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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 derWissenschaft.

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

icheFragenzurNatur vonNeutronensternenunbeantwortet. Dazu

gehören ihre innere Zusammensetzung, die Populationsdichte in

derGalaxie, evolutionäre Pfade zwischen verschiedenenArten 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 dieserWis-

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

geneigenschaftenderNeutronensterneunduntersuchtPopulation-

sstatistiken,währenddaszweiteProjekt einedetaillierteErforschung

der Herkunft von Röntgenemissionen eines bestimmten Neutro-

nenstern bietet.

Die erste Studie basiert auf der bereits bekannten Korrelation

der Röntgenleuchtkraft mit dem Rotationsenergieverlust der Pul-

i



Zusammenfassung

sare. DiemeistenPulsaremitRöntgendetektionenhabeneineRönt-

genefőzienz von 10−4 bis 10−5. Aufgrund der (wenigen) Detektio-

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

őzienzmitgeringeremRotationsenergieverlust steigt. Die faszinierende

Frage ist, ob diese Clusterbildung auf die Existenz von höheren

Multipolmagnetfeldkomponenten zurückzuführen ist oder ob sie

auseinerEskalation inderLeuchtkraftderElektron-Positron-Paarheizung

resultiert.

Ein mögliches Problem für unser Verständnis besteht, dass wir

Untersuchungen oft auf die hellsten Pulsare konzentrieren, was

uns eine voreingenommene Sicht geben könnte. Die spezielle Be-

trachtung von “interessantenž Pulsaren, die durch andere Metho-

den gefunden wurden, könnte zu einem voreingenommenen Ver-

ständnis ihrer Röntgenemissionen führen. Dieser Wandel unter-

streicht dieNotwendigkeit eines unvoreingenommenenAnsatzes,

umwirklichzuverstehen,wiePulsareRöntgenstrahlenaussenden,

und verzerrte Interpretationen zu vermeiden.

Das ersteProjekt, “Towards anX-ray inventoryofnearbyneutron

stars, (Vahdat et al., 2022)ž, 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 vonHerausforderungen in Bezug auf un-

sichere Entfernungen, Alter oder Positionen schwer fassbar. Um

diesanzugehen, gingenwir systematischvorundanalysiertenRönt-

gendatenausverschiedenenQuellen, darunterXMM-Newton, Chan-

draundandereKataloge, diemehrereWellenlängenabdecken. Un-
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sereBemühungen führtenzurEntdeckungvonRöntgenpulsar-Gegen-

stücken, die zuvor nicht identiőziert worden waren, und bieten

einen umfassenderen Überblick über der Neutronensterne inner-

halb einerEntfernungvonetwa2Kiloparsec. DiesesProjekt angewen-

detwurde, erweiterte die Stichprobe vonnahegelegenenRöntgen-

emittierendenNeutronensternenundhilft zukünftigenUntersuchun-

gen, die eine unvoreingenommene Darstellung dieser Quellen er-

fordern.

InunseremzweitenProjekt, “MultiwavelengthPulsationsandSur-

faceTemperatureDistribution in theMiddle-AgedPulsarB1055ś52,

(Vahdat et al., 2024)ž, führtenwir einedetaillierteAnalyse vonBeobach-

tungsergebnissen eines mittelalten Pulsars durch. Unter Verwen-

dung desXMM-Newton-Teleskops untersuchten wir die Röntgene-

missionvonPSRB1055ś52. UnsereUntersuchungenergaben, dass

die phasenintegrierten Spektren am bestenmit zwei Schwarzkör-

perkomponenten und einem Potenzgesetz passen.

Darüber hinaus zeigte die pulsationsphasenabhängige spektrale

Analyse von B1055 Veränderungen in den thermischen Emission-

sparameternwährenddesRotationszyklusdesPulsars. Diesezeigt

dieUneiheitlichkeit der Temperaturoberŕächenverteilung an. Die

Anwendungverschiedener statistischerAnalysetechniken, undder

Untersuchung von Pulsproőlen bei verschiedenen Wellenlängen,

ermöglichteVergleichemit anderen isoliertenPulsarenundDiskus-

sionenüberTemperatur-undMagnetfeldverteilungen, dieGeome-

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

den Heizprozesse antreiben.
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Abstract

Neutron stars, the remnants of massive stellar explosions, hold

a unique place in astrophysics. Their extreme densities and mag-

netic őelds, 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. These

include their inner composition, populationdensity across thegalaxy,

evolutionarypathsbetweendifferent typesofneutronstars, aswell

as thephysicsof their thermal andnon-thermal emissionprocesses.

ThisPh.D. thesis aims toaddress thesegaps inknowledge through

the presentation of two distinct yet complementary projects. The

őrst project focuses on X-ray properties, delving into population

statistics, while the second project offers a detailed exploration of

thedistributionofdifferent emissioncomponentsoverpulsephase

and their origin from a speciőc neutron star.

The correlation between the spin down-energy loss andX-ray lu-

minosity in pulsars has been a focal point in numerous studies.

This so-calledX-rayefőciencyappears to convergewithin the range

iv



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 efőciency increases with lower rotational energy loss. The

intriguing question persists regarding whether this clustering is

attributed to the existence of highermultipolemagneticőeld com-

ponents, or if it stems from an escalation in electron-positron pair

heating luminosity.

Onechallenge is thatweoften focuson thebrightestpulsars,which

might give us a biased view. Looking speciőcally at “interestingž

pulsars found through other methods might lead to a biased un-

derstanding of their X-ray emissions.

The őrst project, “Towards an X-ray inventory of nearby neutron

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

of the population of nearby neutron stars by conducting a survey

using the XMM-Newton telescope. 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

fromvarious sources, includingXMM-Newton, Chandra, andother

catalogs coveringmultiplewavelengths. Our efforts resulted in the

discovery of X-ray sources that were previously unidentiőed, of-

fering a more comprehensive overview of these celestial objects

within a distance of about 2 kiloparsecs. This 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-AgedPulsarB1055ś52, (Vah-

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

middle-agedpulsar. Observations fromtheXMM-Newton telescope,

we carefully examined the X-ray emission of PSR B1055ś52. Our

investigations found that the phase-averaged spectra is best őtted

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. Thisdiscovery suggests thenon-uniformity

of the blackbody components, especially the hotter one. Apply-

ing different statistical analysis techniques and multiwavelength

pulse proőle analysis allowed for comparisons with other isolated

pulsars and facilitated discussions on temperature and magnetic

őeld distributions, as well as the mechanisms driving the under-

lying heating processes. Additionally, the observation of a second

hot spot conőrmed theorthogonal geometry indicatedby the radio

observation.
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Preface

This thesis comprises four distinct chapters, each serving a spe-

ciőc purpose within the context of my research.

In the őrst chapter, I present the introduction, setting the stage

for the thesis while offering an insight into the rationale behind

the chosen title.

Chapter 2 is dedicated to instrumentation, setups, techniques,

formulas, andmethodology that I employed in the subsequent chap-

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

gral tomy research, providing formal guidelines for spectral, tim-

ing, and statistical analysisś elements thatwere crucial in thepur-

suit of my research objectives. Certain speciőc 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 speciőcs of the individual projects.

In Chapter 3, I summarize the aims of Vahdat et al. (2022) and

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

publications, without delving too deeply into the speciőcs of data

vii



Preface

reduction andmethodology.

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

physics andwasacollaborative effort involvingBettinaPosselt,George

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

sive four-yearXMM-NewtonFulől survey, duringwhichwe signif-

icantly expanded the number of X-ray investigated pulsars.

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

Journal andwasacollaborative venturewithBettinaPosselt,George

Pavlov, PeterWeltevrede, Simon Johnston, andAndreaSantangelo.

This project delves into amultifaceted approach aimed at unravel-

ing thephysical properties andgeometry of a uniquepulsar known

as B1055.

In Chapter 4, I will present the main őndings 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

ž It does not matter where I am. The sky is al-

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

all mine.

ÐSohrab Sepehri

(The Foot Steps OfWater, 1964)

1.1 AHistorical Odyssey

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

rative, blending theoretical postulationswithunexpected

discoveries. This scientiőc exploration, spanning sev-

eral decades, transformsourunderstandingof these enigmatic ce-

lestial entities. In 1934WalterBaadeandFritzZwickymadeaground-

breaking proposition where they suggested that supernova explo-

sionsmight give rise to compact stars primarily composed of neu-

trons. This 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

of atomicnuclei, a crucial 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 formwhen JocelynBell andhermen-

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

vel. Theirquest to study interplanetary scintillation led to the serendip-

itous discovery of pulsars. Initially, these signals were mistaken

for terrestrial radio interference, but their celestial origin soon be-

came undeniable. The őrst 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).

Thepulsar’s discovery sparked a lot of theoretical conjecture, set-

ting off an intense wave of scientiőc speculation. Three primary

categoriesof theories emerged: thepulsations couldemanate from

radial oscillationswithin the star, result from the orbital dynamics

of binary star systems, or stem from the fast rotation of anuniden-

tiőed cosmic object (Hewish et al., 1979; Thorne and Ipser, 1968;

Saslaw et al., 1968; Gold, 1968). Asmore pulsars were uncovered, it

became clear that some of these theories could not explain all the

observed properties.

The pivotalmoment camewhen it was revealed that pulsarswere

slowing down, indicated by lengthening of their spin periods. This

discovery discredited the theories based on binary systems. The

prevailing explanation was that pulsars were rapidly rotating NSs

with misaligned magnetic őelds, which explained their observed

2



1.2 The Birth of Neutron Stars: Progenitors and Formation Processes

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

came through careful observations in radio andX-ray frequencies.

The launchof theőrstX-ray satellite,Uhuru, in 1970markeda turn-

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

1968). These observations afőrmed that pulsars were indeed fast-

spinningNSswith powerfulmagnetic őelds. The radiowaves from

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

1968; Pacini, 1968). Thediscovery of pulsarswithin supernova rem-

nants, the leftovers from stellar explosions further cemented the

link between pulsars andNSs, with famous examples like the Crab

pulsar andVelapulsar (StaelinandReifenstein III, 1968; Largeet al.,

1968).

1.2 The Birth of Neutron Stars: Progenitors and

Formation Processes

Stars originatewithin relatively dense conglomerates of cold inter-

stellar gas and dust known as ‘molecular clouds’, which are preva-

lent in most galaxies, including our own Milky Way. These 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).
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1 Introduction to Astrophysics of Pulsars

One crucial obstacle to the formation of stars is angularmomen-

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. These stars acquire energy through interactions with

other starswithindense stellar environments,making itmorechal-

lenging for individual stars to form. This phenomenon accounts

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

jority of stars in galaxies. Thesenewly formed stars attain a state of

hydrostatic equilibrium, wherein the gravitational force is coun-

terbalanced by thermal gas pressure originating from hydrogen

nuclear fusion. They also tend tomaintain 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 sufőcientmass, 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 fromnuclear fusion. Thisprocess comes to anear

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

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

port the star against its owngravitational 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 The 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. This 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.

Starswithmassesbetweenapproximately 9M⊙and25M⊙experience

a supernova explosionandevolve into aNS, anextremelydenseob-

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)

where G is the gravitational constant, c is 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 =

√

1.57P

c
(1.2)

Where P is the spin period. TheNS is able to contrast the gravita-

tional collapse thanks to the pressure granted by degenerate neu-

trons. The 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. This relationship can then be translated into

an observationally-related mass-radius equation of state.
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Given the extreme physical properties of NSs, testing the equa-

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

calNSwithamassof 1.4M⊙anda radiusof about 10km, theaverage

density is∼ 6.7×1014 g cm−3 , about the same order ofmagnitude

of the density of an atomic nucleus. Therefore NSs have long been

recognized as excellent testing grounds for investigating cold and

dense baryonic matter. These extreme conditions offer 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 onmaximumNS

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

vations fromNSmerger events (Raaijmakers et al., 2021).

A description of the different kinds of equation of state proposed

so far by theoretical physicists is beyond the goals of this thesis.

Brieŕy, 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). The bulk of the

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

by Özel and Freire 2016, and references therein), corresponding to

radii in the interval of 10.5 km and 11.5 km.

The maximummass allowed to a system supported by the pres-

sure of degenerate electrons is well known as the Chandrasekhar

limit. The 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 Thermal evolution of Neutron stars

called ‘Tolman-Oppenheimer-Volkov’ limit, is of about2.5M⊙(Lattimer

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

measurement reachsuchavalue, although fewcandidates areknown

(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 (Fig 1.1). The 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. The 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 by Lattimer and Prakash 2001 and reference therein).

At approximately half the nuclear saturation density, where the

binding energy per nucleon peaks, nuclei disappear, transform-

ingmatter into a homogeneousmixture of neutrons, protons, and

electrons. The 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.

Theseconstituents 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. The exact composition of inner core is unknown

andmay even include hyperons or quark matter.

Exploring the thermal evolutionofNSspresents a signiőcantmo-

tivation, as it offers 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 by Pethick (1992) and

Yakovlev et al. (1999) further developed this őeld.

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 Thermal evolution of Neutron stars

their magnetospheres (see Section 1.4 and Fig. 1.3 ), obscuring the

thermal radiation.

Olderpulsars (t≳ 106)mayhavehot 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.

Figure 1.2displays theaverage surface temperaturesof a fewwell-

studied young and middle-aged NSs (obtained from BB őts of X-

ray spectra), including Pulsar B1055, the primary focus of the sec-

ond project in this study.

The thermal component is typically described by either a black-

body spectrum or a NS atmosphere model (see Section 2.4.2 for

more details), with or without a magnetic őeld (Pavlov et al., 1995;

Heinke et al., 2006; Mori and Ho, 2007; Ho et al., 2008).

To align observations with theory, the NS’s effective tempera-

tures Ts and ages t are crucial. Due to the compact nature of NSs,

the effects of general relativity must be considered (Shapiro et al.,

1983). For a NS with the massM , radius R and effective temper-

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

frame of the star is deőned as follows:

Lγ = 4πR2σT 4
s (1.3)
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1 Introduction to Astrophysics of Pulsars

Figure 1.2: Thermal luminosity and upper limits for numerous isolated NSs for B=0 NSmodels. The the-
oretical cooling curve of aNSwith light-element envelopes and varyingmasses (from 1.1 up to
1.76 M⊙) is illustrated by the solid black lines. From Viganò et al. (2013).

where σ is the Stefan-Boltzmann constant. The apparent (red-

shifted) effective temperature T∞
s and luminosity L∞

γ as observed

by a distant observer are then given by:

T∞
s = Ts

√

1− rg/R and L∞
γ = Lγ (1− rg/R), (1.4)

where rg = 2GM/c2 ≈ 2.95M/M⊙ km is the Schwarzschild

radius.

Cooling theories allow one to compute cooling curves (Such as

the one in őgure 1.2), T∞
s (t) (or L∞

γ (t)), for comparison with ob-

servations. Based on the current models and observational con-

strains, three distinct cooling stages can be identiőed:
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1.4 PulsarMagnetosphere

• Thermal relaxation state: Between the őrst 10-100 years, both

the core and the crust of the NS cool separately. The surface

temperature reŕects the crust’s thermal state (Sales et al., 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 Fig 1.2).

• Neutrino-dominated stage: Fromabout 100 to 105 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. The temperature de-

cay rate fromthe thermal relaxation stage to theneutrino cool-

ing stagedependson the typeofneutrinoemission, suchasdi-

rectUrca,modiőedUrca, ornucleon-nucleon (NN)bremsstrahlung

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

• Photon cooling stage: After about 105 years, neutrino cooling

signiőcantly decreases, and the star cools via photon emission

from the surface. The evolution of the internal temperature

is inŕuenced by radiation from the stellar surface, making it

sensitive to properties of the outer star regions.

1.4 PulsarMagnetosphere

Ina rudimentaryapproximation,wecanmodel apulsar asa sphere

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 Ω, the magnetic őeld B, which is constant

throughout the sphere, inducesanelectricőeldE+(v×B) (Deutsch,

1955).

The pioneeringwork byGoldreich and Julian (1969)marked a sig-

niőcant advancement in our understanding of pulsar magneto-

spheres. They revealed that a rotating NS cannot exist in a vac-

uumdue to its intensemagnetic őelds, which generate substantial

electric őelds at the stellar surface. Theseőelds, exceeding gravita-

tional forces, are capableof extractingcharges fromtheNS, thereby

formingaco-rotatingmagnetosphere. Thismagnetosphereextends

to the light-cylinder radius (RLC):

RLC =
c

Ω
∼ 5× 109 P cm (1.5)

where c is 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 +
(Ω× r)

c
× B = 0 (1.6)

The charge density in the magnetosphere, deőned by Goldreich

and Julian (1969), is expressed as:

ρGJ = − 1

4π
∇ ·
(

1

α
(Ω0 − ω)× B

)

(1.7)

whereα represents the conductivityof theplasmawithin themag-

netosphere, Ω0 is the angular velocity of the corotating plasma in

the magnetosphere and ω is the angular velocity of a particular

charged particle within the magnetosphere.
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1.4 PulsarMagnetosphere

Figure 1.3: Left: A schematic of the pulsar magnetosphere, illustrating the light cylinder and the null
charge surface where Ω · B = 0, leading to charge separation. The diagram also shows the
misalignment between thepulsar’s spin axis and itsmagnetic axis, indicatedby ξ (sameasα in
the rest of the thesis). Right: Illustration of two particle acceleration mechanisms in pulsars.
The 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
őeld line. From Lopez et al. (2009).

Considering themagnetosphere’s inŕuence, theenergy losses then

can be approximated as:

E =
B2
pR

4
NSΩ

4

4c3
(1 + sin2 ξ) (1.8)

where BP andRNS denote the magnetic őeld strength of the star

at the pole and its radius, respectively. The term sin2 ξ accounts for

the angle between themagnetic axis of theNSand the rotationaxis

of the magnetosphere.

The pulsar magnetosphere’s structure and behavior can be fur-

ther understood through the polar cap and outer gap models. The
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polar cap model focuses on particle acceleration above the mag-

netic poles along openmagnetic őeld lines, leading to high-energy

emissions through a cascade process (Fig. 1.3).

The radius of the polar cap (RPC) containing these openőeld lines

is given by the formula:

RPC ≈ RNS sin θPC ≈ RNS

√

ΩRNS

c
= (2πR3

NS/cP )
1/2 (1.9)

where θPC is the polar cap angle determined by

θPC = sin−1

(
√

ΩR

c

)

(1.10)

The outer gap model, on the other hand, is signiőcant for γ-ray

emissions. Unlike polar capmodels, where strongmagnetic őelds

enable one-photon pair production to have a signiőcant impact

on the cascade, the outer gap region has weaker magnetic őelds

(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:

the closedőeld line regionand theopenőeld line region. Theclosed

őeld line region, or the ‘dead-zone’, contains charges conőnedwithin

the őeld lines, leading to no emissions. In contrast, the open őeld

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

replenishment of magnetospheric charges. This dynamic is cru-

cial for sustaining the pulsar’s emissions.

Electronsmoving along the openmagnetic őeld lines are acceler-

ated to relativistic velocities, producing high-energy photons pri-

marily via curvature radiation. These photons subsequently ini-

tiate electron-positron pair production, leading to a cascade that

contributes signiőcantly to the pulsar’smultiwavelength emission

proőle.

Beyond the polar cap and outer gap models, a deeper compre-

hension of the pulsarmagnetosphere now relies onunderstanding

current sheets and the Y-point models (Contopoulos et al., 2014).

Theequatorial current sheet, anarrowyet intense layerof charged

particles, divides the regions of closed and open magnetic őeld

lines. Within this sheet, opposite currents inducemagnetic recon-

nection, causing őeld lines to break and release energy, potentially

boosting particles to high energies (Contopoulos, 2016).

The Y-point, located where the closed and open őeld lines meet

the current sheet, acts as a crucial junction. Its position and prop-

erties heavily inŕuence particle trajectories and acceleration re-

gions (Fig. 1.4). Recent research suggests the Y-pointmight not be

a single point but rather a "Y-region" with complex topology, fur-

ther highlighting the dynamic nature of themagnetosphere (Con-

topoulos et al., 2024).
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Figure 1.4: Diagram illustrating open and closedmagnetic őeld regions I, II, and III within themagneto-
sphere. These 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

Thekey observational parameters of pulsars include the rotational

frequency (ν) and its correspondingperiod (P= 1/ν). In somecases,

the spin-down or the the spin-up rate ν̇, represented by the őrst

time derivative of ν, and the derivation of the second frequency

derivative, ν̈are also measured. For a pulsar with angular velocity

Ω = 2π
P , decreasing at a rate of Ω̇ = −2πP−2Ṗ , the loss of rota-

tional energy, Ėrot, occurs at a rate of:

Ėrot = IΩΩ̇ = −4π2IṖ

P 3
(1.11)

where I 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. The provided equation pertains to the speciőc
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1.5 The 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 =
νν̈

(ν̇)2
(1.12)

The braking index can be determined by obtaining the second

derivative of the spin frequency. The spin-down luminosity (Lsd),

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

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

as:

Lsd ≈ 3.95× 1031I45Ṗ15P
−3 erg s−1 (1.13)

To estimate the pulsar’s magnetic őeld, one can equate the rota-

tional energy loss rate to that of a classical magnetic dipole radi-

ation of a rotating magnetic dipole. This estimate, introduced by

Ostriker and Gunn (Ostriker and Gunn, 1969), involves the mag-

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

Bp ≈ 3.2× 1019
√

PṖ G (1.14)

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

ment angle α = 90◦).

Furthermore the characteristic age τc of a pulsar, inferred from

its rotationalperiodandrateofdeceleration (Manchester andLyne,

1977) is deőned as:
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τc =
P

(n− 1)Ṗ

[

1−
(

P0

P

)n−1
]

≈ P

(n− 1)Ṗ
(1.15)

This 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 themagnetic dipole braking is the dominant

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

τc =
P

2Ṗ
(1.16)

This approximation provides a convenient method to estimate

thepulsar’s age. However, inaplasma-őlledmagnetospherewhich

is amore realistic scenario, the braking index, assumes amodiőed

deőnition that accounts for plasma effects 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 (Ekşi et al.,

2016) which indicates a range for n such that 3 < n < 3.25, and

does not diverge as it would in a vacuum for small alignment an-

gles. Another illustration of variability in n occurs, for instance,

whenn takes the value of 5 in the context ofmagnetic quadrupole-

driven radiation. Furthermore, recentmeasurements indicate sig-

niőcant deviations of n from 3 (Lower et al., 2021).
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1.5 The 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 őeld lines, emit-
ting coherent radio radiation, as well as X-rays and γ-rays in high-energy pulsars. When the
magnetic axis is misaligned with the rotation axis, a lighthouse effect occurs, producing ob-
servable radiation pulses as the NS rotates. The light cylinder is a critical feature, separating
closedmagnetic őeld lines inside from open ones outside, with curvature radiation being the
main emissionmechanism. The alignment angle,α, quantiőes the spin axis’s orientation rel-
ative to the magnetic axis. Figure adapted from Lorimer and Kramer (2005)

.
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1.6 Classification of neutron stars

NSs exhibit remarkable diversity in their characteristics and be-

haviors. Theycanbecategorized intodistinct classesbasedon their

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

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

crudely classiőed into three subclasses:

1. Accretion-powered neutron stars:

Accretion-powered pulsars are found in binary systemswhere

a companion star transfersmaterial onto the spinningNS.The

gravitational potential energy released during this accretion

process predominantly fuels the observed emission. This cat-

egory encompasses systems where the NS is actively accret-

ingmatter, resulting in high-energy radiation (Bildsten et al.,

1997).

2. Rotation-powered neutron stars:

Rotation-poweredpulsars, in contrast, derive their energy from

the loss of rotational kinetic energy. This loss powers the cre-

ation and acceleration of electron-positron (e+e-) pairs within

the strong magnetic őeld surrounding the NS. The 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

extremelyhighmagneticőelds. Thisenergy is released through
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Figure 1.6: The period-period derivative diagram for different types of pulsars is based on data from the
ATNF pulsar catalog (v1.70, Manchester et al. 2005). The lines of constant age and magnetic
őeld (assumingmagnetic 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 Soft γ-ray Repeaters with detected pulsations. M7 refers to the
Magniőcent 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 andThompson,

1992).

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

ters such as P , Ṗ , τ and Bs 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 (Fig 1.6, 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. These 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 often 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 insufőcient to sustain radiative mechanisms, re-

sulting in the cessation of emission. The ‘death line’ approxi-

mates the region in theP-Pdotdiagramwhere thisphenomenon

occurs, although it is highly uncertain and inŕuenced by vari-

ous factorsbeyond justdipolemagnetic emissions (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),whichare likely positionedbelow

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. These 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). This rejuvena-

tion allows MSPs to achieve extremely short spin periods, of-

ten around a few milliseconds. Notably, MSPs tend to exhibit

lower magnetic őelds compared to ordinary pulsars. Their re-

markable rotational stabilitymakes themnatural precisionclocks

and invaluable for timing experiments. Furthermore, pulsar

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

(GW)experiments, speciőcally targeting thenanohertz frequency

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

monitoring of numerous millisecond pulsars, characterized

by their rapid spin periods. Through the detection of dynamic

perturbations in space-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 fromcosmic strings (Verbiest et al.,

2022).

C. Magnetars:

Magnetars, positioned in the upper-right region of the P-Pdot

diagram, represent a unique class of NSs. This category in-

cludes Anomalous X-ray pulsars (AXPs) and Soft Gamma Re-

peaters (SGRs), believed to be different 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 őelds, 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, oftenaccompaniedby large

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

Theseoutbursts areattributed to theuntwirlingof twistedmag-

netic őeld lines, and some evidence suggests a possible con-

nectionbetweenmagnetars andhigh-magnetic-őeldyoungra-

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

netic őeld inmagnetars remains a subject of intense scientiőc

inquiry, with two prevailing hypotheses offering insights into

their formation. One hypothesis, known as the fossil őeld sce-

nario, suggests that the powerful magnetic őelds of magne-

tars originate during the collapse of massive progenitors. In

thismodel,magnetic ŕux conservation during the collapse re-

sults in the generation of a nominally large magnetic őeld in

the NS, enough to account for the observed strength in mag-

netars. In this scenario, magnetars naturally emerge from the

high-őeld tail of the progenitor distribution, with population

synthesis calculations supporting its viability (Mereghetti et al.,

2015).

Alternatively, the protoneutron star dynamo hypothesis pro-

poses that the magnetic őeld ampliőcation occurs within the

protoneutron star through dynamo action driven by convec-
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tion or differential rotation. Over a span of approximately ten

seconds, these processes lead to a signiőcant increase inmag-

netic őeld strength. Interestingly, shear-driven dynamos op-

erating efőciently under stratiőcation provide a mechanism

for enhanced magnetic őeld growth. Both dynamo scenarios

involve intricate processes such as Tayler and magnetorota-

tional instabilities, as well as r-mode instabilities, contribut-

ing to theampliőcationof themagneticőeld (Mereghetti et al.,

2015; Kaspi and Beloborodov, 2017).

D. RotatingRadioTransients (RRATs): Rotating radio transients

(RRATs) represent agroupofpulsars that exhibit sporadic emis-

sion. Discovered in 2006, RRATs display characteristics con-

sistentwith rotatingNSs. Their radio pulses exhibitwide vari-

ability in intensity, ranging from less than one pulse to hun-

dreds per hour. The nature of RRATs within the pulsar pop-

ulation remains uncertain. They may represent pulsars with

highly variable emission, where only the strongest pulses are

detectable from Earth (Keane and McLaughlin, 2011). Alter-

natively, some RRATsmay be linked tomagnetars, given their

variable emission characteristics and their position in the P-

Pdot diagram, indicating highmagnetic őelds. 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. Magniőcent Seven: A subgroup of isolated NSs, collectively

known as the ‘Magniőcent Seven’, has garnered attention due

to theirdistinctiveproperties. TheseNSswerediscovered 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 őelds on the order of 1015 Gauss. The

Magniőcent Seven exhibit similar properties, including pulse

emissionswithperiods ranging from3.4 to 11.4 seconds (Haberl,

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

cant hard X-ray emissions from two of theMagniőcent 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). Their

characteristic soft X-ray spectra, comprising two blackbody

componentswith temperatures ranging from≈ 0.1 to 0.4 keV,

deviate from the expectations for young NSs, displaying ele-

vated luminosities in the range of 1032 − 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-

ingcaseof 1E 161348ś5055. Long-termobservational campaigns

haveprovided insight into threeCCOs: RX J0822ś4300 inSNR

PuppisAwitha spinperiod (P ) of 112ms,CXOUJ185238.6+004020

inKes 79withP of 105ms, and 1E 1207.4ś5209 inPKS1209ś51/52

with P of 424 ms. The inferred magnetic dipole őelds (Bp) for
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theseCCOs fall within the range of 1010−1011G, notably lower

than the 1012 G dipole őelds observed in young radio pulsars

(Viganò and Pons, 2012; De Luca, 2017). These őndings chal-

lenge conventionalmodels of NS evolution andmagnetic őeld

ampliőcation. Despite their NS classiőcation, CCOsmanifest

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

1.7.1 Radio

Theprimarymethod 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. This 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 Figure 1.6. The 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 signiőcant variability in their radio proőles from

pulse to pulse. However, by aggregating numerous pulses (rang-

ing from hundreds to a few thousand), a highly stable integrated
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pulse proőle emerges at a speciőc frequency, unique to each pul-

sar. These proőles usually span 2-5% of a complete rotation, al-

though some range from as little as 0.2% to as much as 100%.

The radio spectrum typically adheres to a power-lawdistribution

with a spectral index ranging from -4 to 0.

Pulsarbroadbandemissionsare instrumental in investigating the

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

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

signal arrival times (with the speed of v1 and v2) which can be esti-

mated as follows:

∆t =
e2

2π cme
[
1

v21
− 1

v22
]

∫ d

0

ne dl (1.17)

Where e,me andne are the charge of an electron,mass of an elec-

tron and electron number density respectively. The őrst part is a

constant typically referred as the dispersion constant:

D =
e2

2π cme
∼ 4.1488056× 103MHz2pc−1cm3s (1.18)

The integral terminvolves integrating theproductof electronnum-

ber density, ne, and the inőnitesimal length (dl) along the entire

path (d) of the radio waves through the ISM referred as dispersion

measure DM:

DM =

∫ 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 MilkyWay’s

electron content often rely on pulsar DM and distance data. The

most common models are: Taylor and Cordes (1993) ,Cordes and

Lazio (2002) and Yao et al. (2017).

The accuracy of thesemodels improves continuallywith newpul-

sar discoveries andmore preciseDMandparallax-basedmeasure-

ments. The 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. This is because DM calculations are based on

well-determined values of∆t.

1.7.2 X-rays

The accretion process, with a typical accretion rate of Ṁ ≈ 10−7−
10−10M⊙, yr−1 onto a NS is one of themost energetic and efőcient

X-ray processes in the universe. It plays a crucial role in the emis-

sion ofX-rays inX-ray binaries, transforming gravitational energy

intokinetic energy. Similarly,magnetars experienceunpredictable

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

Xśray sources). While Vahdat et al. (2022) includes a fewmillisec-

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 the characteristics ofX-ray spectral components of isolatedNSs:

I ) Thermal Emission:

Thermal emission arises from the bulk surface of cooling NSs,

as well as NS atmosphere, typically with surface temperatures

around 106 K (∼ 100 eV). The thermal spectrum, typically de-

scribed with a BB, may exhibit low-amplitude intensity vari-

ations across the optical to soft X-ray spectrum, correlating

with the spin period (Pavlov et al., 1994). Soft 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-Thermal Pulsed Emission:

This 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-

scribedwith a slope ofΓ ∼ 1-3 and is observable across the op-

tical to γ-ray bands (Michel, 1991; Pavlov et al., 1995). TheX-ray

luminosity of rotation-powered pulsars, has an efőciency (the

correlation between the spin down-energy loss and X-ray lu-

minosity) estimated between 10−5 and 10−3 (see also Kargalt-

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

III ) Non-Thermal Non-Pulsed Emission:
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Originating frompulsar-drivensynchrotronnebulae, this emis-

sion involves chargedparticles emitting synchrotron radiation

alongmagneticőeld lines (Michel, 1991;Zhangand Jiang, 2006).

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

sions fromthe interactionbetween thepulsarwindand the in-

terstellarmedium, aswell as shockwaves from the interaction

between the pulsar wind and companion star outŕows (Zhang

and Jiang, 2006).

.

While the simpliőed 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. This can be approxi-

mated by a blackbodywith kT∼ 0.1− 0.3 keV and a radius smaller

than the star’s actual radius. Theprominenceof these spectral com-

ponents varieswith pulsar age: young energetic pulsars (τ ≲ 5 kyr)

mainly exhibitnonthermalmagnetospheric emission;middle-aged

pulsars (10 kyr≲ τ ≲ 50 kyr) display all three components; while

older ms pulsars (τ ≳ 1 Myr) contain both polar cap thermal and

nonthermal components.

The 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. This ab-

sorptionprimarily occurs through interactionswithelectronsbound

in the ISM, a process dominated by the photoelectric effect. While

the absorption ismorepronounced for lowerX-ray energies, it also

affects higher energies to a lesser extent. Thedegree of absorption,

simpliőed as NH, depends on the phases of the ISM, with warm

andcoldphases exhibitingdifferentbehaviors (Wilmset al., 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.

The correlation between DM and NH serves as a valuable tool in

pulsar observations, enabling the estimationof onequantity based

on the other.

1.7.3 γ-rays

γ-ray pulsars, based on their unique properties, are categorized

into two groups. The őrst group includes ms pulsars, character-

izedby their relativelyweakermagneticőelds (∼ 109G)andshorter
rotational periods. Thesepulsars have gained speeddue to thepro-

cessof accretion. In contrast, the secondgroupconsists of younger

pulsars, notable for their stronger magnetic őelds (∼ 1012 G) and

longer rotation periods (typically around 100 milliseconds). Pio-

neering discoveries in the 1970s, such as the Crab and Vela pul-

sars identiőed by SAS-2 and COS-B respectively, marked the early
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recognition of γ-ray sources. The 1990s saw further advancements

with the Compton γ-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). This indicates their signif-

icant efőciency as particle accelerators. The emission pattern of

γ-ray pulsars is distinctive. They display a hard power-law spec-

trum at lower energy levels and an exponential cutoff at higher

energies, typically around a few GeV (Caraveo, 2014). These 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 γ-ray peaks often do not

align with radio pulses, implying that different regions of the pul-

sar’s magnetosphere are involved in generating these emissions

(Hirotani, 2013).

1.7.4 Infrared, optical and ultraviolet bands

In theoptical band, pulsars, demonstrate comparably fainter emis-

sion. Initially identiőed by Nather et al. (1969) and Cocke et al.

(1973), the Crab pulsar remains themost 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

andγ-raybands, are crucial inmapping theemission regionswithin
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the pulsar’s surface and magnetosphere. Moreover, optical spec-

troscopyaids in constraining coolingmodels forpulsars, especially

for those older than 1Myears, by capturing amajor portion of their

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

tical observations is valuable 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 theirmagnetospheres. These emissions generally

follow a power-law spectrum. However, variances in spectral in-

dices across these bands have beenobserved 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 RayleighśJeans spectrum. It’s

noteworthy that even within the proximity of wavelengths in the

optical and UV bands, pulsar light curves exhibit notable differ-

ences. For instance, the Crab pulsar’s light curve features, like the

width and separation of its main peaks, vary between the optical

andUVbands. Thisvariation ispotentially linked to thedifferences

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

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

X-rayobservationsofpulsars aremore sensitive to thermal emis-

sions from their hotter polar regions and less so to emissions from

cooler surface areas. These lower-temperature emissions aremore

detectable in the optical-UV range. For MSPs, measuring surface
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Figure 1.7: Crab Nebula in Multiple Wavelengths. The pulsar lies at the centre of the Nebula. This image
combines data from six different telescopes: the Very Large Array (radio) ; Spitzer Space Tele-
scope (infrared) ; Hubble Space Telescope (visible); Swift 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. Theoptical-UV range also

playsakey role indetecting themagnetospheric componentof these

emissions, thus shedding light on theproperties of relativistic par-

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

timing analysis

ž Robert: When I came to youwith those cal-

culations, we thought wemight start a chain

reaction that might destroy the entire world.

Albert: I remember it well. What of it?

Robert: I believe we did.

ÐOppenheimer (2023)

2.1 XMM-Newton and EPIC instrument

A
iming for excellence 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-

niőcantly to our understanding of the high-energy universe in-

cluding NS and BH phenomena.

XMM-Newton operates in a highly elliptical 48-hour orbit, which

distances it from the Earth’s radiation belts for extended periods,
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Figure 2.1: Right: Schematic of the XMM-Newton spacecraft with EPIC PN, EPIC MOS1/2 and RGS cam-
eras, optical monitor and the grating assemblies. Left: XMM-Newton during the integration
phase at ESA. (Credit: ESA)

allowing for uninterrupted observations. The 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.

The observatory’smain instrument, the European Photon Imag-

ing Camera (EPIC), is crucial for capturing high-resolution X-ray

images in0−15.0keV. It consists of threeX-ray charge-coupledde-

vice (CCD) cameras: twoMOS (MetalOxide Semiconductor) arrays

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

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

servationsovera30′őeldof view,witha spectral resolution (E/∆E)

ranging approximately from 20 to 50 and an angular resolution

of 6′′ Full Width at Half Maximum (FWHM). The pn CCDs, back-

illuminated to enhance soft energy response, have a pixel size of

about 150 µm2, facilitatingdetailed spatial and temporalmapping

of X-ray sources (refer to Table 2.1 for additional information).
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The EPIC is equipped with versatile readout modes to adapt to

variousobservational requirements. For theEPIC-pncamera (with

a pixel size of∼ 4.1′′), the operational modes include:

• The Full Framemode captures a complete image of 376 x 384

pixels at intervals of approximately 73.5 ms.

• The Extended Full Frame mode provides a 376 x 384-pixel

image at longer intervals of about 199.1 ms.

• The Partial Window mode is available, utilizing either the

larger windowmode or the smaller one, each reading out half

the CCD array to yield a 198 x 384-pixel image roughly every

47.7ms. In the ‘SmallWindow’ mode, a segment of the CCD

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

• In the Timingmode, 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.

• For exceptionally bright sources, Burstmode is utilized, of-

fering extremely high temporal resolution with images cap-

tured every 7 microseconds.

EPIC’sMOS cameras (with a pixel size of∼ 1.1′′) operate in sim-

ilar readout modes:

• The Full Frame mode here reads out the entire őeld of view,

resulting in a 600 x 600-pixel image every 2.6 seconds.
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• The PartialWindowmode limits the readout to a 300 x 300

pixel area of the CCD, yielding images every 0.9 seconds or

opting for the ‘SmallWindow’ mode for a 100 x 100-pixel im-

age every 0.3 seconds.

• In Timingmode one-dimensional array is read at high speed,

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

proximately 100columnsaround theboresight areactive. Given

the perpendicular orientation of the two MOS cameras, this

mode allows for effective coverage of the skywithout overlaps.

The EPIC instrument is not immune to the ageing process. Sub-

tle degradations, primarily caused by radiation exposure, affect its

performance, particularly at lower energies. While its core range

(0.15-15 keV) remains robust, quantumefőciencybelow0.3 keVhas

gradually declined, increasing backgroundnoise andmaking faint

signal detection challenging. Calibration uncertainties also rise at

these energies.

In addition to EPIC, the Reŕection Grating Spectrometer (RGS)

comprises assemblies of reŕectiongratings that capture about 58%

of the light deŕected by the telescope mirrors. The RGS extends

XMM-Newton’s capabilities intohigh-resolutionspectroscopy,with

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

trum from0.35 to 2.5 keV. It provides detailed spectral data crucial

for understanding the physical conditions of cosmic phenomena.

The Optical/UV Monitor Telescope (OM) enables concurrent ob-

servations in the optical and UV spectra, with a 17′ őeld of view.

TheOM’smicro-channel plate intensiőedCCDcameraoffers 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 0.15ś12 keV 0.15ś15 keV 0.35ś2.5 keV(1) 180ś600 nm

Field of view (FOV) ∼ 30′ ∼ 30′ ∼ 5′ 17’

PSF (FWHM/HEW) 5ž/14ž 6ž/15ž N/A 1ž4ś2ž0

Pixel size 40 µm (∼ 1.1′′) 150 µm (∼ 4.1′′) 81 µm (9×10-3 Å) 0.4765′′

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

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

Effective area (cm2@ 1 keV) 922 1227 185 N/A

(1) Extended energy range
(2) In full framemode
(3)@ 6 keV
(4) 1st/2nd order
(5) Between the 3000ś5000 Å .

resolution imagery and photometry in visible and ultraviolet light,

thusbroadening the scopeofmultiwavelength studiespossiblewith

XMM-Newton. Unfortunately, the OM is not sensitive enough for

our pulsar study.

2.2 Chandra X-ray Observatory and ACIS instrument

The Chandra X-ray Observatory, initially known as the Advanced

X-ray Astrophysics Facility and later renamed in tribute to the dis-

tinguishedphysicist SubrahmanyanChandrasekhar,wasdeployed

by NASA into space on July 23, 1999. This 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 conőguration. These mirrors

41



2 Instrumentation, spectral and timing analysis

Table 2.2:The core speciőcations of Chandra’s scientiőc instruments sourced directly from the Chandra
proposers’ observatory guide.

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

Field of view (FOV) 8.3′ × 50.6′ 16.9′ × 16.9′ 6′ × 9′ 30′ × 30′

Bandpass (keV) 0.2ś10.0 0.08ś10.0

PSF (FWHM)a ∼ 0.492′′ ∼ 0.4′′

Pixel size ∼ 0.492′′ ∼ 0.132′′

Time resolution TEb: 0.2ś10.0 s; CC:∼ 2.85ms 16 µs

Spectral resolution (E/∆E) FIc: 20ś50; BI: 9ś35 ∼ 1

Effective 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 ClockingMode
c FI: front-illuminated CCDs; BI: back-illuminated CCDs

are designed to capture X-rays with minimal diffraction, focus-

ing them onto two primary detectors: the Advanced CCD Imaging

Spectrometer (ACIS,Garmireet al. 2003), and theHigh-Resolution

Camera (HRC, Murray et al. 2000). These 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 that yieldhigh-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 for spectroscopic readout (ACIS-S).TheACIS-S ispar-

ticularly noted for its placement at the focal point, optimizing its

sensitivity to softer X-ray bands, while the ACIS-I offers a broader

őeld of view.

The current quantum efőciency (QE) of the low-energy ACIS is

lower compared to its initial launch. This decline is believed to be
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Figure 2.2: On-axis effective 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 őlters. 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 őles.

