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Zusammenfassung

Neutronensterne, die Uberreste massiver Sternenexplosionen,
nehmen einen einzigartigen Platz in der Astrophysik ein. Ihre ex-
treme Dichte undihre Magnetfelder, gepaart mitihrer Vielfalt, machen
sie zu faszinierenden Objekten der Wissenscha t.

Obwohl sie vor fast 60 Jahren entdeckt wurden, bleiben zahlre-
iche Fragen zur Natur von Neutronensternen unbeantwortet. Dazu
gehoren ihre innere Zusammensetzung, die Populationsdichte in
der Galaxie, evolutionare Pfade zwischen verschiedenen Arten von
Neutronensternen sowie die Physik ihre thermischen und nicht-
thermischen Emissionsprozesse.

Diese Doktorarbeit, bestehend aus zwei unterschiedlichen, je-
dochsich erganzenden Projekten, zielt auf die Flllung dieser Wis-
senslicken ab. Das erste Projekt konzentriert sich auf die Ront-
geneigenscha ten der Neutronensterne und untersucht Population-
sstatistiken, wahrend das zweite Projekt eine detaillierte Erforschung
der Herkun t von Rontgenemissionen eines bestimmten Neutro-
nenstern bietet.

Die erste Studie basiert auf der bereits bekannten Korrelation
der Rontgenleuchtkra t mit dem Rotationsenergieverlust der Pul-
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sare. Die meisten Pulsare mit Rontgendetektionen haben eine Ront-

gene zienz von 104 bis 10 °. Aufgrund der (wenigen) Detektio-

nen von alteren Pulsaren gibt es Hinweise , dass die Rontgenef-

zienz mitgeringerem Rotationsenergieverlust steigt. Die faszinierende
Frage ist, ob diese Clusterbildung auf die Existenz von hoheren
Multipolmagnetfeldkomponenten zuriickzufthren ist oder ob sie

aus einer Eskalationin der Leuchtkra tder Elektron-Positron- Paarheizung
resultiert.

Ein mogliches Problem flr unser Verstandnis besteht, dass wir
Untersuchungen ot auf die hellsten Pulsare konzentrieren, was
uns eine voreingenommene Sicht geben kdnnte. Die spezielle Be-
trachtung von interessanten Pulsaren, die durch andere Metho-
den gefunden wurden, kdnnte zu einem voreingenommenen Ver-
standnis ihrer RGntgenemissionen fuhren. Dieser Wandel unter-
streicht die Notwendigkeit eines unvoreingenommenen Ansatzes,
umwirklich zu verstehen, wie Pulsare Rontgenstrahlen aussenden,
und verzerrte Interpretationen zu vermeiden.

Das erste Projekt, Towards an X-ray inventory of nearby neutron
stars, (Vahdat et al, 20229 , zielte darauf ab, unser Verstandnis
der Population von nahegelegenen Neutronensternen durch neue
Beobachtungen mitderXMM-NewtofTeleskop zu verbessern. Ob-
wohl viele Neutronensterne in bereich beobachtet worden waren,
blieben einige aufgrund von Herausforderungen in Bezug auf un-
sichere Entfernungen, Alter oder Positionen schwer fassbar. Um
diesanzugehen, gingen wir systematisch vor und analysierten Ront-
gendaten aus verschiedenen Quellen, darun¥&iM-NewtoChan-
draundandere Kataloge, die mehrere Wellenlangen abdecken. Un-



sere Bemuhungenfuhrten zur Entdeckung von Réntgenpulsar- Geger
stiicken, die zuvor nicht identi ziert worden waren, und bieten
einen umfassenderen Uberblick tiber der Neutronensterne inner-
halb einer Entfernung von etwa 2 Kiloparsec. Dieses Projektangewen:
detwurde, erweiterte die Stichprobe von nahegelegenen Rontgen-
emittierenden Neutronensternen und hil tzuktin tigen Untersuchun-
gen, die eine unvoreingenommene Darstellung dieser Quellen er-
fordern.

Inunserem zweiten Projekt, Multiwavelength Pulsations and Sur-
face Temperature Distributionin the Middle-Aged Pulsar B1055 52,
(Vahdatetal, 2029 , fuhrtenwir eine detaillierte Analyse von Beobach-
tungsergebnissen eines mittelalten Pulsars durch. Unter Verwen-
dung desXMM-NewtofTeleskops untersuchten wir die Rontgene-
missionvon PSR B1055 52. Unsere Untersuchungen ergaben, dass
die phasenintegrierten Spektren am besten mit zwei Schwarzkor-
perkomponenten und einem Potenzgesetz passen.

Daruber hinaus zeigte die pulsationsphasenabhéngige spektrale
Analyse von B1055 Veranderungen in den thermischen Emission-
sparametern wahrend des Rotationszyklus des Pulsars. Diese zeigt
die Uneiheitlichkeit der Temperaturober achenverteilung an. Die
Anwendung verschiedener statistischer Analysetechniken, und der
Untersuchung von Pulspro len bei verschiedenen Wellenlangen,
ermoglichte Vergleiche mitanderenisolierten Pulsaren und Diskus-
sionen Uber Temperatur- und Magnetfeldverteilungen, die Geome-
trie des Pulsars sowie die Mechanismen, die die zugrunde liegen-
den Heizprozesse antreiben.



Abstract

Neutron stars, the remnants of massive stellar explosions, hold
a unique place in astrophysics. eir extreme densities and mag-
netic elds, coupled with their diversity, make them captivating
objects for study.

Despite being discovered almost 60 years ago, numerous ques-
tions about the nature of neutron stars remain unanswered. ese
include theirinner composition, population density across the galaxy,
evolutionary paths between di ferenttypes of neutron stars, as well
asthe physics oftheirthermal and non-thermal emission processes.

IsPh.D. thesisaimsto address these gaps in knowledge through
the presentation of two distinct yet complementary projects. e
rst project focuses on X-ray properties, delving into population
statistics, while the second project o fers a detailed exploration of
the distribution of di ferentemission components over pulse phase
and their origin from a speci c neutron star.

e correlation between the spin down-energy loss and X-ray lu-
minosity in pulsars has been a focal point in numerous studies.
Isso-called X-ray e ciencyappearstoconverge withintherange



of 10 4 to 10 ° at elevated spin down-energy loss values. Due to
the (few) detections of older pulsars, there are indications that the
X-ray e ciency increases with lower rotational energy loss. e
intriguing question persists regarding whether this clustering is
attributed to the existence of higher multipole magnetic eld com-
ponents, or if it stems from an escalation in electron-positron pair
heating luminosity.

One challengeisthatwe o tenfocus onthe brightest pulsars, which
might give us a biased view. Looking speci cally at interesting
pulsars found through other methods might lead to a biased un-
derstanding of their X-ray emissions.

e rstproject, Towards an X-ray inventory of nearby neutron
stars, Vahdat et al, 20229 , aimed to enhance our understanding
of the population of nearby neutron stars by conducting a survey
using the XMM-Newtortelescope. Although many neutron stars
had been observed in X-rays, some remained elusive due to chal-
lenges related to uncertain distances, ages, or locations. To ad-
dress this, we took a systematic approach, analyzing X-ray data
from various sources, includingkMM-NewtonChandra, and other
catalogs covering multiple wavelengths. Our e forts resulted inthe
discovery of X-ray sources that were previously unidenti ed, of-
fering a more comprehensive overview of these celestial objects
within a distance of about 2 kiloparsecs. is project expanded the
sample of nearby X-ray-emitting neutron stars, providing essen-
tial input for future investigations that require an unbiased repre-
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sentation of these sources.

In our second project, Multiwavelength Pulsations and Surface
Temperature Distributionin the Middle-Aged Pulsar B1055 5%ah-
dat et al, 2029 , we conducted a detailed analysis of an isolated,
middle-aged pulsar. Observations from theMM-Newtotelescope,
we carefully examined the X-ray emission of PSR B1055 52. Our
investigations found that the phase-averaged spectra is best tted
with two blackbody components and a power law.

Furthermore, the phase-resolved spectral analysis of B1055 re-
vealed variations in the thermal emission parameters throughout
the pulsar's rotational cycle. isdiscovery suggeststhe non-uniformity
of the blackbody components, especially the hotter one. Apply-
ing di ferent statistical analysis techniques and multiwavelength
pulse pro le analysis allowed for comparisons with other isolated
pulsars and facilitated discussions on temperature and magnetic

eld distributions, as well as the mechanisms driving the under-
lying heating processes. Additionally, the observation of a second
hot spot con rmed the orthogonal geometry indicated by the radio
observation.

Vi



Preface

IS thesis comprises four distinct chapters, each serving a spe-
ci ¢ purpose within the context of my research.

Inthe rstchapter , | present the introduction, setting the stage
for the thesis while o fering an insight into the rationale behind
the chosentitle.

Chapter 2is dedicated to instrumentation, setups, techniques,
formulas, and methodology that | employed inthe subsequent chap-
ters. Here, | aim to introduce the observatories and facilities inte-
gral to my research, providing formal guidelines for spectral, tim-
ing, and statistical analysis elementsthatwere crucialinthe pur-
suit of my research objectives. Certain speci ¢ data reduction and
analysis details are deliberately excluded from this chapter; they
will be introduced later in the subsequent chapters, as they are
closely tied to the speci cs of the individual projects.

In Chapter 3 | summarize the aims ofVahdat et al.(2022 and
Vahdat et al.(2029, along with the analyses conducted in these
publications, without delving too deeply into the speci cs of data

Vil
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reduction and methodology.

Vahdat et al.(2022 has been published in Astronomy & Astro-
physics and was a collaborative e fortinvolving Bettina Posselt, George
Pavlov, and Andrea Santangelo. is study delves into our exten-
sive four-year XMM-Newton Ful | survey, during which we signif-
icantly expanded the number of X-ray investigated pulsars.

Vahdat et al.(2029 has also be published in the Astrophysical
Journalandwas a collaborative venture with Bettina Posselt, George
Pavlov, Peter Weltevrede, Simon Johnston, and Andrea Santangelo.

IS project delves into a multifaceted approach aimed at unravel-
ing the physical properties and geometry of a unique pulsar known
as B1055.

In Chapter 4 | will present the main ndings of these two pub-
lications, as well as discuss and interpret these results and explore
potential future studies.

viii
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1 Introduction to Astrophysics of
Pulsars

It does not matter where | am. e sky s al-
ways mine. Windows, ideas, air, love, earth,
all mine.

Sohrab Sepehri
( e Foot Steps Of Water, 1964)

1.1 A Historical Odyssey

he history of neutron stars (NSs) is a fascinating nar-

rative, blending theoretical postulations with unexpected

discoveries. is scienti c exploration, spanning sev-
eral decades, transforms our understanding of these enigmatic ce-
lestial entities. In 1934 Walter Baade and Fritz Zwicky made aground-
breaking proposition where they suggested that supernova explo-
sions might give rise to compact stars primarily composed of neu-
trons. is idea was a response to the question of where the im-
mense energy in supernova explosions comes from. Baade and
Zwicky's theory imagined stars or star remnants with the density
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of atomic nuclei, acrucial conceptin astrophysidddade and Zwicky
1934

For over three decades, the theoretical notion of NSs persisted,
but tangible proof remained elusive. It wasn't until 1967 that this
story began to take a concrete formwhen Jocelyn Bell and her men-
tor, Antony Hewish, inadvertently stumbled upon a celestial mar-
vel. eirquestto study interplanetary scintillation led to the serendip-
itous discovery of pulsars. Initially, these signals were mistaken
for terrestrial radio interference, but their celestial origin soon be-
came undeniable. e rst pulsar, CP1919, with a pulse period of
1.337 seconds, took center stage, and the term "pulsar' was coined
in recognition of the characteristic pulse-like emissionsiéwish
etal., 197%

e pulsar's discovery sparked a lot of theoretical conjecture, set-
ting o f an intense wave of scienti ¢ speculation. ree primary
categories of theories emerged: the pulsations could emanate from
radial oscillations within the star, result from the orbital dynamics
of binary star systems, or stem from the fast rotation of an uniden-
ti ed cosmic object (Hewish et al, 1979 orne and Ipser , 1968
Saslaw et al.1968Gold 1963. As more pulsars were uncovered, it
became clear that some of these theories could not explain all the
observed properties.

e pivotal moment came when it was revealed that pulsars were
slowing down, indicated by lengthening of their spin periods. is
discovery discredited the theories based on binary systems. e
prevailing explanation was that pulsars were rapidly rotating NSs
with misaligned magnetic elds, which explained their observed
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characteristics Gold, 196%. Further evidence of NSs and pulsars
came through careful observations in radio and X-ray frequencies.
e launchofthe rst X-ray satellite, Uhuru, in 1970 marked aturn-
ing point, leading to the discovery of X-ray binary pulsarBécini
1963. ese observations a rmed that pulsars were indeed fast-
spinning NSs with powerful magnetic elds. eradiowavesfrom
these pulsars resembled the sweeping beam of a lightho@ad,
1968Pacini 1963. e discovery of pulsars within supernovarem-
nants, the le tovers from stellar explosions further cemented the
link between pulsars and NSs, with famous examples like the Crab
pulsarand Vela pulsa&taelin and Reifenstein [111968Large etal,
1963,

1.2 The Birth of Neutron Stars: Progenitors and
Formation Processes

Stars originate within relatively dense conglomerates of cold inter-
stellar gas and dust known as ‘molecular clouds', which are preva-
lent in most galaxies, including our own Milky Way. ese frigid
regions create favorable conditions for molecular formation, such
as H, and CQ, leading to the clumping of gas into higher densi-
ties. As density reaches a critical threshold, gravitational instabil-
ity takes hold, causing denser portions of the cloud to collapse un-
der their own gravitational forces. Consequently, protostars form
in these dense regions, gradually heating up and ultimately evolv-
ing into the progenitor stars over a span of timéXNoosley et al.
2002.
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One crucial obstacle to the formation of stars is angular momen-
tum. When a gas cloud collapses to give rise to stars, it can convert
its angular momentum into rotational motion, both individually
and as components of larger assemblies, orbiting a common cen-
ter of mass. ese stars acquire energy through interactions with
other stars within dense stellar environments, making it more chal-
lenging for individual stars to form. is phenomenon accounts
for the prevalence of binary or triple star systems among the ma-
jority of starsin galaxies. ese newly formed stars attain a state of
hydrostatic equilibrium, wherein the gravitational force is coun-
terbalanced by thermal gas pressure originating from hydrogen
nuclearfusion. ey also tendto maintainthermal equilibrium, as
their energy output remains constant, matching the energy loss at
their surfaces. When these stars eventually deplete their nuclear
fuel, they are no longer capable of withstanding gravitational col-
lapse. However, if the star possesses su cient mass, the contract-
ing core can become hot enough to initiate helium burning, lead-
ing to the production of various heavier elements.

As atomic nuclei become heavier, the star can extract progres-
sively less energy from nuclear fusion. isprocesscomestoanear
standstill with the production of iron. In essence, fusion reactions
up toiron can serve as asource of heat, generating pressure to sup-
portthe star against its own gravitational pull. Conversely, nuclear
reactions that yield elements heavier than iron actually withdraw
heat from the star. As a result, at this stage, the pressure dimin-
iIshes, rendering the star unstablépns et al, 1999Woosley et al.
2002. Subsequent events depend on the mass of these stars.
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Stars similar in mass to our Sun, up to approximately 8 solar
masses (M), shed their outer layers until the stellar core is ex-
posed. isremnant, an Earth-sized star, is referred to as a white
dwarf (WD). White dwarfs typically possess a mass of around 1
M , primarily composed of carbon and oxygen and maintain sta-
bility through electron degeneracy pressure that balances gravity.

Stars with masses between approximately 9 khd 25 M experience
asupernova explosionand evolve into a NS, an extremely dense ob-
jects about 10 kilometers in radius, supported by the pressure of
a degenerate neutron gas. Stars exceeding about 25 Mrectly
form black holes (BH)Heger et al, 2003 Vahdat et al, 2019.

NSs are extremely compact, with their minimum radius being
approximately 1.5 times their Schwarzschild radius:

2GM
o2

whereGis the gravitational constantcis the speed of light, and

M is the NS mass. A maximum radius can be obtained assuming
that the rotating star is stable against centrifugal forces:

r

1.57P
C
WherePis the spin period. e NSis able to contrastthe gravita-

(1.2)

Rmax =

tional collapse thanks to the pressure granted by degenerate neu-
trons. e stellar structure of the NS can be described by an equa-
tion of state, establishing a connection between the density and
pressure of the star. is relationship can then be translated into
an observationally-related mass-radius equation of state.
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Given the extreme physical properties of NSs, testing the equa-
tion of state in Earth laboratories is prohibitive. Indeed, for a typi-
calNSwithamassof1.4 Mand aradius of about 10 km, thaeverage
densityis 6:7 10“*gcm 3, aboutthe same order of magnitude
of the density of an atomic nucleus. erefore NSs have long been
recognized as excellent testing grounds for investigating cold and
dense baryonic matter. ese extreme conditions o fer a unique
opportunity to explore thermodynamic realms not easily achiev-
able in conventional terrestrial laboratories-0rtin et al., 2020.
Observational constraints can be derived by simultaneously mea-
suring the radii and masses of NS& &ttimer and Prakash2003%
Guillot and Rutledge2014, along with statistics on maximum NS
masses or radius estimatefg@aijmakers et al.202), and obser-
vations from NS merger eventf@aaijmakers et al.202).

A description of the di ferent kinds of equation of state proposed
so far by theoretical physicists is beyond the goals of this thesis.
Brie y, in most of them a NS with a very short interval of radi
(10 km - 13 km) is expected to be found in the mass range from
0.5M to 2.5 M (Lyne and Graham-Smith2013. e bulk of the
NS population is known to have a mass around 1.4 (dee review
byOzel and Freire 201@nd references therein), corresponding to
radii in the interval of 10.5 km and 11.5 km.

e maximum mass allowed to a system supported by the pres-
sure of degenerate electrons is well known as the Chandrasekhar
limit. e same value for a system supported by the pressure of de-
generate neutrons is however unknown, as a consequence of our
ignorance about the equation of state. A possible value, the so-
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called Tolman-Oppenheimer-Volkov'limit, is of about 2.5 KLattimer
and Prakash200]). However, none of the NSs with a precise mass
measurementreach such avalue, although few candidates are known
(Freire et al, 2008 Demorest et al, 2010 close to 2.2 M, espe-

cially among the class of recycled NSs.

