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Zusammenfassung

Neutronensterne, die Überreste massiver Sternenexplosionen,

nehmen einen einzigartigen Platz in der Astrophysik ein. Ihre ex-

tremeDichteund ihreMagnetfelder, gepaartmit ihrerVielfalt, machen

sie zu faszinierenden Objekten der Wissenscha�t.

Obwohl sie vor fast 60 Jahren entdeckt wurden, bleiben zahlre-

icheFragenzurNaturvonNeutronensternenunbeantwortet. Dazu

gehören ihre innere Zusammensetzung, die Populationsdichte in

der Galaxie, evolutionäre Pfade zwischen verschiedenen Arten von

Neutronensternen sowie die Physik ihre thermischen und nicht-

thermischen Emissionsprozesse.

Diese Doktorarbeit, bestehend aus zwei unterschiedlichen, je-

doch sich ergänzenden Projekten, zielt auf die Füllung dieser Wis-

senslücken ab. Das erste Projekt konzentriert sich auf die Rönt-

geneigenscha�tenderNeutronensterneunduntersuchtPopulation-

sstatistiken, währenddaszweiteProjekteinedetaillierteErforschung

der Herkun�t von Röntgenemissionen eines bestimmten Neutro-

nenstern bietet.

Die erste Studie basiert auf der bereits bekannten Korrelation

der Röntgenleuchtkra�t mit dem Rotationsenergieverlust der Pul-
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Zusammenfassung

sare. DiemeistenPulsaremitRöntgendetektionenhabeneineRönt-

gene��zienz von 10� 4 bis 10� 5. Aufgrund der (wenigen) Detektio-

nen von älteren Pulsaren gibt es Hinweise , dass die Röntgenef-

�zienzmitgeringeremRotationsenergieverlust steigt. Die faszinierende

Frage ist, ob diese Clusterbildung auf die Existenz von höheren

Multipolmagnetfeldkomponenten zurückzuführen ist oder ob sie

auseinerEskalation inderLeuchtkra�t derElektron-Positron-Paarheizung

resultiert.

Ein mögliches Problem für unser Verständnis besteht, dass wir

Untersuchungen o�t auf die hellsten Pulsare konzentrieren, was

uns eine voreingenommene Sicht geben könnte. Die spezielle Be-

trachtung von �interessanten� Pulsaren, die durch andere Metho-

den gefunden wurden, könnte zu einem voreingenommenen Ver-

ständnis ihrer Röntgenemissionen führen. Dieser Wandel unter-

streicht die Notwendigkeit eines unvoreingenommenen Ansatzes,

umwirklichzuverstehen, wiePulsareRöntgenstrahlenaussenden,

und verzerrte Interpretationen zu vermeiden.

Daserste Projekt, �TowardsanX-ray inventory ofnearby neutron

stars, (Vahdat et al., 2022)�, zielte darauf ab, unser Verständnis

der Population von nahegelegenen Neutronensternen durch neue

BeobachtungenmitdemXMM-Newton-Teleskopzuverbessern. 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, gingenwirsystematischvorundanalysiertenRönt-

gendatenausverschiedenenQuellen, darunterXMM-Newton, Chan-

draundandereKataloge, diemehrereWellenlängenabdecken. Un-
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sereBemühungen führtenzurEntdeckungvonRöntgenpulsar-Gegen-

stücken, die zuvor nicht identi�ziert worden waren, und bieten

einen umfassenderen Überblick über der Neutronensterne inner-

halbeinerEntfernungvonetwa2Kiloparsec. DiesesProjektangewen-

det wurde, erweiterte die Stichprobe von nahegelegenen Röntgen-

emittierendenNeutronensternenundhil�t zukün�tigenUntersuchun-

gen, die eine unvoreingenommene Darstellung dieser Quellen er-

fordern.

InunseremzweitenProjekt, �MultiwavelengthPulsationsandSur-

faceTemperatureDistribution in theMiddle-AgedPulsarB1055�52,

(Vahdatetal., 2024)�, führtenwireinedetaillierteAnalysevonBeobach-

tungsergebnissen eines mittelalten Pulsars durch. Unter Verwen-

dung desXMM-Newton-Teleskops untersuchten wir die Röntgene-

missionvonPSRB1055�52. UnsereUntersuchungenergaben, dass

die phasenintegrierten Spektren am besten mit zwei Schwarzkör-

perkomponenten und einem Potenzgesetz passen.

Darüber hinaus zeigte die pulsationsphasenabhängige spektrale

Analyse von B1055 Veränderungen in den thermischen Emission-

sparameternwährenddesRotationszyklusdesPulsars. Diesezeigt

die Uneiheitlichkeit der Temperaturober�ächenverteilung an. Die

AnwendungverschiedenerstatistischerAnalysetechniken, undder

Untersuchung von Pulspro�len bei verschiedenen Wellenlängen,

ermöglichteVergleichemitanderen isoliertenPulsarenundDiskus-

sionenüberTemperatur-undMagnetfeldverteilungen, dieGeome-

trie des Pulsars sowie die Mechanismen, die die zugrunde liegen-

den Heizprozesse antreiben.

iii



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 their innercomposition, populationdensityacross thegalaxy,

evolutionarypathsbetweendi�ferent typesofneutronstars, aswell

as thephysicsof their thermalandnon-thermalemissionprocesses.

�isPh.D. thesisaims toaddress thesegaps inknowledge 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

thedistributionofdi�ferentemissioncomponentsoverpulsephase

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-calledX-raye��ciencyappears toconvergewithin the range
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of 10� 4 to 10� 5 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.

Onechallenge is thatweo�ten focuson thebrightestpulsars, 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 �rst project, �Towards an X-ray inventory of nearby neutron

stars, (Vahdat et al., 2022)�, aimed to enhance our understanding

of the population of nearby neutron stars by conducting a survey

using theXMM-Newtontelescope. 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, includingXMM-Newton, Chandra, and other

catalogs covering multiple wavelengths. Our e�forts resulted in the

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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Abstract

sentation of these sources.

In our second project, �Multiwavelength Pulsations and Surface

TemperatureDistribution in theMiddle-AgedPulsarB1055�52, (Vah-

dat et al., 2024)�, we conducted a detailed analysis of an isolated,

middle-agedpulsar. Observations fromtheXMM-Newtontelescope,

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

thepulsar's rotational cycle. �isdiscoverysuggests thenon-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�c purpose within the context of my research.

In the �rst chapter , I present the introduction, setting the stage

for the thesis while o�fering an insight into the rationale behind

the chosen title.

Chapter 2is dedicated to instrumentation, setups, techniques,

formulas, andmethodology that Iemployed in thesubsequentchap-

ters. Here, I aim to introduce the observatories and facilities inte-

gral to my research, providing formal guidelines for spectral, tim-

ing, and statistical analysis � elements that were crucial in the pur-

suit of my research objectives. Certain speci�c 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, I summarize the aims ofVahdat et al.(2022) and

Vahdat et al.(2024), along with the analyses conducted in these

publications, without delving too deeply into the speci�cs of data
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reduction and methodology.

Vahdat et al.(2022) has been published in Astronomy & Astro-

physicsandwasacollaborativee�fort involvingBettinaPosselt, George

Pavlov, and Andrea Santangelo. �is study delves into our exten-

sive four-year XMM-Newton Ful�l survey, during which we signif-

icantly expanded the number of X-ray investigated pulsars.

Vahdat et al.(2024) has also be published in the Astrophysical

JournalandwasacollaborativeventurewithBettinaPosselt, George

Pavlov, PeterWeltevrede, SimonJohnston, andAndreaSantangelo.

�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, I will present the main �ndings of these two pub-

lications, as well as discuss and interpret these results and explore

potential future studies.
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1 Introduction to Astrophysics of

Pulsars

� It does not matter where I am. �e sky is al-

ways mine. Windows, ideas, air, love, earth,

all mine.

� Sohrab Sepehri

(�e Foot Steps Of Water, 1964)

1.1A Historical Odyssey

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

rative, blending theoreticalpostulationswithunexpected

discoveries. �is scienti�c exploration, spanning sev-

eral decades, transforms our understanding of these enigmatic ce-

lestialentities. In1934WalterBaadeandFritzZwickymadeaground-

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

1



1 Introduction to Astrophysics of Pulsars

ofatomicnuclei, acrucial concept inastrophysics (BaadeandZwicky,

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 form when Jocelyn Bell and her men-

tor, Antony Hewish, inadvertently stumbled upon a celestial mar-

vel. �eirquest tostudy interplanetaryscintillation led to theserendip-

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 emissions (Hewish

et al., 1979).

�e pulsar's discovery sparked a lot of theoretical conjecture, set-

ting o�f an intense wave of scienti�c speculation. �ree primary

categoriesof theoriesemerged: thepulsationscouldemanate 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., 1968;Gold, 1968). 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

2



1.2 �e Birth of Neutron Stars: Progenitors and Formation Processes

characteristics (Gold, 1968). Further evidence of NSs and pulsars

came through careful observations in radio and X-ray frequencies.

�e launchof the �rstX-raysatellite, Uhuru, in1970markeda turn-

ing point, leading to the discovery of X-ray binary pulsars (Pacini,

1968). �ese observations a��rmed that pulsars were indeed fast-

spinning NSs with powerful magnetic �elds. �e radio waves from

these pulsars resembled the sweeping beam of a lighthouse (Gold,

1968;Pacini, 1968). �e discovery of pulsars within supernova rem-

nants, the le�tovers from stellar explosions further cemented the

link between pulsars and NSs, with famous examples like the Crab

pulsarandVelapulsar (StaelinandReifenstein III, 1968;Largeetal.,

1968).

1.2 The Birth of Neutron Stars: Progenitors and

Formation Processes

Starsoriginatewithin relativelydenseconglomeratesof 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 H2 and CO2, 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 time (Woosley et al.,

2002).

3



1 Introduction to Astrophysics of Pulsars

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

otherstarswithindensestellarenvironments, making itmorechal-

lenging for individual stars to form. �is phenomenon accounts

for the prevalence of binary or triple star systems among the ma-

jority of stars in 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

nuclear fusion. �ey also tend to maintain thermal 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. �is process comes to a near

standstill with the production of iron. In essence, fusion reactions

up to iron can serve as a source of heat, generating pressure to sup-

port the 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-

ishes, rendering the star unstable (Pons et al., 1999; Woosley et al.,

2002). Subsequent events depend on the mass of these stars.
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1.2 �e Birth of Neutron Stars: Progenitors and Formation Processes

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. �is remnant, 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.

Starswithmassesbetweenapproximately9M� and25M� experience

a supernovaexplosion and evolve intoa NS, an extremely denseob-

jects about 10 kilometers in radius, supported by the pressure of

a degenerate neutron gas. Stars exceeding about 25 M� , directly

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:

Rmin = 1:5 �
�

2GM
c2

�
(1.1)

whereGis the gravitational constant,cis 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:

Rmax =

r
1:57P

c
(1.2)

WherePis the spin period. �e NS is able to contrast the gravita-

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.