TheHRC, incorporating twocesium iodide-coatedmicrochannel

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

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

ing as a readout for the LETG. The 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 counts C in each channel (I,

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

served spectrumC(I)and theactual source spectrumS(E) (where

E is energy) can be expressed by:

C(I) =

∫

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

In this equation,A(E) represents the instrument’s effectivearea,

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

cating the likelihood of a photon with energyE being recorded in

channel I. To őt data with physical models, the forward-folding

technique is commonlyusedwhere ahypotheticalmodel 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 2023 and refer-

ences therein). This yields counts in the instrument’s energy space,

not the actual photon ŕux emitted by the source.

The modeled spectrum is then compared to the actual observed

spectrum using a statistical method (e.g., Buchner and Boorman

2023 and references therein), adjusting themodel parameters iter-

atively for the best őt, indicated by the lowest statistic value. If the

best-őt model is not satisfactory, the initial model needs reeval-
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uation. The presence of background noise and other physical con-

straints affecting 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 speciőc criteria. Good

Time Intervals (GTIs) are established by őltering observations to

excludehighenergy-backgroundperiods, resulting incleanedevent

list speciőc to the instrument.

For imagingdetectors suchasEPIC-pn/MOS, signal-to-noiseop-

timization is crucial. Assuming a point-spread function, software

tools like eregionanalyse assist indetermining theoptimal centroid

and size for source extraction regions (circle or ellipse).

Various software packages are designed to simplify X-ray spec-

tral analysis. These tools handle instrumental responses, offer di-

verse spectral models, and provide statistical modeling, analysis

and visualization capabilities.

Onewidelyusedsoftware for spectral analysis 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).

45



2 Instrumentation, spectral and timing analysis

2.4 The considered XSPEC X-ray spectral models

2.4.1 Blackbody

Blackbody radiation is the most simple thermal emission model.

The spectral distribution (intensity at different wavelengths) of a

black body’s emission typically depends primarily on its tempera-

ture, rather than itsmaterial composition or shape. Theblack body

model serves as an initial approximation, offering 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

orderof approximately 107Kelvin, the radiationpredominantly falls

within theX-ray regionof theelectromagnetic spectrum.Thepower

intensity of emitted radiation can be mathematically represented

by the equation:

I(E, T ) =
2E3

h2c2(exp( EkT )− 1)
(2.2)

In this expression, h denotes Planck’s constant. The 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 constrainingmore complexmodels. For exam-

ple, blackbody emission is independent of the magnetic őeld and

assumes isotropic emission. The presence of a magnetized crust

or atmosphere signiőcantly alters the thermal emission’s spectral

proőle (see section 2.4.2).
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In XSPEC (and PyXspec), the Blackbody spectrum (toggled with

bbody keyword) is described by the equation:

A(E) =
K1 × 8.0525E2dE

(kT )4[exp( EkT )− 1]
(2.3)

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

scaling factor (K1 = L39/D
2
10, where L39 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).

Inmyanalysis inChapter 3 and4, I useda slightmodiőed version

of blackbody named bbodyrad deőned as follows:

A(E) =
K2 × 1.0344× 10−3E2dE

exp( EkT )− 1
(2.4)

where the normalization K2 (= R2
km/D

2
10) is adjusted to corre-

spond with the emitting surface’s area.

2.4.2 NS Atmosphere

The widely held view is that NSs are surrounded by a thin atmo-

spheric layer, with its thickness ranging from a fewmillimeters to

few centimeters and its density lying between 0.1 to 10. g/cm3 (see

reviewbyPotekhin 2014 and references therein). It’s theorized that

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

hydrogen is in sufőcient quantity (due to accretion or fall backma-

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

scenarios where less than 1016 g of hydrogen is present, it’s plausi-

ble that a dense atmospheremight not develop. In scenarioswhere
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hydrogen burn-off due to diffusion 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 ionizationofheavier elementsandassumedaspectral shape

that was less rigid compared to a blackbody spectrum. This ap-

proach results in an underestimation of the star’s temperature by

a factor of 2-3 and an overestimation of its radius when őtting ob-

served spectra (Bogdanov et al., 2006).

Numerous researchers have developed atmospheric models for

NS, building on the seminal work by Shibanov et al. (1992) (see also

Pavlov et al. 1994). These models, which are calculated under the

assumption of a plane-parallel geometry, vary based on the cho-

sen strength and distribution of the magnetic őeld, as well as the

chemical composition and the ionization degree of the medium.

Differences 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 signiőcantly inŕuence the abundances of such

bound states, contributing to the opacity (Pavlov et al., 1995; Za-

vlin and Pavlov, 2002).

Recentmodels that account forpartially ionizedatmosphereshave

advanced our understanding, replacing earlier fully ionized mod-

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

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

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

sumes a fully ionized hydrogen atmosphere, calculatesX-ray spec-

tra (ranging from 0.05 to 10.0 keV) emitted from a NS’s hydrogen

48



2.4 The considered XSPECX-ray spectral models

atmosphere. Thismodel offers three variations: one withoutmag-

netization (magnetic őeld strength B < 108 − 109 G) with a uni-

form temperature between logTeff = 5.0− 7.0 and two with mag-

netization, one with B = 1012 G and another with B = 1013 G,

both having a temperature between logTeff = 5.5− 6.8. Themod-

els consider the NS atmosphere in both radiative and hydrostatic

equilibrium, with negligible heat sources above the atmospheric

layer.

The 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. The grid of models

spans a broad spectrum of gravitational forces and temperatures

while including theeffectsof electronconductionandself-irradiation

by photons around the star. This model works under the assump-

tion that the inŕuence of magnetic őelds is minimal (B < 109 G),

and it assumes an atmosphere composed exclusively of hydrogen

(Heinke et al., 2006).

The NSMAXG model which assumes a partial ionization (Mori

and Ho, 2007; Ho et al., 2008) computes spectra from NS atmo-

spheres, generating a őnal spectrum reliant on several parameters

(Table 3.2). The spectra, resulting fromboth fully ionized, strongly

magnetized hydrogen ormid-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. The models are in equilib-

rium, both radiatively andhydrostatically. They are sensitive to the
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effective surface temperature logTeff, themagnetic őeld’s strength

B andorientation θB. When θB is set to zero,α alignswith θk, sim-

plifying the calculation since opacities become dependent solely

on α and the radiation’s propagation geometry relies on θk. This

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 speciőcally for

phase-averaged spectra. However, common issues with such őts

include potential underestimation of NS radii due to assumptions

about solid surfaces and the spectral models used for them.

2.4.3 Power-law

Thenonthermal part of NS spectrum (in the absence of PWN) em-

anates from relativistic particles that are accelerated by the pul-

sar’s intense magnetic őeld, which rotate in unison with the star

as detailed in section 1.7.2.

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

power law (toggled with powerlaw or power) is quantiőed as:

A(E) = KE−α (2.5)

where α symbolizes the dimensionless photon power law index,

and K signiőes 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 signiőcant in the presence of intense gravitational

őelds. There are few relativistic phenomena to account for in any

model of these objects. Initially, there’s the gravitational redshift,

where the photon’s energy as detected is less than what it would

be in the NS’s own frame of reference. Additionally, the curvature

caused by gravity allows for the visibility of over half the star’s sur-

face from a distant point.

With higher spin rates, NS emission models must also integrate

the effects of beamingandkinematicDoppler-shift. Regarding the

gravitational redshift, photons of energy E emitted from the sur-

face of a NSwith radius Rwill be observed with an energyE∞ by a

distant observer. This relationship is expressed as:

E∞ = E

√

1− rg
R

(2.6)

where rg, 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 proőles, whose shape can vary from a very

simple sinusoid to very complicated combinations of sharp and

broad components. Themethod of timing analysis is key to inves-

tigating the temporal patterns in observational data. This 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.

The pulsed signal from a pulsar is often 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. This method has led to the identiőcation 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.

The process of constructing a frequency timeline for pulsating

NSs typically initiates upon identifying a suspected or known pe-

riod, often through techniques like Epoch Folding (Leahy et al.,

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

volves segmentingdata 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 proőle pi, divided into Nbin uniform

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

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

χ =

Nbin
∑

i=1

(

pi − p̄

σi

)2

(2.8)
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Here, p̄ symbolizes themean proőle, while σi is the standard de-

viation ineachbin. Typically, theuncertaintiesσi are inferred from

thestatistical errors in the individualŕux readings. Assuming these

follow either a Poisson or normal distribution and that the central

limit theorem is applicable, the phase-folded count readingspiwill

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

dard deviation of theXj via error propagation:

In comparisons of pulse proőles at different periods, it is usual

to assume identical σi, derived from the standard deviation of the

ŕuxmeasurement via error propagation:

σi ≡ σ = std(Xj)

√

(

Nsamples

Nbin

)

(2.9)

Provided the normal distribution assumption is valid, χwill fol-

lowaχ2
Nbin−1 distributionwhen the time series contains onlynoise.

This simpliőes the process of assessing the likelihood of rejecting

the null hypothesis.

2.5.1 Z2
n andH Statistics

Buccheri et al. (1983)presentedanowwidelyusedalternative statis-

tic in X- and γ-ray studies, denoted as Z2
n. This statistic is par-

ticularly effective for detecting pulsed signals that can be approxi-

mated using a limited set of sinusoidal harmonics. TheZ2
n statistic

is deőned when observingN photons with a pulse phase of ϕi for

each photon (i = 1..N ), as shown below:
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Z2
n =

2

N

n
∑

k=1











N
∑

j=1

cos kϕj





2

+





N
∑

j=1

sin kϕj





2





(2.10)

This equation quantiőes the extent to which a series of n sinu-

soidal harmonics represents the distribution of pulse phases. For

a single harmonic, the statistic Z2
1 is also referred as the Rayleigh

test (Mardia, 1975).

By analyzing different trial pulse periods and calculating Z2
n for

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

ues, i.e., the strongest signal. The Z2
n statistic conforms to a χ

2
2n

distributionwhen analyzing noise powers, aiding in setting detec-

tion thresholds and calculating the probability of rejecting the null

hypothesis based on aZ2
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. This is encapsulated in theH test (de Jager

et al., 1989), essentially a comparison of variousZ2
n values, normal-

ized for direct comparison:

H = max(Z2
n − 4n + 4), , n = 1− 20 (2.11)

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

In thepreceding section,wediscussed the techniqueof epoch fold-

ing as a method for examining the pulse proőle properties of pul-

sars. Given the necessity of visualizing pulse proőles 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 offers a more precise alternative. This method lever-

agesFourierharmonics todecomposenearlyperiodic signals, such

as those from pulsars, into their constituent components. By an-

alyzing these components, we can gain deeper insights into the

signal’s structure andbehaviorwithout the limitations imposed by

binning. The following formulas, are detailed comprehensively in

Hare et al. (2021). We include them here as they form the founda-

tion of the pulse proőle analysis conducted in Vahdat et al. (2024),

which is based on Fourier decomposition.

Asignal that is almostperiodicF(ϕ) (withaperiod thatmaychange

slowly), normalized so that
∫ 1

0
F(ϕ), dϕ = 1, can be expressed as a

combination of Fourier harmonics:

F(ϕ) = 1+

K
∑

k=1

(ak cos 2πkϕ+bk sin 2πkϕ) = 1+

K
∑

k=1

sk cos 2π(kϕ−ψk)

(2.12)

where ϕ is the pulse phase deőned as follows:

ϕ = ϕ(t) = ϕ0 + f (t− t0) + ḟ (t− t0)
2/2 + . . . (2.13)
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f and ḟ are the frequency and frequency derivative, t0 is the ref-

erence time. Furthermore:

ak = sk cos 2πψk and bk = sk sin 2πψk (2.14)

are the Fourier coefőcients for the k-th harmonic, deőning the

amplitude sk, the power s2k, and the phase ψk of the harmonic:

s2k = a2k + b2k, tan 2πψk = bk/ak, . (2.15)

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

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

numbered as i = 1, 2, . . . , N , with event phases ϕi = ϕ(ti), then

the expected values and variances of the Fourier coefőcients are

determined as follows:

ak = 2⟨cos 2πkϕ⟩ = 2

N

N
∑

i=1

cos 2πkϕi,

bk = 2⟨sin 2πkϕ⟩ = 2

N

N
∑

i=1

sin 2πkϕi.

(2.16)

and

σ2ak =
4

N

(

⟨cos2 2πkϕ⟩⟨cos 2πkϕ⟩2
)

=
1

N

(

2 + a2k − a2k
)

, (2.17)

σ2bk =
4

N

(

⟨sin2 2πkϕ⟩⟨sin 2πkϕ⟩2
)

=
1

N

(

2− a2k − b2k
)

(2.18)
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Theproőlenormalizationcanbechanged ifneeded. For instance,

if we want the area under the pulse proőle to be equal to the num-

ber of events, we canmultiplyF(ϕ) by the bin-averaged count.

2.7 Pulsed Fraction of a pulsar

Having established themethodology of Fourier decomposition for

analyzing pulsar light curves, we now turn our attention to the

concept of pulsed fractions. This 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.

The pulsed fraction is conceptualized as the proportion of the

light curve’s pulsating part to its total area and is expressed as:

parea = 1−Fmin , (2.19)

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

deőne pulsed fraction is:

pamp =
Fmax −Fmin

Fmax + Fmin

(2.20)

This 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 as pamp in here and following chapters.

Both the area pulsed fraction and the modulation amplitude are

susceptible to signiőcant uncertainties, particularly due to the im-

precisemeasurement ofFmin (and to some extentFmax), especially

when Fmin approaches zero. To prevent this issue, pulsations can
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be characterized by the rootmean square (rms) of the signalF(ϕ),

termed ‘rms pulsed fraction’ (though technically, it’s not a pulsed

fraction per se):

prms =

{∫ 1

0

[F(ϕ)− 1]2dϕ

}1/2

=

(

1

2

K
∑

k=1

s2n

)1/2

=
Sn√
2
=

(

Z2
n

N

)1/2

(2.21)

where s2k and the Z
2
K statistic are computed using the optimal

signal frequency and frequency derivative (that is, Z2
K = Z2

K,max).

Consequently, the signal rms can be easily calculated from Z2
n as

shown in Equation (2.21). The calculation of prms doesn’t rely on

measuringFmin,making itmorepractical and less error-pronecom-

pared to parea and pamp, especially when the number of harmonics

is manageable.

The 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 the source aperture,Ns = N−Nb denotes the source count,

andNb signiőes the background count adjusted for the area of the

source aperture.
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3 Summary of the original

publications

žThe sky calls to us. If we do not destroy our-

selves, we will one day venture to the stars.

There was a time the stars seemed an impen-

etrablemystery. Todaywe have begun to un-

derstand them. In our personal lives also, we

journey from ignorance to knowledge. Our

individual growth reŕects the advancement

of the species. The exploration of the cosmos

is a voyage of self discovery.

ÐCarl Sagan

(Cosmos, 1980)

In this chapter, we outline the objectives of (Vahdat et al., 2022)

and (Vahdat et al., 2024), alongwith theanalyses conducted inboth.

These 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. The pri-

mary őndings will be presented and discussed in Chapter 4.
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3 Summary of the original publications

3.1 Toward an X-ray inventory of nearby neutron stars,

(Vahdat et al., 2022)

3.1.1 Aim of the publication

S
ince the őrst X-ray pulsar was detected by the Uhuru

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

ting X-rays have been identiőed. Over the past twenty

years, extensiveobservationsusingXMM-NewtonandChandra satel-

lites have not only enhanced our understanding of isolated and

binary NSs (by reőning 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, Ė, and X-ray luminos-

ity, Lx, has been extensively studied by researchers (Becker and

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

et al., 2008). The X-ray efőciency of pulsars tends to range be-

tween 10−4 and 10−5 at higher Ė values (Fig. 3.1). The debate per-

sists regarding whether the change of efőciency as noted above

is due to the presence of higher multipole magnetic őeld compo-

nents (Kisaka andTanaka, 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, theremay be a bias in our understanding. To address this,

we initiatedanXMM-NewtonFulől survey (ledbyB.Posselt, PropID

082303).
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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, Ė, for ordinary and recycled pulsars (Posselt et al., 2012). It’s noteworthy
that there appears to be a higher X-ray efőciency at lower Ė, although there is a scarcity of
objects in that range. Serendipitous searches in archivalXMM-Newton andChandra data (such
as the one by Prinz and Becker 2015) usually őnd unconstrained large upper limits on LX for
pulsars with Ė < 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-ray coverage inarchivedXMM-Newton

andChandraobservations. A13′ search radiuswasapplied forXMM-

Newton and a 10′ radius for Chandra to account for the respective

őeld of views of the instruments. We selected a 2 kpc distance cut-

off because beyond this, absorption effects hinder the detection

of thermal emission-dominated NSs, like the Magniőcent Seven

(Haberl et al., 2004). Distance estimates were derived from ATNF

using dispersion measure (DM) from radio timing observations

and theYMW+17electrondensitymodel (Yaoet al., 2017),with some

estimatesdiffering fromthosebasedon theNE2001model (Cordes

andLazio, 2002). Thesedistanceswere included inouranalysis. By

considering the pulsar’s spin-down power (Ė), distance (D), and

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

cording to formula 1.20,weassumedapreliminaryX-rayefőciency

of 10−4 to estimate expected absorbed X-ray ŕuxes, prioritizing

pulsarswithhigher likelihoodofdetection in short exposure times.

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

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

tina Posselt, Program ID: 082303) employingThin andMediumől-

ters. These sources, which are the main part of the Vahdat et al.

(2022), are displayed in Table 3.1, 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 with XMM-Newton in
this study (Vahdat et al., 2022).

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

NH,21
(ks) (ks) (ks) (c/s) (c/s) (c/s) (ms) (kpc) (kpc) (ergs s−1)

J0711ś6830 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

J0745ś5353 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

J0942ś5552 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

J0945ś4833 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

J0954ś5430 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

J0957ś5432 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

J1000ś5149 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

J1003ś4747 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

J1017ś7156 B 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

J1125ś5825 B 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

J1543ś5149 B 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

J1725ś0732 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

J1740ś3015 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

J1755ś0903 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

Theőrst column lists the pulsar names along with their XMM-Newton observation IDs. Pulsars in bi-
nary systemsaredenotedwith a superscript ’B’.Thesecondcolumndisplays the total andGTI-őltered
exposure times for EPIC-pn and EPIC-MOS detectors, with values given in parentheses. The third
column lists the GTI őlter for the background light curve and the corresponding őlters for each EPIC
detector: ’TN’ for thin őlter, ’TK’ for thick őlter, and ’M’ for medium őlter. The 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 ATNFpulsar catalog using the YMW+17 dispersionmeasure (DM)-based
distance as default, log Ė denotes the common logarithm of the spin-down energy loss rate in ergs
per second, andNH represents the hydrogen column density in units of 1021 cm−2 estimated from
the DM .
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Figure 3.2: Example background light curves for one of our survey sources, PSR 0745ś5353. Left: Raw
(unőltered) background light curve. Right: Corrected (őltered) background light curve ac-
counting for various factors inŕuencing detection efőciency (e.g., vignetting, bad pixels, PSF
variation, quantum efőciency) and stability (e.g., dead time, GTIs) within the exposure.

To optimize our source detectionmethod,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 onmaximum 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

signiőcance (in some point sources) deőned as:

S =
Ns

σ̂(Ns)
=

NT − αNbgr
√

NT + α2Nbgr

(3.1)

whereS representsdetection signiőcance,Ns is thebackground-

subtracted source counts,NT andNbgr are total countswithin source

andbackgroundregions, andα is the ratio of source tobackground

region.

3.1.3 Data analyses andflux estimation in the study

All data were processed using the XMM-Newton Science Analysis

Software (SAS, V18.0.0), employing standard procedures. We ap-
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plied a FLAG==0 őlter to remove CCD gaps and bad pixels. Addi-

tionally, we conducted good time interval (GTI) screening to elim-

inate ŕares caused by energetic protons. Due to the presence of

numerous background ŕares during our short observations, stan-

dard background ŕare screening would have signiőcantly reduced

exposure time. Consequently,weallowedahigherbackgroundcon-

tribution in some cases tomaximize potential photon counts from

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

presented in Table 3.1.

WeevaluatedvariousGTIőltersderived from100-secondbinned

light curves of events with energies above 10 keV. For each GTI-

őltered event őle, we generated images and exposuremaps across

őve energy bands. We then utilized the SAS tool ’eregionanalyse’

to optimize the aperture, maximizing the source-to-background

count ratio. The optimal extraction radii ranged from 10′′ to 15′′.

We centered ’eregionanalyse’ on positions up to 3σ from the radio

pulsarposition, incorporatingpropermotioncorrectionswhenavail-

able. Only one source, PSR J0745−5353, had a high proper motion
that its position needed to be corrected. Weobtained background-

subtracted source count rates and 3σ statistical upper limits for

each X-ray NS candidate covered by individual EPIC instruments.

For combined EPIC count rates and signiőcance, we employed

the ’emldetect’ task, conducting simultaneousmaximumlikelihood

(ML) point spread function (PSF) őts to the source count distri-

butions of EPIC-pn and EPIC-MOS events. The resulting values

and upper limit values are provided in Table 4.1. ’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 of 1.5′′, pro-

vided the total positional uncertainties for identifyingmultiwave-

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

binednet countnumber above 100 in theEPIC instrument,weper-

formed spectral őts. Only PSR J1831−0952 met this criterion.
Due to insufőcient counts for meaningful spectral őts, we as-

sumed twodifferent spectralmodels to convert count rates toŕuxes:

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

ŕuxes. Lastly, we usedDM-based distances to convert unabsorbed

ŕuxesandupper limits toX-ray luminositiesL1−10 keV = 4πD2F unabs.

3.2 Multiwavelength Pulsations and Surface

Temperature Distribution in theMiddle-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. The nonthermal component comes

from relativistic particles in the pulsar’smagnetosphere, while the

thermal component originates from the NS’s surface. Studying

theseemissionsacrossdifferentwavelengthshelpsunderstandpar-

ticle acceleration,magnetosphereproperties,NSsurfaces, and their

thermal evolution. Bycomparingmultibandspectraandpulsepro-
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őles 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 differently. In younger pul-

sars, magnetospheric emission dominates, masking the thermal

emission from the NS surface.

However, as pulsars age, themagnetospheric emissionweakens,

revealing the thermal emission in the X-ray range. This 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 soft 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, andB1055ś52, knownas the ‘ThreeMus-

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

emissions and spin-down characteristics (Becker and Truemper,

1997).

B1055ś52 was initially studied by XMM-Newton in 2000, where

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

2005). SubsequentobservationswithChandra in2012 revealed sig-

niőcant spectral changes, includinganotable>30%decrease inŕux

compared to the2000XMM-Newtonobservation (Posselt et al., 2012).

These 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). Therefore, in 2020, we

conducted another observation of B1055 using XMM-Newton, em-

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

tions tomoreaccuratelymeasure themagnetospheric spectral com-

ponent and correlate it with the radio and gamma-ray pulse pro-

őles. Additionally, we coordinated simultaneous radio observa-

tions of the source using the Parks andMeerKATRadio Telescopes.

The 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 to search 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

conductedwith theXMM-Newton telescope over a span of 20 years.

Simultaneously, we conducted radio observations from the Parks

and Meerkat telescopes, taken alongside the XMM-Newton data in

2019, as well as γ-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 őt
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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 őtting, employ-

ing the Tübingen-Boulder model through its XSPEC implementa-

tion. Our analysis included őtting the high-energy portion (2.3-

8 keV) of the spectra with an absorbed power-law model. Subse-

quently, we performed broad-band spectral őtting (0.3-8 keV) us-

ing a three-componentmodel consisting of two blackbodymodels

and a power-law model. Upon establishing consistency, we com-

pared the combined 2019 data with that of 2000, noting differ-

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 őt, yielding

best-őt parameters. Additionally, we evaluated various NS atmo-

sphere models available in XSPEC, speciőcally applicable to mag-

netic őelds of approximately 1012 G. However, őtting with single-

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

Switch Element B(1012 G) ΘB θm log g (cm/s2) log Teff Γ χ2/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

signiőcant systematic residuals athigher energies,while two-component

and three-componentmodels exhibited similar issues at lower en-

ergies.

Table 3.2presents theőtting results for theNSMAXGatmospheric

model applied toPSRB1055usingXSPEC.Themodel’s performance

with carbon, oxygen, and neon elements, as well as with hydro-

gen atmospheres at high inclinations, was suboptimal, yielding

poor őts. Acceptable őts were primarily achieved with hydrogen

atmospheres featuring moderate to high magnetic őelds and low

inclination angles. These őts were conducted using both single-

component and multi-component atmospheric models, incorpo-

rating PL or BB components as additional parameters.

When őtting with single-component models, and combinations

of two-componentatmospheres, the results showedsigniőcant sys-

tematicdiscrepancies athigher energies,witha reducedchi-squared

valueχ2
υ ≳8. Similarly, combinationsof two-componentand three-

component models that included an added PL or BB failed to pro-

duce satisfactory őts due to pronounced systematic residuals at

lower energies, speciőcally below 1.5 keV.
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Figure 3.4: Phase-integrated spectral őtting results for PSR B1055, using the 2019 XMM-Newton dataset.
The őtting was performed over the 0.3-8 keV energy range, incorporating six spectra within a
two-component NSMAXGmodel with an additional PL, set with a Switch parameter of 1200.

In our timing analysis, we employed the Z2
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 signiőcantZ2
n,max values, we optimizedGTI

screenings, energy regions, and extraction apertures.

Before searching for ν and ν̇ in the X-ray data, we adjusted the

event times of 101N and 201N by subtracting (t1 + Tspan2 + t2)/2

(where Tspan2 is the times elapsed between the őrst and last de-

tected events for 201N) to minimize correlation between ν and ν̇,

setting the reference time to MJD 58664.376681.

Conducting the Z2
n test separately for each dataset at őxed ν̇ =

−1.478×10−13Hz/s,weutilized the stingrayPythonpackage (Hup-

penkothen et al., 2019). For 101N (201N), we extracted 44113 (41984)
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Figure 3.5: Left: Z2
1
statistics with a őxed ν̇=7e-14 Hz/s obtained for 0.3 − 7 keV events extracted from

EPIC-pn source region. Middle and right: Maps of Z2
1
(ν, ν̇) in the vicinity of pulsar’s ex-

pected (green star) frequency and its derivative from Parkes radio timing solution for the
energy range 0.3 − 7 keV. The red star indicates the location of the highest Z2

1
(ν, ν̇) value

(Z2
1,max

= 3739). The 1,2 and 3σstatistical error contours forZ2
1
(ν, ν̇) are displayed with blue

ellipses. From Vahdat et al. (2024)

events fromGTI-őltered 0.3−7 keV data using a 30′′ radius extrac-

tion region. TheH-test (de Jager et al., 1989) indicated amaximum

at three harmonics (n = 3) for each dataset, yielding Z2
1,max = 1925

(1802) and Z2
3,max = 2123 (2029) at frequencies ν = 5.07317468(13)

Hz (5.07317498(14)Hz).

Combining the two EPIC-pn datasets, we obtained Z2
1,max = 3739

(Z2
3,max = 4155) at ν(Z

2
1max) = 5.073174881(4) Hz and ν̇(Z2

1,max) =

+7 × 10−14 Hz s−1. This is consistent with the expectation that

the sumof the squared individual data sets,Z2
1,max, obs1+Z

2
1,max, obs2,

shouldbeapproximately equal to the squaredcoherenceof the com-

bined data, Z2
1,max, combined, suggesting good phase connection be-

tween the datasets.

These results suggest good phase connection between datasets.

Despite the loweraccuracyof theX-ray timingsolutioncompared

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

resolved spectroscopy,wedivided thedata into 5 equal-sizedphase

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

tion radius, őltering, and binning criteria as the phase-integrated

analysis. Ensuringeachbincontainedaminimumof 15,000counts,
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we conőrmed adequate spectral constraints. Employing the best-

őt 2BB+PL model from the phase-integrated analysis, as starting

point we conducted spectral őts with őxed parameters for the ab-

sorbing hydrogen column (NH = 2 × 1020 cm−2) and photon in-

dex (Γ = 1.8). Figure 3.6 presents each spectrum along with its

corresponding best-őt model parameters and χ2
υ values. All bins

yielded satisfactory őts, effectively constraining the parameters of

the three spectral components across all phases. However, in the

fourthbin (ϕ=0.6ś0.8), the statistical analysisusing the ftest 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. The őt param-
eters with a margin of 1σ error are shown at the top of each panel.

74



4 Results & Discussion

ž Life is like riding a bicycle. To keep your bal-

ance youmust keepmoving.

ÐAlbert Einstein

(Letter to his son Eduard, 1930)

This chapter isdedicated topresenting themainőndingsof (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 őndings and ideas thatwerenot included in thepa-

pers but are important or beneőcial for the further development of

the studies conducted therein.

4.1 Toward an X-ray inventory of nearby neutron stars,

(Vahdat et al., 2022)

4.1.1 Detected pulsars from the survey

A
mong the őve X-ray energy bands speciőed in Vahdat

et al. (2022), the 0.3−2.0 keV band exhibited the high-
est overall detection signiőcance 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). The 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 signiőcance.
The images have pixel scales of 0.4′′, and are smoothedwithGaussian length scalesσ =3.4′′ (for
PSR J1125ś5825), and σ =2.4′′ (for PSRs J0745ś5353 and J0711ś6830). The angular separations
between X-ray and radio positions are given in Table 4.1.

ments for our survey sources. Thus, we present results for this

band, acknowledging a exposure loss of up to 65% due to back-

ground ŕaring events, which exceeded our expectations.

In our program, we identiőed three X-ray point sources with at

least 3.5σ signiőcance, closely aligned with the radio positions of

pulsars J0711ś6830, J0745ś5353, and J1125ś5825, warranting fur-

ther investigation for possible associations. The relevant exposure

times, distances, and source properties are detailed in Table 3.1,

while Table 4.1 provides angular separations (between radio andX-

ray positions) and X-ray source signiőcance. Corresponding EPIC

images are displayed in Figure 4.1. Observational properties of the

identiőed sources are listed below:

PSR J0711ś6830: The candidate X-ray counterpart is positioned

1.7′′ from the radio location of the pulsar. Despite a lack of counts

in the narrower soft energy band, inclusion of higher energies led

todetection. However, irregular countdistribution inEPIC-MOS2,

noise-likeappearance inEPIC-pn, andabsence inEPIC-MOS1 raised

doubts about the validity of this detection.
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PSR J0942ś5552: The most signiőcant X-ray location according

to eregionanalyse is 9.7′′ from the radio pulsar position (not shown

in Figure 4.1), castinguncertainty on amatchdue tonon-detection

in EPIC-MOS1/MOS2 and considerable angular separation. Addi-

tionally, a nearby extended X-ray source, with an angular separa-

tion of≈ 25′′ from the radio pulsar, is unlikely to be associated.

PSRJ0745−5353:Thispulsar, initially identiőed in the secondMo-

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

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

X-ray source, located1.54′′ fromthe radiopulsarposition, emerged

as a promising counterpart candidate. Detailed statistics and ŕux

calculations are provided in Table 3.1, along with information on

nearby astronomical sources.

PSR J1125−5825: Thepulsarwasőrst discovered in theHighTime

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

helium-core white dwarf (WD) companionwith amass of 0.33M⊙

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

model) and has a surface dipole őeld of Bsurf = 4.4 × 108 G with a

log Ė = 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

after background őltering. TheX-ray source position has an angu-

lar separation of 0.6′′ from the radio position.

For this X-ray source, there are 2 Gaia sources 1.3′′ and 3.8′′away

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
PN 0.3−2 keV MOS1 0.3−2 keV MOS2 0.3−2 keV Combined EPIC

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

(arcsec) (counts) (σ) (c/s) (counts) (σ) (c/s) (counts) (σ) (c/s) (counts) (σ)

J0711ś6830 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

J0745ś5353 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

J0942ś5552 0823031301 9.7 31.7±10.3 3.1 −− −− −− 0.0004 −− −− 0.0006 −− −− −−
J0945ś4833 0823031101 2.3 14.8±7.2 2.2 0.0021 3.3±5.1 −− 0.0007 −− −− 0.0004 −− −− −−
J0954ś5430 0823030401 1.2 4.4±4.2 1.1 0.0021 1.7±3.2 −− 0.0009 2.5±2.9 −− 0.0012 −− −− −−
J0957ś5432 0823031001 8.5 9.0±5.8 1.6 0.0024 8.3±5.6 1.5 0.0008 −− −− 0.0003 −− −− −−
J1000ś5149 0823030301 2.7 −− −− 0.0007 −− −− 0.0005 −− −− 0.0010 −− −− −−
J1003ś4747 0823030201 2.1 10.5±8.4 1.3 0.0019 3.4±3.8 −− 0.0005 −− −− 0.0002 −− −− −−
J1017ś7156 0823030701 5.3 1.6±3.9 −− 0.0015 −− −− 0.0002 −− −− 0.0003 −− −−
J1125ś5825 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

J1543ś5149 0823030901 1.2 4.0±4.0 1.0 0.0018 3.8±3.6 1.2 0.0011 −− −− 0.0007 −− −− −−
J1725ś0732 0823031501 4.4 3.3±3.8 −− 0.0006 1.6±2.7 −− 0.0004 −− −− 0.0003 −− −− −−
J1740ś3015 0823030101 7.8 6.4±3.5 1.8 0.0064 −− −− 0.0008 −− −− 0.0008 −− −− −−
J1755ś0903 0823030501 0.3 6.2±4.1 1.5 0.0031 −− −− 0.0006 −− −− 0.0009 −− −− −−

The∆X−R columndisplays angular separation in arcseconds between the pulsar’s radio timing posi-
tion and the centroid of thenearestX-ray source. Background-subtracted countsNs at the optimized
X-ray source position and their corresponding signiőcance S according to Equation (1) are listed for
eachdetector, aswell as themaximum likelihood for the detections considering all EPIC instruments
together. The 3σ upper limits (UL) for individual instruments are Bayesian upper limits according to
Kraft et al. (1991). The ML values are given in 0.3-2.0 keV for PSRs J0745ś5353 and J1125ś5825 and in
0.3-4.5 keV for PSR J0711ś6830.
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4.1.2 New archival X-ray counterpart of pulsars

While analyzing archival X-ray source catalogs to reőne 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 (4XMMDR10,

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

within search radii of 10′′ and 5′′ respectively. Initially, we iden-

tiőed 340 X-ray sources, which we narrowed down to 101 candi-

dates assuming a pulsar distance limit of 2 kpc. After excluding

pulsars with known X-ray counterparts in databases like SIMBAD

and ADS, we identiőed three potential newX-ray counterparts for

nearby pulsars in the 4XMM-DR10 catalog.

Additionally, we conducted a search for signiőcant detections of

pulsars previously only listedwith upper limits in X-ray surveys by

Prinz and Becker (2015) and Lee et al. (2018). This effort yielded 5

additional sources in the XMM-Newton catalog within a 10′′ search

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

ŕuxes. The total positional uncertainty of archival sources was ob-

tained from the 4XMM-DR10 catalog, using the POSERR at the 3σ

conődence level. Notably, two archival sources had distances ex-

ceeding 2 kpc based on the YMW+17 model, yet we retained them
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4 Results & Discussion

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). The green circles are centered at the radio timing
position of the pulsars whereas the blue circles are centered at the X-ray sourcewith the high-
est signiőcance. The Magenta circles show the 4XMM-DR10 positions close to these pulsars.
The images have pixel scales of 0.4′′, and are smoothed with Gaussian length scales σ =2.2′′

(except PSRs J1535ś4115 and J1926ś1314 with σ =1.4′′). The angular separations between X-ray
and radio positions are given in Table 4.2 (from Vahdat et al. 2022).

due to their intriguing X-ray characteristics that are summarized

in Vahdat et al. (2022).

4.1.3 Potential alternatives to explain the X-ray sources

Weutilized the 3σ positional uncertainty radius to examinenearby

optical or infrared sources that could account for or contribute to

the observed X-ray emission. Our search incorporated data from

various catalogs including Gaia-EDR3, 2MASS,WISE, NOMAD,

and theTESS Input Catalog.

To explore alternative counterparts, we hypothetically attributed

allX-rayŕux toanoptical/NIRsource, analyzing resultingX-ray/optical/NIR

ŕux ratios, color-color, and color-magnitude diagrams, alongside

proper motions and known distances when available. We classi-

őed optical/NIR sources based on established schemes byMaccac-

aro et al. (1988), Covey et al. (2007) and Bailer-Jones et al. (2019).

80



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

Table 4.2: Properties of ordinary and ms-pulsars with possible counterparts in 4XMM-DR10 catalog for
which we could not őnd a respective note in the literature or previously marked as upper-limit
(From Vahdat et al. 2022).

Pulsar ObsID ∆X−R θ IAU name ML
PN 0.3−2 keV MOS1 0.3−2 keV MOS2 0.3−2 keV

Ns S Ns S Ns S

(arcsec) (arcmin) (counts) (σ) (counts) (σ) (counts) (σ)

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 in ′′ between the pulsar’s radio timing position and the
centroid of the nearest X-ray source according to 4XMM-DR10. θ is the EPIC-pn off-axis angle.
ML is the reported 4XMM-DR10maximum likelihood in the energy band 0.2-12.0 keV. Background-
corrected countsNs at the optimized X-ray source position and their corresponding signiőcance are
displayed for EPIC-pn andEPIC-MOS1/MOS2. PSR J1831ś0952 has a∼ 6σ signiőcance in 0.3-4.5 keV
with Epic-MOS cameras. The off-axis angle is given for Epic-MOS1.

Visualmagnitudes (mV ) were derived fromGaia-EDR3 passbands

and colors using Landolt standard stars observed with Gaia.

InterpretingX-ray to optical ŕux ratios, we employedMaccacaro

et al. (1988)’s classiőcation 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 to Gaia photometry

conversion relations. Astrometric properties fromGaia-EDR3, in-

cluding distances and proper motions, were also utilized to verify

stellar origins.

In theabsenceof2MASS counterparts,Gaia colorswere converted

toSDSS colors for classiőcation followingCovey et al. Additionally,

Jones et al.’s empirical classiőcation of Gaia-DR2 objects was con-

sidered, aiding in the categorization of potential multiwavelength

counterparts.
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Table 4.3: Gaia-EDR3 sources that fall within 3σ positional uncertainty radius of the X-ray sources.

Gaia-EDR3 Associated PSR µα µδ D Teff V log (fx/fv) Macc88 CV07 BJ19 Excluded

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

237123598225544064 J0340+4130 (4.64′′) -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 J1125ś5825 (1.27′′) -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 J1125ś5825 (3.85′′) -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

5878785517750906240 J1435ś5954 (4.35′′) -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 J1435ś5954 (6.83′′) -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 J1622ś0315 (0.89′′) -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 (2.71′′) -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 J1926ś1314 (0.96′′) −− −− −− −− 18.2±0.5 -2.1 M,K −− S, QSR N Y

4186460380401976576 J1926ś1314 (1.96′′) 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 J1926ś1314 (2.97′′) 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

The respective pulsars are listed in the second column, followed by the angular distance to the Gaia-
EDR3 source in parentheses. The next columns show the proper motions, distances and effective
temperatures obtained from TESS Input Catalog - v8.0 (Stassun et al., 2019). The V -band magni-
tude (Vega)was estimated from theGaiamagnitudes using Johnson-Cousins relationships of Landolt
standard stars that were observed with Gaia according to Evans et al. (2018). log (fx/fv) is the X-ray
to optical ŕux ratio. TheMacc88, CV07 and BJ19 columns represent classiőcations according toMac-
cacaro et al. (1988) Covey et al. (2007) andBailer-Jones et al. (2019) respectively. S, GXY,QSR andAGN
represents star, Galaxy, Quasar and active galactic nucleus, respectively.

Finally, we considered point source (stars) and extended source

(e.g., galaxies) classiőcations provided by the TESS input catalog.

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

ing őve archival sources), we identiőed ten potential optical/NIR

counterparts (Table 4.3).

4.1.4 X-ray efficiency of pulsars

Assuming the X-ray ŕuxes solely originate from the pulsars and

considering the proximity of our distance estimates to reality, we

illustrate in Figure 4.3 the relationship between X-ray luminosity

(LX ) andspin-down luminosity (Ė) forboth thermal andnon-thermal

emission, encompassing both survey and archival sources.

Many sources in our sample exhibit an efőciency (η) around 10−4.

Notably, only three pulsars from our archival X-ray observations
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haveőrmŕuxestimatesderived fromparallaxdistances, highlighted

in yellow in Figure 4.3, with consistent estimates for the majority

except for J0711ś6830.

The solitarymillisecond pulsar J0711ś6830 displays anX-ray efő-

ciency signiőcantly 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 and D1) 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 efőciency.

Another noteworthy case is the middle-aged pulsar J1926ś1314,

exhibiting an X-ray efőciency of ηX ∼ 10−1.5, with minimal varia-

tion using theNE2001-based distance.

This source, known topossess anotably strongerdipolemagnetic

őeld 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.

Figure 4.3 showcases relatively consistent X-ray efőciency values

acrossdifferent spectraandenergybands. This stability arises from

the conversion of a őxed count number in the same energy band to

ŕuxes for both spectral models, limiting ŕux variation. Enhanced

accuracy in futureX-ray efőciency 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 andmillisecond pulsars investigated in this study vs. their spin-
down powers Ė calculated with YMW+17 based distances (left) and NE2001 based distances
(right). Sources with parallax measurements are displayed with yellow. The up-pointing tri-
angles display the 1ś10 keV non-thermal luminosities obtained via the PL assumption (with
Γ = 1.7) for the underlying spectra, and the down-pointing triangles shows the 0.3ś2.0 keV
thermal luminosities obtained via BB assumption (with kT = 300 eV). Spectrum-derived PL
ŕux for J1831ś0952 is shown with green triangle. Ė values are corrected for the Shklovskii ef-
fect where relevant (From Vahdat et al. 2022).

4.1.5 Additional notes

Our initial Fulől 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 ŕares) for 50% of the ap-

proved times. Among these, four had detection rates above 3σ,

while the other four have constrained limits down to ŕux values of

4 × 10−14 erg/s/cm2. For the next cycle of XMM-Newton Proposal,

we reőned our survey strategy and proposed more sources to be

observed. These improvements included accounting for distance

uncertainties by comparingdifferent 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 different DMmod-

els, or detectability for the largest listeddistance. With this reőned
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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 (left)
and EPIC-MOS1 (right)

strategy,wesecuredseveral observationopportunities inAO21, AO22

and A023 cycles (PI: Armin Vahdat). Some of these observations

have already been conducted, providing us with new data not in-

cluded in Vahdat et al. (2022), which will be discussed below.

PSR J0835-3707

PSR J0835-3707 is a middle-aged pulsar (τc ≈ 8.8 × 105 yr) with

a P and Ṗ of 0.54 s and 9.78 10−15ss−1, respectively. The 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, unaffected signiőcantlybybackground

ŕares. Notably, EPIC-MOS1 achieved a detection signiőcance of

2.6σ (see Fig. 4.4). Upper limits (3σ) for X-ray emission from the

pulsar, as measured by individual EPIC instruments, are summa-

rized in Table 4.4.
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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 (τc ≈ 9.5 × 105 yr) with a

P of 0.28 s and a Ṗ of 4.68×10−15 s s−1(Parthasarathy et al., 2019).

