+0.038 6 +0.51 -0.15 - 3 2 3 2(1)
60 G309.4-3.2 13:53:52 -65:16:08 220x180 .2%:+0.3% 25 +0.86 +0.10 - 3 3 3 1
61 G309.8-2.5 13:56:13 -64:31:37 19x12 12+0.03F 6 +0.83 +0.75 - 1 2 1 1
62 G312.1+4.2 14:00:04 -57:26:48 240x140 .13+0.468 30 +0.49 -0.26 - 3 3 3 1
63 G312.4+4.8 14:01:07 -56:49:53 17x12 10+0.038 4 +0.67 +0.52 - 3 1 4 1(1)
64 G314.7-1.2 14:33:30 -61:40:18 25x20 .20+0.05 6 +0.57 +0.56 - 3 2 3 1
65 G317.4+18.2 14:06:34 -42:35:39 20x20 43+0.09 7 +0.30 +0.22 - 3 3 4 1
66 G319.8-2.0 15:13:59 -60:06:18 20x14 .1D+0.04 5 +0.52 -0.05 - 3 2 3 1(1)
67 G321.7-3.5 15:33:18 -60:16:28 27x18 .28+0.06 6 +0.60 -0.43 - 3 3 1 1
68 G330.4-4.6 16:28:24 -55:27:08 230x110 8@t 0.49 44 -0.40 -0.47 - 3 3 3 1
69 G333.5-2.5 16:31:57 -51:46:01 37x37 4P+0.118 6 +0.57 -0.40 - 3 3 2 1
70 G333.5+8.1 15:49:05 -43:55:29 180x180 .73+0.43 12 +0.85 -0.46 - 3 3 2 1
71 G335.3+10.7 15:47:41 -40:53:47 55x50 .94+ 0.14° 10 +0.41 -0.25 - 3 3 3 1
72 G335.6-1.6 16:36:45 -49:35:50 60x52 90+0.14 10 +0.29 +0.01 - 3 3 3 1
73 G343.9+3.9 16:44:35 -39:46:58 290x210 0B+ 0.428 29 +1.00 -0.24 - 3 3 2 1
Notes. (@) morphology of SNR candidate and if spherical (s) than théaiodity Pext is added (see Sectibn 3.2 for detaild)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 countrate S/N HRL HR2 typePe(ft) pointing IR Radio optical(ld)
hh:mm:ss dd:mm:ss arcmin cts/s aG flag/- flag flag flag flag
1 G0.4-7.9 18:18:28 -32:27:47 14x10 .00+0.06° 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 .18+0.05° 3.7 +1.00 -0.53 - 3 2 3 1
3 G15.9-3.9 18:34:06 -16:55:40 27x24 .16+0.07° 31 +1.00 +0.23 - 3 2 3 1
4 G17.8-12.5 19:10:05 -19:03:06 11x9  .00+0.03% 34 +0.98 +0.20 s/3.1 2 2 4 1
5 G23.6-4.2 18:49:23 -10:13:33 13x9 .00-+0.03F 3.4 +1.00 -0.06 - 3 3 3 1
6 G26.3-9.8 19:14:42 -10:15:26 15x15 .00+ 0.048 25 +1.00 +0.51 - 3 3 2 1
7 G34.5-12.0 19:37:07 -04:02:51 12x9  .08+0.03F 4.7 +0.84 +0.56 sl2.4 3 2 4 2
8 G35.6-5.8 19:16:52 -00:15:10 16x9  .00+0.03° 4.2 +0.94 +0.15 - 3 3 4 1
9 G38.5+7.3 18:35:14 +08:13:50 15x15 .08+0.03% 4.0 +1.00 -0.05 - 3 2 3 1
10 G42.0-11.4 19:48:40 +02:42:27 15x15 .09+ 0.048 3.1 +0.78 +0.15 - 3 3 3 1
11 G46.8-2.2 19:24:55 +11:17:09 10x10 .08+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 .06+0.028 4.9 +1.00 +0.35 - 3 3 3 1
13 G64.0-0.1 19:53:13 +27:17:03 14x10 .08+0.02° 31 +1.00 +1.00 s/3.2 3 2 2 1
14 G66.8-1.3 20:04:34 +29:04:15 18x12 .08+0.02° 3.9 +1.00 +0.06 - 3 3 3 1
15 G80.8+6.7 20:08:08 +45:10:31 11x11  .08+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  .00+0.02° 3.8 +0.74 -0.21 sl4.7 3 3 4 2
17 G95.4-3.8 21:51:31 +49:14:38 10x9 .06+ 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®+0.02 4.1 -0.05 +0.23 sl4.9 3 3 4 1
19 G107.9-1.3 22:53:58 +58:03:01 23x16 .06+0.03F 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  .0D+0.03 3.2 +0.02 +0.17 - 3 2 3 2
21 G118.8-11.5 00:25:21 +51:07:25 12x10  .03+0.02 23 +0.92 +0.48 - 3 2 3 1
22 G118.9-15.3 00:28:20 +47:21:06 17x9  .06+0.028 3.8 +1.00 -0.53 - 3 3 3 1
23 G128.2+2.6 01:41:55 +64:58:39 7 .02+0.01 24 +0.13 +0.44 s/2.3 3 3 3 1
24 G138.8-12.5 02:24:46 +47:29:10 10x10 .0®+0.02° 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 countrate S/N HRL HR2 typePéft) pointing IR Radio optical(ld)
25 G141.6+2.0 03:26:05 +59:11:08 14x9 .08+0.02° 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 .040+0.018 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  .08+0.02° 3.0 +1.00 +0.31 - 3 3 3 1
28 G146.0+12.0 04:49:58 +63:34:43 15x8 .0D+0.028 45 +0.19 +0.27 s/1.6 3 3 3 1
29 G149.2+15.1 05:27:38 +62:47:43 16x12 .04+0.028 3.3 +1.00 +0.20 - 3 3 3 2
30 G162.9+13.9 06:05:57 +50:30:17 16x10 .0T+£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  .0D+0.02 4.1 +0.89 +0.60 - 3 2 2 2
32 G178.3-3.3 05:28:36 +28:38:09 8x8 .00-+0.018 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®+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 .0D+0.03° 3.8 +0.72 +0.30 - 3 3 3 1
35 G253.8-3.0 08:05:09 -37:16:57 24x20 .08+0.02° 4.9 +0.43 -0.17 3 3 3 1
36 G254.8-7.1 07:49:50 -40:11:34 19x10 .1D4+0.048 4.6 +0.57 -0.56 - 3 3 4 1
37 G255.5+10.8 09:03:31 -30:22:08 9x9 .09+ 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 .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 .1D+0.05 3.5 +0.28 +0.11 3 3 2 1
40 G261.6+15.6 09:38:30 -31:23:04 15x11 .09+ 0.02 2.8 -0.08 -0.96 - 3 3 3 1
41 G265.2+8.1 09:25:32 -39:13:01 12x8  .06+0.028 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  .09+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  .08+0.03° 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 .14+0.048 4.5 +0.04 +0.35 - 3 3 3 2
45 G310.8-1.2 14:01:60 -62:58:46 10x8 .08+0.028 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 .1D+0.04 3.6 +0.18 +0.76 - 3 2 3 2
47 G334.1-8.9 17:08:20 -55:21:03 21x17 .18+0.07° 3.2 +0.28 -0.19 - 3 4 2 1
48 G334.5-9.3 17:12:03 -55:16:20 13x10  .0D+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  .10+0.05° 2.9 +0.83 +0.13 3 3 3 1
50 G355.8-7.1 18:04:54 -36:07:23 15x15 .20+0.08 3.4 +1.00 +0.12 3 2 3 1
Notes. (@ morphology of SNR candidate and if spherical (s) than thé@abdity Pext is added (see Sectifn}t.2 for detailé)) 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 supernammant candidates are shown in
the same order as in Table A.1. They are divided in five grogpedding on their extent and
signal-to-noise ratio3/N). All RASS images have been exposure corrected, were biwitad

0!75 per pixel and smoothed by a Gaussian kernet ef 4'5 in order to reduce the noise and to
keep a moderate resolution.