5



1 Introduction to Astrophysics of Pulsars

Given the extreme physical properties of NSs, testing the equa-

tion of state in Earth laboratories is prohibitive. Indeed, for a typi-

calNSwithamassof1.4M� andaradiusofabout10km, theaverage

density is� 6:7� 1014g cm� 3 , about the 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 (Fortin et al., 2020).

Observational constraints can be derived by simultaneously mea-

suring the radii and masses of NSs (Lattimer and Prakash, 2001;

Guillot and Rutledge, 2014), along with statistics on maximum NS

masses or radius estimates (Raaijmakers et al., 2021), and obser-

vations from NS merger events (Raaijmakers et al., 2021).

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 radii

(10 km - 13 km) is expected to be found in the mass range from

0.5 M� to 2.5 M� (Lyne and Graham-Smith, 2012). �e bulk of the

NS population is known to have a mass around 1.4 M� (see review

byÖzel and Freire 2016, and 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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1.3 �ermal evolution of Neutron stars

called `Tolman-Oppenheimer-Volkov' limit, isofabout2.5M� (Lattimer

and Prakash, 2001). However, none of the NSs with a precise mass

measurement reachsuchavalue, although fewcandidatesareknown

(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 (Fig1.1). �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

liquidCoulombsystem(Yakovlev, 2021). Asdensity increases, 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 2001and 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.

�eseconstituents interact throughnuclear forces, formingastrongly
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1 Introduction to Astrophysics of Pulsars

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 thermalevolutionofNSspresentsasigni�cantmo-

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 frameworks.Tsu-

ruta and Cameron(1966) laid the groundwork for the theory of NS

cooling, and subsequent studies in the 1990s byPethick(1992) and

Yakovlev et al.(1999) further developed this �eld.

Detecting thermal radiation proves to be a challenging task due

to various factors. Young pulsars, with ages around t� 1000 yrs,

exhibit strong non-thermal emission caused by active processes in
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1.3 �ermal evolution of Neutron stars

their magnetospheres (see Section1.4and Fig.1.3), obscuring the

thermal radiation.

Older pulsars (t& 106) may have hot polar spots, complicating the

extraction of thermal radiation from the rest of the colder stellar

surface (Pavlov et al., 2002;Yakovlev, 2021). Consequently, reliable

detection of thermal radiation has been achieved only from a few

isolated middle-aged NSs (t� 104-106 yrs), where it constitutes a

substantial portion of the total radiation.

Figure1.2displays theaveragesurface temperaturesofa fewwell-

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 Section2.4.2for

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-

turesTs and agest are crucial. Due to the compact nature of NSs,

the e�fects of general relativity must be considered (Shapiro et al.,

1983). For a NS with the massM , radius R and e�fective temper-

ature of Ts, the thermal photon luminosity in the local reference

frame of the star is de�ned as follows:

L 
 = 4�R 2�T 4
s (1.3)
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1 Introduction to Astrophysics of Pulsars

Figure 1.2: �ermal luminosity and upper limits for numerous isolated NSs for B=0 NS models. �e the-
oretical cooling curve of a NS with light-element envelopes and varying masses (from 1.1 up to
1.76 M� ) is illustrated by the solid black lines. FromViganò et al.(2013).

where� is the Stefan-Boltzmann constant. �e apparent (red-

shi�ted) e�fective temperatureT1
s and luminosityL1


 as observed

by a distant observer are then given by:

T1
s = Ts

q
1 � rg=R and L1


 = L 
 (1 � rg=R); (1.4)

whererg = 2GM=c2 � 2:95M=M � km is the Schwarzschild

radius.

Cooling theories allow one to compute cooling curves (Such as

the one in �gure 1.2), T1
s (t) (or L1


 (t)), for comparison with ob-

servations. Based on the current models and observational con-

strains, three distinct cooling stages can be identi�ed:
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1.4 PulsarMagnetosphere

ˆ �ermal relaxation state : Between the �rst 10-100 years, both

the core and the crust of the NS cool separately. �e surface

temperature re�ects thecrust's thermalstate (Salesetal., 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

shown in Fig1.2).

ˆ Neutrino-dominated stage: From about 100 to105 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 from the thermal relaxationstage to theneutrinocool-

ingstagedependson the typeofneutrinoemission, suchasdi-

rectUrca, modi�edUrca, ornucleon-nucleon (NN)bremsstrahlung

(Yakovlev and Pethick, 2004; Lin et al., 2020).

ˆ Photon cooling stage: A�ter about105 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

Ina rudimentaryapproximation, wecanmodelapulsarasasphere

with perfect electrical conductivity, which possesses a magnetic

dipole moment oriented along its rotational axis. As it spins with
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1 Introduction to Astrophysics of Pulsars

an angular frequency
 , the magnetic �eld B, which is constant

throughout thesphere, inducesanelectric �eldE+( v� B ) (Deutsch,

1955).

�e pioneering work by Goldreich and Julian(1969) marked 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 at the stellar surface. �ese �elds, exceeding gravita-

tional forces, arecapableofextractingcharges fromtheNS, thereby

formingaco-rotatingmagnetosphere. �ismagnetosphereextends

to the light-cylinder radius (RLC):

RLC =
c



� 5 � 109 P cm (1.5)

wherecis the speed of light andP is the star's spin period. In the

force-free magnetosphere, the alignment with the star's rotation

is characterized by the condition:

E +
(
 � r )

c
� B = 0 (1.6)

�e charge density in the magnetosphere, de�ned byGoldreich

and Julian(1969), is expressed as:

� GJ= �
1

4�
r �

�
1
�

(
 0 � ! ) � B
�

(1.7)

where� represents theconductivityof theplasmawithin themag-

netosphere,
 0 is the angular velocity of the corotating plasma in

the magnetosphere and! is the angular velocity of a particular

charged particle within the magnetosphere.

12



1.4 PulsarMagnetosphere

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 by� (same 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 themagnetosphere's in�uence, theenergy losses then

can be approximated as:

E =
B 2

pR4
NS
 4

4c3 (1 + sin2 � ) (1.8)

where BP andRNS denote the magnetic �eld strength of the star

at the pole and its radius, respectively. �e termsin2 � 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
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1 Introduction to Astrophysics of Pulsars

polar cap model focuses on particle acceleration above the mag-

netic poles along open magnetic �eld lines, leading to high-energy

emissions through a cascade process (Fig.1.3).

�e radius of the polar cap (RPC) containing these open �eld lines

is given by the formula:

RPC � RNS sin� PC � RNS

r

 RNS

c
= (2�R 3

NS=cP)1=2 (1.9)

where� PC is the polar cap angle determined by

� PC = sin� 1

 r

 R
c

!

(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 a role in these interactions.

Additionally, the magnetosphere comprises two main regions:

theclosed �eld line regionand theopen �eld line region. �eclosed

�eld line region, or the `dead-zone', containschargescon�nedwithin

the �eld lines, leading to no emissions. In contrast, the open �eld

line region allows for plasma escape, necessitating a continuous
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1.4 PulsarMagnetosphere

replenishment of magnetospheric charges. �is dynamic is cru-

cial for sustaining the pulsar's emissions.

Electrons moving along the open magnetic �eld lines 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 models (Contopoulos et al., 2014).

�eequatorial currentsheet, anarrowyet intense layerofcharged

particles, divides the regions of closed and open magnetic �eld

lines. Within this sheet, opposite currents induce magnetic recon-

nection, causing �eld lines to break and release energy, potentially

boosting particles to high energies (Contopoulos, 2016).

�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.1.4). Recent research 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 magnetosphere (Con-

topoulos et al., 2024).
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1 Introduction to Astrophysics of Pulsars

Figure 1.4: Diagram illustrating open and closed magnetic �eld regions I, II, and III within the magneto-
sphere. �ese regions are divided by electric current sheets and converge at the Y-point junc-
tion. From Contopoulos et al.(2024).

1.5 The spin of pulsars and spin-down evolution

�e key observational parameters of pulsars include the rotational

frequency (� ) and its correspondingperiod (P=1/� ). In some 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


 = 2�
P , decreasing at a rate of_
 = � 2�P � 2 _P, the loss of rota-

tional energy, _Erot, occurs at a rate of:

_Erot = I 
 _
 = �
4� 2I _P

P3 (1.11)

whereI is the stellar moment of inertia. For practical calcula-

tions, I is approximated to be around 1045 g cm2 based on canoni-

cal NS parameters. �e provided equation pertains to the speci�c
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1.5 �e spin of pulsars and spin-down evolution

scenario of a braking index set at a value of 3, and it is expressed as

follows:

n =
� •�
( _� )2 (1.12)

�e braking index can be determined by obtaining the second

derivative of the spin frequency. �e spin-down luminosity (L sd),

which represents the rate of rotational kinetic energy loss, is di-

rectly related to the rate of loss given by_Erot and can be estimated

as:

L sd � 3:95� 1031I 45
_P15P � 3 erg s� 1 (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 (Ostriker and Gunn, 1969), involves the mag-

netic �eld strength at the pole of the NS (Bp) and is given by:

Bp � 3:2 � 1019
p

P _P G (1.14)

For I45=1andRNS=10km, assuminganorthogonal rotator (align-

ment angle� = 90� ).

Furthermore the characteristic age� c of a pulsar, inferred from

its rotationalperiodandrateofdeceleration (ManchesterandLyne,

1977) is de�ned as:
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� c =
P

(n � 1) _P

"

1 �
�

P0

P

� n� 1
#

�
P

(n � 1) _P
(1.15)

�is age is derived under the assumption that the initial rota-

tion period P0 of the NS was much shorter than its current period

P. For pulsars where the magnetic dipole braking is the dominant

mechanism, n is typically taken as 3, simplifying the equation to:

� c =
P

2 _P
(1.16)

�is approximation provides a convenient method to estimate

thepulsar'sage. However, inaplasma-�lledmagnetospherewhich

is a more 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 rate (Philippov et al., 2014)

and provide a revised expression for the braking index (Ek³i et al.,

2016) which indicates a range for n such that3 < 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-

driven radiation. Furthermore, recentmeasurements indicatesig-

ni�cant deviations of n from 3 (Lower et al., 2021).
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1.5 �e spin of pulsars and spin-down evolution

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 and
 -rays 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 alignment angle,� , quanti�es the spin axis's orientation rel-
ative to the magnetic axis. Figure adapted fromLorimer and Kramer(2005)

.
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1.6 Classi�cation of neutron stars

NSs exhibit remarkable diversity in their characteristics and be-

haviors. �eycanbecategorized intodistinct classesbasedon their

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:

Accretion-powered pulsars are found in binary systems where

a companion 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.,

1997).

2. Rotation-powered neutron stars:

Rotation-poweredpulsars, incontrast, 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 pulsars (Michel, 1991).

3. Magnetically-powered neutron stars:

Magnetically-powered pulsars harness the energy from their

extremelyhighmagnetic �elds. �isenergy is released through
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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 (v1.70,Manchester et al. 2005). �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�t
 -ray 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 emission) (Duncan and �ompson ,

1992).