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

1.12 kpc. InMarch 2022, XMM-Newton EPIC cameras observed the

pulsar for approximately 15 ks. While the EPIC-pn camera expe-

rienced a slight reduction in observing time due to background

ŕares, affecting about 20% of the approved time, the EPIC-MOS

cameras remained unaffected. Unfortunately, no X-ray emission

was detected within the EPIC cameras (see Fig. 4.5). Upper limits

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

ual EPIC instruments, are provided in Table 4.4.

PSR J1918+1541

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

current list with a τc ≈ 2.3 × 106 yr and with a P and Ṗ of 0.37 s

and 2.54×10−15 s s−1, respectively (Camilo et al., 2006). The source

has DM-based distance estimates (YMW+17) of 0.73 kpc. In April

2023, the pulsar was observed for about 16 ks with XMM-Newton
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Figure 4.6: X-ray count distribution of PSR J1918+1541 in 0.3-2.0 keV as observed with the EPIC-pn (left)
and background light curve of observation (right) highlighting the background ŕare.

Table 4.4: Properties of the selectedmiddle-aged pulsars that are investigated in the newAO21 and A022.

Pulsar ObsID ∆X−R
PN 0.3−2 keV MOS1 0.3−2 keV MOS2 0.3−2 keV Combined EPIC

Ns S UL1 Ns S UL1 Ns S UL1 Ns S

(arcsec) (counts) (σ) (c/s) (counts) (σ) (c/s) (counts) (σ) (c/s) (counts) (σ)

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 −− −−

The∆X−R columndisplays angular separation in arcseconds between the pulsar’s radio timing posi-
tion and the centroid of thenearestX-ray source. Background-subtracted countsNs at the optimized
X-ray source position and their corresponding signiőcance S according to Equation (1) are listed for
each detector, as well as theML for the detections considering all EPIC instruments together. The 3σ
upper limits (UL) for individual instruments are Bayesian upper limits according to Kraft et al. (1991).

EPIC cameras. Regrettably, the EPIC instrument encountered a

signiőcant background ŕare, impacting around 40% of the allo-

cated observation time (see Fig 4.6, right). Despite the extensive

observation period, the pulsar did not exhibit any signiőcant de-

tection in any of the instruments (refer to Fig 4.6, left). The upper

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

dividual EPIC instruments, are summarized in Table 4.4.

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

sions of three middle-aged pulsars as part of our ongoing Fulől

survey. Regrettably, none of the pulsars exhibited a detection sig-
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niőcance above 3.5σ. However, PSR J0835-3707 displayed a signif-

icance of 2.6σ in Epic-MOS1, with a combined detection signiő-

cance of 3σ. The 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 shouldhave beendetected even if the distance basedon

dispersionmeasure (DM) is accurate, assuming theassumedX-ray

efőciency for the pulsars is correct. Since parallax measurements

are unavailable for any of the pulsars, it is plausible that the true

source distance differs signiőcantly from the DM-based distance

measurements, necessitating further exposure. Additionally, two

out of threeof ourobservationswere impactedbybackgroundŕar-

ing, which may have contributed to the lack of detection. Finally,

our general assumption regarding the X-ray efőciency rate of 10−4

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

tain pulsars, such as PSR J0711−6830 and PSR J1831−0952, exhibit
a lower X-ray efőciency rate of 10−5, which could also be the case

for these pulsars.

4.2 Multiwavelength Pulsations and Surface

Temperature Distribution in theMiddle-Aged

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

4.2.1 Timing properties

We examined the harmonic behavior of the X-ray pulse proőle us-

ing Fourier coefőcients and generated a phase-folded light curve

in the 0.3 − 7 keV range with the timing solution obtained previ-
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B1055-52, (Vahdat et al., 2024)

ously. The phase-folded light curve and contributions from each

harmonic are depicted in Figure 4.7. Different energy bands may

require varyingnumbersofharmonics. To compare,weuseda chi-

square test to assess the agreement between the sumof 3 harmon-

ics and the 20-bin histogram of the folded light curve.

The results from the two descriptions of the pulse proőle align

well, indicating that binning may not be necessary for examining

smooth pulsations. Using Fourier analysis can help avoid addi-

tional uncertainties associated with the binning process.

In Figure 4.8, we plotted the normalizedX-ray pulse proőleF(ϕ)

in the 0.3 − 7 keV range alongside the Parkes radio proőle at 2.4

GHz, and the Fermi-LATγ-ray light curve from50MeV to 300GeV.

Figure 4.9 illustrates the pulse proőles and their 3σ uncertainties

in four energybands, alongwithParkes radio andFermi-LATγ-ray

light curves.

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

dio and X-ray proőles, we calculated the maximum phase shift,

∆ϕmax, between the X-ray and Parkes radio timing solutions. We

found ∆ϕmax 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.

The pulsated fraction (PF) is a crucial property of a folded light

curve, dependingprimarily on thephasesandamplitudesofFourier

harmonics and their energy dependence. We estimated PFs for

threedifferentdeőnitions: amplitudePF (pamp), areaPF (parea), and

root-mean-square PF (prms). The energy dependence of the PFs
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Figure 4.7: The 0.3 − 7 keV phase-folded light curve (X-ray pulse proőle) plotted as a histogram with 20
phase bins and as the sum of 3 harmonics, (N/20)F(ϕ), whereF(ϕ) is the normalized pulse
proőle and N = 86097 is the total number of events in the chosen energy range. The ±3σ
uncertainty of the X-ray pulse proőle is shownwith transparent blue color. The orange, green,
and red sine waves correspond to the őrst, second, and third harmonics, respectively. Area,
amplitude and rms pulse fractions in percents, with their 1σ uncertainties, are displayed at
the top right corner.

is displayed in Figure 4.10. Both amplitude and area PFs increase

with photon energy, saturating at around∼ 70%ś75% 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 proőles in Figure 4.9 do 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, Ni,j, in each phase-energy bin from the phase-averaged

value. Thesedeviationswere thenused to createa signiőcancemap,

restricted to the 0.15−7.0 keV energy range. Second, we employed

a normalization method by Tiengo et al. (2013), dividing counts in
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Figure 4.8: Normalized X-ray pulse proőle,F(ϕ), in 0.3− 7 keV. Phase bins are displayed with different
transparent colors. The Parkes radio light curve (at 2.4 GHz) and Fermi-LAT γ-ray light curve
(0.05ś300 GeV) are over-plotted with blue andmagenta colors, respectively.

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

and energy-averaged counts in each phase bin.

The resulting normalized phase-energy map is shown in Figure

4.11 (right). Uponexamination,wecategorized thecounts into four

distinct energy regions. In the őrst region (0.15− 0.3 keV), we ob-

served minimal pulsation between phases ϕ = 0.1 − 0.4, followed

by a faint peak between phases ϕ = 0.7 − 0.9. The second region

(0.3− 0.5 keV) displayedminimal to negligible pulsation across all

phases, contrasting with the continuous pulsation observed in the

soft tomidX-ray range in the phase-energy deviationmap and the

pulse proőle.

In the fourth region (0.5−1.5 keV), a pronounced pulsationmax-

imumwas evident between phasesϕ = 0.1−0.4, alongwith a pulse

minimum between phases ϕ = 0.6− 1.0, consistent with the pulse

proőle. The 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 pulsationminimumand

maximumwere observed between 2.0− 3.0 keV.

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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niőcantphase variations inboth thehot andcoldBB temperatures,

indicating non-uniform temperature distributions on the NS sur-

face.

Similar phase variations in BB temperatureswere 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 (‘S1’), where the temperature decreased from

the peak of the 0.5 − 1.5 keV light curve to its minimum near the

descending part, then increased to a maximum at the ascending

part. This temperature ŕuctuation was partially offset by a nor-

malization variation, resulting in a smaller ŕux increase than oth-

erwise expected.

The cold BB component showed comparable behavior to the hot

BBcomponent,with temperatureandradius variationsoutofphase.

These őndings contradict the assumption of uniform temperature

distribution in the BB components.

Furthermore, the phase-energy maps indicated the presence of

a secondary spot (‘S2’), suggesting the existence of at least one ad-

ditional thermal component. The presence of S2 is also evident in

the light curves, particularly in the 0.3− 0.5 keV range, coinciding

with the radio inter-pulse.

The observed high pulsed fraction (PF) in the 0.8− 1.2 keV range

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

models for internal heating and magnetic őeld conőgurations do

not fully explain theobservedPFs. Thecontributionof atmospheric

effects anda toroidalmagneticőeld componentmayprovideamore

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 twomainmechanisms. Firstly,

anisotropic internal heating, driven by heat transfer from the NS

interiors to its surface layers, especially in thepresenceof anonuni-

formmagnetic őeld, can create temperature variations. However,

existing models fail to fully match observed data for pulsars like

B1055. Additionally, if a toroidal magnetic őeld component exists

alongside the dipolar őeld, it can lead to distinct temperature and

size differences in the hot spots, altering the overall thermal dis-

tribution.

Another mechanism, external heating, involves relativistic par-

ticles from the pulsar’smagnetosphere heating its polar caps. This

mechanismcan explain the thermalX-ray emission fromhot spots

inolderpulsars andmaycontribute 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 arisewhen considering off-centered dipole

magneticőelds, affecting internal andexternalheatingdifferently.

Recent studies have explored these conőgurations and their im-

pact on temperature patterns, light curves, and spectra inmiddle-

aged pulsars (Igoshev et al., 2021).

In summary, both internal andexternal heatingmechanisms can

contribute to hot spot formation on B1055’s surface. Detailed at-
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mospheremodeling, includingbeamedemissions, is necessary for

a comprehensive understanding, but is beyond the scope of this

study and warrants future research.

4.2.4 Nonthermal emission and multiwavelength pulse profile of

B1055

The phase shifts seen in multiwavelength pulse proőles, like those

observed in B1055 (refer to Figures 4.8 and 4.9), indicate distinct

emissionmechanismsoperatingatdifferent locationsandheights.

Thermal X-ray emission originates directly from the NS surface

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

altitudes above themagnetic poles (Weltevrede andWright, 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 signiőcant in our observations. The 2.0-5.0 keV light curve

displays a prominent peak, aligned with the γ-ray pulse proőle,

suggesting a potential connection between the locations of non-

thermal X-ray emission and γ-ray emission.

Furthermore, our data hints at a secondary peak in the 2.0-5.0

keV light curve near the radio interpulse. This secondary peak is

likely due to thermal emission fromanother 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 hotBB (top) and coldBB (bottom)with phase in the temperature-normalization
plane. Red and green contours correspond to conődences levels of 68.3% and and 99% re-
spectively. Additionally, we depict the conődence contours of phase-integrated spectra us-
ingbrown (68.3%) andblack (99%) colors. Errors are estimated for twoparameters of interest.
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Figure 4.13: Phase dependencies of the temperatures (top), radii of equivalent emitting sphere (middle),
and unabsorbed ŕuxes in 0.3 − 8.0 keV band (bottom) for hot BB and cold BB components.
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sine function őts to the data for visualization purposes.
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ŕuxes in 0.3 − 8.0 keV band (bottom) for the PL component. The vertical error bars show
1σuncertainties of the őtting parameters. Blue lines represent sine function őts to the data
for visualization purposes.

Analysis of the radio and γ-ray light curves offers additional in-

sights into pulsar geometry. B1055 is often interpreted as a nearly-

orthogonal rotatorbasedon the separationbetween its radio inter-

pulse and main pulse. However, existing emission models strug-

gle to fully explain both the γ-ray and radio light curves of B1055.

Despite this, recent efforts have attempted to reőne thesemodels,

albeitwithout conclusive results for B1055 speciőcally (Pierbattista

et al., 2015).

In ourX-ray observations, we observe the primary peak fromhot

spot S1 atϕ ≈ 0.3−0.4, alongwith a secondary thermal X-ray peak
possibly linked to another hot spot (S2), trailing the main peak by

∆ϕ ≈ 0.5. Additionally, S2 manifests as a hump near the radio

interpulse phase at ϕ ≈ 0.8 in the 0.3−0.5 keV pulse proőle. The

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, the spatial arrange-
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ment of emission sites on the NS surface, inferred from polariza-

tionangle analysis, further supports this interpretation (Weltevrede

andWright, 2009).

Overall, the observed X-ray and multiwavelength pulse proőles

offer valuable insights into the complex interplayof emissionmech-

anisms and pulsar geometry. Further studies and reőned 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-elementatmosphericmodels and/ora condensed

surface. The currently existing atmosphere models, such as NS-

MAXG (Mori and Ho, 2007; Ho et al., 2008), employ various ge-

ometries and assume different surface magnetic őelds. However,

they cannot adequately őt both the low and high energy spectra.

Hence, a more customized atmosphere model is necessary, one

that takes intoaccount thegeometryandotherpropertiesofB1055.

Furthermore, all existingatmospheremodels are forphase-averaged

spectra. Tocomprehendandconstrain temperaturevariations, phase-

dependent modeling is required.

An additional avenue for research could involve conducting de-

tailedmagnetothermal simulations tobetter comprehend the ther-

mal evolution of NS and the phase-resolved temperature nonuni-

formities observed. Igoshev et al. (2023) have already advanced

this őeld by developing a modiőed version of the PARODY code,
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speciőcally tailored toanalyze surface thermalpatterns, light curves,

and spectra of off-centered dipoles in middle-aged pulsars. Their

enhanced code, namedMAGPIES, is open-source and presents an

opportunity for further development and application in studying

similar cases.
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sgdx vdqd mdZqax: xntmf Zmc onvdqetk: nq gns0 Nsgdq MRr vdqd
chrbnudqdc ax sgdhq uZqhZahkhsx –ntsatqrsr( nq Zbshuhsx hm nsgdq
vZudkdmfsgr: –d0f0: rnes fZllZ“qZx qdodZsdqr(0 LZmx W“qZx dlhs“
shmf MRr vdqd entmc hm sZqfdsdc –cddodq( rdZqbgdr aZrdc nm sgdhq
qZchn Zmc γ“qZx oqnodqshdr0 ü edv otkrZqr eZkkhmf hm sgd zdkc ne
uhdv –ENU( ne onhmsdc nardquZshnmr ax W“qZx rZsdkkhsdr gZud Zkrn
addm chrbnudqdc –d0f0: Ohqdr ds Zk0 1998, Oqhmy ] Adbjdq 19fl4(0
Gnvdudq: lZmx MRr vdqd mns bnudqdc ax rtffbhdmskx cddo W“qZx
dwonrtqdr0 ü rdkdbshnm d∆dbs bZmmns ad dwbktcdc Zmc lZx kdZc sn
Z ahZrdc uhdv ne sgd jmnvm W“qZx dlhsshmf MR onotkZshnm: vghbg
bntkc qdrtks hm Z ahZrdc hmsdqoqdsZshnm ne sgdhq fdmdqZk W“qZx
oqnodqshdr rtbg Zr sdlodqZstqd: rodbsqZk hmcdw ne mnm“sgdqlZk
dlhrrhnm: Zmc W“qZx dffbhdmbx0 Sn cZsd: qntfgkx 4-6’ ne sgd
jmnvm otkrZq onotkZshnm gZr addm cdsdbsdc hm W“qZxr0

OtkrZqr kZbjhmf W“qZx cdsdbshnm lZx rhlokx ad snn eZhms enq
sgd oqduhntr rtqudxr: enq dwZlokd adbZtrd sgdx Zqd snn eZq ZvZx
nq snn Zarnqadc: nq sgdxlZx hmcddc ad ”W“qZx pthds;0 W“qZxlnm“
hsnqhmf vhsg Zkk“rjx rtqudxr rtbg Zr sgd nmfnhmf dQNRHSü vhkk
oqnuhcd Zm hlonqsZms bnmsqhatshnm sn nasZhm Z fitw“khlhsdc ono“
tkZshnm ne W“qZx dlhsshmf MRr hm sgd FZkZwx0 ü bnlokdldmsZqx
ZooqnZbg sgZs Zhlr enq Zm tmahZrdc bnudqZfd ne sgd MR onotkZ“
shnm hr sn qdrsqhbs sgd ZmZkxydc rZlokd sn Z bdqsZhm chrsZmbd Zmc
hmbqdZrd sgd mtladq ne nardqudc rntqbdr hm sgZs chrsZmbd qZmfd0 Hm
sghr rstcx: vd oqdrdms sgd zqrs qdrtksr ne Zm WLL.Mdusnm rtqudx
Zhldc Zs Z adssdq rZlokhmf ne sgd mdZqax –�1 job( MR onotkZshnm0

üksgntfg sgdqlZk Zmc mnm“sgdqlZk dlhrrhnm bZm bndwhrs ctq“
hmf sgd khedroZm ne Z MR: sgd cnlhmZms sxod ne dlhrrhnm cdodmcr

üqshbkd otakhrgdc ax DCO Rbhdmbdr ü84: oZfd fl ne fl9
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ü]ü 547: ü84 –1911(

NTaib t7 Oqnodqshdr ne sgd nqchmZqx Zmc lhkkhrdbnmc otkrZqr hmudrshfZsdc vhsg WLL.Mdusnm hm sghr rstcx0

OtkrZq NarHC sOM sLfl sL1 aOM aLfl aL1 N Cfl C1 knf %D MG.1fl

–jr( –jr( –jr( –b+r( –b+r( –b+r( –lr( –job( –job( –dqfr r�fl(

I96flfl-5729 971292959fl flfl08 –50fl( fl207 –807( fl207 –801( 104 –SM( 9024 –L( 9024 –L( 4 90flfl 9075 2205 905
I9634-4242 971292fl39fl fl708 –fl204( 1907 –fl703( 1907 –fl50fl( 903 –SM( 901 –SM( 901 –SM( 1fl4 9046 9014 2309 207
I9831-4441 971292fl29fl fl706 –fl204( 1905 –1901( 1905 –1901( 904 –SM( 9024 –SM( 9024 –SM( 553 9029 207 2204 405
I9834-3722 971292flfl9fl fl606 –flfl01( fl805 –fl604( fl805 –fl601( 904 –SM( 901 –SM( 9014 –SM( 22fl 9024 fl04fl 2206 209
I9843-4329 971292939fl fl306 –306( fl505 –508( fl505 –509( 109 –L( 9024 –L( 9024 –L( 362 9032 2085 2301 501
I9846-4321 971292fl99fl fl406 –405( fl605 –fl601( fl605 –fl602( 907 –L( 9024 –L( 9024 –L( 192 9034 3022 2309 609
Ifl999-4fl38 971292929fl 609 –407( 708 –501( 708 –706( 903 –SM( 9024 –L( 9024 –L( 144 90fl2 fl082 2203 101
Ifl992-3636 971292919fl fl306 –802( fl505 –fl503( fl505 –fl502( fl09 –SM( 9024 –L( 9024 –L( 296 9026 1083 2304 209
Ifl9fl6-6fl45 –A( 971292969fl fl9 –402( flfl08 –fl906( flfl08 –fl909( 905 –SM( 901 –L( 9014 –L( 1 9015 1087 2207 108
Iflfl14-4714 –A( 971292fl59fl fl706 –406( 1905 –fl508( 1905 –fl508( 906 –SM( 9024 –L( 9024 –L( 2 fl063 1051 2308 208
Ifl432-4fl38 –A( 971292989fl 504 –402( 703 –702( 703 –701( 903 –SM( 9024 –SM( 9024 –SM( 1 fl0fl4 1031 2308 fl05
Ifl614-9621 971292fl49fl fl40fl –fl102( fl609 –fl506( fl609 –fl506( 903 –SM( 9024 –L( 9024 –L( 139 9019 fl089 220fl fl07
Ifl639-29fl4 9712929fl9fl 306 –fl06( 505 –509( 505 –406( fl09 –SM( 9024 –L( 9024 –L( 596 9039 1083 2308 306
Ifl644-9892 971292949fl 306 –208( 505 –504( 505 –504( 903 –SM( 9024 –L( 9024 –L( fl8fl 9012 fl068 2205 109

Flsbo7 OtkrZq mZldr Zmc sgdhq WLL.Mdusnm narhc&r Zqd fhudm hm sgd zqrs Zmc rdbnmc bnktlm0 Sgd otkrZqr hm ahmZqx rxrsdlr Zqd lZqjdc vhsg –A(0
Sgd enkknvhmf rhw bnktlm chrokZxr DOHB“om Zmc DOHB“LNR snsZk Zmc FSH“zksdqdc dwonrtqd shldr –fhudm hm oZqdmsgdrdr( Zmc sgd FSH zksdq enq sgd
aZbjfqntmc khfgs btqud Zmc sgd bnqqdronmchmf zksdqr enq dZbg DOHB cdsdbsnq0 ”SM; hr sghm zksdq Zmc ”L; hr ldchtl zksdq0 Rntqbd oqnodqshdr Zqd
mnsdc hm sgd kZrs zud bnktlmr0 N hr sgd rohm odqhnc hm rdbnmcr: Cfl hr sgd adrs drshlZsd ne sgd otkrZq chrsZmbd hm job Zbbnqchmf sn üSME otkrZq bZsZknf
vghbg trdr sgd XLV�w2 CL“aZrdc chrsZmbd Zr cdeZtks: C1 hr sgd chrsZmbd hm job aZrdc nm sgd MD199fl lncdk: knf %D hr sgd bnllnm knfZqhsgl
ne sgd rohm“cnvm dmdqfx knrr qZsd hm dqfr r�fl Zmc MG hr sgd gxcqnfdm bnktlm cdmrhsx hm tmhs ne fl91fl bl�1 drshlZsdc eqnl sgd CL Zr ntskhmdc hm
Rdbs0 1030

nm hsr ogxrhbZk oqnodqshdr rtbg Zr Zfd Zmc nudqZkk dmdqfx atcfds0
Nmd jdx ptdrshnm Zs sgd nqhfhm ne W“qZx dlhrrhnm eqnl otkrZqr
hr sn zftqd nts gnv ltbg ne sgd ZuZhkZakd dmdqfx atcfds hr bnm“
udqsdc hmsn W“qZxr: Zmc gnv sghr bgZmfdr nudq sgd MR khedroZm0

Sgdqd hr Z fdmdqZk bnqqdkZshnm adsvddm sgd W“qZx ktlhmnrhsx
–GW( eqnl mnm“sgdqlZk Zmc sgdqlZk dlhrrhnm –eqnl onkZq bZor(
Zmc rohm“cnvm ktlhmnrhsx – %D( ne MRr: ats sgd W“qZx dffbhdmbx
–ηW / GW< %D( rgnvr Z kZqfd uZqhZshnm –ηW ∼ fl9�5�fl9�1(0 Sgd
qdonqsdc roqdZc ne ηW bZm ad qdkZsdc sn sgd bgnhbd ne dmdqfx
qZmfd: rodbsqZk lncdk: Zmc bnmrhcdqZshnm ne dwsdmcdc dlhrrhnm
–Adbjdq ] Sqtdlodq fl886, Onrrdmsh ds Zk0 1991, Kh ds Zk0 1997,
JZqfZksrdu ds Zk0 19fl1(0 Enq dwZlokd: sgd fitwdr hm sgd rnes W“qZx
qZmfd Zqd lnqd rdmrhshud sn sgd tmbdqsZhmshdr ctd sn sgd hmsdqrsdk“
kZq Zarnqoshnm vghbg lZx bZtrd Z ahZrdc uhdv snvZqc sgd onot“
kZshnm ne sgdqlZkkx cnlhmZsdc MRr0

Etqsgdqlnqd: hs gZr addm onhmsdc nts ax rdudqZk Ztsgnqr sgZs
sgd W“qZx dlhrrhnm adbnldr lnqd dffbhdms Zs %D � fl923�fl924

dqf r�fl0 Sghr bntkc rtoonqs onkZq bZo Zmc oZhq bZrbZcd lncdk
oqdchbshnmr hmchbZshmf Zm hmbqdZrd hm dkdbsqnm“onrhsqnm oZhq gdZs“
hmf ktlhmnrhsx –GZqchmf ] Ltrkhlnu 19flfl: 199fl( nq hs bntkc
qdfidbs sgd oqdrdmbd ne sgd cnlhmZms mnm“chonkd lZfmdshb zdkc
–JhrZjZ ] SZmZjZ 19fl6(0 Gnvdudq: sgdqd Zqd snn edv otkrZqr
vhsg %D � fl923 dqfr r�fl sn bnmrsqZhm sgdnqdshbZk lncdkr0 Ch∆dqdms
rZlokd rdkdbshnmr lZx kdZc sn ch∆dqdms W“qZx dffbhdmbhdr0 Enq
hmrsZmbd: hm lhcckd“Zfdc otkrZqr sgd W“qZx dffbhdmbhdr: ηW ∼
fl9�2�fl9�1: rddl sn ad ghfgdq sgZm hm xntmfdq nmdr: ηW ∼
fl9�4�fl9�2 –JZqfZksrdu ds Zk0 19fl1, Onrrdks ds Zk0 19fl1(0

Sgd mtladq ne W“qZx cdsdbsdc mdZqax otkrZqr hr btqqdmskx
hmrtffbhdms sn dwbktcd rdkdbshnm ahZrdr snvZqcr sgdhq nardquZ“
shnmZk oqnodqshdr0 Vd ZooqnZbg sghr oqnakdl ax bnmctbshmf Z rtq“
udx ne sgd mdZqax –�1 job( MR onotkZshnm0 Hm Rdbs0 1 vd cdrbqhad
ntq rntqbd rdkdbshnm rsqZsdfx Zmc cZsZ ZmZkxrhr rsdor enq ntq
rtqudx: hmbktchmf sgd bnmrhcdqZshnm ne mdZqax ltkshvZudkdmfsg
rntqbdr Zr ZksdqmZshud W“qZx bntmsdqoZqsr0 Hm Rdbs0 2 vd oqdrdms
sgd hmhshZk qdrtksr ne sgd rtqudx: vgdqd vd oqnuhcd sgd rhfmhz“
bZmbd Zmc toodq khlhsr enq sgd nardqudc rntqbdr0 Rdbshnm 3 bnu“

dqr sgd cdsZhkr ne ntq ZcchshnmZk rdqdmchohsntr ZqbghuZk bZmchcZsdr
rstcx0 EhmZkkx: Rdbs0 4 chrbtrrdr sgd W“qZx dffbhdmbx ne rntqbdr:
sgd d∆dbs ne ch∆dqdms chrsZmbd drshlZsdr: Zmc sgd hlokhbZshnmr0

16 KardpuXshnmr Xmc XmXiwrdr

1-0- Rntpbd rdidbshnm Xmc nardpuXshnmr

Vd trdc sgd üSME bZsZknf –LZmbgdrsdq ds Zk0 1994: Ufl046( sn
rdkdbs Zkk jmnvm mdZqax –�1 job( MRr sgZs gZc mn W“qZx bnu“
dqZfd hm sgd zdkc ne uhdv ne Zqbghudc WLL.Mdusnm onhmshmf
–rdZqbg qZchtr fl2′ Zqntmc otkrZq onrhshnm( Zmc BgYmcoY onhms“
hmf –rdZqbg qZchtr fl9′( nardquZshnmr0 Vd bgnrd 1 job Zr Z btsn∆
sgqdrgnkc enq sgd chrsZmbd ne sgd otkrZqr0 üanud sghr uZktd: sgd
Zarnqoshnm d∆dbsr adbnld ltbg lnqd oqnakdlZshb enq sgdqlZk
dlhrrhnm: lZjhmf hs gZqcdq sn cdsdbs MR vgdqd sghr sxod ne dlhr“
rhnm cnlhmZsdr –d0f0: sgd LZfmhzbdms Rdudm: GZadqk ds Zk0 1993(0

Vd trdc chrsZmbd drshlZsdr eqnl sgd üSME: vghbg Zqd sxo“
hbZkkx aZrdc nm sgd chrodqrhnm ldZrtqd –CL( eqnl qZchn shl“
hmf nardquZshnmr: Zmc sgd dkdbsqnm cdmrhsx lncdk ax XZn ds Zk0
–19fl6( –XLV�w2(0 Rnld ne sgdrd drshlZsdr lZx ch∆dq to ax
sn Zm nqcdq ne lZfmhstcd eqnl sgd qdrtksr aZrdc nm sgd dkdb“
sqnm cdmrhsx lncdk ax Bnqcdr ] KZyhn –1991( –MD177w(0 Vd
Zkrn khrs sgdrd chrsZmbdr enq bnlokdsdmdrr hm SZakd fl Zmc chr“
btrr chrsZmbd ch∆dqdmbdr ne sgdrd drshlZsdr hm Rdbs0 40fl0 Trhmf
sgd otkrZq&r rohm“cnvm ktlhmnrhsx – %D(: chrsZmbd –C(: Zmc Zudq“
Zfd dwodbsdc gxcqnfdm bnktlm cdmrhsx –MG( bZkbtkZsdc eqnl sgd
CL: vd Zrrtldc Z oqdkhlhmZqx W“qZx dffbhdmbx ne fl9�3 sn drsh“
lZsd dwodbsdc Zarnqadc W“qZx fitwdr0 Vd rsZqsdc ntq rtqudx vhsg
sgnrd otkrZqr enq vghbg Z cdsdbshnm rddldc lnrs khjdkx hm Z rgnqs
dwonrtqd shld0 Entqsddm otkrZqr vdqd nardqudc vhsg sgd WLL.
Mdusnm DOHB hmrsqtldms hm 19fl7: vhsg 4-19 jr dwonrtqdr –Oqn“
fqZl HC. 971292( vhsg sgd Sghm Zmc Ldchtl zksdqr0 Gdqd vd
oqdrdms sgd qdrtksr ne sgd zqrs xdZq ne sgd rtqudx0 Sgd rtqudx
rntqbdr nardqudc sn cZsd: sgdhq dwonrtqd shldr: Zmc sgdhq rdkdbsdc
nardquZshnmZk oqnodqshdr Zqd oqdrdmsdc hm SZakd fl0

ü84: oZfd 1 ne fl9
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ü0 UZgcZs ds Zk0. SnvZqc Zm W“qZx hmudmsnqx ne mdZqax mdtsqnm rsZqr

1-1- Rntpbd cdsdbshnm noshlhyXshnm

Sn noshlhyd sgd bgnhbd ne ntq dmdqfx aZmcr enq rntqbd cdsdbshnm:
vd ZmZkxydc sgd cdsdbshnm khjdkhgnncr ne jmnvm W“qZx“cdsdbsdc
otkrZqr hm 3WLL“CQfl90 Vd entmc sgZs sgd dmdqfx aZmcr
902-109 jdU Zmc fl09-304 jdU gZud sgd ghfgdrs mtladq ne cdsdb“
shnmr aZrdc nm sgdhq lZwhltl khjdkhgnnc –LK( chrsqhatshnmr
bnloZqdc sn nsgdq aZmcr Zs rnes Zmc lhc“W“qZx dmdqfhdr0 Vd
sgdm ZmZkxydc Z edv otkrZqr vhsg jmnvm W“qZx cdsdbshnmr trhmf
sgd ZqbghuZk cZsZ sn sdrs sgdrd uZktdr Zmc Zkrn bgdbjdc enq nsgdq
aqnZcdq Zmc mZqqnvdq aZmcr0 Vd cdbhcdc sn Zcc sgd enkknvhmf
dmdqfx qZmfdr enq ntq ZmZkxrdr. 902-fl01 jdU: 902-fl04 jdU: Zmc
902-304 jdU0 Sgdrd qZmfdr oqnuhcdc sgd ghfgdrs cdsdbshnm rhfmhe“
hbZmbd cdzmdc Zr.

P /
Mr

σ́–Mr(
/

MS � �Mafq
√

MS ffi �1Mafq

–fl(

vgdqd Mr hr sgd mtladq ne aZbjfqntmc“rtasqZbsdc rntqbd bntmsr:
MS Zmc Mafq Zqd snsZk bntmsr vhsghm sgd rntqbd Zmc aZbjfqntmc
qdfhnmr: Zmc � hr qZshn ne rntqbd sn aZbjfqntmc qdfhnmfl0

1-2- CXsX pdctbshnm Xmc XmXixrdr

ükk cZsZ vdqd qdctbdc vhsg WLL.Mdusnm Rbhdmbd ümZkxrhr
RnesvZqd –RüR: Ufl709090( Zookxhmf rsZmcZqc sZrjr0 Vd zksdqdc
vhsg EI@F77/ sn Zunhc BBC fZor Zmc aZc ohwdkr0 Vd odq“
enqldc Z fnnc shld hmsdquZk –FSH( rbqddmhmf sn hcdmshex Zmc
qdlnud fiZqdr bZtrdc ax dmdqfdshb oqnsnmr0 Rhmbd ntq rgnqs
nardquZshnmr vdqd hloZbsdc ax lZmx aZbjfqntmc fiZqdr: rsZm“
cZqc aZbjfqntmc fiZqd rbqddmhmf vntkc gZud nesdm qdlnudc
lnqd sgZm gZke ne sgd dwonrtqd shld0 Sgdqdenqd: vd Zkknvdc Z
rsqnmfdq aZbjfqntmc bnmsqhatshnm hm rnld nardquZshnmr sn lZw“
hlhyd onsdmshZk ognsnm mtladqr eqnl ntq sZqfds0 Sgd etkk khrs
ne FSH qZsdr trdc enq nardquZshnmr Zqd oqdrdmsdc hm SZakd fl0 Vd
sdrsdc rdudqZk FSH zksdqr cdqhudc eqnl fl99 r ahmmdc khfgs btqudr
ne dudmsr vhsg dmdqfhdr Zanud fl9 jdU0 Enq dZbg FSH“zksdqdc
dudms zkd: vd fdmdqZsdc hlZfdr Zmc dwonrtqd lZor hm zud
dmdqfx aZmcr Zr rodbhzdc Zanud0 Vd sgdm dloknxdc sgd RüR“
snnk dpdfhnmSmSivrd sn noshlhyd sgd Zodqstqd sgZs lZwhlhydr
sgd rntqbd sn aZbjfqntmc bntms qZshn0 Sgd qZmfd ne sgd noshlZk
dwsqZbshnm qZchh oqnuhcdc ax sgd qntshmd uZqhdc adsvddm fl9′′-fl4′′0
Vd Zkknvdc dpdfhnmSmSivrd sn bdmsdq nm sgd onrhshnm sgZs hr
to sn 2σ eqnl sgd qZchn otkrZq onrhshnm10 Vd Zkrn Zookhdc Z
oqnodq lnshnm bnqqdbshnm hm ntq 2σ onrhshnm tmbdqsZhmsx bhqbkd
–he ZuZhkZakd(0 Nmkx nmd rntqbd –ORQ I9634�4242( hm ntq rtq“
udx gZr Z mnshbdZakd oqnodq lnshnm –µ� / �59 ± fl9lZr xdZq�fl:
µδ / 49±fl9lZr xdZq�fl: OZqsgZrZqZsgx ds Zk0 19fl8(0 Vd nasZhmdc
sgd aZbjfqntmc“rtasqZbsdc rntqbd bntms qZsdr Zr vdkk Zr sgd 2σ
rsZshrshbZk toodq khlhsr enq dZbg W“qZx MR bZmchcZsd bnudqdc ax
sgd hmchuhctZk DOHB hmrsqtldmsr0

Hm nqcdq sn nasZhm bnlahmdc DOHB bntms qZsdr Zmc rhfmhe“
hbZmbd: vd trdc sgd dlicdsdbs sZrj: Zmc odqenqldc rhltksZ“
mdntr LK onhms roqdZc etmbshnm –ORE( zsr sn sgd rntqbd bntms
chrsqhatshnmr ne sgd DOHB“om Zmc DOHB“LNR dudmsr0 Sgd qdrodb“
shud uZktdr Zmc toodq khlhs uZktdr Zqd fhudm hm SZakd 10 Sgd
dlicdsdbs sZrj Zkrn oqnuhcdc sgd rsZshrshbZk onrhshnmZk dqqnq enq

fl üksgntfg vd khrs sgd bnmrdquZshud R –Dp0 –fl((: Zm ZksdqmZsd rhfmhz“
bZmbd cdzmhshnm ax Kh ] LZ –fl872(:

P /
√
1
{

MS km
[

�ffifl
�

�

MS
MSffiMafq

)]

ffiMafq km
[

–� ffi fl(
Mafq

MSffiMafq

]}fl<1

vntkc

qdrtks hm Z rhfmhzbZmbd ghfgdq ax Z eZbsnq ne ∼fl01-fl030
1 Enq onrhshnmr: oqnodq lnshnmr: Zmc oZqZkkZwdr vd trdc sgd uZktdr
khrsdc hm sgd üSME bZsZknf Ufl053

W“qZx rntqbdr hm ntq rtqudx: Zmc ax bnlahmhmf hs vhsg sgd rxr“
sdlZshb dqqnq ne fl.4′′ –Vdaa ds Zk0 1919( vd nasZhmdc sgd snsZk
onrhshnmZk tmbdqsZhmshdr sn rdZqbg enq ltkshvZudkdmfsg rntqbdr hm
sgd oqnwhlhsx ne W“qZx MR bZmchcZsdr0

Enq rntqbdr vhsg Z bnlahmdc mds bntms mtladq Zanud
fl99 hm sgd DOHB hmrsqtldms: vd Zkrn odqenqldc Z rodbsqZk zs0
ORQ Ifl72fl-9841 vZr sgd nmkx rntqbd hm ntq khrs sgZs rZshr“
zdc sghr bqhsdqhnm0 Enq sghr rntqbd vd fdmdqZsdc rntqbd Zmc
aZbjfqntmc rodbsqZ eqnl sgd dwsqZbshnm qdfhnm oqnuhcdc ax
dpdfhnmSmSivrd0 Vd oqnctbdc qdchrsqhatshnm lZsqhbdr Zmc
d∆dbshud ZqdZ zkdr trhmf sgd trtZk RüR sZrjr plefdm Zmc
Spefdm0 Vd sgdm trdc sgd RüR sZrj rodbfpnto sn fqnto sgd
rntqbd bntmsr ne dZbg rodbsqtl vhsg >fl4 odq ahm0 Vd qdodZsdc
sgd oqnbdctqd vhsg 4 bsr ahmmhmf Zmc brsYs sdrs rsZshrshbr Zmc
nasZhmdc rhlhkZq qdrtksr: Zmc sgdqdenqd vd nmkx qdonqs sgd enqldq0
Vd oqnuhcd sgd rodbsqZk zs qdrtksr hm Rdbs0 3010

1-3- Ditv drshlXsdr

Rhmbd sgdqd Zqd sxohbZkkx mns dmntfg bntmsr sn oqnctbd ldZmhmf“
etk rodbsqZk zsr enq ntq rntqbdr: vd gZc sn Zrrtld Z rodbsqtl sn
bnmudqs sgd ognsnm fitw sn dmdqfx fitw0 NqchmZqx Zmc lr“otkrZqr
bZm gZud ansg sgdqlZk Zmc mnm“sgdqlZk dlhrrhnm bnlonmdmsr0
ühlhmf sn qdoqdrdms svn dwsqdldr: vd cdbhcdc sn bnmudqs bntms
qZsdr sn fitwdr Zrrtlhmf svn ch∆dqdms rodbsqZk lncdkr: mZldkx Z
onvdq kZv –OK( vhsg Z ognsnm hmcdw ne fl06 –d0f0: Adbjdq 1998(
Zmc Z akZbjancx –AA( vhsg iS/ 299 dU –d0f0: Enqdrsdkk ds Zk0
19fl3(0 Vd trdc OGLLR u3-00 enq sghr bnmudqrhnm0 Sn Zbbntms
enq Zarnqoshnm: vd drshlZsdc sgd MG uZktdr trhmf sgd enqltkZ
MG –fl919 bl�1( / 9.29ffi9.fl2

�9.98 CL eqnl Gd ds Zk0 –19fl2(0
Enq sgd AA –902-109 jdU( Zmc OK –fl09-304 jdU( lncdkr vd

bnmudqsdc DOHB“om bntms qZsdr sn Zarnqadc Zmc tmZarnqadc
fitwdr0 Enq sgd OK lncdk: vd bgnrd Zm ntsots dmdqfx qZmfd ne
fl-fl9 jdU enq dZrhdq bnloZqhrnm vhsg sgd khsdqZstqd0 Rhmbd mn
fnnc oZqZkkZw nq ZksdqmZshud chrsZmbd drshlZsdr vdqd ZuZhkZakd enq
ntq otkrZqr: vd trdc sgd CL“aZrdc chrsZmbdr –XZn ds Zk0 19fl6(
sn bnmudqs tmZarnqadc fitwdr Zmc toodq khlhsr sn hrnsqnohb W“qZx
ktlhmnrhshdr Gfl�fl9 jdU / 3µC1EtmZar0

1-4- ?pd sfdpd XisdpmXshudr sn dvoiXhm sfd S�pXx rntpbdr9

Vd trdc sgd 2σ onrhshnm tmbdqsZhmsx qZchtr sn bgdbj enq
mdZqax noshbZk nq hmeqZqdc rntqbdr sgZs bntkc ad sgd nqhfhm
ne sgd nardqudc W“qZx dlhrrhnm nq bntkc bnmsqhatsd sn hs0
Vd trdc sgd FYhY“DCQ2 bZsZknf –Qhdkkn ds Zk0 191fl(: 1LüRR
–Rjqtsrjhd ds Zk0 1995(: VHRD –Vqhfgs ds Zk0 19fl9(: MNLüC
–YZbgZqhZr ds Zk0 1993( Zmc SDRR Hmots BZsZknf –RsZrrtm ds Zk0
19fl7(0 Sn sdrs sgd gxonsgdrhr ne Z ch∆dqdms bntmsdqoZqs: vd
Zrrtldc sgZs Zkk sgd W“qZx fitw bntkc bnld eqnl Zm nosh“
bZk rntqbd: Zmc hmudrshfZsdc sgd qdrtkshmf W“qZx sn noshbZk fitw
qZshnr: Zmc noshbZk sn MHQ bnknq“bnknq Zmc bnknq“lZfmhstcd chZ“
fqZlr: Zmc oqnodq lnshnmr Zmc chrsZmbdr he jmnvm0 Vd trdc
sghr hmenqlZshnm sn bkZrrhex dZbg noshbZk rntqbd aZrdc nm sgd
rstchdr ax LZbbZbZqn ds Zk0 –fl877(: Bnudx ds Zk0 –1996(: Zmc
AZhkdq“Inmdr ds Zk0 –19fl8(0