The displayed images have a size df11°, 1°5 x 1°5, 3 x 3°, 6° x 6°, 9° x 9°, 15° x 15°

for SNR candidates with a semi-major axis of less thef3@01°,2°,3° and 5, respectively. For
sources with a semi-major axis greater thartte image has a size of 1% 17°5. The only
exception is the SNR candidate G83.2+6.9 with an image $i26/ o« 20.
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A.3.1 High significant candidates with an extent of less thaB0 arcmin
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G259.1+11.7 (0.5-2.0) G260.3-9.6 (0.1-2.4 keV)
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G294.7-0.3 (0.1-2.4 keV)
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A.3.2 Low significant candidates with an extent of less than@®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 andjgrays

PSR X-ray Type X-ray reference y-ray y-ray reference
1 J0007+7303 p Vela-like Caraveo et al. (2010) p Abdo et 81182
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 B0021-721 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 J0024-72040 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 ¢2al3)
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 - Oold - 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 013
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 - Abdo et al. (2013)
35 J0357+3205 d Cooling De Luca et al. (2011) p Abdo et al. 3201
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 Gogus 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 all820
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PSR X-ray Type X-ray reference y-ray y-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. 12D
52 J0633+0632 d Vela-like __Rayetal. (2011) p Abdo et al. (3013
53 J0633+1746 p Cooling De Luca et al. (2005) p Abdo et al. 3201
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) Abdd e2913)
58 J0734-1559 - Cooling - p Abdo et al. (2013)
59 J0737-3039A p MSP Pellizzoni et al. (2008) p Guillemotiet2013)
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.12p
66 B0834+06 d old Gil et al. (2008) - -
67 CXOU J085201.4-461753 d Ccco 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 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 201
75 J1019-5749 - Cooling - p Abdo et al. (2013)
76 J1023+0038 p MSP Bogdanov et al. (2011) - -
7 J1023-5746 d Crab-like Kargaltsev et al. (2012) p Abdd.€2813)
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. @01
80 J1044-5737 - Vela-like - p Abdo et al. (2013)
81 B1046-58 d Vela-like Gonzalez et al. (2006) p Abdo et 01()
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 Abdalef2013)
85 J1112-6103 - Vela-like - p Abdo et al. (2013)
86 J1119-6127 p Crab-like Gonzalez et al. (2005) p Abdo ¢pal3)
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 et2018)
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 al1@20 - -
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 Abdal e(2013)
104 J1418-6058 d Vela-like Marelli et al. (2011) p Abdo et(a013)
105 J1420-6048 p Vela-like Roberts et al. (2001) p Abdo gral13)
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.€28a113)
110 J1509-5850 d Cooling __Hui and Becker (2007a) p Abdo epall3)
111 B1509-58 p Crab-like Cusumano et al. (2001) p Abdo ePall )
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 Abdal e2013)
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 CCco 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 y-ray y-ray reference
127 CXOU J164710.2-455216 p AXP An etal. (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 8182
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 a01(2)
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 et201(3)
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 @18}
148 J1744-1134 d MSP Becker and Tramper (1999) p Abdo e2013)
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.gpal 3)
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. (201
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 e(26113)
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. @01
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(a013)
174 B1823-13 d Vela-like Gaensler et al. (2003) - -
175 SGR J1833-0832 p AXP Gogus et al. (2010a) - -
176 J1833-1034 d Crab-like Matheson and Safi-Harb (2010) p doAdv 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 g4113)
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 D1@)
193 SGR 1900+14 p AXP Gogus 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 Oold 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 ef(a013)
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 €pall3)
210 J2021+4026 p Vela-like Lin et al. (2013) p Abdo et al. (201
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PSR X-ray Type X-ray reference y-ray y-ray reference
211 J2022+3842 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 8182
216 J2043+1711 - MSP - p Abdo et al. (2013)
217 J2043+2740 d Oold 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 Oold Hui and Becker (2007b) - -
227 J2229+6114 p Vela-like Halpern et al. (2001) p Abdo ef24113)
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 all§p0
232 1E 2259+586 p AXP Icdem et al. (2012) - -
233 J2302+4442 d MSP Cognard et al. (2011) p Abdo et al. (2013)
234 CXOU J232327.9+584842 d Ccco 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 yray regime, whereas 73 are detected in both regimes. Of theyXulsars 17 are
Anomalous X-ray Pulsars (AXPs) or Soft Gamma-ray Reped®@&Rs), 7 Central Compact Objects (CCOs), 22 Crab-likeapsilg < 10% yrs), 41
Vela-like pulsars (16yrs < T < 10° yrs), 17 cooling NSs (10yrs < T < 108 yrs), 11 old NSs (1§)yrs< <108 yrs), and 62 millisecond pulsars (MSPs,
T>108 yrs andP < 20 ms). In they-ray regime 46 MSPs, 9 Crab-like pulsars, 39 Vela-like msls24 cooling NSs, and 4 old NSs are detected so far.