Furthermore, the P-Pdot diagram, where observational parame-

ters such asP, _P, � andBs 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 (Fig1.6, Manch-
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ester et al. 2005). 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-

mates the region in theP-Pdotdiagramwhere thisphenomenon

occurs, although it is highly uncertain and in�uenced by vari-

ous factorsbeyond justdipolemagneticemissions (Bhattacharya

and van den Heuvel, 1991). Moreover, the recent discovery of

ultralong period pulsars, such as PSR J0901-4046 (P = 75.9 s,

Caleb et al. 2022), and GLEAM-X J162759.5-523504.3 (P = 1091

s,Hurley-Walker et al. 2022), 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 star (Alpar 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. �eir re-

markable rotational stabilitymakes themnaturalprecisionclocks

and invaluable for timing experiments. Furthermore, pulsar

Timing Arrays (PTAs) serve a crucial role in gravitational wave

(GW)experiments, speci�cally targeting thenanohertz frequency

range (Foster III, 1990). �ese arrays involve the meticulous

monitoring of numerous millisecond pulsars, characterized

by their rapid spin periods. �rough the detection of dynamic

perturbations inspace-time, PTAsbecomeunique instruments

capable of identifying GW radiation (Manchester 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

andstochasticbackgrounds fromcosmicstrings (Verbiestetal.,

2022).

C. 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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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

1015Gauss (Camilo et al., 2006). While they are typically radio-

quiet, they emit strong pulsed X-rays. Magnetars are known

for theirdramaticX-rayoutbursts, o�tenaccompaniedby large

glitches (sudden and brief increases or decrease in their� ).

�eseoutburstsareattributed to theuntwirlingof twistedmag-

netic �eld lines, and some evidence suggests a possible con-

nectionbetweenmagnetarsandhigh-magnetic-�eldyoungra-

dio pulsars (Mereghetti et al., 2015). �e origin of the mag-

netic �eld in magnetars remains a subject of intense scienti�c

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. In this scenario, magnetars naturally emerge from the

high-�eld tail of the progenitor distribution, with population

synthesiscalculationssupporting itsviability (Mereghetti etal.,

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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1.6 Classi�cation of neutron stars

tion or di�ferential rotation. Over a span of approximately ten

seconds, these processes lead to a signi�cant increase 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 to theampli�cationof themagnetic �eld (Mereghetti etal.,

2015; Kaspi and Beloborodov, 2017).

D. RotatingRadioTransients (RRATs): Rotating radio transients

(RRATs) representagroupofpulsars thatexhibit sporadicemis-

sion. Discovered in 2006, RRATs display characteristics con-

sistent with rotating NSs. �eir radio 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 Earth (Keane and McLaughlin, 2011). 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 emission (Bhattacharyya et al., 2018).
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E. Magni�cent Seven: A subgroup of isolated NSs, collectively

known as the `Magni�cent Seven', has garnered attention due

to theirdistinctiveproperties. �eseNSswerediscovered through

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 1015 Gauss. �e

Magni�cent Seven exhibit similar properties, including pulse

emissionswithperiods ranging from3.4 to11.4seconds (Haberl,

2007). Recently, there has also been a report regarding signi�-

cant hard X-ray emissions from two of the Magni�cent seven,

RX J1856.6-3754 and RX J0420.0-5022 (Dessert et al., 2020).

F. Centralcompactobjects (CCO's): CentralCompactObjects (CCOs)

represent a distinct subset of NSs localized in close proxim-

ity to the central regions of supernova remnants (SNRs). �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 of1032 � 1034 erg s� 1 (Viganò

and Pons, 2012). Distinctive features of CCOs include the ab-

sence of typical magnetar-like activity, except for the intrigu-

ingcaseof1E161348�5055. Long-termobservational campaigns

have provided insight into three CCOs: RX J0822�4300 in SNR

PuppisAwithaspinperiod (P)of112ms, CXOUJ185238.6+004020

inKes79withP of105ms, and1E1207.4�5209 inPKS1209�51/52

with P of 424 ms. �e inferred magnetic dipole �elds (Bp) for
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1.7 Main Properties of pulsars across the electromagnetic spectrum

these CCOs fall within the range of1010� 1011G, notably lower

than the1012 G dipole �elds observed in young radio pulsars

(Viganò and Pons, 2012; De Luca, 2017). �ese �ndings chal-

lenge conventional models of NS evolution and magnetic �eld

ampli�cation. Despite their NS classi�cation, CCOs manifest

unique 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 objects (De Luca, 2017).

1.7 Main Properties of pulsars across the

electromagnetic spectrum

1.7.1Radio

�eprimarymethod fordetectingpulsars involves identifyinghighly

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 Figure1.6. �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

27
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pulse pro�le emerges at a speci�c 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.

Pulsarbroadbandemissionsare instrumental in investigating the

interstellar medium (ISM). �e dispersion of radio waves by free

electrons in the ISM causes a frequency-dependent delay (� t) in

signal arrival times (with the speed ofv1 andv2) which can be esti-

mated as follows:

� t =
e2

2� c m e
[
1
v2

1
�

1
v2

2
]
Z d

0
ne dl (1.17)

Wheree; meandneare the charge of an electron, mass of an elec-

tron and electron number density respectively. �e �rst part is a

constant typically referred as the dispersion constant:

D =
e2

2� c m e
� 4:1488056� 103 MHz2pc� 1cm3s (1.18)

�e integral term involves integrating theproductofelectronnum-

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 =
Z d

0
ne dl (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 are:Taylor and Cordes(1993) ,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.

1.7.2X-rays

�e accretion process, with a typical accretion rate of _M � 10� 7 �

10� 10M � ; yr� 1 onto a NS is one of the most energetic and 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

intokineticenergy. Similarly, magnetarsexperienceunpredictable

outbursts, during which the constant X-ray luminosity undergoes

a substantial surge, reaching an output of approximately� 1035�

1036 erg s� 1 (and up to� 1041 � 1042 erg s� 1 for ultraluminous

X�ray 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

of thecharacteristicsofX-rayspectral componentsof isolatedNSs:

I ) �ermal Emission:

�ermal emission arises from the bulk surface of cooling NSs,

as well as NS atmosphere, typically with surface temperatures

around 106 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., 1994). 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 magnetosphere (Zavlin et al., 1996).

II ) 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-

scribed with a slope of� � 1-3 and is observable across the op-

tical to 
 -ray bands (Michel, 1991;Pavlov et al., 1995). �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� 5 and 10� 3 (see alsoKargalt-

sev et al. 2012; Vahdat et al. 2022).

III ) Non-�ermal Non-Pulsed Emission:
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Originating frompulsar-drivensynchrotronnebulae, thisemis-

sion involveschargedparticlesemittingsynchrotron radiation

alongmagnetic �eld lines (Michel, 1991;ZhangandJiang, 2006).

It spans from radio to hard X-ray energies and includes emis-

sions from the interaction between the pulsar wind and the in-

terstellar medium, as well as shock waves from the interaction

between the pulsar wind and companion star out�ows (Zhang

and Jiang, 2006).

.

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 with kT� 0:1� 0:3keV and a radius smaller

than thestar'sactual radius. �eprominenceof thesespectral com-

ponents varies with pulsar age: young energetic pulsars (� . 5 kyr)

mainlyexhibit nonthermalmagnetosphericemission; 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-

sorptionprimarilyoccurs through interactionswithelectronsbound

in the ISM, a process dominated by the photoelectric e�fect. While

the absorption is more pronounced for lower X-ray energies, it also

a�fects higher energies to a lesser extent. �e degree of absorption,

simpli�ed as NH, depends on the phases of the ISM, with warm

andcoldphasesexhibitingdi�ferentbehaviors (Wilmsetal., 2000).

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

NH = 0:30 + 0:13� DM (1.20)

Here, NH is measured in units of 1020 cm� 2 and DM in pc cm� 3.

�e correlation between DM and NH serves as a valuable tool in

pulsar observations, enabling the estimation ofone 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-

izedby their relativelyweakermagnetic �elds (� 109 G)andshorter

rotational periods. �ese pulsars have gained speed due to the pro-

cessofaccretion. Incontrast, thesecondgroupconsistsof younger

pulsars, notable for their stronger magnetic �elds (� 1012 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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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 frequencies (Cerutti 2019, and refer-

ences therein) .

Pulsars emit gamma rays, which account for about 1-10% of their

total energy output (Abdo et al., 2010). �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 GeV (Caraveo, 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, these
 -ray 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).

1.7.4 Infrared, optical and ultraviolet bands

In theopticalband, pulsars, demonstratecomparably fainteremis-

sion. Initially identi�ed by Nather et al.(1969) andCocke et al.

(1973), the Crab pulsar remains the most luminous example in this

wavelength (Fig.1.7). 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, arecrucial inmapping theemission regionswithin
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the pulsar's surface and magnetosphere. Moreover, optical spec-

troscopyaids inconstrainingcoolingmodels forpulsars, especially

for those older than 1M years, by capturing a major portion of their

thermal emission. Additionally, the high angular resolution of op-

ticalobservations isvaluable fordeterminingpulsardistances through

measurementsofpropermotionandparallax (see reviewbyMignani

2011).

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 not in others like the Vela pulsar. Middle-aged

pulsars display a secondary emission component in 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

andUVbands. �isvariation ispotentially linked to thedi�ferences

in the power-law slope between these two bands (Percival et al.,

1993; Shibanov et al., 2003; Bühler and Blandford, 2014).

X-rayobservationsofpulsarsaremoresensitive to thermalemis-

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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Figure 1.7: Crab Nebula in Multiple Wavelengths. �e pulsar lies at the centre of the Nebula. �is image
combines data from six di�ferent telescopes: the Very Large Array (radio) ; Spitzer Space Tele-
scope (infrared) ; Hubble Space Telescope (visible); Swi�t 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

playsakey role indetecting themagnetosphericcomponentof these

emissions, thus shedding light on the properties of relativistic par-

ticles in MSP magnetospheres (Mignani, 2011).
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2 Instrumentation, spectral and

timing analysis

� Robert : When I came to you with those cal-

culations, we thought we might start a chain

reaction that might destroy the entire world.

Albert : I remember it well. What of it?

Robert : I believe we did.

� Oppenheimer (2023)

2.1 XMM-Newtonand EPIC instrument

A iming forexcellence inX-rayastronomy, theXMM-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-Newtonoperates 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 theXMM-Newtonspacecra�t with EPIC PN, EPIC MOS1/2 and RGS cam-
eras, optical monitor and the grating assemblies. Le�t:XMM-Newtonduring 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

images in0� 15:0keV. It consistsof threeX-raycharge-coupledde-

vice (CCD) cameras: two MOS (Metal Oxide Semiconductor) arrays

(Turner et al., 2001) and one pn CCD array (Strüder et al., 2001).

�e EPIC is known for its ability to conduct sensitive imaging ob-

servationsovera300�eldofview, withaspectral resolution(E=� E)

ranging approximately from 20 to 50 and an angular resolution

of 600Full 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 Table2.1for additional information).
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�e EPIC is equipped with versatile readout modes to adapt to

variousobservational requirements. For theEPIC-pncamera (with

a pixel size of� 4:100), the operational modes include:

ˆ �e Full Frame mode captures a complete image of 376 x 384

pixels at intervals of approximately 73.5 ms.