1.3 Thermal evolution of Neutron stars

A NS is composed of distinct regions: the outer crust, inner crust,
outer core, and inner core (Fid.). e outer crust, forming the
star's envelope, comprises ions and electrons. At high densities,
the electrons act as a relativistic gas, while ions create a solid or
liquid Coulomb systemYakovley202). As densityincreases, elec-
tron capture processes favor neutron-rich nuclei. Neutron drip-
ping from nuclei starts at the outer crust's base, forming a neu-
tron gas. e inner crust consists of electrons, free neutrons, and
neutron-rich atomic nuclei. As density increases, the fraction of
free neutrons rises, and nuclei may lose their spherical shape (see
review byLattimer and Prakash 2004nd reference therein).

At approximately half the nuclear saturation density, where the
binding energy per nucleon peaks, nuclei disappear, transform-
ing matter into a homogeneous mixture of neutrons, protons, and
electrons. e inner crust is approximately one kilometer thick.
Below the inner crust lies the stellar core, with matter composed
of degenerate neutrons, protons, electrons, and possibly muons.
ese constituents interactthrough nuclear forces, forming a strongly
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Figure 1.1: Structure and composition of a NS. Credit Muse collaboration.

non-ideal liquid. e exact composition of inner core is unknown
and may even include hyperons or quark matter.

Exploring the thermal evolution of NSs presents a signi cant mo-
tivation, as it o fers the potential to gain insights into the com-
position of matter within the stellar interior when observations
are systematically compared with theoretical framework3.su-
ruta and Cameror(196%plaid the groundwork for the theory of NS
cooling, and subsequent studies in the 1990H®thick(1992and
Yakovlev et al(199%further developed this eld.

Detecting thermal radiation proves to be a challenging task due
to various factors. Young pulsars, with ages around t1000 yrs,
exhibit strong non-thermal emission caused by active processes in
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their magnetospheres (see Sectibrland Fig.1.3), obscuring the
thermal radiation.

Older pulsars (& 1) may have hot polar spots, complicating the
extraction of thermal radiation from the rest of the colder stellar
surface Pavlov et al.2002 Yakovley202). Consequently, reliable
detection of thermal radiation has been achieved only from a few
isolated middle-aged NSs (t 10*-13 yrs), where it constitutes a
substantial portion of the total radiation.

Figurel.Zdisplaysthe average surface temperatures of afew well-
studied young and middle-aged NSs (obtained from BB ts of X-
ray spectra), including Pulsar B1055, the primary focus of the sec-
ond project in this study.

e thermal component is typically described by either a black-
body spectrum or a NS atmosphere model (see Sectioh2for
more details), with or without a magnetic eld Pavlov et al.1995
Heinke et al, 2006 Mori and Ho, 2007 Ho et al., 2008.

To align observations with theory, the NS's e fective tempera-
tures Tgsand ageg are crucial. Due to the compact nature of NSs,
the e fects of general relativity must be consideresl{apiro et al,
1983 For a NS with the mas#$/ , radius R and e fective temper-
ature of Tg, the thermal photon luminosity in the local reference
frame of the star is de ned as follows:

L =4R?T/J (1.3)
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where is the Stefan-Boltzmann constant. e apparent (red-

shi ted) e fective temperaturd
by a distant observer are then

q

1 and luminosityL! as observed

given by:

Te =Ts 1 rg=R and L' =L (1 rg&=R); (1.4)

wherery = 2GM=c*>  295M=M km is the Schwarzschild

radius.

Cooling theories allow one to compute cooling curves (Such as

the one in gure 1.9, T (t) (orL?! (t)), for comparison with ob-

servations. Based on the current models and observational con-

strains, three distinct cooling stages can be identi ed:

10
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" ermalrelaxation state : Betweenthe rst 10-100 years, both
the core and the crust of the NS cool separately. e surface
temperature re ectsthe crust's thermal stat&ales etal.2020).
the crust and the core remain thermally decoupled until the
cooling wave of the core reaches the crust, manifesting as a
steep decay in the surface temperature (around 100 years, as
shownin Figl.2.

Neutrino-dominated stage From about 100 td (® years, neu-

trino emission from the stellar interior, mainly the core, dom-
inates the cooling process. Meanwhile, the surface tempera-
ture adjusts to the internal temperature. e temperature de-

cay rate fromthe thermal relaxation stage to the neutrino cool-

ing stage depends onthe type of neutrino emission, such as di-
rect Urca, modi ed Urca, or nucleon-nucleon (NN) bremsstrahlung
(Yakovlev and PethigR004 Lin et al., 2020.

Photon cooling stage A ter about1(® years, neutrino cooling
signi cantly decreases, and the star cools via photon emission
from the surface. e evolution of the internal temperature

IS in uenced by radiation from the stellar surface, making it
sensitive to properties of the outer star regions.

1.4 Pulsar Magnetosphere

Inarudimentary approximation, we can model a pulsaras asphere
with perfect electrical conductivity, which possesses a magnetic
dipole moment oriented along its rotational axis. As it spins with

11
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an angular frequency , the magnetic eld B, which is constant
throughoutthe sphere, inducesanelectric eld+(v B) (Deutsch
195h

e pioneeringwork by Goldreich and Juliaifl969Ymarked a sig-
ni cant advancement in our understanding of pulsar magneto-
spheres. ey revealed that a rotating NS cannot exist in a vac-
uum due to its intense magnetic elds, which generate substantial
electric elds atthe stellar surface. ese elds, exceeding gravita-
tional forces, are capable of extracting charges fromthe NS, thereby
forming a co-rotating magnetosphere. ismagnetosphere extends
to the light-cylinder radius (Rc):

C
Rc=—-— 5 1FP cm (1.5)

wherecis the speed of lightandP is the star's spin period. Inthe
force-free magnetosphere, the alignment with the star's rotation
is characterized by the condition:

(. n
C
e charge density in the magnetosphere, de ned byGoldreich

E +

B=0 (1.6)

and Julian(196Y), is expressed as:

1 1
GJ— 4—r —(o !') B (1.7)
where representsthe conductivity of the plasmawithinthe mag-
netosphere, g is the angular velocity of the corotating plasma in
the magnetosphere andl is the angular velocity of a particular

charged particle within the magnetosphere.

12
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Figure 1.3: Le t: A schematic of the pulsar magnetosphere, illustrating the light cylinder and the null
charge surface where B = 0, leading to charge separation. e diagram also shows the
misalignment between the pulsar's spin axis and its magnetic axis, indicated fgame as in
the rest of the thesis). Right: Illustration of two particle acceleration mechanisms in pulsars.

e polar cap model (above) shows particles being accelerated above the magnetic polar caps,
while the outer gap model (below) demonstrates radiation production in the outer magneto-
sphere, between the null charge surface and the light cylinder, along the last closed magnetic

eld line. From Lopez et al(2009.

Considering the magnetosphere'sin uence, the energy lossesthen

can be approximated as:

E = Bpjgs (1 +sir? ) (1.8)

where B and Rys denote the magnetic eld strength of the star
atthe pole and its radius, respectively. e termsir? accounts for
the angle between the magnetic axis of the NS and the rotation axis

of the magnetosphere.

e pulsar magnetosphere's structure and behavior can be fur-
ther understood through the polar cap and outer gap models. e

13
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polar cap model focuses on particle acceleration above the mag-
netic poles along open magnetic eldlines, leadingto high-energy
emissions through a cascade process (Hid).

e radius of the polar cap (Rp¢) containing these open eldlines
is given by the formula:

r

Rpc  RnsSIN pc Rns

=(2RRscP)  (1.9)

where pcis the polar cap angle determined by
r |
pc=sin 1 TR (1.10)

e outer gap model, on the other hand, is signi cant for -ray
emissions. Unlike polar cap models, where strong magnetic elds
enable one-photon pair production to have a signi cant impact
on the cascade, the outer gap region has weaker magnetic elds
(Fig. 1.3. In this scenario, curvature photons primarily engage
in photon-photon pair production with thermal X-rays from the
polar caps, such as seen in pulsars like Vela or Geminga. Addition-
ally, non-thermal X-rays produced by the outer gap cascade, as ob-

served in the Crab, also play arole in these interactions.

Additionally, the magnetosphere comprises two main regions:
the closed eldlineregionandthe open eldlineregion. eclosed
eldlineregion, orthe "dead-zone', contains charges con ned within
the eld lines, leading to no emissions. In contrast, the open eld
line region allows for plasma escape, necessitating a continuous

14
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replenishment of magnetospheric charges. is dynamic is cru-
cial for sustaining the pulsar's emissions.

Electrons moving along the open magnetic eldlines are acceler-
ated to relativistic velocities, producing high-energy photons pri-
marily via curvature radiation. ese photons subsequently ini-
tiate electron-positron pair production, leading to a cascade that
contributes signi cantly to the pulsar's multiwavelength emission
pro le.

Beyond the polar cap and outer gap models, a deeper compre-
hension of the pulsar magnetosphere now relies on understanding
current sheets and the Y-point model€ontopoulos et al.2014.

e equatorial currentsheet, anarrow yetintense layer of charged
particles, divides the regions of closed and open magnetic eld
lines. Within this sheet, opposite currents induce magnetic recon-
nection, causing eld linesto break and release energy, potentially
boosting particles to high energiesontopoulos2016.

e Y-point, located where the closed and open eld lines meet
the current sheet, acts as a crucial junction. Its position and prop-
erties heavily in uence particle trajectories and acceleration re-
gions (Fig.1.9. Recentresearch suggests the Y-point might not be
a single point but rather a "Y-region" with complex topology, fur-
ther highlighting the dynamic nature of the magnetospher€gn-
topoulos et al, 2029.

15
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Figure 1.4: Diagramiillustrating open and closed magnetic eld regions |, Il, and Il within the magneto-
sphere. ese regions are divided by electric current sheets and converge at the Y-point junc-
tion. From Contopoulos et al(2029.

1.5 The spin of pulsars and spin-down evolution

e key observational parameters of pulsars include the rotational
frequency () andits corresponding period (P = 1). Insome cases,
the spin-down or the the spin-up rate , represented by the rst
time derivative of , and the derivation of the second frequency
derivative, *are also measured. For a pulsar with angular velocity

= %, decreasing atarate of= 2P 2P, the loss of rota-
tional energy,Esqt, Occurs at a rate of:

4 2R

E‘l‘Ot —= I — P3

(1.11)

wherel is the stellar moment of inertia. For practical calcula-
tions, | is approximated to be around ¥ g cn¥ based on canoni-
cal NS parameters. e provided equation pertains to the speci c

16
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scenario of a braking index set at a value of 3, and itis expressed as
follows:

(J?

e braking index can be determined by obtaining the second

n=

(1.12)

derivative of the spin frequency. e spin-down luminosity (gg),
which represents the rate of rotational kinetic energy loss, is di-
rectly related to the rate of loss given W4, and can be estimated
as:

Leg 395 10 45P3sP 3ergst? (1.13)

To estimate the pulsar's magnetic eld, one can equate the rota-
tional energy loss rate to that of a classical magnetic dipole radi-
ation of a rotating magnetic dipole. is estimate, introduced by
Ostriker and Gunn QOstriker and Gunn 1969, involves the mag-
netic eld strength at the pole of the NSB,) and is given by:

p —
B, 32 10° PRG (1.14)

Forl4s=1and Rs=10km, assuming an orthogonal rotator (align-
mentangle =90).

Furthermore the characteristic age. of a pulsar, inferred from
its rotational period and rate of deceleratiomfanchesterand Lyne
197Yis de ned as:

17
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P Po "' P
e=—— 1 22 S (1.15)
(n 1R P (n 1R

is age is derived under the assumption that the initial rota-
tion period Pg of the NS was much shorter than its current period
P. For pulsars where the magnetic dipole braking is the dominant
mechanism, nis typically taken as 3, simplifying the equation to:

ol — (1.16)

IS approximation provides a convenient method to estimate
the pulsar's age. However, inaplasma- lled magnetosphere which
IS amore realistic scenario, the braking index, assumes a modi ed
de nition that accounts for plasma e fects on the pulsar's spin-
down. Unlike in vacuum, the presence of plasma introduces addi-
tional torques that alter the spin-down rateRhilippov et al, 2014
and provide a revised expression for the braking indé&€i et al.,
2016 which indicates a range for n suchthéd < n < 3:25 and
does not diverge as it would in a vacuum for small alignment an-
gles. Another illustration of variability inn occurs, for instance,
whenn takes the value of 5 in the context of magnetic quadrupole-
drivenradiation. Furthermore, recent measurements indicate sig-
ni cant deviations of n from 3 (Lower et al, 202).

18
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Figure 1.5: Schematic view of the traditional magnetic dipole model of a pulsar. Electrons and positrons
generated in the “gap' regions of the magnetosphere follow open magnetic eld lines, emit-
ting coherent radio radiation, as well as X-rays andrays in high-energy pulsars. When the
magnetic axis is misaligned with the rotation axis, a lighthouse e fect occurs, producing ob-
servable radiation pulses as the NS rotates. e light cylinder is a critical feature, separating
closed magnetic eld lines inside from open ones outside, with curvature radiation being the
main emission mechanism. e alignmentangle, , quanti es the spin axis's orientation rel-
ative to the magnetic axis. Figure adapted frohorimer and Kramer(2009
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1.6 Classi cation of neutron stars

NSs exhibit remarkable diversity in their characteristics and be-

haviors. eycanbe categorizedinto distinctclassesbased ontheir

primary sources of energy, spin-down luminosity, magnetic eld

strength, and age. Based on their main source of energy, they are

crudely classi ed into three subclasses:

1. Accretion-powered neutron stars

20

Accretion-powered pulsars are found in binary systems where
acompanion star transfers material onto the spinning NS. e
gravitational potential energy released during this accretion
process predominantly fuels the observed emission. is cat-
egory encompasses systems where the NS is actively accret-
ing matter, resulting in high-energy radiation Bildsten et al,
199Y.

. Rotation-powered neutron stars

Rotation-powered pulsars, in contrast, derive theirenergy from
the loss of rotational kinetic energy. is loss powers the cre-
ation and acceleration of electron-positron (e+e-) pairs within
the strong magnetic eld surrounding the NS. e resulting
electromagnetic radiation constitutes the primary source of
emission for these pulsardichel, 1991

. Magnetically-powered neutron stars

Magnetically-powered pulsars harness the energy from their
extremely highmagnetic elds. isenergyisreleasedthrough
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Figure 1.6: e period-period derivative diagram for di ferent types of pulsars is based on data from the
ATNF pulsar catalog (v1.7Manchester et al. 20056 e lines of constant age and magnetic
eld (assuming magnetic dipole braking) are displayed with dashed lines. RPPs are Rotation-
Powered Pulsars. HE refers to pulsars with pulsed emission from radio to infrared or higher
energies. Binaries are pulsars with one or more stellar companion(s). AXP+SGR refers to
Anomalous X-ray Pulsars and So tray Repeaters with detected pulsations. M7 refers to the
Magni cent Seven, isolated NS with pulsed thermal X-ray emission but no detectable radio
emission. PSR B1055-52 is displayed with orange circle.

processes like crustal heating and cracking, leading to pow-
erful bursts and 'quiescent' emission in the hard X-ray band
and hot surfaces (thermal emissionp(incan and ompson,
1992

Furthermore, the P-Pdot diagram, where observational parame-
ters such ad?, P, andBg are plotted for all pulsars, serves as a
common representation of the NS population. As of the most re-
cent data available, there are 3389 known pulsars (Fi§yjManch-
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ester et al. 200h Some of the important subclasses of pulsars in
the P-Pdot diagram are listed below

A. Ordinary Pulsars

Ordinary pulsars constitute the central region of the P-Pdot
diagram. ese pulsars typically exhibit spin periods rang-
ing from 100 milliseconds to a few seconds, with character-
istic ages spanning from approximately 1,000 years to 1 bil-
lion years. Young and energetic ordinary pulsars o ten emit
radio and gamma-ray radiation and are frequently associated
with supernova remnants. As they age, their spin gradually
decreases, causing them to move towards the lower-right end
of the P-Pdot diagram. Eventually, their spin-down [luminos-
ity becomes insu cient to sustain radiative mechanisms, re-
sulting in the cessation of emission. e “death line' approxi-
matesthe regioninthe P-Pdotdiagramwhere this phenomenon
occurs, although it is highly uncertain and in uenced by vari-
ous factors beyond just dipole magnetic emissioBh@ttacharya
and van den Heuvell99)L. Moreover, the recent discovery of
ultralong period pulsars, such as PSR J0901-4016 (/5.9 s,
Caleb et al. 202 and GLEAM-X J162759.5-523502 3 {091
s,Hurley-Walker etal. 202®, which are likely positioned below
the death line, necessitates a reassessment of the death line.

B. Millisecond Pulsars

Millisecond pulsars, or MSPs, constitute a distinct subtype of
pulsars that emerges from binary systems. ese pulsars un-
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dergo a process known as recycling, where angular momen-
tum is transferred to them as they accrete matter from an ex-
panding companion starAlpar et al, 1982. is rejuvena-

tion allows MSPs to achieve extremely short spin periods, of-
ten around a few milliseconds. Notably, MSPs tend to exhibit
lower magnetic elds compared to ordinary pulsars. eirre-
markable rotational stability makes them natural precision clocks
and invaluable for timing experiments. Furthermore, pulsar
Timing Arrays (PTAS) serve a crucial role in gravitational wave
(GW) experiments, speci cally targeting the nanohertz frequency
range Eoster Ill, 1990. ese arrays involve the meticulous
monitoring of numerous millisecond pulsars, characterized
by their rapid spin periods. rough the detection of dynamic
perturbationsin space-time, PTAs become unigque instruments
capable of identifying GW radiationNlanchester et al.2013.
Unlike other methods such as resonant bars and laser inter-
ferometers, pulsar timing extends the observational window
to previously inaccessible frequencies which allows for the ex-
ploration of phenomena like supermassive black hole binaries
and stochastic backgrounds from cosmic stringégrbiest et al,
2022.