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Table B.2
PSR satellite") obsID date instrumeftt) filter ton-axis () 18 count raté®)  flag®
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 11.81.4 1 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 .06 4 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 55 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 1454 ul
X 0103262401 2002-10-11 MOS1 Medium 51 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 155 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 35 0.2 0.89 ul
J1055-6022 X 0600030101 2010-01-21 PN/FF Medium 16.5 105 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 16.5 108 5 5 3.52 ul
X 0600030101 2010-01-21 MOS1 Medium 18.9 14.6 55 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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Table B.2 — continued from previous page

PSR satellite?) obsID date instrumefft) filter ton-axis () 18 count raté®)  flag(®
J1157-6224 X 0503780301 2008-02-16 PN/FF Medium 15.9 45 .8 12 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 14.2 251 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 7 11. 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 9.2 950 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 30.0 256 2 5. 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 5 8. 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 29.8 104 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-| - 4.7 3.6 6.2 1.30 ul
J1305-6256 X 0303100201 2005-08-25 PN/FF Medium 5.1 1.4 1 13. 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 75.7 338 1 8. 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 3.2 114 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 35.5 326 7 1. 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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PSR satellite?) obsID date instrumefft) filter ton-axis () 18 count raté®)  flag(®
J1355-5925 X 0007422301 2001-02-08 PN/FF Medium 12.1 31 512 7.56 ul
X 0007422301 2001-02-08 MOS1 Medium 14.8 4.7 125 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 - 35 34 0.2 0.85 ul
J1359-6038 X 0007421101  2002-02-13 MOS1 Medium 10.3 34 6 14 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 115 7.7 3.8 232 ul
X 0690210101 2012-08-10 MOS1 Thick 131 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 76 211 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 3544 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 22 3 11. 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-| - 5.2 3.6 2.8 0.80 ul
J1535-4114 X 0652610201 2011-02-25 PN/FF Thick 72.4 336 1 6. 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 - 35 34 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 55 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-| - 143.5 120.8 7.1 003 | wu
(3 13768 2012-05-22 ACIS-I - 161.5 135.9 7.1 0.02 ul
C 14430 2012-05-27 ACIS-| - 37.1 315 7.1 0.18 ul
J1555-2341 X 0112380101 2000-08-26 PN/FF Medium 34.8 13826 1 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 25.0 245 7 1. 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 21.6 181 9 2 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 29 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 29 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

Continued on next pag¢




162 A search for X-ray counterparts of radio pulsars
Table B.2 — continued from previous page
PSR satellite?) obsID date instrumefft) filter ton-axis () 18 count raté®)  flag(®
J1616-5109 X 0302390101 2005-08-23 MOS1 Medium 60.8 25.7 312 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 5 11. 13.71 ul
X 0406750201 2007-02-25 MOS1 Medium 7.6 2.4 115 3.92 ul
X 0406750201  2007-02-25 MOS2 Medium 3.7 0.7 115 11.14 ul
J1622-4944 C 10929 2009-07-10 ACIS-| - 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 53 2 10. 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 7 10. 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 55 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 35 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 45 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 125 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 34 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 134 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 35 1.8 1491 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 .18 2 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 55 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
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PSR satellite?) obsID date instrumefft) filter ton-axis () 18 count raté®)  flag(®
C 12525 2011-06-14 ACIS-I - 19.8 18.5 13.1 1.00 ul
C 12522 2011-06-13 ACIS-| - 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-| - 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-| - 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 22 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 .3 12 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 - 51 5.0 0.2 0.62 ul