ˆ �e Extended Full Frame mode provides a 376 x 384-pixel

image at longer intervals of about 199.1 ms.

ˆ �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. In theS̀mall Window ' mode, a segment of the CCD

produces a 63 x 64-pixel image at a rate of 5.7 ms.

ˆ In the 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 CCD4 is utilized.

ˆ For exceptionally bright sources,Burst mode is utilized, of-

fering extremely high temporal resolution with images cap-

tured every 7 microseconds.

EPIC's MOS cameras (with a pixel size of� 1:100) operate in sim-

ilar readout modes:

ˆ �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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ˆ �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 for the S̀mallWindow ' mode for a 100 x 100-pixel im-

age every 0.3 seconds.

ˆ In Timing mode one-dimensional array is read at high speed,

producing data every 1.75 ms. For the MOS detector, only ap-

proximately100columnsaround theboresightareactive. 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�fect its

performance, particularly at lower energies. While its core range

(0.15-15keV) remains robust, quantume��ciencybelow0.3keVhas

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-Newton'scapabilities intohigh-resolutionspectroscopy, with

a resolving power ranging from 150 to 800, across an energy spec-

trum from 0.35 to 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 a170 �eld of view.

�e OM's micro-channel plate intensi�ed CCD camera o�fers high-
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Table 2.1: Key characteristics of XMM-Newton as outlined in the XMM-Newton Users' Handbook

Instruments EPIC-MOS EPIC-PN RGS OM

Bandpass 0.15�12 keV 0.15�15 keV 0.35�2.5 keV(1) 180�600 nm

Field of view (FOV) � 300 � 300 � 50 17'

PSF (FWHM/HEW) 5�/14� 6�/15� N/A 1�4�2�0

Pixel size 40� m (� 1:100) 150� m (� 4:100) 81� m (9� 10-3 Å) 0:476500

Timing resolution(2) 1.5 ms 0.03 ms 0.6 s 0.5 s

Spectral resolution(3) � 70eV � 80eV 0.04/0.025 Å(4) 350(5)

E�fective area (cm2 @ 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 Å .

resolution imagery and photometry in visible and ultraviolet light,

thusbroadening thescopeofmultiwavelengthstudiespossiblewith

XMM-Newton. Unfortunately, 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-

tinguishedphysicistSubrahmanyanChandrasekhar, wasdeployed

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

ACIS-S ACIS-I HRC-S HRC-I

Field of view (FOV) 8:30 � 50:60 16:90 � 16:90 60 � 90 300 � 300

Bandpass (keV) 0.2�10.0 0.08�10.0

PSF (FWHM)a � 0:49200 � 0:400

Pixel size � 0:49200 � 0:13200

Time resolution TEb: 0.2�10.0 s; CC:� 2:85ms 16� s

Spectral resolution (E/� E) FIc: 20�50; BI: 9�35 � 1

E�fective area (cm2 @ 1 keV) FI: 340; BI: 340 N/A 227
a PSF: point spread function; FWHM: full width half maximum
b TE: Timed Exposure Mode; CC: Continuous Clocking Mode
c FI: 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,Garmireetal. 2003), and theHigh-Resolution

Camera (HRC,Murray et al. 2000). �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.

ACIS is an intricate instrument consisting of charge-coupled de-

vice (CCD)chips thatyieldhigh-resolution imagesandspectraacross

an energy range of 0.2 to 10.0 keV. It contains an array of ten 1024 x

1024 pixel CCDs, with certain chips optimized for imaging (ACIS-

I)andothers forspectroscopic readout (ACIS-S). �eACIS-S ispar-

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 purple),XMM-Newton(in 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 twocesium 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 countsC in each channel (I ,

unique to each telescope/instrument). �e link between the ob-

servedspectrumC(I ) and theactual sourcespectrumS(E) (where

E is energy) can be expressed by:

C(I ) =
Z

S(E)R(I; E )A(E)dE (2.1)

In thisequation,A(E) represents the instrument'se�fectivearea,

andR(I; E ) denotes the normalised instrumental response (indi-

cating the likelihood of a photon with energyE being recorded in

channelI . 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.g.,Ducci and Malacaria 2023and refer-

ences therein). �is yields counts in the 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.g.,Buchner 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
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uation. �e presence of background noise and other physical con-

straints a�fecting the detector's response complicate spectral anal-

ysis, makingdirect inversionof the instrumental response imprac-

tical, hence the preference for forward-folding.

Spectral analysis must also consider background contributions,

whichcouldbecosmicX-raybackground(CXB)orparticle-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 �ltering observations to

excludehighenergy-backgroundperiods, resulting incleanedevent

list speci�c to the instrument.

For imagingdetectorssuchasEPIC-pn/MOS,signal-to-noiseop-

timization is crucial. Assuming a point-spread function, so�tware

tools likeeregionanalyse assist in 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.

Onewidelyusedso�tware forspectralanalysis isXSPEC(Arnaud,

1996). 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, I 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

orderofapproximately107Kelvin, the radiationpredominantly falls

within theX-ray regionof theelectromagneticspectrum. �epower

intensity of emitted radiation can be mathematically represented

by the equation:

I (E; T ) =
2E 3

h2c2(exp(E
kT ) � 1)

(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 section2.4.2).
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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:

A(E) =
K 1 � 8:0525E 2dE
(kT)4[exp(E

kT ) � 1]
(2.3)

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

scaling factor (K 1 = L39=D2
10, whereL39 andD10 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 analysis in Chapter 3 and 4, I used a slight modi�ed version

of blackbody namedbbodyrad de�ned as follows:

A(E) =
K 2 � 1:0344� 10� 3E 2dE

exp(E
kT ) � 1

(2.4)

where the normalizationK 2 (= R2
km=D2

10) is adjusted to corre-

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. g/cm3 (see

review byPotekhin 2014and references therein). It's theorized that

a hydrogen-rich atmosphere might form over a NS, though if the

hydrogen is in su��cient quantity (due to accretion or fall back ma-

terial) to create a thick atmosphere remains a matter of debate. In

scenarios where less than 1016 g 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.g.,Mori and Ho 2007).

Initial investigations into atmospheric spectra did not account

for the ionizationofheavierelementsandassumedaspectral 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 spectra (Bogdanov et al., 2006).

Numerous researchers have developed atmospheric models for

NS, building on the seminal work byShibanov 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 opacity (Pavlov et al., 1995; Za-

vlin and Pavlov, 2002).

Recentmodels thataccount forpartially ionizedatmosphereshave

advanced our understanding, replacing earlier fully ionized mod-

els (Ho and Lai, 2003). Some of these models have been integrated

into the XSPEC in three models, NSA, NSMAXG and NSATMOS.

�e NSA model ( Zavlin et al., 1996; Pavlov et al., 1995) which as-

sumes a fully 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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2.4 �e considered XSPEC X-ray spectral models

atmosphere. �is model o�fers three variations: one without mag-

netization (magnetic �eld strengthB < 108 � 109 G) with a uni-

form temperature betweenlogTe�f = 5:0 � 7:0and two with mag-

netization, one withB = 1012 G and another withB = 1013 G,

both having a temperature betweenlogTe�f = 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

while including thee�fectsofelectronconductionandself-irradiation

by photons around the star. �is model works under the assump-

tion that the in�uence of magnetic �elds is minimal (B < 109 G),

and it assumes an atmosphere composed exclusively of hydrogen

(Heinke et al., 2006).

�e NSMAXG model which assumes a partial ionization (Mori

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 to the
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e�fective surface temperaturelogTe�f, the magnetic �eld's strength

B and orientation� B . When� B is set to zero,� aligns with� k, sim-

plifying the calculation since opacities become dependent solely

on � and the radiation's propagation geometry relies on� k. �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 section1.7.2.

In XSPEC (and PyXspec), the spectral �ux density, A(E), for a

power law (toggled with powerlawor 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 of(10� 6 pho-

tons /keV/cm2/s at 1 keV).
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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

thee�fectsofbeamingandkinematicDoppler-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 energyE1 by a

distant observer. �is relationship is expressed as:

E1 = E

r

1 �
rg

R
(2.6)

whererg, the gravitational radius, is given by:

rg =
2GM

c2 (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 patterns in

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 Folding (Leahy et al.,

1983). Contrary to the assumption of periodic binning, which in-

volves segmenting data into time intervals, Epoch Folding involves

compressing and overlaying a light curve, which spans a time in-

terval Tobs, based on the anticipated periodicity.

When examining a pulsed pro�lepi , divided into Nbin uniform

bins, the preferred statistical measure is the Epoch Folding chi-

squared statistic, as indicated byLeahy et al.(1983);Leahy(1987):

� =
NbinX

i=1

�
pi � �p

� i

� 2

(2.8)
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Here, �psymbolizes the mean pro�le, while� i is the standard de-

viation ineachbin. Typically, theuncertainties� i are inferred from

thestatisticalerrors in the individual �ux readings. Assuming these

follow either a Poisson or normal distribution and that the central

limit theorem is applicable, the phase-folded count readingspi will

conform to a normal distribution and� i is derived from the stan-

dard deviation of theX j via error propagation:

In comparisons of pulse pro�les at di�ferent periods, it is usual

to assume identical� i , derived from the standard deviation of the

�ux measurement via error propagation:

� i � � = std(X j )

s �
Nsamples

Nbin

�
(2.9)

Provided the normal distribution assumption is valid,� will fol-

low a� 2
Nbin � 1 distribution when the time series contains only noise.

�is simpli�es the process of assessing the likelihood of rejecting

the null hypothesis.

2.5.1Z 2
n and H Statistics

Buccherietal.(1983)presentedanowwidelyusedalternativestatis-

tic in X- and 
 -ray studies, denoted asZ 2
n. �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
n statistic

is de�ned when observingN photons with a pulse phase of� i for

each photon (i = 1::N ), as shown below:
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Z 2
n =

2
N

nX

k=1

2

6
4

0

@
NX

j =1

cosk� j

1

A

2

+

0

@
NX

j =1

sink� j

1

A

2
3

7
5 (2.10)

�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 statisticZ 2
1 is also referred as the Rayleigh

test (Mardia, 1975).

By analyzing di�ferent trial pulse periods and calculatingZ 2
n for

each, one can identify periods that yield the highest statistic val-

ues, i.e., the strongest signal. �e Z 2
n statistic conforms to a� 2

2n

distribution when analyzing noise powers, aiding in setting detec-

tion thresholds and calculating the probability of rejecting the null

hypothesis based on aZ 2
n 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. �is is encapsulated in theH test (de Jager

et al., 1989), essentially a comparison of variousZ 2
n values, normal-

ized for direct comparison:

H = max(Z2
n � 4n + 4); ; n = 1 � 20 (2.11)

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

In theprecedingsection, wediscussed the techniqueofepoch 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-

agesFourierharmonics todecomposenearlyperiodicsignals, 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.(2021). We include them here as they form the founda-

tion of the pulse pro�le analysis conducted inVahdat et al.(2024),

which is based on Fourier decomposition.