Vd nasZhmdc uhrtZk lZfmhstcdr –lU( ax bnmudqshmf sgdFYhY“
DCQ2oZrraZmcr Zmcbnknqr trhmfKZmcnks rsZmcZqc rsZqr nardqudc
vhsg FYhY –Qhdkkn ds Zk0 191fl(0 Vd hmsdqoqds sgd nasZhmdc qZshnr
ne W“qZx sn noshbZk fitw ax trhmf sgd bkZrrhzbZshnm rbgdld ax
LZbbZbZqn ds Zk0 –fl877( sn cdsdqlhmd vgdsgdq sgd noshbZk rntqbd
gZr Z ghfg khjdkhgnnc ne adhmf Zm üFM nq Z lZhm rdptdmbd rsZq0
Naidbsr rtbg Zr fZkZwhdr: Zmc üFMr lhfgs mns enkknv sgd FYhY
ognsnldsqx bnmudqrhnm qdkZshnmr –Qhdkkn ds Zk0 191fl(0 Gnvdudq:
vd Zkrn trdc Zrsqnldsqhb oqnodqshdr rtbg Zr chrsZmbdr Zmc oqnodq
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NTaib 17 Oqnodqshdr ne sgd rdkdbsdc nqchmZqx Zmc lhkkhrdbnmc otkrZqr hmudrshfZsdc hm sghr rstcx0

OtkrZq NarHC ΓW�Q OM 9.2�1 jdU LNRfl 9.2�1 jdU LNR1 9.2�1 jdU Bnlahmdc DOHB

Mr P TK Mr P TK Mr P TK Mr P LK
–Zqbrdb( –bntmsr( –σ( –b+r( –bntmsr( –σ( –b+r( –bntmsr( –σ( –b+r( –bntmsr –σ(

I96flfl-5729 971292959fl fl06 1204± fl209 fl07 909979 � � 909994 flfl02± 306 103 9099fl7 4307± fl406 204 fl308
I9634-4242 971292fl39fl fl04 1601± 605 205 � 501± 309 fl05 909995 70fl± 302 fl08 909996 2805± 801 302 fl501
I9831-4441 971292fl29fl 806 2fl06± fl902 20fl � � � 909993 � � 909995 � � �

I9834-3722 971292flfl9fl 102 fl307± 601 101 90991fl 202± 40fl � 909996 � � 909993 � � �

I9843-4329 971292939fl fl01 303± 301 fl0fl 90991fl fl06± 201 � 909998 104± 108 � 9099fl1 � � �

I9846-4321 971292fl99fl 704 809± 407 fl05 909913 702± 405 fl04 909997 � � 909992 � � �

Ifl999-4fl38 971292929fl 106 � � 909996 � � 909994 � � 9099fl9 � � �

Ifl992-3636 971292919fl 10fl fl904± 703 fl02 9099fl8 203± 207 � 909994 � � 909991 � � �

Ifl9fl6-6fl45 971292969fl 402 fl05± 208 � 9099fl4 � � 909991 � � 909992 � �

Iflfl14-4714 971292fl59fl 905 fl707± 506 107 909927 fl603± 502 107 9099fl1 fl902± 401 109 909998 3603± fl901 306 1908
Ifl432-4fl38 971292989fl fl01 309± 309 fl09 9099fl7 207± 205 fl01 9099flfl � � 909996 � � �

Ifl614-9621 971292fl49fl 303 202± 207 � 909995 fl05± 106 � 909993 � � 909992 � � �

Ifl639-29fl4 9712929fl9fl 607 503± 204 fl07 909953 � � 909997 � � 909997 � � �

Ifl644-9892 971292949fl 902 501± 30fl fl04 90992fl � � 909995 � � 909998 � � �

Flsbo7 Sgd ΓW�Q bnktlm chrokZxr ZmftkZq rdoZqZshnm hm Zqbrdbnmcr adsvddm sgd otkrZq&r qZchn shlhmf onrhshnm Zmc sgd bdmsqnhc ne sgd mdZqdrs W“qZx
rntqbd0 AZbjfqntmc“rtasqZbsdc bntmsr Mr Zs sgd noshlhydc W“qZx rntqbd onrhshnm Zmc sgdhq bnqqdronmchmf rhfmhzbZmbd P Zbbnqchmf sn Dp0 –fl( Zqd
khrsdc enq dZbg cdsdbsnq: Zr vdkk Zr sgd LK enq sgd cdsdbshnmr bnmrhcdqhmf Zkk DOHB hmrsqtldmsr snfdsgdq0 Sgd 2σ toodq khlhsr –TK( enq hmchuhctZk
hmrsqtldmsr Zqd AZxdrhZm toodq khlhsr Zbbnqchmf sn JqZes ds Zk0 –fl88fl(0 Sgd LK uZktdr Zqd fhudm hm 902-109 jdU enq ORQr I9634-4242 Zmc Iflfl14-
4714 Zmc hm 902-304 jdU enq ORQ I96flfl-57290

�ge7 t7 W“qZx bntmsdqoZqs bZmchcZsdr hm 902-109 jdU Zr nardqudc vhsg sgd DOHB“om Zmc DOHB“LNR1 –ORQ I96flfl“5729(0 Sgd fqddm bhqbkdr Zqd
bdmsdqdc Zs sgd qZchn shlhmf onrhshnm ne sgd otkrZqr: sgd bxZm bhqbkdr Zqd bdmsdqdc Zs sgd onrhshnm vgdqd sgd W“qZx rntqbd gZr sgd ghfgdrs rhfmhzbZmbd0
Sgd hlZfdr gZud ohwdk rbZkdr ne 9.3′′: Zmc Zqd rlnnsgdc vhsg FZtrrhZm kdmfsg rbZkdr σ / 2.3′′ –enq ORQ Iflfl14-4714(: Zmc σ / 1.3′′ –enq
ORQr I9634-4242 Zmc I96flfl-5729(0 Sgd ZmftkZq rdoZqZshnmr adsvddm W“qZx Zmc qZchn onrhshnmr Zqd fhudm hm SZakd 10

lnshnmr eqnlFYhY“DCQ2 sn udqhex Z rsdkkZq nqhfhm0 Hm sgd Zardmbd
ne 1LüRR bntmsdqoZqsr: vd bnmudqsdc FYhY bnknqr sn RCRR bnk“
nqr –Qhdkkn ds Zk0 191fl( enq bkZrrhzbZshnmr rgnvm hm SZakd 2 ne
Bnudx ds Zk0 –1996(0 AZhkdq“Inmdr ds Zk0 –19fl8( chc Zm dlohqhbZk
bkZrrhzbZshnm ne FYhY“CQ1 naidbsr –vhsg F > fl3.4lZf( trhmf
nmkx FYhY“CQ1 cZsZ0 Sgdx trdc Z oqnaZahkhrshb bkZrrhzdq sn bZs“
Zknftd rntqbdr Zr rsZqr: ptZrZqr nq fZkZwhdr aZrdc nm sgdhq FYhY
bnknqr: lZfmhstcdr: Zmc Zrsqnldsqhb edZstqdr rtbg Zr oZqZkkZw Zmc
oqnodq lnshnm0 Vd snnj sgdhq qdrtksr hmsn Zbbntms sn bkZrrhex sgd
onsdmshZk ltkshvZudkdmfsg bntmsdqoZqsr hm ntq khrs0

EhmZkkx: vd bnmrhcdqdc sgd bkZrrhzbZshnm hmsn onhms rntqbdr
–rsZqr( Zmc dwsdmcdc rntqbdr –d0f0: fZkZwhdr( oqnuhcdc ax sgd
SDRR Hmots BZsZknf0 Vd entmc sdm onsdmshZk noshbZk bntmsdqoZqsr
vhsghm sgd 2σ onrhshnm tmbdqsZhmsx qdfhnmr ne rhw ne ntq W“qZx
bZmchcZsdr –hmbktchmf zud ZqbghuZk W“qZx rntqbdr: rdd rdbshnm
Rdbs0 3(0 Hm nqcdq sn cdsdqlhmd vgdsgdq sgdrd noshbZk rntqbdr bZm
ad dwbktcdc Zr bntmsdqoZqsr ne sgd W“qZx dlhrrhnm: vd duZktZsdc
sgd qdrodbshud qdrtksr ne sgd rstchdr –SZakd 6(0

26 Odrtisr

ülnmf sgd zud dmdqfx aZmcr ldmshnmdc hm Rdbs0 101:
902�109 jdU oqnuhcdc sgd ghfgdrs nudqZkk cdsdbshnm rhfmhzbZmbd
hm sgd DOHB hmrsqtldmsr enq ntq rtqudx rntqbdr0 Vd sgdqdenqd
oqdrdms sgd qdrtksr enq sghr aZmc0 Vd mnsd sgZs sgd rdmrhshuhsx knrr
ctd sn aZbjfqntmc fiZqhmf dudmsr –to sn 54’ dwonrtqd shld knrr(
vZr ghfgdq sgZm ZmshbhoZsdc enq ntq rntqbdr0

Hm sgd eqZldvnqj ne ntq oqnfqZl vd cdsdbsdc sgqdd W“qZx
onhms rntqbdr vhsg Zs kdZrs 2.4σ rtffbhdmskx bknrd sn sgd qZchn
onrhshnmr ne otkrZqr I96flfl-5729: I9634-4242: Zmc Iflfl14-4714
sn hmudrshfZsd Z onrrhakd ZrrnbhZshnm0 Sgd dwonrtqd shldr: trdc
chrsZmbdr: Zmc rntqbd oqnodqshdr Zqd khrsdc hm SZakd fl0 Sgd ZmftkZq
rdoZqZshnm adsvddm qZchn Zmc W“qZx onrhshnm ne sgdrd otkrZqr Zmc
sgdhq DOHB“om Zmc DOHB“LNR rhfmhzbZmbd Zqd fhudm hm SZakd 10
Sgd bnqqdronmchmf DOHB hlZfdr ne sgd W“qZx bntmsdqoZqs bZmch“
cZsdr sn sgd sgqdd otkrZqr Zqd chrokZxdc hm Ehf0 fl0 Sgdhq drshlZsdc
fitw Zmc ktlhmnrhsx uZktdr Zqd fhudm hm SZakd 40
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ü0 UZgcZs ds Zk0. SnvZqc Zm W“qZx hmudmsnqx ne mdZqax mdtsqnm rsZqr

�ge7 17 W“qZx bntmsdqoZqs bZmchcZsdr hm 902-109 jdU Zr rddm vhsg sgd DOHB“om –dwbdos enq Ifl72fl Zmc Ifl424: vghbg Zqd chrokZxdc hm DOHB“LNRfl(0
Sgd fqddm bhqbkdr Zqd bdmsdqdc Zs sgd qZchn shlhmf onrhshnm ne sgd otkrZqr: vgdqdZr sgd aktd bhqbkdr Zqd bdmsdqdc Zs sgd W“qZx rntqbd vhsg sgd ghfgdrs
rhfmhzbZmbd0 Sgd lZfdmsZ bhqbkdr rgnv sgd 3WLL“CQfl9 onrhshnmr bknrd sn sgdrd otkrZqr0 Sgd hlZfdr gZud ohwdk rbZkdr ne 9.3′′ Zmc Zqd rlnnsgdc
vhsg FZtrrhZm kdmfsg rbZkdr σ / 1.1′′ –dwbdos enq ORQr Ifl424-3flfl4 Zmc Ifl815-fl2fl3: vhsg σ / fl.3′′(0 Sgd ZmftkZq rdoZqZshnmr adsvddm W“qZx Zmc
qZchn onrhshnmr Zqd fhudm hm SZakd 30

2-0- MRP F.600fi572.

Sgd W“qZx bntmsdqoZqs bZmchcZsd hr cdsdbsdc fl.6′′ ZvZx eqnl sgd
qZchn onrhshnm ne sgd otkrZq0 Sgd rntqbd lZx ad Zm dwZlokd ne
rsqnmf mnm“sgdqlZk dlhrrhnm Zr sgd hmbktrhnm ne ghfgdq dmdqfhdr
qdrtksdc hm Z cdsdbshnm hm bnmsqZrs sn sgd mZqqnvdq rnes dmdqfx
aZmc sgZs chc mns gZud dmntfg bntmsr0 Gnvdudq: cdsZhkdc hmrodb“
shnm ne sgd cZsZ qdudZkdc Zm hqqdftkZq rgZod ne sgd bntms chrsqh“
atshnm hm DOHB“LNR1: Z mnhrd“khjd ZoodZqZmbd hm DOHB“om: Zmc
sgd Zardmbd ne sgd rntqbd hm DOHB“LNRfl: qZhrhmf cntasr Zants
sgd qdZkhsx ne sgd cdsdbshnm ne sghr rntqbd0

2-1- MRP F.831fi4441

Enq sghr W“qZx rntqbd: sgd knbZshnm vhsg sgd ghfgdrs rhfmhz“
bZmbd Zbbnqchmf sn dpdfhnmSmSivrd: hr 8.6′′ ZvZx eqnl sgd
qZchn otkrZq onrhshnm0 Gnvdudq: sgd kZbj ne cdsdbshnm hm DOHB“
LNRfl+LNR1 Zmc sgd ghfg ZmftkZq rdoZqZshnm adsvddm sgd W“
qZx Zmc qZchn onrhshnm oqdudmsr tr eqnl bkZhlhmf Z lZsbg0 Vd
Zkrn mnshbdc Z mdZqax –tmjmnvm( dwsdmcdc W“qZx rntqbd: ats sgd
ZmftkZq rdoZqZshnm ne ≈14′′ adsvddm hsr dlhrrhnm odZj Zmc sgd
qZchn otkrZq onrhshnm hmchbZsdr sgZs Zm ZrrnbhZshnm vhsg sgd otkrZq
hr tmkhjdkx0 Sgtr: vd bnmbktcd sgZs hm sgd rZlokd ne fl3 otkrZqr
nmkx 1 otkrZqr: I9634-4242 Zmc Iflfl14-4714: Zqd khjdkx cdsdbsdc
–rdd Ehf0 1(0

36 �cchshnmXi XpbfhuXi T.pXw bntmsdpoXps bXmchcXsdr

ne otirXpr

Vghkd trhmf ZqbghuZk W“qZx rntqbd bZsZknfr sn noshlhyd ntq
cdsdbshnm dmdqfx qZmfd: vd mnshbdc rnld onsdmshZk otkrZq bntm“
sdqoZqsr: vghbg sn ntq adrs jmnvkdcfd: gZud mns addm qdonqsdc0 Sn
hcdmshex sgdl: vd zqrs lZsbgdc sgd qZchn onrhshnm ne otkrZqr hm
sgd kZsdrs üSME bZsZknf –LZmbgdrsdq ds Zk0 1994: Ufl053( vhsg sgd
WLL.Mdusnm –3WLL CQfl9: Vdaa ds Zk0 1919( Zmc BgYmcoY
–BRB u1: DuZmr ds Zk0 19fl9( bZsZknfr: Zmc rdkdbsdc Zkk sgd otkrZqr
sgZs eZkk vhsghm sgd rdZqbg qZchtr ne fl9′′ –3WLL CQfl9( Zmc 4′′

–BRB u1(: qdrodbshudkx0 Vd rdkdbsdc 239 W“qZx rntqbdr0 ürrtl“
hmf Zm toodq khlhs ne 1 job nm otkrZq chrsZmbd: sgd mtladq ne
bZmchcZsdr hr qdctbdc sn fl9fl0 EhmZkkx: vd dwbktcdc Zkk otkrZqr

vhsg jmnvm W“qZx bntmsdqoZqsr trhmf Zqbghudr rtbg Zr RHLAüC
Zmc üCR0 ür Z qdrtks: vd hcdmshzdc mdv onsdmshZk W“qZx bntm“
sdqoZqsr enq sgqdd mdZqax otkrZqr hm sgd 3WLL“CQfl9 bZsZknf mns
qdonqsdc hm sgd khsdqZstqd0

Etqsgdqlnqd: vd trdc sgd rZld bZsZknfr sn Zkrn knnj enq
mdv rhfmhzbZms cdsdbshnmr ne otkrZqr enq vghbg toodq khlhsr vdqd
qdonqsdc hm W“qZx rtqudxr rtbg Zr bZqqhdc nts ax Oqhmy ] Adbjdq
–19fl4( Zmc Kdd ds Zk0 –19fl7(0 SxohbZkkx: mdv cdsdbshnmr Zqd ctd
sn ZcchshnmZk cZsZ nq hloqnudc RüR+BHüN oqnbdrrhmf qntshmdr0
Vd entmc zud ZcchshnmZk WLL.Mdusnm bZsZknf rntqbdr vhsghm Z
fl9′′ rdZqbg qZchtr ne sgd qZchn otkrZq onrhshnmr0 Vd chc mns zmc
Zmx tmotakhrgdc W“qZx dlhsshmf otkrZq bZmchcZsdr hm BRB u10
Enq bnmrhrsdmbx: enq Zkk sgd ZqbghuZk rntqbdr: vd odqenqldc sgd
rZld ZmZkxrdr Zr vd chc enq ntq rtqudx otkrZqr0 Sghr Zkknvdc
Z chqdbs bnloZqhrnm hm sdqlr ne dmdqfx aZmcr Zmc fitwdr0 Sgd
rntqbd oqnodqshdr Zmc ZmZkxrhr qdrtksr Zqd oqnuhcdc hm SZakdr 2
Zmc 30 Sgd fitwdr Zqd fhudm hm 902-109 jdU enq sgd AA lncdk
Zmc fl-fl9 jdU enq sgd OK lncdk hm SZakd 40 Sgd snsZk onrhshnmZk
tmbdqsZhmsx ne ZqbghuZk rntqbdr Zqd nasZhmdc eqnl sgd 3WLL“
CQfl9 bZsZknf0 Vd trd sgd ONRAPP Zs sgd 2σ bnmzcdmbd kdudk0
Vd mnsd sgZs svn ne ntq ZqbghuZk rntqbdr gZud Z chrsZmbd /1 job
aZrdc nm sgd XLV�w2 lncdk: ats vd cdbhcdc sn hmbktcd sgdl
ctd sn sgdhq hmsdqdrshmf W“qZx bgZqZbsdqhrshbr0

3-0- MRP F0511fi.204

Sgd qdcaZbj lhkkhrdbnmc otkrZq vZr nardqudc hm 19fl6 hm Z 11 jr
dwonrtqd vhsg DOHB Zmc qdonqsdc sn ad zssdc vdkk vhsg Z OK
–� / 109± 902( hm sgd OgC sgdrhr ax Fdmshkd –19fl7(0 Sgd W“qZx
bntmsdqoZqs bZmchcZsd hr knbZsdc 9.7′′ ZvZx eqnl sgd qZchn otkrZq
onrhshnm0

Bnmrhcdqhmf Z snsZk onrhshnm tmbdqsZhmsx ne 202′′ –2σ(: vd
entmc nmd FYhY rntqbd 9.8′′ ZvZx eqnl sgd W“qZx rntqbd vghbg
bZm ad dwbktcdc Zr sgd rnkd bntmsdqoZqs sn sgd W“qZx rntqbd
–SZakd 6(0 Sgd FYhY rntqbd hr qdonqsdc Zr sgd bnloZmhnm bntm“
sdqoZqs ne sgd otkrZq –RsqZcdq ds Zk0 19fl8(: ats sgd W“qZx dlhr“
rhnm hr dwodbsdc sn bnld eqnl sgd otkrZq Zmc onrrhakx eqnl Zm
hmsqZ“ahmZqx rgnbj –d0f0: QnlZmh ] RZmbgdy 19fl5(0 Vd bZm Zkrn
dwbktcd sghr rntqbd Zr sgd lZhm W“qZx bntmsdqoZqs ne sgd otk“
rZq aZrdc nm sgd bnmsqZchbshnm adsvddm sgd dwodbsdc sdlodqZstqd
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NTaib 27 Oqnodqshdr ne sgd nqchmZqx Zmc lhkkhrdbnmc otkrZqr sgZs Zqd hmudrshfZsdc hm sghr rstcx0

OtkrZq NarHC sOM sLfl sL1 aOM aLfl aL1 N Cfl C1 knf %D MG.1fl

–jr( –jr( –jr( –b+r( –b+r( –b+r( –lr( –job( –job( –dqf r�fl(

I9239ffi3fl29 9594369fl9fl fl804 –502( 1906 –fl307( 1905 –fl409( 903 –SM( 9024 –SM( 9024 –L( 2 fl059–∗( fl062 2208 fl04
Ifl324�4843 9581949fl9fl fl290fl –8909( � � 903 –L( � � 362 fl095 fl0fl7 2106 fl02
Ifl424�3flfl3 95415fl919fl fl9fl03 –5201( fl9103 –7305( fl9103 –7208( 903 –SJ( 9024 –SJ( 9024 –SJ( 321 1066 fl084 2202 fl088
Ifl511�92fl4 –A( 967366939fl fl809 –307( 1905 –fl504( 1905 –fl50fl( 903 –L( 9029 –L( 9024 –L( 3 fl0fl3 fl0flfl 2208 905
Ifl532�fl113 –A( 9631419fl9fl 1fl07 –802( 1203 –fl207( 1203 –flfl0fl( 903 –L( 9024 –L( 9024 –L( 4 9063–∗( 1039 2207 fl076
Ifl72fl�9841 9711229fl9fl � 5505 –501( 5505 –706( � 9024 –L( 9024 –L( 56 2057 3094 2509 603fl
Ifl746ffi9832 –A( 963141919fl fl909 –402( flfl05 –502( flfl05 –707( 903 –L( 9014 –L( 9014 –L( 4 fl019–∗( fl0fl6 2205 9039
Ifl815�fl2fl3 9631519fl9fl 6409 –4505( 6505 –4303( 6505 –6306( 903 –SM( 9024 –SM( 9024 –SM( 3753 fl042 fl037 2fl0fl fl011

Flsbo7 OtkrZq mZldr Zmc sgdhq WLL.Mdusnm narhc&r Zqd fhudm hm sgd zqrs Zmc rdbnmc bnktlm0 Sgd otkrZqr hm ahmZqx rxrsdlr Zqd lZqjdc vhsg –A(0
Sgd enkknvhmf rhw bnktlm chrokZxr DOHB“om Zmc DOHB“LNR snsZk Zmc FSH“zksdqdc dwonrtqd shldr –fhudm hm oZqdmsgdrdr( Zmc sgd FSH zksdq enq
sgd aZbjfqntmc khfgs btqud Zmc sgd bnqqdronmchmf zksdqr enq dZbg DOHB cdsdbsnq0 ”SM; hr sghm zksdq: ”SJ; hr sghbj zksdq Zmc ”L; hr ldchtl zksdq0
Rntqbd oqnodqshdr Zqd mnsdc hm sgd kZrs zud bnktlmr0 N hr sgd rohm odqhnc hm rdbnmcr: Cfl hr sgd adrs drshlZsd ne sgd otkrZq chrsZmbd hm job Zbbnqchmf
sn sgd üSME otkrZq bZsZknf vghbg trdr sgd XLV�w2 CL“aZrdc chrsZmbd Zr cdeZtks: knf %D hr sgd bnllnm knfZqhsgl ne sgd rohm“cnvm dmdqfx knrr
qZsd hm dqf r�fl Zmc MG hr sgd gxcqnfdm bnktlm cdmrhsx hm tmhs ne fl91fl bl�1 drshlZsdc eqnl sgd CL Zr ntskhmdc hm Rdbs0 1030 Rntqbdr vhsg oZqZkkZbshb
chrsZmbd Zqd lZqjdc vhsg –∗(0

NTaib 37 Oqnodqshdr ne nqchmZqx Zmc lr“otkrZqr vhsg onrrhakd bntmsdqoZqsr hm sgd 3WLL“CQfl9 bZsZknf enq vghbg vd bntkc mns zmc Z qdrodbshud
mnsd hm sgd khsdqZstqd nq sgZs vdqd oqduhntrkx lZqjdc Zr toodq khlhsr0

OtkrZq NarHC ΓW�Q � HüT mZld LK OM 9.2�1 jdU LNRfl 9.2�1 jdU LNR1 9.2�1 jdU

–Zqbrdb( –Zqblhm( Mr P Mr P Mr P
–bntmsr( –σ( –bntmsr( –σ( –bntmsr( –σ(

I9239ffi3fl29 9594369fl9fl 3063 607 3WLL I92391202ffi3fl2939 fl109 flfl03± 403 10fl fl208± 405 104 fl205± 302 20fl
Ifl324�4843 9581949fl9fl 1048 fl508 3WLL Ifl324990fl-484341 flfl02 5507± fl608 206 � � � �

Ifl511�92fl4 967366939fl 9073 fl06 3WLL Ifl5114805-92fl427 5204 2208± 607 302 130fl± 507 204 190fl± 508 108
Ifl424�3flfl3 95415fl919fl 405 302 3WLL Ifl424fl504-3flfl391 fl106 6104± fl504 303 1fl09± 807 10fl fl807± 704 102
Ifl532�fl113 9631419fl9fl fl04 fl0fl 3WLL Ifl5322709-fl11347 flfl106 5507± flfl02 408 1303± 503 207 1102± 502 204
Ifl72fl�9841 9711229fl9fl 101 102 3WLL Ifl72fl230fl-98419fl 8508 � � 1708± 805 209 1809± 806 209
Ifl746ffi9832 963141919fl fl02 fl01 3WLL Ifl7462503ffi9832fl6 2702 1608± 507 30fl 60fl± 304 fl05 fl207± 306 108
Ifl815�fl2fl3 9631519fl9fl 404 fl0fl 3WLL Ifl8154206-fl2fl247 508 4805± fl506 204 fl204± 701 fl05 1605± 805 107

Flsbo7 ΓW�Q bnktlm chrokZxr ZmftkZq rdoZqZshnm hm ′′ adsvddm sgd otkrZq&r qZchn shlhmf onrhshnm Zmc sgd bdmsqnhc ne sgd mdZqdrs W“qZx rntqbd
Zbbnqchmf sn 3WLL“CQfl90 � hr sgd DOHB“om n∆“Zwhr Zmfkd0 LK hr sgd qdonqsdc 3WLL“CQfl9 lZwhltl khjdkhgnnc hm sgd dmdqfx aZmc 901-
fl109 jdU0 AZbjfqntmc“bnqqdbsdc bntmsr Mr Zs sgd noshlhydc W“qZx rntqbd onrhshnm Zmc sgdhq bnqqdronmchmf rhfmhzbZmbd Zqd chrokZxdc enq DOHB“om
Zmc DOHB“LNRfl+LNR10 ORQ Ifl72fl-9841 gZr Z ∼5σ rhfmhzbZmbd hm 902-304 jdU vhsg Dohb“LNR bZldqZr0 Sgd n∆“Zwhr Zmfkd hr fhudm enq Dohb“
LNRfl0

ne Zm L rsZq –∼2199J, QZiotqnghs ds Zk0 19fl2( Zmc sgd qdonqsdc
sdlodqZstqd Sd∆ / 5fl97J Zbbnqchmf sn RsZrrtm ds Zk0 –19fl8(0
Sgdqd hr Zkrn nmd VHRD rntqbd –HC. Ifl51148052-92fl42508( vhsg
Zm ZmftkZq rdoZqZshnm ne fl.1′′: Zmc ctd sn sgd kZbj ne VHRD bnknqr
vd Zqd mns Zakd sn bkZrrhex sgd mZstqd ne sghr rntqbd0

3-1- MRP F0720fi.841

Rhmbd sgd W“qZx bntmsdqoZqs bZmchcZsd gZr fl44± 39 bnlahmdc
mds bntmsr hm sgd dmdqfx qZmfd 902-fl9 jdU: vd odqenqldc Z rodb“
sqZk zs0 WLL.Mdusnm nmkx bnudqdc sgd rntqbd vhsg DOHB“LNR0
Enq sgd zs vd bnlahmdc DOHB“LNRfl Zmc DOHB“LNR1 rodbsqZ
hm sgd 902-fl9 jdU dmdqfx qZmfd0 Vd zssdc sgd rodbsqZ vhsg Z rhm“
fkd OK ax zqrs zwhmf MG sn CL“cdqhudc 6.3 × fl91fl Zsnlr bl�1

Zmc sgdm eqddhmf hs0 Hm ansg bZrdr: sgd ognsnm hmcdw hr ,fl02:
bnmrhrsdms vhsg dlhrrhnm eqnl Z otkrZq –SZakd 5(0 Rhmbd sgd MG
uZktd hr tmbnmrsqZhmdc: vd nmkx khrs sgd kZssdq bZrd0 Vd Zkrn bZq“
qhdc nts AA zsr0 Sgd sdlodqZstqd vd nasZhmdc eqnl sgd zs hr
∼fl01 jdU: vghbg hr qdkZshudkx ghfg0 Trhmf sgd rodbsqZk zs: vd drsh“
lZsdc Zm tmZarnqadc fitw e : e�fl3 / e <fl9�fl3 dqf r�fl / 302± 903 hm

fl-fl9 jdU enq sgd OK Zmc MG eqnl SZakd 20 Sgd qdonqsdc dqqnqr
Zqd drshlZsdc enq sgd 89’ bnmzcdmbd kdudk trhmf sgd rsdooZq
bnllZmc0 üahbgZmcZmh ds Zk0 –19fl8( aqhdfix qdonqsdc sgd BgYm.
coY cdsdbshnm ne Z onrrhakx dwsdmcdc rntqbd vghbg hr bnhmbh“
cdms vhsg sgd WLL.Mdusnm rntqbd –WFOR“H Ifl72fl23-984fl44(0
Vd Zkrn hmudrshfZsdc sgd bnqqdronmchmf BgYmcoY nardquZshnm0
Sgd rntqbd vZr nardqudc hm UEüHMS lncd vhsg üBHR“H enq 18
jr0 Vd nasZhmdc 2905 mds bntmsr hm 902-709 jdU0 Sgd BgYmcoY
hlZfd ne sgd rntqbd hr rgnvm hm Ehf0 20 Sgd hlZfd hmchbZsdr
sgZs sgd rntqbd hr lnqd dwsdmcdc sgZm Z sxohbZk onhms rntqbd
vhsg sgd dwsdmrhnm ne ∼fl9′′0 Lnrs ne sgdrd bntmsr –∼59’(
ne sghr dwsdmcdc dlhrrhnm Zqd cdsdbsdc hm sgd dmdqfx qZmfd
103-709 jdU0 Bnmrhcdqhmf sghr hr khjdkx Zm dwsdmcdc dlhrrhnm:
sgd OVM bntkc ad sgd lZhm bnmsqhatsnq ne sgd mnm“sgdqlZk
dlhrrhnm0

3-2- MRP F0815�0203

Sgd rnkhsZqx –τ / 1Lxq( otkrZq Ifl815-fl2fl3 vZr chrbnudqdc
ax Qnrdm ds Zk0 –19fl2( vhsg Z qdkZshudkx ghfg hmedqqdc lZfmdshb
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ü0 UZgcZs ds Zk0. SnvZqc Zm W“qZx hmudmsnqx ne mdZqax mdtsqnm rsZqr

NTaib 47 W“qZx fitwdr Zmc ktlhmnrhshdr ne sgd hmudrshfZsdc rntqbdr0

OtkrZq AkZbjancx –iS/ 902 jdU( Onvdq“kZv –� / fl.6(

EtmZar9.2�1 jdU GAA9.2�1 jdU EtmZarfl�fl9 jdU GOKfl�fl9 jdU
–fl9�fl3 dqf r�fl bl�1( – fl918 dqf r�fl( – fl9�fl3 dqf r�fl bl�1( – fl918 dqf r�fl(

I9239ffi3fl29 9035± 9012 fl30fl± 60fl fl096± 9047 2203± fl70fl
I96flfl-5729 9047± 9021 90fl9± 9095 1064± fl011 9033± 901fl
I9634-4242 9079± 9012 20fl4± 9089 9081± 9022 2047± fl01fl
I9831-4441 fl027± 9032 fl037± 9041 9014± 9029 9012± 9039
Iflfl14-4714 fl025± 9037 3802± fl604 1034± fl033 7708± 4fl01
Ifl324-4843 9034± 90fl3 5094± fl02 9048± 9012 6082± 20fl1
Ifl424-3flfl3 902fl± 90fl9 1704± 503 9023± 90fl9 2fl01± fl90fl
Ifl511-92fl4 9074± 9013 fl201± 108 fl029± 9031 1901± 504
Ifl532-fl113 fl047± 9016 fl903± fl07 1012± 904fl fl305± 201
Ifl72fl-9841 903fl± 90fl3 5503± 1106 1025± 9039 26fl± 59
Ifl746ffi9832 9073± 9012 fl207± 203 9043± 9011 803± 308
Ifl815-fl2fl3 9019± 9094 407± fl03 90fl4± 90flfl 302± 20fl
I9831-4441 ,fl01fl ,fl029 ,1058 ,1089
I9834-3722 ,9068 ,fl0fl5 ,fl063 ,1044
I9843-4329 ,fl011 ,1069 ,1054 ,4075
I9846-4321 ,fl046 ,2079 ,2027 ,70fl8
Ifl999-4fl38 ,90fl8 ,9092 ,9031 ,9097
Ifl992-3636 ,9052 ,fl092 ,fl028 ,1017
Ifl9fl6-6fl45 ,9038 ,9039 ,fl096 ,9076
Ifl432-4fl38 ,9031 ,5054 ,9089 ,fl301
Ifl614-9621 ,90fl4 ,9096 ,9021 ,90fl4
Ifl639-29fl4 ,1085 ,4056 ,5049 ,fl103
Ifl644-9892 ,907fl ,904fl ,fl064 ,fl0flfl

Flsbo7 Sgd fitw uZktdr Zqd aZrdc nm sgd DOHB“om bntms qZsdr –nq khlhsr( Zmc svn rodbsqZk lncdk Zrrtloshnmr0 EtmZar qdoqdrdmsr sgd tmZarnqadc W“qZx
fitw vgdqdZr GAA Zmc GOK bnktlmr qdoqdrdms sgd W“qZx AA Zmc OK ktlhmnrhshdr qdrodbshudkx0 Enq sgd ktlhmnrhsx bZkbtkZshnm: chrsZmbdr aZrdc nm sgd
XZn ds Zk0 –19fl6( dkdbsqnm cdmrhsx lncdk Zqd trdc0 Sgd chrsZmbd tmbdqsZhmsx hr mns sZjdm hmsn Zbbntms enq dqqnq drshlZshnm0 Enq ORQ Ifl72fl-9841:
rodbsqZk oZqZldsdqr gZud addm nasZhmdc –rdd SZakd 5( ats gdqd vd khrs sgd fitw cdqhudc eqnl sxohbZk lncdk oZqZldsdqr enq bnmrhrsdmbx0

NTaib 57 RodbsqZk zs oZqZldsdqr enq ORQ Ifl72fl-9841 nasZhmdc eqnl
bnlahmdc LNR cZsZ0

Lncdk �+jS MG.1fl EtmZar
�fl3 EZar

�fl3 χ1+c0n0e0
+ –jdU(

OK 908± 902 603 302± 903 309± 906 fl607+fl4
AA fl01± 901 603 903± 90fl 901± 9093 fl102+fl4

Flsbo7 üarnqadc Zmc tmZarnqadc fitwdc Zqd bZkbtkZsdc hm fl-fl9 jdU enq
OK lncdk Zmc hm 902-1 jdU enq AA lncdk0 Dqqnqr Zqd drshlZsdc vhsg Z
89’ bnmzcdmbd hmsdquZk0

chonkd zdkc ne Artqe / fl.3 × fl9fl2 F0 ü eZhms rnes W“qZx rntqbd hr
cdsdbsdc 4.3′′ eqnl sgd otkrZq0

He sghr W“qZx rntqbd hr hmcddc sgd bntmsdqoZqs ne sgd otkrZq
Ifl815-fl2fl3: Zmc hsr CL chrsZmbd drshlZsd –fl04 job( hr bnqqdbs:
sgdm sgd drshlZsdc W“qZx dffbhdmbx –Zanud 909fl enq sgd bgnrdm
rodbsqZk lncdk oZqZldsdqr: rdd Ehf0 3( hr tmtrtZkkx ghfg0 Bnm“
rhcdqhmf sgd hmedqqdc lZfmdshb chonkd rsqdmfsg ne fl9fl2 F: sghr hr
hmsdqdrshmf vhsg qdrodbs sn sgd rtffdrsdc gxonsgdrhr sgZs sgd lZf“
mdshb zdkc Z∆dbsr sgd nardqudc sgdqlZk oqnodqshdr ne otkrZqr –d0f0:
NkZtrdm ds Zk0 19fl2, Onmr ds Zk0 1998(0

Gnvdudq: sgdqd Zqd sgqdd FYhY SDRR rntqbdr vhsghm 4′′ ne
sgd W“qZx rntqbd –SZakd 6(: Zmc vd bZmmns dwbktcd sgZs Zmx ne
sgdl hr sgd ZbstZk –rsdkkZq( bntmsdqoZqs ne sgd W“qZx rntqbd nq
bnmsqhatsdr sn sgd W“qZx fitw0 Cdsdbshmf otkrZshnmr ne sgd W“qZx
rntqbd vntkc bnmzql sgd otkrZq bntmsdqoZqs0 Enq sghr: gnv“

dudq: lnqd W“qZx bntmsr –h0d0: Z knmfdq nardquZshnm( vntkc ad
qdpthqdc0

46 Chrbtrrhnm

Sgd W“qZx ZmZkxrdr ne ntq qZchn otkrZqr qdudZkdc Z edv hlonq“
sZms Zrodbsr sgZs dwokZhm sgd knv cdsdbshnm qZsd hm sgd rZlokd0
Ehqrs: lnqd nardquZshnm shld sgZm ZmshbhoZsdc vZr knrs ctd sn
aZbjfqntmc fiZqhmf dudmsr: kdZchmf sn ltbg rgnqsdq rbhdmshz“
bZkkx trdetk dwonrtqdr0 Enq hmrsZmbd: enq entq otkrZqr hm ntq
khrs –I9843-4329: I9846-4321: Iflfl14-4714: Zmc Ifl639-29fl4(
vd knrs mdZqkx 54’ ne sgd dwonrtqd shld hm sgd lnrs rdmrhshud
cdsdbsnq0

Rdbnmc: ntq Zrrtloshnmr enq drshlZshmf dwodbsdc fitwdr
bntkc ad snn noshlhrshb0 Vd Zrrtldc bdqsZhm rodbsqZk lncdkr sn
bnlotsd sgd dwodbsdc fitwdr ne nqchmZqx Zmc lr“otkrZqr0 Vd Zkrn
Zrrtldc Zm hrnsqnohb dlhrrhnm eqnl sgd bnloZbs naidbs enq fitw“
ktlhmnrhsx bnmudqrhnm vghbg lZx ad rtarsZmshZkkx ch∆dqdms hm
qdZkhsx0 Sgdqd hr Zmnsgdq hlonqsZms ats qZsgdq tmbdqsZhm oZqZldsdq
sgZs gZr Z rtarsZmshZk hloZbs nm sgd bZkbtkZsdc fitwdr. chrsZmbd0

4-0- ChrsXmbd

Rhmbd mnmd ne ntq rtqudx rntqbdr gZc Z qdkhZakd oZqZkkZw ldZ“
rtqdldms: vd trdc chrsZmbdr sgZs Zqd aZrdc nm sgd CL Zmc sgd
XLV�w2 dkdbsqnm cdmrhsx lncdk0 XLV�w2 mnsdc sgZs enq ghfg“
kZshstcd otkrZqr: sgd lncdk admdzsdc bnmrhcdqZakx eqnl qdbdms
oZqZkkZw ldZrtqdldmsr ne UKAH Zmc otkrZq shlhmf ZqqZx oqnidbsr:
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ü]ü 547: ü84 –1911(

NTaib 67 FYhY“DCQ2 rntqbdr sgZs eZkk vhsghm Z 2σ onrhshnmZk tmbdqsZhmsx qZchtr ne sgd W“qZx rntqbdr0

FYhY“DCQ2 ürrnbhZsdc ORQ µ� µδ C Sd∆ T knf – ew< eu( LZbb77 BU96 AIfl8 Dwbktcdc
–lZr x�fl( –lZr x�fl( –job( –J( –lZf( –RodbsqZk sxod( –R( –FWX(

126fl12487114433953 I9239ffi3fl29 –3053′′( �904± 903 �105± 903 109± fl0fl 3fl43± fl71 1905± 906 �904 üFM � R: PRQ X X

42285fl5416561982945 Iflfl14-4714 –fl016′′( �307± 90fl fl0fl± 90fl 309± 109 � fl706± 903 �9074 L: üFM: FWX Lfl: L4: L1 R: PRQ M X

42285fl5416693753657 Iflfl14-4714 –2074′′( �507± 90fl fl09± 90fl fl06± 90fl 4377± 282 fl503± 902 �fl06 L: J: FWX F7 R: FWX M X

47676744fl6649895139 Ifl324-4843 –3024′′( �804± 90fl �103± 90fl 101± fl0fl 5524± fl79 fl80fl± 903 �fl02 L: FWX L5: L6: L7 R: FWX M X

47676744fl664318fl857 Ifl324-4843 –5072′′( �504± 901 �105± 90fl 102± fl0fl 4345± 1fl1 fl808± 904 �908 L: üFM: FWX L4: L5: J6 R: FWX: PRQ M X

3247317831381329225 Ifl511-92fl4 –9078′′( �fl201± 902 102± 901 106± fl08 5fl97± 143 fl805± 903 �906 L: FWX: üFM � � � R X X

32fl9777fl48859854521 Ifl746ffi9832 –106fl′′( �fl08± 905 �30fl± 905 fl04± 907 � 1fl04± 904 �901 üFM � � � R: FWX: PRQ X X

3fl7535927939fl865337 Ifl815-fl2fl3 –9085′′( � � � � fl701± 904 �10fl L:J � R: PRQ M X
3fl7535927939fl865465 Ifl815-fl2fl3 –fl085′′( 405± 908 �308± 904 301± 102 � fl306± 903 �fl07 L:J � R: PRQ M X

3fl753592793fl9657539 Ifl815-fl2fl3 –1086′′( 103± 90fl �403± 90fl fl04± 90fl 475fl± fl12 fl703± 904 �204 A“E:F:J L2: L3: E“7 R: FWX M X

Flsbo7 Sgd qdrodbshud otkrZqr Zqd khrsdc hm sgd rdbnmc bnktlm: enkknvdc ax sgd ZmftkZq chrsZmbd sn sgd FYhY“DCQ2 rntqbd hm oZqdmsgdrdr0 Sgd mdws
bnktlmr rgnv sgd oqnodq lnshnmr: chrsZmbdr Zmc d∆dbshud sdlodqZstqdr nasZhmdc eqnl SDRR Hmots BZsZknf - u709 –RsZrrtm ds Zk0 19fl8(0 Sgd T“aZmc
lZfmhstcd –UdfZ( vZr drshlZsdc eqnl sgd FYhYlZfmhstcdr trhmf Ingmrnm“Bntrhmr qdkZshnmrghor ne KZmcnks rsZmcZqc rsZqr sgZs vdqd nardqudc vhsg
FYhY Zbbnqchmf sn DuZmr ds Zk0 –19fl7(0 knf – ew< eu( hr sgd W“qZx sn noshbZk fitw qZshn0 Sgd LZbb77: BU96 Zmc AIfl8 bnktlmr qdoqdrdms bkZrrhzbZshnmr
Zbbnqchmf sn LZbbZbZqn ds Zk0 –fl877( Bnudx ds Zk0 –1996( Zmc AZhkdq“Inmdr ds Zk0 –19fl8( qdrodbshudkx0 R: FWX: PRQ Zmc üFM qdoqdrdmsr rsZq:
FZkZwx: PtZrZq Zmc Zbshud fZkZbshb mtbkdtr: qdrodbshudkx0 Enq Zkk hmudrshfZsdc noshbZk+MHQ rntqbdr: RsZrrtm ds Zk0 –19fl8( qdonqsdc Z rsZq bkZrrhzbZshnm
hm sgd SDRR hmots bZsZknf0