J1654-4140 X 0109490101  2001-09-05 PN/FF Thick 29.8 12.1 .7 10 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 325 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 194 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 24.9 111 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 23 254 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 96 9 0. 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 134 59 99 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-| - 49.8 35.3 8.3 0.32 ul
J1712-2715 X 0206610101 2004-08-29 PN/EFF Thin 43.3 9.6 1 14. 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?) obsID date instrumefft) filter ton-axis () 18 count raté®)  flag(®
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 - 37.7 325 5.0 0.10 ul
J1718-4539 X 0200680201  2004-09-22 MOS1 Medium 14.0 53 414 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 99 5. 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 35 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 - 55 3.9 5.0 0.75 ul
J1730-2304 X 0650140101  2011-03-29 PN/FF Thin 9.1 7.8 1.7 5212 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 55 0.82 ul
J1731-1847 X 0694710101 2012-09-01 PN/FF Thin 215 18.9 1.7 5.30 ul
X 0694710101 2012-08-31 MOS1 Medium 36.5 334 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 79 112. 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 5 11. 2.38 ul
X 0553850101  2009-03-09 MOS2 Medium 10.6 3.8 115 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 18.0 118 .1 8 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
(3 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-| - 2.2 1.6 7.7 1.80 ul
J1739-3023 X 0554720101  2008-10-01 PN/LW Medium 32.8 147 3 5 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 - 51 5.0 0.3 0.62 ul
J1740-3052 X 0301730101 2006-03-05 PN/FF Thick 55.6 252 710 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?) obsID date instrumefft) filter ton-axis () 18 count raté®)  flag(®
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-| - 10.6 10.0 125 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-| - 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 .1 12 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-| - 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 19.1 110 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-| - 2.2 1.9 6.1 1.66 ul
J1757-2421 X 0112201501  2002-09-09 PN/FF Medium 4.2 1.8 39 920 ul
X 0112201501 2002-09-09 MOS1 Medium 5.8 5.6 3.9 2.08 ul
X 0112201501  2002-09-09 MOS2 Medium 57 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 3.8 273 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 57 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 55 11.30 ul
X 0135742501  2003-03-20 MOS1 Medium 3.3 2.8 55 1.09 ul
X 0135742501  2003-03-20 MOS2 Medium 3.2 2.6 55 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 131 7.2 511 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 49 311 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 48 4. 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 4 11. 10.88 ul
X 0152835701 2003-10-09 MOS1 Medium 9.2 4.3 114 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 7.2 478 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 - 51 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 29 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 3 10. 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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PSR satellite?) obsID date instrumefft) filter ton-axis () 18 count raté®)  flag(®
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 - 15.1 114 11.9 1.29 ul
J1818-1519 X 0152834901 2003-04-04 PN/FF Medium 5.6 2.1 2 10. 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 8 12. 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 .9010 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 459 22.3 12.2 1.26 ul
J1819-1510 X 0505240101  2008-03-31 PN/FF Medium 52.3 16.048 1 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 1 10. 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 35 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 81 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 1 10. 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 10.81.01 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

(o 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 55 7.3 0.56 ul
J1828-1057 X 0104460401 2000-10-12 PN/FF Medium 3.3 1.3 4 11. 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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PSR satellite?) obsID date instrumefft) filter ton-axis () 18 count raté®)  flag(®
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 29 12.3 8.33 ul
J1831-0952 X 0135741701 2002-03-29 PN/FF Medium 3.3 1.5 5 11. 14.95 ul
X 0135741701 2002-03-29 MOS1 Medium 6.8 3.4 115 6.72 ul
X 0135741701 2002-03-29 MOS2 Medium 6.9 3.3 115 3.98 ul
J1831-1223 X 0601270501 2010-03-11 PN/FF Thin 20.7 9.5 9.9 .24 3 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-| - 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 47 0 5. 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 40 .110 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 .813 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 54 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 3.3 119 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 52 .113 452 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 1.8 135 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 .8 10 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-| - 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