Asignal that isalmostperiodicF (� ) (withaperiod thatmaychange

slowly), normalized so that
R1

0 F (� ); d� = 1, can be expressed as a

combination of Fourier harmonics:

F (� ) = 1+
KX

k=1

(ak cos 2�k� +bk sin 2�k� ) = 1+
KX

k=1

sk cos 2� (k� �  k)

(2.12)

where� is the pulse phase de�ned as follows:

� = � (t) = � 0 + f (t � t0) + _f (t � t0)2=2 + : : : (2.13)
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f and _f are the frequency and frequency derivative,t0 is the ref-

erence time. Furthermore:

ak = sk cos 2� k and bk = sk sin 2� k (2.14)

are the Fourier coe��cients for thek-th harmonic, de�ning the

amplitudesk, the powers2
k, and the phase k of the harmonic:

s2
k = a2

k + b2
k; tan 2� k = bk=ak; : (2.15)

If the frequency consists of a series of stochastic (for example,

Poisson-distributed) discrete events (such as photon detections),

numbered asi = 1; 2; : : : ; N , with event phases� i = � (t i ), then

the expected values and variances of the Fourier coe��cients are

determined as follows:

ak = 2hcos 2�k� i =
2
N

NX

i=1

cos 2�k� i ;

bk = 2hsin 2�k� i =
2
N

NX

i=1

sin 2�k� i :

(2.16)

and

� 2
ak

=
4
N

�
hcos2 2�k� ihcos 2�k� i 2� =

1
N

�
2 + a2k � a2

k

�
; (2.17)

� 2
bk

=
4
N

�
hsin2 2�k� ihsin 2�k� i 2� =

1
N

�
2 � a2k � b2

k

�
(2.18)
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�epro�lenormalizationcanbechanged ifneeded. For instance,

if we want the area under the pulse pro�le to be equal to the num-

ber of events, we can multiplyF (� ) by the bin-averaged count.

2.7 Pulsed Fractionof 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. �is is a crucial aspect in 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)

whereFmin represents the lowest value ofF (� ). Another way to

de�ne pulsed fraction is:

pamp =
Fmax � F min

Fmax + Fmin
(2.20)

�is is sometimes referred to as the `peak-to-peak' or `max-to-

min' pulsed fraction.

Hare et al.(2021) prefer to term it `modulation amplitude', hence

denoted aspamp 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 ofFmin (and to some extentFmax), especially

whenFmin approaches zero. To prevent this issue, pulsations can
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be characterized by the root mean square (rms) of the signalF (� ),

termed `rms pulsed fraction' (though technically, it's not a pulsed

fraction per se):

prms =
� Z 1

0
[F (� ) � 1]2d�

� 1=2

=

 
1
2

KX

k=1

s2
n

! 1=2

=
Snp

2
=

�
Z 2

n

N

� 1=2

(2.21)

wheres2
k and theZ 2

K statistic are computed using the optimal

signal frequency and frequency derivative (that is,Z 2
K = Z 2

K; max).

Consequently, the signal rms can be easily calculated fromZ 2
n as

shown in Equation (2.21). �e calculation of prms doesn't rely on

measuringFmin, making itmorepracticaland lesserror-pronecom-

pared topareaandpamp, especially 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-

groundsignals. Toadjust for thisbackground interference, wecom-

pensate by multiplying the recorded pulsed fractions by the ratio

N=Ns, whereN represents the total count (source + background)

within thesourceaperture,Ns = N � Nbdenotes thesourcecount,

andNb signi�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 begun to 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 of (Vahdat et al., 2022)

and (Vahdatetal., 2024), alongwith theanalysesconducted inboth.

�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,

(Vahdat et al. , 2022)

3.1.1Aim of the publication

S 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 been identi�ed. Over the past twenty

years, extensiveobservationsusingXMM-NewtonandChandrasatel-

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 loss,_E, and X-ray luminos-

ity, L x, has been extensively studied by researchers (Becker and

Truemper, 1997; Possenti et al., 2002; Li et al., 2008; Kargaltsev

et al., 2008). �e X-ray e��ciency of pulsars tends to range be-

tween 10� 4 and 10� 5 at higher _E values (Fig.3.1). �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 Tanaka, 2017) or the result of increased electron-

positron pair heating luminosity (Harding and Muslimov, 2011).

Since studies typically focus on the brightest or most exceptional

pulsars, there may be a bias in our understanding. To address this,

we initiatedanXMM-NewtonFul�l survey (ledbyB.Posselt, PropID

082303).
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3.1 Toward an X-ray inventory of nearby neutron stars, (Vahdat et al.,2022)

Figure 3.1: Non-thermal X-ray pulsar luminosities LX , in 1.0-10.0 keV and upper limits vs. the pulsar
spin-down power, _E , for ordinary and recycled pulsars (Posselt et al., 2012). It's noteworthy
that there appears to be a higher X-ray e��ciency at lower_E, although there is a scarcity of
objects in that range. Serendipitous searches in archivalXMM-NewtonandChandradata (such
as the one byPrinz and Becker 2015) usually �nd unconstrained large upper limits on LX for
pulsars with _E < 1035 erg s� 1 because the objects covered by chance are typically a few kpc
away.
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3.1.2 Source selection and strategy in Vahdat et al. (2022)

For source selection, we utilized the ATNF catalog (v1.57,Manch-

ester et al. 2005) to identify nearby NSs within approximately 2

kiloparsecs (kpc) that lackedX-raycoverage inarchivedXMM-Newton

andChandraobservations. A130search radiuswasapplied forXMM-

Newtonand a100radius 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

and theYMW+17electrondensitymodel (Yaoetal., 2017), withsome

estimatesdi�fering fromthosebasedon theNE2001model (Cordes

andLazio, 2002). �esedistanceswere included inouranalysis. By

considering the pulsar's spin-down power (_E), distance (D), and

average hydrogen column density (NH) as estimated from DM ac-

cording to formula1.20, weassumedapreliminaryX-raye��ciency

of 10� 4 to estimate expected absorbed X-ray �uxes, prioritizing

pulsarswithhigher likelihoodofdetection inshortexposure times.

In 2018 and 2019, we observed 14 pulsars using theXMM-Newton

EPIC instrument, with exposures ranging from 5 to 20 ks (PI: Bet-

tina Posselt, Program ID: 082303) employing �in and Medium �l-

ters. �ese sources, which are the main part of theVahdat et al.

(2022), are displayed in Table3.1, 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 withXMM-Newtonin
this study (Vahdat et al., 2022).

Pulsar ObsID
tPN tM1 tM2 bPN bM1 bM2 P D1 D2 log _E

NH;21
(ks) (ks) (ks) (c/s) (c/s) (c/s) (ms) (kpc) (kpc) (ergs s� 1)

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

J0745�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 33.5 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 1.51 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�7156B 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�5825B 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�5149B 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 4.7 (1.7) 6.6 (6.0) 6.6 (5.7) 1.0 (TN) 0.35 (M) 0.35 (M) 607 0.40 2.94 34.9 4.7

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-Newtonobservation IDs. Pulsars in bi-
nary systems are denoted with a superscript 'B'. �e second column displays the total and GTI-�ltered
exposure times for EPIC-pn and EPIC-MOS detectors, with values given in parentheses. �e third
column lists the GTI �lter for the background light curve and the corresponding �lters for each EPIC
detector: 'TN' for thin �lter, 'TK' for thick �lter, and 'M' for medium �lter. �e last column presents
source properties: 'P' represents the spin period in seconds, 'D1' indicates the best estimate of pulsar
distance in kpc based on the ATNF pulsar catalog using the YMW+17 dispersion measure (DM)-based
distance as default, log_E denotes the common logarithm of the spin-down energy loss rate in ergs
per second, andNH represents the hydrogen column density in units of1021 cm� 2 estimated from
the DM .
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Figure 3.2: Example background light curves for one of our survey sources, PSR 0745�5353. Le�t: Raw
(un�ltered) background light curve. Right: Corrected (�ltered) 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

�̂ (Ns)
=

NT � �N bgrp
NT + � 2Nbgr

(3.1)

whereSrepresentsdetectionsigni�cance,Ns is thebackground-

subtractedsourcecounts,NT andNbgr are total countswithinsource

andbackground regions, and� is the ratioof source tobackground

region.

3.1.3Data analyses and �ux estimation in the study

All data were processed using theXMM-NewtonScience Analysis

So�tware (SAS, V18.0.0), employing standard procedures. We ap-
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plied a FLAG==0 �lter 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, weallowedahigherbackgroundcon-

tribution in some cases to maximize potential photon counts from

our targets. �e complete list of GTI rates used for observations is

presented in Table3.1.

WeevaluatedvariousGTI �ltersderived from100-secondbinned

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 1000to 1500.

We centered 'eregionanalyse' on positions up to3� from the radio

pulsarposition, incorporatingpropermotioncorrectionswhenavail-

able. Only one source, PSR J0745� 5353, had a high proper motion

that its position needed to be corrected. We obtained background-

subtracted source count rates and3� 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, conductingsimultaneousmaximumlikelihood

(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 Table4.1. '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 of1:500, pro-

vided the total positional uncertainties for identifying multiwave-

length sources near X-ray NS candidates. For sources with a com-

bined net count numberabove 100 in the EPIC instrument, we per-

formed spectral �ts. Only PSR J1831� 0952 met this criterion.

Due to insu��cient counts for meaningful spectral �ts, we as-

sumed twodi�ferentspectralmodels toconvert count rates to �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 density (NH). 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

�uxesandupper limits toX-ray luminositiesL1� 10 keV = 4�D 2F unabs.

3.2 Multiwavelength Pulsations and Surface

Temperature Distribution in the Middle-Aged

Pulsar B1055-52, (Vahdat et al. , 2024)

3.2.1 Aim of the publication

Radiation from rotation powered pulsars includes both nonther-

mal and thermal components. �e nonthermal component comes

from relativistic particles in the pulsar's magnetosphere, while the

thermal component originates from the NS's surface. Studying

theseemissionsacrossdi�ferentwavelengthshelpsunderstandpar-

ticleacceleration, magnetosphereproperties, NSsurfaces, and their

thermalevolution. Bycomparingmultibandspectraandpulsepro-
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B1055-52, (Vahdat et al.,2024)

�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-

nent is 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, andB1055�52, knownas the `�reeMus-

keteers' which exhibit similarities in their properties such as X-ray

emissions and spin-down characteristics (Becker and Truemper,

1997).