. Magnetars

Magnetars, positioned in the upper-right region of the P-Pdot
diagram, represent a unique class of NSs. is category in-
cludes Anomalous X-ray pulsars (AXPs) and So t Gamma Re-
peaters (SGRs), believed to be di ferent manifestations of the
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24

same object. Magnetars possess comparatively long rotation
periods (1-12 seconds) and exhibit large spin-down rates due
to their extraordinarily high magnetic elds, reaching up to
10 GaussCamilo etal, 2006. While they are typically radio-
guiet, they emit strong pulsed X-rays. Magnetars are known
fortheir dramatic X-ray outbursts, o tenaccompanied by large
glitches (sudden and brief increases or decrease in théjir
ese outbursts are attributed to the untwirling of twisted mag-
netic eld lines, and some evidence suggests a possible con-
nection between magnetars and high-magnetic- eld youngra-
dio pulsars Mereghetti et al, 201%. e origin of the mag-
netic eld in magnetars remains a subject of intense scienti ¢
inquiry, with two prevailing hypotheses o fering insights into
their formation. One hypothesis, known as the fossil eld sce-
nario, suggests that the powerful magnetic elds of magne-
tars originate during the collapse of massive progenitors. In
this model, magnetic ux conservation during the collapse re-
sults in the generation of a nominally large magnetic eld in
the NS, enough to account for the observed strength in mag-
netars. Inthis scenario, magnetars naturally emerge from the
high- eld tail of the progenitor distribution, with population
synthesis calculations supporting its viabilitf{ereghetti et al,
2015.

Alternatively, the protoneutron star dynamo hypothesis pro-
poses that the magnetic eld ampli cation occurs within the
protoneutron star through dynamo action driven by convec-
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tion or di ferential rotation. Over a span of approximately ten
seconds, these processes lead to a signi cantincrease in mag-
netic eld strength. Interestingly, shear-driven dynamos op-
erating e ciently under strati cation provide a mechanism
for enhanced magnetic eld growth. Both dynamo scenarios
involve intricate processes such as Tayler and magnetorota-
tional instabilities, as well as r-mode instabilities, contribut-
ing tothe ampli cation ofthe magnetic eld (Mereghettietal,
2015Kaspi and Beloborodqw2017.

. Rotating Radio Transients (RRATsRotating radio transients
(RRATS) representagroup of pulsars that exhibit sporadic emis-
sion. Discovered in 2006, RRATSs display characteristics con-
sistentwith rotating NSs. eirradio pulses exhibit wide vari-
ability in intensity, ranging from less than one pulse to hun-
dreds per hour. e nature of RRATs within the pulsar pop-
ulation remains uncertain. ey may represent pulsars with
highly variable emission, where only the strongest pulses are
detectable from Earthli{eane and McLaughlin201). Alter-
natively, some RRATs may be linked to magnetars, given their
variable emission characteristics and their position in the P-
Pdot diagram, indicating high magnetic elds. Further inves-
tigation is required to disentangle the complexity of RRATS,
which may consist of multiple populations, including highly
variable pulsars and highly magnetized NSs with intrinsically
variable emissionBhattacharyya et aJ.2018.
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E. Magni cent Seven A subgroup of isolated NSs, collectively

26

known as the "Magni cent Seven', has garnered attention due
totheir distinctive properties. ese NSswere discoveredthrough
ROSAT and are characterized by their thermal X-ray spectra,
as well as broad X-ray absorption features that likely corre-
spond to proton- or ion-cyclotron lines, indicating extraordi-
narily strong magnetic elds on the order of 18 Gauss. e
Magni cent Seven exhibit similar properties, including pulse
emissions with periods ranging from 3.4to 11.4 secortdslger|,
2007. Recently, there has also been areport regarding signi -
cant hard X-ray emissions from two of the Magni cent seven,
RX J1856.6-3754 and RX J0420.0-5D22<ert et al. 2020).

Centralcompactobjects (CCO:gJentral Compact Objects (CCOs)
represent a distinct subset of NSs localized in close proxim-

ity to the central regions of supernova remnants (SNRsS). eir
characteristic so t X-ray spectra, comprising two blackbody
components with temperatures ranging from 0:1to 0:4keV,
deviate from the expectations for young NSs, displaying ele-
vated luminosities in the range o> 1G**erg s * (Vigano

and Pons 2013. Distinctive features of CCOs include the ab-
sence of typical magnetar-like activity, except for the intrigu-

ing case of 1E 161348 5055. Long-term observational campaigns
have provided insightinto three CCOs: RXJ0822 4300in SNR
Puppis Awithaspin periodi) of 112 ms, CXOU J185238.6+004020
in Kes 79 withP of 105ms, and 1E 1207.4 5209in PKS 1209 51/52
with P of 424 ms. e inferred magnetic dipole elds (By) for
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these CCOs fall within the range df0'® 10" G, notably lower
than the 10'* G dipole elds observed in young radio pulsars
(Vigano and Pons2012De Luca 2017. ese ndings chal-
lenge conventional models of NS evolution and magnetic eld
ampli cation. Despite their NS classi cation, CCOs manifest
unigue characteristics. Unlike pulsars, CCOs do not exhibit
non-thermal radio emission, and the conspicuous absence of
a pulsar wind nebula raises questions about the underlying
mechanisms governing these object3d Luca 2017.

1.7 Main Properties of pulsars across the
electromagnetic spectrum

1.7.1Radio

e primary method for detecting pulsars involves identifying highly
regular radio pulses, a characteristic observed in approximately
95% of known pulsars. As outlined in the previous section, young
pulsars subjected only to dipolar braking, undergo a spin-down
process. Is progression takes them toward a densely populated
area in the P-Pdot space, commonly referred to as the “pulsar is-
land', depicted as a large central cluster in Figuiea e typical
pulsar is assumed to continue on its trajectory toward the pulsar
graveyard, a region characterized by longer periods and a lack of
pulsations due to an extensive voltage gap.

Pulsars exhibit signi cant variability in their radio pro les from
pulse to pulse. However, by aggregating numerous pulses (rang-
ing from hundreds to a few thousand), a highly stable integrated
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pulse pro le emerges at a speci ¢ frequency, unique to each pul-
sar. ese pro les usually span 2-5% of a complete rotation, al-
though some range from as little as 0.2% to as much as 100%.

e radio spectrum typically adheres to a power-law distribution
with a spectral index ranging from -4 to 0.

Pulsar broadband emissions are instrumental ininvestigating the
interstellar medium (ISM). e dispersion of radio waves by free
electrons in the ISM causes a frequency-dependent delat) {n
signal arrival times (with the speed of; andv,) which can be esti-
mated as follows:

e 1 1
SR — N.dl 1.17
2Ccme V2 v§] 0o (1.17)

t =

Wheree; meandncare the charge of an electron, mass of an elec-
tron and electron number density respectively. e rst partis a
constant typically referred as the dispersion constant:

e?
D= 4:1488056 10°MHZpc lcnts (1.18)
2CMme

eintegralterminvolvesintegrating the product of electron num-
ber density,ne, and the in nitesimal length (dl) along the entire
path (d) of the radio waves through the ISM referred as dispersion
measure DM:

DM =  nedl (1.19)
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Conversely, knowing this average electron content can help esti-
mate pulsar distances. Comprehensive models of the Milky Way's
electron content o ten rely on pulsar DM and distance data. e
most common models areTaylor and Corde$19938,Cordes and
Lazio(2002 andYao et al(2017.

e accuracy of these models improves continually with new pul-
sar discoveries and more precise DM and parallax-based measure-
ments. e typical uncertainty in DM-based pulsar distance esti-
mations, around 20%, primarily arises from the model's assump-
tions about electron distribution rather than from the measure-
ment errors in DM. is is because DM calculations are based on
well-determined values of t.

1.7.2 X-rays

e accretion process, with a typical accretionrate okt 10 ’

10 1M :yr lontoaNSisone of the most energeticand e cient
X-ray processes in the universe. It plays a crucial role in the emis-
sion of X-rays in X-ray binaries, transforming gravitational energy
into kinetic energy. Similarly, magnetars experience unpredictable
outbursts, during which the constant X-ray luminosity undergoes
a substantial surge, reaching an output of approximately10*
10%ergs i (andupto 10" 10 erg s ! for ultraluminous
Xray sources). WhileVahdat et al.(2022 includes a few millisec-
ond X-ray pulsars with companions, none of the sources of our in-
terest show hints of on-going accretion or bursts and the primary
focus of this thesis is the X-ray analysis of rotation-powered pul-
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sars. Although chapters 3 and 4 will delve deeper into the X-ray
phenomenology of these pulsars, below i provide a brief overview
ofthe characteristics of X-ray spectral components of isolated NSs:

| ) ermal Emission:

ermal emission arises from the bulk surface of cooling NSs,
as well as NS atmosphere, typically with surface temperatures
around 16 K (100 eV). e thermal spectrum, typically de-
scribed with a BB, may exhibit low-amplitude intensity vari-
ations across the optical to so t X-ray spectrum, correlating
with the spin period Pavlov et al. 199). So t thermal X-ray
emission is also produced from relativistic particles bombard-
ing the polar caps of NSs and heating them, originating from
the pulsar magnetosphereZavlin et al, 199%.

Il ) Non- ermal Pulsed Emission:

is emission results from charged relativistic particles accel-
erated within the pulsar magnetosphere. Typically a power-
law distribution in the X-ray broad band spectra can be de-
scribedwithaslope of 1-3andis observable across the op-
ticalto -raybandsMichel, 1991Pavlovetal.199% e X-ray
luminosity of rotation-powered pulsars, has an e ciency (the
correlation between the spin down-energy loss and X-ray lu-
minosity) estimated between 10 and 10 3 (see alsdargalt-
sev et al. 201;2/ahdat et al. 202

[Il ) Non- ermal Non-Pulsed Emission:
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Originating from pulsar-driven synchrotron nebulae, this emis-
sioninvolves charged particles emitting synchrotron radiation
alongmagnetic eldlinesMichel, 199]1Zhang and Jiang2009.

It spans from radio to hard X-ray energies and includes emis-
sions from the interaction between the pulsarwind and the in-
terstellar medium, as well as shock waves from the interaction
between the pulsar wind and companion star out ow&fiang
and Jiang 2009.

While the simpli ed models presented above provide a frame-
work for understanding X-ray emissions of NS, the reality is of-
ten more complex. As NSs evolve over time, their emissions and
temperature distribution undergo notable changes. Count statis-
tics poses challenges in distinguishing between thermal and non-
thermal emissions, adding a layer of ambiguity to our observa-
tions. For instance, in middle-aged pulsars, a third, thermal-like
spectral component is sometimes observed. is can be approxi-
mated by a blackbody withkT O0:1 0:3keV and aradius smaller
thanthe star'sactual radius. e prominence ofthese spectralcom-
ponents varies with pulsar age: young energetic pulsars (5 kyr)
mainly exhibit nonthermal magnetospheric emission; middle-aged
pulsars (10 kyr . 50 kyr) display all three components; while
older ms pulsars ( & 1 Myr) contain both polar cap thermal and
nonthermal components.

e interstellar medium (ISM) plays a crucial role in shaping the
observed X-ray spectrum by absorbing and scattering X-ray pho-
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tons along the line of sight with varying cross sections. is ab-
sorption primarily occurs through interactions with electrons bound
inthe ISM, a process dominated by the photoelectric e fect. While
the absorption is more pronounced for lower X-ray energies, italso
a fects higher energiesto alesser extent. e degree of absorption,
simpli ed as Ny, depends on the phases of the ISM, with warm
and cold phases exhibiting di ferentbehaviordflms etal., 2000).

He et al.(2013¥demonstrated a correlation between DM and NH:

Ny =0:30+013 DM (1.20)

Here, Ny is measured in units of 18 cm 2and DM in pc cm 3.
e correlation between DM and Ny serves as a valuable tool in
pulsar observations, enabling the estimation of one quantity based
on the other.

1.7.3 -rays

-ray pulsars, based on their unique properties, are categorized
into two groups. e rst group includes ms pulsars, character-
ized by their relatively weaker magnetic elds (1 G) and shorter
rotational periods. ese pulsars have gained speed due tothe pro-
cessofaccretion. In contrast, the second group consists of younger
pulsars, notable for their stronger magnetic elds ( 10*G) and
longer rotation periods (typically around 100 milliseconds). Pio-
neering discoveries in the 1970s, such as the Crab and Vela pul-
sars identi ed by SAS-2 and COS-B respectively, marked the early
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1.7 Main Properties of pulsars across the electromagnetic spectrur

recognition of -ray sources. e 1990s saw further advancements
with the Compton -ray Observatory, which increased the known
number of high-energy pulsars to ten, including Geminga, a pul-
sar not observable in radio frequencie€é€rutti 2019 and refer-
ences therein).
Pulsars emit gamma rays, which account for about 1-10% of their
total energy output Abdo et al, 201Q. is indicates their signif-
icant e ciency as particle accelerators. e emission pattern of
-ray pulsars is distinctive. ey display a hard power-law spec-
trum at lower energy levels and an exponential cuto f at higher
energies, typically around a few GeXCéravep 2014. ese pul-
sars generally show two distinct peaks in their light curves, and
sometimes, emissions are observed between these peaks, known
as "bridge emission'. Interestingly, theseray peaks o ten do not
align with radio pulses, implying that di ferent regions of the pul-
sar's magnetosphere are involved in generating these emissions
(Hirotani, 2013.

1.7.41nfrared, optical and ultraviolet bands

Inthe optical band, pulsars, demonstrate comparably fainter emis-
sion. Initially identi ed by Nather et al. (1969 and Cocke et al.
(1973 the Crab pulsar remains the most luminous example in this
wavelength (Figl.7). Recent technological advancements have fa-
cilitated the discovery of optical counterparts for several pulsars.
Optical light curves, when analyzed alongside those from X-ray
and -raybands, are crucialin mapping the emission regions within
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the pulsar's surface and magnetosphere. Moreover, optical spec-
troscopy aids in constraining cooling models for pulsars, especially
forthose olderthan 1M years, by capturing a major portion of their
thermal emission. Additionally, the high angular resolution of op-

tical observationsis valuable for determining pulsar distances through
measurements of proper motion and parallax (see reviewhgnani
201).

In the ultraviolet (UV) and near-infrared (IR) spectra, young pul-
sars exhibit non-thermal emissions, likely of synchrotron origin,
emanating from their magnetospheres. ese emissions generally
follow a power-law spectrum. However, variances in spectral in-
dices across these bands have been observed in some cases, such as
the Crab pulsar, but notin others like the Vela pulsar. Middle-aged
pulsars display a secondary emission componentin the optical/UV
range, which is typically associated with thermal emissions from
the NS's surface, characterized by a Rayleigh Jeans spectrum. It's
noteworthy that even within the proximity of wavelengths in the
optical and UV bands, pulsar light curves exhibit notable di fer-
ences. For instance, the Crab pulsar's light curve features, like the
width and separation of its main peaks, vary between the optical
and UV bands. isvariationis potentially linked to the di ferences
in the power-law slope between these two band%(cival et al.
1993Shibanov et al.2003 Buihler and Blandforg 2014.

X-ray observations of pulsars are more sensitive to thermal emis-
sions from their hotter polar regions and less so to emissions from
cooler surface areas. ese lower-temperature emissions are more
detectable in the optical-UV range. For MSPs, measuring surface
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RADIO INFRARED VISIBLE LIGHT

ULTRAVIOLET X-RAYS GAMMA RAYS

Figure 1.7: Crab Nebula in Multiple Wavelengths. e pulsar lies at the centre of the Nebula. isimage
combines data from six di ferent telescopes: the Very Large Array (radio) ; Spitzer Space Tele-
scope (infrared) ; Hubble Space Telescope (visible); Swit Observatory (ultraviolet); Chandra
X-ray Observatory (X-ray) and Fermi (Gamma rays).

temperatures is vital for constraining NS heating models and un-
derstanding internal physical processes. e optical-UV range also
plays akeyrole in detecting the magnetospheric component of these
emissions, thus shedding light onthe properties of relativistic par-
ticles in MSP magnetospherebi{gnani, 201).
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2 Instrumentation, spectral and
timing analysis

Robert : When | came to you with those cal-
culations, we thought we might starta chain
reaction that might destroy the entire world.
Albert : lremember it well. What of it?
Robert : | believe we did.

Oppenheimer (2023)

2.1 XMM-Newton and EPIC instrument

iming for excellence in X-ray astronomy, théMM-Newton
observatory, launched by the European Space Agency
in December 1999, stands as a premier astronomical
facility. Originally designed for a decade of service, the satellite
continues to function beyond its initial lifespan, contributing sig-
ni cantly to our understanding of the high-energy universe in-
cluding NS and BH phenomena.
XMM-Newtomperates in a highly elliptical 48-hour orbit, which
distances it from the Earth's radiation belts for extended periods,
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2 Instrumentation, spectral and timing analysis

Figure 2.1: Right: Schematic of ttdMM-Newtorspacecra t with EPIC PN, EPIC MOS1/2 and RGS cam-
eras, optical monitor and the grating assemblies. LexXMM-Newtoruring the integration
phase at ESA. (Credit: ESA)

allowing for uninterrupted observations. e orbit stretches from
7,000 to 114,000 kilometers above Earth, positioning it to capture
phenomena unobscured by the radiation belts for about 40 hours
per orbit.

e observatory's main instrument, the European Photon Imag-
ing Camera (EPIC), is crucial for capturing high-resolution X-ray
Imagesin0 150keV. It consists ofthree X-ray charge-coupled de-
vice (CCD) cameras: two MOS (Metal Oxide Semiconductor) arrays
(Turner et al, 200) and one pn CCD arrayStruder et al, 2001).

e EPIC is known for its ability to conduct sensitive imaging ob-
servations over 8@ eld of view, with aspectral resolutionfE= E)
ranging approximately from 20 to 50 and an angular resolution
of 6°%Full Width at Half Maximum (FWHM). e pn CCDs, back-
illuminated to enhance so t energy response, have a pixel size of
about150 m 2, facilitating detailed spatial and temporal mapping

of X-ray sources (refer to Tabl2 1for additional information).
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2.1 XMM-Newtonand EPIC instrument

e EPIC is equipped with versatile readout modes to adapt to
various observational requirements. Forthe EPIC-pn camera (with
apixel size of 4:1%, the operational modes include:

" e FullFrame mode captures a complete image of 376 x 384
pixels at intervals of approximately 73.5 ms.