(3 3897 2003-09-14 ACIS-S - 11.9 11.7 1.5 0.40 ul
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PSR satellite?) obsID date instrumefft) filter ton-axis () 18 count raté®)  flag(®
(o 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
(o 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
(o 7578 2007-02-19 ACIS-S - 4.7 4.6 1.2 0.66 ul
J1844-0310 C 11801 2010-06-17 ACIS-| - 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 55 1.85 ul
X 0306170401 2006-04-03 MOS2 Medium 19.0 124 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 15 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 88 8 9. 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
(o 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
(o 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
(o 7338 2006-06-09 ACIS-S - 40.1 38.4 1.7 0.08 ul
C 7339 2006-06-12 ACIS-S - 451 43.1 1.7 0.07 ul
J1847-0130 X 0207010201 2004-10-22 PN/FF Medium 16.9 148 7 1 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 375 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 17.1 155 3 1. 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 70 151 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 .513 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 30.8 175 2 8. 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?) obsID date instrumefft) filter ton-axis () 18 count raté®)  flag(®
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 25.3 114 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 22.2 114 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 9.2 112 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 25.0 178 8 2 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 14.8 146 7 1. 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 0.9 713. 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 35 3.83 ul
J1901+0510 X 0136030201 2003-09-21 MOS1 Medium 13.8 56 512. 2.26 ul
X 0136030201 2003-09-21 MOS2 Medium 15.3 5.9 125 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-| - 135 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-| - 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-| - 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-| - 25.0 14.4 2.4 0.22 ul
J1908+0734 C 9614 2008-02-28 ACIS-S - 15 0.5 115 7.74 ul
J1908+0839 C 8223 2007-06-26 ACIS-S - 35 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 52.5 515 8 1. 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 13.204 1 3.10 ul
X 0075140401 2004-09-30 MOS1 Medium 31.8 135 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 03 7. 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-| - 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 43.5 212 1 7 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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Table B.2 — continued from previous page

PSR satellite?) obsID date instrumefft) filter ton-axis () 18 count raté®)  flag(®
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 55.4 544 7 1. 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 - 35 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. (@) C:Chandra X:XMM-Newton{B) in the case of XMM-Newton EPIC-PN observations the usedmbse
vation mode is added (EFF: Extended Full Frame; FF: Full EramiV: Large Window; SW: Small Windowy)
off-axis angle{9) If flagged withul than 2r upper limit on count rate, otherwise see text.

B.3 Upper limits

Table B.3
PSR DM P logAge) log(E)  Nu/N{® d oy 100852k Miowey  109(Te)
pcem®  ms yrs ergs!  10Flcm? kpc ergstcm2 ergs?t K

J0134-2937 21.806 136 7.4 33.1 0.7/0.2 0.6[2] .0x410°% 29.5 <25%x104 5.51
J0139+5814 73779 272 5.6 34.3 2.3/4.0 2.6[1] .8710°1° 30.9 <38x10 5.85
JO157+6212 30.21 2351 5.3 32.8 0.9/8.1 1.7[2] 3510715 30.6 <6.4x103 5.74
J0248+6021 370 217 4.8 35.3 11.4/8.2  23.2[3] .0:210°14 335 <14x10°2 6.29
J0609+2130 38.73 55 9.6 31.7 1.2/3.8 1.2[2] 141071 30.3 <34x102 5.79
J0622+3749 - 333 53 34.4 -10.5 - Ak 10714 - - -
J0742-2822 73.782 166 5.2 35.2 2.3/6.2 2.0[1] .7-10° 31.3 <12x104 5.89
J0828-3417 52.2 1848 7.5 30.8 1.6/6.7 0.5[2] .3:210°15 29.1 <19x%x10°2 5.63
J0847-4316 2925 5977 5.9 313 9.0/1.3 51[2] .3>610°15 31.4 <11 5.97
J0940-5428 134.5 87 4.6 36.3 4.2/0.2 3.0[2] 9107 30.6 <22x10°8 5.86
J0943+1631 20.32 1087 8.3 30.4 0.6/5.9 0.8[2] .2:810°1° 30.1 <45%x101 5.68
J1001-5939 113 7733 6.3 30.7 3.5/4.7 2.8[2] 2210715 30.5 <57x101 5.87
J1038+0032 26.59 28 9.8 32.0 0.8/9.8 1.2[2] 5%10°15 30.3 <16x102 5.77
J1055-6022 590 947 52 33.6 18.2/6.,5  12.5[2] .3:410°14 325 <79x%x10°2 6.15
J1055-6028 635.9 99 4.7 36.1 19.6/1.9  15.5[2] .9>610°1° 325 <24x104 6.04
J1103-5403 103.915 3 10.2 33.6 3.2/11.7 2.5[2] .2x710°15 30.9 <22x10°8 5.91
J1104-6103 78506 280 6.4 335 2.4/1.4 1.9[2] 5510715 30.5 <1.0x1073 5.81
J1107-5907 40.2 252 8.6 31.3 1.2/1.0 1.3[2] 14104 30.5 <14x101t 5.79
J1157-6224 325.2 400 6.2 33.4 10.0/3.7 4.0[1] .3x10° 31.8 <24x10°2 6.01
J1159-7910 59.24 525 6.5 32.9 1.8/13.3 1.9[2] 2:310°14 31.3 <26x102 5.88
J1225-6408 415.1 419 6.8 32.7 12.8/10.9  10.4[2] .7>110°14 325 <62x101 6.19
J1302-6313 500 967 6.4 32.4 15.4/0.9 8.9[2] .7:810°% 31.7 <18x101 5.90
J1303-6305 343 2306 7.2 30.8 10.6/11.5 6.2[2] .3x110°14 31.9 <12x10tt 6.12