B1055�52 was initially studied byXMM-Newtonin 2000, where

a phase-resolved spectral analysis was conducted (De Luca et al.,

2005). SubsequentobservationswithChandra in2012revealedsig-

ni�cantspectral changes, includinganotable>30%decrease in �ux

compared to the2000XMM-Newtonobservation (Posseltetal., 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 NSs (Posselt et al., 2023). �erefore, in 2020, we

conducted another observation of B1055 usingXMM-Newton, em-

ploying a better-suited instrument mode than the 2000 observa-

tions tomoreaccuratelymeasure themagnetosphericspectral 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.(2024) was to analyze the multiwave-

lengthdata fromB1055, aiming tounderstand the temperaturedis-

tribution and investigate both thermal and non-thermal emission

characteristics. Furthermore, wesought tosearch forphase-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-Newtontelescope over a span of 20 years.

Simultaneously, we conducted radio observations from the Parks

and Meerkat telescopes, taken alongside theXMM-Newtondata 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

68



3.2 Multiwavelength Pulsations and Surface Temperature Distribution in the Middle-Aged Pulsar
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Figure 3.3: Simultaneous multiwavelength observation of PSR B1055

parameterswithinanenergy rangeof0.3-8keV.WeutilizedPyXspec,

python interface with XSPEC, for X-ray spectral �tting, employ-

ing the Tübingen-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-

quently, 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 approximately1012 G. However, �tting with single-

component and two-component atmosphere models resulted in
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Table 3.2: NSMAXG XSPEC �t results of PSR B1055-52 combined with PL or BB components

Switch Element B(1012 G) � B � m logg (cm/s2) logTef f � � 2/dof
1100 H 0.1 0 N/A 2.4 5.5 5.7 2.84
1200 H 1.0 0 N/A 0.4 - 2.5 5.58 1.8 1/0.9
1260 H 4.0 0 N/A 2.4 5.7 1.8 1.2/1
1300 H 10.0 0 N/A 0.4 - 2.5 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 - 1.82 0-90 0 1.6 5.5 1.7 3
123190 H 1.0 - 1.82 0-90 90 1.6 5.5 2.1 2
130100 H 5.5 - 10.0 0-90 0 1.6 5.6 1.7 4.5

signi�cantsystematic residualsathigherenergies, while two-component

and three-component models exhibited similar issues at lower en-

ergies.

Table3.2presents the �tting results for theNSMAXGatmospheric

modelapplied toPSRB1055usingXSPEC. �emodel'sperformance

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-componentatmospheres, the resultsshowedsigni�cantsys-

tematicdiscrepanciesathigherenergies, witha reducedchi-squared

value� 2
� & 8. Similarly, combinationsof 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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Figure 3.4: Phase-integrated spectral �tting results for PSR B1055, using the 2019XMM-Newtondataset.
�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 theZ 2
n statistic (Buccheri

et al., 1983) to investigate X-ray pulsations near the expected radio

frequency. To ensure robust signal extraction with high signal-to-

noise ratios (S=N) and signi�cant Z 2
n;maxvalues, 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 subtracting (t1 + Tspan2 + t2)=2

(whereTspan2 is the times elapsed between the �rst and last de-

tected events for 201N) to minimize correlation between� and _� ,

setting the reference time to MJD 58664.376681.

Conducting theZ 2
n test separately for each dataset at �xed_� =

� 1:478� 10� 13Hz/s, weutilized thestingrayPythonpackage(Hup-

penkothen et al., 2019). For 101N (201N), we extracted 44113 (41984)
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Figure 3.5: Le�t:Z 2
1 statistics with a �xed _� =7e-14 Hz/s obtained for0:3 � 7keV events extracted from

EPIC-pn source region. Middle and right: Maps ofZ 2
1(�; _� ) in the vicinity of pulsar's ex-

pected (green star) frequency and its derivative from Parkes radio timing solution for the
energy range0:3 � 7keV. �e red star indicates the location of the highestZ 2

1(�; _� ) value
(Z 2

1;max = 3739). �e 1,2 and 3� statistical error contours forZ 2
1(�; _� ) are displayed with blue

ellipses. FromVahdat et al.(2024)

events from GTI-�ltered0:3� 7keV data using a3000radius extrac-

tion region. �e H-test ( de Jager et al., 1989) indicated a maximum

at three harmonics (n = 3) for each dataset, yieldingZ 2
1;max = 1925

(1802) andZ 2
3;max = 2123 (2029) at frequencies� = 5:07317468(13)

Hz (5:07317498(14)Hz).

Combining the two EPIC-pn datasets, we obtainedZ 2
1;max = 3739

(Z 2
3;max = 4155) at� (Z 2

1max) = 5:073174881(4)Hz and _� (Z 2
1,max) =

+7 � 10� 14 Hz s� 1. �is is consistent with the expectation that

the sum of the squared individual data sets,Z 2
1;max, obs1+Z 2

1;max, obs2,

shouldbeapproximatelyequal to thesquaredcoherenceof thecom-

bined data,Z 2
1;max, combined, suggesting good phase connection be-

tween the datasets.

�ese results suggest good phase connection between datasets.

Despite the loweraccuracyof theX-ray timingsolutioncompared

to radio, we utilized it to maximize signal strength. For phase-

resolvedspectroscopy, wedivided thedata into5equal-sizedphase

bins and extracted spectra from each bin using the same extrac-

tion radius, �ltering, and binning criteria as the phase-integrated

analysis. Ensuringeachbincontainedaminimumof15,000counts,
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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 column (NH = 2 � 1020 cm� 2) and photon in-

dex (� = 1 :8). Figure3.6presents each spectrum along with its

corresponding best-�t model parameters and� 2
� 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), thestatisticalanalysisusing theftest 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,
cold BB, and PL components are displayed with red, green, and yellow colors. �e �t param-
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)

�ischapter isdedicated topresenting themain �ndingsof (Vah-

dat et al., 2022) and (Vahdat et al., 2024), as well as discussing and

interpreting these results. Additionally, each section includes a

segment titled `Additional Notes and Outlook', where I will delve

into additional �ndings and ideas that were not included in the 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,

(Vahdat et al. , 2022)

4.1.1Detected pulsars from the survey

A mong the �ve X-ray energy bands speci�ed inVahdat

et al.(2022), the 0.3� 2.0 keV band exhibited the high-

est overall detection signi�cance in the EPIC instru-
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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). �e green circles 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 0.400, and are smoothed with Gaussian length scales� =3.400(for
PSR J1125�5825), and� =2.400(for PSRs J0745�5353 and J0711�6830). �e angular separations
between X-ray and radio positions are given in Table4.1.

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 J0711�6830, J0745�5353, and J1125�5825, warranting fur-

ther investigation for possible associations. �e relevant exposure

times, distances, and source properties are detailed in Table3.1,

while Table4.1provides angular separations (between radio and X-

ray positions) and X-ray source signi�cance. Corresponding EPIC

images are displayed in Figure4.1. Observational properties of the

identi�ed sources are listed below:

PSR J0711�6830: �e candidate X-ray counterpart is positioned

1:700from the radio location of the pulsar. Despite a lack of counts

in the narrower so�t energy band, inclusion of higher energies led

todetection. However, irregularcountdistribution inEPIC-MOS2,

noise-likeappearance inEPIC-pn, andabsence inEPIC-MOS1raised

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 9:700from the radio pulsar position (not shown

in Figure4.1), 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-

tion of � 2500from the radio pulsar, is unlikely to be associated.

PSRJ0745� 5353: �ispulsar, initially identi�ed in thesecondMo-

longlo pulsar survey (Manchester et al., 1978). Analyzing EPIC-pn

data revealed a 30% exposure time loss during GTI-screening. �e

X-raysource, located1:5400fromthe radiopulsarposition, emerged

as a promising counterpart candidate. Detailed statistics and �ux

calculations are provided in Table3.1, along with information on

nearby astronomical sources.

PSR J1125� 5825: �e pulsar was �rst discovered in the High Time

Resolution Universe Pulsar survey I (Keith et al., 2010). It has a

helium-core white dwarf (WD) companion with a mass of 0.33 M�

(Hui et al., 2018). �e recycled pulsar is located at 1.7 kpc (YMW+17

model) and has a surface dipole �eld of Bsurf = 4:4 � 108 G with a

log _E = 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 of0:600from the radio position.

For this X-ray source, there are 2 Gaia sources1:300and3:800away

with the second one having a 2MASS 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. 2024).

Pulsar ObsID � X� R
PN0:3� 2 keV MOS10:3� 2 keV MOS20:3� 2 keV Combined EPIC

Ns S UL1 Ns S UL1 Ns S UL1 Ns S ML

(arcsec) (counts) (� ) (c/s) (counts) (� ) (c/s) (counts) (� ) (c/s) (counts) (� )

J0711�6830 0823030601 1.7 23.5� 13.0 1.8 0.0080 �� �� 0.0005 11.3� 4.7 2.4 0.0018 54.8� 15.7 3.51 14.9

J0745�5353 0823031401 1.5 27.2� 7.6 3.6 �� 6.2� 4.0 1.6 0.0006 8.1� 4.3 1.9 0.0007 39.6� 9.2 4.32 16.2

J0942�5552 0823031301 9.7 31.7� 10.3 3.1 �� �� �� 0.0004 �� �� 0.0006 �� �� ��

J0945�4833 0823031101 2.3 14.8� 7.2 2.2 0.0021 3.3� 5.1 �� 0.0007 �� �� 0.0004 �� �� ��

J0954�5430 0823030401 1.2 4.4� 4.2 1.1 0.0021 1.7� 3.2 �� 0.0009 2.5� 2.9 �� 0.0012 �� �� ��

J0957�5432 0823031001 8.5 9.0� 5.8 1.6 0.0024 8.3� 5.6 1.5 0.0008 �� �� 0.0003 �� �� ��

J1000�5149 0823030301 2.7 �� �� 0.0007 �� �� 0.0005 �� �� 0.0010 �� �� ��

J1003�4747 0823030201 2.1 10.5� 8.4 1.3 0.0019 3.4� 3.8 �� 0.0005 �� �� 0.0002 �� �� ��

J1017�7156 0823030701 5.3 1.6� 3.9 �� 0.0015 �� �� 0.0002 �� �� 0.0003 �� ��

J1125�5825 0823031601 0.6 18.8� 6.7 2.8 0.0038 17.4� 6.3 2.8 0.0012 10.3� 5.2 2.0 0.0009 47.4� 10.2 4.72 20.9

J1543�5149 0823030901 1.2 4.0� 4.0 1.0 0.0018 3.8� 3.6 1.2 0.0011 �� �� 0.0007 �� �� ��

J1725�0732 0823031501 4.4 3.3� 3.8 �� 0.0006 1.6� 2.7 �� 0.0004 �� �� 0.0003 �� �� ��

J1740�3015 0823030101 7.8 6.4� 3.5 1.8 0.0064 �� �� 0.0008 �� �� 0.0008 �� �� ��

J1755�0903 0823030501 0.3 6.2� 4.1 1.5 0.0031 �� �� 0.0006 �� �� 0.0009 �� �� ��

�e � X� R column displays angular separation in arcseconds between the pulsar's radio timing posi-
tion and the centroid of the nearest X-ray source. Background-subtracted countsNs at the optimized
X-ray source position and their corresponding signi�canceS 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
Kra�t et al. (1991). �e ML values are given in 0.3-2.0 keV for PSRs J0745�5353 and J1125�5825 and in
0.3-4.5 keV 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

thathavenotbeenpreviously reported. To identify them, wecross-

referenced the radio positions of pulsars from the latest ATNF cat-

alog (Manchester et al., 2005) with theXMM-Newton(4XMM DR10,

Webb et al. 2020) andChandra(CSC v2) catalogs, selecting those

within search radii of1000and 500respectively. 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 Becker(2015) andLee et al.(2018). �is e�fort yielded 5

additional sources in theXMM-Newtoncatalog within a1000search

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 thePOSERRat the 3�

con�dence level. Notably, two archival sources had distances ex-

ceeding 2 kpc based on theYMW+17model, 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 4XMM-DR10 positions close to these pulsars.
�e images have pixel scales of 0.400, and are smoothed with Gaussian length scales� =2.200

(except PSRs J1535�4115 and J1926�1314 with� =1.400). �e angular separations between X-ray
and radio positions are given in Table4.2(from Vahdat et al. 2022).

due to their intriguing X-ray characteristics that are summarized

in Vahdat et al.(2022).