" e Extended Full Frame mode provides a 376 x 384-pixel
image at longer intervals of about 199.1 ms.

" e Partial Window mode is available, utilizing either the
larger window mode or the smaller one, each reading out half
the CCD array to yield a 198 x 384-pixel image roughly every
47.7 ms. IntheSmall Window ' mode, a segment of the CCD
produces a 63 x 64-pixel image at a rate of 5.7 ms.

" Inthe Timing mode, spatial data is preserved solely along the
column (RAWX) axis delivering data every 0.03 milliseconds
for high temporal resolution. For the pn detector, the entire
width of CCDA4 is utilized.

"~ For exceptionally bright sourcegurst mode is utilized, of-
fering extremely high temporal resolution with images cap-
tured every 7 microseconds.

EPIC's MOS cameras (with a pixel size 0f1:1°} operate in sim-
ilar readout modes:

" e Full Frame mode here reads out the entire eld of view,
resulting in a 600 x 600-pixel image every 2.6 seconds.
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2 Instrumentation, spectral and timing analysis

" e Partial Window mode limits the readout to a 300 x 300
pixel area of the CCD, yielding images every 0.9 seconds or
opting forthe Small Window 'mode for a 100 x 100-pixelim-
age every 0.3 seconds.

" In Timing mode one-dimensional array is read at high speed,
producing data every 1.75 ms. For the MOS detector, only ap-
proximately 100 columns around the boresight are active. Given
the perpendicular orientation of the two MOS cameras, this
mode allows for e fective coverage of the sky without overlaps.

e EPIC instrument is not immune to the ageing process. Sub-
tle degradations, primarily caused by radiation exposure, a fectits
performance, particularly at lower energies. While its core range
(0.15-15keV) remains robust, quantume ciency below 0.3 keV has
gradually declined, increasing background noise and making faint
signal detection challenging. Calibration uncertainties also rise at
these energies.

In addition to EPIC, the Re ection Grating Spectrometer (RGS)
comprises assemblies of re ection gratings that capture about 58%
of the light de ected by the telescope mirrors. e RGS extends
XMM-Newtois capabilities into high-resolution spectroscopy, with
a resolving power ranging from 150 to 800, across an energy spec-
trum from 0.35t0 2.5 keV. It provides detailed spectral data crucial
for understanding the physical conditions of cosmic phenomena.

e Optical/UV Monitor Telescope (OM) enables concurrent ob-
servations in the optical and UV spectra, with B eld of view.

e OM's micro-channelplate intensi ed CCD camera o fers high-

40



2.2 Chandra X-ray Observatory and ACIS instrument

Table 2.1: Key characteristics of XMM-Newton as outlined in the XMM-Newton Users' Handbook

Instruments EPIC-MOS EPIC-PN RGS OM
Bandpass 0.1512 keV 0.1515keV 0.352.5K&V 180 600 nm
Field of view (FOV) 3¢ 3@ 50 17
PSF (FWHM/HEW) 5/14 6 /15 N/A 1420
Pixel size 40m( 1:199 150 m( 41% 81 m(9 10%A)  0:476%°
Timing resolutior? 1.5ms 0.03ms 0.6s 0.5s
Spectral resolutiof? 70eV 80eV 0.04/0.025 &) 350

E fective area (crh@ 1 keV) 922 1227 185 N/A

(1)Extended energy range

(2)In full frame mode

(3)@ 6 keV

(4)1st/2nd order

(5)Between the 3000 5000 A .
resolution imagery and photometry in visible and ultraviolet light,
thus broadening the scope of multiwavelength studies possible with
XMM-NewtonUnfortunately, the OM is not sensitive enough for

our pulsar study.

2.2 Chandra X-ray Observatory and ACIS instrument

e Chandra X-ray Observatory, initially known as the Advanced
X-ray Astrophysics Facility and later renamed in tribute to the dis-
tinguished physicist Subrahmanyan Chandrasekhar, was deployed
by NASA into space on July 23, 1999. is observatory is in a high-
eccentricity orbit that grants it approximately 55 hours per orbit
for uninterrupted observations, a feature that enables the detailed
study of cosmic phenomena.

Chandra is equipped with a set of four precision-formed mir-
rors arranged in a nested Wolter-I con guration. ese mirrors
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2 Instrumentation, spectral and timing analysis

Table 2.2: e core speci cations of Chandra's scienti ¢ instruments sourced directly from the Chandra
proposers' observatory guide.

ACIS-S ACIS-I HRC-S HRCH
Field of view (FOV) 83% 506° 169° 169° 6 9 30° 30
Bandpass (keV) 0.210.0 0.08 10.0
PSF (FWHM) 0:492° 0:4%°
Pixel size 0:492° 0:132°
Time resolution TE: 0.210.0s;CC: 2:85ms 16 s
Spectral resolution (E/ E) FF: 20 50; BI: 9 35 1
E fective area (crh@ 1 keV) Fl: 340; Bl: 340 N/A 227

& PSF: point spread function; FWHM: full width half maximum
b TE: Timed Exposure Mode; CC: Continuous Clocking Mode
€ FlI: front-illuminated CCDs:; BI: back-illuminated CCDs

are designed to capture X-rays with minimal di fraction, focus-
ing them onto two primary detectors: the Advanced CCD Imaging
Spectrometer (ACIS;armire etal. 2003 and the High-Resolution
Camera (HRCMurray et al. 200Q. ese detectors work in con-
junction with two sets of transmission gratings, the High-Energy
Transmission Grating (HETG) and the Low-Energy Transmission
Grating (LETG), to provide high-resolution spectroscopy.

ACISis anintricate instrument consisting of charge-coupled de-
vice (CCD) chipsthatyield high-resolutionimages and spectraacross
anenergyrange of 0.2to 10.0 keV. It contains an array of ten 1024 x
1024 pixel CCDs, with certain chips optimized for imaging (ACIS-
) and others for spectroscopic readout (ACIS-S). e ACIS-Sispar-
ticularly noted for its placement at the focal point, optimizing its
sensitivity to so ter X-ray bands, while the ACIS-I o fers a broader

eld of view.
e current quantum e ciency (QE) of the low-energy ACIS is
lower compared to its initial launch. is decline is believed to be
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Figure 2.2: On-axis e fective areas as a function of energy for eROSITA (in red), Chandra ACIS-I (dark
green for 1999, and light green for 2020), Chandra HRC-I (in purpkéyM-Newtorin blue),
and ROSAT (in brown). (Credit: ESA)

caused by the accumulation of certain materials on the ACIS de-

tectors or optical blocking lters. As these contaminants deepen

over time, the QE for low-energy detection decreases accordingly

(Townsley et al.2002). To address this issue, a correction for con-

tamination is applied during the creation of ACIS response les.

e HRC, incorporating two cesium iodide-coated microchannel

plate detectors, is prized for its superb spatial resolution, with the

HRC-I designed for wide- eld imaging and the HRC-S function-

ing as a readout for the LETG. e HRC-S also boasts the fastest

timing resolution among Chandra's detectors, capable of captur-

ing data with microsecond-scale precision.
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2.3 X-ray Spectral analysis

X-ray spectra portray the variation of emitted energy as observed.
By modeling this variation using either physical or phenomeno-
logical models, we can gain insight into the physical processes oc-
curring in the observed sources that produce this emission. An
X-ray spectrometer measures event courffsin each channell(,
unigue to each telescope/instrument). e link between the ob-
served spectrunC(l ) and the actual source spectru®(E ) (where

E is energy) can be expressed by:

Z
C(1)= S(E)R(I;E)A(E)dE (2.1)

Inthis equation,A(E) representstheinstrument's e fective area,
andR(l; E ) denotes the normalised instrumental response (indi-
cating the likelihood of a photon with energi being recorded in
channell . To t data with physical models, the forward-folding
technique is commonly used where a hypothetical model spectrum
(like a power law or blackbody for the NS) is assumed, based on
the physical characteristics of the source and convolved with the
instrument's response (e.gDucci and Malacaria 2028nd refer-
encestherein). isyields countsinthe instrument's energy space,
not the actual photon ux emitted by the source.

e modeled spectrum is then compared to the actual observed
spectrum using a statistical method (e.gBuchner and Boorman
2023and references therein), adjusting the model parameters iter-
atively for the best t, indicated by the lowest statistic value. If the
best- t model is not satisfactory, the initial model needs reeval-

44



2.3 X-ray Spectral analysis

uation. e presence of background noise and other physical con-
straints a fecting the detector's response complicate spectral anal-
ysis, makingdirectinversion of the instrumental response imprac-
tical, hence the preference for forward-folding.

Spectral analysis must also consider background contributions,
which could be cosmic X-ray background (CXB) or particle-induced,
also known as "non-X-ray background' (NXB). Events, which de-
note the detection of individual X-ray photons by the instrument's
detector are considered valid if they meet speci c criteria. Good
Time Intervals (GTIs) are established by Itering observations to
exclude high energy-background periods, resulting in cleaned event
list speci c to the instrument.

Forimaging detectors such as EPIC-pn/MQOS, signal-to-noise op-
timization is crucial. Assuming a point-spread function, so tware
tools likeeregionanalyse ~ assistin determining the optimal centroid
and size for source extraction regions (circle or ellipse).

Various so tware packages are designed to simplify X-ray spec-
tral analysis. ese tools handle instrumental responses, o fer di-
verse spectral models, and provide statistical modeling, analysis
and visualization capabilities.

One widely used so tware for spectral analysis is XSPE@aud
199%. Primarily used for interactive tasks, it also supports script-
ing through interfaces in programming languages like Python and
TCL. For the X-ray spectral analysis presented in Chapters 3 and 4
of this work, | utilized the Python interface of XSPEC (v12.12.0),
known as PyXspec (v2.1.0).
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2.4 The considered XSPEC X-ray spectral models

2.4.1 Blackbody

Blackbody radiation is the most simple thermal emission model.
e spectral distribution (intensity at di ferent wavelengths) of a
black body's emission typically depends primarily on its tempera-
ture, rather than its material composition or shape. e black body
model serves as an initial approximation, o fering a foundational
understanding of thermal emission. However, its simplicity may
limit its ability to provide a comprehensive understanding of com-

plex phenomena, such as those observed in NSs.

In NSs that are relatively young and exhibit temperatures in the
order of approximately 10Kelvin, the radiation predominantly falls
withinthe X-ray region of the electromagnetic spectrum. e power
intensity of emitted radiation can be mathematically represented
by the equation:

3
1 (E;T) = hzcz(ef:(%) 0 (2.2)

In this expression,h denotes Planck's constant. e majority

of NS thermal spectra are modeled with a blackbody description
due to its simplicity and minimal assumptions, despite the chal-
lenge it presents in constraining more complex models. For exam-
ple, blackbody emission is independent of the magnetic eld and
assumes isotropic emission. e presence of a magnetized crust
or atmosphere signi cantly alters the thermal emission's spectral
pro le (see sectior?2.4.9.
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2.4 e considered XSPEC X-ray spectral models
In XSPEC (and PyXspec), the Blackbody spectrum (toggled with
bbody keyword) is described by the equation:

Ky 8052%%dE
A(E) =
) (KT)expés) 1]

Where the spectral radiance, A(E), is directly proportional to the

(2.3)

scaling factor K 1 = L39=D§0, wherelL 3gand D 1¢is the source lu-
minosity and distance) and square of the energy (E) and inversely
proportional to the fourth power of the temperature (kT).

In my analysisin Chapter 3and 4, lused aslight modi ed version
of blackbody namedbodyrad de ned as follows:

K, 10344 10 3EZ%dE
exps) 1
where the normalizationK , (= RZ,=D%,) is adjusted to corre-

A(E) = (2.4)

spond with the emitting surface's area.

2.4.2 NS Atmosphere

e widely held view is that NSs are surrounded by a thin atmo-
spheric layer, with its thickness ranging from a few millimeters to
few centimeters and its density lying between 0.1 to 10. gifsee
review byPotekhin 2014nd references therein). It's theorized that
a hydrogen-rich atmosphere might form over a NS, though if the
hydrogenisinsu cientquantity (due to accretion or fall back ma-
terial) to create a thick atmosphere remains a matter of debate. In
scenarios where less than @ of hydrogen is present, it's plausi-
ble that a dense atmosphere might not develop. In scenarios where
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hydrogen burn-o f due to di fusion occurs or if thermonuclear re-
actions consume all accreted matter, a helium-dominated atmo-
sphere could exist (e.gMori and Ho 2007.

Initial investigations into atmospheric spectra did not account
fortheionization of heavier elements and assumed a spectral shape
that was less rigid compared to a blackbody spectrum. is ap-
proach results in an underestimation of the star's temperature by
a factor of 2-3 and an overestimation of its radius when tting ob-
served spectraBogdanov et al.2009.

Numerous researchers have developed atmospheric models for
NS, building on the seminal work b¥shibanov et al(1992(see also
Pavlov et al. 1994 ese models, which are calculated under the
assumption of a plane-parallel geometry, vary based on the cho-
sen strength and distribution of the magnetic eld, as well as the
chemical composition and the ionization degree of the medium.
Di ferences arise due to the impact of these factors on the binding
energies of atoms, molecules, and other forms of bound matter,
which in turn can signi cantly in uence the abundances of such
bound states, contributing to the opacityHavlov et al. 1995Za-
vlin and Pavloy2002.

Recentmodels thataccountfor partially ionized atmospheres have
advanced our understanding, replacing earlier fully ionized mod-
els (HHo and Laj 2003. Some of these models have been integrated
into the XSPEC in three models, NSA, NSMAXG and NSATMOS.

e NSA model ( Zavlin et al, 1996Pavlov et al. 199%which as-
sumes afully ionized hydrogen atmosphere, calculates X-ray spec-
tra (ranging from 0.05 to 10.0 keV) emitted from a NS's hydrogen
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atmosphere. is model o fers three variations: one without mag-
netization (magnetic eld strengthB < 1¢ 1@ G) with a uni-
form temperature betweemnogTe s = 5:0 7:0and two with mag-
netization, one withB = 10'? G and another withB = 10'° G,
both having a temperature betwedngT.: = 5:5 6:8. e mod-

els consider the NS atmosphere in both radiative and hydrostatic
equilibrium, with negligible heat sources above the atmospheric
layer.

e NSATMOS model also assuming a complete ionization per-
forms interpolations on a set of NS atmospheric calculations pro-
vided by George Rybicki and Ramesh Narayan, producing a spec-
trum that characterizes an NS atmosphere. e grid of models
spans a broad spectrum of gravitational forces and temperatures
whileincluding the e fects of electron conduction and self-irradiation
by photons around the star. is model works under the assump-
tion that the in uence of magnetic elds is minimal B < 10 G),
and it assumes an atmosphere composed exclusively of hydrogen
(Heinke et al, 2006.

e NSMAXG model which assumes a partial ionizationNlori
and Ho, 2007 Ho et al., 2008 computes spectra from NS atmo-
spheres, generating a nal spectrum reliant on several parameters
(Table3.2). e spectra, resulting from both fully ionized, strongly
magnetized hydrogen or mid-Z element plasma, are derived from
the recent equations of state and opacity values, and are calcu-
lated by solving the radiative transfer equations for two polariza-
tion modes in a magnetized medium. e models are in equilib-
rium, both radiatively and hydrostatically. ey are sensitive tothe
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e fective surface temperatur®gTe s, the magnetic eld's strength

B andorientation g. When g issettozero, alignswith , sim-
plifying the calculation since opacities become dependent solely
on and the radiation's propagation geometry relies oR. is

holds true particularly for emissions from smaller areas like the
magnetic polar caps because these regions have negligible mag-
netic variation.

It's important to note that all these models are speci cally for
phase-averaged spectra. However, common issues with such ts
include potential underestimation of NS radii due to assumptions
about solid surfaces and the spectral models used for them.

2.4.3 Power-law

e nonthermal part of NS spectrum (in the absence of PWN) em-
anates from relativistic particles that are accelerated by the pul-
sar's intense magnetic eld, which rotate in unison with the star
as detailed in sectiori.7.2

In XSPEC (and PyXspec), the spectral ux density, A(E), for a
power law (toggled with powerlawer power ) is quanti ed as:

A(E) = KE (2.5)

where symbolizes the dimensionless photon power law index,
and K signi es the normalization constant in units o{10 ° pho-
tons /keV/cnt/s at 1 keV).
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2.5 Timing Analysis and Epoch Folding

When discussing NSs, it's crucial to consider the relativistic ef-

fects that are signi cant in the presence of intense gravitational
elds. ere are few relativistic phenomena to account for in any
model of these objects. Initially, there's the gravitational redshi t,
where the photon's energy as detected is less than what it would
be in the NS's own frame of reference. Additionally, the curvature
caused by gravity allows for the visibility of over half the star's sur-
face from a distant point.

With higher spin rates, NS emission models must also integrate
the e fects of beaming and kinematic Doppler-shi t. Regarding the
gravitational redshi t, photons of energy E emitted from the sur-
face of a NS with radius R will be observed with an eneffg§y by a
distant observer. isrelationship is expressed as:

r

-
E,. =E 1 ﬁg (2.6)

wherer g, the gravitational radius, is given by:

2GM
rg = 2 (2.7)

2.5 Timing Analysis and Epoch Folding

Pulsars at all wavelengths are observed through their characteris-
tic periodic emission pro les, whose shape can vary from a very
simple sinusoid to very complicated combinations of sharp and
broad components. e method of timing analysis is key to inves-
tigating the temporal patterns in observational data. is funda-
mental technique is important in tracing the frequency variations
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of pulsars, which in turn facilitates an understanding of the pul-
sar's physical properties.

e pulsed signal from a pulsar is o ten much weaker than the
surrounding noise and DC component in the data. As a result, re-
searchers use Fourier analysis to look for any repeating patternsin
the signal. is method has led to the identi cation of more po-
tential pulsar signals, many of which are interference from earthly
sources or satellites.