J1305-6256 967 478 6.6 32.9 29.8/0.3 11.9[2] 610714 33.3 <24 6.08
J1306-6242 480 981 6.4 32.4 14.8/0.2 8.2[2] 271071 31.9 <34x101 5.85
J1309-6526 340 398 8.5 31.1 10.5/2.9 7.6[2] .2:810°15 315 <27 5.95
J1317-5759 1453 2642 6.5 31.4 4.5/9.8 3.1[2] 6810715 31.2 <53x101 5.95
J1317-6302 678.1 261 7.6 32.4 20.9/12.1  12.1[2] .5x110°1 32.6 <17 6.19
J1320-3512 16.42 458 9.6 29.9 0.5/4.7 0.7[2] .2:610°15 29.6 <54x101 5.64
J1324-6302 497 2483 7.6 30.4 15.3/1.8 8.2[2] 5101 32.2 <7.0x10%1 6.04
J1333-4449 44.3 345 10.0 29.7 1.4/0.12 1.4[2] .3:410715 30.1 <27 5.59
J1339-4712 39.9 137 9.6 30.9 1.2/0.9 1.2[2] 45610715 30.1 <17x101 5.75
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PSR DM P logAge) log(E)  Nu/N{® d oy 10065 ok Mioey  109(Te)
J1355-5925 3548 1213 6.5 32.1 10.9/1.0 7.3[2] .0x10°14 32.0 <72x101 5.93
J1355-6206 547 276 9.1 30.8 16.9/0.2 8.3[2] 4410715 31.7 <89 5.87
J1359-6038 293.71 127 5.5 35.1 9.1/19.3 5.0[1] .7>310°14 323 <18x10°3 6.16
J1412-6145 514.7 315 4.7 35.1 15.9/16.3  7.8[2] .5>010°1° 32.0 <80x10* 6.18
J1413-6141 677 285 4.1 35.8 20.9/3.6  10.1[2] .0x410°14 32.3 <32x10* 6.10
J1425-5723 43.4 353 8.4 31.3 1.3/13.6 1.2[2] .3:410°1° 30.0 <51x1072 5.77
J1432-5032 113 2034 6.7 31.4 3.5/17.0 2.8[2] .3:710°1° 31.0 <34x101 5.91
J1444-5941 177.1 2760 6.7 31.2 5.5/17.2 3.3[2] 8310714 31.8 <45 6.07
J1453-6413 71.07 179 6.0 34.3 2.2/7.8 2.8[1] .0:410°1 31.3 <11x103 5.90
J1457-5900 175 1498 6.8 31.6 5.4/1.9 3.2[2] 321071 30.6 <9.6x102 5.86
J1457-5902 477.2 390 5.7 33.9 14.7/0.14  6.8[2] .6x110°1 31.1 <15x%x10°3 5.77
J1507-6640 129.8 355 6.7 33.0 4.0/2.1 3.6[2] .0:410°14 31.3 <22x1072 5.90
J1511-5835 332 301 7.1 32.7 10.2/0.4 50[2] 6210715 31.0 <22x1072 5.81
J1514-5925 194.1 148 5.9 345 6.0/5.6 35[2] 541014 32.0 <27x10°8 6.06
J1517-4636 127.0 886 6.8 32.1 3.9/14.5 3.2[2] .0x410°14 32.4 <19 6.09
J1524-5706 833 1116 4.7 34.0 25.7/1.1  11.4[2] 410715 315 <31x103 5.99
J1529-5611 149 822 6.5 325 4.6/14.6 2.7[2] 141014 31.2 <49x%10°2 6.00
J1535-4114 66.28 432 6.2 333 2.0/17.7 2.0[2] 5310715 30.9 <40x10°3 5.86
J1538-5551 603 104 5.7 35.0 18.6/0.9 75[2] 941014 32.8 <57x1073 6.08
J1542-5034 91.0 599 6.4 32.9 2.8/6.9 3.2[2] 74107 32.0 <14x101 6.06
J1548-4821 126.0 145 9.5 31.0 3.9/13.7 4.4[2] .2>810°1° 32.0 <88 6.05
J1549+2113 24.8 1262 7.4 31.2 0.8/1.0 21[2] 871071 30.9 <48x101 5.76
J1553-5456 210 1081 6.0 32.7 6.5/12.0 3.8[2] .2:10°1° 31.0 <21x10°2 6.02
J1554-5512 450 3418 6.2 315 13.9/19.7  6.4[2] .1x10°%° 31.4 <87x101 6.10
J1555-2341 51.901 532 7.1 323 1.6/15.6 1.9[2] 6410715 30.5 <1.7x1072 5.77
J1611-5847 79.9 354 9.4 30.3 2.5/1.2 1.7[2] 1610715 31.0 <57 5.88
J1613-5211 360.1 457 5.6 33.9 11.1/5.2 6.4[2] 5810715 32.3 <26x102 6.10
J1614-5144 748 1534 6.5 31.9 23.1/9.0 9.9[2] .3x10°1 32.9 <88 6.21
J1616-5109 1160 1219 6.0 32.6 35.8/17.3  15.2[2] .5x20° 14 335 <82 6.35
J1616-5208 488 1025 57 33.0 15.1/17.3  7.8[2] .4x110° 32.7 <47x101 6.23
J1620-4927 - 171 5.4 34.9 -14.2 - 7k 10714 - - -
J1622-4944 755 1072 6.0 32.7 23.3/14.6  8.2[2] .0:410°1° 32.2 <29x101 6.19
J1623-4949 183.3 725 5.4 33.6 5.7/1.5 3.6[2] 6410714 32.1 <27x10°2 5.97
J1625-4904 684.8 460 5.6 33.8 21.1/0.12  7.4[2] 9210714 33.0 <13x101 6.05
J1625-4913 720 355 5.9 33.8 22.2/13.2  7.7[2] .4»10° 33.2 <26x101 6.28
J1632-4757 578 228 5.4 34.7 17.8/16.8  6.3[2] .0:810°15 31.7 <11x10°3 6.14
J1633-4805 1120 710 5.2 33.9 34.6/13.6  10.7[2] .7>410°1° 32.0 <11x102 6.15
J1636-4803 503 1204 6.0 32.7 15.5/4.2 5.8[2] .3:110°13 32.9 <16 6.15
J1637-4553 193.23 118 5.8 34.9 6.0/18.3 3.2[2] 531014 31.8 <81x104 6.05
J1637-4642 417.0 154 4.6 35.8 12.9/6.8 51[2] .5x1014 31.8 <1.0x10* 6.08
J1637-4721 448 1165 6.6 32.0 13.8/1.2 5.3[2] .8:210°1° 31.1 <12x101 5.84
J1638-4725 552.1 763 6.4 32.6 17.0/16.1  6.1[2] .9>210°15 31.3 <44%x1072 6.11
J1640-4648 474 178 6.5 33.7 14.6/15.3 55[2] .1:410°14 31.8 <1.0x102 6.14
J1646-4346 490.4 231 45 35.6 15.1/7.2 5.8[2] .3x110°13 32.9 <21x10°3 6.19
J1648-4458 925 629 6.7 325 28.5/15.6  9.3[2] .6x410°1 32.8 <23 6.26
J1648-4611 392.9 164 5.0 35.3 12.1/2.5 5.0[2] .0»x410°1 31.2 <81x105 5.99
J1649-4349 398.6 870 8.5 30.4 12.3/1.6 5.0[2] .6x10°14 31.8 <27x10%1 5.95
J1650-4341 673 309 8.5 31.3 20.8/14.2  7.5[2] 610715 31.9 <33 6.15
J1652-4406 786 7707 7.1 29.9 24.3/15.3  8.4[2] 461014 32.9 <9.5x10t2 6.27
J1653-4315 337 419 8.6 30.9 10.4/11.2  4.6[2] .0x410° 14 31.6 <45 6.09
J1654-4140 307 1273 8.2 30.4 9.5/11.2 43[2] 6410715 31.2 <59 6.04
J1702-4217 629 227 8.5 31.6 19.4/2.1 7.1[2] 4410715 31.6 <99x101 5.97
J1702-4306 537 215 55 34.6 16.6/1.1 6.7[2] .2:8310°15 31.4 <62x104 5.98
J1702-4310 377 240 4.2 35.8 11.6/9.7 5.2[2] .3610°15 31.5 <45x%x10°5 6.09
J1703-4851 150.29 1396 6.6 31.9 4.6/4.2 3.0[2] .7>510°15 30.9 <12x101 5.93
J1705-1906 22.907 298 6.1 33.8 0.7/4.4 0.9[2] .4x10°14 30.3 <31x10* 5.69
J1705-4108 1077 861 5.6 33.3 33.2/0.7  11.4[2] .0>410°1° 32.0 <42x1072 5.91
J1706-4310 656.1 616 6.2 33.0 20.2/6.8  10.0[2] .8x110°13 335 <29 6.27
J1707-4053 360.0 581 6.7 32.6 11.1/6.0 4.0[1] .9>61071° 31.5 <77x10°72 6.02
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PSR DM P logAge) log(E)  Nu/N{® d oy 10065 ok Mioey  109(Te)
J1709-3626 393.6 447 6.5 33.0 12.1/13.4  59[2] .1>510°13 335 <31 6.29
J1709-4401 225.8 865 6.3 32.7 7.0/4.3 4.4[2] 8410714 32.2 <35x101 6.08
J1711-3826 376 465 6.0 335 11.6/5.8 4.7[2] 841071 31.2 <6.1x10°3 6.01