4.1.3Potential alternatives to explain the X-ray sources

We utilized the3� 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 includingGaia-EDR3, 2MASS, WISE, NOMAD,

and theTESSInput Catalog.

To explore alternative counterparts, we hypothetically attributed

allX-ray �ux toanoptical/NIRsource, analyzing resultingX-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 byMaccac-

aro et al.(1988), Covey et al.(2007) andBailer-Jones et al.(2019).
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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 a respective note in the literature or previously marked as upper-limit
(FromVahdat et al. 2022).

Pulsar ObsID � X� R � IAU name ML
PN0:3� 2 keV MOS10:3� 2 keV MOS20:3� 2 keV

Ns S Ns S Ns S

(arcsec) (arcmin) (counts) (� ) (counts) (� ) (counts) (� )

J0340+ 4130 0605470101 4.74 7.8 4XMM J034023.3+413040 12.0 11.4� 5.4 2.1 13.9� 5.6 2.5 13.6� 4.3 3.1

J1435� 5954 0692050101 2.59 16.9 4XMM J143500.1-595452 11.3 66.8� 17.9 3.7 �� �� �� ��

J1622� 0315 0784770401 0.84 1.7 4XMM J162259.6-031538 63.5 33.9� 7.8 4.3 24.1� 6.8 3.5 20.1� 6.9 2.9

J1535� 4114 0652610201 5.6 4.3 4XMM J153516.5-411402 12.7 72.5� 16.5 4.4 21.0� 9.8 2.1 19.8� 8.5 2.3

J1643� 1224 0742520101 1.5 1.1 4XMM J164338.0-122458 112.7 66.8� 11.3 5.9 24.4� 6.4 3.8 22.3� 6.3 3.5

J1831� 0952 0822330101 2.2 2.3 4XMM J183134.1-095201 96.9�� �� 28.9� 9.6 3.0 29.0� 9.7 3.0

J1857+ 0943 0742520201 1.3 1.2 4XMM J185736.4+094317 38.3 27.9� 6.8 4.1 7.1� 4.5 1.6 13.8� 4.7 2.9

J1926� 1314 0742620101 5.5 1.1 4XMM J192653.7-131358 6.9 59.6� 16.7 3.5 13.5� 8.2 1.6 27.6� 9.6 2.8

� X� R column displays angular separation in00between the pulsar's radio timing position and the
centroid of the nearest X-ray source according to 4XMM-DR10.� is 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 countsNs at the optimized X-ray source position and their corresponding signi�cance are
displayed for EPIC-pn and EPIC-MOS1/MOS2. PSR J1831�0952 has a� 6� signi�cance in 0.3-4.5 keV
with Epic-MOS cameras. �e o�f-axis angle is given for Epic-MOS1.

Visual magnitudes (mV ) were derived fromGaia-EDR3passbands

and colors using Landolt standard stars observed withGaia.

Interpreting X-ray to optical �ux ratios, we employedMaccacaro

et al.(1988)'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 toGaiaphotometry

conversion relations. Astrometric properties fromGaia-EDR3, in-

cluding distances and proper motions, were also utilized to verify

stellar origins.

In theabsenceof2MASScounterparts, Gaiacolorswereconverted

toSDSScolors for classi�cation followingCovey etal. Additionally,

Jones et al.'s empirical classi�cation ofGaia-DR2objects was con-

sidered, aiding in the categorization of potential multiwavelength

counterparts.
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Table 4.3:Gaia-EDR3 sources that fall within3� positional uncertainty radius of the X-ray sources.

Gaia-EDR3 Associated PSR � � � � D Te� V log (f x=f v) Macc88 CV07 BJ19 Excluded

(mas/y) (mas/y) (kpc) (K) (mag) (Spectral type) (S) (GXY)

237123598225544064 J0340+4130 (4.6400) -0.5� 0.4 -2.6� 0.4 2.0� 1.1 4154� 182 20.6� 0.7 -0.5 AGN �� S, QSR Y Y

5339616527672093056 J1125�5825 (1.2700) -4.8� 0.1 1.1� 0.1 4.0� 2.0 �� 18.7� 0.4 -0.85 M, AGN, GXY M1, M5, M2 S, QSR N Y

5339616527704864768 J1125�5825 (3.8500) -6.8� 0.1 1.0� 0.1 1.7� 0.1 5488� 393 16.4� 0.3 -1.7 M, K, GXY G8 S, GXY N Y

5878785517750906240J1435�5954 (4.3500) -9.5� 0.1 -2.4� 0.1 2.2� 1.1 6635� 180 19.1� 0.4 -1.3 M, GXY M6, M7, M8 S, GXY N Y

5878785517754291968 J1435�5954 (6.8300) -6.5� 0.2 -2.6� 0.1 2.3� 1.1 5456� 212 19.9� 0.5 -0.9 M, AGN, GXY M5, M6, K7 S, GXY, QSR N Y

4358428942492430336 J1622�0315 (0.8900) -13.2� 0.3 2.3� 0.2 2.7� 1.9 6108� 254 19.6� 0.4 -0.7 M, GXY, AGN � � � S Y Y

4310888159960965632 J1857+ 0943 (2.7100) -1.9� 0.6 -4.1� 0.6 1.5� 0.8 �� 21.5� 0.5 -0.2 AGN � � � S, GXY, QSR Y Y

4186460380401976448 J1926�1314 (0.9600) �� �� �� �� 18.2� 0.5 -2.1 M,K �� S, QSR N Y

4186460380401976576 J1926�1314 (1.9600) 5.6� 0.9 -4.9� 0.5 4.2� 2.3 �� 14.7� 0.4 -1.8 M,K �� S, QSR N Y

4186460380410768640 J1926�1314 (2.9700) 2.4� 0.1 -5.4� 0.1 1.5� 0.1 5861� 123 18.4� 0.5 -3.5 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 theGaia-
EDR3 source in parentheses. �e next columns show the proper motions, distances and e�fective
temperatures obtained fromTESSInput Catalog - v8.0 (Stassun et al., 2019). �e V -band magni-
tude (Vega) was estimated from theGaiamagnitudes using Johnson-Cousins relationships of Landolt
standard stars that were observed withGaiaaccording toEvans et al.(2018). log (f x=f v ) is the X-ray
to optical �ux ratio. �e Macc88, CV07 and BJ19 columns represent classi�cations according toMac-
cacaro et al.(1988)Covey et al.(2007) andBailer-Jones et al.(2019) respectively. 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.

Within the 3� uncertainty regions of six X-ray candidates (includ-

ing �ve archival sources), we identi�ed ten potential optical/NIR

counterparts (Table4.3).

4.1.4X-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

(LX )andspin-down luminosity (_E) forboth thermalandnon-thermal

emission, encompassing both survey and archival sources.

Many sources in our sample exhibit an e��ciency (� ) around10� 4.

Notably, only three pulsars from our archival X-ray observations
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have �rm �uxestimatesderived fromparallaxdistances, highlighted

in yellow in Figure4.3, with consistent estimates for the majority

except for J0711�6830.

�e solitary millisecond pulsar J0711�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 (D2 andD1) leads to an uncertainty factor of 8. Assuming

a distance of 0.86 kpc based on theNE2001model, 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��ciency of� X � 10� 1:5, with minimal varia-

tion using theNE2001-based distance.

�is source, known topossessanotablystrongerdipolemagnetic

�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�ferentspectraandenergybands. �isstabilityarises 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 J1831� 0952.
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Figure 4.3: X-ray luminosity of ordinary and millisecond pulsars investigated in this study vs. their spin-
down powers _E calculated withYMW+17based distances (le�t) andNE2001based 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 kT = 300 eV). Spectrum-derived PL
�ux for J1831�0952 is shown with green triangle._E values are corrected for the Shklovskii ef-
fect where relevant (FromVahdat et al. 2022).

4.1.5Additional notes

Our initial Ful�l 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� 14 erg/s/cm2. For the next cycle ofXMM-NewtonProposal,

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 largest listed distance. With this re�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-MOS1 (right)

strategy, wesecuredseveralobservationopportunities inAO21, 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 (� c � 8:8 � 105 yr) with

a P and _P of 0.54 s and 9.7810� 15ss� 1, respectively. �e source

was discovered by the Parkes multi-beam pulsar survey (Manch-

ester et al., 2001), 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-NewtonEPICcameras, una�fectedsigni�cantlybybackground

�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 (� c � 9:5 � 105 yr) with a

P of 0.28 s and a_P of 4.68� 10� 15s s� 1(Parthasarathy et al., 2019).

Based on DM measurements (YMW+17), the pulsar is situated at

1.12 kpc. In March 2022,XMM-NewtonEPIC 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 Fig.4.5). Upper limits

(3� ) for X-ray emission from the pulsar, as determined by individ-

ual EPIC instruments, are provided in Table4.4.

PSR J1918+1541

PSR J1918+1541 is the third and the last middle-aged pulsar in the

current list with a � c � 2:3 � 106 yr and with aP and _P of 0.37 s

and2:54� 10� 15s s� 1, respectively (Camilo et al., 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 withXMM-Newton

86



4.1 Toward an X-ray inventory of nearby neutron stars, (Vahdat et al.,2022)

0 2000 4000 6000 8000 10000 12000 14000 16000
Time (s)

0

2

4

6

8

10

12

14

16

R
at

e 
(c

ou
nt

/s
)

15.77 ks EPN uncleaned bkg LC of |PSR J1918+1541| in 2023-04-06

10-12 (keV) uncleaned LC
PN 0.4 rate threshold

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.