Subsequently, our focus will center on X-ray pulse signals. For
accurate pulse timing analysis and bypass Doppler delays induced
by the motion of the observatory, the observational time series of
the light curve (also referred as event times) has to be corrected to
the frame of the solar system's barycenter.

e process of constructing a frequency timeline for pulsating
NSs typically initiates upon identifying a suspected or known pe-
riod, o ten through techniques like Epoch Foldind.-€ahy et al.
1983 Contrary to the assumption of periodic binning, which in-
volves segmenting datainto time intervals, Epoch Folding involves
compressing and overlaying a light curve, which spans a time in-
terval Tops, based on the anticipated periodicity.

When examining a pulsed pro lep;, divided into Ny, uniform
bins, the preferred statistical measure is the Epoch Folding chi-
squared statistic, as indicated blyeahy et al(198% Leahy(198Y.

Nbin 2
= PP (2.8)

i=1 i
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Here,psymbolizes the mean pro le, while j is the standard de-
viationin each bin. Typically, the uncertainties are inferred from
the statistical errorsintheindividual uxreadings. Assumingthese
follow either a Poisson or normal distribution and that the central
limittheorem s applicable, the phase-folded count readingswill
conform to a normal distribution and ; is derived from the stan-
dard deviation of theX; via error propagation:

In comparisons of pulse pro les at di ferent periods, it is usual
to assume identical ;, derived from the standard deviation of the
uX measurement via error propagation:

S

N
. =std(X)) Iilamp'es (2.9)
bin

Provided the normal distribution assumption is valid, will fol-
low a ﬁbin L distribution when the time series contains only noise.
is simpli es the process of assessing the likelihood of rejecting
the null hypothesis.

2.5.1Z2and H Statistics

Buccherietal (198 3presented a now widely used alternative statis-
ticin X- and -ray studies, denoted aZ 2. is statistic is par-
ticularly e fective for detecting pulsed signals that can be approxi-
mated using a limited set of sinusoidal harmonics. ez 2 statistic

is de ned when observing\N photons with a pulse phase of; for
each photoni(= 1::N ), as shown below:
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20 1, O 1,9

X X
z2= 2" 9@ cox A +@ sink jA £ (2.10)
k=1 j=1 j=1

IS equation quanti es the extent to which a series of n sinu-
soidal harmonics represents the distribution of pulse phases. For
a single harmonic, the statisti@? is also referred as the Rayleigh
test Mardia, 197h

By analyzing di ferent trial pulse periods and calculatirgy for
each, one can identify periods that yield the highest statistic val-
ues, i.e., the strongest signal. e Z2 statistic conforms to a 2,
distribution when analyzing noise powers, aiding in setting detec-
tion thresholds and calculating the probability of rejecting the null
hypothesis based ona2 value.

Moreover, one can utilize a single test to determine if a signal is
best represented by a sum of harmonics and the optimal number
of harmonics required. isis encapsulated intheH test (de Jager
etal., 1989, essentially a comparison of variois’ values, normal-
ized for direct comparison:

H = max(Zﬁ 4n+4);n=1 20 (2.11)

With the peak value typically indicated as.
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2.6 Decomposing Periodic Signals Using Fourier Series

Inthe preceding section, we discussed the technique of epoch fold-
ing as a method for examining the pulse pro le properties of pul-
sars. Given the necessity of visualizing pulse pro les for analy-
sis, epoch folding serves this purpose. However, this method in-
troduces inherent uncertainties associated with the binning pro-
cess. To mitigate these issues, the Fourier decomposition of peri-
odic signals o fers a more precise alternative. is method lever-
ages Fourier harmonicsto decompose nearly periodic signals, such
as those from pulsars, into their constituent components. By an-
alyzing these components, we can gain deeper insights into the
signal's structure and behavior without the limitations imposed by
binning. e following formulas, are detailed comprehensively in
Hare et al.(202). We include them here as they form the founda-
tion of the pulse pro le analysis conducted iWahdat et al (2029,
which is based on Fourier decomposition.

Asignalthatis almost pegodié ( ) (withaperiodthatmay change
slowly), normalized so thatol F( );d =1,canbeexpressedasa
combination of Fourier harmonics:

X X
F()=1+ (acosk +hsin2k )=1+ sccos2(k k)

k=1 k=1
(2.12)

where isthe pulse phase de ned as follows:

= ()= o+ f(t to)+fft to)=2+::: (2.13)
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f andf_are the frequency and frequency derivativig,is the ref-
erence time. Furthermore:

a =Sccos2  and b = scsin2 (2.14)

are the Fourier coe cients for thek-th harmonic, de ning the
amplitude sy, the powersZ, and the phase  of the harmonic:

sc=a;+; tan2 = h=ag: (2.15)

If the frequency consists of a series of stochastic (for example,
Poisson-distributed) discrete events (such as photon detections),
numberedas = 1;2;:::;N, with event phases; = (t;), then
the expected values and variances of the Fourier coe cients are
determined as follows:

o X
ax = 2hcos X = cos X j;
=1 (2.16)
. 2 X
b, = 2hsin 2k |:W sin 2k
i=1
and
4 , . 1
G = N hcod2k ihcos Xk 2 = 2+ ax a2 (2.17)

h = Nihsmzzk ihsin2k 2 -1 ax K (2.18)
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e pro le normalization can be changed if needed. Forinstance,
if we want the area under the pulse pro le to be equal to the num-
ber of events, we can multipli# ( ) by the bin-averaged count.

2. [ Pulsed Fractiorof a pulsar

Having established the methodology of Fourier decomposition for
analyzing pulsar light curves, we now turn our attention to the
concept of pulsed fractions. isis acrucial aspectin understand-
ing the variability and periodicity of pulsar signals, as it provides
a quantitative measure of the signal's oscillatory component.

e pulsed fraction is conceptualized as the proportion of the
light curve's pulsating part to its total area and is expressed as:

Parea=1 F min; (2.19)

whereF i, represents the lowest value &f( ). Another way to
de ne pulsed fraction is:

I:max F min
= 2.20
pamp I:max + |:min ( )

IS iIs sometimes referred to as the "peak-to-peak’ or ‘'max-to-
min' pulsed fraction.

Hare et al.(202) prefer to term it 'modulation amplitude’, hence
denoted agamp in here and following chapters.

Both the area pulsed fraction and the modulation amplitude are
susceptible to signi cant uncertainties, particularly due to the im-
precise measurement d¥ i, (and to some extenk %), especially
whenF in, approaches zero. To prevent this issue, pulsations can
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be characterized by the root mean square (rms) of the sighdl ),
termed ‘rms pulsed fraction' (though technically, it's not a pulsed
fraction per se):

Z - 1=2

1 1=2 ){( 2 1=2
1 S Z
pme=  F() fd = 20§ =pl= L
0 k=1 2
(2.21)

wheres? and theZZ statistic are computed using the optimal
signal frequency and frequency derivative (that B = Zg. ....)-
Consequently, the signal rms can be easily calculated frafhas
shown in Equation 2.2). e calculation of pms doesn't rely on
measuringF min, makingitmore practical and less error-prone com-
pared toparea@nd Pamp, €specially when the number of harmonics
IS manageable.

e calculated pulsed fraction derived from the timing of events
detected within the source aperture typically have a lower value
compared to its intrinsic counterpart due to the inclusion of back-
ground signals. To adjustfor this background interference, we com-
pensate by multiplying the recorded pulsed fractions by the ratio
N=Ns, whereN represents the total count (source + background)
withinthe source apertureNs = N Npdenotes the source count,
andNysigni es the background count adjusted for the area of the

source aperture.
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3 Summary of the original
publications

e sky calls to us. If we do not destroy our-
selves, we will one day venture to the stars.
ere was a time the stars seemed an impen-
etrable mystery. Today we have begunto un-
derstand them. In our personal lives also, we
journey from ignorance to knowledge. Our
individual growth re ects the advancement
of the species. e exploration of the cosmos

Is a voyage of self discovery.

Carl Sagan
(Cosmos, 1980)

In this chapter, we outline the objectives oVahdat et al, 2022
and (Vahdatetal, 2029, along with the analyses conductedin both.
ese analyses are detailed in the appendix. Readers are encour-
aged to consult these publications for further information on data
reduction, multiwavelength observations (including light curves,
spectra, timing, etc.), and the methodologies employed. e pri-
mary ndings will be presented and discussed in Chapter 4.
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3.1 Toward an X-ray inventory of nearby neutron stars,
(Vahdatetal. ,2022

3.1.1Aim of the publication

ince the rst X-ray pulsar was detected by the Uhuru

satellite in the early 1970s, various types of NSs emit-

ting X-rays have beenidenti ed. Over the past twenty
years, extensive observations usik§yiM-Newtoand Chandra satel-
lites have not only enhanced our understanding of isolated and
binary NSs (by re ning the equation of state and studying pul-
sar geometry), but have also provided insights into the NS envi-
ronment, such as the mechanisms accelerating pulsar wind neb-
ulae and intrabinary shocks. Certain NS characteristics are exclu-
sively investigated through X-ray analysis. For example, the cor-
relation between spin-down energy losg, and X-ray luminos-
ity, Ly, has been extensively studied by researchddsdcker and
Truemper, 1997Possenti et al. 2002 Li et al., 2008 Kargaltsev
et al,, 2009. e X-ray e ciency of pulsars tends to range be-
tween 10“ and 10 ° at higherE-values (Fig3.). e debate per-
sists regarding whether the change of e ciency as noted above
Is due to the presence of higher multipole magnetic eld compo-
nents Kisaka and Tanak&017or the result ofincreased electron-
positron pair heating luminosity Harding and Muslimoy 201).
Since studies typically focus on the brightest or most exceptional
pulsars, there may be a bias in our understanding. To address this,
we initiated anXMM-Newtoful | survey (led by B. Posselt, ProplD
082303).
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Figure 3.1: Non-thermal X-ray pulsar luminositiesgL, in 1.0-10.0 keV and upper limits vs. the pulsar
spin-down power,E, for ordinary and recycled pulsardosselt et al.2013. It's noteworthy
that there appears to be a higher X-ray e ciency at lowé&, although there is a scarcity of
objectsin thatrange. Serendipitous searches in archi¥M-Newtoand Chandralata (such
as the one byPrinz and Becker 20)sually nd unconstrained large upper limits on k. for
pulsars withE-< 10° erg s ! because the objects covered by chance are typically a few kpc
away.
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3.1.2 Source selection and strategy in ~ Vahdatetal. (2022

For source selection, we utilized the ATNF catalog (v1Nsanch-
ester et al. 200pto identify nearby NSs within approximately 2
kiloparsecs (kpc) thatlacked X-ray coverage in archi¥ddM-Newton
and Chandraobservations. B3search radius was applied fotMM-
Newtorand al(®radius for Chandra to account for the respective
eld of views of the instruments. We selected a 2 kpc distance cut-
o f because beyond this, absorption e fects hinder the detection
of thermal emission-dominated NSs, like the Magni cent Seven
(Haberl et al, 2004). Distance estimates were derived from ATNF
using dispersion measure (DM) from radio timing observations
andthe YMW+17 electrondensity modeap et al, 2017, withsome
estimatesdi fering fromthose based onthe NE2001 mod&b(des
and Lazig2002. esedistanceswereincludedinouranalysis. By
considering the pulsar's spin-down poweE(), distance (D), and
average hydrogen column densiti(;) as estimated from DM ac-
cordingtoformulal.2(Qwe assumed apreliminary X-ray e ciency
of 10 “ to estimate expected absorbed X-ray uxes, prioritizing
pulsars with higher likelihood of detection in short exposure times.
In 2018 and 2019, we observed 14 pulsars usingii/-Newton
EPIC instrument, with exposures ranging from 5 to 20 ks (PI: Bet-
tina Posselt, Program ID: 082303) employing inand Medium |-
ters. ese sources, which are the main part of thev/ahdat et al.
(2029, are displayed in Tabl&.] along with the exposure times
and selected observational characteristics.
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Table 3.1: Properties of the ordinary and millisecond pulsars that are investigated XitM-Newtorn
this study (Vvahdat et al, 2022).

Pulsar ObsID ten tmr tme ben b vz P Di D, logE- Niat
(ks) (ks) (ks) (c/s) (c/s) (cls) (ms) kpd (kpo) (ergss?)

J0711 6830 0823030601 11.9(6.1) 13.8(9.8) 13.8(9.2) 2.5(TN) 0.35(M) 0.35(M) 5 0.11 0.86 33.6 0.6
JO0745 5353 0823031401 18.9(13.5) 20.8(18.4) 20.8(16.1) 0.4 (TN) 0.2(TN) 0.2(TN) 215 0.57 0.25 34.0 3.8
J0942 5552 0823031301 18.7 (13.5) 20.6 (20.2) 20.6 (20.2) 0.5(TN) 0.35(TN) 0.35(TN) 664 0.30 3.8 335 5.6
J0945 4833 0823031101 17.7(11.2) 19.6 (17.5) 19.6 (17.2) 0.5(TN) 0.2(TN) 0.25(TN) 331 0.35 151 33.7 3.0
J0954 5430 0823030401 14.7 (4.7) 16.6 (6.9) 16.6 (6.0) 2.0 (M) 0.35 (M) 0.35 (M) 473 0.43 3.96 34.2 6.2
J0957 5432 0823031001 15.7 (5.6) 17.6 (17.2) 17.6 (17.3) 0.8 (M) 0.35 (M) 0.35 (M) 203 0.45 4.33 34.0 7.0
J1000 5149 0823030301 7.0(5.8) 8.9(6.2) 8.9(8.7) 0.4 (TN) 0.35 (M) 0.35 (M) 255 0.13 1.93 33.4 2.2
J1003 4747 0823030201 14.7 (9.3) 16.6 (16.4) 16.6 (16.3) 1.0(TN) 0.35 (M) 0.35 (M) 307 0.37 2.94 34.5 3.0
J1017 7156 0823030701 10(5.3) 11.9(10.7) 11.9(10.0) 0.6 (TN) 0.2(M) 0.25 (M) 2 0.26 2.98 33.8 2.9
J1125 582% 0823031601 18.7 (5.7) 20.6 (16.9) 20.6 (16.9) 0.7 (TN) 0.35 (M) 0.35 (M) 3 1.74 2.62 34.9 3.9
J1543 5149 0823030901 6.5(5.3) 8.4(8.3) 8.4(8.2) 0.4 (TN) 0.35(TN) 0.35(TN) 2 1.15 2.42 34.9 1.6
J1725 0732 0823031501 15.1(12.3) 17.0(16.7) 17.0(16.7) 0.4 (TN) 0.35 (M) 0.35 (M) 240 0.20 1.90 33.1 1.8
J1740 3015 0823030101 471.7) 6.6 (6.0) 6.6 (5.7) 1.0(TN) 0.35(M) 0.35 (M) 607 0.40 2.94 34.9 47
J1755 0903 0823030501 4.7 (3.9) 6.6 (6.5) 6.6 (6.5) 0.4(TN) 0.35 (M) 0.35 (M) 191 0.23 1.79 33.6 2.0

e rst column lists the pulsar names along with their XMM-Newtowbservation IDs. Pulsars in bi-

nary systems are denoted with a superscript'B'. e second column displays the totaland GTI- Itered
exposure times for EPIC-pn and EPIC-MOS detectors, with values given in parentheses. e third
column lists the GTI lIter for the background light curve and the corresponding Iters for each EPIC
detector: "'TN' for thin Iter, 'TK" for thick Iter, and 'M' for medium lter. e last column presents

source properties: 'P' represents the spin period in seconds, iDdicates the best estimate of pulsar
distance in kpc based onthe ATNF pulsar catalog using the YMW+17 dispersion measure (DM)-based
distance as default, logedenotes the common logarithm of the spin-down energy loss rate in ergs
per second, andNy represents the hydrogen column density in units @0 cm 2 estimated from

the DM .
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19.01 ks EPN uncleaned bkg LC of |PSR J0745-5353] in 2019-01-13 19.01 ks EPN cleaned bkg LC of |PSR J0745-5353]| in 2019-01-13
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Figure 3.2: Example background light curves for one of our survey sources, PSR 0745 5353. Le t: Raw
(un Itered) background light curve. Right: Corrected ( Itered) background light curve ac-
counting for various factors in uencing detection e ciency (e.g., vignetting, bad pixels, PSF
variation, quantum e ciency) and stability (e.g., dead time, GTIs) within the exposure.

To optimize our source detection method, we analyzed detection
likelihoods of known X-ray-detected pulsars in 4XMM-DR10. En-
ergy bands 0.3-2.0 keV and 1.0-4.5 keV showed the highest num-
ber of detections based on maximum likelihood distributions. Ad-
ditional energy ranges of 0.3-1.2 keV, 0.3-1.5 keV, and 0.3-4.5 keV
were included for analysis, which provided the highest detection
signi cance (in some point sources) de ned as:

S = Ns — pNT N bgr
AN~ " Ny + 2Npg
whereS represents detection signi cance\sis the background-

(3.1)

subtracted source count$yt andN g, are total counts within source
and backgroundregions, andisthe ratio of source to background
region.