�ge7 27 BgYmcoY hlZfd ne ORQ Ifl72fl-9841 Zmc W1: Z onhms rntqbd hm
sgd zdkc ne uhdv0 Sgd fqddm bhqbkd hr bdmsdqdc Zs sgd qZchn shlhmf onrhshnm
ne sgd otkrZq: vgdqdZr sgd xdkknv bhqbkdr Zqd bdmsdqdc Zs sgd onrhshnmr ne
BgYmcoY W“qZx rntqbdr –vhsg n∆“Zwhr Zmfkd ne fl101′′ enq sgd dwsdmcdc
rntqbd: W: Zmc fl.fl′ enq W1( vhsg sgd ghfgdrs rhfmhzbZmbd hm BgYmcoY
nardquZshnmr0 Sgd hlZfd gZr Z ohwdk rbZkd ne 9038′′ Zmc vZr rlnnsgdc
vhsg Z FZtrrhZm kdmfsg rbZkd ne σ / fl.14′′0 Sgd qdc rptZqd rgnvr sgd
onrhshnm ne sgd BgYmcoY noshbZk Zwhr0 üksntfg sgd W“qZx bntmsdqoZqs ne
sgd otkrZq hr ltbg bknrdq sn sgd noshbZk Zwhr: nmkx W1 gZr Z onhms“khjd
rgZod: mns rgnvhmf Z sZhk Zr sgd otkrZq0

qdrtkshmf hm rlZkkdq chrsZmbd dqqnqr bnloZqdc sn MD177w“aZrdc
chrsZmbd0

Hm ntq rZlokd: enq ∼69’ ne sgd rntqbdr: sgd chrsZmbdr ch∆dq
ax lnqd sgZm Z eZbsnq ne ∼1 adsvddm sgd svn lncdkr vhsg sgd
MD177w lncdk lnrskx qdrtkshmf hm sgd kZqfdq chrsZmbd drshlZsdr0
Hmsdqdrshmfkx: 46’ ne ntq sZqfds khrs vntkc mns gZud rZshrzdc sgd
1 job bqhsdqhnm he vd gZc gZud gZc trdc sgd MD177w lncdk enq
sgd chrsZmbdr0 ülnmf ntq cdsdbsdc rntqbdr: enq I9634-4242 Zmc
Iflfl14-4714: sgd chrsZmbdr oqnuhcdc ax sgd svn lncdkr ch∆dq ax
Z eZbsnq ne �1 vgdqdZr enq I96flfl-5729 sgd MD177w“aZrdc chr“
sZmbd hr ∼7 shldr ghfgdq0

AZrdc nm ntq cdsdbshnm qZsdr: vd bnmbktcd sgZs vd lZx
gZud tmcdqdrshlZsdc chrsZmbdr hm ntq hmhshZk Zrrdrrldmsr0 üm
hloqnudc ZooqnZbg vntkc ad sn bnloZqd ch∆dqdms drshlZsdr
Zmc nmkx nardqud sZqfdsr sgZs gZud oZqZkkZw ldZrtqdldmsr:
gZud rlZkk chrsZmbd cduhZshnmr –kdrr sgZm Z eZbsnq ne 1( enq

ch∆dqdms CL lncdkr: nq Zqd cdsdbsZakd enq sgd kZqfdrs khrsdc
chrsZmbd0

4-1- S�pXx dezbhdmbx

ürrtlhmf sdlonqZqhkx sgZs sgd W“qZx fitwdr ne ntq bZmchcZsdr
Zqd rnkdkx Zssqhatsdc sn otkrZqr Zmc sgZs sgd chrsZmbd drshlZsdr
Zqd bknrd sn qdZkhsx: vd rgnv hm Ehf0 3 sgd GW udqrtr %D okns
enq sgd rtqudx Zmc ZqbghuZk rntqbdr enq ansg sgdqlZk Zmc mnm“
sgdqlZk dlhrrhnm0 LZmx rntqbdr hm ntq rZlokd bktrsdq Zqntmc
Zm dffbhdmbx η ∼ fl9�30 Nmkx sgqdd otkrZqr eqnl ntq khrs ne
ZqbghuZk W“qZx nardquZshnmr gZud oZqZkkZbshb chrsZmbdr –hm xdk“
knv hm Ehf0 3(: vghbg Zqd qdZrnmZakx zql fitw drshlZsdr0 Dwbdos
enq I96flfl-5729: sgd svn CL chrsZmbd drshlZsdr Zfqdd vhsghm Z
eZbsnq ne 1 enq sgd qdrs ne sgd otkrZqr0

Sgd rnkhsZqx lr“otkrZq I96flfl-5729 gZr Zm W“qZx dffbhdmbx
sgZs hr fl-fl04 nqcdqr ne lZfmhstcd knvdq sgZm sgd sxohbZk uZktd0
Gnvdudq: he sgd chrsZmbd tmbdqsZhmsx hr sZjdm hmsn Zbbntms: sghr
W“qZx dffbhdmbx hr udqx tmbdqsZhm0 Sgd rntqbd cndr mns gZud Z
oZqZkkZw ldZrtqdldms Zmc sgdqd hr eZbsnq ne 7 ch∆dqdmbd adsvddm
sgd svn CL“aZrdc chrsZmbdr ––C1<Cfl(1 / 5fl.fl(0 He vd Zrrtld
sgd otkrZq hr knbZsdc Zs 9075 job aZrdc nm sgd MD177w lncdk: vd
nasZhm Z ktlhmnrhsx ne G9.2�1 jdU / 4.1 × fl918 dqfr r�fl enq sgd
AA lncdk Zmc Gfl�fl9 jdU / 1.4 × fl929 dqfr r�fl enq sgd OK lncdk
vghbg okZbdr sgd rntqbd Zs sgd sxohbZk fl9�3 qZmfd hm sgd W“qZx
dffbhdmbx chZfqZl0

ümnsgdq ntskhdq hm Ehf0 3 hr sgd lhcckd“Zfdc otkrZq Ifl815-
fl2fl3 vhsg Zm W“qZx dffbhdmbx ne ηW ∼ fl9�fl.40 Vd mnsd sgZs sgd
W“qZx dffbhdmbx nmkx lZqfhmZkkx bgZmfdr he sgd MD177w“aZrdc
chrsZmbd hr trdc0 ür ldmshnmdc hm Rdbs0 3: sghr rntqbd hr sgntfgs
sn gZud Z chonkd lZfmdshb zdkc sgZs hr rsqnmfdq ax Z eZbsnq fl9
sgZm sgZs ne Z sxohbZk lhcckd“Zfdc otkrZq0 He sgd W“qZx rntqbd
hr hmcddc sgd otkrZq bntmsdqoZqs Zmc sgd CL chrsZmbdr Zqd bnq“
qdbs: sghr bntkc hmchbZsd Z bZrd ne lZfmdsnsgdqlZk gdZshmf –rdd
Rdbs0 302(0

ür bZm ad rddm eqnl Ehf0 3: ntq W“qZx dffbhdmbx uZktdr cn
mns uZqx ltbg enq ch∆dqdms rodbsqZ Zmc dmdqfx aZmcr0 Nmd qdZ“
rnm hr sgZs vd bnmudqsdc Z zwdc mtladq ne bntmsr hm sgd rZld
dmdqfx aZmc sn fitwdr enq ansg rodbsqZk lncdkr0 Sgdqdenqd: Z kZqfd
fitw uZqhZshnm hr mns dwodbsdc0 Lnqd qdkhZakd W“qZx dffbhdmbhdr
bZm ad nasZhmdc hm etstqd vnqjr he otkrZqr gZud adssdq chrsZmbd
drshlZsdr Zmc sgdhq sgdqlZk udqrtr mnm“sgdqlZk bnlonmdmsr
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ü0 UZgcZs ds Zk0. SnvZqc Zm W“qZx hmudmsnqx ne mdZqax mdtsqnm rsZqr

�ge7 37 W“qZx ktlhmnrhsx ne nqchmZqx Zmc lhkkhrdbnmc otkrZqr hmudrshfZsdc hm sghr rstcx udqrtr sgdhq rohmcnvm onvdqr %D bZkbtkZsdc vhsg XLV�w2“
aZrdc chrsZmbdr –kdes( Zmc MD177w“aZrdc chrsZmbdr –ohfgs(0 Rntqbdr vhsg oZqZkkZw ldZrtqdldmsr Zqd chrokZxdc vhsg xdkknv0 Sgd to“onhmshmf sqh“
Zmfkdr rgnv sgd fl-fl9 jdU mnm“sgdqlZk ktlhmnrhshdr nasZhmdc uhZ sgd OK Zrrtloshnm –vhsg � / fl.6( enq sgd tmcdqkxhmf rodbsqZ: Zmc sgd cnvm“
onhmshmf sqhZmfkdr rgnv sgd 902-109 jdU sgdqlZk ktlhmnrhshdr nasZhmdc uhZ sgd AA Zrrtloshnm –vhsg jS/ 299 dU( –rdd chrbtrrhnm hm Rdbs0 103(0 Sgd
rodbsqtl“cdqhudc OK fitw enq Ifl72fl-9841 hr rgnvm Zr Z fqddm sqhZmfkd0 %D uZktdr Zqd bnqqdbsdc enq sgd Rgjknurjhh d∆dbs vgdqd qdkduZms –Rgjknurjhh
fl869(0

Zqd qdrnkudc vhsg enkknv“to nardquZshnmr: Zr hkktrsqZsdc ax
ORQ Ifl72fl-98410

56 RtllXpw Xmc bnmbitrhnm

Hm sghr rstcx: vd qdonqsdc sgd zqrs qdrtks ne ntq WLL.Mdusnm
rtqudx Zhldc Zs Z adssdq rZlokhmf ne sgd mdZqax MR onotkZshnm0
Vd Zkrn bgdbjdc ZqbghuZk bZsZknftdr enq mdv W“qZx bntmsdqoZqs
bZmchcZsdr ne otkrZqr0 Ntq vnqj bZm ad rtllZqhydc Zr enkknvr.
fl0 Vd rdZqbgdc enq W“qZx bntmsdqoZqsr enq fl3 mdZqax otkrZqr

Zr oZqs ne ntq WLL.Mdusnm rtqudx0 Vd ZmZkxydc cZsZ hm Zkk
DOHB bZldqZr Zmc nasZhmdc aZbjfqntmc“rtasqZbsdc rntqbd
bntmsr Zmc 2σ toodq khlhsr enq mnm“cdsdbshnmr0

10 Vd cdsdbsdc svn W“qZx bntmsdqoZqs bZmchcZsdr Zs sgd otkrZq
onrhshnmr vhsg nudq ∼3.2σ rhfmhzbZmbd Zmc nmd bZmchcZsd
vhsg ∼2.4σ rhfmhzbZmbd0

20 Vd qdonqs nm dhfgs W“qZx bntmsdqoZqs bZmchcZsdr hm sgd
3WLL“CQfl9 bZsZknftd enq vghbg vd bntkc mns zmc Z
qdrodbshud mnsd nm sgd W“qZx cdsdbshnm ne sgd otkrZq hm sgd
khsdqZstqd0

30 Vd rtrodbs sgZs rnld ne ntq hmhshZkkx bgnrdm chrsZmbd uZktdr
lZx gZud addm tmcdqdrshlZsdc0 Enq sgd noshlhydc bnmshmt“
Zshnm ne ntq rtqudx: Z lnqd oqnlhrhmf ZooqnZbg hr sn bnl“
oZqd ch∆dqdms chrsZmbd lncdkr Zmc bgnnrd nmkx otkrZqr vhsg
fnnc oZqZkkZbshb chrsZmbdr nq rlZkk ch∆dqdmbdr ne CL“aZrdc
chrsZmbdr0

40 ürrtlhmf sgZs sgd W“qZx rntqbdr Zqd hmcddc sgd otkrZq bntm“
sdqoZqsr: vd bZkbtkZsdc sgd W“qZx fitwdr: W“qZx ktlhmnrhshdr:
Zmc W“qZx dffbhdmbhdr ne sgdrd otkrZqr vhsg svn rsZmc“hm
lncdk rodbsqZ: Zmc oqnuhcdc toodq khlhsr enq ntq tmcdsdbsdc
otkrZqr0

50 Vd Zrrdrrdc sgd onrrhahkhsx ne Zm ZksdqmZshud LV bntmsdqoZqs
ne sgd qdonqsdc W“qZx rntqbdr trhmf sgdhq 2σ onrhshnm tmbdq“
sZhmshdr hm bnlahmZshnm vhsg sgd FYhY“DCQ2: 1LüRR: Zmc
SDRR rntqbd bZsZknfr0

60 Vd Zqftdc sgd onrrhahkhsx ne dwsdmcdc dlhrrhnm hm ORQ
Ifl72fl-9841 ax dwZlhmhmf ansg WLL.Mdusnm Zmc BgYmcoY
cZsZ0

70 Vd rodbtkZsdc sgZs sgd ghfg W“qZx dffbhdmbx ne ORQ Ifl815-
fl2fl3 bntkc ad Zssqhatsdc sn sgd lZfmdsn“sgdqlZk gdZshmf

he sgd chrsZmbd hr bnqqdbs Zmc sgd sgqdd rsdkkZq rntqbdr Zqd
dwbktcdc Zr bntmsdqoZqsr ne nq bnmsqhatsnqr sn sgd W“qZx
rntqbd hm sgd otkrZq uhbhmhsx0

Vd nasZhmdc W“qZx bnmrsqZhmsr enq 11 otkrZqr: hmbqdZrhmf hm
oZqshbtkZq sgd rZlokd ne W“qZx hmudrshfZsdc otkrZqr vhsg %D ,

fl923 dqf r�fl0 MdZqax rsZqr lhfgs bnmsqhatsd sn sgd W“qZx fitwdr ne
rnld ne ntq otkrZq bntmsdqoZqs bZmchcZsdr0 Enq bkZqhzbZshnm: sgd
bZmchcZsdr bntkc ad oqnadc vhsg enkknv“to W“qZx nardquZshnmr
Zhlhmf enq ghfgdq onrhshnm ZbbtqZbx nq otkrZshnm cdsdbshnmr0

�bimnukdcfdldmsr0 Vd sgZmj sgd Zmnmxlntr qdedqdd enq bnmrsqtbshud bnl“
ldmsr sgZs gdkodc sn hloqnud sgd lZmtrbqhos0 Sghr vnqj vZr rtoonqsdc ax
sgd Atmcdrlhmhrsdqhtl eéq VhqsrbgZes tmc Dmdqfhd sgqntfg Cdtsrbgdr Ydm“
sqtl eéq Ktes“tmc QZtleZgqs –CKQ( tmcdq sgd fqZms mtladq 49 NQ fl8fl60
AO Zbjmnvkdcfdr etmchmf eqnl sgd TJ Rbhdmbd Zmc Sdbgmnknfx EZbhkh“
shdr Bntmbhk –RSEB( FqZms Bncd RS+Q494995+fl0 FFO Zbjmnvkdcfdr rtoonqs
eqnl sgd üBHR Hmrsqtldms SdZl bnmsqZbs RU3“639fl7 hrrtdc ax sgd BgYmcoY
W“qZx NardquZsnqx Bdmsdq: vghbg hr nodqZsdc ax sgd RlhsgrnmhZm ürsqnogxr“
hbZk NardquZsnqx enq Zmc nm adgZke ne MüRü tmcdq bnmsqZbs MüR7“929590
Sghr qdrdZqbg gZr lZcd trd ne sgd UhyhdQ bZsZknftd Zbbdrr snnk: BCR: RsqZr“
antqf: EqZmbd –CNH . fl9015982+bcr+uhyhdq(0 Sgd nqhfhmZk cdrbqhoshnm ne sgd
UhyhdQ rdquhbd vZr otakhrgdc hm 1999: ü]üR fl32: 120 RnesvZqd. @rspnov
–ürsqnox BnkkZanqZshnm 19fl7(: MtlOv –GZqqhr ds Zk0 1919(: LSsoinsiha –Gtmsdq
1996(: RdSanpm –VZrjnl 191fl(

Odedpdmbdr

üahbgZmcZmh: Q0: LZsgtq: L0 A0: CqZjd: I0 I0: ds Zk0 19fl8: üSdk0: fl1352: fl
ükoZq: L0: Bgdmf: ü0: QtcdqlZm: L0: ] RgZgZl: I0 fl871: MZstqd: 299: 617
ürsqnox BnkkZanqZshnm –Oqhbd“VgdkZm: ü0 L0: ds Zk0( 19fl7: üI: fl45: fl12
AZhkdq“Inmdr: B0 ü0 K0: EntdrmdZt: L0: ] ümcqZd: Q0 19fl8: LMQüR: 389: 45fl4
Adbjdq: V0 1998: hm Mdtsqnm RsZqr Zmc OtkrZqr –Roqhmfdq(: 8fl
Adbjdq: V0: ] Sqtdlodq: I0 fl886: ü]ü: 215: 571
Bnqcdr: I0 L0: ] KZyhn: S0 I0 V0 1991: üqWhu d“oqhmsr

)ZqWhu.Srspn�og./1/6045[
Bnudx: J0 Q0: Hudyhḃ: �0: Rbgkdfdk: C0: ds Zk0 1996: üI: fl23: 1287
DuZmr: C0 V0: Qhdkkn: L0: Cd ümfdkh: E0: ds Zk0 19fl7: ü]ü: 5fl5: ü3
DuZmr: H0 M0: Oqhlhmh: E0 ü0: Fknsedksx: J0 I0: ds Zk0 19fl9: üoIR: fl78: 26
Enqdrsdkk: K0 L0: Gdhmjd: B0 N0: Bngm: G0 M0: ds Zk0 19fl3: LMQüR: 33fl: 646
Fdmshkd: O0 ü0 19fl7: Og0C0 Sgdrhr: Vdrs UhqfhmhZ Tmhudqrhsx: TRü
Fnssgdke: D0 U0: GZkodqm: I0 O0: ] ükenqc: I0 19fl2: üoI: 654: 47
GZadqk: E0 1996: üo]RR: 297: fl7fl
GZadqk: E0: Lnsbg: B0: YZukhm: U0 D0: ds Zk0 1993: ü]ü: 313: 524
GZqchmf: ü0 J0: ] Ltrkhlnu: ü0 F0 199fl: üoI: 445: 876
GZqchmf: ü0 J0: ] Ltrkhlnu: ü0 F0 19flfl: üoI: 632: fl7fl
GZqqhr: B0 Q0: LhkklZm: J0 I0: uZm cdq VZks: R0 I0: ds Zk0 1919: MZstqd: 474: 246
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ü]ü 547: ü84 –1911(

Gd: B0: Mf: B0 X0: ] JZroh: U0 L0 19fl2: üoI: 657: 53
Gtmsdq: I0 C0 1996: Bnlots0 Rbh0 Dmf0: 8: 89
JZqfZksrdu: N0: CtqZms: L0: OZuknu: F0 F0: ] FZqlhqd: F0 19fl1: üoIR: 19fl: 26
JhrZjZ: R0: ] SZmZjZ: R0 I0 19fl6: üoI: 726: 65
JqZes: Q0 O0: Atqqnvr: C0 M0: ] Mntrdj: I0 ü0 fl88fl: üoI: 263: 233
Kdd: I0: Gth: B0 X0: SZjZsZ: I0: ds Zk0 19fl7: üoI: 753: 12
Kh: S0 O0: ] LZ: X0 P0 fl872: üoI: 161: 2fl6
Kh: W0“G0: Kt: E0“I0: ] Kh: Y0 1997: üoI: 571: flfl55
LZbbZbZqn: S0: FhnhZ: H0 L0: Vnksdq: ü0: YZlnqZmh: F0: ] Rsnbjd: I0 S0 fl877: üoI:

215: 579
LZmbgdrsdq: Q0 M0: Gnaar: F0 A0: Sdng: ü0: ] Gnaar: L0 1994: üI: fl18: fl882
NkZtrdm: R0 ü0: Ygt: V0 V0: Unfdk: I0 J0: ds Zk0 19fl2: üoI: 653: fl
OZqsgZrZqZsgx: ü0: RgZmmnm: Q0: Ingmrsnm: R0: ds Zk0 19fl8: LMQüR: 378: 27fl9
Ohqdr: ü0 L0: Lnsbg: B0: ] IZmns“OZbgdbn: D0 1998: ü]ü: 493: fl74
Onmr: I0 ü0: LhqZkkdr: I0 ü0: ] Fdoodqs: T0 1998: ü]ü: 385: 196
Onrrdks: A0: OZuknu: F0: LZmbgdrsdq: Q0: JZqfZksrdu: N0: ] FZqlhqd: F0 19fl1: üoI:

638: fl35
Onrrdmsh: ü0: Bdqtssh: Q0: Bnkoh: L0: ] Ldqdfgdssh: R0 1991: ü]ü: 276: 882

Oqhmy: S0: ] Adbjdq: V0 19fl4: üqWhu d“oqhmsr )ZqWhu.0400-/6602[
QZiotqnghs: ü0 R0: Qdxkä: B0: ükkZqc: E0: ds Zk0 19fl2: ü]ü: 445: üfl4
Qhdkkn: L0: Cd ümfdkh: E0: DuZmr: C0 V0: ds Zk0 191fl: ü]ü: 538: ü2
QnlZmh: Q0 V0: ] RZmbgdy: M0 19fl5: üoI: 717: 6
Qnrdm: Q0: Rvhfftl: I0: LbKZtfgkhm: L0 ü0: ds Zk0 19fl2: üoI: 657: 74
Rgjknurjhh: H0 R0 fl869: Rnu0 ürs0: fl2: 451
Rjqtsrjhd: L0 E0: Btsqh: Q0 L0: Rshdmhmf: Q0: ds Zk0 1995: üI: fl2fl: flfl52
RsZrrtm: J0 F0: Ndkjdqr: Q0 I0: Odoodq: I0: ds Zk0 19fl7: üI: fl45: fl91
RsZrrtm: J0 F0: Ndkjdqr: Q0 I0: OZdfdqs: L0: ds Zk0 19fl8: üI: fl47: fl27
RsqZcdq: I0: RvhgZqs: R0: Bgnlhtj: K0: ds Zk0 19fl8: üoI: 761: 31
Unfdr: V0: ürbgdmaZbg: A0: Ankkdq: S0: ds Zk0 fl888: ü]ü: 238: 278
VZrjnl: L0 K0 191fl: I0 Nodm Rntqbd Rnesv0: 5: 291fl
Vdaa: M0 ü0: BnqhZs: L0: SqZtkrdm: H0: ds Zk0 1919: ü]ü: 53fl: üfl25
Vqhfgs: D0 K0: DhrdmgZqcs: O0 Q0 L0: LZhmydq: ü0 J0: ds Zk0 19fl9: üI: fl39: fl757
XZn: I0 L0: LZmbgdrsdq: Q0 M0: ] VZmf: M0 19fl6: üoI: 724: 18
YZbgZqhZr: M0: Lnmds: C0 F0: Kduhmd: R0 D0: ds Zk0 1993: ül0 ürsqnm0 Rnb0 Lddshmf

üarsqZbsr: 194: 370fl4
YZukhm: U0 D0: ] OZuknu: F0 F0 fl887: ü]ü: 218: 472
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ItkshvTudkdmfsg OtkrTshnmr Tmc RtpeTbd SdlodpTstpd Chrsphatshnm hm sgd Ihcckd�Tfdc
OtkrTp A0.44�41

@qlhm U_gc_s
0
& A- Onrrdks

1
& F- F- O_uknu

2
& O- Vdksduqdcd

3
& @- R_ms_mfdkn

0
& _mc R- Ingmrsnm

4

0
Hmrshsts eòq @rsqnmnlhd tmc @rsqnogxrhj& Tmhudqrhs©s Sòahmfdm& R_mc 0& C,61.65 Sòahmfdm& Fdql_mx: lu-_qlhm;fl_hk-bnl
1
Cdo_qsldms ne @rsqnogxrhbr& Tmhudqrhsx ne Nwenqc& Cdmxr Vhkjhmrnm Athkchmf& Jdakd Qn_c& Nwenqc NW0 2QG& TJ

2
Cdo_qsldms ne @rsqnmnlx % @rsqnogxrhbr& Odmmrxku_mh_ Rs_sd Tmhudqrhsx& 414 C_udx K_a& Tmhudqrhsx O_qj& O@ 057.1& TR@

3
Incqdkk A_mj Bdmsqd enq @rsqnogxrhbr& Cdo_qsldms ne Ogxrhbr _mc @rsqnmnlx& Tmhudqrhsx ne L_mbgdrsdq& L_mbgdrsdq L02 8OK& TJ
4
BRHQN @rsqnmnlx _mc Ro_bd Rbhdmbd& @trsq_kh_ Sdkdrbnod M_shnm_k E_bhkhsx& O-N- Anw 65& Doohmf& MRV 060.& @trsq_kh_

Pdbdhudc 1.12 Mnudladp 15: pduhrdc 1.13 IZmtZpx 07: Zbbdosdc 1.13 IZmtZpx 08: otakhrgdc 1.13 LZpbg 6

9arspTbs

Vd oqdrdms _ cds_hkdc rstcx ne sgd W,q_x dlhrrhnm eqnl ORQ A0.44“41 trhmf WLL,Mdvsnm nardqu_shnmr eqnl
1.08 _mc 1...- Sgd og_rd,hmsdfq_sdc W,q_x dlhrrhnm eqnl sghr otkr_q hr onnqkx cdrbqhadc ax dwhrshmf lncdkr ne
mdtsqnm rs_q _slnrogdqdr- Hmrsd_c& vd bnm�ql sg_s& rhlhk_q sn nsgdq lhcckd,_fdc otkr_qr& sgd adrs,�sshmf rodbsq_k
lncdk bnmrhrsr ne svn ak_bjancx bnlonmdmsr& vhsg rtars_msh_kkx cheedqdms sdlodq_stqdr _mc dlhsshmf _qd_r& _mc _
mnmsgdql_k bnlonmdms bg_q_bsdqhydc ax _ onvdq k_v- Ntq og_rd,qdrnkudc W,q_x rodbsq_k _m_kxrhr trhmf sghr sgqdd,
bnlonmdms lncdk qdud_kr u_qh_shnmr hm sgd sgdql_k dlhrrhnm o_q_ldsdqr vhsg sgd otkr_q�r qns_shnm_k og_rd- Sgdrd
u_qh_shnmr rtffdrs _ mnmtmhenql sdlodq_stqd chrsqhatshnm _bqnrr sgd mdtsqnm rs_q�r rtqe_bd& hmbktchmf sgd bnkc
sgdql_k bnlonmdms _mc oqna_akd gns rons�r(- Rtbg _ sdlodq_stqd chrsqhatshnm b_m ad b_trdc ax dwsdqm_k _mc
hmsdqm_k gd_shmf oqnbdrrdr& khjdkx _ bnlahm_shnm sgdqdne- Vd nardqud udqx ghfg otkrd eq_bshnmr& 5.�“7.� hm sgd
.-6“0-4 jdU q_mfd& cnlhm_sdc ax sgd gns ak_bjancx bnlonmdms- Sghr bntkc ad qdk_sdc sn sdlodq_stqd
mnmtmhenqlhsx _mc onsdmsh_k ad_lhmf deedbsr hm _m _slnrogdqd- Vd �mc hmchb_shnm ne _ rdbnmc gns rons sg_s
_ood_qr _s knvdq dmdqfhdr �.-04“.-2 jdU( sg_m sgd �qrs gns rons �.-4“0-4 jdU( hm sgd W,q_x khfgs btqudr _mc hr neerds
ax _ants g_ke _ qns_shnm odqhnc- Sghr �mchmf _khfmr vhsg sgd md_qkx nqsgnfnm_k qns_snq fdnldsqx rtffdrsdc ax q_chn
nardqu_shnmr ne sghr hmsdqotkrd otkr_q- He sgd gns ronsr _qd _rrnbh_sdc vhsg onk_q b_or& _ onrrhakd dwok_m_shnm enq sgdhq
sdlodq_stqd _rxlldsqx bntkc ad _m neerds l_fmdshb chonkd _mc�nq _m _cchshnm_k snqnhc_k l_fmdshb �dkc bnlonmdms
hm sgd mdtsqnm rs_q bqtrs-

Tmh�dc ;rspnmnlx SgdrZtptr bnmbdosr9 Mdtsqnm rs_qr �00.7(: Otkr_qr �02.5(: Bnlo_bs naidbsr �177(: W,q_x
_rsqnmnlx �070.(: Ghfg dmdqfx _rsqnogxrhbr �628(

0- Fmspnctbshnm

ORQ A0.44“41 �A0.44 gdqd_esdq& _krn jmnvm _r ORQ

I0.46“4115( hr _ lhcckd,_fdc hrnk_sdc mdtsqnm rs_q �MR(

rg_qhmf bnllnm nardqu_shnm_k oqnodqshdr vhsg Fdlhmf_ _mc

ORQ A.545#03- Sgdrd sgqdd otkr_qr vdqd ctaadc sgd ’Sgqdd

Ltrjdsddqr– ax Adbjdq % Sqtdlodq �0886( ctd sn g_uhmf

rhlhk_q rohm,cnvm dmdqfx knrr q_sdr& hmedqqdc rtqe_bd chonkd

l_fmdshb �dkcr& chrs_mbdr& �,q_x dlhrrhnm& _mc W,q_x rodbsq_k

oqnodqshdr- Sgd W,q_x dlhrrhnm ne sgdrd otkr_qr hmbktcdr

sgdql_k _mc mnmsgdql_k bnlonmdmsr- Hs hr bnllnmkx _bbdosdc

sg_s lnrs ne sgd sgdql_k q_ch_shnm dl_m_shmf eqnl sgd atkj

rtqe_bd ne sgdrd otkr_qr qdrtksr eqnl sgd gd_s sq_mredq eqnl sgd

MR hmsdqhnq& gns ronsr _qd b_trdc ax dhsgdq _mhrnsqnohb gd_s

sq_mredq nq qdstqmhmf btqqdmsr eqnl sgd l_fmdsnrogdqd nq ansg&

vghkd sgd mnmsgdql_k dlhrrhnm hr ctd sn rxmbgqnsqnm q_ch_shnm

hm sgd l_fmdsnrogdqd �d-f-& G_qchmf % Ltrkhlnu 0887:

O_uknu ds _k- 1..1(-
Sgd rohm eqdptdmbx _mc sgd eqdptdmbx cdqhu_shud ne A0.44 _s

sgd qdedqdmbd donbg LIC 465.. _qd ν+ 4-.6207751..7�1( Gy
_mc 04.,161 0 0. r04 1 (n = - ´ - - vgdqd 0σ tmbdqs_hmsx ne sgd

k_rs rhfmh�b_ms chfhs hr oqnuhcdc hm o_qdmsgdrdr �I_mjnvrjh ds _k-

1.08(- Sghr bnqqdronmcr sn sgd bg_q_bsdqhrshb _fd τ+ 424 jxq&

qns_shnm_k dmdqfx knrr q_sd D 2,. 0. cpf r23 0 = ´ - & _mc rtqe_bd
chonkd l_fmdshb �dkc rsqdmfsg A+ 0-0/ 0.01F-
Sgd rntqbd v_r chrbnudqdc _r _ q_chn otkr_q ax U_tfg_m %

K_qfd �0861(- Sgd W,q_x dlhrrhnm v_r chrbnudqdc vhsg sgd
Dhmrsdhm nardqu_snqx �Bgdmf % Gdke_mc 0872(- Sgd W,q_x
otkr_shnmr vdqd cdsdbsdc vhsg QNR@S ax Ndfdkl_m % Ehmkdx
�0882(& vgn rtffdrsdc sg_s sgd W,q_x rodbsqtl bnmrhrsr ne svn
bnlonmdmsr& hmbktchmf rnes sgdql_k dlhrrhnm eqnl sgd MR
rtqe_bd- Sgd qdrtksr vdqd bnm�qldc vhsg @RB@ nardqu_shnmr
�Adbjdq % Sqtdlodq 0886& _mc qdedqdmbdr sgdqdhm(-
Bg_mcq_ nardqu_shnmr ne A0.44 qdud_kdc sg_s hsr W,q_x

rodbsqtl& khjd sgnrd ne sgd svn nsgdq Ltrjdsddqr& hr adrs cdrbqhadc
ax _ sgqdd,bnlonmdms lncdk& bnloqhrhmf bnkc _mc gns ak_bj,
anchdr _r vdkk _r _ onvdq,k_v bnlonmdms �O_uknu ds _k- 1..1(-
WLL,Mdvsnm nardqu_shnmr ne sgd Sgqdd Ltrjdsddqr _kknvdc enq
_ og_rd,qdrnkudc& knv,qdrnktshnm W,q_x rodbsqnrbnox& vghbg
ghfgkhfgsdc rnld cheedqdmbdr adsvddm sgd Sgqdd Ltrjdsddqr hm
rtqe_bd sdlodq_stqd chrsqhatshnm _mc nqhdms_shnmr ne sgd qns_shnm
_mc l_fmdshb _wdr �Cd Ktb_ ds _k- 1..4(- Sgdqd _qd _krn
cheedqdmbdr qdf_qchmf sgd W,q_x cdsdbshnm ne otkr_q vhmc mdatk_d
�OVMd( _qntmc sgdrd bknrd ��4.. ob( MRr- A0.44 _mc ORQ
A.545#03 g_ud rtqoqhrhmfkx e_hms OVMd vghkd sgd sgqdd,s_hk
Fdlhmf_�r OVM hr qdk_shudkx aqhfgs �d-f-& B_q_udn ds _k- 1..2: Cd
Ktb_ ds _k- 1..5: Onrrdks ds _k- 1.04& 1.06: Aäqy_m ds _k- 1.05(-
Hm sgd q_chn qdfhnm& A0.44 dwghahsr _ tmhptd dlhrrhnm oqn�kd&

ed_stqhmf _ l_hm otkrd �LO( _mc _m hmsdqotkrd �HO( rdo_q_sdc ax
_ooqnwhl_sdkx 05.± hm otkrd knmfhstcd �Vdksduqdcd %
Vqhfgs 1..8(- Sgdrd bnlonmdmsr khjdkx nqhfhm_sd eqnl chrshmbs

Jec ,rspnoeurhaTi AntplTi� 8529027 �04oo(& 1.13 L_qbg 0. gssor9��cnh-nqf�0.-2736�0427,3246�_c1.b_

z 1.13- Sgd @tsgnq�r(- Otakhrgdc ax sgd @ldqhb_m @rsqnmnlhb_k Rnbhdsx-

Nqhfhm_k bnmsdms eqnl sghr vnqj l_x ad trdc tmcdq sgd sdqlr

ne sgd Bqd_shud Bnllnmr @ssqhatshnm 3-. khbdmbd- @mx etqsgdq

chrsqhatshnm ne sghr vnqj ltrs l_hms_hm _ssqhatshnm sn sgd _tsgnq�r( _mc sgd shskd

ne sgd vnqj& intqm_k bhs_shnm _mc CNH-

0
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l_fmdshb onkdr- Sgd LO“HO rdo_q_shnm qdl_hmr bnmrhrsdms _bqnrr
cheedqdms q_chn eqdptdmbhdr& rtffdrshmf _ ghfgkx hmbkhmdc l_fmdshb
_whr qdk_shud sn sgd otkr_q�r qns_shnm _whr �Vdksduqdcd %
Vqhfgs 1..8& _mc qdedqdmbdr sgdqdhm(-
Hm sgd �,q_x qdfhld& A0.44 dwghahsr _m tmtrt_k oqn�kd& _r

dlog_rhydc hm sgd Sghqc Edqlh,K@S otkr_q b_s_knf �2OB:
Rlhsg ds _k- 1.12(- Hs g_r sgqdd nudqk_oohmf oqhmbho_k od_jr vhsg
hmchb_shnmr ne svn rl_kk od_jr oqdbdchmf _mc enkknvhmf sgd
ntsdq rsddo vhmf ne sgd oqhmbho_k �,q_x dlhrrhnm bnlonmdmsr-
Nmkx svn ne sgd 04. xntmf otkr_qr hm sgd 2OB rgnv rtbg _
bnlokdw oqn�kd& _mc sgd nqhfhm ne sgdrd oqn�kdr hr mns
tmcdqrsnnc-
Sgd chrs_mbd sn A0.44 hr rshkk _ l_ssdq ne cda_sd- Sgd @SME

Otkr_q B_s_knftd �udq- 0-57( qdonqsr .-.82 job& a_rdc nm sgd
CL,a_rdc u_ktd �chrodqrhnm ld_rtqd& CL+ 18-58= .-.0&
Odsqnee ds _k- 1.02( _mc sgd dkdbsqnm cdmrhsx lncdk ne X_n
ds _k- �1.06(& vghkd _ chrs_mbd ne .-603 job hr cdqhudc trhmf sgd
MD1..0 lncdk �Bnqcdr % K_yhn 1..1(- Lhfm_mh ds _k- �1.0.(
rtffdrsdc _ ltbg rl_kkdq chrs_mbd ne .-1“.-4 job ax
hmudrshf_shmf sgd bnmsqhatshnmr ne sgd hmchuhct_k sgdql_k
bnlonmdmsr sn sgd ltkshv_udkdmfsg rodbsqtl- Sghr chrs_mbd
b_m _krn dwok_hm sgd tmtrt_kkx ghfg �,q_x de�bhdmbx ne sgd
otkr_q& vghbg g_r addm oqduhntrkx nas_hmdc _rrtlhmf _ chrs_mbd
ne 64. ob �@acn ds _k- 1.0.(- Sgqntfgnts sghr o_odq& vd vhkk
rb_kd sgd chrs_mbd sn .-24 job sn b_kbtk_sd sgd ktlhmnrhsx _mc
nsgdq qdk_sdc pt_mshshdr-
Hm sghr o_odq vd qdonqs sgd qdrtksr ne svn mdv WLL,Mdvsnm

nardqu_shnmr ne A0.44 b_qqhdc nts hm 1.08 �OH A- Onrrdks(-
Onrrdks ds _k- �1.12_( _m_kxydc sgd og_rd,hmsdfq_sdc c_s_ enq _
knmf,sdql fltw u_qh_ahkhsx& ats chc mns �mc rhfmh�b_ms
cheedqdmbdr adsvddm sgdrd mdv c_s_ _mc sgd 1... WLL,
Mdvsnm c_s_- Gnvdudq& sgd mdv c_s_ _kknv enq _ adssdq
bg_q_bsdqhy_shnm ne sgd rodbsq_k _mc shlhmf oqnodqshdr ne sgd
rntqbd _mc shfgsdq bnmrsq_hmsr nm sgd fdnldsqx ne sgd otkr_q-
Sgd o_odq hr rsqtbstqdc _r enkknvr- Hm Rdbshnm 1& vd cdrbqhad

sgd c_s_ _mc ntq c_s_ qdctbshnm oqnbdctqd- Rdbshnm 2 hr
cdchb_sdc sn og_rd,hmsdfq_sdc rodbsqnrbnox& enq vghbg vd
bnlahmd sgd oqduhntr 1... WLL,Mdvsnm c_s_ vhsg ntq mdv
nardqu_shnmr sn adssdq bnmrsq_hm sdlodq_stqdr _mc sdrs u_qhntr
_slnrogdqd lncdkr- Qdrtksr ne shlhmf _m_kxrhr _qd qdonqsdc hm
Rdbshnm 3& vgdqd vd chrbtrr sgd otkrd oqn�kd _mc hsr oqnodqshdr
rtbg _r otkrdc eq_bshnm _mc og_rd“dmdqfx l_o- Hm Rdbshnm 4 vd
enbtr nm og_rd,qdrnkudc rodbsqnrbnox ne A0.44- K_rskx& hm
Rdbshnm 5 vd chrbtrr ntq qdrtksr-

1- NardpuTshnmr Tmc CTsT Pdctbshnm

1-0- U�PZx CZsZ

Sgd WLL,Mdvsnm nardqu_snqx nardqudc A0.44 nm 1.08
Itmd 10 enq 74 jr _mc nm 1.08 Itkx 8 enq 70 jr �S_akd 0(-