J1712-2715 92.64 255 6.5 335 2.9/8.2 21[2] 1710715 30.7 <17x10°8 5.85
J1715-3859 817 928 6.5 32.3 25.2/12.9  9.5[2] .0:810° 33.1 <57 6.29
J1716-3720 682.7 630 5.7 335 21.1/1.8 7.9[2] .0x310°1 325 <11x101 6.09
J1717-3737 525.8 682 6.3 32.8 16.2/1.6 5.7[2] .1-810°1 31.7 <7.0x102 5.96
J1717-4043 452.6 397 5.7 33.9 14.0/3.5 6.3[2] .3x10°13 33.0 <12x101 6.13
J1717-40433 539 349 6.5 33.2 16.6/13.4  7.6[2] .2>310°13 335 <20 6.29
J1718-3714 833 1289 5.9 32.7 25.7/2.6 9.9[2] .0:210°1° 31.5 <71x10°2 5.97
J1718-4539 254 590 6.1 33.2 7.8/14.1 6.4[2] 52104 32.2 <12x101 6.14
J1719-1438 36.766 5 10.1 33.2 1.1/13.1 1.2[2] 510715 30.3 <13x10°3 5.72
J1720-3659 381.6 351 8.2 315 11.8/1.6 4.6[2] .7>410°15 31.2 <57x101 5.92
J1721-1936 75.7 1004 7.0 31.8 2.3/3.8 1.9[2] .7:810°1° 30.4 <37x1072 5.85
J1723-3659 254.2 202 5.6 34.6 7.8/3.5 35[2] 94104 32.0 <28x103 6.04
J1725-3546 744 1032 6.0 32.7 23.0/12.7  8.7[2] .6>610°14 32.9 <16 6.24
J1726-3530 727 1110 4.2 34.5 22.4/10.8  8.4[2] .3:910°1° 32.1 <33x10°3 6.15
J1730-3350 259 139 4.4 36.1 8.0/12.2 35[2] 561071 31.1 <97x10°6 6.04
J1730-3353 256 3270 6.4 31.4 7.9/6.5 35[2] 341074 31.4 <11 6.05
J1731-1847 106.56 2 9.2 34.9 3.3/4.0 2.6[2] 5410714 31.2 <22x104 5.91
J1732-3426 5135 332 7.1 32.6 15.8/1.4 5.8[2] .9»410°14 32.4 <65%x101 6.03
J1733-3030 636 362 6.5 33.1 19.6/1.8 9.5[2] .8610°14 33.0 <78x101 6.17
J1733-3322 524.0 1245 6.7 31.9 16.2/11.5  5.8[2] .8x210° 14 32.2 <19 6.16
J1733-3716 153.5 337 5.6 34.2 4.7/12.1 2.8[2] 521071 315 <21x10°8 6.02
J1735-3258 754 350 5.3 34.4 23.3/11.3  9.6[2] .3x10° 32.3 <85x%x10°3 6.17
J1736-2843 331 6445 6.5 30.6 10.2/9.3 49[2] 081014 32.1 <27x10t1 6.15
J1739-2903 138.56 322 5.8 34.0 4.3/2.8 25[2] .4x10°1 31.2 <15x10°3 5.93
J1739-3023 170.0 114 5.2 35.5 5.2/6.0 29[2] 24101 31.2 <57x10°5 5.97
J1739-3049 573.2 239 6.2 33.8 17.7/5.9 6.4[2] .3:810°15 31.4 <37x1073 6.05
J1739-3951 24.6 341 8.4 31.3 0.8/12.3 0.8[2] .8:810°15 29.6 <20x102 5.68
J1740-3052 738.78 570 5.5 33.7 22.8/2.2 9.5[2] .9:810°15 31.8 <11x1072 5.97
J1741-2719 361.9 346 7.8 31.9 11.2/3.1 5.2[2] 221071 32.0 <13 6.08
J1741-2733 149.2 892 8.0 30.9 4.6/9.3 2.7[2] 84101 31.8 <73 6.07
J1743-3150 193.05 2414 5.5 325 6.0/2.8 3.3[2] .6x110°14 31.5 <88x1072 6.01
J1743-3153 505.7 193 55 34.8 15.6/0.8 6.6[2] .4x10°14 32.0 <18x1073 6.04
J1744-3130 192.9 1066 5.9 32.8 6.0/5.5 3.3[2] 22107 31.6 <6.1x1072 6.06
J1744-3922 148.1 172 9.2 311 4.6/2.2 3.1[2] 5210714 31.6 <34 5.93
J1745-3040 88.373 367 5.7 33.9 2.7/13.3 1.9[2] .6:810°15 30.7 <64x1074 5.85
J1747-2802 835 2780 7.3 30.6 25.8/6.2  11.1[2] .5:510°1° 32.1 <27x10t1 6.10
J1748-3009 420.2 9 - - 13.0/9.1 51[2] 21014 32.0 - 6.12
J1749-3002 509.4 609 6.1 33.1 15.7/0.7 5.8[2] .4x10°14 31.9 <6.0x102 6.02
J1751-2857 42.808 3 9.7 33.9 1.3/2.7 1.1[2] 941014 30.6 <54x104 5.79
J1753-1914 105.3 62 8.7 325 3.2/0.7 2.2[2] 161071 30.6 <13x10°2 5.79
J1754-3443 187.7 361 7.0 32.7 5.8/8.9 4.1[2] 4910715 31.4 <59x%x102 6.02
J1755-2725 115 261 8.5 315 3.5/3.1 24[2] 141074 31.0 <36x101 5.98
J1757-2421 179.454 234 5.5 34.6 5.5/3.1 4.4[2] 4x110714 31.7 <12x10°3 5.98
J1759-2205  177.157 460 5.8 33.6 5.5/9.8 3.6[2] .5:610°14 32.2 <33x1072 6.07
J1759-2302 889 810 6.1 32.9 27.4/10.3 11.6[2] .6>210°14 32.8 <74x101 6.22
J1759-2307 812.6 558 6.4 32.9 25.1/11.2  10.9[2] .1>310°% 32.8 <73x101 6.22
J1759-3107 128.6 1078 6.7 32.1 4.0/3.0 2.8[2] 5910713 33.1 <11x10tt 6.14
J1801-2304 1073.9 415 4.8 34.8 33.1/2.9 4.0[1] .2>210714 31.8 <10x10°3 5.98
J1804-0735 186.316 23 8.9 33.2 5.7/3.1 5.0[2] .3:310°% 31.2 <96x10°° 5.94
J1805-1504 225 1181 7.8 30.8 6.9/3.0 4.4[2] 52104 31.9 <1.3x10%1 6.01
J1806-2125 750.4 481 4.8 34.6 23.2/3.2 9.9[2] .3x10° 32.3 <52x10°3 6.07
J1808-2701 95 2457 5.8 32.2 2.9/2.6 1.8[2] 04104 30.7 <32x102 5.85
J1809-1850 598 1124 6.2 325 18.5/12.0  7.2[2] .4>510°14 32.7 <16 6.21
J1809-2004 867.1 434 6.0 335 26.8/0.7  10.9[2] .4>610°1° 32.1 <37x1072 5.94
J1810-1820 452.2 153 7.7 32.8 14.0/2.8 5.6[2] 2810715 31.7 <79%x1072 6.00
J1811-1049 253.3 2623 7.7 30.3 7.8/1.1 55[2] .5x10°13 32.9 < 4.2x10%2 6.06
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PSR DM P logAge) log(E)  Nu/N{® d oy 10065 ok Mioey  109(Te)
J1811-1835 761 557 6.1 33.2 23.5/4.5 9.3[2] 12104 325 <22x101t 6.11
J1812-1910 892 430 5.3 34.3 27.5/12.4 11.2[2] .2>610°14 33.1 <73x1072 6.29
J1814-1744 792 3975 4.9 32.7 24.4/11.6  9.6[2] .0:91014 33.2 <30 6.26
J1815-1738 728 198 4.6 35.6 225/11.2 8.8[2] 40107 33.1 <32x10°8 6.26
J1816-5643 52.4 217 9.3 30.9 1.6/1.1 1.5[2] 9610715 30.4 <33x101 5.80
J1817-3618 94.3 387 6.5 33.1 2.9/10.5 2.4[2] 1210715 30.3 <15x%x10°3 5.84
J1818-1448 644 281 5.9 34.0 19.9/6.9 74[2] 14104 32.0 <98x1073 6.10
J1818-1519 845 939 6.6 32.3 26.1/2.8 9.6[2] .3:310°14 32.7 <26 6.10
J1818-1541 690 551 6.0 33.4 21.3/3.0 7.8[2] 4410714 32.7 <21x101 6.10
J1818-1556 230 952 7.3 315 7.1/3.2 39[2] 741015 31.1 <38x101 5.95
J1819-1008 404 301 6.6 333 12.5/12.8  7.2[2] .8:210°14 32.4 <13x101 6.18
J1819-1510 421.7 226 8.7 31.4 13.0/135 5.3[2] .7x10° 31.9 <31 6.14
J1821-1419 1123 1656 45 33.9 34.7/10.4  11.3[2] .2>310°14 32.8 <9.0x102 6.22
J1821-1432 570 1915 6.8 315 17.6/5.3 6.5[2] .0610°1° 31.6 <12 6.06
J1822-1606 - 8437 5.6 31.3 -13.9 - 410714 - - -
J1822-1617 647 831 6.8 32.1 20.0/12.2  9.4[2] 1210712 34.5 < 25x10t2 6.43