3.1.3Data analyses and ux estimation in the study
All data were processed using theMM-NewtorScience Analysis

So tware (SAS, V18.0.0), employing standard procedures. We ap-
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plied a FLAG==0 Iter to remove CCD gaps and bad pixels. Addi-
tionally, we conducted good time interval (GTI) screening to elim-
inate ares caused by energetic protons. Due to the presence of
numerous background ares during our short observations, stan-
dard background are screening would have signi cantly reduced
exposure time. Consequently, we allowed a higher background con-
tribution in some cases to maximize potential photon counts from
our targets. e complete list of GTl rates used for observations is
presented in Tabl&.1

We evaluated various GTI lters derived from 100-second binned
light curves of events with energies above 10 keV. For each GTI-
ltered event le, we generated images and exposure maps across
ve energy bands. We then utilized the SAS tool 'eregionanalyse'
to optimize the aperture, maximizing the source-to-background
count ratio. e optimal extraction radii ranged from 10°%o 159
We centered 'eregionanalyse' on positions upofrom the radio
pulsar position, incorporating proper motion corrections when avail-
able. Only one source, PSR JO74353, had a high proper motion
thatits position needed to be corrected. We obtained background-
subtracted source count rates an@l statistical upper limits for
each X-ray NS candidate covered by individual EPIC instruments.

For combined EPIC count rates and signi cance, we employed
the 'emldetect' task, conducting simultaneous maximum likelihood
(ML) point spread function (PSF) ts to the source count distri-
butions of EPIC-pn and EPIC-MOS events. e resulting values
and upper limit values are provided in Table 1 'Emldetect' also
yielded the statistical positional error for X-ray sources in our sur-
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vey, which, when combined with a systematic error @f5°? pro-
vided the total positional uncertainties for identifying multiwave-
length sources near X-ray NS candidates. For sources with a com-
bined netcountnumber above 100 in the EPIC instrument, we per-
formed spectral ts. Only PSR J1830952 met this criterion.

Due to insu cient counts for meaningful spectral ts, we as-
sumedtwo di ferent spectral models to convertcountratesto uxes:
a power-law (PL) with a photon index of 1.7 and a blackbody (BB)
with kT=300 eV. We utilized PIMMS v4.11 for this conversion and
estimated the hydrogen column densitiNg). We chose the input
energy ranges of 0.3-2.0 keV and 1.0-4.5 keV for BB and PL mod-
els to convert EPIC-pn count rates to absorbed and unabsorbed

uxes. Lastly, we used DM-based distances to convert unabsorbed
uxes and upper limits to X-ray luminositiesL; 1gkev =4 D 2F Unabs

3.2 Multiwavelength Pulsations and Surface
Temperature Distribution in the Middle-Aged
Pulsar B1055-52,{ahdat etal. , 2029

3.2.1 Aim of the publication

Radiation from rotation powered pulsars includes both nonther-
mal and thermal components. e nonthermal component comes
fromrelativistic particles in the pulsar's magnetosphere, while the
thermal component originates from the NS's surface. Studying
these emissions across di ferentwavelengths helps understand par-
ticle acceleration, magnetosphere properties, NS surfaces, andtheir
thermal evolution. By comparing multiband spectraand pulse pro-
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les with X-ray data we can measure surface temperatures, probe
temperature variations, estimate NS sizes, and analyze magne-
tospheric emission characteristics. As pulsars age, their thermal
and nonthermal components evolve di ferently. In younger pul-
sars, magnetospheric emission dominates, masking the thermal
emission from the NS surface.

However, as pulsars age, the magnetospheric emission weakens,
revealing the thermal emission in the X-ray range. is thermal
emission consists of both a cold component, originating from the
NS's residual heat, and a hot component, likely heated by parti-
cles from the pulsar magnetosphere. In older pulsars, the NS be-
comes too cool to emit X-rays, and only the hot thermal compo-
nentis observable in so t X-rays, along with faint magnetospheric
emission. Studying middle-aged pulsars, around 0.1 to 1 million
years old, allows researchers to comprehensively investigate the
electromagnetic radiation from NSs, providing valuable insights
into NS physics and evolution. Notable middle-aged NSs include
PSRsB0656+14,J0633+1746,and B1055 52, known asthe " ree Mus
keteers' which exhibit similarities in their properties such as X-ray
emissions and spin-down characteristicBécker and Truemper
199yY.

B1055 52 was initially studied bXMM-Newtorn 2000, where
a phase-resolved spectral analysis was conducieel l(uca et al.
2009. Subsequent observations with Chandrain 2012 revealed sig-
ni cantspectral changes, including anotable >30% decreasein ux
compared tothe 200KMM-NewtonbservationPosseltetal.2012.
ese changes, too large to attribute to cross-calibration issues,
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suggest long-term spectral variability, a phenomenon uncommon
in middle-aged NSsRosselt et al.2023. erefore, in 2020, we
conducted another observation of B1055 usXigiM-Newtonem-
ploying a better-suited instrument mode than the 2000 observa-
tionsto more accurately measure the magnetospheric spectral com-
ponent and correlate it with the radio and gamma-ray pulse pro-
les. Additionally, we coordinated simultaneous radio observa-
tions of the source using the Parks and MeerKAT Radio Telescopes.
e objective of Vahdat et al.(2029 was to analyze the multiwave-
length datafrom B1055, aiming to understand the temperature dis-
tribution and investigate both thermal and non-thermal emission
characteristics. Furthermore, we soughtto search for phase-dependent
absorption features in the new data, since such features have been
discovered in some other middle-aged pulsars.

3.2.2 Data analyses conducted in the study

We analyzed X-ray data obtained from four separate observations
conducted with theXMM-Newtotelescope over a span of 20 years.
Simultaneously, we conducted radio observations from the Parks
and Meerkat telescopes, taken alongside tkiFIM-Newtomlata in
2019, as well as-ray data from the Fermi-Lat instrument (Fig.

3.3. Our analysis of the X-ray data primarily focused on three as-
pects: Phase-integrated Spectral Analysis, Phase-resolved Spec-
tral Analysis, and timing Analysis. Initially, we compared two 2019
observations (101N and 201N) to ensure consistency in terms of
source and background count ratios, distribution, and spectral t
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Figure 3.3: Simultaneous multiwavelength observation of PSR B1055

parameters within an energy range of 0.3-8 keV. We utilized PyXspec,
python interface with XSPEC, for X-ray spectral tting, employ-
ing the Tubingen-Boulder model through its XSPEC implementa-
tion. Our analysis included tting the high-energy portion (2.3-

8 keV) of the spectra with an absorbed power-law model. Subse-
guently, we performed broad-band spectral tting (0.3-8 keV) us-
ing a three-component model consisting of two blackbody models
and a power-law model. Upon establishing consistency, we com-
pared the combined 2019 data with that of 2000, noting di fer-
ences in count statistic and background noise levels, particularly
at high energies. Finally, we conducted a comprehensive analy-
sis by combining 12 spectra and performing a 2BB+PL t, yielding
best- t parameters. Additionally, we evaluated various NS atmo-
sphere models available in XSPEC, speci cally applicable to mag-
netic elds of approximately10'? G. However, tting with single-
component and two-component atmosphere models resulted in
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Table 3.2: NSMAXG XSPEC tresults of PSR B1055-52 combined with PL or BB components

Switch | Element| B(102 G) | & m | logg(cm/s) | log Tess 2/dof
1100 H 0.1 0 N/A | 2.4 55 57| 2.84
1200 H 1.0 0 N/A| 0.4-25 5.58 1.8] 1/0.9
1260 H 4.0 0 N/A | 2.4 57 1.8] 1.2/1
1300 H 10.0 0 N/A| 0.4-25 5.7 1.8| 1.6/1
1211 H 1.26 0 N/A | 1.6 5.7 1.8| 1.3/1
12006 | C 1.0 0 N/A | 2.4 5.8-6.9| 6 1.3
12008 | O 1.0 0 N/A | 2.4 6.9 6 1.5
12010 | Ne 1.0 0 N/A | 2.4 6.9 6.1/ 1.9
123100 H 1.0-1.820-90| 0 1.6 55 1.7| 3
123190 H 1.0-1.82|0-90|90 | 1.6 5.5 2.1 2
130100 H 55-10.0|0-90| 0 1.6 5.6 1.71 4.5

signi cant systematic residuals at higher energies, while two-component
and three-component models exhibited similar issues at lower en-
ergies.

Table3.2presentsthe tting results forthe NSMAXG atmospheric
modelappliedto PSR B1055 using XSPEC. e model's performance
with carbon, oxygen, and neon elements, as well as with hydro-
gen atmospheres at high inclinations, was suboptimal, yielding
poor ts. Acceptable ts were primarily achieved with hydrogen
atmospheres featuring moderate to high magnetic elds and low
inclination angles. ese ts were conducted using both single-
component and multi-component atmospheric models, incorpo-
rating PL or BB components as additional parameters.

When tting with single-component models, and combinations
of two-component atmospheres, the results showed signi cant sys-
tematic discrepancies at higher energies, withareduced chi-squared
value 2 & 8. Similarly, combinations of two-componentand three-
component models that included an added PL or BB failed to pro-
duce satisfactory ts due to pronounced systematic residuals at
lower energies, speci cally below 1.5 keV.
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PSR 1055-52 NSMAXG fit nsmaxg_6new_NHfree
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Figure 3.4: Phase-integrated spectral tting results for PSR B1055, using the X81M-Newtorlataset.
e tting was performed over the 0.3-8 keV energy range, incorporating six spectra within a
two-component NSMAXG model with an additional PL, set with a Switch parameter of 1200.

In our timing analysis, we employed th& 2 statistic (Buccheri
et al,, 1983to investigate X-ray pulsations near the expected radio
frequency. To ensure robust signal extraction with high signal-to-
noise ratios 6=N) and signi cantZZ .., values, we optimized GTI
screenings, energy regions, and extraction apertures.

Before searching for and _in the X-ray data, we adjusted the
event times of 101N and 201N by subtractitg{ Tspan2+ t2)=2
(whereTspan2is the times elapsed between the rst and last de-
tected events for 201N) to minimize correlation betweerand

setting the reference time to MJD 58664.376681.

Conducting theZ 2 test separately for each dataset at xed =
1:478 10 3Hz/s, we utilized the stingray Python package (ip-
penkothenetal,2019. For 101N (201N), we extracted 44113 (41984)

71



3 Summary of the original publications

zi

15

- 3600
10 -3200

- 2800
5

- 2400
0 - 2000

- 1600
s - 1200

| 800
10

- 400
5 -0
1350 20 10 0 10 20 30

2 E 2 1 0
V=1 (1077 Hz) V=g (1077 Hz)

00000

hhw furH

'
.‘.‘nnHHHHHﬂmm ]

(10712 Hzks)

Figure 3.5: Le tZ f statistics with a xed _=7e-14 Hz/s obtained fd:3  7keV events extracted from
EPIC-pn source region. Middle and right: Maps &?%( ; ) in the vicinity of pulsar's ex-
pected (green star) frequency and its derivative from Parkes radio timing solution for the
energy ranged:3  7keV. e red star indicates the location of the highesZ?(; ) value
(meax =3739). el,2and 3 statistical error contours forZ( ; ) are displayed with blue
ellipses. Fromvahdat et al.(2029

events from GTI- ltered0:3 7keV data using 8F%Yadius extrac-

tionregion. e H-test( de Jager eta).198%indicated a maximum

at three harmonicsif = 3) for each dataset, yieldingfmax =1925

(1802) and 5., = 2123 (2029) at frequencies= 5:07317468(13)

Hz (5:07317498(14z).

Combining the two EPIC-pn datasets, we obtainetf,, ., = 3739
(Z3 max = 4155) at(z1ma = 5:073174881(4)z and (Z?,) =
+7 10 Y Hz s 1 isis consistent with the expectation that
+72
should be approximately equal to the squared coherence ofthe com-
bined data Zl max, combine

tween the datasets.

the sum of the squared individual data setg?

1:max, obsl 1;max, obs2

4 Suggesting good phase connection be-

ese results suggest good phase connection between datasets.

Despite the lower accuracy of the X-ray timing solution compared
to radio, we utilized it to maximize signal strength. For phase-
resolved spectroscopy, we divided the datainto 5 equal-sized phase
bins and extracted spectra from each bin using the same extrac-
tion radius, Itering, and binning criteria as the phase-integrated
analysis. Ensuring each bin contained aminimum of 15,000 counts,
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we con rmed adequate spectral constraints. Employing the best-

t 2BB+PL model from the phase-integrated analysis, as starting
point we conducted spectral ts with xed parameters for the ab-
sorbing hydrogen columnNy = 2 16°cm 2) and photon in-
dex ( = 1 :8). Figure3.6presents each spectrum along with its
corresponding best- t model parameters and? values. All bins
yielded satisfactory ts, e fectively constraining the parameters of
the three spectral components across all phases. However, in the
fourthbin( =0.6 0.8), the statistical analysis using th@st sug-
gested that including the Hot BB component was not necessary.
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Figure 3.6: Fits to phase-resolved spectra for 5 equal-sized phase bins of the 2019 EPIC-pn data. Hot BB,
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eters with a margin of 1 error are shown at the top of each panel.
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Life is like riding a bicycle. To keep your bal-
ance you must keep moving.

Albert Einstein
(Letter to his son Eduard, 1930)

Is chapteris dedicated to presenting the main ndings of (Vah-
datetal, 2029 and {Vahdat et al, 2029, as well as discussing and
interpreting these results. Additionally, each section includes a
segment titled "Additional Notes and Outlook', where | will delve
into additional ndings and ideas thatwere notincludedinthe pa-
pers but are important or bene cial for the further development of
the studies conducted therein.

4.1 Toward an X-ray inventory of nearby neutron stars,
(Vahdatetal. ,2022

4.1.1Detected pulsars from the survey

mong the ve X-ray energy bands speci ed invahdat
etal.(2022,the 0.3 2.0keV band exhibited the high-
est overall detection signi cance in the EPIC instru-
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J0745-5353 o  J1125-3825 J071L338

10" 10"

)

Figure 4.1: X-ray counterpart candidates in 0.3-2.0 keV as observed with the EPIC-pn and EPIC-MOS2
(PSR J0711-6830). egreencircles are centered at the radio timing position of the pulsars, the
cyan circles are centered at the position where the X-ray source has the highest signi cance.
e images have pixel scales of 0.% and are smoothed with Gaussian length scales3.4{for
PSR J1125 5825), and2.4%for PSRs J0745 5353 and J0711 6830). e angular separations
between X-ray and radio positions are given in Taldlel

ments for our survey sources. us, we present results for this
band, acknowledging a exposure loss of up to 65% due to back-
ground aring events, which exceeded our expectations.

In our program, we identi ed three X-ray point sources with at
least3:5 signi cance, closely aligned with the radio positions of
pulsars JO711 6830, JO745 5353, and J1125 5825, warranting fur-
ther investigation for possible associations. e relevant exposure
times, distances, and source properties are detailed in Tabl&
while Tabled. 1provides angular separations (between radio and X-
ray positions) and X-ray source signi cance. Corresponding EPIC
images are displayed in Figuré 1. Observational properties of the
identi ed sources are listed below:

PSR J0711 6830: e candidate X-ray counterpart is positioned
1:7°%rom the radio location of the pulsar. Despite a lack of counts
in the narrower so t energy band, inclusion of higher energies led
to detection. However, irregular countdistribution in EPIC-MOS2,
noise-like appearance in EPIC-pn, and absence in EPIC-MOS1 raised
doubts about the validity of this detection.
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PSR J0942 5552: e most signi cant X-ray location according
to eregionanalyse IS 9:7°9rom the radio pulsar position (not shown
in Figure4.)), casting uncertainty on a match due to non-detection
in EPIC-MOS1/MOS2 and considerable angular separation. Addi-
tionally, a nearby extended X-ray source, with an angular separa-
tionof 25%rom the radio pulsar, is unlikely to be associated.

PSR J074%353: ispulsar, initially identi ed inthe second Mo-
longlo pulsar surveyNlanchester et al.1978 Analyzing EPIC-pn
data revealed a 30% exposure time loss during GTI-screening. e
X-ray source, located:54%rom the radio pulsar position, emerged
as a promising counterpart candidate. Detailed statistics and ux
calculations are provided in Table.1 along with information on
nearby astronomical sources.

PSR J112%825: e pulsarwas rstdiscoveredinthe High Time
Resolution Universe Pulsar surveyK¢ith et al, 2010Q. It has a
helium-core white dwarf (WD) companion with a mass of 0.33 M
(Huietal., 2018. erecycled pulsarislocatedat1.7 kpc (YMW+17
model) and has a surface dipole eld of&;=44 1F G witha
logE- = 35 and characteristic age of 0.8 Gyr. We had a clean ex-
posure time of 5.7 ks in EPIC-pn and 17 ks in EPIC-MOS1/MOS2
a ter background ltering. e X-ray source position has an angu-
lar separation of0:6°%rom the radio position.