Ctqhmf ansg nardqu_shnmr& sgd Dtqnod_m Ognsnm Hl_fhmf

B_ldq_ �DOHB& Rsqòcdq ds _k- 1..0( v_r nodq_sdc hm rl_kk,

vhmcnv �RV( lncd enq DOHB,om �shld qdrnktshnm 4-6 lr(&

vghkd DOHB,LNR0 _mc DOHB,LNR1 b_ldq_r �Stqmdq ds _k-

1..0( vdqd nodq_sdc hm etkk,eq_ld �EE( lncd �shld qdrnktshnm

1-5 r(- Sn adssdq bnmrsq_hm sgd og_rd,hmsdfq_sdc rodbsq_k �s

o_q_ldsdqr �Rdbshnm 2(& vd _krn qd_m_kxydc sgd oqduhntr WLL,

Mdvsnm nardqu_shnmr ne A0.44 s_jdm nm nm 1... Cdbdladq 03

_mc 04 enq 13 jr _mc 46 jr& qdrodbshudkx �Cd Ktb_ ds _k- 1..4(-
Tmenqstm_sdkx& ctd sn sgd sgd bnkk_ord ne c_s_ _knmf sgd BBC

bnktlmr& sgd DOHB,om c_s_ ne 1... nas_hmdc hm shlhmf lncd&

_qd e_bdc vhsg rhfmh�b_mskx ghfgdq a_bjfqntmc bnms_lhm_shnm&

qdrtkshmf hm _ knvdq rhfm_k,sn,mnhrd q_shn �R�M( _anud _ edv

jdU bnlo_qdc sn sgd 1.08 nardqu_shnmr-
Sgd c_s_ oqnbdrrhmf ne sgd entq DOHB nardqu_shnmr v_r cnmd

vhsg sgd WLL,Mdvsnm Rbhdmbd @m_kxrhr Rxrsdl �R@R( udq-

1.-.-. �F_aqhdk ds _k- 1..3( _ookxhmf rs_mc_qc s_rjr- Sgd cd_c,

shld,bnqqdbsdc mds dwonrtqd shldr& bnqqdronmchmf b_ldq_

lncdr _mc �ksdqr& _mc bntms q_sdr _qd fhudm hm S_akd 0-

1-1- PZchn CZsZ

Vd nas_hmdc q_chn otkr_q c_s_ rhltks_mdntrkx vhsg sgd

WLL,Mdvsnm nardqu_shnmr- Svn 23 jr nardqu_shnmr �oqnfq_l

HC O0.0.( vdqd b_qqhdc nts nm LIC 47544 _mc LIC 47562

vhsg sgd BRHQN O_qjdr 53 l q_chn sdkdrbnod �_krn jmnvm _r

Ltqqhx_mf(- Vd trdc sgd TVK qdbdhudq �.-6“3-. FGy( _mc sgd

LDCTR@ a_bjdmc �d-f-& Gnaar ds _k- 1.1.(- Sgd nardqu_shnmr

vdqd dwbhrdc ne q_chn,eqdptdmbx hmsdqedqdmbd �QEH( _mc

b_khaq_sdc trhmf rs_mc_qc ORPAEHUC snnkr �Gns_m ds _k-

1..3: u_m Rsq_sdm ds _k- 1.01(- Eqnl sgd _udq_fdc otkrd

oqn�kd& vd oqnctbdc _ rlnnsgdc& ghfg,R�M sdlok_sd- Ax bqnrr,
bnqqdk_shmf sghr sdlok_sd hm sgd Entqhdq cnl_hm �S_xknq 0881(&

vd fdmdq_sdc otkrd shldr ne _qqhu_k �Sn@r( enq 46 rtahmsdfq_,

shnmr enq d_bg O_qjdr nardqu_shnm-
Vd _krn nas_hmdc rhltks_mdntr _mc bnmsdlonq_mdntr c_s_

nm A0.44 eqnl sgd LddqShld Sgntr_mc Otkr_q @qq_x �SO@(

oqnfq_l �Ingmrsnm ds _k- 1.1.(- Sgd nardqu_shnmr vdqd b_qqhdc

nts vhsg sgd 53,chrg R@Q@N LddqJ@S q_chn sdkdrbnod- Sgd

SO@ trdc sgd K,a_mc qdbdhudq �bdmsdqdc _s _ eqdptdmbx ne

0173LGy( _mc _ sns_k a_mcvhcsg ne 664LGy- Cds_hkr ne sgd

c_s_ qdctbshnm _mc QEH qdlnu_k b_m ad entmc hm K_y_qtr ds _k-

�1.05( _mc O_qsg_r_q_sgx ds _k- �1.10(: cds_hkr ne sgd SO@

oqnbdctqdr �rtbg _r sdlok_sd oqnctbshnm( _qd qdonqsdc ax

Onrrdks ds _k- �1.12a(- Vd trdc sgqdd nardquhmf donbgr9

LIC 47544-54 �rhltks_mdntr vhsg WLL,Mdvsnm& 4-3 jr(&

LIC 47567-57 �1.1 r(& _mc LIC 47578-61 �1.1 r( sn fdmdq_sd

Sn@r vhsg sgd _ooqnoqh_sd LddqJ@S,a_rdc sdlok_sd-

STakd 0

WLL,Mdvsnm DOHB Nardqu_shnmr ne A0.44 Trdc hm Sghr Rstcx

Nar- HC Rs_qs Shld
Mds Dwonrtqd Shld �jr( Lncdr _mc Ehksdqr Sns_k Bntms Q_sd �Mds Rntqbd Bntms Eq_bshnm& �(

�LIC( om LNR0 LNR1 om LNR0 LNR1 om LNR0 LNR1

.002.4.0.0 40781 08-2 10-. 10-. Sh,LD EE,LD EE,LD 333-6 = 5-1 �72( 030-6 = 1-5 �87( 036-6 = 1-6 �88(

.002.4.1.0 40782 40-0 42-3 42-3 Sh,LD EE,LD EE,LD 324-7 = 2-7 �71( 036-4 = 0-6 �88( 037-8 = 0-6 �87(

.73171.0.0 47543 40-6 64-4 64-. RV,SM EE,LD EE,LD 653-1 = 2-8 �86( 013-6 = 0-2 �85( 003-3 = 0-2 �85(

.73171.1.0 47562 43-3 66-6 66-6 RV,SM EE,LD EE,LD 627-1 = 2-6 �86( 01.-3 = 0-2 �85( 010-2 = 0-2 �85(

Mnsd- Sh,LD9 shlhmf lncd vhsg ldchtl �ksdq& RV,SM9 rl_kk vhmcnv vhsg sghm �ksdq& EE,LD9 etkk eq_ld vhsg ldchtl �ksdq- Sns_k bntms q_sd �bntmsr jr�0( hm

.-2“0. jdU enq 1.08 nardqu_shnmr _mc hm .-3“0. jdU enq 1... nardqu_shnmr-

1
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1-2- ��PZx CZsZ

Vd trdc sgd Edqlh K_qfd @qd_ Sdkdrbnod �K@S( �,q_x c_s_
rds enq sghr otkr_q sg_s v_r oqnuhcdc vhsg 2OB �Rlhsg ds _k-
1.12(- Sgd c_s_ rds bnmrhrsr ne ognsnmr cdsdbsdc adsvddm LIC
43571 _mc 47680& hmbktchmf sgd donbgr ne ntq W,q_x _mc q_chn
nardqu_shnmr& vhsg dmdqfhdr adsvddm 4.LdU _mc 2.. FdU-

2- OgTrd�hmsdfpTsdc RodbspTk 9mTkwrhr

2-0- RodbspZk DwspZbshnm

WLL,Mdvsnm nardqu_shnmr ne 1... Cdbdladq 03“04 vdqd
b_qqhdc nts hm shlhmf lncd enq om _mc EE �hl_fhmf( lncd enq
LNR0 _mc LNR1- Enkknvhmf sgd vnqjr ne Onrrdks ds _k-
�1.04& 1.12_(& vd dwsq_bsdc om rodbsq_ bnudqhmf dmdqfhdr
ghfgdq sg_m .-3 jdU rhmbd rnes a_bjfqntmc mnhrd b_m hlo_bs sgd
dwsq_bsdc rodbsq_ adknv sghr dmdqfx- Vd trdc 22 � Q@VW
ohwdk � 28 sn dwsq_bs sgd rntqbd rodbsq_ ne ansg nardqu_shnmr
�0.0 _mc 1.0 gdqd_esdq( vgdqd_r 4 � Q@VW � 6 _mc 3 �
Q@VW � 5 vdqd trdc enq a_bjfqntmc qdfhnmr ne 0.0 _mc 1.0&
qdrodbshudkx-
Sgd 1... DOHB,LNR0�1 c_s_ vdqd dwsq_bsdc hm sgd r_ld

v_x _r cdrbqhadc hm Onrrdks ds _k- �1.04: d-f-& bhqbtk_q _odqstqdr
ne 34� _mc 5.� q_chh enq rntqbd _mc a_bjfqntmc qdfhnmr(-
Sgd DOHB c_s_ ne 1.08 Itmd 1. _mc Itkx 08 vdqd bnkkdbsdc hm

hl_fhmf lncdr �rdd S_akd 0(- Enq DOHB,om sgd rntqbd qdfhnm hr
_ bhqbkd vhsg _ q_chtr ne 2.�- Vd tshkhydc sgd R@R snnk
dpdfgnmVmViwrd sn �md,stmd sgd onrhshnm _mc sgd _odqstqd
sg_s l_whlhyd sgd rntqbd,sn,a_bjfqntmc bntms q_shn- Enq DOHB,
LNR0�1 vd trdc sgd bhqbtk_q _odqstqd ne 34� q_chtr& rhlhk_q sn
sgd c_s_ ne 1...& sn dwsq_bs sgd og_rd,hmsdfq_sdc rodbsq_- @r
rgnvm hm Ehftqd 0& vd g_ud rdkdbsdc sgd a_bjfqntmc qdfhnmr
vhsg _ bhqbtk_q _odqstqd ne 5.� q_chtr& rte�bhdmskx bknrd sn sgd
otkr_q sn fds _m _bbtq_sd drshl_sd ne sgd md_qax a_bjfqntmc
bnmsqhatshnm ats e_q dmntfg _v_x sn _unhc bnms_lhm_shnm eqnl
sgd onhms,roqd_c etmbshnm ne sgd rntqbd-

2-1- RodbspZk Ehsshmf

Vd rs_qsdc ntq _m_kxrhr ax bnlo_qhmf sgd svn nardqu_shnmr
ne 1.08 �0.0M _mc 1.0M gdqd_esdq( vhsg d_bg nsgdq- Vd g_ud
bgdbjdc _mc bnm�qldc sgd bnmrhrsdmbx ne sgd svn c_s_ rdsr hm
sdqlr ne rntqbd _mc a_bjfqntmc bntms q_shn _mc chrsqhatshnm
_mc rodbsq_k �s o_q_ldsdqr-
Vd qdrsqhbsdc ntq dmdqfx q_mfd sn .-2“7 jdU- @anud 7 jdU&

mns nmkx cndr sgd a_bjfqntmc bnmsqhatshnm dwbddc sgd rntqbd
fltw ats _krn sgd _bbtq_bx ne ntq �s o_q_ldsdqr chc mns hloqnud
etqsgdq nm hmbqd_rhmf sgd toodq dmdqfx antmc-
Enq W,q_x rodbsq_k �sshmf& vd l_cd trd ne OxWrodb udq- 1-0-.

Oxsgnm hmsdqe_bd vhsg WRODB udq- 01-01-. �@qm_tc 0885:
Fnqcnm % @qm_tc 1.10(-
Vd trdc sgd Sòahmfdm“Antkcdq lncdk sgqntfg hsr WRODB

hlokdldms_shnm saVar sn �s sgd hmsdqrsdkk_q _arnqoshnm ax
rdsshmf sgd _atmc_mbd s_akd sn vgil �Vhklr ds _k- 1...( _mc
ognsndkdbsqhb bqnrr,rdbshnm s_akd sn tdpm �Udqmdq ds _k- 0885(-
Vd �qrs �ssdc sgd ghfg,dmdqfx o_qs �1-2“7 jdU( ne sgd rodbsq_

vhsg _m _arnqadc onvdq,k_v �OK( lncdk �onvdpiVv hm
WRODB(- @ksgntfg sgd _arnqahmf gxcqnfdm bnktlm cdmrhsx&
MG& fdmdq_kkx cndr mns _eedbs sgd rodbsqtl _s ghfg dmdqfhdr& vd
�wdc MG _mc u_qhdc MG _s cheedqdms u_ktdr _mc bgdbjdc sgd
bnm�cdmbd bnmsntqr ne OK,hmcdw �γ(,mnql_khy_shnm enq sgd svn
donbgr _mc entmc _m _fqddldms vhsghm 0σ hm d_bg b_rd-

Hm sgd mdws rsdo& vd �s sgd .-2“7 jdU aqn_ca_mc rodbsq_
trhmf _ sgqdd,bnlonmdms lncdk- Sghr lncdk bnloqhrdr svn
ak_bjancx �AA( lncdkr �aancwpVc hm WRODB( _mc _ OK
lncdk vhsg _ adrs,�s u_ktd ne γ+ 0-7& cdsdqlhmdc eqnl sgd OK,
nmkx �s- Vd _krn _kknvdc MG sn u_qx eqddkx- Enq sgd svn
nardqu_shnmr ne 1.08& vd bnlo_qdc sgd bnm�cdmbd bnmsntqr ne
sdlodq_stqd“mnql_khy_shnm enq sgd gns _mc bnkc AA bnlon,
mdmsr _mc entmc sg_s sgdhq u_ktdr _fqddc vhsghm _ 2σ q_mfd
�Ehftqd 2(-
@esdq drs_akhrghmf bnmrhrsdmbx& vd bnlahmdc sgd svn c_s_

rdsr ne 1.08 _mc bnlo_qdc sgd bnlahmdc c_s_ vhsg sgd c_s_ ne
1... ax qdod_shmf sgd r_ld bgdbjr- Vghkd vd nas_hmdc _
rhlhk_q bnmrhrsdmbx kdudk adsvddm sgd 1... _mc 1.08 c_s_ _r
adenqd& sgd bntms rs_shrshb _mc a_bjfqntmc mnhrd kdudk vdqd
cheedqdms& vghbg v_r lnrs mnshbd_akd _s ghfg dmdqfhdr-
Ehm_kkx vd bnlahmdc sgd 01 rodbsq_ _mc b_qqhdc nts _ 1AA

#OK �s- Vd nas_hmdc sgd adrs �s � 1c
u
+ 0-.8& vgdqd υ+ 711 hr

sgd mtladq ne cdfqddr ne eqddcnl( vhsg AA sdlodq_stqdr

Dhftpd 0- Bntms l_o ne sgd �dkc hm sgd chqdbshnm ne A0.44 enq sgd �qrs
nardqu_shnm- Sgd rntqbd dwsq_bshnm qdfhnmr ne q_chh 2.� �DOHB,om& sno( _mc 34�
�DOHB,LNR1& anssnl( _qd chrok_xdc hm aktd vgdqd_r sgd a_bjfqntmc qdfhnm ne
q_chtr 5.� hr rgnvm hm l_fdms_- Sgd hl_fdr _qd rlnnsgdc vhsg _ F_trrh_m

jdqmdk vhsg σ + 0 14-

2
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jS0+ 042-8= 2-6 dU& jS1+ 57-5= .-7 dU& _mc MG+ �0-8=
.-2(/ 0.1. bl�1 �Ehftqd 1 _mc S_akd 1(-
Vd _krn sdrsdc rdudq_k MR _slnrogdqd lncdkr _u_hk_akd hm

WRODB _mc _ookhb_akd sn _slnrogdqdr vhsg l_fmdshb �dkcr ne
_ants 0.01 F9 MR@SLNR �Gdhmjd ds _k- 1..5(& MR@ �O_uknu
ds _k- 0884: Y_ukhm ds _k- 0885(& _mc MRL@WF �Lnqh %
Gn 1..6: Gn ds _k- 1..7(- Ehsshmf vhsg rhmfkd,bnlonmdms _mc
svn,bnlonmdms _slnrogdqd lncdkr qdrtksdc hm k_qfd rxrsdl_shb

qdrhct_kr _s ghfgdq dmdqfhdr � 1c
u
 7( vgdqd_r svn,bnlonmdms

_mc sgqdd,bnlonmdms lncdkr �ax _cchmf _ OK nq AA( _krn
oqnctbdc tm_bbdos_akd �sr _r _ bnmrdptdmbd ne k_qfd
rxrsdl_shb qdrhct_kr _s knv dmdqfhdr& �0-4 jdU-

3- Shlhmf 9mTkwrhr

3-0- PZchn Shlhmf Rnktshnmr

Vd _ookhdc sgd otkr_q,shlhmf bncd sdlon� �Gnaar ds _k-
1..5( enq ntq Sn@r sn cdsdqlhmd sgd shlhmf rnktshnmr enq dhsgdq
sgd svn O_qjdr nq sgd sgqdd LddqJ@S nardqu_shnmr- Enq sghr&
vd trdc qdedqdmbd donbg LIC 47553-265 �md_q sgd lhcckd ne
sgd svn W,q_x nardqu_shnmr ne 1.08& rdd Rdbshnm 3-2(& _
bnmsdlonq_mdntr �LIC 475.1( Gtaakd onrhshnm _mc sgd oqnodq
lnshnm eqnl Onrrdks ds _k- �1.12_(- Eqnl sgd sdlon� �sr& vd
nas_hm sgd eqdptdmbx& ν& _mc hsr shld cdqhu_shud& n : rdd S_akd 2-
Sgd cheedqdmbd hm ν hr .-02 mGy adsvddm sgd O_qjdr _mc
LddqJ@S shlhmf rnktshnmr- Sghr cheedqdmbd hr 0-8σ ne sgd
LddqJ@S shlhmf rnktshnm: sgd cheedqdmbd hm n g_r _ rhlhk_qkx
knv rhfmh�b_mbd kdudk �0-2σ(- Gdmbd& sgd svn hmcdodmcdms q_chn
shlhmf rnktshnmr _fqdd vhsg d_bg nsgdq- Enq bnlo_qhrnm vhsg
sgd W,q_x c_s_& vd vhkk trd sgd O_qjdr q_chn shlhmf rnktshnm hm
sgd enkknvhmf-

3-1- PdkZshud ��PZx Shlhmf Rnktshnm

Vd enkcdc sgdrd Edqlh,K@S c_s_ enq sghr otkr_q trhmf sgd
2OB dogdldqhr �Rlhsg ds _k- 1.12(& vghbg v_r cdudknodc eqnl
01 xd_qr ne lnmhsnqhmf vhsg O_qjdr- Vd qdok_bdc sgd
’SYQLIC– _mc ’SYQEQP– o_q_ldsdqr vhsg sgnrd eqnl ntq
nvm q_chn shlhmf dogdldqhr sn og_rd,_khfm sgd �,q_x otkrd
oqn�kd vhsg ntq nvm q_chn oqn�kd& _mc entmc _ q_chn��,q_x
_khfmldms udqx rhlhk_q sn sg_s entmc hm 2OB-

3-2- U�PZx Shlhmf Rnktshnmr

Rhmbd sgd shld qdrnktshnm ne sgd LNR cdsdbsnqr hm EE lncd hr
_r k_qfd _r 1-5 r& sgdx _qd mns rths_akd enq sgd shlhmf _m_kxrhr ne
A0.44- Sgdqdenqd& vd nmkx trd sgd 0.0M _mc 1.0M om
nardqu_shnmr& vghbg g_ud _ mnlhm_k eq_ld shld ne 4-6 lr hm
RV lncd- Vd bnqqdbsdc _kk dudms shldr hm ntq c_s_ rdsr sn sgd
rnk_q rxrsdl a_qxbdmsdq trhmf sgd rs_mc_qc R@R s_rj
aVpwbdm-
Sgd �qrs dudms hm 0.0M nardqu_shnm v_r cdsdbsdc _s LIC

47543-738423 a_qxbdmsqhb cxm_lhb_k shld& SCA �nq s0+
566&338&357-84.0.2 r hm WLL,Mdvsnm lhrrhnm qdedqdmbd
shld& LQS(- Enq sgd rdbnmc nardqu_shnm& sgd �qrs dudms v_r
cdsdbsdc _s LIC 47562-.07422 SAC �nq s1 + 568&.08&
16.-310602 r hm LQS(-
Sgd shldr dk_ordc adsvddm sgd �qrs _mc k_rs cdsdbsdc dudmsr

enq 0.0M _mc 1.0M c_s_ rdsr vdqd Sro_m0+ 68&877-68601. r
�≈.-8147 c_xr( _mc Sro_m1+ 68&024-01.413. r �≈.-8048 c_xr(&
qdrodbshudkx-
Vd trdc sgd Ym

1 rs_shrshb �Atbbgdqh ds _k- 0872( sn rstcx
W,q_x otkr_shnmr hm sgd uhbhmhsx ne sgd eqdptdmbx dwodbsdc
eqnl sgd q_chn shlhmf rnktshnm- Vd noshlhydc fnnc shld
hmsdqu_kr �FSH( rbqddmhmfr& dmdqfx qdfhnmr& _mc dwsq_bshnm
_odqstqdr sn dmrtqd ghfg,R�M dwsq_bshnm _mc k_qfd Xj%kXu

1 u_ktdr-

Dhftpd 1- .-2“7 jdU og_rd,hmsdfq_sdc rodbsq_k �s sn sgd bnlahmdc �1... _mc
1.08( c_s_ rds ne 01 rodbsq_ vhsg sgd 1AA#OK lncdk �S_akd 1(- Gns AA& bnkc
AA& _mc OK bnlonmdmsr _qd chrok_xdc hm qdc& fqddm& _mc xdkknv- Sgd �s
o_q_ldsdqr vhsg _ l_qfhm ne 0σ dqqnq _qd _krn rgnvm _s sgd sno ne sgd �ftqd-

STakd 1

O_q_ldsdqr enq sgd 1AA#OK Ehs ne sgd Og_rd,hmsdfq_sdc Rodbsqtl hm sgd
.-2“7 jdU A_mc enq sgd Bnlahmdc 01 C_s_ Rdsr

O_q_ldsdq �Tmhsr( Adrs,�s Qdrtksr

MG �0.1. bl�1( 0-8 = .-2

jSAA&b �dU( 57-5 = .-7

JAA&b �0.2 Phk
1 � 0.

1 ( 08-4 = 0-8

PAA&b �jl( 3-83 = .-0

jSAA&g �dU( 042-8 = 2-6

JAA&g �Phk
1 � 0.

1 ( 26-6 = 5-4

PAA&g �jl( .-11 = .-.1

γ 0-7

JOK �0.�5 ognsnmr jdU�0 bl�1 r�0 _s 0 jdU( 06-0 = .-4

χ1�cne 788�711

E.,2 7 hcS
Xar

) �0.�01 dqf bl�1 r�0( 0-4. = .-.1

K.,2 7 hcS
24. nb

) �0.20 dqf r�0( 1-7. = .-01

Mnsd- Dqqnqr _qd qdonqsdc _s sgd 0σ bnm�cdmbd kdudk- JOK& JAA&b& _mc JAA&g _qd

onvdpiVv& bnkc& _mc gns aancwpVc mnql_khy_shnm o_q_ldsdqr-

STakd 2

Sgd Q_chn Shlhmf Oqnodqshdr ne A0.44

O_q_ldsdq U_ktd

Q-@- �I1...( 0.946948-.012

Cdbk- �I1...( �41915945-4.8

Onrhshnm donbg �LIC( 475.1

Q_chn shlhmf donbg �LIC( 47553-265

Chrodqrhnm ld_rtqd �CL( 18-58 bl�2 ob

O_qjdr LIC shld ro_m 47544-.85“47562-330

O_qjdr eqdptdmbx �ν( 4-.620637.8701�06( Gy

O_qjdr eqdptdmbx cdqhu_shud �n ( �0367�05( / 0.�05 r�1

O_qjdr sdlon1 qlr qdrhct_k 06-5 μr

LddqJ@S LIC shld ro_m 47544-540“47578-61.

LddqJ@S eqdptdmbx �ν( 4-.620637.8575�6.( Gy

LddqJ@S eqdptdmbx cdqhu_shud �n ( �04..�0( / 0.�05 r�1

LddqJ@S sdlon1 qlr qdrhct_k 84-0 μr
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Oqhnq sn sgd ν _mc n rd_qbg hm ntq W,q_x c_s_& vd rtasq_bsdc
�s0# Sro_m1# s1(�1 eqnl sgd dudms shldr ne 0.0M _mc 1.0M sn
lhmhlhyd sgd bnqqdk_shnm adsvddm ν _mc n & rn sg_s sgd ld_rtqdc
dogdldqhr bnqqdronmcr sn sgd lhcckd ne sgd svn nardqu_shnmr
�h-d-& Sqde+LIC 47553-265570(-
Vd �qrs odqenqldc sgd X

1
m sdrs rdo_q_sdkx enq sgd svn c_s_ rdsr

_s �wdc 0,367 0. 02
n = - ´ - Gy r�0 �sgd O_qjdr eqdptdmbx

cdqhu_shud: rdd S_akd 2(& trhmf sgd rsgmfpVw Oxsgnm o_bj_fd
�Gtoodmjnsgdm ds _k- 1.08(- Enq 0.0M �1.0M(& vd dwsq_bsdc
33&002 �30&873( dudmsr eqnl FSH,�ksdqdc .-2“6 jdU c_s_ trhmf
sgd dwsq_bshnm qdfhnm ne 2.� q_chtr& vghbg oqnuhcdc sgd k_qfdrs
Xj%kXu
1 u_ktdr- Eqnl sgd G,sdrs �cd I_fdq ds _k- 0878( vd entmc
sg_s sgd G,rs_shrshb qd_bgdr _ l_whltl enq sgqdd g_qlnmhbr
�m+ 2( enq d_bg ne sgd c_s_ rdsr- Vd nas_hmdc X0%kXu

1 + 0814

�07.1( _mc X2%kXu
1 + 1012 �1.18( enq 0.0M �1.0M( c_s_ _s sgd

eqdptdmbx ν+ 4-.6206357�02( Gy �4-.6206387�03( Gy(- Sgd
mtladqr hm aq_bjdsr hmchb_sd sgd 0σ tmbdqs_hmshdr b_kbtk_sdc _r

X X 0 00
1

. 0%kXu
1 (  (n s = -n

vgdqd X X0
1

. 0%kXu
1 (n = -

Sgd eqdptdmbhdr nas_hmdc eqnl sgd svn hmchuhct_k W,q_x
nardqu_shnmr _fqdd vhsg d_bg nsgdq vhsghm 1σ& _mc vhsghm 4σ
vhsg sgd eqdptdmbx ld_rtqdc ax sgd O_qjdr sdkdrbnod-
Hm sgd mdws rsdo& vd bnlahmdc sgd svn DOHB,om c_s_ rdsr

�75&.86 dudmsr hm sgd .-2“6 jdU a_mc( _mc bgnrd sgd lhcckd ne ntq
svn nardqu_shnmr _r sgd qdedqdmbd shld �LIC 47553-265570(- Enq
sgd sns_k shld ro_m Sro_m�0#1(≈ 08-.74 c_xr& sgd bnlahmdc
nardqu_shnm rgntkc _kknv nmd sn ld_rtqd mns nmkx eqdptdmbx& ats
_krn eqdptdmbx cdqhu_shud- Sgdqdenqd& vd b_kbtk_sdc Ym

1 nm _ ν“n

fqhc _mc entmc X0%kXu
1 + 2628 �X2%kXu

1 + 3044( _s X0kXu
1 (n =

4,.62063770 3 ( Gy _mc X 6 0.0%kXu
1 03 (n = + ´ - Gy r�0 �rdd

Ehftqd 3(-
Sgd X0%kXu

1 _mc X2%kXu
1 u_ktdr hm sgd rtlldc c_s_ _qd udqx

bknrd sn sgd rtlr ne X0%kXu
1 _mc X2%kXu

1 hm rdo_q_sd c_s_ rdsr �rdd
S_akd 3(& hmchb_shmf sg_s vd qd_bgdc _ fnnc og_rd bnmmdbshnm
adsvddm sgd svn c_s_ rdsr _mc nas_hmdc _ bngdqdms shlhmf
rnktshnm- Gnvdudq& sgd cheedqdmbd ne 61 mGy adsvddm sgd

eqdptdmbhdr ld_rtqdc hm sgd W,q_x _mc O_qjdr q_chn c_s_
dwbddcr sgd enql_k rs_shrshb_k tmbdqs_hmsx ne 3 mGy ax _ e_bsnq ne
07- Sgd onrhshud u_ktd ne X0%kXu

1 (n hr hm bnmflhbs vhsg sgd vdkk
bnmrsq_hmdc& mdf_shud q_chn shlhmf u_ktd& khjdkx hmchb_shmf _m
hrrtd vhsg sgd _bbtq_bx ne sgd W,q_x shlhmf rnktshnm- Rhmbd sgd
svn hmcdodmcdms q_chn shlhmf rnktshnmr _fqdd vhsg d_bg nsgdq&
vd dwoknqdc sdbgmhb_k qd_rnmr enq sgd cduh_shmf WLL,Mdvsnm
qdrtksr _mc onrrhahkhshdr enq bnqqdbshnm- Ehqrs& vd bgdbjdc
onrrhakd shld itlor hm ntq svn W,q_x shld rdqhdr- Shld itlor
b_m nbbtq ctd sn sgd jmnvm deedbs ne sdlodq_stqd nm sgd eq_ld
shld ne sgd DOHB,om cdsdbsnq _r vdkk _r ’qdrds– dqqnqr ne sgd
bntmsdq bknbj �Jhqrbg ds _k- 1..3(- Hm 0.0M mn qd_k,shld itlor
g_ud addm qdbnfmhydc ax R@R& _mc hm 1.0M sgdx vdqd
rtbbdrretkkx bnqqdbsdc �vd rds sgd R@R dmuhqnmldms o_q_ldsdq
R2RZITLOZSNJCP2MAC sn _ u_ktd ne 33(-5

Sgd rdbnmc nardqu_shnm k_bjr rnld hmsdqm_k gntrd,jddohmf
c_s_ sg_s vntkc _kknv _ cds_hkdc lnmhsnqhmf ne sgd cdsdbsnq
sdlodq_stqd- Vhsgnts sgdrd _cchshnm_k c_s_& R@R qdkhdr nm
_ooqnwhl_shnmr enq bnqqdbshmf sgd sdlodq_stqd,a_rdc bknbj
cqhesr& vghbg& gnvdudq& trt_kkx vnqj udqx vdkk- Adb_trd ne sgd
k_bj ne sgdrd _cchshnm_k c_s_& vd g_ud hmudrshf_sdc hm o_qshbtk_q
vgdsgdq sgd rdbnmc nardqu_shnm l_x b_trd e_tksx qdrtksr-
Tmqdbnfmhydc shld itlor bntkc hm oqhmbhokd nbbtq hm fqntmc
rs_shnm rvhsbgdr- Fnssgdke % G_kodqm �1.1.( g_c _m WLL,
Mdvsnm nardqu_shnm hm sgd r_ld hmrsqtldms lncd hlldch_sdkx
_esdq ntq rdbnmc nardqu_shnm- Sgdhq qdrtksr cn mns hmchb_sd _mx
tmtrt_k shlhmf neerds nq shlhmf oqnakdlr- Hmrsd_c ne sgd sgqdd
fqntmc rs_shnmr hm ntq nardqu_shnm& sgd c_s_ ne Fnssgdke %
G_kodqm �1.1.( trd nmkx svn- Vd dwbktcdc hm ntq nardqu_shnm
sgnrd shldr ne sgd _cchshnm_k fqntmc rs_shnm& rtrodbshmf sg_s hs
l_x hmsqnctbd rnld oqnakdl- Gnvdudq& sghr chc mns bg_mfd sgd
W,q_x,cdsdqlhmdc ν �vghbg v_r cheedqdms ax nmkx 1 mGy eqnl
sgd rnktshnm vhsg sgd etkk W,q_x c_s_(- Sgtr& fqntmc rs_shnm
rvhsbgdr hm sgd rdbnmc nardqu_shnm _qd tmkhjdkx sn g_ud
hmsqnctbdc _mx shlhmf dqqnq-
Bnlo_qhmf q_chn, _mc W,q_x,cdsdqlhmdc otkr_shnm odqhncr ne

cheedqdms otkr_qr hm cheedqdms WLL,Mdvsnm hmrsqtldms lncdr&
L_qshm,B_qqhkkn ds _k- �1.01( qdonqsdc _ qdk_shud shlhmf
_bbtq_bx& ΓN�Nq_chn& ne adssdq sg_m 0.

�7& vgdqd ΓN hr sgd
cheedqdmbd adsvddm sgd ld_rtqdc odqhnc- Enq ntq A0.44
nardqu_shnmr& sgd qdk_shud dqqnq hr ΓN�Nq_chn+ 0-3/ 0.

�7- Sghr
u_ktd rddlr sn ad qd_rnm_akx bknrd sn dwodbs_shnm- Snfdsgdq
vhsg ntq bgdbjr enq _mx onrrhakd shld itlor& vd sgdqdenqd
bnmbktcd sg_s vd g_ud sn _cc _ rxrsdl_shb tmbdqs_hmsx ne sgd
nqcdq ne 5. mGy sn ntq rs_shrshb_k tmbdqs_hmsx ne sgd W,q_x,
cdsdqlhmdc eqdptdmbx-
Rhlhk_qkx& Tn g_r _ k_qfdq tmbdqs_hmsx- @ksgntfg sgd shlhmf

rnktshnm cdqhudc eqnl W,q_xr hr kdrr _bbtq_sd sg_m sgd nmd
nas_hmdc eqnl q_chn& trhmf sghr rodbh�b W,q_x shlhmf rnktshnm
l_whlhydr sgd otkrdc W,q_x rhfm_k- Rhmbd sgd qdrtkshmf dqqnqr hm
sgd ognsnm og_rdr _qd rl_kk �rdd Rdbshnm 3-3(& vd dloknxdc sgd
cdqhudc u_ktdr ne νU _mc Tn hm sgd rtardptdms W,q_x _m_kxrdr sn
l_whlhyd rs_shrshb_k qnatrsmdrr _mc bnmrhrsdmbx hm W,q_xr-

3-3- Shlhmf Npnodpshdr

Vd rstchdc sgd g_qlnmhb adg_uhnq ne sgd W,q_x otkrd oqn�kd
trhmf sgd Entqhdq bnde�bhdmsr- Enq bnlo_qhrnm& vd _krn
nas_hmdc sgd enkcdc khfgs btqud hm sgd enql ne _ ghrsnfq_l _s
.-2“6 jdU vhsg sgd shlhmf rnktshnm cdsdqlhmdc _anud- Sgd

STakd 3

L_whltl U_ktdr ne X %j
1  (n n enq Cheedqdms Dmdqfx Q_mfdr _mc Mtladqr ne

G_qlnmhbr �m(

Dmdqfhdr M ��ajf( X0
1 X1

1 X2
1 X3

1 1c
u

�jdU(

Bnlahmdc X1m u_ktdr

.-04“.-2 70&0.2 �5-5( 2.. 311 33. 34. 0-1

.-2“.-34 36&438 �1-5( 722 872 0..1 0..3 .-8

.-34“.-5 1.&755 �0-6( 01.8 015. 0180 0183 0-.

.-5“.-7 8070 �1-4( 0706 0811 0821 0828 .-8

.-7“0-1 32.3 �6-4( 00.8 0086 010. 0103 0-.

0-1“1-. 063. �16-1( 075 112 131 135 0-4

1-.“4-. 0431 �50-4( 1. 15 28 22 0-8

.-2“6-. 75&.86 �3-6( 2628 3.71 3044 3048 0-.

0.0M �sno( _mc 1.0M �anssnl( hmchuhct_k X1m u_ktdr

.-2“6-. 33&002 �3-5( 0814 1.81 1012 1014 0-.

.-2“6-. 30&873 �3-6( 07.1 0874 1.18 1.20 0-.

Mnsd- M _mc �afc _qd sgd sns_k mtladq ne bntmsr _mc sgd odqbdms_fd ne sgd

_udq_fd a_bjfqntmc bntmsr hm sgd rntqbd _odqstqd ne sgd bnlahmdc _mc

hmchuhct_k �0.0M _mc 1.0M( c_s_- 1c
u
bg_q_bsdqhydr sgd _fqddldms adsvddm sgd

ahmmdc ghrsnfq_lr _mc sgd g_qlnmhb cdrbqhoshnm ne sgd og_rd,enkcdc khfgs btqud

hm d_bg a_mc-

5
Enq lnqd hmenql_shnm nm sgd R@R dmuhqnmldms o_q_ldsdq& okd_rd qdedq sn

R@R cnbtldms_shnm-

4
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og_rd,enkcdc khfgs btqud _mc bnmsqhatshnmr eqnl d_bg g_qlnmhb
_qd chrok_xdc hm Ehftqd 4- Sgd _ooqnoqh_sd mtladq ne
g_qlnmhbr b_m ad cheedqdms hm cheedqdms dmdqfx a_mcr- Vd trdc
_ bgh,rpt_qd sdrs eqnl sgd Oxsgnm khaq_qx RbhOx �Uhqs_mdm ds _k-
1.1.( sn bnlo_qd sgd rtl ne sgqdd g_qlnmhbr vhsg sgd 1.,ahm
ghrsnfq_l ne sgd enkcdc khfgs btqud-
Sgd svn cdrbqhoshnmr ne sgd otkrd oqn�kd _qd hm udqx fnnc

_fqddldms- Sghr qdrtks hlokhdr sg_s ahmmhmf hr mns mdbdrr_qx sn
dw_lhmd sgd otkrd oqn�kd hm rtbg _ b_rd ne rlnnsg otkr_shnmr&
_mc _cchshnm_k tmbdqs_hmshdr _rrnbh_sdc vhsg sgd ahmmhmf
oqnbdctqd b_m ad _unhcdc trhmf sgd Entqhdq _m_kxrhr-
Sgd mnql_khydc W,q_x otkrd oqn�kd  (f �rdd Dpt_shnm �@0(

hm G_qd ds _k- 1.10 enq hsr cd�mhshnm(& hm sgd .-2“6 jdU q_mfd& hr
oknssdc nudq sgd O_qjdr q_chn oqn�kd _s 1-3 FGy& _mc sgd Edqlh,
K@S �,q_x khfgs btqud eqnl 4.LdU sn 2.. FdU hr rgnvm hm
Ehftqd 5- Ehftqd 6 ghfgkhfgsr sgd otkrd oqn�kdr _mc sgdhq 2σ
tmbdqs_hmshdr hm entq dmdqfx a_mcr snfdsgdq vhsg O_qjdr q_chn
_mc Edqlh,K@S �,q_x khfgs btqudr-
Hm nqcdq sn drshl_sd sgd hmsqhmrhb tmbdqs_hmsx hm sgd _khfmldms

ne sgd q_chn _mc W,q_x oqn�kdr& vd b_kbtk_sdc sgd l_whltl
og_rd rghes& kXufD & adsvddm sgd W,q_x shlhmf rnktshnm � %T Tn n (

_mc sgd O_qjdr q_chn shlhmf rnktshnm � %P Pn n ( _r enkknvr-
Enq _ fhudm shlhmf rnktshnm& sgd bg_mfd hm og_rd adsvddm

shldr s0 _mc s1 �sgd �qrs dudms hm sgd �qrs nardqu_shnm _mc sgd
k_rs dudms hm sgd rdbnmc nardqu_shnm( hr

n n
R n

1
% 1

0 1
pce

 
⎣

⎛
⎝

⎞
⎠
⎤
⎦

 (f n nD = +
+

- D

vgdqd Γs+ s1� s0 _mc Sqde hr sgd qdedqdmbd shld- Sgd cheedqdmbd

hm og_rd bg_mfdr adsvddm sgd q_chn rnktshnm _mc W,q_x rnktshnm

hr

n

n n
n

R R n

1

, 2
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Vd drshl_sdc .,01kXufD = & bnmrhcdqhmf sgd lhconhms ne d_bg

nardqu_shnm _r sgd qdedqdmbd shld enq sgd qdrodbshud rnktshnm&

_mc .,02kXufD = & bnmrhcdqhmf sgd adfhmmhmf ne nardqu_shnm 0

_mc sgd dmc ne nardqu_shnm 1 _r sgd qdedqdmbd shldr-
Sgd otkrdc eq_bshnm �OE( hr nmd ne sgd hlonqs_ms oqnodqshdr ne

_ enkcdc khfgs btqud _mc cdodmcr oqhl_qhkx nm sgd og_rdr _mc
_lokhstcdr ne Entqhdq g_qlnmhbr _mc sgdhq cdodmcdmbd nm
dmdqfx- Vd drshl_sdc OEr enq sgqdd cheedqdms OE cd�mhshnmr&
m_ldkx& sgd _lokhstcd OE �o_lo& rnldshldr qdedqqdc sn _r
’od_j,sn,od_j– nq ’l_w,sn,lhm– OE(& sgd _qd_ OE �o_qd_(& _mc
sgd qlr OE �oqlr: rdd @oodmchw B hm G_qd ds _k- 1.10 enq dw_bs
cd�mhshnmr(- Sgd dmdqfx cdodmcdmbd ne sgd OEr hr rgnvm hm
Ehftqd 7- Ansg sgd _lokhstcd _mc _qd_ OEr hmbqd_rd vhsg sgd
ognsnm dmdqfx& r_stq_sd _s ∼6.�“64� _anud 0 jdU& _mc rgnv
_ ghms ne _ cdbqd_rd snv_qc 4 jdU- Rhlhk_qkx& oqlr hmbqd_rdr
vhsg dmdqfx hm sgd .-04 sn ∼0-1 jdU q_mfd& _mc sgdm cdbqd_rdr
_s ghfgdq dmdqfhdr-
Vghkd sgd otkrd oqn�kdr oqdrdmsdc hm Ehftqd 6 cn mns

dwokhbhskx rgnv _kk sgd dmdqfx q_mfdr chrbtrrdc adknv& hs hr
hlonqs_ms sn mnsd sg_s sgd _m_kxrhr hmbktcdr _ aqn_cdq q_mfd ne
dmdqfx a_mcr sn dwoknqd sgd otkr_q�r dlhrrhnm adg_uhnq
bnloqdgdmrhudkx-
Hm _bbnqc_mbd vhsg Ehftqd 6& sgd otkrd oqn�kd _s sgd knvdq

dmdqfhdr& D� .-3 jdU& chrok_xr sgd knvdrs l_whl_ _mc
lhmhl_-

Sgd dmdqfx q_mfd .-5“.-7 jdU& vgdqd sgd sq_mrhshnm adsvddm
sgd bnkc _mc gns AA bnlonmdmsr s_jdr ok_bd �rdd Ehftqd 1(&
dwghahsr sgd ghfgdrs l_whl_ _mc cddodrs lhmhl_- Rhlhk_qkx& sgd
q_mfd 0-1“1 jdU bnqqdronmcr sn sgd sq_mrhshnm qdfhnm adsvddm
sgd gns AA _mc OK bnlonmdmsr& vhsg sgd l_whl_ _khfmdc hm
og_rd& ats sgd lhmhltl _s 0-1“1 jdU nbbtqqhmf _ooqnwhl_sdkx
.-1 og_rdr d_qkhdq-
@ rhfmh�b_ms og_rd cheedqdmbd ne _ants .-4 hr nardqudc

adsvddm sgd l_whl_ _mc lhmhl_ hm sgd .-34“.-5 jdU �bnkc
AA(& .-5“.-7 jdU �sq_mrhshnm eqnl bnkc sn gns AA(& _mc
.-7“0-1 jdU �gns AA( q_mfdr- Sghr rtffdrsr sgd oqdrdmbd ne _
gnssdq qdfhnm nm sgd MR�r rtqe_bd nmbd odq odqhnc& vhsg sgd
bknrdrs _ooqn_bg sn sgd khmd ne rhfgs nbbtqqhmf _s og_rdr ne
.-04“.-1-
K_rskx& hm sgd 1“4 jdU q_mfd �OK(& sgd khfgs btqud rddlhmfkx

dwghahsr svn l_whl_ _mc svn lhmhl_ odq odqhnc- Sgdrd
l_whl_ nbbtq _s og_rdr _qntmc .-1 _mc .-6-
Sgdqd hr _ mnshbd_akd cheedqdmbd hm sgd rg_od _mc _lokhstcd

ne sgd khfgs btqud adsvddm .-04 _mc .-2 jdU �qdc bnknq vhsg _
l_whltl _lokhstcd _s  (f ~ 0-04( _mc nsgdq a_mcr- Hs hr
mnsdvnqsgx sg_s _ants g_ke �M+ 70&0.2( ne sgd sns_k dudmsr
�M+ 056&5..( _qd bnm�mdc hm .-04“.-2 jdU-
Vd _krn hmudrshf_sdc sgd otkr_shnm adg_uhnq sgqntfg svn

cheedqdms qdoqdrdms_shnmr ne sgd 1C og_rd“dmdqfx ro_bd ne sgd
W,q_x dudmsr- Enkknvhmf sgd vnqj ne @qtltf_r_lx ds _k-
�1.07(& vd b_kbtk_sdc sgd cduh_shnmr ne sgd bntmsr& Mhi& hm d_bg
og_rd“dmdqfx ahm eqnl sgd og_rd,_udq_fdc u_ktd- Sgdrd
cduh_shnmr eqnl sgd og_rd,_udq_fdc u_ktdr _qd sgdm qdoqdrdmsdc
ax sgd rhfmh�b_mbd l_o vhsg ohwdk u_ktdr9

L L

L
% 3gi

gi g

gi

 (cD =
-

vgdqd h _mc i dmtldq_sd sgd dmdqfx _mc og_rd hmsdqu_kr&

qdrodbshudkx& _mc L I Lg i
I

g i
0

0 %= å- = hr sgd og_rd,_udq_fdc

bntmsr hm sgd hsg dmdqfx ahm& _mc I hr sgd mtladq ne og_rd

ahmr- Gdqd vd g_ud ahmmdc sgd dudmsr hm sgd og_rd“dmdqfx

ro_bd& trhmf I+ 0. dpt_k,rhydc og_rd ahmr _mc bgnnrhmf

u_qh_akd,rhyd dmdqfx ahmr sn l_hms_hm 3. bntmsr odq og_rd“

dmdqfx ahm- Mnsd sg_s sghr og_rd“dmdqfx cduh_shnm l_o hr

qdrsqhbsdc sn sgd .-04“6-. jdU dmdqfx q_mfd& vgdqd vd g_ud

dmntfg rntqbd bntmsr �Ehftqd 8& kdes(-
Trhmf _ksdqm_shudkx _ mnql_khy_shnm ldsgnc ax Shdmfn ds _k-

�1.02(& sgd mtladqr ne bntmsr hm og_rd“dmdqfx ahmr& Mh&i& _qd
chuhcdc �qrs ax sgd og_rd,_udq_fdc bntmsr hm sgd hsg dmdqfx ahm&
Lg & _mc sgdm ax sgd dmdqfx,_udq_fdc �enq sgd .-04“6-. jdU

dmdqfx a_mc( bntmsr hm sgd isg og_rd ahm& L F Li g
F

gi
0

0= å- = &
vgdqd G hr sgd mtladq ne dmdqfx bg_mmdkr- Sgd qdrtkshmf
mnql_khydc og_rd“dmdqfx l_o g_r sgd enkknvhmf ohwdk u_ktdr9

F
L

L L
4gi

gi

g i

 (=

Sgdrd qdrtksr _qd chrok_xdc hm Ehftqd 8 �qhfgs(-
Tonm dw_lhmhmf sgd qhfgs o_mdk �sgd mnql_khydc og_rd“

dmdqfx l_o _bbnqchmf sn Shdmfn ds _k- 1.02(& vd b_m bk_rrhex
sgd bntmsr hm sgd l_o hmsn entq chrshmbs qdfhnmr a_rdc nm
dmdqfx- Hm sgd �qrs qdfhnm �.-04“.-2 jdU(& _ lhmhltl otkr_shnm
adsvddm og_rdr .-0 _mc .-3 hr nardqudc& enkknvdc ax _ e_hms
od_j adsvddm og_rdr .-6 _mc .-8-
Sgd rdbnmc qdfhnm �.-2“.-4 jdU( rgnvr _ lhmhl_k sn

mdfkhfhakd otkr_shnm _bqnrr _kk og_rdr- Hmsdqdrshmfkx& sghr
bnmsq_rsr vhsg ansg sgd kdes o_mdk �sgd og_rd“dmdqfx cduh_shnm
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l_o( _mc sgd otkrd oqn�kd hm Ehftqd 6& vgdqd bnmshmtntr
otkr_shnm hr lnqd duhcdms sgqntfgnts sgd rnes sn lhc W,q_x
q_mfd-
Hm sgd entqsg qdfhnm �.-4“0-4 jdU(& _ oqnmntmbdc otkr_shnm

l_whltl hr oqdrdms adsvddm og_rdr �+ .-0 _mc .-3& _mc _
otkrd lhmhltl adsvddm og_rdr �+ .-5 _mc 0& ansg ne vghbg
_qd bnqqnanq_sdc ax Ehftqd 6-
Sgd bntms chrsqhatshnm hm sgd k_rs qdfhnm �1“4 jdU( _ood_qr

chrodqrdc hm ansg sgd qhfgs _mc kdes o_mdkr& onrhmf _ bg_kkdmfd hm
cdsdqlhmhmf sgd m_stqd ne sgd nardqudc otkr_shnm- Gnvdudq& hs hr
vnqsg mnshmf sg_s _ otkr_shnm lhmhltl _mc l_whltl _qd
nardqudc adsvddm 1 _mc 2 jdU-

4- OgTrd�pdrnkudc RodbspTk 9mTkwrhr

Vd cd�mdc �ud dpt_k,rhydc og_rd ahmr _mc dwsq_bsdc rodbsq_
hm d_bg ahm trhmf sgd r_ld dwsq_bshnm q_chtr& �ksdqhmf& _mc
ahmmhmf bqhsdqh_ _r sgnrd hm sgd og_rd,hmsdfq_sdc _m_kxrhr
�Rdbshnm 2(- Vd udqh�dc sg_s sgdrd ahmr bnms_hmdc dmntfg �_s
kd_rs 04&...( bntmsr sn rte�bhdmskx bnmrsq_hm sgd rodbsqtl-
Athkchmf nm sgd og_rd,hmsdfq_sdc adrs 1AA#OK �s& vd b_qqx nts
rodbsq_k �sr& eqddyhmf sgd _arnqahmf gxcqnfdm bnktlm _mc
ognsnm hmcdw sn sgdhq adrs,�s u_ktdr& MG+ 1/ 0.