Pulsar ObsID � X� R
PN0:3� 2 keV MOS10:3� 2 keV MOS20:3� 2 keV Combined EPIC

Ns S UL1 Ns S UL1 Ns S UL1 Ns S

(arcsec) (counts) (� ) (c/s) (counts) (� ) (c/s) (counts) (� ) (c/s) (counts) (� )

J1530� 5327 0884180301 2.3 �� �� 0.0011 �� �� 0.0006 �� �� 0.0004 �� ��

J0835� 3707 0884180401 1.9 13.6� 10.1 1.3 0.0017 17.4� 6.5 2.6 �� �� �� 0.0005 32.6� 9.2 3.0

J1918 + 1541 0901590201 4.3 �� �� 0.0034 13.7� 7.2 1.8 �� �� �� 0.0007 �� ��

�e � X� R column displays angular separation in arcseconds between the pulsar's radio timing posi-
tion and the centroid of the nearest X-ray source. Background-subtracted countsNs at the optimized
X-ray source position and their corresponding signi�canceS according to Equation (1) are listed for
each detector, as well as the ML for the detections considering all EPIC instruments together. �e3�
upper limits (UL) for individual instruments are Bayesian upper limits according toKra�t et al. (1991).

EPIC cameras. Regrettably, the EPIC instrument encountered a

signi�cant background �are, impacting around 40% of the allo-

cated observation time (see Fig4.6, right). Despite the extensive

observation period, the pulsar did not exhibit any signi�cant de-

tection in any of the instruments (refer to Fig4.6, le�t). �e upper

limits (3� ) for X-ray emission from the pulsar, as measured by in-

dividual EPIC instruments, are summarized in Table4.4.

In summary, we conducted an investigation into the X-ray emis-

sions of three middle-aged pulsars as part of our ongoing Ful�l

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 in these 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 even if the distance based on

dispersionmeasure (DM) isaccurate, assuming theassumedX-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 of three 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� 4

may be inaccurate. As demonstrated inVahdat et al.(2022), cer-

tain pulsars, such as PSR J0711� 6830 and PSR J1831� 0952, exhibit

a lower X-ray e��ciency rate of 10� 5, which could also be the case

for these pulsars.

4.2 Multiwavelength Pulsations and Surface

Temperature Distribution in the Middle-Aged

Pulsar B1055-52, (Vahdat et al. , 2024)

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

in the 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 Figure4.7. Di�ferent energy bands may

requirevaryingnumbersofharmonics. Tocompare, weusedachi-

square test to 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 Figure4.8, we plotted the normalized X-ray pulse pro�leF (� )

in the 0:3 � 7 keV range alongside the Parkes radio pro�le at 2.4

GHz, and the Fermi-LAT
 -ray light curve from 50 MeV to 300 GeV.

Figure4.9illustrates the pulse pro�les and their3� uncertainties

in fourenergybands, alongwithParkes radioandFermi-LAT
 -ray

light curves.

To estimate the intrinsic uncertainty in the alignment of the ra-

dio and X-ray pro�les, we calculated the maximum phase shi�t,

� � max, between the X-ray and Parkes radio timing solutions. We

found � � max to 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, dependingprimarilyon thephasesandamplitudesofFourier

harmonics and their energy dependence. We estimated PFs for

threedi�ferentde�nitions: amplitudePF(pamp), areaPF(parea), and

root-mean-square PF (prms). �e energy dependence of the PFs
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Figure 4.7: �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 harmonics,(N=20)F (� ), whereF (� ) is the normalized pulse
pro�le 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 their1� uncertainties, are displayed at
the top right corner.

is displayed in Figure4.10. Both amplitude and area PFs increase

with photon energy, saturating at around� 70%�75% above 1 keV,

with a slight decrease towards 5 keV. Similarly,prms rises with en-

ergy from 0.15 to about 1.2 keV, then declines at higher energies.

Although the pulse pro�les in Figure4.9do 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.(2018), we calculated deviations of

counts,N i;j , in each phase-energy bin from the phase-averaged

value. �esedeviationswere thenused tocreateasigni�cancemap,

restricted to the0:15� 7:0keV energy range. Second, we employed

a normalization method byTiengo et al.(2013), dividing counts in
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Figure 4.8: Normalized X-ray pulse pro�le,F (� ), in 0:3 � 7keV. Phase bins are displayed with di�ferent
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.

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

4.11(right). Uponexamination, wecategorized thecounts into four

distinct energy regions. In the �rst region (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� 0:5keV) displayed minimal to negligible pulsation across all

phases, contrasting with the continuous pulsation observed in the

so�t to mid X-ray range in the phase-energy deviation map and the

pulse pro�le.

In the fourth region (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 ( 2:0 � 5:0 keV)

appeared dispersed in both panels, making it challenging to de-
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termine the emission pattern, although a pulsation minimum and

maximum were observed between2:0 � 3:0keV.

4.2.2 The phase-resolved thermal X-ray spectra

We analyzed the pulsation behavior using phase-resolved spectral

analysis, deviating fromthecommonlyused two-temperatureblack-

body (BB) model for middle-aged pulsars. Instead, we found sig-
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ni�cantphasevariations inboth thehotandcoldBB temperatures,

indicating non-uniform temperature distributions on the NS sur-

face.

Similar phase variations in BB temperatures were previously ob-

served for PSR B0656+14 (Arumugasamy et al., 2018). Our analysis

of B1055's phase-resolved spectra revealed temperature variations

in the hot spot BB (S̀1'), where the temperature decreased from

the peak of the0:5 � 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 �ux increase than oth-

erwise expected.

�e cold BB component showed comparable behavior to the hot

BBcomponent, with temperatureand radiusvariationsoutofphase.

�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 (S̀2'), suggesting the existence of at least one ad-

ditional thermal component. �e presence ofS2is also evident in

the light curves, particularly in the0:3� 0:5keV range, coinciding

with the radio inter-pulse.

�e observed high pulsed fraction (PF) in the0:8� 1:2keV range

for B1055 suggests the presence of hot spots. However, existing

models for internal heating and magnetic �eld con�gurations do

not fullyexplain theobservedPFs. �econtributionofatmospheric

e�fectsanda toroidalmagnetic �eldcomponentmayprovideamore

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

interiors to itssurface layers, especially in thepresenceofanonuni-

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

inolderpulsarsandmaycontribute to theX-rayemissionofmiddle-

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 internalandexternalheatingdi�ferently.

Recent studies have explored these con�gurations and their im-

pact on temperature patterns, light curves, and spectra in middle-

aged pulsars (Igoshev et al., 2021).

In summary, both internal and external heating mechanisms can

contribute to hot spot formation on B1055's surface. Detailed at-
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mospheremodeling, includingbeamedemissions, 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 Figures4.8and 4.9), indicate distinct

emissionmechanismsoperatingatdi�ferent locationsandheights.

�ermal X-ray emission originates directly from the NS surface

(Posselt et al., 2023), while radio emission likely arises from higher

altitudes above the magnetic poles (Weltevrede and Wright, 2009).

Regarding nonthermal X-ray emission, our spectral analyses re-

veal a dominant nonthermal component at energies above� 2.0

keV. Although its phase-integrated photon index is notably higher

than that seen in the GeV gamma-ray range (Posselt 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-
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Analysis of the radio and
 -ray light curves o�fers additional in-

sights into pulsar geometry. B1055 is o�ten interpreted as a nearly-

orthogonal rotatorbasedon theseparationbetween its 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�cally (Pierbattista

et al., 2015).

In our X-ray observations, we observe the primary peak from hot

spot S1 at� � 0.3� 0.4, along with a secondary thermal 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 phase at� � 0.8 in the 0.3� 0.5 keV pulse pro�le. �e

time delays observed between the X-ray and radio pulses are con-

sistent with with the two-pole interpretation, supporting the idea

ofB1055asanorthogonal rotator. Additionally, thespatialarrange-
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ment of emission sites on the NS surface, inferred from polariza-

tionangleanalysis, furthersupports this interpretation (Weltevrede

and Wright, 2009).

Overall, the observed X-ray and multiwavelength pulse pro�les

o�fervaluable insights into thecomplex interplayofemissionmech-

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

sourcewith light-elementatmosphericmodelsand/oracondensed

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

that takes intoaccount thegeometryandotherpropertiesofB1055.

Furthermore, all existingatmospheremodelsare forphase-averaged

spectra. Tocomprehendandconstrain temperaturevariations, phase-

dependent modeling is required.

An additional avenue for research could involve conducting de-

tailedmagnetothermalsimulations tobettercomprehend 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�cally tailored toanalyzesurface thermalpatterns, lightcurves,

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 Advanced CCD Imaging Spectrometer

ADS Astrophysics Data System

AGN Active Galactic Nuclei

ATNF Australia Telescope National Facility

AXP Anomalous X-ray Pulsar

BB BlackBody

DM Dispersion Measure

EPIC �e European Photon Imaging Camera

FF Full Frame

FWHM Full Width at Half Maximum

GTI Good Time Intervals

HE High Energy

HETG High-Energy Transmission Grating

HRC High Resolution Camera

IAU International Astronomical Union

IR Infrared

ISM Interstellar medium

LAT Large Area Telescope

MJD Modi�ed Julian Date

ML Maximum likelihood
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Acronyms

MOS Metal Oxide Semi-conductor

MSP Millisecond Pulsar

MW Multiwavelength

NASA National Aeronautics and Space Administration

NH Galactic Hydrogen Column Density

NIR Near Infrared

NOMAD Naval Observatory Merged Astrometric Dataset

NPL Powerlaw Normalization

NS Neutron Star

NSA Neutron Star Atmosphere

NSATMOS NS Hydrogen Atmosphere with electron conduc-

tion and self-irradiation

NSMAXG Neutron Star with a Magnetic Atmosphere

OM Optical/UV Monitor Telescope

PF Pulsed Fraction

PL Powerlaw

PSF Point Spread Function

PSR Pulsar

PWN Pulsar Wind Nebula

QSR Quasar

RGS Re�ection Grating Spectrometer

ROSAT Röntgensatellit

RPP Rotation-Powered Pulsars

RRAT Rotating Radio Transient

SARAO South African Radio Astronomy Observatory

SAS Science Analysis So�tware
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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
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Index

Symbols


 -ray, 32

A

accretion-powered pulsars,20

acis,42

anomalous x-ray pulsars,23

B

blackbody,46, 47

braking index,17

C

central compact objects,26

chandra,41

chandrasekhar limit,6

characteristic age,17

charge density,12

cosmic x-ray background,45

D

dead-zone,14

dipolar braking,27

dispersion,28

dispersion measure,28

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,11, 12

magni�cent seven,26

millisecond pulsars,22

moment of inertia,16

mos,38

N

near-infrared,34

non-thermal non-pulsed

emission,30

non-thermal pulsed emission,

30

ns atmosphere,47

nsa,48

nsatmos,49

nsmaxg,49

O

optical,33

ordinary pulsars,22

outer gap,13, 14

P

planck's constant,46

polar cap,13, 14

powerlaw,50

pulsed fraction,57

pulsed pro�le, 52

pyxspec,47, 50

R

radio, 27

rgs,40

rotating radio transients,25

rotation-powered pulsars,20

rotational energy loss rate,17

S

schwarzschild radius,5

so�t gamma repeaters,23

spectral radiance,47

synchrotron radiation,31

T

tess,82

thermal emission,30

U

ultraviolet, 34

W

white dwarf, 5

X

x-rays,29

xmm-newton,37
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INDEX

xspec,47, 50
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