For this X-ray source, there are 2 Gaia source8°%and 3:8°away
with the second one having a 2ZMASS and WISE counterpart. We
were not able to exclude any of them as an optical counterpart of
the X-ray source based on their astrometric or spectral features.
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Table 4.1: Properties of the selected ordinary and millisecond pulsars that are investigated in this survey
(from Vahdat et al. 202}

PNo:3 2kev MOSL:3 2kev MOS2)3 2kev Combined EPIC
Pulsar ObsID xR Ne s uLt N s uLt Ne s uLt N, s ML
(arcsec) (counts) ] (cls) (counts) 0 (cls) (counts) 0 (cls) (counts) 0
J0711 6830 0823030601 1.7 23%0 1.8 0.0080 0.0005 11.34.7 2.4 0.0018 54.815.7 35 14.9
J0745 5353 0823031401 1.5 e 3.6 6.2 4.0 1.6 0.0006 8.14.3 1.9 0.0007 39.8.2 4.3 16.2
J0942 5552 0823031301 9.7 31073 3.1 0.0004 0.0006
J0945 4833 0823031101 2.3 143 2.2 0.0021 3.35.1 0.0007 0.0004
J0954 5430 0823030401 1.2 Vol 11 0.0021 1.B8.2 0.0009 2529 0.0012
J0957 5432 0823031001 8.5 B®B 1.6 0.0024 8.35.6 15 0.0008 0.0003
J1000 5149 0823030301 2.7 0.0007 0.0005 0.0010
J1003 4747 0823030201 21 18.8 1.3 0.0019 3.8.8 0.0005 0.0002
J1017 7156 0823030701 5.3 i% 0.0015 0.0002 0.0003
J1125 5825 0823031601 0.6 18.8 2.8 0.0038 17.46.3 2.8 0.0012 10.3%.2 2.0 0.0009 47.410.2 4% 209
J1543 5149 0823030901 1.2 4.0 1.0 0.0018 3.83.6 1.2 0.0011 0.0007
J1725 0732 0823031501 4.4 3.8 0.0006 1627 0.0004 0.0003
J1740 3015 0823030101 7.8 8.5 1.8 0.0064 0.0008 0.0008
J1755 0903 0823030501 0.3 6421 1.5 0.0031 0.0006 0.0009

e x Rrcolumndisplays angular separationin arcseconds between the pulsar's radio timing posi-
tion and the centroid of the nearest X-ray source. Background-subtracted cousat the optimized
X-ray source position and their corresponding signi canc® according to Equation (1) are listed for
each detector, as well as the maximum likelihood for the detections considering all EPIC instruments
together. e 3 upper limits (UL) for individual instruments are Bayesian upper limits according to
Kratetal. (199L e ML values are given in 0.3-2.0 keV for PSRs J0745 5353 and J1125 5825 and in
0.3-4.5keV for PSR J0711 6830.
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4.1.2 New archival X-ray counterpart of pulsars

While analyzing archival X-ray source catalogs to re ne our de-
tection energy range, we uncovered potential pulsar counterparts
that have notbeen previously reported. To identify them, we cross-
referenced the radio positions of pulsars from the latest ATNF cat-
alog Manchester et al.2005 with the XMM-Newtofd XMM DR 10,
Webb et al. 202)and Chandrg CSC v2) catalogs, selecting those
within search radii of 10%nd 5°respectively. Initially, we iden-

ti ed 340 X-ray sources, which we narrowed down to 101 candi-
dates assuming a pulsar distance limit of 2 kpc. A ter excluding
pulsars with known X-ray counterparts in databases like SIMBAD
and ADS, we identi ed three potential new X-ray counterparts for
nearby pulsars in the 4XMM-DR10 catalog.

Additionally, we conducted a search for signi cant detections of
pulsars previously only listed with upper limits in X-ray surveys by
Prinz and Becke 201y andLee et al(201§. is e fort yielded 5
additional sources in theXMM-Newtomatalog within al®%earch
radius of radio pulsar positions. We found no unpublished X-ray
emitting pulsar candidates in CSC v2. To ensure consistency, we
applied the same analyses to archival sources as to our survey pul-
sars, enabling direct comparisons in terms of energy bands and

uxes. e total positional uncertainty of archival sources was ob-
tained from the 4XMM-DR10 catalog, using theserrat the 3

con dence level. Notably, two archival sources had distances ex-
ceeding 2 kpc based on théMW+1Tnodel, yet we retained them
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Figure 4.2: X-ray counterpart candidates in 0.3-2.0 keV as seen with the EPIC-pn (except for J1831 and
J1535 which are displayed in EPIC-MOS1). e green circles are centered at the radio timing
position of the pulsars whereas the blue circles are centered at the X-ray source with the high-
est signi cance. e Magenta circles show the 4AXMM-DR10 positions close to these pulsars.

e images have pixel scales of 0.% and are smoothed with Gaussian length scales2.2°
(except PSRs J1535 4115 and J1926 1314 wit#y. e angular separations between X-ray
and radio positions are given in Tabl.2(from Vahdat et al. 2022

due to their intriguing X-ray characteristics that are summarized
in Vahdat et al.(2029.

4.1.3 Potential alternatives to explain the X-ray sources

We utilizedthe3 positional uncertainty radius to examine nearby
optical or infrared sources that could account for or contribute to
the observed X-ray emission. Our search incorporated data from
various catalogs includingsaiaEDR3 2MASS WISE, NOMAD,
and theTESSInput Catalog.

To explore alternative counterparts, we hypothetically attributed
all X-ray uxtoanoptical/NIR source, analyzing resulting X-ray/optical/NIR
ux ratios, color-color, and color-magnitude diagrams, alongside
proper motions and known distances when available. We classi-
ed optical/NIR sources based on established schemes$/taccac-
aro et al. (1983, Covey et al(2007) andBailer-Jones et al2019.
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Table 4.2: Properties of ordinary and ms-pulsars with possible counterparts in 4XMM-DR10 catalog for
which we could not nd arespective note in the literature or previously marked as upper-limit
(FromVahdat et al. 202}

PNo3 2kev MOSh:3 2kev MOS2:3 2kev
Pulsar ObsID X R IAU name ML N, s N, s N, s
(arcsec) (arcmin) (counts) X (counts) 0 (counts) 0
J0348 4130 0605470101 4.74 7.8 4XMM J034023.3+413040 12.0 5411421 13.95.6 2.5 13.64.3 3.1
J14355954 0692050101 2.59 16.9 4XMM J143500.1-595452 11.3 17.9%66.8 3.7
J16220315 0784770401 0.84 1.7 4XMM J162259.6-031538 63.5 7.833.94.3 24.16.8 35 20.16.9 2.9
J15354114 0652610201 5.6 4.3 4XMM J153516.5-411402 12.716.572.54.4 21.09.8 2.1 19.88.5 2.3
J16431224 0742520101 15 11 4XMM J164338.0-122458 112.711.366.8 5.9 24.6.4 3.8 22.36.3 35
J18310952 0822330101 2.2 2.3 4XMM J183134.1-095201 96.9 28.9 9.6 3.0 29.09.7 3.0
J185%70943 0742520201 1.3 1.2 4XMM J185736.4+094317 38.3 6.827.94.1 7.145 1.6 13.84.7 29
J19261314 0742620101 5.5 11 4XMM J192653.7-131358 6.9 16.759.6 3.5 13.8.2 1.6 27.69.6 2.8

x R column displays angular separation i¥fbetween the pulsar's radio timing position and the
centroid of the nearest X-ray source according to 4XMM-DR10.s the EPIC-pn o f-axis angle.
ML is the reported 4XMM-DR10 maximum likelihood in the energy band 0.2-12.0 keV. Background-
corrected countdNs at the optimized X-ray source position and their corresponding signi cance are
displayed for EPIC-pnand EPIC-MOS1/MOS2. PSR J1831 0952 hés gigni cance in 0.3-4.5 keV
with Epic-MOS cameras. e o f-axis angle is given for Epic-MOS1.

Visual magnitudesrtfy, ) were derived fronlGaiaEDR3passbands
and colors using Landolt standard stars observed wiHaia

Interpreting X-ray to optical ux ratios, we employedVaccacaro
et al. (198§s classi cation scheme to assess the likelihood of opti-
cal sources being, for example, AGNs or main sequence stars. Ob-
jects like galaxies and AGNs may not conform@aiaphotometry
conversionrelations. Astrometric properties frot@aiaEDR3 in-
cluding distances and proper motions, were also utilized to verify
stellar origins.

Inthe absence )2MASSounterparts, Gaia colors were converted
to SDSXolorsfor classi cation following Covey etal. Additionally,
Jones et al.'s empirical classi cation @éaiaDR20objects was con-
sidered, aiding in the categorization of potential multiwavelength
counterparts.
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Table 4.3GaiaEDR3 sources that fall within3 positional uncertainty radius of the X-ray sources.

GaiaEDR3 Associated PSR D Te \% log { x=f,) Macc88 CVvo7 BJ19 Excluded
(masly)  (masly) (kpc) (K) (mag) (Spectral type) (S) (GXY)

237123598225544064 J0340+4139 (466 0.4 -2.6 0.4 2.0 1.1 4154182 20.60.7 -0.5 AGN S,QSR Y Y
5339616527672093056 J1125589% (1278 0.1 1.10.1 4.0 2.0 18.7 0.4 -0.85 M, AGN, GXY M1, M5, M2 S, QSR N Y
5339616527704864768 J112558%5 (3868 0.1 1.00.1 1.70.1 5488393 16.40.3 -1.7 M, K, GXY G8 S, GXY N Y
5878785517750906: J14355954 (4%5 -9.5 0.1 -2.4 0.1 2.2 1.1 6635180 19.10.4 -1.3 M, GXY M6, M7, M8 S, GXY N Y
5878785517754291968 J1435598% (6-8% 0.2 -2.6 0.1 2.3 1.1 5456212 19.90.5 -0.9 M, AGN, GXY M5,M6,K7 S,GXY,QSR N Y
4358428942492430336 J1622 0318Y0.88.2 0.3 2.3 0.2 2.7 1.9 6108254 19.60.4 -0.7 M, GXY, AGN S Y Y
4310888159960965632 JIBBW (2.7 -1.9 0.6 -410.6 150.8 21505 -0.2 AGN S,GXY,QSR Y Y
4186460380401976448 J1926 131%(0.96 18.2 0.5 -2.1 M,K S,QSR N Y
4186460380401976576 J1926 1393 (1.96 0.9 -4.9 05 4.2 2.3 147 0.4 -1.8 M,K S,QSR N Y
4186460380410768640 J1926 131%(2.%4 0.1 -540.1 1501 5861123 18.40.5 -35 B-F.G,K M3, M4, F-8 S, GXY N Y

e respective pulsars are listed in the second column, followed by the angular distance to Geia
EDR3 source in parentheses. e next columns show the proper motions, distances and e fective
temperatures obtained fronTESS Input Catalog - v8.0 Gtassun et al.2019. e V-band magni-
tude (Vega) was estimated from tHgaiamagnitudes using Johnson-Cousins relationships of Landolt
standard stars that were observed witBaiaaccording toEvans et al(201§. log  x=fy) is the X-ray

to optical uxratio. e Macc88, CV07 and BJ19 columns represent classi cations accordingvac-
cacaro etal(1983Covey et al(2007 andBailer-Jones et a[2019respectively. S, GXY, QSR and AGN
represents star, Galaxy, Quasar and active galactic nucleus, respectively.

Finally, we considered point source (stars) and extended source
(e.g., galaxies) classi cations provided by the TESS input catalog.
Withinthe 3 uncertainty regions of six X-ray candidates (includ-
ing ve archival sources), we identi ed ten potential optical/NIR
counterparts (Tablé.3.

4.1.4 X-ray ef ciency of pulsars

Assuming the X-ray uxes solely originate from the pulsars and
considering the proximity of our distance estimates to reality, we
illustrate in Figure4.3the relationship between X-ray luminosity
(L x ) and spin-down luminosity E) for both thermal and non-thermal
emission, encompassing both survey and archival sources.

Many sourcesin our sample exhibitane ciency)around10 4.
Notably, only three pulsars from our archival X-ray observations
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have rm uxestimates derived from parallax distances, highlighted
in yellow in Figure4.3 with consistent estimates for the majority
except for J0711 6830.

e solitary millisecond pulsar JO711 6830 displays an X-ray e -
ciency signi cantly lower than typical values, although this is sub-
ject to uncertainty due to distance ambiguity. Without a parallax
measurement, the discrepancy between DM-based distance esti-
mates D, and D) leads to an uncertainty factor of 8. Assuming
a distance of 0.86 kpc based on tiNE200Inodel, the source's lu-
minosity falls within the typical range for X-ray e ciency.

Another noteworthy case is the middle-aged pulsar J1926 1314,
exhibiting an X-ray e ciencyof x 10 ', with minimal varia-
tion using theNE2001based distance.

IS source, known to possess anotably stronger dipole magnetic
eld than typical middle-aged pulsars, hints at potential magne-
tothermal heating if the X-ray source indeed represents the pulsar

counterpart, and if the DM-distances are accurate.

Figure4.3showcases relatively consistent X-ray e ciency values
acrossdi ferentspectraand energy bands. isstability arises from
the conversion of a xed count number in the same energy band to

uxes for both spectral models, limiting ux variation. Enhanced
accuracy in future X-ray e ciency determinations can be achieved
with improved distance estimates and resolution of thermal ver-
sus non-thermal components through follow-up observations, as
demonstrated by PSR J1831952.
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Figure 4.3: X-ray luminaosity of ordinary and millisecond pulsars investigated in this study vs. their spin-

down powersE- calculated withYMW+1Dbased distances (le t) andE200based distances
(right). Sources with parallax measurements are displayed with yellow. e up-pointing tri-
angles display the 1 10 keV non-thermal luminosities obtained via the PL assumption (with

=1 :7) for the underlying spectra, and the down-pointing triangles shows the 0.3 2.0 keV
thermal luminosities obtained via BB assumption (with kKT = 300 eV). Spectrum-derived PL
ux for J1831 0952 is shown with green triangl€&_values are corrected for the Shklovskii ef-
fect where relevant (Frorivahdat et al. 2022

4.1.5 Additional notes

Our initial Ful | survey, aimed at obtaining X-ray coverage of a
less biased pulsar sample, observed 14 NSs (out of 17 proposed) be-
tween 2018 and 2019. Among these 14 targets, 8 have clean EPIC
observations (without strong background ares) for 50% of the ap-
proved times. Among these, four had detection rates above 3
while the other four have constrained limits down to ux values of

4 10 *erg/s/cn?. For the next cycle oKMM-NewtorProposal,

we re ned our survey strategy and proposed more sources to be
observed. ese improvements included accounting for distance
uncertainties by comparing di ferent estimates (parallax distances
and various models based on radio dispersion measure, DM). We
only proposed targets with either parallax measurements, small
distance deviations (less than a factor of 2) for di ferent DM mod-
els, or detectability for the largestlisted distance. With thisre ned
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Figure 4.4: X-ray count distribution of PSR J0835-3707 in 0.3-3.0 keV as observed with the EPIC-pn (le t)
and EPIC-MOSL1 (right)

strategy, we secured several observation opportunitiesin AO21, AO22
and A023 cycles (PI: Armin Vahdat). Some of these observations
have already been conducted, providing us with new data not in-
cluded inVahdat et al.(2022, which will be discussed below.

PSR J0835-3707

PSR J0835-3707 is a middle-aged pulsar ( 8:8 1 yr) with

aP andP-of 0.54 s and 9.780 °ss !, respectively. e source
was discovered by the Parkes multi-beam pulsar survieha(ich-
ester et al, 200), and its DM-based distance estimates (YMW+17)
place the source at 0.55 kpc.

In December 2021, the pulsar was observed for about 20 ks with
XMM-NewtoiPIC cameras, una fected signi cantly by background
ares. Notably, EPIC-MOS1 achieved a detection signi cance of
2.6 (see Fig.4.4). Upper limits (3 ) for X-ray emission from the
pulsar, as measured by individual EPIC instruments, are summa-
rized in Table4.4
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Figure 4.5:; X-ray count distribution of PSR J1530-5327 in 0.3-2.0 keV as observed with the EPIC-pn

PSR J1530-5327

PSR J1530-5327 is a middle-aged pulsar (95 10 yr) with a

P of 0.28 sand &2.0f4.68 10 1°ss (Parthasarathy et a).2019.
Based on DM measurements (YMW+17), the pulsar is situated at
1.12 kpc. In March 2022MM-NewtoiePIC cameras observed the
pulsar for approximately 15 ks. While the EPIC-pn camera expe-
rienced a slight reduction in observing time due to background
ares, a fecting about 20% of the approved time, the EPIC-MOS
cameras remained una fected. Unfortunately, no X-ray emission
was detected within the EPIC cameras (see Hd). Upper limits

(3 ) for X-ray emission from the pulsar, as determined by individ-
ual EPIC instruments, are provided in Table4

PSR J1918+1541

PSR J1918+1541 is the third and the last middle-aged pulsar in the
currentlistwitha . 23 1 yrand withaP andP-of 0.37 s
and2:54 10 ss 1, respectivelyCamilo etal, 2006. e source

has DM-based distance estimates (YMW+17) of 0.73 kpc. In April
2023, the pulsar was observed for about 16 ks wiikM-Newton
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Figure 4.6: X-ray count distribution of PSR J1918+1541 in 0.3-2.0 keV as observed with the EPIC-pn (le t)
and background light curve of observation (right) highlighting the background are.

Table 4.4: Properties of the selected middle-aged pulsars that are investigated in the new AO21 and A022.

PNo:3 2kev MOSL:3 2kev MOS2)3 2kev Combined EPIC
Pulsar ObsID X R N, s ULt N, s ULt N, S ULt N, s
(arcsec) (counts) ] (cls) (counts) 0 (cls) (counts) 0 (cls) (counts) 0
J1530 5327 0884180301 2.3 0.0011 0.0006 0.0004
J0835 3707 0884180401 1.9 131.1 13 0.0017 1785 2.6 0.0005 32.69.2 3.0
J1918 +1541 0901590201 4.3 0.0034 13.77.2 18 0.0007

e x rcolumndisplaysangular separationin arcseconds between the pulsar's radio timing posi-
tion and the centroid of the nearest X-ray source. Background-subtracted couhisat the optimized
X-ray source position and their corresponding signi canc® according to Equation (1) are listed for
each detector, as well as the ML for the detections considering all EPIC instruments togethel3 e
upper limits (UL) for individual instruments are Bayesian upper limits accordingkoa tet al. (199)L

EPIC cameras. Regrettably, the EPIC instrument encountered a
signi cant background are, impacting around 40% of the allo-
cated observation time (see Fig6 right). Despite the extensive
observation period, the pulsar did not exhibit any signi cant de-
tection in any of the instruments (refer to Fig.G le t). e upper
limits (3 ) for X-ray emission from the pulsar, as measured by in-
dividual EPIC instruments, are summarized in Table4

In summary, we conducted an investigation into the X-ray emis-
sions of three middle-aged pulsars as part of our ongoing Ful |
survey. Regrettably, none of the pulsars exhibited a detection sig-
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ni cance above 3.5. However, PSR J0835-3707 displayed a signif-
icance of 2.6 in Epic-MOS1, with a combined detection signi -
cance of 3. e absence of detections inthese pulsars could be at-
tributed to several factors. Firstly, the distance of the source may
be incorrect. Nonetheless, according to our survey methodology,
the pulsars should have been detected evenifthe distance based on
dispersion measure (DM) is accurate, assuming the assumed X-ray
e ciency for the pulsars is correct. Since parallax measurements
are unavailable for any of the pulsars, it is plausible that the true
source distance di fers signi cantly from the DM-based distance
measurements, necessitating further exposure. Additionally, two
out ofthree of our observations were impacted by background ar-
ing, which may have contributed to the lack of detection. Finally,
our general assumption regarding the X-ray e ciency rate of 10
may be inaccurate. As demonstrated Wahdat et al.(2022, cer-

tain pulsars, such as PSR JO75B30 and PSR J1831952, exhibit

a lower X-ray e ciency rate of 10°, which could also be the case
for these pulsars.