1. bl�1 _mc

γ+ 0-7- D_bg rodbsqtl& hsr adrs,�s lncdk o_q_ldsdqr& _mc 1c
u

u_ktdr _qd rgnvm hm Ehftqd 0.- Hm bnmsq_rs sn sgd _ooqn_bg ax
Cd Ktb_ ds _k- �1..4(& vgdqd sgd sdlodq_stqdr vdqd �wdc ctd sn
_ knv R�M& ntq _m_kxrhr admd�sr eqnl _ ghfgdq R�M& vghbg
_kknvdc tr sn u_qx ansg sgd sdlodq_stqdr _mc sgdhq bnqqdro,
nmchmf mnql_khy_shnmr hm ntq rodbsq_k �s- Enq d_bg ahm& _ fnnc
�s v_r nas_hmdc& bnmrsq_hmhmf sgd o_q_ldsdqr ne sgd sgqdd
rodbsq_k bnlonmdmsr sgqntfgnts _kk og_rdr- Gnvdudq& hm sgd
entqsg ahm ��+ .-5“.-7(& sgd esdrs hmchb_sdc sg_s sgd
hmbktrhnm ne sgd gns AA bnlonmdms hr rs_shrshb_kkx mns qdpthqdc-
U_qh_shnmr ne gns _mc bnkc sgdql_k bnlonmdmsr vhsg qns_shnm_k
og_rd _qd cdlnmrsq_sdc ax sgd sdlodq_stqd“mnql_khy_shnm
bnm�cdmbd bnmsntqr enq �ud og_rd ahmr �Ehftqd 00(& _r vdkk
_r sgd og_rd cdodmcdmbdr ne sdlodq_stqd& q_chtr& _mc
tm_arnqadc fltw �Ehftqd 01(-
Enq sgd bnkc AA bnlonmdms& sgd og_rd,hmsdfq_sdc rodbsqtl

xhdkcr sgd adrs,�s sdlodq_stqd jSAA&b+ 58 dU _mc _m dpthu_kdms
dlhsshmf rogdqd q_chtr ne P J c.,.24 499%b 99%b

0 1
24.= ~ jl- Vd

rdd sg_s sgd adrs,�s sdlodq_stqd u_qhdr eqnl 64 dU hm Ahm 0 sn
_ooqnwhl_sdkx 54 dU hm Ahmr 1 _mc 2& rtardptdmskx qdstqmhmf sn
_ u_ktd ne 6. dU hm Ahm 4- Sgd _oo_qdms q_chtr dwghahsr
u_qh_shnmr _mshbnqqdk_sdc vhsg sdlodq_stqd& hmbqd_rhmf eqnl
3-3 jl hm Ahm 0 sn _qntmc 6 jl hm Ahm 1 _mc sgdm cdbqd_rhmf sn
3-7 jl hm Ahm 4- @ksgntfg sgd sdlodq_stqd“mnql_khy_shnm
bnmsntqr lnud _klnrs hm sgd chqdbshnm ne sgdhq l_whl_k rsqdsbg&
b_trdc ax sgd _mshbnqqdk_shnm adsvddm sgd sdlodq_stqd _mc
q_chtr& sgd u_qh_shnm hr khjdkx qd_k _r cdlnmrsq_sdc ax sgd
o_q_ldsdq tmbdqs_hmshdr hm Ehftqd 01- Hm _cchshnm& sgd 88�
bnm�cdmbd bnmsntqr ne Ahm 0 _mc Ahm 4 _qd bkd_qkx rdo_q_sdc
eqnl sgd qdrodbshud bnmsntqr ne sgd nsgdq ahmr hm Ehftqd 00-
Sgd u_qh_ahkhsx hm sgd u_qh_shnmr ne tm_arnqadc .-2“7 jdU

fltw E99%b
smXa u_qhdr _ooqnwhl_sdkx hm og_rd vhsg jSAA&b �odqg_or

vhsg _ rkhfgs og_rd rghes( adb_trd sgd fltw hm sgd Vhdm s_hk ne _
sgdql_k rodbsqtl hr o_qshbtk_qkx rdmrhshud sn sdlodq_stqd
u_qh_shnmr- Gnvdudq& sgd qdk_shud u_qh_shnmr ne sgd fltw _qd
rl_kk& vhsghm ∼0.� ne hsr _udq_fd u_ktd& adb_trd sgd deedbs ne
sdlodq_stqd u_qh_shnmr hr o_qskx bnlodmr_sdc ax _mshog_rd
u_qh_shnmr ne dlhsshmf _qd_& ∝P

1-
Sgd gns AA bnlonmdms dwghahsr lnqd oqnmntmbdc og_rd

u_qh_shnmr- Hsr sdlodq_stqd nrbhkk_sdr vhsg og_rd& vhsg lhmhltl

hm Ahm 1 _mc l_whltl hm Ahm 4& hm bnmbdqs vhsg sgd bnkc AA
sdlodq_stqd- Sgd u_qh_shnmr hm q_chtr �_mc dlhsshmf _qd_( _qd
_mshbnqqdk_sdc vhsg sgd sdlodq_stqd u_qh_shnmr& rhlhk_q sn sgd
bnkc AA- Hm bnmsq_rs sn sgd bnkc AA bnlonmdms& sgd tm_arnqadc
fltw _rrnbh_sdc vhsg sgd gns AA bnlonmdms �E99%g

smXa( u_qhdr hm
og_rd vhsg PAA&g �gdmbd vhsg sgd oqnidbsdc _qd_ ne sgd gns
qdfhnm(& _mc hm _mshog_rd vhsg gns _mc bnkc sdlodq_stqdr _mc
sgd bnkc AA fltw- Rtbg adg_uhnq hr bnmrhrsdms vhsg sgd og_rd
rghes adsvddm sgd knv,dmdqfx _mc lhc,dmdqfx khfgs btqudr
�Ehftqd 6(- Sgd gns AA fltw hr rtars_msh_kkx knvdq �ax _ e_bsnq
ne _ants 5& nm _udq_fd( sg_m sgd bnkc AA fltw& _mc hs rgnvr
ltbg rsqnmfdq u_qh_shnmr& vhsg _ lhmhltl u_ktd bknrd sn ydqn&
_mc qdk_shud _lokhstcd ne _ants 4.�-
Vd _krn bgdbjdc vgdsgdq _kknvhmf γ sn u_qx vntkc bg_mfd

sgd u_qh_shnmr hm sgdql_k o_q_ldsdqr- Sgd qdrtksr _qd _krn
oknssdc hm Ehftqd 01& rgnvhmf mn rhfmh�b_ms cheedqdmbdr
adsvddm sgd b_rdr ne eqdd _mc �wdc γ- Enq ansg �wdc _mc
eqdd γ& sgd OK mnql_khy_shnm u_qhdr hm _mshog_rd vhsg sgd
dlhsshmf _qd_ ne sgd gns AA bnlonmdms �Ehftqd 02(-

5- Chrbtrrhnm

5-0- ChrbpdoZmbx adsvddm U�PZx Zmc PZchn Shlhmf Rnktshnmr
ne A0.44�41

@r cdrbqhadc hm Rdbshnm 3-2& vd �mc _ qdk_shud cheedqdmbd
adsvddm sgd ld_rtqdc W,q_x _mc q_chn odqhncr ne
ΓN�Nq_chn+ 0-3/ 0.

�7- @ksgntfg sghr hr hm _fqddldms vhsg
sgd qdk_shud shlhmf _bbtq_bx hm cheedqdms WLL,Mdvsnm
hmrsqtldms lncdr �L_qshm,B_qqhkkn ds _k- 1.01(& sgd ghfg
rs_shrshb_k rhfmh�b_mbd ne sghr cheedqdmbd oqnlosdc tr sn _krn
bnmrhcdq _ otkr_q fkhsbg _r _ onsdmsh_k mnmsdbgmhb_k dwok_m_shnm-
Gnvdudq& sgd rhltks_mdntr q_chn nardqu_shnmr eqnl O_qjdr&

vghbg _qd rdmrhshud sn eqdptdmbx u_qh_shnmr& rgnv mn hmchb_shnm
ne _ fkhsbg ctqhmf sgd nardqudc odqhnc- Sgdqd hr _krn mn
hmchb_shnm ne _ fkhsbg eqnl sgd sgqdd bnmrhcdqdc donbgr ne
LddqJ@S c_s_- Lnqdnudq A0.44 hr mns jmnvm sn dwghahs
fkhsbghmf adg_uhnq- Eqnl _ lnmsgkx lnmhsnqhmf oqnfq_l vhsg
O_qjdr rhmbd sgd adfhmmhmf ne 1..6& Knvdq ds _k- �1.10(
qdonqsdc nmkx _ 8.� toodq khlhs nm sgd rhyd ne tmcdsdbsdc
fkhsbgdr ne 2,3 0.d

8. 8/n nD < ´ - enq A0.44- Sghr fkhsbg khlhs

hr adknv ntq W,q_x�q_chn chrbqdo_mbx- Enq sgdrd qd_rnmr& vd
qdf_qc hs _r ghfgkx tmkhjdkx sg_s A0.44 dwodqhdmbdc _m
tmcdsdbsdc fkhsbg adsvddm sgd W,q_x nardqu_shnmr nq _esdq sgd
rhltks_mdntr O_qjdr bnudq_fd dmcdc hm sgd rdbnmc WLL,
Mdvsnm nardqu_shnm-

5-1- Sgd NgZrd�pdrnkudc SgdplZk U�PZx RodbspZ

Nmd nq svn AA bnlonmdmsr _qd bnllnmkx trdc sn cdrbqhad
sgd sgdql_k rodbsq_ ne lhcckd,_fdc otkr_qr �d-f-& B_q_udn ds _k-
1..3: Cd Ktb_ ds _k- 1..4 enq sgd Sgqdd Ltrjdsddqr: Rbgvnod
ds _k- 1.11 enq ORQ A.545#03: Qhfnrdkkh ds _k- 1.11 enq ORQ
063.#0...(- Gnvdudq& ntq og_rd,qdrnkudc rodbsq_k _m_kxrhr
rgnvr sg_s rtbg _ svn,sdlodq_stqd lncdk hr mns _ etkkx
bnmrhrsdms cdrbqhoshnm ne sgd c_s_ adb_trd ansg sgd gns _mc bnkc
AA bnlonmdmsr rgnv rhfmh�b_ms u_qh_shnmr vhsg og_rd- Gdmbd&
sgd sdlodq_stqd hr mns tmhenqlkx chrsqhatsdc& mdhsgdq hm sgd gns
rons mnq nm sgd atkj MR rtqe_bd- @qtltf_r_lx ds _k- �1.07(
rgnvdc rhlhk_q og_rd u_qh_shnmr ne sgd bnkc _mc onrrhakx sgd
gns AA sdlodq_stqdr enq ORQ A.545#03 �sgdhq Ehftqd 02(&
_ksgntfg vhsgnts oqnuhchmf 1C bnm�cdmbd bnmsntqr enq
mnql_khy_shnm _mc sdlodq_stqd-
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A_rdc nm sgd og_rd,qdrnkudc rodbsq_ ne A0.44 �Ehftqd 0.(
_mc sgd qdrodbshud o_q_ldsdq dunktshnm nudq og_rd �kdes o_mdkr
ne Ehftqdr 00 _mc 01(& sgd adg_uhnq ne sgd gns rons AA �’R0–(
b_m ad rtll_qhydc _r enkknvr-
Rs_qshmf eqnl Ahm 0& vghbg hmbktcdr sgd l_whltl ne sgd

.-4“0-4 jdU khfgs btqud �vgdqd sgd gns AA bnlonmdms
cnlhm_sdr: rdd Ehftqd 6(& sgd sdlodq_stqd ne sgd gns AA
bnlonmdms cdbqd_rdr vhsg hmbqd_rhmf og_rd _mc qd_bgdr _
lhmhltl md_q sgd antmc_qx adsvddm Ahm 1 _mc Ahm 2& h-d-& nm
sgd cdrbdmchmf o_qs ne sgd khfgs btqud- Vghkd sgd khfgs btqud
qd_bgdr hsr lhmhltl md_q sgd antmc_qx adsvddm Ahm 2 _mc Ahm
3& sgd sdlodq_stqd qhrdr sn hsr l_whltl _s Ahm 4& _s sgd
_rbdmchmf o_qs ne sgd khfgs btqud- Sgd og_rd rghes adsvddm sgd
sdlodq_stqd _mc sgd .-4“0-4 jdU fltw nrbhkk_shnmr hr b_trdc ax
sgd mnql_khy_shnm �oqnidbsdc _qd_( u_qxhmf hm sgd noonrhsd
chqdbshnm sn sgd sdlodq_stqd u_qh_shnm- Hm o_qshbtk_q& sgd hmbqd_rd
hm sdlodq_stqd adsvddm Ahm 2 _mc Ahm 4 hr o_qskx bnlodmr_sdc
ax sgd cdbqd_rd hm mnql_khy_shnm adsvddm Ahm 1 _mc Ahm 4& rn
sg_s sgd hmbqd_rd hm sgd fltw hr rtars_msh_kkx rl_kkdq sg_m hs
vntkc ad _s _ bnmrs_ms mnql_khy_shnm-
Sgd bnkc AA bnlonmdms dwghahsr rhlhk_q adg_uhnq sn sgd gns

AA bnlonmdms adsvddm Ahm 0 _mc Ahm 1& vgdqd sgd
sdlodq_stqd rs_qsr sn cdbqd_rd _mc sgd mnql_khy_shnm �q_chtr(
adfhmr sn hmbqd_rd �qhfgs o_mdkr ne Ehftqdr 00 _mc 01(-
Gnvdudq& ctqhmf sgd sq_mrhshnm eqnl Ahm 1 sn Ahm 3& ansg jS

_mc sgd mnql_khy_shnm qdl_hm md_qkx bnmrs_ms& vhsghm _ 0σ
q_mfd- Sgd bnkc AA bnlonmdms rgnvr _mshog_rd u_qh_shnmr ne
sgd sdlodq_stqd _mc q_chtr& rhlhk_q sn sgd gns AA bnlonmdms-
Sgd nardqudc adg_uhnq ne sgd sdlodq_stqd _mc uhrhakd _qd_ hr

hmbnlo_shakd vhsg sgd _rrtloshnm ne _ tmhenql sdlodq_stqd hm
sgd gns _mc bnkc AA bnlonmdmsr- Vhsg sghr _rrtloshnm sgd jS“

mnql_khy_shnm bnm�cdmbd bnmsntqr vntkc ad rgheshmf _knmf sgd
mnql_khy_shnm _whr& hm bnmsq_rs sn sgd _bst_k nardqu_shnmr
�Ehftqd 00& kdes(-
Duhcdmbd enq _s kd_rs nmd nsgdq sgdql_k bnlonmdms hr _krn

oqnuhcdc ax sgd og_rd“dmdqfx l_or- Sgdx hmchb_sd sgd
oqdrdmbd ne _mnsgdq& rdbnmc_qx rons �’R1–(& adrs uhrhakd hm
sgd qhfgs o_mdk ne Ehftqd 8& _s og_rdr �∼ .-1“.-4 _mc dmdqfhdr
D� .-2 jdU- Enq _ bdmsdqdc chonkd& nmd vntkc dwodbs svn
rhlhk_q gns ronsr- Enq _ md_qkx nqsgnfnm_k qns_snq& sgdrd svn gns
ronsr rgntkc bnqqdronmc sn svn l_whl_ hm sgd khfgs btqudr- Hm
oqhmbhokd& sgd knb_shnm ne sgd rdbnmc gns rons bntkc ad rtbg sg_s
nmkx _ onqshnm ne hs hr uhrhakd ctqhmf _ qns_shnm_k bxbkd- A0.44 hr
khjdkx _ md_qkx nqsgnfnm_k qns_snq& _r hmchb_sdc ax sgd q_chn
otkrd oqn�kd vhsg svn otkrdr odq odqhnc �Ehftqd 6(- Sgdqdenqd&
rdbnmc gns ronsr vntkc ad sgd m_stq_k dwok_m_shnm enq sgd
otkr_q�r R1 dlhrrhnmr- Gnvdudq& R1�r _oo_qdms knvdq sdlodq,
_stqd �knvdq dmdqfx hm sgd og_rd“dmdqfx l_o( hr otyykhmf- R1 hr
_krn mnshbd_akd hm sgd khfgs btqudr- Hm sgd rnesdq dmdqfx a_mc&
∼.-2“.-4 jdU& _ rdbnmc rl_kkdq gtlo& vghbg lhfgs ad
_rrnbh_sdc vhsg R1& _ood_qr- Hs hr _khfmdc �odqg_or bnhmbhcdm,
s_kkx( vhsg sgd q_chn hmsdqotkrd- Hm _cchshnm& sgd og_rd,
cdodmcdms bnkc AA sdlodq_stqd �Ehftqd 01( rgnvr _ fl_ssdmhmf
_qntmc sgd lhmhltl ��+ .-1“.-7(& onrrhakx ctd sn sgd
bnmsqhatshnm eqnl sgd v_ql rdbnmc rons R1-
S_jhmf hmsn _bbntms admchmf ne ognsnm sq_idbsnqhdr ax sgd MR

fq_uhs_shnm_k �dkc _mc _rrtlhmf knb_kkx hrnsqnohb AA dlhrrhnm
dldqfhmf eqnl sgd rtqe_bd& Stqnkk_ % Mnahkh �1.02( b_kbtk_sdc
khfgs btqudr _mc sgd otkrdc eq_bshnm& OE_lo& _r _ etmbshnm ne sgd
uhdvhmf _mfkd _mc gns rons onrhshnm enq nmd _mc svn ronsr vhsg
u_qhntr _mftk_q q_chh- Hm o_qshbtk_q& sgdx entmc sg_s enq svn
_mshonc_k ronsr ne dpt_k sdlodq_stqdr _mc rhydr nm sgd rtqe_bd

ne _ MR vhsg l_rr L+ 0-3 L� _mc q_chtr P+ 04 jl& sgd
l_whltl otkrdc eq_bshnm& OE_lo≈ 18� enq dmdqfx,hmsdfq_sdc
fltw& hr qd_bgdc enq _m nqsgnfnm_k qns_snq- Sgd ld_rtqdc OE hm
sgd .-7“0-1 jdU q_mfd enq A0.44& bnqqdronmchmf sn sgd gns rons
dlhrrhnm& hr rhfmh�b_mskx ghfgdq& qd_bghmf _ooqnwhl_sdkx 54�“

6.�- Ats Stqnkk_ % Mnahkh �1.02( _krn rgnvdc sg_s ltbg
ghfgdq OEr �to sn 0..�( b_m ad nas_hmdc he sgdqd hr nmkx nmd
rons& nq svn q_sgdq cheedqdms mnm,_mshonc_k ronsr- Gnvdudq& sghr
�mchmf _knmd cndr mns _kknv tr sn bnmbktcd sg_s A0.44 g_r
udqx cheedqdms nq mnm,_mshonc_k gns ronsr adb_trd _mnsgdq
qd_rnm enq ghfg OEr b_m ad sgd oqdrdmbd ne _ khfgs,dkdldms �G nq
Gd( MR _slnrogdqd- Dlhrrhnm eqnl rtbg _m _slnrogdqd hr
ad_ldc _knmf sgd l_fmdshb �dkc �O_uknu ds _k- 0883(& _mc vd
b_m dwodbs _ ghfgdq OE he sgd gns rons hr _rrnbh_sdc vhsg sgd
l_fmdshb onkd& vgdqd sgd l_fmdshb �dkc hr mnql_k sn sgd
dlhsshmf rtqe_bd- Vd mnsd sg_s sgd �a_ckx �sshmf( _slnrogdqd
lncdkr ldmshnmdc hm Rdbshnm 2-1 _qd mns _ookhb_akd sn og_rd,
qdrnkudc rodbsq_-
Gns ronsr bntkc ad enqldc ax svn cheedqdms ldbg_mhrlr-

Ehqrs& sgdx bntkc ad ctd sn _mhrnsqnohb hmsdqm_k gd_shmf& h-d-&
_mhrnsqnohb gd_s sq_mredq eqnl sgd udqx gns MR hmsdqhnqr sn
bnkcdq rtqe_bd k_xdqr hm sgd oqdrdmbd ne _ mnmtmhenql l_fmdshb
�dkc- Dudm _ lncdq_sdkx rsqnmf chonkd l_fmdshb �dkc& rtbg _r
A0.44�r A ∼ 0.01 F& b_m kd_c sn mnshbd_akd sdlodq_stqd
mnmtmhenqlhsx& vhsg _ bnkcdq dpt_snqh_k adks _mc _ gnssdq _qd_
ne sgd qdrs ne sgd rtqe_bd& rknvkx hmbqd_rhmf snv_qc sgd l_fmdshb
onkdr ne _ bdmsdqdc chonkd �d-f-& X_jnukdu 1.10(- Gnvdudq&
_ksgntfg sgd rodbsqtl ne rtbg _m MR b_m ad �ssdc vhsg _ AA
#AA lncdk& sgd q_shnr ne gns _mc bnkc sdlodq_stqdr _mc q_chh
_qd udqx cheedqdms eqnl sgd nardqudc nmdr& enq A0.44 _mc nsgdq
lhcckd,_fdc otkr_qr �Ehftqd 03(-
He& hm _cchshnm sn sgd chonk_q l_fmdshb �dkc& sgdqd hr _ snqnhc_k

�dkc bnlonmdms hm sgd MR bqtrs& sgdm sgd svn gns ronsr _qntmc
sgd onkdr ne sgd chonk_q bnlonmdms b_m g_ud cheedqdms
sdlodq_stqdr _mc rhydr �Fdoodqs ds _k- 1..5(- Sgd snqnhc_k
bnlonmdms kd_cr sn sgd ak_mjdshmf deedbs& bg_mmdkhmf gd_s flnv
_knmf sgd onk_q _whr _mc bqd_shmf _m dwsdmcdc bnkc dpt_snqh_k
adks vhsg _m _rxlldsqhb sdlodq_stqd chrsqhatshnm sg_s bnudqr
lnrs ne sgd rsdkk_q rtqe_bd-
@mx rbdm_qhn sg_s hmunkudr gns rons�r( rgntkc dwok_hm sgd

nardqudc ghfg OEr- Fdoodqs ds _k- �1..5( drshl_sdc OEr enq
u_qhntr rtqe_bd sdlodq_stqd chrsqhatshnmr hmunkuhmf svn v_ql
ronsr& _rrtlhmf rdlh,hrnsqnohb AA dlhrrhnm- Sgdx nas_hmdc _
l_whltl otkrdc eq_bshnm ne OE_lo+ 22� enq _m nqsgnfnm_k
qns_snq& vghbg qdl_hmr ltbg adknv sgd nardqudc u_ktdr enq
A0.44 �54�“6.� hm sgd .-7“0-1 jdU dmdqfx q_mfd _mc dudm
27� enq dmdqfhdr �.-4 jdU(-
Odqm_ ds _k- �1.02( bnmrhcdqdc bntokdc sgdql_k _mc l_fmdshb

dunktshnm ne _m MR _mc bnlotsdc rtqe_bd sdlodq_stqd _mc
l_fmdshb �dkc chrsqhatshnmr _s cheedqdms _fdr enq _ u_qhdsx ne
hmhsh_k l_fmdshb �dkc bnm�ftq_shnmr- @rrtlhmf knb_k AA
rodbsq_& sgdx bnmrhcdqdc mns nmkx sgd �rdlh,(hrnsqnohb _mftk_q
chrsqhatshnm ne dlhssdc q_ch_shnm ats _krn q_ch_shnm lncdq_sdkx
ad_ldc _knmf sgd knb_k l_fmdshb �dkc chqdbshnm& lhlhbjhmf
dlhrrhnm eqnl _ khfgs,dkdldms _slnrogdqd- Hmsdqdrshmfkx&
_cchshnm ne _ k_qfd,rb_kd snqnhc_k l_fmdshb bnlonmdms chrqtosr
sgd mnqsg“rntsg rxlldsqx ne sgd sdlodq_stqd chrsqhatshnm ctd
sn sgd G_kk deedbs& qdrtkshmf hm rhmfkd,od_jdc khfgs btqudr _mc
mns_akx gdhfgsdmdc OEr- Enq rodbh�b lncdkr& sgdrd OEr dwbddc
4.�& vhsghm sgd .-4“1 jdU dmdqfx a_mc- Nudq_kk& sgd oqdrdmbd
ne _ cnlhm_ms k_qfd,rb_kd snqnhc_k l_fmdshb bnlonmdms _mc�nq
_slnrogdqhb ad_lhmf deedbsr bntkc dwok_hm ghfg OEr-
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Bnmudqrdkx& ltkshonk_q bnm�ftq_shnmr xhdkc hmsqhb_sd sdlodq,

_stqd oqn�kdr vhsg qdk_shudkx rl_kkdq OEr �Odqm_ ds _k- 1.02(-
Enq A0.44& _ 4.� OE hr rshkk snn knv- Nmkx hm bnlahm_shnm

vhsg _slnrogdqhb deedbsr bntkc hmsdqm_k gd_shmf �hm sgd oqdrdmbd

ne _ snqnhc_k l_fmdshb �dkc bnlonmdms( dwok_hm sgd k_qfd

nardqudc OEr-
Gns ronsr bntkc ad _krn ctd sn dwsdqm_k gd_shmf ax qdk_shuhrshb

o_qshbkdr _bbdkdq_sdc hm sgd otkr_q�r l_fmdsnrogdqd& vghbg

rtardptdmskx oqdbhohs_sd nmsn sgd MR onk_q b_or �OBr( _mc gd_s

sgdl �Qtcdql_m % Rtsgdqk_mc 0864(- Sghr ldbg_mhrl hr

qdronmrhakd enq sgdql_k W,q_x dlhrrhnm eqnl gns ronsr hm nkc

otkr_qr& hmbktchmf lhkkhrdbnmc otkr_qr& vgnrd atkj rtqe_bd hr

snn bnkc sn dlhs W,q_xr& ats hs b_m _krn bnmsqhatsd sn sgd gns

sgdql_k bnlonmdmsr hm lhcckd,_fdc otkr_qr �d-f-& O_uknu ds _k-

1..1(- Sgd q_mfd ne anknldsqhb ktlhmnrhshdr& KAA&g& _rrnbh_sdc

vhsg A0.44�r gns AA bnm�cdmbd bnmsntqr hr ∼�2“4(/
0.2. dqf r�0 �Ehftqd 2(- G_qchmf % Ltrkhlnu �1..0(& vgn

bnmrhcdqdc sgd OB gd_shmf hm sgd ro_bd bg_qfd,khlhsdc flnv

_bbdkdq_shnm lncdk& oqdchbsdc _ onk_q b_o ktlhmnrhsx

K D1 0. 5 0.NB
3 2.~ ´ = ´- dqf r�0 enq _ otkr_q vhsg _

bg_q_bsdqhrshb _fd τ∼ 4.. jxq _mc _ rohm odqhnc N ∼ .-1 r&

bnmrhrsdms vhsg ntq drshl_sdr ne sgd gns AA ktlhmnrhsx- Sghr

rtffdrsr sg_s sgd gns ronsr& _rrnbh_sdc vhsg sgd gns sgdql_k

bnlonmdms hm A0.44�r W,q_x dlhrrhnm& bntkc ad onk_q b_or

gd_sdc ax qdk_shuhrshb o_qshbkdr oqdbhohs_shmf eqnl sgd otkr_q�r

l_fmdsnrogdqd-
Etqsgdqlnqd& sgd bnmudmshnm_k onk_q b_o q_chtr ne A0.44&

b_kbtk_sdc a_rdc nm _ rhlokd ’bdmsdqdc– chonkd l_fmdshb �dkc

fdnldsqx& P P ZN1 8..nb CR
2 0 1 (p= » l �_rrtlhmf _ rs_m,

c_qc MR q_chtr ne 02 jl(& hr bnmrhrsdms vhsg sgd l_whltl

q_chtr eqnl sgd og_rd,qdrnkudc _m_kxrhr �Ehftqd 01(-
Xds& hm sghr rbdm_qhn& vd rshkk k_bj _ bkd_q dwok_m_shnm enq sgd

cheedqdmbdr hm gd_shmf adsvddm sgd svn l_fmdshb onkdr- Nmd

ok_trhakd dwok_m_shnm enq sgd _mhrnsqnox hm dwsdqm_k gd_shmf

bntkc ad _rrnbh_sdc vhsg nee,bdmsdqdc chonkd l_fmdshb �dkc

Dhftpd 2- Gns AA �sno( _mc bnkc AA �anssnl( bnm�cdmbd bnmsntqr enq og_rd,
hmsdfq_sdc rodbsq_ trhmf 0.0M _mc 1.0M om c_s_- Aktd oktr rhfmr bnqqdronmc sn
lhmhltl u_ktdr ne χ1- Bnmsntqr ne bnmrs_ms anknldsqhb ktlhmnrhsx ne _m

dpthu_kdms rogdqd& K P R399 99
1

99
3p s= & hm tmhsr ne 0.20 dqf r�0 _qd nudqoknssdc

hm sgd jSAA“JAA ok_mdr- Sgd qdc& nq_mfd& _mc ak_bj bnmsntqr bnqqdronmc sn
bnm�cdmbd kdudkr ne 57-2�& 8.�& _mc 88�& qdrodbshudkx-

Dhftpd 3- Sno9 X0
1 rs_shrshbr vhsg _ �wdc 6 0. 03

n = ´ - Gy r�0 nas_hmdc enq
.-2“6 jdU dudmsr dwsq_bsdc eqnl sgd DOHB,om rntqbd qdfhnm- Lhcckd _mc

anssnl9 l_or ne X %0
1  (n n hm sgd uhbhmhsx ne sgd otkr_q�r dwodbsdc eqdptdmbx

�fqddm rs_q( _mc hsr cdqhu_shud eqnl sgd O_qjdr q_chn shlhmf rnktshnm enq sgd
dmdqfx q_mfd .-2“6 jdU- Sgd qdc rs_q hmchb_sdr sgd knb_shnm ne sgd ghfgdrs

X %0
1  (n n u_ktd �X 26280%kXu

1 = (- Sgd 0σ& 1σ& _mc 2σ rs_shrshb_k dqqnq bnmsntqr

enq X %0
1  (n n _qd chrok_xdc vhsg aktd dkkhordr-
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bnm�ftq_shnmr �d-f-& G_qqhrnm % S_cdl_qt 0864(- @ chrok_bd,

ldms ne sgd chonkd bdmsdq eqnl sgd MR bdmsdq l_x kd_c sn

cheedqdmbdr enq hmsdqm_k _mc dwsdqm_k gd_shmf& _mc sgtr cheedqdms

onkd sdlodq_stqdr-

Sgd deedbs ne _m nee,bdmsdqdc chonkd l_fmdshb �dkc hm sgd

b_rd ne hmsdqm_k gd_shmf v_r qdbdmskx rstchdc ax Hfnrgdu ds _k-

�1.12(- Sgdx hmudrshf_sdc gnv sgdrd bnm�ftq_shnmr _eedbs sgd

sdlodq_stqd o_ssdqmr nm sgd rtqe_bd& sgd khfgs btqudr& _mc sgd

rodbsq_ ne lhcckd,_fdc otkr_qr-

Enq _m nee,bdmsdqdc chonkd �dkc vhsg A+ 0.02 F& Hfnrgdu
ds _k- �1.12( qdonqsdc jSAA&g�jSAA&b≈ 0-0 _mc PAA&g�PAA&b≈ 1-
Sgdrd u_ktdr _qd mns_akx cheedqdms eqnl sgd sxohb_k og_rd,

hmsdfq_sdc u_ktdr ne jSAA&g�jSAA&b≈ 1 _mc PAA&g�PAA&b≈ .-0
enq lhcckd,_fdc otkr_qr �Ehftqd 03(-
Hm rtll_qx& ansg sgd hmsdqm_k _mc dwsdqm_k gd_shmf

ldbg_mhrlr b_m bnmsqhatsd sn sgd enql_shnm ne sgd nardqudc

gns ronsr nm A0.44�r rtqe_bd- Cds_hkdc _slnrogdqd lncdkhmf&

vhsg _bbntms enq ad_ldc dlhrrhnmr& hr mddcdc enq etkk

tmcdqrs_mchmf ne sgd dlhrrhnm oqnodqshdr ne lhcckd,_fdc

otkr_qr khjd A0.44- Gnvdudq& rtbg lncdkhmf hr adxnmc sgd

rbnod ne sghr o_odq _mc hr ok_mmdc enq etstqd qdrd_qbg-

5-2- MnmsgdplZk Dlhrrhnm Zmc LtkshvZudkdmfsg Ntkrd Npn�kd
ne A0.44

Sgd og_rd rghesr adsvddm sgd od_jr hm ltkshv_udkdmfsg otkrd
oqn�kdr �rdd Ehftqdr 5 _mc 6( b_m ad _ssqhatsdc sn cheedqdms
dlhrrhnm ldbg_mhrlr nodq_shmf hm chrshmbs dlhrrhnm qdfhnmr
sg_s _qd knb_sdc _s cheedqdms gdhfgsr _mc _yhltsg_k _mfkdr- Enq
dw_lokd& sgdql_k W,q_x dlhrrhnm bnldr chqdbskx eqnl sgd MR
rtqe_bd vghkd q_chn dlhrrhnm hr sgntfgs sn bnld eqnl cheedqdms
gdhfgsr _anud sgd l_fmdshb onkdr- Sgd qdk_shud rghesr _mc
rg_odr ne sgd ltkshv_udkdmfsg otkrd oqn�kdr _qd fnudqmdc ax
sgd knb_shnm ne sgd l_fmdshb onkdr vhsg qdrodbs sn sgd qns_shnm
_whr _mc sgd khmd ne rhfgs& hm rgnqs sgd otkr_q fdnldsqx-

5-2-0- MnmsgdplZk U�PZx Dlhrrhnm

Hm ntq rodbsq_k �sr vhsg sgd AAb#AAg#OK lncdk& sgd
mnmsgdql_k �OK( bnlonmdms cnlhm_sdr _s D 1 jdU �Ehftqdr 1
_mc 0.(- Hsr og_rd,hmsdfq_sdc ognsnm hmcdw& γU ≈ 0-7& rtars_m,
sh_kkx dwbddcr γ�≈ .-8 hm sgd FdU �,q_x q_mfd �Onrrdks ds _k-
1.12_(- Sgd W,q_x ognsnm hmcdw lhfgs rgnv rnld u_qh_shnmr
vhsg og_rd �rdd Ehftqd 02(& ats sgdx _qd mns rs_shrshb_kkx
rhfmh�b_ms dudm hm ntq qdk_shudkx cddo nardqu_shnm-

Dhftpd 4- Sgd .-2“6 jdU og_rd,enkcdc khfgs btqud �W,q_x otkrd oqn�kd( oknssdc
_r _ ghrsnfq_l vhsg 1. og_rd ahmr _mc _r sgd rtl ne sgqdd g_qlnmhbr&

L 1. (  (f & vgdqd  (f hr sgd mnql_khydc otkrd oqn�kd _mc M + 75&.86 hr sgd
sns_k mtladq ne dudmsr hm sgd bgnrdm dmdqfx q_mfd- Sgd =2σ tmbdqs_hmsx ne sgd
W,q_x otkrd oqn�kd hr rgnvm vhsg sq_mro_qdms aktd bnknq- Sgd nq_mfd& fqddm&
_mc qdc rhmd v_udr bnqqdronmc sn sgd �qrs& rdbnmc& _mc sghqc g_qlnmhbr&
qdrodbshudkx- @qd_& _lokhstcd& _mc qlr otkrd eq_bshnmr& vhsg sgdhq 0σ
tmbdqs_hmshdr& _qd chrok_xdc _r odqbdms_fdr hm sgd sno qhfgs bnqmdq-

Dhftpd 5- Mnql_khydc W,q_x otkrd oqn�kd&  (f & _s .-2“6 jdU- Og_rd ahmr _qd
chrok_xdc vhsg cheedqdms sq_mro_qdms bnknqr- Sgd O_qjdr q_chn khfgs btqud �_s 1-3
FGy( _mc Edqlh,K@S �,q_x khfgs btqud �.-.4“2.. FdU( _qd nudqoknssdc hm aktd
_mc l_fdms_& qdrodbshudkx-

Dhftpd 6- Mnql_khydc otkrd oqn�kdr&  (f & _qd chrok_xdc enq entq dmdqfx a_mcr-
Sgd W,q_x otkrd oqn�kdr� 0σ tmbdqs_hmshdr _qd cdohbsdc vhsg sq_mro_qdms bnknqr-
Sgd O_qjdr q_chn khfgs btqud �_s 1-3 FGy( _mc Edqlh,K@S �,q_x khfgs btqud
�.-.4“2.. FdU( _qd nudqoknssdc hm aktd _mc l_fdms_& qdrodbshudkx-