J1823-1347 1044 617 6.0 33.2 32.2/1.7  10.5[2] .5>810°1° 32.2 <10x101 6.00
J1824-1159 463.4 362 6.0 33.6 14.3/1.5 5.6[2] 4210714 32.1 <29%x1072 5.97
J1825-1446 357 279 5.3 34.6 11.0/3.8 51[2] 7610715 31.4 <61x104 5.97
J1826-1131 320.58 2093 6.8 31.3 9.9/0.9 4.6[2] 3610715 31.4 <11 5.84
J1828-1007 302.6 153 6.6 33.8 9.3/6.3 4.4[2] 2410714 31.6 <6.1x10°3 6.04
J1828-1057 245 246 5.3 34.7 7.6/5.0 40[2] 611014 31.6 <80x10* 6.02
J1828-1101 607.4 72 4.9 36.2 18.7/4.4 6.6[2] .3:10°1 32.0 <63x10°° 6.05
J1830-1059 161.50 405 5.0 34.6 5.0/11.6 3.2[2] .0510°14 31.9 <24x10°8 6.06
J1831-0952 247 67 5.1 36.0 7.6/8.3 41[2] 9%510°4 32.2 <15x10* 6.12
J1831-1223 342 2857 6.9 31.0 10.6/12.2  5.0[2] .7x110°% 31.9 <82 6.12
J1832+0029 28.3 533 6.7 32.6 0.9/15.9 1.3[2] .8610°16 29.5 <72x104 5.66
J1832-0836 28.18 2 9.7 34.2 0.9/1.8 1.1[2] .8810°1 30.3 <11x10* 5.70
J1832-1021 475.7 330 6.1 33.7 14.7/7.9 5.8[2] .8:210°14 32.2 <35%x1072 6.13
J1833-1055 543 633 7.3 31.9 16.8/12.0  7.1[2] .81410° 4 32.2 <19 6.16
J1835-1106 132.679 165 5.1 35.3 4.1/14.2 2.8[2] 541071 30.8 <35x10°° 5.97
J1837-0559 317.8 201 6.0 34.2 9.8/14.8 5.4[2] .8-810715 31.7 <28x103 6.10
J1837-0604 462 96 45 36.3 14.3/15.4  6.4[2] 92101 32.3 <1.0x10* 6.18
J1837-0653 316.1 1905 7.6 30.6 9.8/15.4 5.3[2] .0x110°14 31.7 <1l1x10tt 6.09
J1838-0537 - 145 3.7 36.8 -114.7 - 4510715 - - -
J1838-0549 274 235 5.0 35.0 8.5/15.3 51[2] 7410714 31.9 <79x10°4 6.11
J1840-1419 19.4 6597 7.2 29.9 0.6/3.7 0.8[2] .8:110°15 29.3 <25x101 5.63
J1841-0345 194.32 204 4.7 35.4 6.0/15.7 4.8[2] .2>810°15 31.5 <12x104 6.05
J1841-0500 532 912 5.6 333 16.4/14.4  7.0[2] .6:410°15 31.1 <7.4x10°3 6.08
J1841-0524 289 445 45 35.0 8.9/13.6 53[2] 34104 31.8 <64x1074 6.11
J1842-0359 195.98 1839 7.8 30.5 6.0/10.7 4.7[2] .7>810°14 32.1 <43x10t1 6.08
J1843-0137 486 669 6.6 325 15.0/10.9 7.9[2] .9:810°14 33.1 <40 6.26
J1843-0355 797.6 132 6.3 34.2 24.6/1.8 8.8[2] .3»410°16 30.8 <32x10* 5.92
J1843-0408 246 781 6.7 32.3 7.6/16.9 52[2] 5210715 31.1 <59%x102 6.02
J1844-0244 429 507 57 33.7 13.2/15.8  6.6[2] .7:210°14 323 <4.0x102 6.17
J1844-0256 820.2 272 - - 25.3/4.1 9.2[2] .4%¥10°15 31.3 - 5.97
J1844-0310 836.1 525 5.9 33.4 25.8/4.8 9.2[2] .2-610716 31.0 <33x103 5.98
J1844-0433  123.158 991 6.6 32.2 3.8/3.3 2.9[2] .3:810°15 31.1 <7.7x1072 5.91
J1845-0256 - 6971 - - 9.1 - @x 10716 - - -
J1845-0434 230.8 486 5.8 33.6 7.1/16.2 51[2] .6x101 31.8 <18x1072 6.07
J1846+0919 - 225 5.6 345 -115.7 - 5% 10-16 - - -
J1846-0257 237 4476 5.6 31.8 7.3/2.1 5.2[2] .3:110°16 29.8 <88x10°3 5.78
J1847-0130 667 6707 4.9 32.2 20.6/13.2  8.4[2] .2x10°1 32.3 <11 6.18
J1848-0055 1166 274 6.5 33.4 36.0/15.3  14.9[2] .7>410°1° 32.4 <94x1072 6.19
J1848-0123 159.531 659 6.3 32.9 4.9/16.7 4.4[1] .8>210°15 30.9 <11x10°2 5.94
J1848-1952 18.23 4308 6.5 311 0.6/8.8 0.8[2] 541071 29.6 <38x1072 5.58
J1850-0026 947 166 4.8 35.5 29.2/1.2  11.1[2] .0010°1 32.4 <78x104 6.02
J1850-0031 895 734 7.0 32.1 27.6/12.9 10.5[2] .2>210°14 32.8 <46 6.23
J1852+0008 254.9 467 6.1 33.3 7.9/14.2 5.7[2] .8:210°14 32.3 <97x1072 6.13
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J1852+0031 787 2180 5.6 32.6 24.3/11.3  8.0[1] .9:410715 31.8 <16x101 6.12
J1852-0118 286 451 6.6 32.9 8.8/2.0 5.9[2] .8810°1 31.9 <9.6x102 5.96
J1852-0127 431 428 6.1 334 13.3/11.9  7.2[2] 3410 32.2 <59%x102 6.16
J1853+1303  30.5701 4 9.9 33.7 0.9/8.4 2.1[2] 0210714 31.0 <21x10°8 5.81
J1856+0102 554 620 6.9 323 17.1/13.4 85[2] 641014 32.4 <13 6.20
J1901+0124 314.4 318 6.2 33.6 9.7/7.4 52[2] 1210713 33.1 <34x101 6.20
J1901+0510 429 614 55 33.7 13.2/125  7.3[2] 741014 32.8 <11x101 6.23
J1905+0709 24534 648 6.3 32.9 7.6/2.5 5.7[2] 541014 32.1 <16x101 6.02
J1905+0902 433.4 218 6.0 34.1 13.4/3.0 9.1[2] .0:310°1° 31.8 <44x10°8 6.06
J1906+0746  217.780 144 5.1 35.4 6.7/13.6 5.4[2] .8x11071° 31.1 <45x%x10°5 6.03
J1906+0912 265 775 8.0 31.0 8.2/5.7 6.4[2] .6%10°1° 31.9 < 6.6 6.09
J1907+0534 524 1138 6.8 31.9 16.2/4.2 9.6[2] 5410715 32.0 <11 6.09
J1907+0918 357.9 226 4.6 355 11.0/11.3  7.8[2] 4110715 31.3 <64x10°° 6.08
J1908+0734 11.104 212 6.6 335 0.3/0.5 1.0[2] .3x10° 31.0 <29x%x10°8 5.77
J1908+0839 512.1 185 6.1 34.2 15.8/2.8 9.3[2] .2x10°4 32.4 <16x102 6.10
J1908+0916 249.8 830 8.1 30.8 7.7/3.3 59[2] .7:810°14 325 <47x10t1 6.12
J1913+0446 109.1 1616 5.0 33.4 3.4/13.5 3.8[2] 2x10714 31.6 <16x102 5.96
J1913+1011 178.8 35 5.2 36.5 5.5/12.0 4.8[2] .8:310°15 31.3 <69x10°6 6.00
J1921+2153 12.455 1337 7.2 31.3 0.4/9.3 1.1[2] 6610715 30.2 <71x1072 5.63
J1928+1746 176.68 68 4.9 36.2 5.5/3.5 5.8[2] .3410°15 315 <21x10°° 6.04
J1933+2421 106.03 813 6.2 32.8 3.3/9.9 4.6[2] 741015 31.4 <39%x1072 5.97
J1954+2836 - 92 4.8 36.0 -111.2 - 4410714 - - -

J1954+2923 7.932 426 9.6 29.9 0.2/0.6 0.7[2] .3:810°% 29.6 <43x101 557
J2005+3547 401.6 615 75 31.7 12.4/0.6  30.0[3] .1>310°15 32.9 <16x10t1 6.06
J2007+2722 127.0 24 8.6 334 3.9/1.0 54[2] 581016 30.4 <93x10* 5.87
J2129-5721 31.853 3 9.5 34.2 1.0/7.2 0.4[1] 7510715 29.5 <21x10°° 5.64
J2144-3933 3.35 8509 8.4 285 0.10/6.4 0.2[1] .3>310°15 28.1 <40x101 5.34
J2235+1506 18.09 59 9.8 315 0.6/6.4 1.1[2] 3510715 30.2 <49%x1072 5.72
J2238+5903 - 162 4.4 35.9 -16.4 - 4410714 - - -

References. [1]Verbiest et al.[(2012); [2] Cordes and L&zio (2002);/[3)Ior and Cordes (1993).
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