4.2 Multiwavelength Pulsations and Surface
Temperature Distribution in the Middle-Aged
Pulsar B1055-52,Yahdatetal. , 2029

4.2.1 Timing properties

We examined the harmonic behavior of the X-ray pulse pro le us-
ing Fourier coe cients and generated a phase-folded light curve
inthe 0:3 7keV range with the timing solution obtained previ-
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ously. e phase-folded light curve and contributions from each
harmonic are depicted in Figurd.7. Di ferent energy bands may
require varying numbers of harmonics. To compare, we used a chi-
square testto assess the agreement between the sum of 3 harmon-
ics and the 20-bin histogram of the folded light curve.

e results from the two descriptions of the pulse pro le align
well, indicating that binning may not be necessary for examining
smooth pulsations. Using Fourier analysis can help avoid addi-
tional uncertainties associated with the binning process.

In Figure 4.8, we plotted the normalized X-ray pulse pro lé& ( )
inthe 0:3 7 keV range alongside the Parkes radio pro le at 2.4
GHz, andthe Fermi-LAT -ray light curve from 50 MeV to 300 GeV.
Figure4.9illustrates the pulse pro les and theil3 uncertainties
in four energy bands, along with Parkes radio and Fermi-LA¥ay
light curves.

To estimate the intrinsic uncertainty in the alignment of the ra-
dio and X-ray pro les, we calculated the maximum phase shit,

max, Detween the X-ray and Parkes radio timing solutions. We
found axto be 0.12, considering the midpoint of each obser-
vation as the reference times for the respective solutions, and 0.13,
considering the beginning of observation 1 and the end of obser-
vation 2 as the reference times.

e pulsated fraction (PF) is a crucial property of a folded light
curve, depending primarily on the phases and amplitudes of Fourier
harmonics and their energy dependence. We estimated PFs for
three di ferentde nitions: amplitude PF pamp), area PHgares), and
root-mean-square PFafms). e energy dependence of the PFs
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Figure4.7: e 0:3 7keV phase-folded light curve (X-ray pulse pro le) plotted as a histogram with 20
phase bins and as the sum of 3 harmoni¢d|=20)F ( ), whereF ( ) is the normalized pulse
prole and N = 86097 is the total number of events in the chosen energy range. e 3
uncertainty of the X-ray pulse pro le is shown with transparent blue color. e orange, green,
and red sine waves correspond to the rst, second, and third harmonics, respectively. Area,
amplitude and rms pulse fractions in percents, with thelt uncertainties, are displayed at
the top right corner.

is displayed in Figuret.10 Both amplitude and area PFs increase
with photon energy, saturating at around 70% 75% above 1 keV,
with a slight decrease towards 5 keV. Similar|yms rises with en-
ergy from 0.15 to about 1.2 keV, then declines at higher energies.
Although the pulse pro les in Figuret.9do not explicitly cover all
discussed energy ranges, the analysis considers a broader band to
comprehensively explore the pulsar's emission behavior.

We also explored the pulsation behavior using two approaches
to represent the 2D phase-energy space of the X-ray events. First,
following Arumugasamy et al(201§, we calculated deviations of
counts, Nj;, in each phase-energy bin from the phase-averaged
value. ese deviationswerethenused to create asigni cance map,
restrictedtothe0:15 7:0keV energy range. Second, we employed
a normalization method byTiengo et al(2013, dividing counts in
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1 1
1.8 = XMM (0.3-7.0 keV)
—— Fermi-LAT (0.05-300 GeV]
—— Parkes UWL (2.4 GHz)
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Figure 4.8: Normalized X-ray pulse pro lel-( ),in 0:3  7keV. Phase bins are displayed with di ferent
transparent colors. e Parkes radio light curve (at 2.4 GHz) and Fermi-LATray light curve
(0.05 300 GeV) are over-plotted with blue and magenta colors, respectively.

phase-energy bins by phase-averaged counts in each energy bin
and energy-averaged counts in each phase bin.

e resulting normalized phase-energy map is shown in Figure
4.11right). Upon examination, we categorized the countsinto four
distinct energy regions. Inthe rstregion 0:15 0:3keV), we ob-
served minimal pulsation between phases=0:1 0:4, followed
by a faint peak between phases=0.7 0.9. e second region
(0:3 0O:5keV) displayed minimal to negligible pulsation across all
phases, contrasting with the continuous pulsation observed in the
so tto mid X-ray range in the phase-energy deviation map and the
pulse pro le.

Inthe fourthregion 0:5 1.5keV), a pronounced pulsation max-
Imum was evident between phases=0:1 0:4, along with a pulse
minimum between phases =0:6 1.0, consistent with the pulse
pro le. e count distribution in the last region ( 20 5.0 keV)
appeared dispersed in both panels, making it challenging to de-
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Figure 4.9: Normalized pulse pro lesk ( ), are displayed for four energy bands. e X-ray pulse pro-
les'1 uncertainties is depicted with transparent colors. e Parkes radio light curve (at 2.4
GHz) and Fermi-LAT -ray light curve (0.05 300 GeV) are over-plotted with blue and magenta
colors, respectively.
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Figure 4.10: Energy dependence of three background-corrected pulse fractions plotted with 90% con -
dence level errors for the energy bands between 0.15 and 5.0 keV. e orange, blue and green
dots correspond to amplitude, area and root-mean-square pulse fractions.
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Figure 4.11: Di ferent representations of the EPIC-pn X-ray events of B1055in phase-energy space. e
upper panel shows a phase-energy map where only the normalization is applied, while the
lower panel shows deviations from the phase-averaged values in each phase-energy bin.

termine the emission pattern, although a pulsation minimum and
maximum were observed betweeéth0 3:0keV.

4.2.2 The phase-resolved thermal X-ray spectra

We analyzed the pulsation behavior using phase-resolved spectral
analysis, deviating from the commonly used two-temperature black-
body (BB) model for middle-aged pulsars. Instead, we found sig-
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ni cant phase variations in both the hotand cold BB temperatures,
indicating non-uniform temperature distributions on the NS sur-
face.

Similar phase variations in BB temperatures were previously ob-
served for PSR BO656+Pi{mugasamy et al.201§. Our analysis
of B1055's phase-resolved spectra revealed temperature variations
in the hot spot BB §1'), where the temperature decreased from
the peak of theD:5 1:5keV light curve to its minimum near the
descending part, then increased to a maximum at the ascending
part. is temperature uctuation was partially o fset by a nor-
malization variation, resulting in a smaller uxincrease than oth-
erwise expected.

e cold BB component showed comparable behavior to the hot
BB component, withtemperature and radius variations out of phase.

ese ndings contradict the assumption of uniform temperature
distribution in the BB components.

Furthermore, the phase-energy maps indicated the presence of
a secondary spot$2), suggesting the existence of at least one ad-
ditional thermal component. e presence ofS2is also evident in
the light curves, particularly inthed:3 0:5keV range, coinciding
with the radio inter-pulse.

e observed high pulsed fraction (PF) inthé:8 1:.2keV range
for B1055 suggests the presence of hot spots. However, existing
models for internal heating and magnetic eld con gurations do
not fully explainthe observed PFs. e contribution of atmospheric
e fectsand atoroidal magnetic eld componentmay provide amore
comprehensive explanation for the observed behavior. Further in-
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vestigations are needed to fully understand the thermal emission
properties of B1055.

4.2.3 Heating mechanism in B1055

Hot spots on NS can form through two main mechanisms. Firstly,
anisotropic internal heating, driven by heat transfer from the NS
interiorstoits surface layers, especially in the presence of anonuni-
form magnetic eld, can create temperature variations. However,
existing models fail to fully match observed data for pulsars like
B1055. Additionally, if a toroidal magnetic eld component exists
alongside the dipolar eld, it can lead to distinct temperature and
size di ferences in the hot spots, altering the overall thermal dis-
tribution.

Another mechanism, external heating, involves relativistic par-
ticles from the pulsar's magnetosphere heating its polar caps. is
mechanism can explain the thermal X-ray emission from hot spots
inolder pulsars and may contribute to the X-ray emission of middle-
aged pulsars like B1055. Estimates of B1055's hot spot luminosity
align with predictions from the polar cap (PC) heating models.

Further complexities arise when considering o f-centered dipole
magnetic elds, a fecting internal and external heating di ferently.
Recent studies have explored these con gurations and their im-
pact on temperature patterns, light curves, and spectra in middle-
aged pulsarslfoshev et al, 202).

Insummary, bothinternal and external heating mechanisms can
contribute to hot spot formation on B1055's surface. Detailed at-
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mosphere modeling, including beamed emissions, isnecessary for
a comprehensive understanding, but is beyond the scope of this
study and warrants future research.

4.2.4 Nonthermal emission and multiwavelength pulse pro le of
B1055

e phase shi ts seen in multiwavelength pulse pro les, like those
observed in B1055 (refer to Figurés8and 4.9, indicate distinct
emission mechanisms operating atdi ferentlocations and heights.
ermal X-ray emission originates directly from the NS surface
(Posseltetal.2023, while radio emission likely arises from higher
altitudes above the magnetic poledfltevrede and Wright2009.

Regarding nonthermal X-ray emission, our spectral analyses re-
veal a dominant nonthermal component at energies above.0
keV. Although its phase-integrated photon index is notably higher
than that seen in the GeV gamma-ray rangédsselt et al.2023,
variations in the X-ray photon index across phases are not statisti-
cally signi cant in our observations. e 2.0-5.0 keV light curve
displays a prominent peak, aligned with the-ray pulse pro le,
suggesting a potential connection between the locations of non-
thermal X-ray emission and -ray emission.

Furthermore, our data hints at a secondary peak in the 2.0-5.0
keV light curve near the radio interpulse. is secondary peak is
likely due to thermal emission from another hot component rather
than nonthermal emission. Unfortunately, the limited number of
detected nonthermal X-ray photons prevents a more detailed in-
vestigation of this connection.
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Figure 4.12: Variations of hot BB (top) and cold BB (bottom) with phase in the temperature-normalization
plane. Red and green contours correspond to con dences levels of 68.3% and and 99% re-
spectively. Additionally, we depict the con dence contours of phase-integrated spectra us-
ing brown (68.3%) and black (99%) colors. Errors are estimated for two parameters of interest.
Small dots in some contour plots are small contours themselves representing local minima,
indicating a complicated shape of the? surface.
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Figure 4.13: Phase dependencies of the temperatures (top), radii of equivalent emitting sphere (middle),
and unabsorbed uxesirD:3 8:0keV band (bottom) for hot BB and cold BB components.

e vertical error bars show 1 uncertainties of the tting parameters. Blue lines represent
sine function ts to the data for visualization purposes.
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Figure 4.14: Phase dependence of the photon indéop), normalizationK p| (middle), and unabsorbed
uxes in 0:3 8:0keV band (bottom) for the PL component. e vertical error bars show
1 uncertainties of the tting parameters. Blue lines represent sine function ts to the data
for visualization purposes.

Analysis of the radio and -ray light curves o fers additional in-
sights into pulsar geometry. B1055is o ten interpreted as a nearly-
orthogonal rotator based onthe separation betweenits radio inter-
pulse and main pulse. However, existing emission models strug-
gle to fully explain both the -ray and radio light curves of B1055.
Despite this, recent e forts have attempted to re ne these models,
albeit without conclusive results for B1055 speci calBi¢rbattista
etal., 201%.

In our X-ray observations, we observe the primary peak from hot
spotSlat 0.3 0.4,alongwith asecondarythermal X-ray peak
possibly linked to another hot spot (S2), trailing the main peak by

0.5. Additionally, S2 manifests as a hump near the radio
interpulse phaseat 0.8inthe 0.3 0.5 keV pulse prole. e
time delays observed between the X-ray and radio pulses are con-
sistent with with the two-pole interpretation, supporting the idea
of B1055 as an orthogonal rotator. Additionally, the spatial arrange-
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ment of emission sites on the NS surface, inferred from polariza-
tion angle analysis, further supportsthisinterpretatioieltevrede
and Wright, 2009.

Overall, the observed X-ray and multiwavelength pulse pro les
o fervaluable insightsinto the complexinterplay of emission mech-
anisms and pulsar geometry. Further studies and re ned models
are needed to fully understand these phenomena, particularly in
pulsars exhibiting unusual light curves like B1055.

4.2 .5 Additional notes and outlook

A future step, as emphasized in our paper, involves modeling the
source with light-elementatmospheric models and/or acondensed
surface. e currently existing atmosphere models, such as NS-
MAXG Mori and Ho, 2007 Ho et al., 2008, employ various ge-
ometries and assume di ferent surface magnetic elds. However,
they cannot adequately t both the low and high energy spectra.
Hence, a more customized atmosphere model is necessary, one
thattakesinto accountthe geometry and other properties of B1055.
Furthermore, all existing atmosphere models are for phase-averaged
spectra. Tocomprehend and constraintemperature variations, phase-
dependent modeling is required.

An additional avenue for research could involve conducting de-
tailed magnetothermal simulations to better comprehend the ther-
mal evolution of NS and the phase-resolved temperature nonuni-
formities observed. Igoshev et al.(2023 have already advanced
this eld by developing a modi ed version of the PARODY code,
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speci callytailored to analyze surface thermal patterns, light curves,
and spectra of o f-centered dipoles in middle-aged pulsars. eir
enhanced code, named MAGPIES, is open-source and presents an
opportunity for further development and application in studying
similar cases.
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Symbols

Delta, di ference between two quantity
Gamma, Powerlaw Photon index
Omega, angular frequency
eta, inclination in nsmaxg XSPEC model
Alpha, inclination angle
Chi, used in statistical contexts
Delta, indicating change or variation
Nudot, frequency derivative
Epsilon, a small quantity
Eta, representing e ciency in here
gamma, representing high energy-rays
r gradient
Nu, frequency
denotes the Sun, solar nit
Phi, representing the phase angle
Pi
Rho, representing density in physics
Sigma, standard deviation in statistics
Tau, representing characteristic age
theta, representing an angle in here
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Symbols

Upsilon, used in for degree of freedom
Xi, used in various mathematical contexts
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Acronyms

ACIS
ADS
AGN
ATNF
AXP
BB
DM
EPIC
FF
FWHM
GTI
HE
HETG
HRC
IAU

ISM

LAT
MJD
ML

Advanced CCD Imaging Spectrometer

Astrophysics Data System

Active Galactic Nuclei

Australia Telescope National Facility
Anomalous X-ray Pulsar

BlackBody

Dispersion Measure

e European Photon Imaging Camera
Full Frame

Full Width at Half Maximum

Good Time Intervals

High Energy

High-Energy Transmission Grating
High Resolution Camera
International Astronomical Union
Infrared

Interstellar medium

Large Area Telescope

Modi ed Julian Date

Maximum likelihood
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Acronyms

MOS
MSP
MW
NASA
NH

NIR
NOMAD
NPL

NS

NSA

NSATMOS NS Hydrogen Atmosphere with electron conduc-

NSMAXG

oM
PF

PL
PSF
PSR
PWN
QSR
RGS
ROSAT
RPP
RRAT
SARAO
SAS

132

Metal Oxide Semi-conductor
Millisecond Pulsar
Multiwavelength

National Aeronautics and Space Administration

Galactic Hydrogen Column Density
Near Infrared

Naval Observatory Merged Astrometric Dataset

Powerlaw Normalization
Neutron Star
Neutron Star Atmosphere

tion and self-irradiation

Neutron Star with a Magnetic Atmosphere
Optical/UV Monitor Telescope

Pulsed Fraction

Powerlaw

Point Spread Function

Pulsar

Pulsar Wind Nebula

Quasar

Re ection Grating Spectrometer
Rontgensatellit

Rotation-Powered Pulsars

Rotating Radio Transient

South African Radio Astronomy Observatory
Science Analysis So tware



Acronyms

SDSS Sloan Digital Sky Survey

SGR So t Gamma Repeater

SIMBAD SIMBAD Astronomical Database
SK Full form not found

SW Small Window

TDB Barycentric Dynamical Time
TESS Transiting Exoplanet Survey Satellite
TPA ousand Pulsar Array

ULX Ultraluminous X-ray source

uv Ultraviolet

UWL Ultra Wide-bandwidth Low

VLBI Very Long Baseline Interferometry
WD White Dwarf

WISE Wide- eld Infrared Survey Explorer

XGPS XMM Newton Galactic Plane Survey

XMM XMM Newton

YMW Yao Manchester Wang Electron Density Model

133






Index

Symbols
-ray, 32

A

accretion-powered pulsars]0
acis,42

anomalous x-ray pulsars}3

B
blackbody4§ 47
braking index,17

C

central compact objects,6
chandra,41
chandrasekhar limit,6
characteristic agel7
charge density;L 2

cosmic x-ray background45

D
dead-zone14
dipolar braking,27

dispersion,28
dispersion measure?8

E
epic, 38
epoch folding,52

F

forward-folding, 44
fourier coe cients, 56
fourier harmonics,55

full frame, 39
G

gaia,81

H

hrc, 42

L

letg, 42

light-cylinder, 12
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INDEX

M
magnetars,23
magnetically-powered
pulsars,20
magnetosphere]l]l12
magni cent seven,26
millisecond pulsars22
moment of inertia, 16
mos, 38

N

near-infrared, 34

non-thermal non-pulsed
emission,30

non-thermal pulsed emission,
30

ns atmosphere47

nsa,48

nsatmos,49

nsmaxg,49

O

optical, 33
ordinary pulsars,22
outer gap,13 14

P
planck's constant46
polar cap,13 14

136

powerlaw,50
pulsed fraction,57
pulsed pro le, 52
pyxspec4’/, 50

R

radio, 27

rgs, 40

rotating radio transients,25
rotation-powered pulsars20
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