Dhftpd 7- Dmdqfx cdodmcdmbd ne sgqdd a_bjfqntmc,bnqqdbsdc otkrd eq_bshnmr
oknssdc vhsg 8.� bnm�cdmbd kdudk dqqnqr enq sgd dmdqfx q_mfdr cd�mdc hm
S_akd 3- Sgd nq_mfd& aktd& _mc fqddm cnsr bnqqdronmc sn _lokhstcd& _qd_& _mc

qlr otkrd eq_bshnmr-
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Sgd 1“4 jdU khfgs btqud rgnvr nmd bkd_q od_j vhsg _
l_whltl _s �≈ .-0& h-d-& vhsghm sgd aqn_c �,q_x otkrd
�Ehftqd 6(- Sgd l_whltl ne sgd og_rd cdodmcdmbd ne sgd OK

fltw& EOK��(& hr rddm _s _ants sgd r_ld og_rd �Ehftqd 02(- Sgd
W,q_x l_whltl rkhfgskx k_fr sgd kd_chmf dcfd ne sgd �,q_x
otkrd& ats hs hr _gd_c ne sgd ld_m og_rd ne sgd �,q_x otkrd _r
vdkk _r ne sgd q_chn LO- Sghr W,q_x od_j hr _krn rddm hm sgd

dmdqfx“og_rd l_o �Ehftqd 8& qhfgs o_mdk(-
Sgd 1“4 jdU khfgs btqud _krn rgnvr _ ghms ne _ rdbnmc od_j

_s �≈ .-7& md_q sgd q_chn HO- Sghr od_j& gnvdudq& hr mns rddm hm

sgd EOK��( btqud& vghbg rtffdrsr sg_s hs hr ctd sn _m _clhwstqd
ne sgd sgdql_k gns bnlonmdms q_sgdq sg_m sn sgd mnmsgdql_k
dlhrrhnm-
Sgtr& vd b_mmns dwbktcd sgd onrrhahkhsx sg_s sgd mnmsgdql_k

W,q_x dlhrrhnm hr bnmmdbsdc vhsg sgd �,q_x dlhrrhnm _mc
odqg_or vhsg sgd q_chn LO- Tmenqstm_sdkx& sgd rl_kk mtladq ne
cdsdbsdc mnmsgdql_k W,q_x ognsnmr cndr mns _kknv tr sn
hmudrshf_sd sghr bnmmdbshnm hm lnqd cds_hk-

5-2-1- BnmrspZhmsr nm NtkrZp Fdnldspx epnl sgd PZchn Zmc ��PZx

Khfgs Btpudr

Rhlhk_q sn nsgdq q_chn otkr_qr vhsg _m HO& rdo_q_sdc eqnl
sgd LO ax _ants g_ke _ odqhnc& A0.44 hr trt_kkx hmsdqoqdsdc

_r _ md_qkx nqsgnfnm_k qns_snq& h-d-& sgd l_fmdshb hmbkhm_shnm α
�sgd _mfkd adsvddm sgd qns_shnm _mc l_fmdshb _wdr( _mc sgd
uhdvhmf _mfkd ζ �adsvddm sgd qns_shnm _whr _mc sgd khmd ne
rhfgs( _qd mns rsqnmfkx cheedqdms eqnl 8.±- @ksgntfg
L_mbgdrsdq % Kxmd �0866( mnsdc sg_s rtbg otkr_qr bntkc
_krn ad hmsdqoqdsdc _r md_qkx _khfmdc gnkknv,bnmd qns_snqr&
A0.44 hr sxohb_kkx hmsdqoqdsdc _r _ md_qkx nqsgnfnm_k qns_snq

�rdd& d-f-& Vdksduqdcd % Vqhfgs 1..8& _mc qdedqdmbdr
sgdqdhm(& dudm sgntfg sgd k_f ne sgd HO adghmc sgd LO hr
Γ�+ .-33 �od_j sn od_j( q_sgdq sg_m .-4- A_rdc nm _m_kxrhr
ne rvhmfr ne khmd_q onk_qhy_shnm _mfkd hm ansg sgd LO _mc HO

_mc _rrtlhmf _ chonkd l_fmdshb �dkc& Vdksduqdcd % Vqhfgs
�1..8( drshl_sd α≈ 64±& ζ≈ 000± enq sgd LO- Sgdx _krn
rtffdrs sg_s sgd HO _qhrdr eqnl dlhrrhnm enqldc nm nodm �dkc
khmdr bknrd sn sgd l_fmdshb _whr _s _ gdhfgs ∼6.. jl _anud

sgd l_fmdshb onkd& vghkd sgd LO nqhfhm_sdr eqnl �dkc khmdr
kxhmf vdkk ntsrhcd sgd onk_q b_o antmc_qx adxnmc sgd mtkk
rtqe_bd& _mc e_qsgdq _v_x eqnl sgd l_fmdshb _whr& _s _ants sgd
r_ld gdhfgs-

@cchshnm_k bnmrsq_hmsr nm sgd nqhfhm ne mnmsgdql_k
dlhrrhnm b_m ad nas_hmdc eqnl sgd _m_kxrhr ne �,q_x khfgs
khfgs btqudr- Ohdqa_sshrs_ ds _k- �1.04( bnlotsdc dlhrrhnm

o_ssdqmr enq Edqlh,K@S otkr_qr& hmbktchmf A0.44& enq entq �,
q_x dlhrrhnm lncdkr9 Onk_q B_o& Rkns F_o& Ntsdq F_o _mc
Nmd Onkd B_trshb& enq sgd bnqd,oktr,bnmd lncdk ne q_chn
dlhrrhnm- Enq d_bg ne sgdrd lncdkr& sgdx fdmdq_sdc �,q_x _mc

q_chn khfgs btqudr _bqnrr _ o_q_ldsdq ro_bd cd�mdc ax α _mc
ζ- Gnvdudq& mnmd ne sgdrd lncdkr oqnuhcdc _ r_shre_bsnqx
dwok_m_shnm enq ansg sgd �,q_x _mc q_chn khfgs btqudr ne

A0.44- Dwbdoshnm_kkx enq �,q_x otkr_qr& A0.44�r �,q_x otkrd
b_m ad dwok_hmdc ax sgd Onk_q B_o lncdk ats sghr lncdk cndr
mns vnqj enq sgd q_chn khfgs btqud- Sgd Ntsdq F_o lncdk
needqdc sgd lnrs qd_rnm_akd& _ksgntfg e_q eqnl odqedbs&

cdrbqhoshnm ne sgd fdmdq_k bg_q_bsdqhrshbr ne ansg sgd �,q_x
_mc q_chn khfgs btqudr& vhsg u_ktdr ne α∼ 66± _mc ζ∼ 76±-
Nudq_kk& hs rddlr sg_s sgnrd lncdkr b_mmns oqnuhcd _m
_bbtq_sd cdrbqhoshnm ne ansg sgd �,q_x _mc q_chn otkr_shnmr-
Sgdrd lncdkr& _r vdkk _r mdv lncdkr dwok_hmhmf otkr_q �,q_x

dlhrrhnm& _qd btqqdmskx adhmf etqsgdq cdudknodc& _mc khfgs,btqud
�sshmf hr trdc sn bnmrsq_hm sgdl& enq hmrs_mbd enq sgd Udk_ otkr_q
�d-f-& Udmsdq ds _k- 1.06: A_qm_qc ds _k- 1.11& _mc qdedqdmbdr

sgdqdhm(- Gnvdudq& vd _qd mns _v_qd ne _ qdbdms vnqj enbtrhmf
nm sgd tmtrt_k q_chn _mc �,q_x khfgs btqudr ne A0.44-

5-2-2- NtkrZp Fdnldspx vhsg ;bbntms enp U�PZx NtkrZshnmr

Nudq sgd o_rs svn cdb_cdr& W,q_x nardqu_shnmr ne A0.44

g_ud bnmrhrsdmskx rgnvm _ rhmfkd od_j _s dmdqfhdr bnqqdro,
nmchmf sn sgd gns AA bnlonmdms& h-d-& nmd gns rons- Gnvdudq& he
sghr otkr_q hr hmcddc _m nqsgnfnm_k qns_snq& _r rtffdrsdc ax sgd
q_chn c_s_& nmd lhfgs dwodbs sn nardqud svn od_jr hm sgd enkcdc

khfgs btqud& bnqqdronmchmf sn svn l_fmdshb onkdr ne _ bdmsdqdc
l_fmdshb chonkd-
Hm ntq WLL,Mdvsnm c_s_ vd rdd mns nmkx sgd od_j eqnl sgd

cnlhm_shmf gns rons R0& bdmsdqdc _s �≈ .-2“.-3& ats _krn _ ghms
ne _ rdbnmc_qx sgdql_k W,q_x od_j& onrrhakx _rrnbh_sdc vhsg
_mnsgdq gns rons �R1(& vghbg k_fr sgd l_hm od_j ax
_ooqnwhl_sdkx Γ�≈ .-3“.-4 �Ehftqd 8& qhfgs o_mdk(- Sgd R1

gns rons _krn _ood_qr _r _ gtlo _s �≈ .-7 �md_q sgd og_rd ne
sgd q_chn hmsdqotkrd( hm sgd .-2“.-4 jdU khfgs btqud �Ehftqd 6(-
Sgtr& sgd sgdql_k W,q_x khfgs btqudr ne A0.44 _qd bnmrhrsdms

vhsg svn nardqudc l_fmdshb onkdr& _mc gdmbd _ nqsgnfnm_k

Dhftpd 8- Cheedqdms qdoqdrdms_shnmr ne sgd DOHB,om W,q_x dudmsr ne A0.44 hm og_rd“dmdqfx ro_bd- Sgd qhfgs o_mdk rgnvr _ og_rd“dmdqfx l_o vgdqd nmkx sgd
mnql_khy_shnm hr _ookhdc& vghkd sgd kdes o_mdk rgnvr cduh_shnmr eqnl sgd og_rd,_udq_fdc u_ktdr hm d_bg og_rd“dmdqfx ahm”rdd Dpt_shnmr �3( _mc �4(-
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qns_snq fdnldsqx& ats sgd onkdr rgnv _m _rxlldsqx hm sgdhq
sdlodq_stqdr-
Sgd q_chn HO _mc LO _qd rdo_q_sdc ax _ooqnwhl_sdkx

∼048± �Γ�+ .-33& Vdksduqdcd % Vqhfgs 1..8(- @r
hkktrsq_sdc hm Ehftqd 4& sgd od_j ne sgd LO dwghahsr _ og_rd
k_f ne .-116 vhsg qdrodbs sn sgd W,q_x od_j hm sgd .-2“6 jdU
qdfhnm& vghkd sgd HO _khfmr vhsg sgd rl_kkdq gtlo ��+ .-6“.-7(
ne sgd W,q_x oqn�kd-
A_rdc nm sgd nardqudc q_chn otkrd oqn�kdr _mc

og_rd cdodmcdmbd ne sgd onk_qhy_shnm _mfkdr& Vdksduqdcd %

Vqhfgs �1..8( drshl_sdc dlhrrhnm gdhfgsr _mc oknssdc _ l_o ne

sgd onk_q b_o rgnvhmf rhsdr ne sgd oqnctbshnm ne q_chn dlhrrhnm

oqnidbsdc nmsn sgd MR rtqe_bd �rdd sgdhq Ehftqd 6(- Hm sgdhq

b_qsnfq_oghb qdoqdrdms_shnm& sgd HO dldqfdr eqnl chqdbskx _anud

sgd onk_q qdfhnm vghkd sgd rhsd ne LO fdmdq_shnm hr neerds eqnl

sgd bdmsq_k onk_q qdfhnm- Sghr ro_sh_k _qq_mfdldms bntkc

onsdmsh_kkx dwok_hm sgd shld cdk_x adsvddm sgd nardqudc

sgdql_k W,q_x otkrd _mc sgd LO& _r vdkk _r sgd _khfmldms

adsvddm sgd HO _mc R1- Pt_khs_shudkx& sgd k_fr adsvddm sgd

W,q_x _mc q_chn otkrdr _qd _krn bnmrhrsdms vhsg sgd svn,onkd

hmsdqoqds_shnm _mc etqsgdq rtoonqs sgd mnshnm ne A0.44 adhmf _m

nqsgnfnm_k qns_snq-

Dhftpd 0.- Ehsr sn og_rd,qdrnkudc rodbsq_ enq �ud dpt_k,rhydc og_rd ahmr ne sgd 1.08 DOHB,om c_s_- Gns AA& bnkc AA& _mc OK bnlonmdmsr _qd chrok_xdc hm qdc& fqddm&
_mc xdkknv- Sgd �s o_q_ldsdqr vhsg _ l_qfhm ne 0σ dqqnq _qd rgnvm _s sgd sno ne d_bg o_mdk-

6
Ntq .-11 = .-.1 og_rd rghes adsvddm sgd LO �_s .-56 FGy( _mc W,q_x hr

bnmrhrsdms vhsg d_qkhdq qdrtksr ax Cd Ktb_ ds _k- �1..4: .-1 = .-.4(-
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Sgd l_whltl ne sgd 1“4 jdU khfgs btqud bknrdkx _khfmr vhsg

sg_s ne sgd .-4“0-4 jdU khfgs btqud �rdd Ehftqd 6(& _

ogdmnldmnm sg_s l_x ad _ssqhatsdc sn _ odbtkh_q bnhmbhcdmbd

nq sn _ qdfhnm dlhsshmf mnmsgdql_k W,q_xr adhmf bknrd sn sgd gns

onk_q qdfhnm- Bnmudqrdkx& sgd 1“4 jdU l_whltl e_kkr vhsghm

sgd aqn_cdq �,q_x otkrd& vghbg l_x hmchb_sd rhlhk_q nqhfhm rhsdr

enq sgd ghfg,dmdqfx mnmsgdql_k dlhrrhnm-
Sgd og_rd“dmdqfx l_o _anud 0-4 jdU rddlr sn rgnv _

rkhfgs sqdmc ne sgd l_whl_�lhmhl_ rlnnsgkx rgheshmf sn
rl_kkdq og_rdr vhsg hmbqd_rhmf dmdqfx- Enq sgd qdrodbshud

l_fmdsnrogdqhb W,q_x,dlhsshmf o_qshbkdr& sghr sqdmc l_x

hmchb_sd cheedqdms dlhrrhnm gdhfgsr nq _ cheedqdms _mftk_q

rdo_q_shnm eqnl sgd l_fmdshb onkd- Ehftqd 6 _krn rgnvr _

rs_shrshb_kkx hmrhfmh�b_ms hmchb_shnm ne _ rdbnmc gtlo hm

oqnwhlhsx sn sgd knb_shnm ne R1 _mc sgd HO- Sghr nardqu_shnm

hr hm _fqddldms vhsg sgd hmsdqoqds_shnm ne R1 _r _ rdbnmc

l_fmdshb onkd- Otyykhmfkx& sgd �,q_x khfgs btqud rgnvr _
lhmhltl _s sgd qdrodbshud qns_shnm og_rd-

5-3- ;arnposhnm Khmdr hm Lhcckd�Zfdc NtkrZpr

@arnqoshnm ed_stqdr nq ghmsr ne sgdl vdqd qdonqsdc hm sgd
og_rd,qdrnkudc W,q_x rodbsq_ ne sgd svn nsgdq Ltrjdsddqr&
A.545#03 �@qtltf_r_lx ds _k- 1.07: Rbgvnod ds _k- 1.11(
_mc Fdlhmf_ �I_bjrnm % G_kodqm 1..4(& _r vdkk _r hm ORQ
I063.#0...& _mnsgdq hmsdqdrshmf lhcckd,_fdc otkr_q �J_qf_ks,
rdu ds _k- 1..7(- Gnvdudq& hm k_sdq WLL,Mdvsnm nardqu_shnmr&
Qhfnrdkkh ds _k- �1.11( entmc mn duhcdmbd ne rodbsq_k khmdr hm sgd
og_rd,_udq_fdc _mc og_rd,qdrnkudc rodbsq_ ne sghr otkr_q&
rtffdrshmf _ shld u_qh_shnm hm sgd rodbsqtl-
@m dwok_m_shnm enq og_rd,cdodmcdms _arnqoshnm ed_stqdr

bntkc ad oqnuhcdc ax ltkshonk_q l_fmdshb �dkc _qbr sg_s sq_o
dkdbsqnmr hm bknrd oqnwhlhsx sn sgd MR rtqe_bd- Sgqntfg sgd

Dhftpd 00- U_qh_shnmr ne gns AA �kdes( _mc bnkc AA �qhfgs( vhsg og_rd hm sgd sdlodq_stqd“mnql_khy_shnm ok_md- Qdc _mc fqddm bnmsntqr bnqqdronmc sn bnm�cdmbdr
kdudkr ne 57-2� _mc 88� qdrodbshudkx- @cchshnm_kkx& vd cdohbs sgd bnm�cdmbd bnmsntqr ne og_rd,hmsdfq_sdc rodbsq_ trhmf aqnvm �57-2�( _mc ak_bj �88�(- Dqqnqr _qd
drshl_sdc enq svn o_q_ldsdqr ne hmsdqdrs- Rl_kk cnsr hm rnld bnmsntq oknsr _qd rl_kk bnmsntqr sgdlrdkudr& qdoqdrdmshmf knb_k lhmhl_ _mc hmchb_shmf _ bnlokhb_sdc
rg_od ne sgd χ1 rtqe_bd-

Dhftpd 01- Og_rd cdodmcdmbdr ne sgd sdlodq_stqdr �sno(& q_chh ne dpthu_kdms dlhsshmf rogdqd �lhcckd(& _mc tm_arnqadc fltwdr hm sgd .-2“7-. jdU a_mc �anssnl( enq gns
AA �kdes( _mc bnkc AA �qhfgs( bnlonmdmsr- Sgd udqshb_k dqqnq a_qr rgnv 0σ tmbdqs_hmshdr ne sgd �sshmf o_q_ldsdqr- Aktd khmdr qdoqdrdms rhmd etmbshnm �sr sn sgd c_s_ enq
uhrt_khy_shnm otqonrdr-
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oqnbdrr ne bxbknsqnm qdrnm_mbd rb_ssdqhmf& sghr l_x kd_c sn sgd
enql_shnm ne og_rd,cdodmcdms _arnqoshnm khmdr hm sgd W,q_x
rodbsq_ �d-f-& @qtltf_r_lx ds _k- 1.07(- Rtbg _arnqoshnm khmdr
b_m ad _ksdqm_shudkx dwok_hmdc ax oqnsnm bxbknsqnm khmdr he sgd
knb_k l_fmdshb �dkcr _qd ghfg �d-f-& Shdmfn ds _k- 1.02(- Uhf_mî
ds _k- �1.03( rgnvdc sg_s rl_kk,rb_kd sdlodq_stqd u_qh_shnmr b_m
_krn lhlhb _arnqoshnm khmdr-
Ntq _m_kxrhr ne sgd og_rd,qdrnkudc rodbsqtl ne A0.44 chc

mns rgnv _mx duhcdmbd enq _arnqoshnm ed_stqdr& rhlhk_q sn sgd
d_qkhdq rstcx ax Cd Ktb_ ds _k- �1..4(- Gnvdudq& A0.44 hr
mns_akx e_hmsdq sg_m sgd svn nsgdq Ltrjdsddqr- Bnmrhcdqhmf sghr
e_hmsmdrr _mc sgd u_qh_ahkhsx rddm enq I063.#0...& sgd btqqdms
mnmcdsdbshnm enq A0.44 cndr mns dwbktcd sgd onrrhahkhsx ne
cdsdbshmf og_rd,cdodmcdms rodbsq_k ed_stqdr vhsg cddodq W,q_x
nardqu_shnmr _bghdu_akd vhsg lnqd rdmrhshud sdkdrbnodr rtbg _r
sgd tobnlhmf @sgdm_ W,q_x Nardqu_snqx-

6- Bnmbktrhnm

Trhmf sgd lnrs bnloqdgdmrhud W,q_x c_s_ rds sn c_sd& vd
�mc sg_s& hm _fqddldms vhsg sgd �mchmfr ax Cd Ktb_ ds _k-
�1..4(& sgd rodbsqtl ne A0.44 hr adrs cdrbqhadc ax _ sqho_qshsd
lncdk bnmrhrshmf ne svn ak_bjancx bnlonmdmsr& oqdrtl_akx
dlhssdc eqnl sgd atkj ne sgd MR rtqe_bd _mc rl_kk gns ronsr&
_mc _ onvdq,k_v bnlonmdms& dlhssdc eqnl sgd otkr_q�r
l_fmdsnrogdqd-
@ og_rd,qdrnkudc rodbsq_k _m_kxrhr rgnvr odqhnchb u_qh_shnmr

hm sgd sdlodq_stqd ne ansg sgd gns _mc bnkc ak_bjancx
bnlonmdmsr- Sgdrd u_qh_shnmr& hm s_mcdl vhsg odqhnchb bg_mfdr
hm sgd oqnidbsdc dlhrrhnm _qd_r& rtffdrs mnmtmhenql sdlodq,
_stqd chrsqhatshnmr ansg nudq sgd atkj MR rtqe_bd _mc vhsghm sgd
_kkdfdc gns rons�r(- Oqduhntrkx otakhrgdc qdrtksr nm W,q_x
otkr_shnmr ne sgd sgdql_k bnlonmdmsr rgnvdc nmkx nmd od_j
odq odqhnc& khjdkx _rrnbh_sdc vhsg nmd uhrhakd gns rons& vghbg
chc mns _fqdd vhsg sgd md_qkx nqsgnfnm_k qns_snq fdnldsqx ne
A0.44 sg_s hr hlokhdc ax sgd cds_hkdc q_chn rstchdr ne A0.44�r
l_hm otkrd _mc hmsdqotkrd- Hm sgd mdv W,q_x c_s_& vd �mc

hmchb_shnmr enq _ rdbnmc gns rons- Gnvdudq& hs _ood_qr sn ad
bnnkdq sg_m sgd nmd _kqd_cx jmnvm-
Vd dwoknqd svn onsdmsh_k ldbg_mhrlr sn dwok_hm sgd sgdql_k

W,q_x dlhrrhnm o_ssdqmr ne A0.449 dwsdqm_k gd_shmf ax
qdk_shuhrshb o_qshbkdr _bbdkdq_sdc hm sgd otkr_q�r l_fmdsnrogdqd&
_mc hmsdqm_k gd_shmf qdrtkshmf eqnl _mhrnsqnohb gd_s sq_mredq ctd
sn _m neerds ne sgd chonkd l_fmdshb �dkc _mc�nq sgd oqdrdmbd ne
_m _cchshnm_k snqnhc_k l_fmdshb �dkc bnlonmdms vhsghm sgd
MR�r bqtrs- Ansg ldbg_mhrlr b_m& hm oqhmbhokd& dwok_hm sgd
nardqudc ghfg otkrd eq_bshnmr _mc og_rd cdodmcdmbd ne sgd
rodbsq_k o_q_ldsdqr& o_qshbtk_qkx he ad_lhmf deedbsr ctd sn _m
_slnrogdqd _anud sgd gns ronsr _qd _cchshnm_kkx bnmrhcdqdc-
Sgd e_hmsmdrr _mc knvdq sdlodq_stqd ne sgd ots_shud rdbnmc gns
rons bntkc odqg_or ad dwok_hmdc ax _m neerds chonkd& ats lnqd
cds_hkdc lncdkhmf hr mddcdc-
Sgd bnlokdwhsx ne A0.44�r rodbsq_k _mc sdlonq_k bg_q_bsdq,

hrshbr tmcdqrbnqdr sgd mddc enq etqsgdq hmudrshf_shnmr& hmbktchmf
cds_hkdc _slnrogdqd lncdkhmf _mc bnmrhcdq_shnmr ne ad_ldc
dlhrrhnmr-

9bimnvkdcfldmsr

Vd dwoqdrr ntq fq_shstcd sn Bnkhm I- Bk_qj enq ghr gdko vhsg
sgd Edqlh,K@S c_s_& Lhbg_dk Eqdxadqf enq ghr _rrhrs_mbd vhsg
DOHB,om b_khaq_shnm hrrtdr& Oq_j_rg @qtltf_r_lx enq ghr
rtoonqs hm qdrnkuhmf rnesv_qd,qdk_sdc bg_kkdmfdr& _r vdkk _r sn
@mcqdh Hfnrgdu enq trdetk chrbtrrhnmr- Sghr vnqj v_r
rtoonqsdc ax sgd Atmcdrlhmhrsdqhtl eòq Vhqsrbg_es tmc
Dmdqfhd sgqntfg Cdtsrbgdr Ydmsqtl eòq Ktes, tmc Q_tle_gqs
�CKQ( tmcdq sgd fq_ms Mn- 4. NQ 0806- Rtoonqs enq sghr vnqj
v_r _krn oqnuhcdc ax sgd M_shnm_k @dqnm_tshbr _mc Ro_bd
@clhmhrsq_shnm sgqntfg sgd WLL,Mdvsnm _v_qc Mn-
7.MRRB1.J.7.5- A-O- _bjmnvkdcfdr etmchmf eqnl sgd RSEB
bnmrnkhc_sdc fq_ms sn Nwenqc @rsqnogxrhbr& bncd RS�...377-
@-U- sg_mjr sgd KRRSB C_s_ Rbhdmbd Edkknvrgho Oqnfq_l&
vghbg hr etmcdc ax KRRSB& MRE Bxadqsq_hmhmf Fq_ms
�071863.& sgd Aqhmrnm Entmc_shnm& _mc sgd Lnnqd Entmc_,
shnm: ghr o_qshbho_shnm hm sgd oqnfq_l g_r admd�sdc sghr vnqj-

Dhftpd 02- Og_rd cdodmcdmbd ne sgd ognsnm hmcdw γ �sno(& mnql_khy_shnm JOK
�lhcckd(& _mc tm_arnqadc fltwdr hm sgd .-2“7-. jdU a_mc �anssnl( enq sgd OK
bnlonmdms- Sgd udqshb_k dqqnq a_qr rgnv 0σ tmbdqs_hmshdr ne sgd �sshmf
o_q_ldsdqr- Aktd khmdr qdoqdrdms rhmd etmbshnm �sr sn sgd c_s_ enq uhrt_khy_shnm

otqonrdr-

Dhftpd 03- Og_rd cdodmcdmbdr ne sgd sdlodq_stqd _mc q_chtr q_shnr cdqhudc
eqnl 1AA �sr enq A0.44 �sghr vnqj(& ORQ I063.#0... �Qhfnrdkkh ds _k- 1.11(&
_mc ORQ A.545#03 �@qtltf_r_lx ds _k- 1.07(- Sgd ak_bj gnqhynms_k khmd hm
sgd sno o_mdk qdoqdrdmsr sgd og_rd,hmsdfq_sdc u_ktd enq ORQ I063.#0...-

03

Jec ,rspnoeurhaTi AntplTi� 8529027 �04oo(& 1.13 L_qbg 0. U_gc_s ds _k-
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EZbhkhsx9 WLL& O_qjdr& LddqJ@S& Edqlh,K@S
RnesvZpd9 GD@rnes �u5-18 b& M_r_ Ghfg Dmdqfx @rsqnogxrhbr

Rbhdmbd @qbghud Qdrd_qbg Bdmsdq �Gd_r_qb(& 1.03(& WLL,R@R
�u1.-.-.& F_aqhdk ds _k- 1..3( WRODB �u01-01-.& @qm_tc 0885(&
OxWrodb �u1-0-.& Fnqcnm % @qm_tc 1.10(& @rsqnox �u4-1-0&
@rsqnox Bnkk_anq_shnm ds _k- 1.07(& MtlOx �u0-12-4& G_qqhr ds _k-
1.1.(& RbhOx �u0-0.-.& Uhqs_mdm ds _k- 1.1.(& L_soknskha �u2-5-2&
Gtmsdq 1..6(& O_mc_r �u0-4-2& O_mc_r Cdudknoldms Sd_l
1.1.(& Rd_anqm �u.-01-1& V_rjnl 1.10(& Rshmfq_x �u0-0-0&
Gtoodmjnsgdm ds _k- 1.08(-

NPBFC hCr

@qlhm U_gc_s gssor9��nqbhc-nqf�....,...1,3.15,4774
A- Onrrdks gssor9��nqbhc-nqf�....,...2,1206,8636
F- F- O_uknu gssor9��nqbhc-nqf�....,...1,6370,4148
O- Vdksduqdcd gssor9��nqbhc-nqf�....,...2,1011,343.
@- R_ms_mfdkn gssor9��nqbhc-nqf�....,...2,3076,845.
R- Ingmrsnm gssor9��nqbhc-nqf�....,...1,6011,3852

Pdedpdmbdr

@acn& @- @-& @bjdql_mm& L-& @idkkn& L-& ds _k- 1.0.& @oIR& 076& 35.
@qm_tc& J- @- 0885& hm @RO Bnme- Rdq- 0.0& @rsqnmnlhb_k C_s_ @m_kxrhr

Rnesv_qd _mc Rxrsdlr U& dc- F- G- I_bnax % I- A_qmdr �R_m Eq_mbhrbn& B@9
@RO(& 06

@qtltf_r_lx& O-& J_qf_ksrdu& N-& Onrrdks& A-& O_uknu& F- F-& % G_qd& I- 1.07&
@oI& 758& 86

@rsqnox Bnkk_anq_shnm& Oqhbd,Vgdk_m& @- L-& Rho�by& A- L-& ds _k- 1.07& @I&
045& 012

A_qm_qc& L-& Udmsdq& B-& G_qchmf& @- J-& J_k_onsg_q_jnr& B-& % Ingmrnm& S- I-

1.11& @oI& 814& 073
Adbjdq& V-& % Sqtdlodq& I- 0886& @%@& 215& 571
Aäqy_m& K-& O_uknu& F- F-& % J_qf_ksrdu& N- 1.05& @oI& 706& 018
Atbbgdqh& Q-& Admmdss& J-& Ahfm_lh& F- E-& ds _k- 0872& @%@& 017& 134
B_q_udn& O-& Ahfm_lh& F-& CdKtb_& @-& ds _k- 1..2& Rbh& 2.0& 0234
B_q_udn& O-& Cd Ktb_& @-& Ldqdfgdssh& R-& Odkkhyynmh& @-& % Ahfm_lh& F- E-

1..3& Rbh& 2.4& 265
Bgdmf& @- E-& % Gdke_mc& C- I- 0872& @oI& 160& 160
Bnqcdr& I- L-& % K_yhn& S- I- V- 1..1& _qWhu9_rsqn,og�.1.6045
cd I_fdq& N- B-& Q_tadmgdhldq& A-& % Rv_mdondk& I- V- G- 0878& @%@&
110& 07.

Cd Ktb_& @-& B_q_udn& O-& L_ss_m_& E-& Odkkhyynmh& @-& % Ahfm_lh& F- E- 1..5&

@%@& 334& K8
Cd Ktb_& @-& B_q_udn& O- @-& Ldqdfgdssh& R-& Mdfqnmh& L-& % Ahfm_lh& F- E-
1..4& @oI& 512& 0.40

F_aqhdk& B-& Cdmax& L-& Exed& C- I-& ds _k- 1..3& hm @RO Bnme- Rdq- 203&
@rsqnmnlhb_k C_s_ @m_kxrhr Rnesv_qd _mc Rxrsdlr �@C@RR( WHHH& dc-
E- Nbgrdmadhm& L- F- @kkdm& % C- Dfqds �R_m Eq_mbhrbn& B@9 @RO(& 648

Fdoodqs& T-& Jòjdq& L-& % O_fd& C- 1..5& @%@& 346& 826

Fnqcnm& B-& % @qm_tc& J-& 1.10 OxWrodb9 Oxsgnm hmsdqe_bd sn WRODB
rodbsq_k,�sshmf oqnfq_l& @rsqnogxrhbr Rntqbd Bncd Khaq_qx& _rbk910.0-.03

Fnssgdke& D- U-& % G_kodqm& I- O- 1.1.& @oI& 8..& 048
G_qchmf& @- J-& % Ltrkhlnu& @- F- 0887& @oI& 4.7& 217
G_qchmf& @- J-& % Ltrkhlnu& @- F- 1..0& @oI& 445& 876
G_qd& I-& Unkjnu& H-& O_uknu& F- F-& J_qf_ksrdu& N-& % Ingmrsnm& R- 1.10& @oI&

812& 138
G_qqhr& B- Q-& Lhkkl_m& J- I-& u_m cdq V_ks& R- I-& ds _k- 1.1.& M_stq& 474& 246
G_qqhrnm& D-& % S_cdl_qt& D- 0864& @oI& 1.0& 336
Gdhmjd& B- N-& Qxahbjh& F- A-& M_q_x_m& Q-& % Fqhmck_x& I- D- 1..5& @oI& 533& 0.8.
Gn& V- B- F-& Onsdjghm& @- X-& % Bg_aqhdq& F- 1..7& @oIR& 067& 0.1
Gnaar& F-& L_mbgdrsdq& Q- M-& Ctmmhmf& @-& ds _k- 1.1.& O@R@& 26& d.01
Gnaar& F- A-& Dcv_qcr& Q- S-& % L_mbgdrsdq& Q- M- 1..5& LMQ@R& 258& 544

Gns_m& @- V-& u_m Rsq_sdm& V-& % L_mbgdrsdq& Q- M- 1..3& O@R@& 10& 2.1
Gtmsdq& I- C- 1..6& BRD& 8& 8.
Gtoodmjnsgdm& C-& A_bgdssh& L-& Rsdudmr& @- K-& ds _k- 1.08& @oI& 770& 28
Hfnrgdu& @- O-& Gnkkdqa_bg& Q-& % Vnnc& S- 1.12& LMQ@R& 414& 2243
I_bjrnm& L- R-& % G_kodqm& I- O- 1..4& @oI& 522& 0003
I_mjnvrjh& E-& A_hkdr& L-& u_m Rsq_sdm& V-& ds _k- 1.08& LMQ@R& 373& 2580

Ingmrsnm& R-& J_q_rsdqfhnt& @-& Jdhsg& L- I-& ds _k- 1.1.& LMQ@R& 382& 25.7
J_qf_ksrdu& N-& Lhr_mnuhb& Y-& O_uknu& F- F-& Vnmf& I- @-& % F_qlhqd& F- O-
1..7& @oI& 573& 431

Jhqrbg& L- F- E-& Adbjdq& V-& K_qrrnm& R-& ds _k- 1..3& hm Oqnb- ne sgd 4sg
HMSDFQ@K Vnqjrgno nm sgd HMSDFQ@K Tmhudqrd �DR@ RO,441(& dc-
U- Rbgndmedkcdq& F- Khbgsh& % B- Vhmjkdq �O_qhr9 Dtqnod_m Ro_bd @fdmbx(& 752

K_y_qtr& O-& J_qtootr_lx& Q-& Fq_hjnt& D-& ds _k- 1.05& LMQ@R& 347& 757
Knvdq& L- D-& Ingmrsnm& R-& Ctmm& K-& ds _k- 1.10& LMQ@R& 4.7& 2140
L_mbgdrsdq& Q-& % Kxmd& @- 0866& LMQ@R& 070& 650
L_qshm,B_qqhkkn& @-& Jhqrbg& L- F- E-& B_a_kkdqn& H-& ds _k- 1.01& @%@&
434& @015

Lhfm_mh& Q- O-& O_uknu& F- F-& % J_qf_ksrdu& N- 1.0.& @oI& 61.& 0524
Lnqh& J-& % Gn& V- B- F- 1..6& LMQ@R& 266& 8.4

M_r_ Ghfg Dmdqfx @rsqnogxrhbr Rbhdmbd @qbghud Qdrd_qbg Bdmsdq �Gd_r_qb(&
1.03 GD@rnes9 Tmh�dc Qdkd_rd ne ESNNKR _mc W@M@CT& @rsqnogxrhbr
Rntqbd Bncd Khaq_qx& _rbk903.7-..3

Ndfdkl_m& G-& % Ehmkdx& I- O- 0882& @oIK& 302& K20
O_mc_r Cdudknoldms Sd_l 1.1.& o_mc_r,cdu�o_mc_r9 O_mc_r& k_sdrs& Ydmncn&
cnh90.-4170�ydmncn-24.8023

O_qsg_r_q_sgx& @-& A_hkdr& L-& Rg_mmnm& Q- L-& ds _k- 1.10& LMQ@R& 4.1& 3.6

O_uknu& F-& Rgha_mnu& X- @-& Udmstq_& I-& % Y_ukhm& U- 0883& @%@& 178& 726

O_uknu& F- F-& Rgha_mnu& X- @-& Y_ukhm& U- D-& % Ldxdq& Q- C- 0884& hm M@SN
@RH Rdq- B 34.& Sgd Khudr ne sgd Mdtsqnm Rs_qr& dc- L- @- @ko_q&
T- Jhyhknfkt& % I- u_m O_q_chir �Cnqcqdbgs9 Jktvdq(& 60

O_uknu& F- F-& Y_ukhm& U- D-& % R_mv_k& C- 1..1& hm Oqnb- ne sgd 16.& VD,

Gdq_dtr Rdlhm_q nm Mdtsqnm Rs_qr& Otkr_qr& _mc Rtodqmnu_ Qdlm_ms&- LOD
Qdonqs 167& dc- V- Adbjdq& G- Kdrbg& % I- Sqòlodq �F_qbghmf adh
Lòmbgdm9 L_w,Ok_mj,Hmrshsts eòq dwsq_sdqqdrsqhrbgd Ogxrhj(& 162

Odqm_& Q-& Uhf_mî& C-& Onmr& I- @-& % Qd_& M- 1.02& LMQ@R& 323& 1251
Odsqnee& D-& Jdhsg& L- I-& Ingmrsnm& R-& u_m Rsq_sdm& V-& % Rg_mmnm& Q- L- 1.02&
LMQ@R& 324& 050.

Ohdqa_sshrs_& L-& G_qchmf& @- J-& Fqdmhdq& H- @-& ds _k- 1.04& @%@& 464& @2

Onrrdks& A-& O_uknu& F- F-& J_qf_ksrdu& N-& % G_qd& I- 1.12_& @oI& 841& 023

Onrrdks& A-& J_q_rsdqfhnt& @-& Ingmrsnm& R-& ds _k- 1.12a& LMQ@R& 41.& 3471

Onrrdks& A-& O_uknu& F- F-& Rk_md& O- N-& ds _k- 1.06& @oI& 724& 55
Onrrdks& A-& Rodmbd& F-& % O_uknu& F- F- 1.04& @oI& 700& 85
Qhfnrdkkh& L-& Ldqdfgdssh& R-& @mythmdkkh& R-& ds _k- 1.11& LMQ@R& 402&
2002

Qtcdql_m& L- @-& % Rtsgdqk_mc& O- F- 0864& @oI& 085& 40
Rbgvnod& @-& Ohqdr& @- L-& Jtqo_r& I-& ds _k- 1.11& @%@& 550& @30

Rlhsg& C- @-& Aqtdk& O-& Bk_qj& B- I-& ds _k- 1.12& @oI& 847& 080

Rsqòcdq& K-& Aqhdk& T-& Cdmmdqk& J-& ds _k- 1..0& @%@& 254& K07

S_xknq& I- G- 0881& QROS@& 230& 006

Shdmfn& @-& Dronrhsn& O-& Ldqdfgdssh& R-& ds _k- 1.02& M_stq& 4..& 201

Stqmdq& L- I- K-& @aadx& @-& @qm_tc& L-& ds _k- 1..0& @%@& 254& K16

Stqnkk_& Q-& % Mnahkh& K- 1.02& @oI& 657& 036
u_m Rsq_sdm& V-& Cdlnqdrs& O-& % Nrknvrjh& R- 1.01& @Q%S& 8& 126

U_tfg_m& @- D-& % K_qfd& L- H- 0861& LMQ@R& 045& 16O

Udmsdq& B-& G_qchmf& @- J-& % Fqdmhdq& H- 1.06& hm WHH Ltksheqdptdmbx
Adg_uhntq ne Ghfg Dmdqfx Bnrlhb Rntqbdr Vnqjrgno �LTKSHE1.06(& 27

Udqmdq& C- @-& Edqk_mc& F- I-& Jnqhrs_& J- S-& % X_jnukdu& C- F- 0885& @oI&
354& 376

Uhf_mî& C-& Odqm_& Q-& Qd_& M-& % Onmr& I- @- 1.03& LMQ@R& 332& 20
Uhqs_mdm& O-& Fnlldqr& Q-& Nkhog_ms& S- D-& ds _k- 1.1.& M_sLd& 06& 150

V_rjnl& L- K- 1.10& INRR& 5& 2.10
Vdksduqdcd& O-& % Vqhfgs& F- 1..8& LMQ@R& 284& 1006
Vhklr& I-& @kkdm& @-& % LbBq_x& Q- 1...& @oI& 431& 803
X_jnukdu& C- 1.10& LMQ@R& 4.5& 3482
X_n& I- L-& L_mbgdrsdq& Q- M-& % V_mf& M- 1.06& @oI& 724& 18
Y_ukhm& U- D-& O_uknu& F- F-& % Rgha_mnu& X- @- 0885& @%@& 204& 030

04
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Symbols

∆ Delta, difference between two quantity

Γ Gamma, Powerlaw Photon index

Ω Omega, angular frequency

Θ Theta, inclination in nsmaxg XSPECmodel

α Alpha, inclination angle

χ Chi, used in statistical contexts

δ Delta, indicating change or variation

ν̇ Nudot, frequency derivative

ϵ Epsilon, a small quantity

η Eta, representing efőciency in here

γ gamma, representing high energy γ-rays

∇ gradient

ν Nu, frequency

⊙ denotes the Sun, solar nit

ϕ Phi, representing the phase angle

π Pi

ρ Rho, representing density in physics

σ Sigma, standard deviation in statistics

τ Tau, representing characteristic age

θ theta, representing an angle in here
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Symbols

υ Upsilon, used in for degree of freedom

ξ 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 DispersionMeasure

EPIC The 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 Modiőed 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 NSHydrogen Atmosphere with electron conduc-

tion and self-irradiation

NSMAXG Neutron Star with a Magnetic Atmosphere

OM Optical/UVMonitor Telescope

PF Pulsed Fraction

PL Powerlaw

PSF Point Spread Function

PSR Pulsar

PWN PulsarWind Nebula

QSR Quasar

RGS Reŕection Grating Spectrometer

ROSAT Röntgensatellit

RPP Rotation-Powered Pulsars

RRAT Rotating Radio Transient

SARAO South African Radio Astronomy Observatory

SAS Science Analysis Software
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Acronyms

SDSS Sloan Digital Sky Survey

SGR Soft Gamma Repeater

SIMBAD SIMBAD Astronomical Database

SK Full form not found

SW Small Window

TDB Barycentric Dynamical Time

TESS Transiting Exoplanet Survey Satellite

TPA Thousand Pulsar Array

ULX Ultraluminous X-ray source

UV Ultraviolet

UWL UltraWide-bandwidth Low

VLBI Very Long Baseline Interferometry

WD White Dwarf

WISE Wide-őeld Infrared Survey Explorer

XGPS XMMśNewton Galactic Plane Survey

XMM XMMśNewton

YMW YaoManchesterWang Electron Density Model
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Index

Symbols

γ-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 coefőcients, 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

magniőcent 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 proőle, 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

soft 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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